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Abstract

The paper describes an advanced drive system control for a solar powered vehicle. The drive system control extracts
the maximum electrical power from a distributed solar array that covers the surfuce of the vehicle. with distributed
RISC based peak power tracker controllers for each individual solar panel. The vehicle propulsion has two steering
wheels and one propulsion wheel based on a brushless de machine drive control. The system is capable 1o sequence
[rom start-up 1o shutdown, i1 is torque or speed controlled and a on-board computer for system monitoring and
communication for energy management in the race strategy which optimizes the energy management. The drive
svstem has been fully implemented in a two seat carbon fiber prototype with satisfuctory performance and can he
eavily translated to other types of electrical vehicles,

Keywords.:Solur Car. Electric Vehicle, Control Drive.

Introduction

Alternative energy solutions are gelting a lot of attention on the last few years due to the
requirements of clean and safe renewable energy sources. Solar photovoltaic and thermal energy, wind
power, and biomass generation are gaining more acceptance because of environmental and safety
problems of conventional power plants and advancement of technology. Electric vehicles are also focus
of intense research due to the necessity of pollution control and decrease of oil importation. In addition,
the need for more energy to supply the overwhelming industrial growth usually requires cost-
competitive solutions with local energy production or co-generation (de Haan, 1996),

Several countries have initiated policies aimed at the development of alternative energy resources,
In Brazil, the Polytechnic School of the University of Sdo Paulo (EPUSP) has taken steps to include
new undergraduate and graduate training programs in alternative energy related education. The World
Solar Challenge (WSC), a solar race across the Australian outback, has been adopted as an unique way
to bring together and motivate students to get involved in university projects and studies in solar energy
technology and electric vehicle construction (Roche et al., 1997; Godoy Simées et al., 1997). The race
regulations allowed only sun-derived propulsion energy, with battery storage of the same. The race
rules specified that the maximum vehicle dimensions should be 19.7 ft long, 6.6 ft wide, and 5.3 [t high.
Therefore, the solar cell arrangement was [it into a box having the dimensions of a two-seated car. The
vehicle required the capability to pass an articulated truck traveling in the opposite direction at 50 mph,
on a narrow two-lane highway, without losing control. To race in the WSC, a car was to be designed to
optimize (1) acrodynamic performance, since the highway used as the course was straight with only
small elevations, (2) the solar energy utilization, which must be the only source of electrical energy, and
(3) the vehicle stability, to cross the 3,000 km from Darwin to Adelaide, with articulated trucks on both
sides. The car was named Poli-Solar, shown in Fig. 1 with the characteristics given in Table 1.

Drive Control System

The complete drive control system is shown on Fig. 2 and the characteristics are given in Table 1.
There are cight solar panels distributed on the vehicle surface, four panels are constructed with 16 %
ASE cells (ASE, 1996). and the remaining four panels with 15.5 % ASE cells. The solar cells arc
connected in strings, forming a zigzag pattern across the surface. The back of the cell is prepared to
receive SN-CU leads with a silver based sold and each cell is adhered to the vehicle carbon fiber
surface with a two-side coating tape. Every group of 20 cells has a parallel diode rectifier to keep

Manuscript received: September 1998, Technical Editor. Paulo Eigi Mivagi,
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Fig. 1
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Photograph of the solar powered vehicle

Table 1 Solar vehicle characteristics

Dimensions
Total solar
area
Occupants
Front suspension
Back suspension
Steering
Solar power rating
Battery capacity
Maximum speed
Solar array control
Machine drive control
On-board computer
Energy management

surface

Emx2mx16m
12m°

2

Double A

Pro-link

Steel cable driven

1,800 w

200 Ah

56 mph

RISC PIC16C74 based

Analog control based

68HC11 based

Based on
energy

captured

the string operating in case of cell damages. Each solar panel is connected to a Maximum Peak Power
Tracker (MPPT) system for maximum energy transference, by matching the panel impedance to the
drive system (Bose et al., 1984), as explained latter. The total solar energy is either stored in the battery
or flows to the machine according to the demand (Patterson, 1990). Energy monitoring and

management is also explained latter.

Solar Panel # 1 MPPT #1 : IGBT Inverter Brushless
7 S i .. DC Machine
I I Maximum v 210V
* Peak Power I oy, mp |210
i A2 g Teacker & i £ j A
& ! .
10 Barteries O0/Off Inverter ¢
Pulses
Reset N
Maiar Bsetly & | MPPT 48 " Brushless *|
| | ‘ Maximum T. » ML
a th Peak Power _ Drive . 3 HLHLH
Tracker Rudio 5 3:a;s Control Hall Sensar
Data Link B Signals
On-Board
v Computer Display and
MPPT Communication Bus +— & . Keyboard Interface
i e Vi

Fig. 2

Block diagram of solar powered vehicle drive control system
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The battery bus is composed by two parallel sets of ten batteries, with a total voltage of 120
V. This voltage 15 further increased to 210 V by a step-up switching regulator with regencration
capability, as shown in Fig. 3. The trade-off study of total battery weight versus physical step-up

L e o
_ YN A

To
ey C | Machine IGBT Inverter
Inpul Voltage (210V)

From
Battery <
Bus (120V)

\|

—

1. Gale
I Drives ——
On/Off  — Protection
and Regenerative o ——
Reset +—— Logic
PWM Control -

Fig. 3 Regenerative voltage step-up diagram

size yielded an inverter bus voltage of 210 V for a given weight as the optimum configuration
(Magliaro, 1987). There are two controlled switches (Insulated Gate Bipolar Transistor - IGBT) with
free-wheeling diodes, the IGBT T, controls the input-output ratio by PWM. while the IGBT T, operates
during regeneration, i.c.. when the inverter bus voltage increases, the regenerative logic turns T, off
and T, on with a hysteresis control, allowing the power to flow back to the batleries as seen in the
experimental data of Fig. 4, where the machine torque was reversed with constant speed. The bus
voltage has a LC ringing response, as the current flows back as indicated by a higher inductor ripple
skewed non-symmetrically to the negative rate. In order to reduce transients superimposed on the
inverter bus. a dynamic brake set for 400 V. and high-voltage zener diodes for spikes have been
provided.

o 1 il ' + Step-up output
' ' voltage (50 V/div)

< T, voltage (50 V/div)
< Inductor current (10 A/div)

« » 20 psec/div

Fig. 4 Regeneration results for machine torque inversion showing: step-up machine bus voltage,
IGBT T, voltage and the inductor current
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The step-up system can be turned off by the on-board computer which during the system start-up
resets the brushless machine drive control as indicated in Fig. 2. The IGBT inverter was constructed
with Semikron leg modules and gate-drives, commanded by the inverter pulses of the brushless
machine drive control system (Sakmann, 1987). Figure 5 depicts the machine drive control system,
the torque level (T.') is either a manual command given by a potentiometer on the driver's dash, or it is
a signal from the on-board computer during cruise-control. The reference torque (T.) is compared to
the estimated torque. The estimated torque is reconstructed from the instantaneous machine currents i,
and 1, with one analog switch based circuit commanded by the look up table which addresses the
inversions and additions necessaries to build the torque current I1. The PI control output is pulse-width-
modulated with a triangular carrier frequency of 20 kHz. The Hall sensor signals (H,, H, and H,.)
addresses the ROM look up table of the machine phase sequence to generate the inverter pulses which
are separated for the up and down devices with a dead-time circuit (5 psec).

H, J S: , Dead »UP
*  Time pdowm
HI
S Look | By Tiagd »up To
H, J Tugl .: Time » dowm Inverter
I + bl s S, Dead e
> » Pl » PWM > i s 4
O . Tlme » OwWm
T,
k,
. Sign Control
¥
. 1 -
1, Torque [ . Fault
Current ; Management
Reconstruction |« b T Ak A A
| T

Inverter Bus Temperature Reset

Fault  Voltage
Fig.5 Brushless machine drive control

The fault management circuit receives the inverter, bus-voltage, temperature and reset signals, in
order to turn-off the inverter pulses in case of any fault. Figure 2 shows the on-board computer which
receives the total solar panel current (i;,), the battery current (in,), and the battery voltage (vy,) with
DAC channels and the individual solar panel data with a point-to-point serial MPPT communication
bus. The information is sent for the support car by a radio data link for energy management as
explained latter. There is a LCD display and keyboard interface with the driver, who can also observe
the generated energy, the vehicle speed, and command the drive control system o stay either in torque
or in speed loop control. Figure 6 shows the drive system control sequencing diagram. During the
start-up the batteries are connected (manually) and after the bus capacitors are charged (sensed with
analog comparators), the Maximum Peak Power Trackers (MPPT) are connected with internal relays.
There is a soft-start procedure, which is performed by gradually increasing of the MPPT duty-cycle,
and the search algorithm is started. When the solar panels are ready and providing cnergy to the
batteries, the on-board computer is booted and several checks and tests are performed. Thereafter the
pilot can either operate the vehicle with a manual set-point in torque control mode, or vary the speed
set-point in cruise control mode. When the brake is depressed, the torque control loop is always
activated and the driver should command the torque level manually, The shutdown can either be
initiated by the driver or automatically by any fault signal.



M. G. Simoes et al.. Interdisciplinary Control Design for a Solar Car Implementation 168

 Waiti

i e & Sah-siarn
us opaciiore e vhatned o Startugal seureh algerihin
g .
w Auy is ready v 5
sTaRt (-'.....ucr\ £ Initiatize o SuTut Panelnareendy
\ Batteries MPPT's ) )
. Mg
N S o
= =3
Euwot ® MPFT oo check
On-Board & Tl
) iy A Displ alzrbace vherk
\E:‘_"'pu(f:/’ o Disp ard alertice chet
» A0y full |
Uw b comper b ppeialing
.. o Full vt e
e T— g
'l ™ EEO i / Turque y
| Shutdown W | Contral | | ® Mannz! ser-poin
A / S Leap A f
2% - < R e
o Brake depressed 1 g gy
gy -
/0 Bpeed nof speed set-paln
| Control | o Send power munazsment Gl by radic il
Laow
M W

Fig. 6 Drive system control sequencing diagram

The drive system control was tested in laboratory, with the complete set of wheel and gear
connected to the machine shaft, in both torque loop and speed loop control modes. The drive system
performance is shown in Fig. 7. A positive and negative torque responses are depicted in Fig. 7(a) and
7(b) for set-point commands of + 15 Nm, (during the torque transient the machine was kept in constant
speed of 650 RPM). The speed loop response, with the cruise-control mode activated. is displayed in
Fig. 7(c), which shows the correspondent instantaneous machine torque and speed, for a speed step
reference of 250 RPM. The steady-state terminal machine voltage and current signals can be observed
in Fig. 7(d). The drive system was intensively tested in the solar vehicle, in order to build-up the air-
drag efficiency curves, but the responses are not shown here

Heference Torgue

1
15 M 15 e Rfrvnee Tonge =

Muchine Torgue

z s
caal] _//—-—————— | .
i 15 tem| Mg Toriie s

Widiv = CH | == 2V TVimerdiv - (.14 Widly = CH | e 3y Tumerdiv =0, 14
2 - 2 CHZ =2V

Virllnge

Machiine Speed

250 m'm—/_
=

Wil o CTH 8 e S0 Thini/div = | Ty
e L I Timmeidiv =02 & CH 2 == St
CH2 =2V (d}

Fig. 7 Drive system performance, (a) Positive torque command (+15 Nm), constant speed (650 RPM),
(b) Negative torque command (—15 Nm), constant speed (650 RPM), (c) Constant speed command
(+ 250 RPM) and actual machine torque response, (d) Steady-state terminal machine voltage and
current.
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Solar Array System Control

The design, construction and operation of the vehicle solar array as the source of all electric power,
required the greatest care, because of the fragility and high cost of solar cells. A detailed description of
solar array design requirements falls outside the scope of this paper which has been focused on the
description of controls aspects. Each panel delivers power subjected to different levels of sunlight due
to the car’s surface curvature, and also to the temperature. Figure 8 shows the electrical characteristics
for the 16% solar cells used in the back of the vehicle, the front cells are similar ones but have 15.5%
rated efficiency. The current produced by the solar cell is proportional to the solar intensity normal to
the cell surface, whereas the voltage-temperature characteristics are symmetrical diode-like curves
(Raushenback, 1986). The mathematical modeling for the solar array is given by the following
equations: '

J=kl-A-k2- %P7 - )
A !'J
v=—»/lIn —— + pT +
T Real | @
Nr't'l.'
Vp =Zvj—Nce!-Rﬁ.'i!, (3)
=1

where J is the current density (mA/cm’), v is the single voltage cell (V), v, is the total voltage (V) in the
array, i, is the array current (A), 4 is the solar intensity (mW/cm®) and T is the temperature ("C). The
parameters k/ (non-dimensional), k&2 (mA/em?), e (voltage coefficient V'), f (temperature coefficient
"C') and y (non-dimensional) are adjusted from the manufacturer curves with a multi-linear
regression algorithm (Rawlings, 1988), where the parameters are calculated to minimize the quadratic
crror, N, is the number of cells in a series-string connection that makes the array, and R, is the
individual contact resistance between the cells,

Fig. 8 Electrical characteristics for solar cells,
V x | dependence on solar intensity,
V x | dependence on temperature.

The maximum power occurs at the intersection of the voltage-current curve and the hyperbole of
the correspondent power as show on Fig. 9. Of course, such maximum power point changes as the solar
intensity and the temperature vary (Rawlings et al,, 1993: Salameh and Taylor, 1990; Sullivan and
Powers, 1993), It is therefore necessary to use a converter capable to locate and operate at the voltage
that maximizes the output power, as shown in Fig. 9. Such maximum-power-point-tracking can be



M. G. Simoes et al.: Interdisciplinary Control Design for a Solar Car Implementation 170

performed by a boost type switching regulator indicated in Fig. 10. The boost regulator is driven by the
RISC PIC16C74 microcontroller which calculates the instantaneous power and searches step-by-step
the optimum duty-cycle so as to maximize the power drawn from the panel and delivered to the
battery/machine inverter system (Microchip, 1994),

Maximum power points

4 Intensity

variation Output optimized
A y impedance on-line
Py Ay search g
< ) A 0{0
= Ln &
w
= k'| . Q0‘$
3 "
@) v b b - &
. " §
e
< - » Temperature

yvariation

Voltage (V)

Fig. 9 Search method of maximum power at solar array with duty cycle programming

« Solar Panel
% i MPPT
|

< Switching
Boost = |
50V Converter
T i120V
Optimized
Duty-Cycle

RISC ‘\-ollage

. . PIC16C74
MPPT Serial Communication Based Controller ‘cum:m

Fig. 10 Power circuit for the MPPT

The flowchart of the algorithm is shown in Fig. 11. It is basically a real-time routine that reads
voltage and current at the battery bus, averages the last ten power readings, calculates the variation of
power AP, compares to the last variation of power and decides if the pulse width should increase or
decrease. When the variation of power is negligible no action is taken, and the search is attained. The
microcontroller also monitors the panel power and sends such information to the on-board computer via
serial communication and detects open output by sensing the battery voltage, shutting down the scarch
for voltage protection.
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Fig. 11 Flowchart diagram for duty-cycle search procedure

The PWM switching waveform of the boost transistor is shown in Fig. 12, the solar cell current and
the battery current tracking for two levels of intensity. In both cases the machine torque load was kept
constant; therefore, any increase in the solar level results in the corresponding increasing of current
flowing to the battery. As the solar level increases, the PWM settles down to a new pulse width, as
showed in figure, indicating the solar cell current, PWM switching and battery current waveform, the
high frequency current ripple is filtered out at the battery. MPPT efficiency was always better than
96%.

Solar Cell Current (1A /div) PWM Switching (50V/div)

Battery Current (LA /fdiv)

Fig. 12 PWM switching, solar cell current and battery current tracking, {a) Results for solar intensity
at 55 mW/cm®, (b) Results for solar intensity at 90 mW/cm®
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Energy Monitoring and Management

The ultimate goal in a solar powered vehicle is the achievement of the maximum average efficiency
at the minimum weight. The average efficiency is a combination of system components integration,
which take into account road gradients and surfaces, predicted meteorological conditions and race
strategies. For a given amount of collected energy, there 1s an optimum average speed which should be
kept constant. The vehicle must undergo road tests in order to build a look-up table of vehicle efficiency
in terms of speed. There are several forces opposing motion: rolling resistance, aerodynamic drag and
gravity when climbing hills. For a given stored energy in the batteries and the prediction for a certain
amount to be collected in the next period of hours, the driver should keep the speed as close as possible
to the optimum value. Several variables on the car are monitored by an on-board computer based on the
microprocessor 68HC11 shown in the block diagram of Fig. 13. Such variables were sent via a radio
link to a computer for a team-support car (Motorola, 1991).

68HC11 Based
Controller

‘ Peak Power
, . | |Radio Data| | Keyboard and | | Torque Control o
VO ttertace Interface | | Display Interface| | Analog Interface Trackﬁg;;z:;catmn
A A
v v
Dclink  Monitoring data Brake Motor reference  Data from
measurement Lo support car signal set-point MPPT

Fig. 13 Block diagram of on-board computer

The measurements of power on each solar panel, vehicle speed, brushless machine torque and
battery current are monitored by a management software. The on-board computer can also perform
speed control loop as dictated by the race strategy. In a competition like the World Solar Challenge, the
race starts at 8:00 AM and stops daily at 5:00 PM. The sunlight at the end of the day can still be
collected. The portable computer on the support car must calculate how much charge is in the battery,
with the integration of the battery current on a sampling basis; in order to predict the collected power, a
model based on the celestial sphere (Walraven, 1978) was implemented in a portable computer, which
could communicate with the on-board computer through a radio link to predict the amount of power
that each panel was delivering. This model was fine tuned with trial-and-error experimentation, with the
help of a reference cell measuring the solar intensity. The collected energy changes drastically in shiny,
cloudy or rainy days, as depicted by two typical day insolation curves on Fig. 14. The calculation of the-
optimum average speed is valid for periods of stable weather conditions, which is evaluated by the
leam experience, For a given period of time, the following procedure must be done to estimate the
amount of available energy:

e  (Get geographical position coordinates

e Get Jocal solar incidence reference

e  (Calculate the power on each panel

e  Estimate the total energy captured for the route
e Estimate the stored battery energy

e  Calculate the optimum speed for the route

e  Keep track of the average speed
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Fig. 14 Typical actual day sunlight data on two Australian routes

Conclusion

This paper described an advanced drive system control for a solar powered vehicle. The system has
been fully implemented in the university car called Poli-Solar, completely designed by students for a
solar race. The nature of this project has given motivation for other investigations on solar energy
systems and electric vehicles technology. The drive system operates with full performance, extracting
the maximum electrical power from a distributed solar array that covers the surface of the vehicle, by
distributed RISC based controllers with individual solar panel peak power tracking capabilities. Such
energy is used to drive a four quadrant brushless dc machine based vehicle propulsion with battery
surplus storage. The control functions include start-up and shutdown sequencing, feedback with torque
or speed loop, system monitoring, communication for energy management, and calculation of speed for
race strategy aiming the optimum energy management. Further studies on the drive performance are
still in progress and new advancements will be reported.
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Abstract

The equatioms of motion of both free-flving and elastic base robots have a similar structure. Particularly, we show
that a so-called inertia coupling matrix plays a significant role for the dynamics, We derive necessary conditions for
the existence of the null space of this matrix. The null space aims in decoupling manipulator motions from base
motion. Decoupling means that fast motions can be performed without disturbing the base. Also, efficient inertial
coupling can be achieved, which is helpful for controfling base motion through manipulator-induced reactions.
Keywords: Reaction Null Space Control, Robots

Introduction

Spaceborne telerobots are characterized with a relatively low-mass movable base. Path planners and
controllers must take care of the dynamic interaction between manipulator(s) and base, in addition to
end-effector motion planning and control.

A typical example of a space telerobot is a free-floating robot (FFR) comprising a manipulator arm
attached to a satellite base, such as the ETS VII (Oda,1996). During the last decade, a number of
methods for motion planning and control of such systems have been developed (Xu et al.,, 1992).
Another example is a system consisting of a dextrous manipulator attached to a large arm, such as the
Special Purpose Dextrous Manipulator (SPDM) mounted on the Space Station Remote Manipulator
System (SSRMS) (see Fig. 1), or the Small Fine Arm mounted on the large Japanese Experimental
Module Remote Manipulator System (JEMRMS) (Xu et al., 1992). The large arm can be regarded as an
clastic base with reference to the dextrous manipulator. Operation of the dextrous manipulator induces
reaction forces at the base, and hence, vibrations of the large arm. Again, motion planning and control
of the dextrous manipulator for reducing the disturbance on the elastic base is necessary (Book et al.,
1989), (Torres et al., 1994). We shall further on refer to a system like the SPDM/SSRMS as a flexible
structure mounted manipulator system (FSMS).

Fig.1 SSRMS with SPDM

To tackle the dynamic interaction problem described above, we introduced recently the concept of
reaction null space (Yoshida et al., 1995), (Yoshida et al., 1996). The idea originates from our previous

Presented at DINAME 97 — 7" International Conference on Dynamic Problems in Mechanics, 3 — 7 March 1897, Angra
dos Rels. AJ, Brazil. Technical Editor: Agenor de Toledo Fleury.
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work on free-flying robots, where the null space of a certain inertin-mass matrix was used to plan so
called "fixed-attitude-restricted (FAR)" motions (Nenchev et al., 1990), (Nenchev et al., 1992). The aim
of this paper is to show that the reaction null space concept is a suitable approach to the dynamic
interaction problem in the sense that (1) full dynamic interaction decoupling is provided, and (2), the
approach is general and can be applied to the various types of space-born telerobots.

Equation of Motion

We base our discussion on the general model of moving base robots as described in (Yoshida et al.,
1996). The model comprises a moving base and a number of mechanisms attached 1o it, such that a
tree-like structure is formed (Fig. 2). We distinguish the following three types of mechanisms: (1)
manipulators; (2) compensators; (3) other mechanisms.

First. we note that manipulators comprise usually open kinematic chains; sometimes the structure
can be tree-like (e.g. the structure of the SPDM/SSRMS system). Next, the term "compensator" has
been introduced here to emphasize the role of mechanisms able to compensate fully or to some extent
base reaction induced by the manipulators. A typical example of a compensator is an attitude control
mechanism. Finally, the group of "other mechanisms” covers antenna pointing mechanisms, solar array
pointing mechanisms ete. The first and the third group of mechanisms are considered 1o be "disturbance
generators;" they induce some undesirable motion to the base. For convenience, we shall further on
refer to the mechanisms in Fig. 2 as the generalized mechanism.

F
external force

manipulators

;/

Fig. 2 General model of a space borne telerobot

Our main focus is in reducing/controlling the total base disturbance through inertial coupling with
manipulator motions. At this point we can ignore the structure of the generalized mechanism, just
focusing on the wrenches acting at the base. The wrenches of disturbance generators are dynamic ones.
They can vary significantly in direction and magnitude. depending on the source. Manipulators, for
example, induce typically low-frequency variations (between 0.01 Hz and 1 Hz) with point-to-point
motions, and higher-frequency variations (between 10 Hz and 100 Hz) with smooth motions (Rohn et
al., 1990). Other sources are flexible bodies which induce also quasi-periodic components, and impacts
having quict a different reaction characteristics. Obviously, the total disturbing wrench is of complex
nature.

The system dynamics can be represented generally as

Hf' Hf'ﬂf XIrJ Dlr., 0 .)le, 1’\"‘1, f xp cy ) :
T o | + H H ) (1)
Hl, H,|6||o b,|e o ole|lc, ||t
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where x, € 9\ denotes the positional and orientational coordinates of the base with respect Lo the
inertial frame', ® € R" stands for the generalized coordinates of the generalized mechanism, H,, D, K,

e R"*" denote inertia, damping and stiffness matrices of the base, respectively H,, D, € """ denote
incrtia and damping matrices, respectively, of the generalized mechanism, ¢, and c,, denote velocity-
dependent nonlinear terms, and T € R" is the joint torque. Hy,, € R™ * " will be called the inertia
coupling matrix. The above equation is similar to that used in (Torres etal., 1994), (Book et al., 1989)
for an FSMS. In the particular case of an FFR, the base damping and stiffness are set to zero:
D,=K;,=10.

The inertia coupling matrix H,,, appears in both upper and lower parts of the dynamic equation. We
will show that this matrix plays a key role in the dynamics of space-bomn telerobots, and can be useful
in designing motion planning and control laws. First, note that the total base reaction wrench W can be
represented as follows:

Midean
1]

+Z{f [+ r><r ), (2)
j=1

om :Hf

W= ij’ mr,.
dt

where r,, denotes the center of mass position of the generalized mechanism, I, @, m;, r; stand [or the
im:rliu matrix, angular velocity, mass and center-of-mass position, respectively, for body j, and

=Xm. The expression (!ij X ) denotes angular momentum and imposes a
nnnhulunomu constraint in cade of an FFR. On the other hand, the upper part of Eq. (2) denoting the
reaction lorce, represents a holonomic constraint. Under the assumption that the inertia coupling matrix
H,,, 1s a function of the joint positions only, which is strictly true for FFR, Eq. (2) can be rewritten in
terms of generalized coordinates, as follows:

WZHhmé—’_Hme- (?‘I
The last equation can be integrated:
L:L() +Hhmé (4)

We shall refer to L as the coupling momentum of an FSMS.

The Reaction Null Space

Reactionless Motion

Here we shall examine the special case of motions that do not induce any base reaction. It should
be apparent that in this case the coupling momentum will be conserved.

It can be shown (Nenchey et al., 1996) that at a configuration 6 of the generalized mechanism,
such that rank #y,,, (8 | = maxrank Hp,, (0 )
8

l. Zero reaction is achieved with the joint acceleration

er S hlf.:m ’!'!FJH.'B_H L= Ha’:nr Hhrn }g (5)

! Generally, m=6 (n = m)
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where A, eR™" denotes the Moore-Penrose generalized inverse of the inertia coupling matrix, E €
R stands for the unit matrix, ¢ and { & R are arbitrary,
. . . . * y T .
2. Coupling momentum conservation is achicved with the joint velocity

ér-:Hﬁ’:JiE+( E_HJ:HJ thr )é. (6}

where { denotes again an arbitrary vector, and L=conss .

The condition for maximum rank of the inertia coupling matrix is in fact a controllability condition,
as discussed by Spong with regard to passive-joint manipulators (Spong. 1994). Below we refer to the
maximum rank case as well-conditioned inertial coupling: otherwise the configuration of the
generalized mechanism will be characterized as ill-conditioned inertial coupling.

The expression Ppyg=( E—H;,'m Hp,, ) appearing in both Egs. (5) and (6). stands for the projector
onto the null space of the inertia coupling matrix. This null space we call the reaction null space of a
space robot.

Existence of the Reaction Null Space

The reaction null space exists (i.e. dim R(H,,) > 0), i the generalized mechanism has some
redundancy with respect to the base variables: n > m. The redundancy can appear in various forms:

e Kinematic redundancy;

e  Dynamic redundancy;

e Redundancy from the selective reaction null space;

e Redundancy due to singularity of the inertia coupling matrix,

First we note that kinematic redundancy is available when the DOF of the manipulators is larger
than the DOF of the base. As an example we point out the SSRMS/SPDM system (Xu et al., 1992).
Second, recall that the concept of dynamic redundancy was introduced by Arai et al. (Arai et al., 1992).
Dynamic redundancy implies the existence of controllable dynamic parameters, which are not directly
related to manipulability. One possible interpretation of such dynamic parameters would be in terms of
the DOF of the compensators. Third, we point out some applications when the reactions in certain
dircctions can be ignored. For an FFR, reactions yielding translational motion of the base are one
example. For an FSMS, one could ignore reactions in those components which correspond to high-
stiffness directions of the elastic base structure. To tackle such cases, we introduced the selective
reaction null space (Nenchey et al.,, 1995). Denote by § = diag (s, s»..., s.) a selection matrix, where s;=
1 specifies a Cartesian-space direction requiring zero base reaction, while s; = 0 otherwise. Then, we
denote the selective reaction null space as X(SH,,). Obviously, dim X(SH,,) =. dim X(H,,).
Generally. a reaction null space of higher dimension is desirable since it yields a larger DOF when
planning the reactionless motion.

Finally, the reaction null space will also exist when the inertia coupling matrix H,, is singular.
There will be, however, singular directions in which no inertial coupling/decoupling would be possible
at all. Further analysis is needed, which goes beyond the scope of the present work.

Decoupled and Strongly Coupled Motions of Space Robots

The reaction null space projector Pyyy ensures total inertial decoupling between the base and the
generalized mechanism, in case of an FFR. In case of an FSMS, some nonlinear coupling remains, On
the other hand. for some tasks, such as correction of spacecraft attitude errors or changing the
spacecraft attitude through manipulator motion (the so-called manipulator inversion task (Nenchev et
al., 1992)), in case ot an FFR. or suppressing structural vibrations of the base through a proper motion
of the generalized mechanism, in case of an FSMS, a very efficient inertial coupling motion should be
generated. Efficient coupling is related to cfficient transfer of the generalized mechanism energy toward
a specific base energy (i.e. FFR: kinetic energy, FSMS: strain energy), or vice versa. The most efficient
inertial coupling in a least-squares sense is ensured through the projector H H,, since it is orthogonal
to the null space projector.

Note that the general solution of Eq. (3) is

éZH;:”f w —H;,mé o E _HI:H Hhm }C )
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Note also that  with well conditioned inertial coupling (i.e. nonsingular  H,,),
Hp=HL( H.i».ﬁffm !, which clearly shows that the first term on the right-hand-side of Eq. (7)
comes from the orthogonal complement of the reaction null space, and hence. ensurcs the most efficient
inertial coupling in a least-squares sense.

Decoupling Control

From the system dynamics Eq. (1) we can eliminate the joint acceleration:
H5 y+Dsi,+ Ky 47+ H pn=T, (8)

where

H=H-‘?!;u —!'f:tr H;m Hh J
F=¢+D,0-H,, Hpep,

m m

52_ Hru HF.:Im D{: 'Er'_Hm Hhrm Kh

and n denotes an arbitrary vector from the reaction null space.

The structure of the last equation suggests the following decoupling control strategy: (1) design a
control loop for exact feedback linearization with regard to the base control subtask, and (2),
accomplish end-effector control within the reaction null space, by proper definition of vector n. These
two subtasks can be realized with the help of the following control law:

T=u, . +C+H 0 9
The closed-loop system is

)E;{X:b +5X|'! +E\'b =“I'Eff ( 1(})

Base Reaction Control Subtask

u, is designed to achieve the specific base reaction control, depending on the particular type of
space robot. In case of an FSMS, base vibration damping can be achieved with:

w4y =—G %), (11)

~ def
where G, ="'Hm H),, G, .G, denoting a constant vibration suppression gain. In case of an FFR. the
following PD base motion control law would be appropriate:

Uyor =HXpg +G g ( Xppg =Xy HGpg{ Xpg—%p ), (12)

where x;,; denotes a desired value, Gl Y n wHp Ge.,G.. being a constant gain, and subscript **
indicating either 'bd' (base-derivative) or 'bd’ (base-proportional). The crucial point with the above
controls is the well-conditioning of the inertial coupling, such that matrix 7 is of full rank m.
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End-effector Path Tracking Control Subtask

In order to determine the null space vector n, we shall make use of the general solution (8). The
arbitrary vector { appearing there, is determined by substituting the joint acceleration into the end:
effector kinematics:

v,=/6+]0, (13)

where x, € R’ denotes end-effector task coordinates and J(6) € R™*" is the end-cffector Jacobian. Note
that the reference frame is at the base. After some formula manipulation, one obtains

é=H!:m'( w’_,"‘l.*mlnEj ) +}' ["Es_jé_fH!:n‘ W_H!»né ] (14)

where j ij, is a restricted Jacobian matnx appearing typically in redundancy resolution schemes
(Nenchev, 1993). It can be shown that _f eN( H,, ) ,and hence, the second term on the right hand
side of the last equation is indeed a reaction null space vector.

Let the control law be given by (10) with

n=J [ %y 4Gy, +G e~ 10— JH o Gy ~H )0 )] (15)

where x,, is the desired end-effector path, e, = x.; - x, is the path tracking error and G, ; and G,, denote
proper gain matrices. Under well-conditioned inertial coupling and full rankness of the restricted
Jacobian / . as well as when n = m+p, the base subtask can be performed (vibration suppression or
motion tracking), and simultaneously the end-cffector error converges to zero asymptotically.

Examples

We illustrate the reaction null space based control by means of three examples of FSMS.
Kinematic Redundancy

First, we consider a planar 3R manipulator mounted on a base translating horizontally, which is
- attached to the inertial frame through a linear spring and a damper. The parameters of the base are:
mass m, = | kg, damping d. = 0.1 Nsm'', stiffness k, = 100 Nm.
The parameters of the manipulator are: link length £, = 1 m. (i=1.2.3), link mass m; = 10 kg lumped
at the center of each link, link moments of inertia have been ignored.
The upper part of Fig. 3 shows the system, tracking with its end-point a path without inducing any
] disturbances to the base. Since the reaction null space is 2-dimensional. it is possible to track any path
I.* in task space which complies with well-conditioned inertial coupling and non-singularity of matrix ;.
" Because of the decoupling property of the reaction null space, the selection of the feedback gains is not
critical: for cmmplc for the end-point control high gains are used (G, = diag[400.400] s3
IG“; = diag[200,200] s". The gain for base vibration suppression control was g, = 10 rad™. The desired
“end-point path was planned through a fifth order spline. Other planning can be also used: there is no
requircment for zero boundary conditions. From the results shown in Fig. 3 it is seen that the reference
- path’ is tracked perfectly, with practically zero base disturbance. ]
Herein "rel” denotes the reference path, while "act" stands for the actual one.
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Fig.4 Redundant FSMS end-point path track-ing

Selective Reaction Null Space

The experimental setup TREP, designed at Tohoku University, consists of a small 2R rigid link
manipulator attached to the free end of a flexible double beam representing a flexible base. The TREP
FSMS is modeled according to Fig. 5. The local coordinate frame, fixed at the point of attachment of
the manipulator to the beam, is referred to as the flexible base coordinate frame. Since the flexible base
has been designed as a double beam, the reaction torque can be neglected as a disturbance. This is also
the case with the reaction force component along the longitudinal axis of the base. Thus, we shall
consider just the reaction force along the so-called low stiffness direction, which coincides with the x
axis of the flexible base coordinate frame. This means that m=1. Since the manipulator has two motors
(n=2), there is a one-dimensional selective reaction null space.

The manipulator is driven by DC servomotors with velocity command input. There is no hardware
limit for the rotation of the second joint. Joint positions are measured by optical encoders and are fed
back for position control. Base deflections and base reactions are measured by the strain gauge and the
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force/torque sensor, respectively, Real-time feedback vibration suppression uses data from the strain
gauge,

We demonstrate the efficiency of the control for both vibration suppression and reactionless path
motion. Reactionless path motion is generated via the null space vector m. Such motion can be
performed in a cyclic manner since the second link has endless rolation capability. An external force is
applied to the elastic base during the motion. Details on other experimental conditions can be found in
(Nenchev et al., 1997). Figure 6a and Fig. 6b display the results in the case with and without vibration
suppression control, respectively. In the first case, we sce that base vibration is very effectively
suppressed, and the joint motion continues o track the reactionless path. In the case without vibration
suppression, it is interesting to note that the vibration of the base is not "disturbed" at all through the
joint motion. This clearly demonstrates the dynamic decoupling ability of the control,

4 ¥ (high stifTness direction)

(low stitTness direction)
Elastic Base

Fig. 5 Model and photo of TREP
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Fig. 6 Reactionless motion and base vibration of TREP: (a) with vibration suppression; (b) without
vibration suppression (experiment)
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Dynamic Redundancy

We attached a second arm to our experimental ESMS TREP (Yoshida et al., 1997), as shown in Fig.
7. The upper arm task is defined as end-point control (keeping a fixed position in inertial space) in the
presence of vibrations. Obviously, 2 DOF are needed for this task: therefore the same arm cannot be
used for vibration suppression. We use the second, lower arm only for vibration suppression, This
means that the dynamic redundancy condition will be met. Experimental data is shown in Fig. 8. It is
seen that vibration is effectively suppressed by the lower arm. In the same time, the upper arm is able to
keep the end-point fixed.

Upper arm Flexible arm

Strain gauge

Force/torque sensor

DC servo motor + encoder
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Fig. 8 Dynamic redundancy utilization with the dual-arm FSMS: (a) Base deflection and lower arm
(vibration suppressing) end-tip path; (b) upper arm (end-tip position controlled) end-tip x-
coordinate time history and end-tip path
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Conclusions

We proposed a control law for space-born robots, based on the reaction null space concept. The
control is able to satisfy two subtask simultaneously: the conventional end-effector subtask and in
addition, a control subtask for base motion control via inertial coupling/decoupling. We have shown
that the method is efficient lor various systems comprising kinematic redundancy and/or dynamic
redundancy, but also for a nonredundant system with the notion of selective reaction null space.
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Abstract

This work concerns the application of y-svnthesis to the integrated design of a flight/propulsion control system for a
tvpical high performance single-main-rotor helicopter. In order to improve the handling qualities, the controllers are
designed to yield accurate control of vertical velocity, vaw rate, pitch and roll attitude. Multivariable robust control
theory is required in view of the presence of un-modelled rotor dynamics and parameter uncertainiy as well as
exogenous disturbances such as wind gusts. Performance and stability tests are carried out both in frequency-
domain and time-domain. The end result is a flight/propulsion control svstem that is stable, robust and ensures good
closed loop tracking, disturbance rejection and decoupling properties.

Keywaords: Helicopter, Robust Control, Multivariable, (t-Synthesis.

Introduction

Effective control of large-scale, multivariable, nonlinear, naturally unstable and highly cross-
coupled systems such as helicopters presents a significant challenge to control engineers. Two of the
general issues with importance in the control of helicopters are handling qualities and robustness.
Handling qualities define its operating characteristics: how casy and effective it is to fly and perform
particular tasks without demanding excessive effort or unreasonable skills from the pilot. Robustness
specifications concerning helicopter stability and control are due to model uncertainty, which is usually
represented by un-modelled rotor dynamics and variation of the stability derivatives along the flight
envelope, approximations due to linearization, actuator nonlinear dynamics such as deflection and rate
saturations, and off-design operation of the closed-loop system.

This work proposes the application of p-synthesis to design a flight/propulsion control system for
the UH-60, a typical Sikorsky high performance single-main-rotor helicopter. Propulsion is considered
in an explicit form because the performance of the helicopter is highly dependent upon it. The
integrated design can be carried out effectively by breaking the overall problem into a flight control
problem and a propulsion control problem (Rock and Neighbors, 1994),

Additionally, structured variations in the aircraft's aerodynamics properties suggest the use of p-
synthesis as a possible design method, since it is a very powerful design tool to account for such
uncertainties in the plant dynamics (Jackson, 1990).

H™ Optimal Control and the Structured Singular Value

The importance of H™ optimal control arises from the natural characterization of uncertainty
provided by the H™-norm of a transfer matrix (Zames, 1981), which is the maximum over all
frequencies of its largest singular value. A more detailed explanation about the H™ space, including the
definition of the H™ norm, can be found, for instance, in (Francis, 1987, Zhou and Doyle, 1998).

The standard block diagram used in H™ control synthesis is shown in figure 1, where w represents
the exogenous input vector (typically consists of command signals, disturbances, sensor and/or actuator
noises); u is the control signal; z is the error signal vector (typically represents, for example, tracking
errors and filtered actuator signals): y is the vector of measured outputs. The augmented plant P(s)
usually contains the nominal plant model Ggy(s) and frequency-dependent weights that reflect the
stability and performance design requirements to be met by the closed-loop system. The uncertainty
block is represented by 7 . This block-diagonal structure is assumed to be stable but unknown, although

norm-bounded ( |}§|| <)

Manuscript received: June 1897, revision received : February 1999, Technical Editor; Agenor de Toledo Fleury
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Fig. 1 Standard representation of a plant with uncertainties and under feedback control

Assuming initially that 3 is absent, the H™ control problem is to design a controller K(s) such that
the closed-loop transfer function from w to z is minimized. IT z = Pyyw + Ppu and y = Pyw + Pau,
then, provided that u = Ky, it is possible to write:

I—‘~ll"||+l’|2K(I—P22K}_’p2]}V (1)

Therefore, the H” control problem can be stated as:

minimize
K stabilizing

Py + PK(I-PyuK) FPML (2)

The expression whose H™-norm is to be minimized in (2) is commonly known as “Lincar Fractional
Transformation™ and will be denoted by LFT(P, K) in the remainder. By suitably defining w and z it is
possible to cast a number of practical design problems into the form of expression (2) (Macicjowski,
1989; Balas et al., 1994; Skogestad and Postlethwaite, 1996), where the specifications are met by the
nominal system if and only if the cost function is less than 1 (nominal performance criterion).

The solution to the H™ problem is well established in literature, including the frequency-domain
approach (Francis, 1987; Xu, 1989; Kwakernaak, 1993) as well as the traditional state-space approach
(Glover and Doyle, 1988). However, as far as robust stability and performance are concerned, the H™
control and singular value tests may be conservative. Therefore, it is of paramount importance to define
the so-called “structured singular value” (u) which may reduce considerably the conservativeness
imposed by the H™ design.

Let Q be a transfer function matrix, and consider a block-diagonal structure A which depends on the
uncertainty and performance objectives of the problem (Balas et al., 1994). Denoting by “B;” the set of
block-diagonal A perturbations satisfying |4, <@ » the structured singular value of Q(jw) with respect to
the block-diagonal structure A is defined as:

0. if det[1-Q(jw)A(jw)|#0 Vwe R VAe B..
A

Hal Q( jw )= = Lif A€ B, dwe Ridet|l-Qjw )Ajw )]=0 )
min [0’{ Afjw ;‘}I
AeB..

Since p,(Q(jw)) is frequency-dependent, it is interesting to define ILII,; as

Q| , =supu (Qjw) (4)
u

i
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In the general case ILIl, does not constitute a norm because of the failure to satisfy the triangle
inequality as shown in (Macicjowski, 1989)). It is used in the specialized literature (Maciejowski, 1989;
Jackson, 1990; Balas et al., 1994) because some important properties of the structured singular value
(Doyle, 1982) are useful in the investigation of the stability and performance of systems when model
uncertainty is explicitly considered as in figure 1.

Two important results related to robust stability and performance of the closed-loop system are
given in the Requ_el (Doyle, Wall and Stein, 1982), where Q(s) denotes the closed-loop transfer function
from [wlm."’ w I to [zim,T 2’V

a)  Robust Stability: The system shown in Fig. 1 achieves robust stability (the closed-loop system
remain stable for all 3¢ 5,) if and only if foul, <1- where the W is computed with respect to the
block-diagonal structure 7.

b)  Robust Performance: The system shown in Fig. 1 achieves robust performance (the closed-
loop system remain stable and satisfy the design requirements for all ;¢ g,) if and only if
I|Q"i‘ <1, where the [ is computed with respect to the block-diagonal structure 7= giagi. s, }-

The “performance block” Ay is fictitious and connects w and z.
The objective of p-synthesis is to solve the following frequency optimization problem:

minimize ||Qr P.K )”u (5)

K stabilizing

Robust performance is achieved if the cost function is less than 1, which also implies robust
stability and nominal performance. The problem can also be stated in the form:

minimize ”DL ($)Q(P.K)Dy =l [S)H (6)
K stabilizing o0
Dy, DRreD

where the diagonal matrices Dy, and Dy are stable, minimum phase and have a similar structure to the
block-diagonal matrix 7 . Unfortunately, only approximate solution to the problem can be found and,
therefore, p-synthesis involves a sequence of minimizations, first over the controller variable K
(holding the D variables fixed), and then over the variables D (holding the K variable fixed). This is
often referred to as the “D-K iteration”,

Integrated Flight/Propulsion Control Systems Design for Helicopters

This section presents a methodology for the design of flight/propulsion control systems for
helicopters, using linearized models for rigid body fuselage, rotor and engine dynamics.

In order to develop the integrated design of the FCS (Flight Control System) or “autopilot” and the
propulsion system, rigid body and rotor/engine dynamics are separated (Rock and Neighbors, 1994)
according to Fig. 2.

The rigid body dynamics model generates outputs (yg , Wg) in response Lo inputs (d , 8g , wg). The
outputs of interest (yg) include vehicle attitude, position and their associated rates, The inputs include
exogenous disturbances such as wind gusts (d), rotor or tail cyclic and collective () and rotor/engine
states (wg). The rotor/engine dynamics model generates outputs (Wg) in response to inputs (Wg , g .
w;). The outputs might include internal engine quantities (e.g., pressure and spool speeds), rotor
dynamics (e.g., inflow, flapping, lead-lag, blade torsional modes) as well as rotor speed (£2). The
rotor/engine dynamics inputs include rigid body states (wg), rotor or tail cyclic and collective (&) and
fuel flow (wy).

The outer control loop is closed by the autopilot and adjusts the controlled variables in response to
command signals (Yema) and measured outputs (ys). The performance requirements for this loop are
derived from mission-level objectives of the helicopter and include flying and handling quality
specifications,
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Fig. 2 Separation between rigid body and rotor/fengine dynamics for the integrated design of
flight/propulsion control systems for helicopters, where the outer-loop concerns the design of the

autopilot and the inner —loop refers to the propulsion sub-system

The inner control loop is closed by the propulsion system and adjusts the fuel flow (wy) in response
to rotor speed variations (£2) and vertical collective generated by the autopilot (u.,). Its primary
purpose, as viewed from a mission-level perspective, is to regulate the rotor speed.

Clearly, the designs of these two control loops must be coordinated since the performance of one
affects greatly the performance of the other.

The integrated design is then a sequence of iterative procedures that lead to the synthesis of tlight
and propulsion control laws. The connection between these two systems is represented by the vectors
wy, Wg and 8. The vector wy will be considered as an exogenous perturbation on the rigid body
dynamics as well as the vectors wy and & will be on the rotor/fengine dynamics. In the H™ framework,
these vector-valued time signals are properly modelled as:

wg =Wgng, ||'”F:||.,o =1

Wi =Weig. || 7

S =Wsns.|ns|. <1

(7)

(8)

9

where the diagonal matrices Wy, Wy and W; are weights vsed to shape the spectral content of the

signals.

The iterations should be interrupted when simulations related to the propulsion system show that
the actual components of the vector wy have lower magnitude than those associated to the matrix
weight Wy used in the autopilot design, or when the relative difference between them is less than a pre-
specified tolerance. In this work, the magnitude of each vector or matrix component will be expressed
by the H™-norm, which can be applied either in time-domain or frequency-domain (Doyle, Francis and

Tannenbaum, 1992).
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Application Example

The procedure described above is now applied to an example. A 13 DOF (degrees of freedom)
mathematical model which characterizes the open loop UH-60 flight dynamics in hover whose stability
derivatives were identified from flight test data using a frequency-response-error identification method
(Fletcher, 1995) is considered. The model includes rigid body fuselage dynamics, regressing rotor flap
and lead-lag dynamics, main rotor inflow, rotor RPM, and engine torque. The helicopter model has 18
states and 5 inputs, and is unstable and non-minimum phase at trimmed hover condition. Actuators are
modelled as first-order lags with a time constant of 50 ms and are included in the original plant
description for p-synthesis design in order to avoid a sluggish aircraft response (Yue and Postlethwaite,
1990), Rate and amplitude saturations arc considered by suitably defining weights on the control
signals. Sensors are modelled as first-order lags with a time constant of 10 ms, but their dynamics will
be left out of the nominal plant description,

The state-space description of the linearized equations of motion, taken from (Fletcher, 1995) is
expressed in the standard form as:

x=Ax+ Bu
y=Cx (19

The state variables, measured outputs and plant inputs are described in Tables | and 2. .
Table 1 State variables description

State Description State Description
u horizontal velocity (ft/s) v vertical inflow (f/s)
v lateral velocity (ft/s) Q rotor speed (rd/s)
w vertical velocity (ft/s) Q engine torque (Ibf.ft)
p roll rate (rd/s) ai: longitudinal flapping angle (rd)
q pitch rate (rd/s) bie lateral flapping angle (rd)
r yaw rate (rd/s) X longitudinal lead-lag
[ roll angle (rd) X2 longitudinal lead-lag
C} pitch angle (rd) ¥4 lateral lead-lag
W yaw angle (rd) Va lateral lead-lag

Table 2 Plant input description and actuator rate/amplitude saturations

Input Description Actuator Rate Sat. Actuator Ampl. Sat.
By lateral eyclic (in) 24.0 (in/s) 6.0 (in)

B longitudinal cyclic (in) 20.0 (in/s) 5.0 (in)

Bpea tail rotor collective (in) 20.0 (in/s) 5.0 (in)

Bt vertical collective (in) 20.0 (in/s) 5.0 (in)

W fuel flow (Ib/s) 2.0 (Ib/s%) 0.5 (Ib/s)

The singular value plot of the linearized helicopter model is shown in figure 3, where each curve
corresponds to one singular value of G(jw)y.s as a function of ®. This figure shows that the plant is
almost singular at low frequencies, since there's a considerable difference in magnitude between the
largest and lowest singular values ( o /o = 04 ), The design implication of this fact is that any attempt to
provide compensation at low frequency by inverting the plant (LQG/LTR, loop-shaping) may lead to
erroncous results (Yue and Postlethwaite, 1990).

Table 2 also provides the maximum actuator rate and amplitude associated to each of the five
control inputs. The p-synthesis design must take these values into account if acceptable performance
and stability properties are required,

Performance Requirements

The specifications outlined in this section concern Level 1 Handling Qualities (Sun and Clarke,
1994) and are related to: helicopter response modes in each of the four input channels (vertical velocity,
yaw rate, roll and pitch angles); disturbance attenuation; cross-coupling effects: actuators rate and
amplitude saturation limits; robustness to un-modelled dynamics and parameter uncertainty; main rotor
speed regulation; maximum engine torque excursion due to power limitations (Prouty, 1990).
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Fig. 3 Singular value plot of uncompensated helicopter at the hover

The helicopter response modes are formulated as a series of transfer functions relating pilot inputs
and vehicle response. Through assessment of rotorcraft mission objectives, handling qualities
specifications for three response types have been developed (Sun and Clarke, 1994):

I.  ACAH (Attitude Command with Attitude Hold): “A control input results in a proportional
attitude displacement, for hover and low speed operations in conditions of degraded visual
cueing.”

RC (Rate Command): “Angular velocities about the vehicle roll, pitch or yaw axes arc
proportional to control inputs, for fully attentive operations in conditions of good visual
cueing.
3. TRCPH (Translational Rate Command with Position Hold): “A constant control input must
produce a constant translational rate. and the rotorcraft must hold position if the control input
18 zero. The mode is required for precision hovering tasks and for achieving Level | Handling
| Qualities in NOE (nap-of-the-earth) maneuvers in fair-to-poor visual cueing environments.”
For ACAH, the roll attitude and the pitch attitude are of great importance. Desired transfer
| functions are:

30

- ¢ _ : W, (11)
. 2 2
P emd s +2 'Fm? & +L“':9
3} -
PiLCh: : = (.L.!H - (12}

cmd g2 + 22 gug 5+ }



il

191 J. of the Braz. Soc. Mechanical Sciences - Vol. 21, June 1989

where typical values for the natural frequency @ and the damping & that will satisfy Level | HQ
requirements are o, = 2.071 rd/s and &; = 0.707.
For RC and TRCPH, the desired transfer functions for vertical velocity and yaw rate are:

) 2
Vertical Velocity: Y = (13)
Wemd 42
Yaw Rate: L 2 (14)
Femd §+2

Additionally:

The steady-state error must be less than 0.1% in each channel;

Disturbance attenuation must be greater than 40 dB at the frequency range 0 < @ < 0.43 rd/s;
Roll-to-pitch and pitch-to-roll couplings must be less than 25%;

The steady-state error must be less than 1%:

The maximum excursion speed of the rotor must be less than 1 rd/s;

The maximum engine torque excursion must be less than 200 Ibl.{t.

Uncertainty Models

All of the uncertainty in modelling the helicopter is captured into the normalized, unknown transfer
function 5{} . used to parametrize the eventual differences between the nominal model Go(s) and the
actual behavior of the real helicopter, denoted by G(s).

Gf § )= G“f 5 )[Is +jﬂ Wm ]. :}; stable, !pfi ",, </ (15]

The uncertainty weight W, is of the form Wy,(s) = w,($)ls, for a particular scalar valued function
Wrl($).

s+
s+100

W, (5)=0.5 I'e (16)

Hence the set of plants represented by this uncertainty weight is:

q ~ s+1 L 565 |3 ;
G( .':J_{(J“[.v,{|5+_’l(;[f).53+!00 H Jg e €™ | %6 |, sr} (17)

This particular choice for Wy, shows that there are potentially 0,5% of modelling error at low
frequencies. This percentage tends to be increased up to 50% at higher frequencies. The magnitude of
these modelling error percentages indicates that the unstructured uncertainty model is a high-pass filter,
which is a typical feature of aerospace control systems (Sun and Clarke, 1994; Jardim, 1997).

The major source of structured uncertainty in the helicopter model is in the stability derivatives.
These parameters were identified by a frequency-response-error method (CIFER) and therefore some
level of uncertainty due to the inaccuracy of this numerical method still remains. Given the Cramer-Rao
bound and insensitivity associated to the identification of each stability derivalive, it is possible to
verify that the more significant levels of parametric uncertainty are in derivatives Z,, N, and N,
(Fletcher. 1995). The nominal values, positions in the stability matrix A of the open-loop dynamics
model and amount of uncertainty associated to these parameters are shown in Table 3.

Table 3 Uncertainties on elements a; of the stability matrix A

Derivative Position MNominal Value Uncertainty
Z, 34 -2.495 0.8856
Ny 6,1 and 11,1 -0.01260 4131e-3
N, 10,1 -0.0174 5.705e-3
N, 6.2and 11,2 9.681e-3 4.095e-3

%Ny 10,2 0.0134 5.655e-3




C. M. Jardim et al.: Integrated Design of Flight/Propulsion Control Systems for Helicopters... 182

Autopilot Design

The autopilot design concerns the synthesis of a controller for the rigid body dynamics as shown in
the outer-loop of the diagram in figure 2. Therefore, the helicopter model should be partitioned. Only
the first 9 states will be considered as the rigid body modes, whereas the remaining arc considered as
perturbations from the rotor/engine dynamics.

There are three basic sources of exogenous signals in the autopilot design: perturbations from the
rotor/engine dynamics, command signals and wind gusts.

The perturbations from the rotor/engine dynamics are modelled according to expression (7). The
command signals are provided by the pilot and/or the guidance law and are modelled similarly as:

Vemd = Wrmd Nemd » Il Nemd ll.=1 (18)
where
W(.'md = dlag { Wrm(l\w: Wr\;rml,r; Wt_'ll'llj.m; wl_'m:l,“} = dld.!_-’. { SU; 02; 025 02 } (]9]

The wind gusts are naturally represented by stochastic signals and can be incorporated into the -

synthesis design by introducing the vector d=/d, d, d,/" into the helicopter model force and

moment equations. They have the effect of modifying the translational velocities by a quantity “d;” at
each integration path of the equations of motion. In the H™ framework. such signals are modelled as the
unit ball in L[0, =) filtered by a problem dependent weighting function that shape their spectral

content. In this example, the vector d is properly modelled as (Pegollo, 1996):

d=W,n, Il <1 (20)

where

0.0043  0.043 _ 0.043 } a1

W, =diag\W, ,: W, .. W, =dia > :
£ {w“' . } g{ s+043 5+043 s+0.43
There are several variables which are to be kept “small” in the face of those exogenous signals:
Control signals levels: The control signals amplitude and rate should remain below certain limits to
avoid actuator saturations. This can be effectively done by introducing the penalty weight W,:

Iy = Wﬂu;‘l (22)
where
0.5s 055 055 0.5s%
Wil a0 o Sesh j R L (23)
§+20 420 5420 s+20

The first-order highpass filters with a cutoff frequency of 20 rd/s were introduced to limit the
magnitudes of poles of the controller, in order that any digital implementation of it would not be an
issue.

e  Tracking errors: The tracking errors are defined as the difference between the aircraft actual

and ideal responses to each of the four command signals. They are weighted according to:

Lo = "Vee - Ww (}"m'ﬂrrd = I'Vr."_'f"u md} (24]
where
; 2
W, =dng 2 .2, , 4.29 s 4_._9 | _
ls+2"s+2" 2 +2.935+429 5% +2.935+4.29)

(25)
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The weighting function W, is selected to ensure good tracking accuracy in each of the controlled
outputs w, r, & and 6. This can be accomplished (Yue and Postlethwaite, 1990; Balas et al., 1994) by
using high-gain lowpass filters to ensure good tracking, disturbance attenuation and decoupling
properties. The design weight W. can be chosen as:

W J“g[ s+H42 s4+12 s+40  s4+40 |
e =G ] ]

: : : (26)
s +0.012" s +0.012" s+0.04 5 +0.04]

Fictitious sensor noises were introduced into the problem to make matrix 1, full row rank (Glover
and Doyle, 1988). In this example the sensor noises are modelled similarly as the wind gusts, with a
diagonal weight equal to 10 'I,. The controlier has 11 inputs and 4 outputs, and the block diagonal
structure A can be expressed as:

A= diag {?‘\ I ER }ﬁ ;e C, _-A{R = ("h"‘,||:_’i||m =] (27)

Propulsion System Design

The propulsion system design concerns the synthesis of a controller for the rotor/engine dynamics
as shown in the inner-loop of the diagram in Fig. 2. The last 9 states related to rotor vertical inflow,
regressing flap, lead-lag, RPM and engine torque are the dynamic modes, whereas the remaining are
perturbations from the rigid body dynamics.

There are two basic sources of exogenous signals in the propulsion system design: perturbations
from the rigid body dynamics (wg) and perturbations from the autopilot dynamics (&). These
perturbations can be mathematically described by expressions (8) and (9), where the weighting
functions Wy and W; should be iteratively changed during the design until a satisfactory solution is
found. Further details about this iteration could be found in (Jardim, 1997).

In the propulsion system design, the so-called “performance variables™ are:

*  Control signal level: The amplitude and rate of the fuel flow should remain below the limits

imposed by table 2 to avoid actuator saturations in face of the exogenous signals. Similarly to
the autopilot design case, this can be effectively done by introducing the penalty weight W,

=W, Wy (28)
where
10s 29)
Yos+20 (<

e Qutput excursion level: In order to limit the output excursions from the corresponding nominal
values according to the design specifications, it is neccessary to introduce the weighting
function W, which can be defined as:

Zp =Wy vp =W, w, (30)

where

(31)

meﬂmg{u.oz 05 Stl 001 20 20 }

s+27 T 540005 s+2" 5+2 542

A fictitious sensor noise was introduced into the rotor bpu.’:d (£2) output channel to make matrix D,
full row rank, where the noise weighting function magnitude is the same as in the autopilot design case |
(10). The controller has 2 inputs and 1 output, and the block-diagonal structure 7 can be expressed
dsl
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A=diaglp 18 25 355 4:3p } 8, € C.Ap €™ ] <1 (32)

DK Iteration and Control Systems Integrated Design

This scction presents the results of the D-K iteration applied to the integrated design of
flight/propulsion control systems for the UH-60 helicopter. The procedure previously described
converged when:

s 10 05 20 005 005
Wy =diagW, ;W,:Wy:W,, W, [(=diagi—— —— ——;—— —— i3
: . ““é'{w’ A ”"'} mg{s”r s+1' s+1"s+1 s-H'} =
80 70 10 ;
Wg =di W W W W W, i=di » : ;0.2;0.2;0.2 34
R = agv, /w, W prq r} f“g{.'i‘i'z PR T } (34)
]
: W, = diag Wi i Wion :W ped :Weo) = diag6.0;0.06; 1.0; 0.6} (35)
I

The D-K iteration summary is presented in Tables 4 and 5 for the autopilot and propulsion system
designs, respectively. It can be seen that both closed-loop subsystems achieve robust performance, since
the corresponding cost functions are less than 1.

Table 4 D-K iteration summary for autopilot design

Iteration 1 2 3
Controller order 39 53 53
Total D-scale order 0 14 14
Yrmax 5.0 1.249 1.006
Yt 0.6 0.6 06
tol 0.1 0.01 0.
Yoptimal 1.3562 0.9543 0.9400
QAP Ka)ll, 1.221 0.953 0.9400

. Table 5 D-K iteration summary for propulsion system design

lteration 1 2
Controller order 24 42
Total D-scale order 0 18
Yeriies 06 0.6
tol 01 0.01
Yontimal 3.3156 1.3205
lQ(Pe, Kelll, 1.279 0.899

Analysis of the Controllers

The design process leads to high order controllers, which is a typical feature of p-synthesis design.
The frequency responses of the autopilot and propulsion system, which have 53 and 42 states,
respectively, are shown in Figs. 4 and 5. It can be seen that they have high gain at low frequency, for
good tracking, and low gain at high frequency, for robustness.

Figure 6 presents the plot of u 5 [Q nPK )] versus frequency in the integrated case. The system
achieves robust stability to unstructured and structured uncertainties, since the corresponding pi-norm is
less than 1.




195 J. of the Braz. Soc. Mechanical Sciences - Vol 21, June 1999

The wind gust disturbance attenuation can be seen in Fig. 7. which compares the open and closed-
loop disturbance to output transter functions. In this figure, ]/G_[W,.gm_)] is also shown to illustrate

how the value of W,.(s) was chosen.

The closed-loop tracking relates the helicopter response to the pilot input commands, (Sun and
Clarke, 1994) present the desired transfer functions that relate the aircraft vertical velocily, yaw rate,
roll and pitch attitude responses to vertical collective, tail rotor collective, lateral and longitudinal cyclic
inputs, respectively. The most important and significant results are demonstrated in Figs. 8-11, where
the transfer functions in the four input channels of interest are presented and compared with the
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Fig. 5 Singular value plot of the propulsion system
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desired handling qualities specifications in transfer function form. These figures show that the p-
synthesis design method produces a closed-loop system that achieves acceptable handling quality
tracking properties, although it is possible to view some distortion in the yaw rate response (Fig. 9).
Such a distortion is probably caused by the effect of the rotor lead-lag dynamics which responds at
about 20 rd/s (Fletcher, 1995).
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Fig. 6 Robust stability analysis of the integrated system using p
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Fig. 7 Comparison of the open and closed-loop disturbance to output transfer functions for the
continuous-time integrated system
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In order to evaluate the proposed controller, a general simulation using the helicopter linearized
model presented by (Fletcher, 1995) was developed and embedded within the @MATLAB-based
©SIMULINK environment. In this manner, both linear and partial nonlinear flight simulations of the
helicopter were carried out effectively and conveniently. The helicopter model, sensor dynamics and the
controllers are loaded directly from a @MATLAB file in matrix form. Actuator dynamics and relevant
non-linearities are properly modelled. The nominal model, worst-case unstructured uncertainty
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Fig. 9 Yaw rate handling qualities matching for the integrated system
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and significant changes in the aircrall response profiles due to stability derivative variations (Z,, N, and
N.) were simulated. Wind gusts (1,) were considered as band limited white noises with zero mean,
unitary variance and sampled at every (.5 s. As expected, an accurate decoupling control effect was
obtained. The integrated control system also exhibited good robustness to un-modelled sensor dynamics
(even thought they were not included in the original nominal plant description).
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Fig. 11  Pitch attitude handling qualities matching for the integrated system
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Conclusions

This work presents a straightforward and systematic methodology for the design of a robust
tlight/propulsion control system for a typical high performance single-main-rotor helicopter. The [1-
synthesis approach is used, since it 1s a powerful design tool to account for structured variations in the
plant dynamics. In this particular example, it incorporates a model-following approach to achieve the
handling quality specifications and improve the aircraft robustness to un-modelled dynamics and
parameter uncertainties. The end result is a closed-loop system that simultancously satisfies criteria of
robustness and design performance.

However, the p-synthesis design method usually leads to high order controllers. Thus, controller
model reduction is required in order to reduce the complexity of the flight/propulsion control systems.
This could be effectively done, for example. by balancing and truncating the small Hankel singular
values (Jardim. 1997).

Furthermore, as a suggestion for future works, after the requirements for a continuous-time control
law are satisfied, a discrete-time version for implementation in an onboard computer should be designed
such that the resulting sampled-data system retains the required robustness and performance.
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Abstract

A maodel designed for the prediction of heat and mass transfer effects in the boundary laver of a veacting coal
particle was extended to analyze the trends as the pressure is increased well above atmospheric conditions. The
oxidation of volatile species in the boundary layer is based on a two siep mechanism where the dependence of the

flame speed on pressure (s accounted for. The model was able 1o particle temperarure in a broad range of gas

composition and pressure as well as fuel rype.
Keywords: Coal Combustion, Char Combustion, Pressurized Combustion, Combustion Modeling.

Introduction

The field of pressurized coal combustion has gained great attention recently. The aim is mainly to
improve thermal efficiency and reduce gas emissions. With pressurization, a 50% fuel energy recover
can be attained using combined power cycles, against 38%, in average, without pressurization.
Furthermore, a reduction in the size of the furnaces can also be accomplished.

Combustion of pulverized coal can be divided in four processes: particle heating, coal thermal
degradation, homogeneous reactions in the boundary layer, and heterogeneous reactions at the walls of
the porous network of the remaining char, as well as at the outer surface. All of these processes can
somewhat occur distinctly in time or overlap to some extent. A numerical model, which simulates the
burning of single coal particles, must rely on experimental parameters from all the processes cited
above in order to close the mathematical formulation, Therefore, to simulate all the steps, experimental
parameters for devolatilization, usually taken under inert reactor atmospheres, and char oxidation data
from a wide range of reactor pressures and temperatures ought to be provided. For hydrocarbon
reactions, data from atmospheric conditions give reasonable results as a first approximations to solve
such a complex phenomenon. Nevertheless, modeling validation will be supported only by experiments
taking place in a well controlled reactor atmosphere. in which the burning of the particles will be closer
to a real situation.

Investigators have already studied the effect of increasing pressure on the product yiclds from
pyrolysis of coal (Anthony, 1976; Griffin,1994). There seems to have a common observation,
experimentally and theoretically, about the reduction in the total yields due to secondary reactions in the
coal voids and pores (James, 1976). Mass transfer effects in the coal matrix were inferred as the reason
why more char is formed. Since the escape of volatiles in reduced due to pressure effects, the more
reactive compounds (tar) have an extra time inside the coal porous structure to undergo secondary
deposition reactions.

The overall behavior of combustion of pulverized coal particles under pressure has been studied
(Monson et al, 1995; Miihlen, 1995). It has been shown that, to a less or greater extent, pressure alters
the ignition, temperature, and reactivity of coal particles. Up to 10 atm and 20 pum particle diameter the
pressure effects on volatiles yields can be assumed of little importance. As the particle size and external
pressure increase, the escape rate of volatiles becomes a competition between the internal transport and

" Currently at Laboratorio Associado de Combustdo e Propulsao, Instituto Nacional de Pesquisas Espaciais, 12630-
000, Cachoeira Paulista, SP, Brazil.

Manuscript received: May 1897, revision received: October 1998. Technical Editor: Angela Ourivio Nieckele.
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the secondary deposition reactions. For pulverized coal combustion, the devolatilization time 1s thought
to be onc order of magnitude smaller than char oxidation. As a consequence, surface reaction
parameters for pressurized conditions must also be sought for proper modeling on char oxidation,
Monson et al (1995) have performed many char oxidation experiments at atmospheric and elevated
pressures allowing determination of global reaction rate coefficients which can be applied to coal
combustion, The temperature range, in their experiments, comprises well those found in actual
pulverized coal combustors.

The Combustion and Conversion Technology Research Group at the Technical Research Centre of
Finland (VTT/Energy) has done studies of pulverized particle combustion and gasification in a
pressurized entrained-flow reactor (PEF). The maximum operating temperature of the PEF is 1673 K
and pressures as high as 2 MPa can be reached. The PEF is able to perform experiments under high
precision controlled operating conditions. The results from a set of tests are used in this work, for model
validation. Particle temperature and 90% burnout times are employed for comparison, since gas
composition and temperature distribution in the boundary layer of a burning particle are still a challenge
to be determined experimentally.

We present in this work a numerical model, novel in many aspects, which gives a good insight of
the most important physical and chemical processes encountered in pulverized coal combustion. The
model is fully transient and may treat particles of any size under a wide range of combustion conditions.
Musarra et al (1986) presented a numerical model to describe heat and mass transfer in the vicinity of a
single reacting cal particle in an atmospheric environment. The model is two dimensional, but one-
dimensional simulations have shown meaningful results at low particle Reynolds numbers. The
predictions were restricted to atmospheric pressure, Aho et al, (1993) have investigated the effects of
pressure, oxygen partial pressure and temperature on the formation of N.O, NO and NO: from
pulverized coal. A reduction in NO emissions was identificd as the reactor pressure was increased.
Saastamoinen et al, (1996) presented a theoretical and experimental study on pressurized pulverized
fuel combustion in different concentration of oxygen and carbon dioxide. The experiments were
performed in the PEF reactor mentioned above. Their theoretical analysis covered the heat and mass
transfer effects under pressure and, more importantly, the initial heating stage ol a particle, Their results
agreed well. in some cases, with experimental data from the PEF reactor,

Nomenclature

A, = particle external area (m°) M, = particle initial mass (kg) o = volatile mass fraction
A. = CO/CO.apparent frequency m' = mass flow rate per unit area € particle emissivity

i (kg m®s") ¥ tthlTlﬁﬂ cpnductlvny
B = pre-exponential factor for NS = number of species

pyrolysis (s') P, = partial pressure of species | n dynamlc viscosity (kg m™' s7)

— ﬁ g
a = coe Ilc.ient L P = pressure (MPa) p density (kg m™)
e = SDBC!f!C heat of 995".(4 kg K_‘) R = particle initial diameter (m) Py undergraded part of coal
Gy = 'Sé)‘?CIfIC heat of particle (J kg R, = gas constant (Jkmal" K') (kg m
S : o Stefan-BoItzmann constant

Dyo=  binary diffusivity of spt‘eme k o= t(:trﬁ.)lance from particle center (5.67 x 10" Wm*“Km")

into the mixture (m" s"') ; :

. . y fraction of CO/CO, praduction

E = activation energy (J kmol™) SR = :t;zlclﬂ%unrgber of heterogeneous
Ec CO/CO, activation energy 5" = partlcle surface reactivity (kg Subscripts

i L 1 latile 1
GR = total number of homogeneous vorane

i § = rateof combustlon of char :

reactions {carbon) (kg s T 2 = volatile 2
by heat of reaction t = time(s) ¢ = surtace heterogenecus

{homogeneous) {J kg') . reaction
hyi - heat of reaction ; T = temperature FK} g gas

(homogeneous) (J kg ') u = velocity (ms’) p particle
= pyrolys&s heat of reaction V= volume or volatile 5 surface

Wkg) W = molscular weight (kg kmol ") Y volatiles
kiy = rate of pyrolysis (s”) W™ = rate of reaction (kg m®s™) I
K rate of homogeneous reaction ¥ = massaction o o

(kmol m™
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Mathematical Formulation

In order to make the problem numerically treatable, some assumptions have to be made. In the solid
matrix, the particle temperature is time-dependent and a function of radial position. The particle is
divided in shells where the local temperature history is used for pyrolysis reactions. This gives a local
conversion for the particle interior, Devolatilization takes place with decreasing density and escape of
volatiles is assumed to be instantancous. Particle swelling is not considered. With no volatile matter,
burning takes place with a shrinking radius. Nevertheless, as long as oxygen is reaching the particle
surface, pyrolysis and char combustion may occur simultaneously. Radiation from the reactor walls is
possible in the heat transfer to the particle. Oxidation of some species (tar) which are precursor of soot
formation is observed during coal volatiles burning. As pointed by Cho et al. (1995), nonuniform
mixing and particle dispersion on pulverized coal flames ensure that the products of primary
devolatilization are transformed by secondary pyrolysis before they burn. Their experiments also
showed an increase in burning velocities as the extent of secondary pyrolysis increases. Soot formation,
however, is not accounted in the model. Therefore, soot radiation is neglected, No further
simplifications of major importance were made.

The following system of equations is solved along with appropriate initial and boundary
conditional. For the gas phase, conservation of mass, species, energy, and momentum and the state
equation are given by

d 19

;;: a(r pkujo (1)
d I d 1 9 av, ,,

=Pt J+—§~(r P, uTy J——g[r Py Diny a: Jﬂn« 2

) = 19 19( 2, aT, || dgR
a_r( l'.'.s‘, p.R‘ j.'e.' )+ r—2$( r ('ls‘, p.ﬁ;’ HT:H ) = r—zg[ F o ar ] Rz;‘.’i h* 5 (3)
d I 9 > I ouf » duy dp
=P, e S =l 4
o ,o_ng)+r2 ar” Py ) 3 ar[r‘ ,uarj > (4)
NS
RuT z (5)
W

CH..C.H,, O,, CO, CO,, H.O and N. are the chemical species considered in this work. However, not all
species rates are integrated since the mass fraction of N, is provided by balance. Equations related to the
solid fuel are presented next.

For the solid phase, conversation of total mass and energy is given by

ap]n 1’ a 2 e
5 :_?5” n, ), (6)

(7

8 g !l 0 2 !l a 2 BTF app
a_f( (.'P pP f'p }+r—:$[’ r P;‘, !'“'.3.' Tf’ )= J—zg[r A!J?]‘F 3 ::?1. y
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The initial conditions (at t = () are
(0r) =Y Yo (00) = Yo w(0,r) = 0, p(O,r) = py; ¥r),
The boundary conditional at particle surface and (=0) are

T, (0OR)=T,, p (OLR) = pn

dy

| U‘IT +H‘f: )y'( {t R }:[pg‘ “yﬁ + p.‘.’ DMH a—
r

} TR )=T, (1L.R),py u( LR )=m] +m,
r=R '
where

m Z\ aned m, -A J pp

=

oT a7, SR
[,lf, ’l ] ! [ "l.u 2 ] + £0( 3’: —T;r )+ z sih. ;. for re [O.R],
r=>R r=R

ar i=y

and at the undisturbed flow:
Yiteo) = Yi o Toltioo) = Tye pitiea) = po, V(1 20)

To complete the boundary equations, symmetry condition is applied at particle center.

The heterogeneous reactions are considered to be fast enough to take place only at the particle
surface. Oxygen thus cannot penctrate in the char porous structure. Hence, the particle is impermeable
and the equation for the receding surface is given by

dr, SR
plp _If: z 5 (8)
dr - i5

The transport coefficients for the gas phase are taken from kinetic theory of gases. Specifically in
this work, properties calculated from the theory of Chapman and Enskog (Chapman and Cowling,
1939) arc employed. Viscosity. thermal conductivity, binary diffusivity are all functions of mixture
mass fraction, temperature or pressure, The specific heal is given as a polynomial function of
temperature. The coefficients were taken from the NASA SP-273 computer code (Gordon and McBride,
1971):

NS
=2 R, | == Za T/ (9)
o=t r i=f
Specific heat and thermal conductivity for the coal are given by Merrick's formulation (1983), that
is based on the Einstein form of quantum theory.
Devolatilization Model

The present formulation describes the combined phenomena that takes place in the boundary layer
and their feed-back influence o the solid fuel particle. Devolatilization of coal particles in an oxidizing
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environment may proceed at different temperature levels, The presence of a volatile flame in the
vicinity of a particle undergoing pyrolysis affects the particle heating rate and its time-dependent
temperature. The devolatilization model associated to its Kinetics seems to play an important role in
such treatment. For modeling purposes, the devolatilization mechanism must also be related to
composition of the volatiles released by coal pyrolysis, This is not a concern when the predictions are
made on char combustion. As pointed by Anthony and Howard (1976), the sequence of evolution is
such that, after drying, water produced by chemical reactions is released first, followed by carbon
dioxide, carbon monoxide, higher hydrocarbons (included tar), ethane, methane, and finally hydrogen.
This order 1s not precise and substantial overlap occurs. For a coal with 36.4% volatile matter content,
18.9% of the products appear as tar (in a mass basis) while the light gases reach 12.6% of the total
volatiles released when particles are heated to 1050 °C at 1500 °C/s. The composition of light gases in a
volumetric basis 1s 20.6% for CO, 6.1% for CO. 13.1% for H. 50.3% for CH; and 9.9% a mixed of
other species, Suuberg and co-workers (1979) have studied extensively the product compositions and
formation kinetics in rapid pyrolysis of pulverized coal. In their experiments, CO, CO. and H.O
dominated the lignite volatiles, while the main products from bituminous coals are tar and light
hydrocarbons. Unger and Suuberg (1981) developed a model to explain the devolatilization behavior of
soltening coal. In the cases of softening coal, water and CO. are liberated first, preceding metaplast
formation. This metaplast is the source of tar and gases, including hydrogen. However, the mechanism
of formation of hydrogen is very distinet from the other gases. Hydrogen is liberated during metaplast
repolymerization (char formation). They also observed that very little evolution of H. occurs while tar
or hydrocarbon gases are being evolved. The evolution of hydrogen starts above 1100K and the yields
{in a mass basis) never exceeded 1%, while tar yields were over 20%. More recent devolatilization
models are based on the phenomenon of disintegration of the coal macromelecular structure into
smaller volatiles fragments with subsequent reintegration of larger intermediates into char (Niksa,
1995). In this model, called FLASHCHAIN, predictions are made for gas and tar, in the same way of
that proposed by Grant et al. (1989), named Chemical Percolation Devolatilization (CPD) Model. In
both models. predictions are made for tar and gases. Gas composition is more difficult to predict, at
least with great confidence., Currenily, such models are being employed in comprehensive coal
combustion codes. Another widely used model to predict volatiles release rates from bituminous and
lignite coal where the coal's chemical diversity was brought to the devolatilization process, was
introduced by Kobayashi et al. (1976). This model allows preferential char formation at lower
temperatures, The model consists of two competing first order overall reactions, each degrading coal o
residual chars (R, and R.) and volatiles (V, and V.) as shown in Fig. 1.,

Volatile 1 + char |1
oy Vi + (-0, ) char

Volatile 2 + char 2
oy Vo + (1-0t; ) chara

Fig.1 Schematic of thermal degradation of coal (Kobayashi et al., 1976)

The particle weight loss due 1o thermal decomposition is modeled with a pair of parallel] first-order
irreversible reactions. The rate equation is

Py
dt

The instantancous mass production rate of volatiles is proportional to the undergraded part of the
coal particle p,. The parameters for the two competing reactions are given in Table 1.
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Table 1 Kinetic for the Pyrolysis Model (Kobayashi et al., 1976)

K, =B, expi-E, / R, T,) K:= By exp{-E. / R, T,)
o =04 = 0.8

B, = 2x10° (1/s) B, = 1.3x107 (1/s)

E, = 104.6x10° (J/kmol)  E. = 167.5x10% (J’kmol)

The Reaction Mechanisms

The mechanisms proposed by Westbrook and Dryer (1981) are used for the homogeneous reactions
in the boundary layer. The term boundary layer refers to the gas layer surrounding the particle, where
concentrations, temperature and other properties are distinct from the stagnant gas. To use their
mechanisms, the composition of the volatiles released must be known. The devolatilization of a coal
particle produces innumerable compounds ranging from light hydrocarbons to large macromolecules
(tar), water, CO, CO, and many other species. In the present work the lighter hydrocarbons are
represented uniquely by CHy, while the heavy ones (tar) by CH,. The mass fractions of volatile
components are taken from Anthony and Howard (1976). Volatile products (% by weight) contain light
hydrocarbons, tar, water, CO, and CO.. In the flame region, at high temperatures, there is an increase in
the amount of free radical species and, more importantly, in the CO/CQ, ratio, with lowers the adiabatic
flame temperature. The detailed chemical kinetics takes such behavior into account at the expense of a
large number of species being considered. Without increasing substantially the number of equations to
be solved and still giving good results, Westbrook and Dryer (1981) have discussed the properties of
the two-step reaction mechanisms based on the results from the detailed mechanisms. Parameters for
the two-step reaction mechanisms in which the hydrocarbons oxidize first to CO followed by the
conversion of CO to CO- are given by:

3 ke
CH, +303 = CO+2H 0, "y

s o
kg =8.3x10° exp(—125.5x10 AT T, 2 sl e E3
kg
CoHy +2 0, =6C0+3H 50, (R2)
6 "
kR3=2.U)<JO”€X]J(—-!25.5><JUAT ey Hy 0 o, V2,
] kr
C0+L0,=C0;,, (R3)
k3 =1.0%10"0 exp(—167.4x1 U%T )[coF [H,0F o, %

kg
€O, =C0+10;,, (R4)

£
kpy=1.0%10% exp(—167.4 xfﬂ%T [co, 1.
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The reserve reaction (R4) is necessary in order lo keep the CO/CO. equilibrium ratio bounded for
proper heats of reaction and dependence in the flame region.

Monson et al. (1995) presented a global model for char oxidation related to the external surface arca
for four different levels of pressure. This heterogeneous surface reaction for a single spherical particle
in kg/m’s of carbon is

i"=Aexp(~E/RT )RS, (1)

The values of A and E for different pressures are given in Table 2.

Table 2 Global Char Reaction Rate Coefficients (Monson et al., 1995)

Pressure (atm] A (kg/m”.s) (atm)™ E (J/kmol)

1 17.8 60.21 x 107
5 0.382 14.24 x 10°
10 0.227 15.90 x 10°
15 0,098 20.51 x 107

The oxidation reaction at the surface of the particle may give CO or CO. at different amount as a
function of surface particle temperature. Below 1400 K the CO. production is much greater than CO.
As particle temperature increases, a shift leading to improvements in CO formation is expected, and
above 2200 K CO is the only product. The heterogencous reaction is given by

I+

.k
C+—2X0, =wCO, +( 1w )CO, (RS)

where, the ratio of CO to COs; formed by the reaction RS, 18

IV g exp(~E, /RT,), (12)
y

The parameters A, and E, determined by Monson et al (1995) take the values 3.0 x 10" and 251.2 x
10" Vkmol, respectively. CO, gasification is also taken into account and the parameters from Bradley el
al. (1984) were employed in this work. The heterogeneous reaction 1s

k
C+C0, =200,
55=9.0x10"exp( ~285.14x10° /RT,, )Py, . (R6)

Numerical Formulation and Solution Technique

The set of conservartion equations was discretized through using the method described by Patankar
(1980), resulting in a system of algebraic equations, which were solved in sequence by a Thomas-
algorithm. Nonlinearity and interlinkage are treated by iteration. To improve convergence, an adaptive
arid gencration routine was included. The steep gradients and high values of temperatures, oxygen and
carbon monoxide concentrations served as a basis the equidistribution of a positive weight function
technique employed for the grid point locations. The pressure term in the momentum equations brought
an additional problem when calculating the field from the particle to its boundary. The SIMPLER
procedure was employed in a staggered grid for the velocity field calculations. The computer program
was written in FORTRAN 77 and calculations were carried out with double precision. The program
runs in a HP-9000 series 700 workstation. When reactions are on the way. the number of iterations
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averages from 100 to 1000, for one time step. Total computational time averaged between 5 to 15
hours. Computations were carried out until 90% of the original mass ol the particle was burned.

The initial grid is set for the domain of calculation, which consists of the coal particle and its
boundary layer. The particle is divided in 20 control volumes (shells) and the boundary layer in at least
80 control volumes.

The stagnant film surrounding the particle is thought to be large enough so that particle interaction
does not occur. In this, the numerical boundary extends to 40 times the particle radius. This system
(particle and its surrounding stagnant film) is brought to one hot environments (reactor tube) which
gives the boundary conditions for the undisturbed flow. Temperature and gas composition for this point
is kept invariant throughout the simulation.

Results and Discussion

A set of simulations was carried out. Two different coals were chosen, one bituminous (coal B),
with 31.9% volatile matier content, and a less reactive one (coal A), anthracite, with an average of 8.5%
volatile. A third fuel was also investigated in order to check the parameters for global heterogeneous
reactions: char particles, with initial density of 820 kg/m’, burning at different gas temperature and
pressures, Experimental results for the three fuel burning under pressurized conditions were available
(coal data from Saastamoinen et al 1996, and char data from Monson et al, 1995)

Although the CO, partial pressure in the experiments was set to | atm, form the numerical
simulations hall of that value was used. Such a high concentration in carbon dioxide affects much the
CO to COs ratio in the flame region due to the reserve reaction R4. However, increasing the pressure of
the reactor the effect is somewhat diminished.

In Figure 2 the unsteady particle surface temperature 1s shown along with the normalized overall
mass of the burning particle, as functions of time, for a 160 pm initial diameter particle of the 39.5%
volatile matter coal, in an environment at 1450 K and 2 atm.
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Fig. 2 Surface temperature and normalized mass loss of a 80 pm bituminous coal particle at 1450 K and 2
atm reactor gas 0,27 atm O, partial pressure

The curve of the normalized mass has two distinct regions. The first characterizes the
devolatilization phase (decreasing density) which is followed by a second region (receding surface)
where mass consumption rate is low. In spite of the fact that the coal has 31.9% volatile matter,
determined by proximate analysis, a further 15% increase in volatile yield was obtained as a |
consequence of the heating rates and temperature reached by the particle.

This trend was observed experimentally by Kobayashi et al (1976). This enhancement in the yields
is favorable on account of the particle mass consumption rate, since homogeneous reactions are much |
faster than the heterogeneous ones, which results in reduced reactor volume requirements for !
combustion. A peak in particle temperature is seen at aboul 32 ms, after escape of volatile has
terminated. A this temperature level, CO is the sole gaseous product at particle surface. This CO is
turther oxidized close to particle surface but the heat generated is not enough to balance the combined
conduction-radiation energy losses from the particle. However, a pseudo steady state may be assumed
for the char oxidation phase as indicated by the mass curve of Fig. 2.
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Figure 3 shows the time dependent history of gas mass fraction at the particle surface towards ils
burnout time.
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Fig. 3 Mass fraction of different species at surface as a function of time. Conditions are the same of Fig. 2

Coupled with Fig. 2, this ligure gives a good insight of the highly unsteady combustion behavior of
the coal particle before char oxidation prevails. Gas phase ignition takes place at nearly 19 ms,
consuming all oxygen available in the immediacy of the particle. The formation of CO increases as well
as that ol water vapor and CO.. A fraction of the heal generated by the reactions raises particle
temperature, the leftover diffuses away. The mass flow rates of light and heavy hydrocarbons increase
sharply, preventing oxygen to reach the particle surface. Heterogeneous reactions are not possible and
the flame moves away from the particle surface where stoichimetry is more favorable for hydrocarbons
and CO oxidation. By the end of the devolatilization, the flame is moving back to the particle surface
and heterogeneous reactions resume, as depicted by [ig. 4. At this point, the particle surface reaches its
maximum lemperature.
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Fig. 4 Temperature distributions in the boundary layer at different times (ms)

Figure 4 shows the boundary layer temperature distribution for the case presented in Fig. 2. The
oxidation of volatiles to CO, followed by the slower conversion of CO (o CO., takes places in a broad
region, which extends 8 particle radii. Such behavior indicates that a thin flame approach for the
combustion of volatiles must be taken with care. For char oxidation, the conversion of CO tw CO., is
meaninglul 1o 3 particle radii from the surface. This region produces almost 80% of energy on account
ol homogeneous reactions.

Figure 5 shows a comparison between experimental and simulation temperature data. The
parameters concerning reactor gas and the fuel composition employed are listed in Table 3. The
predicted temperatures are taken for pyrolysis corresponding to 90% burnout. The experimental
temperature data also correspond to approximately 90% burnout, for which the flame is attached to the
surface of the particle providing a more confident value of the particle temperature. Simulations were
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performed at low and elevated pressures. A reduction in the particle reaction rate is evident by
comparison between cases 8 and 9, where total pressure is reduced from 8 to § atm. at constant oxygen
partial pressure, and near the same gas bulk temperature. On the other hand, increasing oxygen partial
pressure al constant total pressure greatly improves the char oxidation rate - cases 2 and 6. Such a
behavior was observed for all simulations carried out. except when the total pressure was 15 atm. In this
case, the experiment provided particle temperatures near 1900 K while the theoretical simulation
produced 1650 K, as a maximum, at 70% burnout time.
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Fig. 5 Predicted particle temperature, comparison between modeling and experimental for two different
coal and char

Particle's temperature higher than 1900 K for the 15 bar case was predicted when the global kinetic
parameters, for the heterogencous reactions, given by Hobbs et al. (1993) were employed. For coal A
(anthracite) and coal B (bituminous) the trends were exactly the same. As pressure increases from 5 to 8
atm (cases 9 and &, respectively) a reduction in particle temperature was obtained either experimentally
or theoretically. The observed increase in the overall reaction rate, as oxygen partial pressure increases
(the other conditions remaining constant) is a consequence of the [aster heterogeneous reactions rates
leaning the system more towards diffusion controlled. The model has a tendency of giving higher

reaction rates than the measured oncs. Nevertheless, this tendency is the same for a broad range of

reactor's atmospheres and fuel sizes and types. As a whole, theoretical results are in good agreement
with experimental ones, for most of the cases analyzed.
Table 3 Parameters for the Cases in Fig. 2. Units: atm and Kelvin. Coal Data Taken from Saastamoinen
et al (1996) and Char Data from Monson et al (1995)

Case# T, (experimental) = PO: Tias Fuel

1 1350 15 075 987 char
2 1500 10 0.50 1170 char
3 1510 8 0.50 1150 coal A
4 1580 15 1.50 987 char
5 1610 5 0.50 1150 coal A
6 1700 10 1.00 1170 char
T 1705 8 0.50 1150 coal B
B 1720 B 050 1450 coal A
9 1790 5 0.50 1450 coalA
10 1900 15 3.25 987 char
1 1910 5 1.00 1130 char
12 2000 10 200 1170 char

13 2100 5 1.00 1330 char
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Conclusion

The numerical model presented in this paper can simulate pressurized combustion of single solid
fuel particles like coal and char, The model was able 1o predict the temperature of the particle in a broad
range of burning conditions. The simulations indicated an increase in particle reaction rate when O,
partial pressure was increased, keeping the other properties constant, For pressurized conditions.
improvements in the burning are attained by virtue of the fast CO oxidation in the boundary layer.
Further increase in O- concentration did not improve the reaction rates at the expected proportion. A
tendency towards diffusion controlled process was identified. This suggests the existence of an ideal
particle size for certain furnace condition. Simulations with the model here presented may give a first
insight in the overall behavior of the pressurized burning system. Such a tool thus avoids the need of
carrying oul expensive experiments,
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Abstract

Expertments were performed to determine overall heat transfer coefficienis in the laminar entrance region of 36, 45,
60 and 90 degrees isosceles wiangular ducts, The results were obtamed by application of the analogy between heat
and musy teansfer in confunction with the naphthalene sublimation technique. In accordance with the analogy, the
expertmental conditions simulated a hear transfer sitwation characterized by simultaneous developing of velocity and
temperatire fields in an dsosceles triangular duct with isoihermal fateral walls and adiabatie base. The
measwrenenty werve peformed for Revnolds numbers vanging from 100 o 1800 and « duct length o hvdraodic
dicimeter ratio from 2 1o 400 In this manner, a tong range of the dimensionless streamwise coordinate values ws
covered, including the neighborhoad of entrance region. Curve-fitting equations were produced, providing the
Sherwood mumber as a function of the Graetz number. Extension of the results for other apex angles, within the 2(0)-
L0 degrees range, was alse possible.

With the analogy between hear and masy transfer. similar correlations were provided for the corresponding Nusselt
number. The triangular duct geometry finds application in the compact heat exchanger design such as solar
collectors with triangular cavities for direct air heating.

Keywords: Hear and Mass Transfer Analogy, Duct Flow, Laminar Entrance Region.

Introduction

The noncircular duct geometry is commonly employed in engineering applications, such as compact
heat exchangers, solar collectors and others. In particular, triangular ducts are very suitable for the
construction of compact conjuncts. A survey of the available published literature on the heat transfer
characteristics of tnangular ducts reveals a great lack of information about developing laminar flows.

Sparrow and Haji-Sheikh (1965) reported analytical results for laminar fully developed heat transfer
in isosceles triangular ducts for a large range of apex angles. The thermal boundary condition was
constant heat flux at the triangle walls. In addition, pressure drop coefficients were presented.

Schmidt and Newell (1967) gave results that can be applied to laminar flows. Several thermal
boundary conditions were considered. All the situations were concerned with fully developed Mows.

One of the most extensive sets of results in noncircular ducts is that of Shah and London (1978).
Although only laminar flows were studied, the situation characterized by undeveloped velocity and
temperature fields in tniangular ducts was not presented.

Braga and Saboya (1986) presented experimental results for laminar heat transfer i the entrance
region of an isosceles triangular duct with apex angle equal to 120 degrees, isothermal lateral walls and
insulated base. The experimental conditions were characterized by simultancous developing of velocity
and temperature fields.

Recently, Braga and Saboya (1996) determined experimental information for turbulent heat transfer
and pressure drop in an internally finned equilateral triangular duct. Results for unfinned duct were also
reported.

The present research was undertaken to determine average heat transfer coefficients for developing
laminar flow forced convection in isosceles triangular ducts. The velocity and temperature fields were
both developing. The thermal boundary conditions were isothermal lateral walls and adiabatic base. The
apex angle of the isosceles triangle assumed values of 30, 45, 60 and 90 degrees. Mass transfer
experiments were performed using the naphthalene sublimation technique (Mendes,1991). During the
experiments the flow Reynolds number was varied from 100 to 1800 and the duct length to hydraulic
diameter ratio from 2 to 40. That allowed a long range of the dimensionless streamwise coordinate
values to be covered, including the neighborhood of entrance region,

Manuscript received. July 1998; revision received: November 1998. Technical Editor: Angefa Ourivio Nieckele.
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For the thermal boundary conditions of the present experimental work, Schmidt and Newell (1967)
gave the values of the overall heat transfer coelficients, as function of the apex angle, for fully
developed velocity and temperature fields. As it will be seen later, these values will be useful to the
objectives of the present research.

The experimental method employed in this work makes use of the analogy between heat and mass
transfer in conjunction with the naphthalene sublimation technique. The overall heat transfer
coctficients may be inferred from mass transfer experiments in which overall mass transfer coctficients
are measured. Saboya and Sparrow (1974, 1976) showed that such technique is a very successful and
powerful tool. It results from casting solid naphthalene plates in the form of the duct or flow channel.
The naphthalene plates simulate isothermal walls while a metallic sheet simulates an adiabatic wall.

Due to the airflow through the duct, naphthalene sublimation occurs. The overall mass transfer rates
are determined by weighing the naphthalene pieces before and after a data run and measuring the
duration time of the data run. The air mass flow rate (discharge) is also monitored. The next step is to
calculate the average Sherwood number and the Graetz number that characterizes the data run. The
objective is Lo produce curve-fitting equations providing the Sherwood number as [unction of the Graetz
number. The Sherwood number is analogous to the Nusselt number of the heat transfer problem.
Extension of the results for other apex angles, within the 20-100 degrees range, could also be done.

Experimental Procedure and Test Apparatus

Figure | shows a schematic of the test section arrangement used for the experiments of the present
work, where:
Buffer
Isosceles triangular duet with a metallic base and two naphthalene lateral walls
Plenum chamber
Pressure taps
Calibrated rotameter to measure air mass {low rate
Valve to control the air flow
Cut-off valve to stop the air flow
By-pass valve
Blower

. | b — == FTJ——* air
ar — C 2
e
h

Lo oD

= o

air
Fig. 1 View of the Test Section Used in the Experiments

As shown in Fig. 1, air from the laboratory room is suctioned through the triangular duct (analogous
system) in an open-loop flow circuit. Upon traversing the naphthalene channel, the air passes
successively through a plenum chamber, a calibrated rotameter, two valves, the blower, and is finally
discharged to the atmosphere. The by-pass valve in Fig, | is used to avoid heating the blower at low air
mass flow rates,

The flow cireuit is operated in the suction mode with the analogous system located at the upsiream
end of the circuit. This arrangement prevents the flowing air from heating and lubricating oil
contamination, before it reaches the naphthalene plates.

To employ the naphthalene sublimation technique, plates of this material were fabricated by uvsing a
casting procedure. The molds used in the casting process consisted of several aluminum pieces that
were assembled together. forming a cavity. Molten naphthalene was poured into the mold cavity and
allowed to solidify. The melting point of naphthalene is 353.45 K. After solidification, the molds were
disassembled to free the naphthalene to be used in the experiments.
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To guarantee purity, commercial naphthalene was submitted to a distillation process. Only pure
naphthalene was used in the experiments, and the pieces never were reused. Contamination might
modify the naphthalene properties, affecting the resulis.

To make certain that the air entering the flow circuit was free of naphthalene vapor, the exhaustion
was done to the outside the laboratory room. In this situation, the naphthalene vapor concentration of
the entering air was zero, and did not have to be measured.

During the operations of weighing, mounting and dismounting the triangular duct, extraneous mass
losses oceur due to natural convection. Preliminary runs were performed and correction factors were
determined. In this way, it was possible to obtain the correct mass loss due to forced convection. The
correction never was more than three percent of the total mass loss during the data run.

The naphthalene pieces were weighed before and after the data run with a high resclution Sartorius
analytical balance. This balance has 200 g capacity and a smallest scale reading of 0.1 mg. By
difference, the mass transferred from the wall to the airstream was determined. Typically, a naphthalene
piece weighed 21.0 g and the sublimed mass was 23.5 mg. The length of the equal sides of the cross-
section of the naphthalene isosceles triangular duct was typically 10.00 mm. The length of the
naphthalene channel varied from 13.0 mm to 141.0 mm.

The duration time of a data run was measured with a timer capable of discriminating up to 0.1
seconds. Typically, the duration time of a data run was two hours.

As shown in Fig. 1, the air mass flow rate was measured by a calibrated rotameter. Typically, the
experimental uncertainty of the air mass flow rate was two percent.

The air temperature at the laboratory room was sensed by a precision thermometer that could be
read up to 0.1 "C. This temperature is also the temperature of the subliming naphthalene walls.

The atmospheric pressure was determined by a barometer of mercury column with a smallest scale
division of 0.1 mm. The pressure at the rotameter inlet was also measured. A manometer of column of
water with a smallest scale division of 0.25 mm was used.

Nomenclature
A = lotal mass or heat transfer _— X = Graetz number,
area, m Nuy = average Nusselt number dimensionless
A, = cross section areg of the based on wall to inlet
1rian%ular duct, m temperature difference, Greek Symbols
C = constant defined by dimensionless
equation ( 19 ), P.w = partial pressure of o = apex semiangle of the
dimensionless naphthalene vapor at the lsosceles triangular duct,
C, = constantin equation (12 ), wall, N/ m" degree
C. = constant in equation ( 12 ), Pr = Prandtl number, ATiwg = logarithmic mean
Dy = hydraulic diameter, m dimensionless temperature difference, K
y - Apn = logarithmic mean
D. = mass diffusivity of the air- 0, = heattransfer rate, W P cogncequﬂﬁon difference,
naphthalene system, m /s Re = Qayne{«jis rl::mber, kg / m’
- imensionless - T ic viscosi
hp = average heat transfer R. = ideal gas constant of H - i’g ;j ,28 5’;' 5 iy,
coefficient, W / (m”.s) naphthalene vapor. v = aig kinematic viscosity,
kK = 1he«:na| (lblonguﬁi}trly % the J/ (kg K) me/s
worki uid, m. . =
L duct Ig?\ h, m ‘ S - :gggih of the "i‘qual SGIC'F-'S of 1, = average mass transfer
M, = total naphthalene mass S tnanguiar coefficient. m/ s
subimed; g So . Llelcesssedion'm p - ardenaiy.ig/m
nm, = lotal naphthalene mass T dimensionless L pai = naphthalene vapor
transfer rate, per unit area = concentration in the air, at
kg/(m's) | ' Shy, = average Sherwood number the ﬁ;-l'stlﬁxlf- kg /m
3 5 A wo = naphthalene vapor
m, = airmass flow rate %a::l?g)nntcg?'}:?g?gghmm L concentratlign in th
(discharge). kg / s difference, dimensionless entering air, kg /m
ny = exponentin equation { 12, — ; = nw = naphthalene vapor
dimensionless Shpp ¢ =  asymptotic value of Shp Eor}cegtratlan at the wall,
n: = exponentin equation ( 12), g/rm
dimensionless L?;.:;ﬂg-[ggt\ggmd flow, T = duration time of the data
— - run, s
Nup = average Musselt ntflrrlbl?‘f Shp = average Sherwood number
based on the logarithmic based on wall to inlet
mean temperature difference, concentration difference.
dimensionless dimensionless :

inlet temperature, K
wall temperature, K
ai[{ volumetric flow rate,
m/s

Nup o = @asymptotic value of Nup T

for fully developed flow,
dimensionless

"
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Data Reduction Procedure

The main objective of the data reduction procedure was Lo obtain the average Sherwood number as
function of the Graetz number, Let M, be the total naphthalene mass sublimed during a data run
characterized by the flow Graetz number, A the total mass transfer area (lwo naphthalene plates) and ©
the duration time of the data run.

Therefore, the total mass transfer rate per unit arca, m,, . is given by:

. M

", =—= (1
At

The average mass transter coefficient, 1(: L 1s defined as:

= m,

Ap=—= 2)
ap,

where Ap,, is the logarithmic mean concentration difference, given by:
{ " 7] J-{ s )
JP” - P = P, Prw Pt 3)

N In [{ p:r,n ~Pno j_-"f pn.u = prr,! }]

The logarithmic mean concentration difference 1s analogous to the logarithmic mean temperature
difference (LMTD). In Eq. (3). p,, is the naphthalene vapor concentration at the wall, p, , the
naphthalene vapor concentration in the entering air and p, ; the naphthalene vapor concentration in the
air at the duct exit. In the present case p, , =0.

The average Sherwood number, Shy, . is obtained from:

— D
Shy = st 8 (4)

m

where Dy is the hydraulic diameter of the 1sosceles triangular duct and D,,, the mass diffusivity ol the air-
naphthalene system. The hydraulic diameter is determined from the following equation:

S sin2
s Ml (5)
1+ sinet

where S is the length of one of the equal sides of the isosceles triangular duct cross-section and 2 1s its
apex angle.
The mass diffusivity of naphthalene vapor into air is given by:

DNI - L (6}
Se

where Sc is the Schmidt number and v the air Kinematic viscosity. Sogin (1958) recommended a value
of 2.5 for Sc¢, which was used in this work. The Schmidi number is analogous to the Prandtl number of
the heat transfer problem.

To obtain the logarithmic mean concentration difference it is necessary to calculate the
concentrations p,,, and p,; (p,., 18 zero). The naphthalene vapor concentration in the air, at the duct exit,
is given by:



215 J. of the Braz. Soc. Mechanical Sciences - Vol. 21, June 1999

M,
), == (7)
Find Vit

where V is the air volumetric flow rate, determined by the rotameter. The naphthalene vapor
concentration at the wall is related to its partial pressure and temperature through the ideal gas law. This
is s0 because the partial pressure of naphthalene in the air is very low. Hence:

mw (8)

n w

ph’_il — R

In Equation (8). P, is the partial pressure of naphthalene vapor at the wall, T, the absolute
temperature of the naphthalene surface and R, the ideal gas constant of naphthalene vapor, equal to
64.87 1 / (kg. K). It should be observed that T, is cqual to the ambient temperature, The partial pressure
of naphthalene vapor at the wall is a function of the wall temperature alone. Sogin (1958) reported the
following equation:

37294 ;
!()g It ‘DH."' =[3.564- izl (9)

£y

InEq. (9),P,,isinN/m*and T, in K.
Al this point, one should notice that all the variables in Eq. (4) can be determined, and the average
Sherwood number, Shy, , calculated as a function of the Graetz number, X, that characterizes the data

Tun:
_ 4 (10)

In Equation (10}, L is the duct length and Re the flow Reynolds number. The Reynolds number can be
calculated from:

fﬂ'” ler
A p

Re= (11

where s, 1s the air mass flow rate (discharge), A, the cross section area of the triangular duct and |t the
air dynamic viscosity. It is known that m, = pv , where p is the air density. For practical purposes, the
mass flow rate through the duct can be considered constant and equal to the air mass flow rate, since
the total mass of naphthalene vapor added to the airstream per unit time is, typically, not greater than
.02 percent of the air mass flow rate. For the same reason, the properties of the binary mixture can be
taken as those of pure air, Also, Sparrow and Niethammer (1979) showed that the air humidity can be
neglected in naphthalene experiments.

Fle.sults and Discussion

To correlate Shp with X', (for Sc = 2.5) 77 data runs were performed. This number of data runs
was divided, in an equitable manner, among the four apex angles used in the experiments, 30", 45°, 60°
and 90", The minimum and maximum values of the flow Graetz number were 5.2 x 10~ and 7.8 x 107,
respectively. To cover this Graetz number range, the Reynolds number varied from 100 to 1800, while
(L / Dy) varied from 2.0 to 40.0. For further information about the values of the Reynolds numbers and
(L / Dy) associated with each one of the 77 runs, one should consult Parise (1978). '

To determine the equations of ﬁh as function of X", the following relationship was assumed:
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,fTh,i, =§,f.“,f - ! (12)

C';{X+ }n_; +C3[ xl )n_*

Equation (12) is a general relationship proposed by Stephan (1959), for developing laminar
internal flows. Its form is very suitable to the objectives of the present research and never was used for
triangular ducts.

In Eq. (12), Sh.s, 4 18 the asymptotic value of Shy, obtained when the veloeity and temperature
profiles are fully developed. It is seen, from Eq. (12), that Shiy, =Shpa when X' —eo. Shpy is a
function of the apex angle 2¢ of the tnangular duct and its values arc given by Schmidt and Newell
(1967).

By means of the experimental data (77 runs) and using the least squares method. the values of C,
C., n,and n. in Eq. (12), were determined for cach apex angle 2a. The curve-fitting equations are:

2a=30° : Shy, =2.10+ d (13)

1.64¢ X" S 4590x10°( x* )Y

200=45" : Shy =2.33+ 2 (14)

a0 il el % [ el

200=60" : Shy =2.35+ ! (15)

156¢ Xt P 2825108 ( xt

200=90" : Shy =2.17+ k (16)

LE8( XY (% L7 8000%¢ X" &7

The mean deviations of Egs. (13) — (16), in relation to the data points, are 9.88 %, 5.99 %. 6.56 %
and 5.91 %, respectively.

Figures 2 to 5 present the experimental data points as well as the correlations determined for the
four apex angles 2a . The relatively low scattering of the experimental points exhibited in the figures
lends support 1o the present experimental method. It should be observed that the results displayed in
these fgures are valid for Sc = 2.5,

The average Sherwood number, Shi , is. by definition, based on the logarithmic mean concentration
difference given by Eq. (3). An alternative definition of the average Sherwood number, Sk, . that can
be useful, is based on wall to inlet concentration difference, (P, Py.0)-

It is easy to show that Sh, and 5’;;, are related by the following equation:

I+ sinc

Vbl S0 ) (17)

I+ sinax

Eu -

Since Shy, is known, Sh,, can be determined by Eq. (17).
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Fig. 2 Average Sherwood Number, Eg, , as Function of X*, for 2¢t=30" and Sc=2.5
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Fig. 3 Average Sherwood Number, 571;; , as Function of X', for 2ct=45" and Sc =25

Although the experiments were performed for only four apex angles, the results make possible the
estimation of Shy, for other angles. The exponent n, in Eq. (12) is equal to 0.5 and does not depend on
the angle 2a. Figure 6 gives the values of log 1, C; and of the exponent n, as function of 2o Figure 7

presents the variation of Shj4 and C, with 2ot It is seen that a good approximation for C; is the mean

value, equal to 1.65.
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Fig. 4 Average Sherwood Number, ﬁb , as Function of X', for 20 =60°and Sc = 2.5
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Fig. 5 Average Sherwood Number, Eh , as Function of X*, for 20 =90" and Sc =2.5

In this manner, n;, Cy, 1y Shy,, and €, are known for all the apex angles between 30 and 90 °,
Equation (12) permits the determination of the average number, Shy . for all the situations under

consideration.
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Fig.6 Variation of log 4, C; and n; with 2a
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Schmidt & Newell (1967)
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Fig. 7 Variation of S/ 4 and C, with 2¢
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The value of X~ for which the flow can be considered developed is commonly defined as that
required for the average Sherwood number to decrease to within five percent of its fully developed
value. Equations (13) — (16) can be used to give, for each apex angle, such X = values.

The Analogy Between Heat and Mass Transfer

The heat and mass transfer analogy permits the determination of the average Nusselt number, Nuti,
for the analogous situation of heat transfer. At the entrance region of the triangular duct, X' is very
small and, since n. > 1. n; _ 0.5 and E;,,,f becomes negligible, Eq. (12) is transformed into the
following equation:

Shy =———— (s)

C;f X+ Jl]_j

ﬁ;a,,x , €. n.and n; are not functions of Se. In the entrance region, Eq. (18) has the form of the well-
known flat plate equation. Then, it is easy to show that C, is a function of S¢ with the form:

C,=C(Sc)" (19)
Since C, and Sc are known, Eq. (19) yields the value of C.
Substitution of C. given by Eq. (19), into Eq. (12), yields:

Shy =Shv.d + : (20)

T3 )P 2* i1 X )m

To obtain the average Nusselt number, :’\E;,. it is necessary to replace, in Eq. (20) the Schmidt
number, Sc. by the Prandtl number, Pr, and to observe that Shp o = Nupq . The following expression is
obtained:

Nup =Nupd + : 21)

C( Pr J.f_,."fi‘ Xi Jf:; +(-‘3f X+ )n:

In Eq. (21). the values of Nupq ,n;, C., n;and Pr are known. C is determined from Eq. (19).

Once Nuy is caleulated, the average heat transfer coefficient, &y , is determined from the Nusselt
number definition:

Nup =

— h
1h D;, (22)

where k is the thermal conductivity of the working fluid. The heat transfer rate, Q'W, analogous to the
mass transfer rate, is obtained from:

Q\I = ;_”’ A 47}.:,,: (23)

where AT}, is the logarithmic mean temperature difference.

The average Nusselt number, E’-:;” . based on wall to inlet temperature difference, (T, - 7,), is given
by an equation similar to Eq. (17). For the analogous heat transfer problem, the Schmidt number used in
the definition of X*, given by Eq. (10), must be replaced by the Prandtl number.
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As mentioned before, C- in Eq. (21) does not depend on Prandtl number. Pr. This was confirmed by
Braga and Saboya (1986). They have reported experimental results for developing laminar flow in an
1sosceles triangular duct with the same boundary conditions of the present work and with an apex angle
of 120 degrees. Water and air were used in heat transter experiments and the results were very well
corrclated by an equation identical to Eq. (21). in which C. was taken as constant for both working
(Twids (water and air).

Uncertainty Analysis

An uncertainty analysis tor the Gractz number was performed using the well-known Kline and
- McCklintock (1953) methodology, This methodology of describing uncertaintics in experimental results
~is also presented by Moffat (1988).

Typically, the experimental uncertainty associated with the Graetz number was 2.5%, with
maximum value of less than 3.5%. The uncertainties were evaluated by the responses of the Graetz
number to changes in each of the variables used in the data reduction procedure (see Egs. (10) and
(11)). For the Graetz number, the most relevant parameter is the air mass flow rate, given by the
rotameter.

The uncertainty associated with the determination of the overall Sherwood number was obtained by
the same method and by means of Eq. (4) in conjunction with Egs. (1) — (3). In this case, the most
relevant parameter was the logarithmic mean concentration difference. Typically, the experimental
uncertainty of the overall Sherwood number was 6.

It has been demonstrated that the experimental technique used in the present investigation is a
powerful tool for obtaining average transport coelficients. All the correlations presented in this work

- have a low degree of uncertainty.

Concluding Remarks

Within the knowledge of the authors, the results reported here are original. They are applicable in,
for instance, solar collectors with triangular cavities for direct air heating. Gama ¢t al. (1986) reported
an analysis of such collectors. The cavities increase the solar absorption while air is heated in an
isosceles triangular duct with the base insulated to avoid heat losses to the ambient.

Although the experiments. in the present research, were performed for isosceles triangular ducts
having apex angles of 30, 45, 60 and 90 degrees. an extension of the results, for other angles, within the
20-100 degrees range, was possible.

To obtain §hy, as function of X7, for S¢ = 2.5, 77 data runy were performed without reusing any of
the naphthalene plates. This procedure lent confidence to the present experimental results. In [uture
work, using the naphthalene sublimation technique, the situation were all the sides of the isosceles
triangular duct are isothermal might be investigated.
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Abstract

Fivst. different wall treatmenty baved in wall functions are tesied together with the Standard & - ¢ turbulence model,
These models are tested in the case of wall heat transfer prediction in complex turbalent flow. Then. the sensibility of
these models 1o mler conditions are analvsed. Vartations in the Nusselt distribution due to Revaolds ninber and
initial boundary layer thivkness are discussed, The mcompressible flow over a backward fiocing step has been
elected wy w test vase for whicl na extensive data base exists. Comparison between numerical results and
experimental measirements is presented and discussed.

Keywords: Turbulence, Recireulaiing Flows, Heat Transfer, Wall Functions, Numerical Stmlarion,

Resumo

Neste trabalho. inicialmente. propoe-se e compara-se corregoes ao modelo k - € Padrao devide aos efeitos de
parvede. Aborda-se maodelos baseados em leis de parvede aplicados @ predigae de transferénciay térmicay em
excoamentoy hrbulentos complexos. Em seguida, testu-se a senstbilidude destes modelos a condicoes na entrada.
Sdo analisadas vartagoes nas distribuicoes de Nusselt devido o mudancas o Nimero de Reynolds ¢ a relagao entre
espessira da camude Hmite na entrada ¢ altura do degran. Utiliza-se come caso feste o escoanento fncompreensivel
a jusante de win degraw descendente. Ox resuliados nunérvicos obtidos sdo comparados a resultados experimentaiy
encontrados na litervatura,

Palavras-Chave: Turbuléncia, Escoamento com Recirewlagao, Lets de Parede, Convecgde Forgada, Simulagdo
Numiérviea,

Introducao

O estudo de escoamentos complexos, ou seja, com separagio. recolamento e zona de recirculagao ¢
importante em diferentes aplicagoes da engenharia como, por exemplo, turbinas a gds, circuitos
eletronicos ¢ trocadores de calor. Em relagio ao aspecto térmico, o recolamento provoca fortes

. variagbes ¢ aumentos considerdveis do coeficiente de transferéncia térmica local. Assim, a predi¢do de
‘. transferéncias térmicas neste tipo de escoamento € importante no que diz respeito a eficiéncia térmica
. do sistema ou ao comportamento termomecéinico dos materiais envolvidos, como por exemplo, na
' cimara de combustio de uma turbina a gas.
O escoamento incompreensivel em tomo de um degrau descendente (backward-facing step flow -
‘ Fig.1) € utilizado como caso teste neste trabalho. Esta geometria & bastante simples e, assim, muito
| utilizada na validagdo de métodos de calculo, O ponto de separagio ¢ fixo permitindo que se concentre
o estudo no processo de recolamento. No entanto. mesmo fixando este parimetro, 0 escoamento
resultante € complexo, especialmente na zona de recolamento onde a camada de cisalhamento se divide
em duas: uma parte vai para a zona de recirculagiio ¢ a outra para a zona de redesenvolvimento da
'_l:amada limite. O ponto de recolamento flutua e 0 escoamento nesta zona ¢ fortemente nio-estaciondrio,
Comparado com um escoamento turbulento dentro de um canal, a transferéncia térmica na zona de
recirculagdo e perto do recolamento possui niveis mais elevados. Devido ao impacto da camada de

i ‘Manuscript received: October 1996, revised: October 1998. Technical Editor; Leonardo Goldstein Jr.
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cisalhamento sobre a parede, ocorre um aumento ne nivel de cnergia cinética turbulenta e,
conseqiientemente, da transferéncia de calor.

Os modelos de turbuléncia - incluindo 0o modelo k-8 - mais utilizados no cilculo deste tipo de
escoamento ndo levam em consideragdo efeitos que sdo dominantes na regido proxima i parede, a
saber: i) difusdo molecular; e it) amortecimento de flutuacoes de velocidade na dire¢iio normal a parede.
De maneira geral, os tratamentos utilizados proximo as paredes nio alteram a dindmica global do
escoamento. No entanto, como o calculo do fluxo de calor depende dos gradientes de temperatura junto
a parede, estes tratamentos sao fundamentais na predicdo de transferéncias térmicas. A fim de se
considerar os efeitos de parede existem dois tipos de tratamento: i) modelos baseados em fungdes de
parede; e 11} modelos a baixo nimero de Reynolds turbulento. Na década de 80, especialmente, diversos
modelos baseados cm leis de parede foram propostos, entre os quais, o modelo de Chicng e Launder
(1980), 0 modelo de Amano (1984) ¢ o modelo de Ciofalo ¢ Colling (1989), a fim de substituir o
modelo Padrao proposto por Launder ¢ Spalding (1974) um dos mais utilizados em aplicagdes
industriais. Assim, o objetivo inicial aqui ¢ realizar uma comparagido sistematica destes diferentes
modelos baseados em leis de parede. Também, algumas simplifica¢Oes sio propostas.

) ]
vu

hi vl

h1

o 3
I CAMADA LIMITE v LZONA DE REDESENYOLVIMENTO
n CAMADA - claalhamento livee vi ESCOAMENTO POTENCIAL
m LONA DE RECOLAMENTO VIl  CAMADA LIMITE (parede superior)

w ZONA DE lEClICULACIAO
Fig.1 Escoamento a jusante de um degrau descendente

Resultados experimentais 1ém mostrado que neste tipo de escoamento a estrutura turbulenta e,
conseqiientemente, o cocficiente de transferénecia térmica local dependem significativamente das
condigoes na entrada, ou seja, das condigoes a montante do ponto de separagao (Adams e Johnston,
1988 ¢ Vogel e Eaton, 1985). Alguns estudos numéricos, entre eles o de Chieng e Launder(1980) e o
de Gooray et al.(1983) tém tecido comentirios sobre a necessidade de se impor perfis de velocidade
média e quantidades turbulentas mais realisticos na entrada. No entanto, a literatura é carente de estudos
no que diz respeito a sensibilidade dos modelos de turbuléncia usuais a estas condigoes limites.

Nomenclatura
H = allura do degrau [m] v = componente vertical da u = viscosidade molecular
K = energia cinélica velocidade média [ms”' [kg.s 'm’
turbulenta [m’s”] Xr = comprimento da zona de My = viscosidade turbulenta
Nu = Nusselt, adimensional recirculagao [m] [kgs'm"]
Py Produ%ao de k [m*s*] X* = (x-Xr)/Xr, adimensional Mo = L+p [kgs'm’]
Pr = Prandtl, adimensional ¥, = espessurada subcamada = densidade {kgm‘”]
Pr Prandtl Turbulento, ¥ Kimii di iohal T = tensdaode atrto  [Nm?¥|
adimensional aminar, adimensiona H T el Gachiat nong o
El = fluxo de calor jwm®] G = K'3U, intensidade de
e = Reynolds baseado em H,  Simbolos gregos Y

turbuléncia, adimensional

adimensional Iy = coeficiente de difusao de
Se = termo fonte para a ; Subscritos
T i K & gspessura da camada
= temperatura = i -
U = com%%nenle o]riz.omal da limite na entrada do canal :'Glax iy ngg?‘ﬁai?n?gnal
velocidade média [ms ] ) [m] PR = ponto gunérico P
G = de i ol E = La["nf’l-.\s? LG e adjacente a parede

k = constante de von Karman @ = parede
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Deste modo, o objetivo final deste trabalho é testar a sensibilidade do modelo k-g padrio

juntamente com modelos baseados em leis de parede, a condigoes na entrada no caso de predigdes de

transferéncias (érmicas parietais em escoamentos turbulentos complexos. Sao analisadas variagdes nas
distribui¢oes de Nusselt devido a mudangas no niimero de Reynolds ¢ & relagio entre espessura da
camada limite na entrada e altura do degrau.

Modelo Matematico

O escoamento é governado pelas equagdes de Reynolds, obtidas a p.utlr do cilenlo das médias
temporais das equacoes de Navier-Stokes. (O modelo de turbuléncia utilizado ¢ o Modelo k - € Padrao
tal como ele é apresentado no trabalho de Launder e Spalding (1974), inclusive sem se modificar as
constantes que ali sdo propostas. Em relagio 2 equacdo da Energia, utiliza-se o mimero de Prandtl
turbulento Pr, = pcp/A,, onde y, é a viscosidade turbulenta e Ay € a condutividade térmica turbulenta.
Neste trabalho. considera-se que o nimero de Prandt]l ¢ constante e igual a (0.9, Todas as equagdes sao
colocadas na forma (Tabela 1):

ai( PY J+div( pug J=div Tygradp )+5, (h
7

onde I, ¢ S, sdo, respectivamente, os coeficientes de difusio e o termo fonte especificos da varidvel ¢.
As constantes do modelo de turbuléncia C, . C|. C.. 0y, 6., valem, respectivamente, 0,09, 1,44, 1,92,
1.00 e 1,30.

Tabela1 Equacoes Resolvidas

Eguagao 0 " So
Continuidade | 0 o0
d au/ d aV
x-movimento U Hop =+ 1 _E+ 5 { Hop I H‘X Loy ‘aJ
aP d ol J dv
y-movimento i Mo s 7\‘ T % Jrte—— e { Myr g)
) Hol
E T bt 0
nergia e Py
o 1,
Energia cinética  k L PP, —pe
oy
1 2
Dissipacao € H +;—f G ﬂ_c‘j £e
£ k Tk
onde 32
H,=pC,—
o £
,‘J, al/ aV . bl >V ,
— P+ 2 ) H—
Sl T PG

Condicoes de Contorno

Os resultados numéricos sio comparados as experiéncias de Vogel ¢ Eaton (1985) e Vogel, (1994}
cujas condi¢des de referéncia sio (Fig. 1):
e Camada limite turbulenta na entrada
e Re=28.000 - comprimento de referéneia= H ; ¥H=11: h/h, =125,
e Fluxo de calor g, constante na parede inferior apos o degrau tal que: (7 -7 ) ¢ da ordem de
15K, onde Tw € a temperatura da parede e T, € a temperatura na entrada.
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Na entrada, impoe-se perfis de velocidade. de energia cinética e de dissipagdo obtidos a partir dos
perfis experimentais de [/ ¢ @* obtidos por Vogel (1994). Nas paredes, as condiges sio impostas
utilizando-se¢ as leis de parede apresentadas na se¢io seguinte. Finalmente, na saida, supde-se que os
gradientes das diversas varidveis na dire¢io do escoamento sejam nuolos. No que diz respeito a
temperatura, impoe-se um perfil uniforme de temperatura na entrada ¢ nas outras paredes a lemperalura
€ considerada constante.

Leis de Parede

Nesta se¢ao sao descritos os diversos modelos de parede baseados em leis de parede utilizados neste
trabalho.

O modelo Padrdo - MODEL 1 - é apresentado em Launder e Spalding (1974). A discretizagdo dos
modelos € feita via método dos Volumes Finitos. Inicialmente, é necessirio que os pontos das malhas
adjacentes as paredes estejam na zona logaritmica — (11 < y* <400), onde, v" = vU /v, U. = T,./p é
velocidade de atrito e 7, € a tensdo de atrito na parede,

A lei logaritmica, na sua forma original, ndo € apropriada aos escoamentos com recirculacio pois a
velocidade de atrito, usada para adimensionalizar a velocidade média ¢ a distancia normal a parede, ¢
igual a zero no ponto de recolamento. Considerando-se que nesta zona a producio de energia cinética
turbulenta € igual 4 sua dissipagio, pode-se mostrar que ( Cousteix, 1989)

Too xpkp(“:,/? 2)

e=k>"?/Cly) (3

- . P = 344 . =
onde P é o ponto da malha mais proximo da parede e Cl=k,"". Assim, pode-se colocar a lei
logaritmica na forma

Uk!)fl’cfqu (C‘“"’k.)?”
é :ih)‘?[&\’—Lf (,_]_)
T./p k v

A partir das equagoes (2), (3) ¢ (4) ¢ considerando-se que a energia cinética k e a tensio de atrito, T
turbulentas sdo constantes, determina-se a dissipagio £ ¢ a produgio P médias de k na diregio
perpendicular @ parede. No caso da equagio da dissipagdo. impde-se um valor ao ponto
P: gp = kKM /(Clyy).

No caso da temperatura, de maneira semelhante, a lei logaritmica se transforma em

A1/ 2 P R b
(Tp =T, Jcp pC, "k P Evp(C, “kp)
p—dylcp ply Kp . _r,mg! Yplly Ky J+AT

‘Jll

onde g, et T, sao o fluxo de calor e a temperatura na parcde. respectivamente. ¢ Al ¢ a Fungdo de
Jayatilleke (Launder ¢ Spalding, 1974).

O modelo de Chieng ¢ Launder(1980) considera a regido proxima a parede dividida em duas: i)
subcamada laminar ( 0 <y* < 11);11) zona logaritmica (11 < y* < 400). Assim, em relagio ao modelo
Padriio, no cdlculo de € e de P, considera-se a influéncia da subcamada viscosa na dissipacio de k (a
producdo de k € zero nesta zona). Além disto, uvtiliza-se a energia cinética no bordo da subcamada
laminar Kk, no lugar da energia cinética no ponto P, kp. nas dimensionalizagdes. Neste tiabalho,




M. V. Bortolus et al.: Heat Transfer in Complex Turbulent Flow: Wall functions and Sensibility to 226

compara-se duas versoes deste modelo. Uma - MODEL 2 - que considera k e T constantes na zona
logaritmica (Launder. 1986) e outra - MODEL 21 - que considera que estas quantidades variam
linearmente nesta zona, como proposto originalmente no trabalho de Chieng e Launder(1980).

No modelo de Chieng ¢ Launder a espessura adimensional da subcamada laminar € considerada
constante ( y, = 1), Mais recentemente, Ciofalo ¢ Collins (1989), propuseram um modelo - MODEL

s ; . o s 2
22 - no qual y,| varia com a intensidade de turbuléncia no ponto P - y/p =kf.” /U p de acordo com a
relacio:

Yo ¥
v g

SN

J

onde ¥, ey, sio, respectivamente, a intensidade de turbuléncia e a espessura adimensional da
subcamada laminar caso as condigoes no ponto P fossem as de uma camada limite turbulenta ordindria.
Resultados experimentais sugerem que o valor da constante ¢ estd entre 1/3 ¢ 2/3. Adota-se aqui o
mesmo valor utilizado por Ciofalo e Collins(1989) em seus cilculos (c=0.4). Na zona de recolamento,
¥ € bem superior a Wy e, assim, ocorre uma diminuigio significativa de v, .

O modelo de Amano(1984) - MODEL 3 - considera que, proximo a parede, existem trés camadas: 1)
subcamada laminar (0 < y* < 5); i) zona tampio (buffer layer) (5 <y' < 30); ¢ iii) zona logaritmica
(30 < v < 400). Neste trabalho, duas simplificagdes sio propostas em relagio ao modelo proposto por
Amuno. No seu modelo k e T variam linearmente na zona logaritmica. Aqui, considera-se como no caso
do MODEL 2 que estas quantidades sdo constantes nesta zona. Amano propde também corregoes nos
termos de producio ¢ destruicio na equagiio da dissipacio. Neste trabalho utiliza-se o mesmo
tratamento dos modelos anteriores. t

Método Numérico

As equagdes que governam o cscoamento sdo discretizadas pela téenica de Volumes Finitos. O
esquema Hibrido ¢ utilizado para o tratamento dos termos difusivos ¢ convectivos, As equagdes
algébricas resultantes sao resolvidas iterativamente utilizando-se uma versio do programa TEACH
(Gosman ¢ Ideriah, 1976). que incorpora o algoritmo SIMPLE. Este programa é bastante conhecido o
que dispensa a apresentagdo de maiores detalhes.

Apds a realizagao de testes de convergéneia - apresentados na referéncia (Bortolus e Giovannini,
1995) escolheu-se uma malha de 146x102 clementos. Neste caso a malha ¢ tal que todos os pontos das
malhas adjacentes & parede estio dentro da zona logaritmica.

As melhores caracteristicas de convergéncia - robustez - foram apresentadas pelos modelos
MODEL | ¢ MODEL 2. Nos outros casos, para se obter a convergéncia, 0 processo itcrativo €
inicializado com os campos obtidos com o MODEL 2.

Apresentacao e Discussao dos Resultados

Aqui, apresenta-se os resultados relativos ao aspecto térmico do problema. Os resuliados da
dindmica do escoamento sio discutidos em Bortolus e Giovannini, 1995, De mancira geral, os perfis de
velocidade média e de energia cinética turbulenta concordam bem com as experiéneias. Longe da
parede, os diferentes modelos de parede ndo afetam esses perfis. No entanto, a comparagio das
distribuigoes dos coeficientes de atrito determinadas com os diversos modelos de parede mostra que
esses perfis variam muito com o modelo utilizado na regido proxima & parede. Este mesmo
comportamento ¢ observado no caso da temperatura.

Nas figuras seguintes, devido as diferengas entre as posicoes de recolamento - Xr - numeérica e
experimental - da ordem de 15% - (Bortolus ¢ Giovannini. 1995). utiliza-se nas comparagoes a
coordenada adimensionalizada

_(x—Xr)
Xr

X * (7)
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A posigao de recolamento  Xr é definida como sendo o ponto sobre a parede inferior do degran
onde o coeficiente de atrito € igual a zero.

Os perfis numéricos e experimentais de temperatura sdo comparados na Fig. 2. Observa-se uma boa
concordancia entre os dois. Nota-se que os gradientes de temperatura sao significativos somenie perio
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da parede. Estes perfis foram obtidos com o modelo Padrio. Longe da parede. nio existem diferencas
importantes entre os perfis calculados com os diferentes modelos de parede. As diferengas proximas i
parede sio analisadas a partir das distribui¢ées de nimero de Nusselt baseado na altura do degrau (Nu)

Figs. 3 e 4.

Na Figura 3 pode-se acompanhar as evolugdes do modelo Padrao - MODEL 1, inicialmente com o
acréscimo da subcamada laminar - MODEL 2 - ¢, em scguida, com o acréscimo da zona lampdio -
MODEL 3. Em relagio ao nivel maximo de Nu, nota-se uma melhora sensivel. No entanto, diferencas
importantes continuam a existir na zona de recirculagiio ¢ na zona de redesenvolvimento,

T-¥in (K}

Fig. 2 Perfis de temperatura
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Fig. 3 Nuamero de Nusselt: Leis da parede
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Na Figura 4, nota-se que, praticamente, ndo hd diferencas entre 0 MODEL 2 ¢ 0o MODEL 21. Uma
pequena diferenga a favor do MODEL 2 ¢é encontrada na zona de redesenvolvimento. Nesta figura
mostra-se lambém os resultados obtidos com o MODEL 22, Observa-se um minimo localizado perto
do recolamento. Este minimo aparece devido & limitagio inferior na espessura adimensionalizada da
subcamada laminar y, imposta no modelo para que o perfil de velocidade nio apresente
descontinuidade no ponto intersecio entre a subcamada laminar e a subcamada logaritmica, De acordo
com a andlise mostrada em detalhes no trabalho de Ciofalo e Collins, 1989) o valor de v, nio deve ser
inferior a //k. Isto faz com que no cileulo aconte¢a uma diminuigao forgada da intensidade de
turbuléncia diminuindo, assim, localmente a transleréncia de calor, B

70—
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Fig. 4 Numero de Nusselt: Modelos de duas camadas

Para melhor compreender a evolugao qualitativa das diferentes fungoes de parede, compara-se na
Fig. 5 as distribuigoes de Nu normalizadas pelo valor méximo Nu,,,,. Comparando-se os resultados dos
modelos MODEL | e MODEL 2. observa-se uma melhora sensivel na zona de redesenvolvimento,
Quando se compara os resultados dos modelos MODEL 2 e MODEL 3, diferengas pouco importantes
sdao encontradas. Isto indica que a inclusao dos efeitos da subcamada laminar ¢ mais significativa que a
inclusiio dos efeitos da zona tampio. Se bem que os resultados com o MODEL 22 ndo scjam
satisfatorios na zona de recolamento, devido & presenga de um minimo local explicada anteriormente,
nota-sc que na zona de redesenvolvimento obtem-se com este modelo resultados melhores que com os
modelos MODEL 2 ¢ MODEL 3.
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Fig. 5 Numero de Nusselt Normalizado: Leis de parede
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Analisa-se, em seguida, a sensibilidade aos pardmetros niimero de Reynolds, Re, ¢ relagio entre a
espessura da camada limite na entrada ¢ a altura do degrau, &H, do modelo k & na predigio do
coeficiente de transferéncia térmica local - Namero de Nusselt. Considerou-se apenas os modelos de
parede MODEL 2 ¢ MODEL 3 devido ao melhor desempenho apresentado por cles nas comparagdes
mostradas anteriormente.

Na Figura 6, observa-se que os niveis de Nussell aumentam com o aumento do nimero de
Reynolds. Este comportamento € verificado também experimentalmente. As variagoes do nimero de
Nusselt mdximo, Nu,,,(,,, com Re calculadas com os modelos de parede MODEL 2 ¢ MODEL 3 sao
compa:adas as experiéncias na Fig, 7. Resultados expenmem:us indicam que  Nu,,., ~ Re". As
experiénecias de Vogel e Ealon(1985) wmostram que n € aproximadamente (.6, Com os modelos
MODEL 2 ¢ MODEL 3, encontra-se 0,68 e (0,62, respectivamente. Percebe-se, assim, que os resullados
quantitativamente dependem do modelo de parede que ¢é associado ao modelo k - £, mas as diferengas
entre os dois modelos utilizados aqui nio sdo excessivas, levando-se em consideragiio a complexidade
do presente problema. Percentualmente, as diferencas maximas em relagdo 4 experiéncia sdo da ordem
de 20% e 10% para os modelos MODEL 2 e MODEL 3, respectivamente, Em média, estas diferencas
sdo da ordem de 13% c¢ 5% para os modelos MODEL 2 ¢ MODEL 3, respectivamente. Os resultados
para o modelo MODEL 3 estao dentro da incerteza das experiéncias, no que diz respeito ao nimero de
Nusselt. que € da ordem de 6\%.
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Fig. 6 Distribuicao de Nusselt em fungao do numero de Reynolds
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Fig. 7 Nusselt maximo em fungao do numero de Reynolds

Para se analisar o efeito qualitativo do nimero de Reynolds na distribui¢iio de Nussclt, compara-se
na Fig. 8 as distribui¢bes normalizadas pelo Nu,,,. Nota-se que n@o existem diferencas significativas
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entre elas nas zonas de recirculagio e recolamento, o que é verificado experimentalmente. No entanto,
na zona de redesenvolvimento as diferencas nas distribuigdes determinadas experimentalmente parecem
ser menores (Vogel e Eaton, 1985). Estas diferencas podem ter sido provocadas pelo tratamento da
regido de parede utilizado aqui baseado em {Leis de Parede. A jusante do ponto de recolamento, o
escoamento € cada vez mais determinado pela regiao de parede e, assim, o seu comportamento se
aproxima progressivamente do de uma camada limite turbulenta ordindnia. Para se resolver este
escoamento, o mais adequado parece ser um tratamento da regido de parede baseado em modelos a
Baixo Numero de Reynolds. os quais apresentam, com malha adequada, comportamento assintético em
relacio ao nimero de Nusselt satistfatério nesta regido (Bortolus e Giovannini, 1995).

1.0
|

08—

Nu/Numax

05—

04—

1.0 05 0.0 0s 1.0 15 20 25 30
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Fig. 8 Distribuicao de Nulsselt normalizado em funcao do numero de Reynolds

No que diz respeito a relagio &H. o comportamento € oposto ao caso do nimero de Reynolds.
Como obscrvado também por Vogel e Eaton(1985), os niveis de Nusselt diminuem com o aumento de
&H (Fig. 9). Os seus resultados sugerem que Nu,,, ~ (&H)™. sendo que nz é aproximadamente -0.1.
Com os modelos de parede MODEL 2 ¢ MODEL 3 encontrou-se para n; os valores -0.08 ¢ -0.09,
respectivamente, que sdo proximos do experimental. No entanto, como mostrado na Fig. 10 os niveis de
N, determinados com o MODEL 3 sido mais proximos das experiéneias. Nesle caso, as diferengas
entre os cdlculos com os modelos MODEL 2 e MODEL 3 e as experiéncias estdo, percentualmente,
proximas as determinadas para o caso do nimero de Reynolds,

B0
1
70—
60
50—
3 deha/H=015
z ~ delta/H=018
L - delta/H=03
—— delta/H=0 4
301 --~- delta/H=0 5§
dslta/H=0 7
daltaiH=1.1
20
delta/H=16
10 ey ; | T— _— i |
10 05 0.0 05 10 1.5 20 26 3.0 3.5 a0

x‘

Fig. 9 Distribuicao de Nusselt em funcao de &/H (=delta/H)
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Qualitativamente, as distribuigoes de Nusselt normalizadas pelo Nu,,,, apresentadas na Fig. |1
mostram que, ao contririo do caso do nimero de Reynolds, existem difcrencas nas zonas de
recolamento e, principalmente, na zona de redesenvolvimento com a variagio de &H. No entanto, pode-
se observar que as mudangas sdo mais importantes no intervalo de &H entre 0,3 e 0.5. Nas regies &/H
> 0.5 e &H < 0,3, as distribui¢des siio proximas. De fato, a partir dos estudos experimentais de Adams ¢
Johnston (1988), conclui-se que &H = 0,4 ¢ o limite entre dois comportamentos do escoamento apos o
degrau: se &H < 0,4, o degrau representa uma perturbagio muito forte para a camada limite a montante;
e se &H > 04, a perturbagdo é menos importante.
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Conclusoes

No caso das leis de parede, existem melhoras sensiveis com os modelos MODEL 2 e MODEL 3 em
relagdo ao modelo Padrio, principalmente na zona de recolamento. A andlise qualitativa mostra que
existe um ganho mais significativo com a consideragao da subcamada laminar que com a consideracao
da zona tampdo. Além disto, esta andlise mostra que a evolugio das fungdes de parede passa pela
consideragao de situacoes de nao-equilibrio provocadas por niveis bem mais elevados de energia
cinética turbulenta proximo  parede em relagdo & uma camada limite turbulenta ordindria.

Quantitativamente, os resultados com o MODEL 3 sio mais proximos da experiéneia, embora as
diferencas entre esta ¢ 0 MODEL 2 nio sejam excessivas. Tendo em vista as boas caracteristicas de
convergéneia do MODEL 2, pode-se dizer que entre os modelos de parede comparados este modelo
representa o melhor compromisso robustez - capacidade de predigao.

Além disto. ndo existe nenhum ganho sensivel quando se considera que a energia cinética
turbulenta ¢ a tensdo turbulenta variam linearmente na zona logaritmica - MODEL 21 - em relagio ao
caso em que estas quantidades sdo consideradas constantes - MODEL 2.

Tendo em vista os bons resultados obtidos com o MODEL 3, pode-se dizer que este modelo € uma
opgdo ao modelo de trés camadas originalmente proposto por Amano(1984), ja que aquele, devido as
simplificagdes propostas neste trabalho, seria mais fdcil de ser implementado,

O presente estudo mostra que, no que diz respeito a predigoes de transferéncias térmicas parietais,
se consegue captar satisfatoriamente com o modelo k - g, corrigido com as leis de parede, variagdes nas
condigbes na entrada - a montante do ponto de separagio - no caso destes escoamentos turbulentos
complexos.
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Abstract

Baxed wupon experimental data for heavy oil-water flow inside steel (26,7 mm D) and cemented (239 wmm 1D}
horizental tibes, a very simple model for pressure drop in the corve annular flow pattern ways developed. The
experiments were runt al room temperatire and the fluidys used were a fuel ol (@ = 2.7 Pas, p = 989 ke’ ) and tap
water, both drawn from a separator tank, First, it s shown that for both tubeys the so-callled " perfect core annudar
feon™ approach (shorily PCAF) poorly correfates the data. This s due to the waviness of the interface and
tirbulence in the annnlios flow, These effecty are wken fnto account in the model proposed in this paper and justify
the assumption of ne-slip, which was earlier conciuded by the author from wavespeed measurementys for the same
Honw (Bannwart, 1998). Ay« result, a very simple corretation model for the pressure gradient is derived. The model
veas adjusted to fit the data and genevalized o other twbe sizes and fluids. Different correlations for oleophilic and
oleaphobic pipe walls ave provided. Calewlations wsing the corvelation for oleophohic pipe behavior are in very good
agreenment with data from aneiher source.

Keywords: Multiphase Flow, Liguid-Liquid flow, Care Annular Flow, Pressure Drop, Modeling.

Introduction

Since the pioneer works of Russel and Charles (1959) and Charles, Govier and Hodgson (1961)
core annular flows have found important practical applications in the pipelining of heavy oils lubricated
by water. This flow pattern 1s very stable when the two liquids are immiscible and do not emulsify.
Under such circumstances the oil occupies the center of the tube surrounded by a thin water annulus
adjacent to the wall. The correspondent pressure drop is comparable to the flow of water only, since the
more viscous [Tuid does not touch the wall. Accurate predictions of pressure drop and holdup are
essential for the design and optimization of such systems.

The simplest theoretical model for the analysis of core-annular flows is to consider a fully
developed annular axisymmetric laminar two-phase flow with a smooth circular interface. This
approach was followed by Russel and Charles (1959) and recently also employed by Bobok, Magyari
and Udvardi (1996). It is sometimes called the “perfect core annular flow™ (shortly PCAF) approach.
Ooms et al. (1984) proposed to consider the waviness of the interface but their model, based on the
Reynolds equation of the lubrication theory, assumes that the wave parameters are known a priori.
Oliemans et al. (1986) further considered the turbulence in the annulus flow. Arney et al. (1993)
proposed simply the use of correlations for friction factor and holdup. However, their Reynolds number
definition comes directly from the PCAF approach whereas the water holdup is given by an empirical
correlation.

Nomenclature
= cross sectional area of the Q = mixture flow rate, m'/s W = viscosity, Pas

pipe, m’ Q, = oil flow rate, m’/s p = density, kg/m®
b = constant, dimensionless Q, = water flow rate, m's
C.. = water input fraction, Q* = modified mixture flow rate, Subscripts

dimensionless m'/s
0 = tube diameter, m r = number of runs calc = calculated using the model
G = pressure gradient, Pa/m Re = Reynolds number, exp = experimental value
Gi = Fressure gradient for unity dimensionless o = oi

nput ratio, Pa/m = lotal relative variance, m = mixture
G, = pressure gradient for water dimensionless peaf= perfect core annular flow

flow at mixture flow rate, Pa/m V= average velocity, m/s w = water
J = mixture superfigial velocity, m/s o = volumetric fraction of the core,
k = constani, kg/m" dimensionless
n = exponent dimensionless 6 = two-phase multiplier,
q = expanent, dimensionless dimensionless

Manuscript recelved. September 1998, revision received: March 1989, Technical Editor: Angela Ourivio Niechele.
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A very simple one-dimensional model lor horizontal core annular {low is developed in this work,
based on pressure drop data for oil-water flow inside steel (26.7 mm ID) and cemented (23.9 mm 1D)
honzontal tubes, within the range of conditions for which a stable core annular flow pattern is observed.
Since carbon-steel pipes are usually oleophilic (i.e. they are likely to become fouled by the oil), cement-
lined pipes have been proposed (Ribeiro, 1994; Arney er al., 1996) becausc of their hydrophilic-
oleophobic propertics, The cement coat which covers the pipe wall is, in fact, casily wetled by water bul
becomes oil repellent, thus fouling by oil is minimized. It is shown that for both tubes the PCAF model
poorly correlates the data. A new model is then proposed in order to take into account the waviness of
the interface and turbulence in the water [ilm.

Experimental Setup

The experimental apparatus is shown in Fig. 1. It is basically the same setup carlier used by Ribeiro
(1994). The present author ran short-term experiments using oil and water at room temperatures in
horizontal tubes at various [low rates of each fluid. From a 1 m’ separator tank. oil was drawn by a
progressive cavity pump (Moyno) with variable speed and the flow rate was measured through a direct
mass flowmeter (Micro Motion), Water was drawn from the bottom of the tank by a centrifugal pump,
filtered and measured through a rotameter. The oil-water input ratio was varied from 1 to 11. The
injection nozzle was a simple device having a central tube inlet for oil and a surrounding shell for
water. Pressure differences were measured with a simple U-tube manometer filled with water.

The manometer legs were connected o the tubes through boxes to minimize their contamination
with oil. The distance between taps | and 2 (cement-lined tube, 23.9 mm ID) and between taps 3 and 4
(carbon-steel tube, 26.7 mm ID), see Fig. 1, was 400 cm. The oil used was the no. 6 fucl oil, whose
propertics measured at laboratory temperature where pL = 2.7 Pa.s, p = 989 kg/m’. Interfacial wavespeed
was also measured through high-speed imaging and reported elsewhere (Bannwart, 1998). For each run,
before doing measurements, one waited at least 15 minutes unul steady state was observed, Prior to the
next set of flow rates, the system was run with pure water until the pressure drop through the entry and
exil steel tubes were low enough, so as to make sure that the tubes were clean from the fouling action
by the oil.

Manomeler
Supply Tank
Safely ]
Valve . Pressure Tap 4 Pressure Tap 3
i Flonw- -
M aste ineter Steel pipe ‘rr -

Nozzle Pre.wﬂo Tan 1 Pressure Tap 2 T
11-' Cemented pipe i !

Visualization

Filter Rotameter

Controller

5

Control

Centrifugul
= Valve

Pump

Fig. 1 Schematic of the experimental apparatus

Results and Analysis

Table 1 summarizes the experimental results for the flow rates of oil (Q,) and water (Q,,), the
pressure drops in the cemented and steel pipes, as well as the wavespeed (a).
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Table 1 Experimental pressure drop and wavespeed data

Foint no, Temp. Q, Qi AP AP stesl a
(°c) (Ifs) (I/s) cemented  (mm water) (m/s)
(mm water)

1 21.2 0.1597 01112 19.55 7.2 0.6700
2 215 0.1528 0.0905 171 6 05785
3 21.8 0.1501 0.0646 17.1 49 0.5077
a4 219 0.1249 0.0388 10.4 3 0.4267
5 229 0.1283 0.0246 84 25 0.3387
6 22.4 0.2239 0.1086 36.3 19.3 0.8043
7 22.4 0.2026 0.0880 32.6 12.7 0.6907
g 228 0.1959 0.0646 302 7.8 0.6296
10 223 0.1984 0.0388 228 6.4 0.5895
1 215 0.1849 0.0272 15.4 55 0.5328
12 20.5 0.2592 0.1099 48.5 21.35 0.9094
13 206 0.2478 0.0905 447 18.33 0.8388
14 20.6 0.2527 0.0776 48,1 14.85 0.8084
15 205 0.2501 0.0479 465 116 0.7533
16 219 0.2495 0.0246 62.5 10.2 0.6899
17 214 0.1245 0.1151 14 55 0.6278
18 216 0.1269 0.0918 13.2 42 05312
19 21.7 0.1196 0.0685 112 33 0.4626
20 22.1 0.1179 0.0388 87 29 0.4158
21 205 01048 0.0142 55 24 0.3051
22 20.9 0.1872 0.1184 345 123 0.7643
23 215 0.1822 0.0931 25 8 06534
24 22,4 01761 0.0660 203 58 0.5822
25 24.9 0.1716 0.0401 15.2 4 0.4964
26 26.7 01777 0.0155 13.1 5.2 0.4869
27 26.9 0.2332 0.1125 31.8 122 0.8386
28 27.0 0.2386 0.0918 398 129 0.7741
29 27.0 0.2337 0.0646 424 104 0.7239
30 26.1 0.2323 0.0362 444 59 0.6328
31 256 0.2298 0.0246 453 77 0.6303

Figure 2 shows the superficial velocities of each fluid (defined as the volumetric flow rate divided
by the pipe cross sectional area) corresponding to the experimental runs for both cemented and steel
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Fig. 2 Experimental range of superficial velocities
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tubes. A more useful map showing the boundary layer Reynolds number for the water annulus flow Re,,
versus the water-oil input ratio 1s shown in Fig. 3. As usual, Re, is defined as
- pll ‘!“'( 45}
i'l'll
—- p\l'j]l'D
Pll'

Re,.
(1

where p, and p, are respectively the density and absolute viscosity of the water. V, and J, are
respectively its average and superficial velocities, 8 is the average thickness of the annulus flow and D
is the tube diameter. From Fig. 3 it can be concluded that for most runs the water flow in the annulus
was turbulent (Re, = 2000).
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Fig. 3 Water Reynolds number versus oil-water input ratio

The experimental pressure drop in each tube 1s plotted mn Figs. 4 and 5 using a set ol coordinates
compatible to those of PCAF model. According 1o this model the pressure gradient G can be expressed
as

s llr"'?‘s”ﬁl'\lQ
x*| 1 A{f _H }13
IL[f} L] (2)
128u,0
'l -a’

where @ is the mixture tlow rate
0=0,+0, (3)
and ¢ 158 the volumetric fraction ol the ol in the tube given by

]
1400, /0, 1+ 1+ (1, X0, 10, )]
— 7! .
- !+ 2QI|-.-":Q0

=
4
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The approximations in Eqs. (2) and (4) are valid for u,, /u, << Q,./Q, < I; this condition is true
in the present experiments and 1s also verified in most applications. Equation (2) can be interpreted as
the pressure drop of a laminar water flow at an equivalent flow rate Q. defined as

Qp('ulf = Q/“—U—.u“.,-':ﬂ” )12]

. (5)
=0f(1-0)

The scattering of the data in Figs. 4 and 5 indicates that the PCAF approach 1s not effective to
describe the experiments reported here. This fact can be attributed to two basic reasons: a) as observed
in the experiments the interface is wavy and asymmetric: b) for most runs the water flow 1s turbulent
(Fig. 3). Both facts contradict essential assumptions of PCAF theory.
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Fig. 4 Experimental pressure drop G versus flow rate Q... defined by Eq. (5) — steel tube. The straight line
stands for Eq. (2)
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Experimental pressure drop G versus flow rate Q.. defined by Eq. (5) — cemented tube. The straight
line stands for Eq. (2)
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In order to incorporate these effects in the pressure drop model, Eq. (2) is re-writlen in a generalized
form

GiQua)=G,(Q)f(a). (6)
where f{ e is an increasing function of o satisfying [(0) = 1 and {(1) — =, and

G Q)= lim GlQ.a). (7

[ e

The pressure gradient @, (@) can be interpreted as the pressure gradient for single-phase water flow
in the same tube at the flow rate of the mixtore (). Assuming that this flow is fully turbulent then

G“.(szsz' (8)

where k depends on the water properties and tube size and roughness. The function f{¢) depends on
the interface shape and water flow regime. For a smooth circular concentric interface and laminar water
flow fio) = 141 - o) in view of Eq.(2). For the wavy interfaces and turbulent annulus flow observed in
the experiments it is suggested here the function

fla)="tf(1-a)™ 9)

where n s a constant to be determined. Justification for this function will be provided in a later
section, To complete the model an expression is needed for the core fraction o instead of Eq. (4). This
quantily also depends on the interface shape and lTow regime. However, it is nol necessary o describe
them in detail. In fact, measurements of interfacial wavespeed made by the author at the visualization
section (see Fig. 1) for the same runs (Bannwart, 1998) indicated that a kinematic disturbance travels at
the mixture superficial velocity, J {=0/A), as shown in Fig. 6.

1

J (m/s)

Fig. 6 Interfacial wavespeed a versus mixture superficial velocity J for a horizontal oil-water core-
annular flow. The straight line represents a=J
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This result can be understood as a homogenizing effect of the interfacial waves and tilm turbulence
on the velocity field. In fact, a significant amount of water [Tows in the spot between two wave crests at
essentially the same velocity of the wave: the turbulence in the water flow causes a flat velocity profile.
Since there is no body force in the direction of the flow and the oil is very viscous, the average velocity
of the core V, also equals J . Letting J, be the oil superficial velocity then

vV, =1,/a (10)
and one concludes

a=0,/0=1-C, (11)
where C, is the input water fraction

C.=10,10 (12)

The final form of the proposed pressure drop model is obtained by combining Egs. (6) through (12):

G::\-(Q")2 (13)

where

0 =0/ll-ay =0c;” (14)

and the exponent n is determined to fit the data. This was accomplished by minimization of the total
rclative variance

= G- Gc'.\'p I 4
Fiing (’ﬂxp

The best values of n for steel and cemented tubes were obtained by simultancously minimizing S
with respect to n and k. The minimization procedure was performed using the software Mathematica®.
The results for n can be expressed as

n =0.050 ﬁ}rsreef —walled pipe,

. (16)
n=0.143 Jorcement —walled pipe.

The k values were respectively 2358 x 10" kg/m" for the steel tube (26.7 mm ID) and 5780 x 1@
kg/m' for the cemented tube (23.9 mm ID): these values obviously cannol be exiended 1o other pipe
sizes and materials. The standard deviation (541, where r is number of runs, was less than 20% for
both correlations. Note that the cemented wall is rough, thus & is much higher for a cement-lined pipe
than in a steel tube of same diameter. However, the higher pressure drop of the cemented pipe may be
compensated by its better anti-fouling behavior. Figures 7 and 8 show the data points in the new
coordinates, as well as the adjusted correlations. A much better representation of the data is observed in
comparison with Figs. 4 and 5.
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Fig. 7 Experimental pressure drop G versus flow rate Q" defined by Eq. (14) — steel tube. The continuous
line represents Eq. (13)
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Fig. 8 Experimental pressure drop G versus flow rate Q" defined by Eq. (14) — cemented tube. The
continuous line represents Eq. (13)

Proposed Correlations

The results obtained in the previous section can be extended to other pipes sizes and materials than
used in the present experiments. From Eqs.(13). (14) and (16) the following correlations for pressure
drop in horizontal oil-water core-annular flow are suggested:

G=G, (0 e for oleophilic pipewalls , (17)

"

G=G,(0 J(.',,“‘E'% for oleophabic pipe walls (18)
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where G,(Q) s the [rictional pressure gradient for single-phase water flow in the same pipe at the [low
rate of the mixture, and can be easily evaluated rom traditional friction formulae. These c¢quations arc
very easy Lo use because they involve no other information than flow rates, fluid properties, tube size
and wall characteristics. The weak dependence on the water fraction C. confirms the experimental
findings of other authors, as for example Oliemans ef al. (1987).

As an illustration of the use of the above correlations consider a horizontal core-annular flow of oil
(t, =3 Pas, p. = 975 kg/m") and water inside 4 5 ¢cm ID smooth tube. This system was studied by
Oliemans (1986). He used a transparent pipe and additivated water Lo gel an oleophobic pipe wall
behavior. This suggests vsing Eq. (18) with Blasius friction Factor to determine G, The comparison
with pressure drop data given in Table | (p. 64) ol his work is shown in Fig. 9. The standard deviation
between calculated and measured values is only 16 %, which is a very encouraging result since Eq. (18)
was developed for a different oil and pipe size.
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Fig.9 Comparison between experimental pressure drop data (Oliemans, 1986) and calculated using Eq.
(18). Geaic = Gexp ON the straight line

Optimal Input Ratio

The existence of an optimal water flow rate for a fixed oil flow rate, 1.c. a water-oil input ratio for
which the pressure gradient or pumping power is @ minimum, has been reported by many authors, c.g.
Russel and Charles (1959) and more recently by Amey er al. (1993). This happens because the addition
of water helps the oil flow bul at the same time increases the total flow rate. The proposed correlations
also display this feature, as seen in Figs. 10 and 11.

1 A

0.6 -

GG | e

0 0.2 0.4 0.6 0.8 1

Q./Q,

Fig. 10 Water-oil input ratio for minimum pressure drop using Eqs. (13-14) with n = 0.143 (continuous line).
The dotted line represents predictions by PCAF model. G, is the pressure gradient for unity input
ratio
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Fig. 11 Water-oil input ratio for minimum power using Egs. (13-14) with n = 0.143 (continuous line). The
dotted line represents predictions by PCAF model. G,Q is the power for unity input ratio

It can be observed that the model proposed here predicts much lower optimal input ratios than
PCAF theory. This is reasonable since the present model applies to wavy core and turbulent annulus
fow (Re, > 2000). From Eqs.(13) and (14), the water-oil input ratios for minimum pressure drop and
minimum pumping power equals n and 2n/3 respectively. Using n = 0,143 for the optimal input
ratio seems to be in good agreement with pressure drop plots shown in Figs. 5 through 7 in Arney ef al.
(1993).

Generalization of the Model

It is possible to generalize Eqgs.(17) and (18) to other fluids not satisfying the present conditions
p=p. and g << This can be done through the introduction of a two-phase multiplicr, ¢ . defined as

5 G ;
¢- = e {19}
(‘n'(Q}
Assuming power-law type friction factors to express both G, and G, i.e.
. q .. X
(;=-b[ pﬂIJD p.l';llj) 5
p" o
e s (20)
G'". . pll J D pll‘}_ .
pl! 2D
one obtains
Iy =
2 My
¢ =(Lm | B @
p\l' -um

where p. and g, are the mixture density and viscosity, respectively. From Eq. (2) it can be concluded
that for the PCAF model

g=1
1 o I-a° Perfect Core Annular Flow . (22)

_

PHI -u'ri P W
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The dependence of u,. on @ seems to be oo strong for turbulent flow in the annulus, where the
shear stress is essentially constant, This suggests that

1 a -
= e— e — (33]

B By

It must be noted that the mixture viscosity calculated using Eq. (23) can be much higher than using
Eq. (22). Finally, expressing the mixture density as

P =GP, “'(1"“)911- * (24]

and using Eq. (11) to eliminate o, Eq. (21) becomes

I=q g
¢’ {;-(;—f'—'}!—c'u_)] {1—[ f-ﬁ‘;}f—f‘".)] . (25)
p“' “f’

This result holds for turbulent annulus flow and recovers Eqs. (17) and (18) when p.=p, , i, <<yt
and g = 0.1, 0.286 respectively. Note that this later g value, corresponding to the oleophobic pipe wall
behavior, is very close to the Blasius law (¢ = 0.25). For laminar flow. however, Eq. (22) is required.

Concluding Remarks

Becausc oil-water core-annular flows are often wavy with a turbulent water flow in the annulus the
perfect core-annular low theory (PCAF) is inappropriate. In this case. the analysis of our laboratory
data revealed a simple model that accurately deseribes the frictional pressure drop in a horizontal pipe.
Two correlations are proposed, namely Eqs. (17) and (18), according to the oleophobicity ol the pipe
walls, i.e. the tendency for the wall to repel the oil. The correlations are very casy to usc since they are
expressed in terms of the water fraction and the pressure drop for single-phase water flow in the same
pipe at the flow rate of the mixture. Comparisons using the correlation obtained for oleophobic pipe
wall, namely Eq. (18), with data by Oliemans (1986) showed very good agreement (within 16 %) in
spite of the difference in pipe size and oil he used. A generalization of the model to other flmids in terms
of a two-phase multiplier is proposed.
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Abstract

An extensive literative survey of convective boiling has been performed in this study. Published correlutions have
been divided into three main groups: stricily convective, those based on the superposition vile, and strictly empirical,
An empivical correlation has been developed from an experimental data bank obtained elsewhere through an
optimuzed curve fitting procedure. Average deviations of results fremn the proposed corvelation with respect o
experimental data are significantly fow compared 1o deviations from other correlations. Comparisons between focal
heat transfer coefficients from corvelations and those obtained experimentally, though qualitatively yound, have
shown distinet deviations. Improved plysical models are needed o adequately corvelate local hear transfer
coefficients.

Keywords: Convective Boiling, Refrigerants, Hovizontal Flow,

Introduction

Convective boiling of refrigerants has been under intensive research during the last 40 years. Early
studies sought the development of correlations for heat transfer and pressure drop based on empirical
data. Some progress was made in correlating the limited amount of available data at that time. During
the 60's a significant effort was puot forward by the refrigeration community to better understand the
physical mechanism. The significant increase in publications in the field at that time is an evidence of
that effort. During the 70's and part of the 80's there was a lack of major achievements in convective
boiling research. A surge of research started in the mid 80°s, mostly related to the mandatory phase out
of CFCs imposed to the industrialized nations by the Montreal Protocol for controlling Ozone Depleting
Substances (ODS). Thus during the last decade the refrigeration industry has been faced with a scenario
of phasing out CFCs, which has been composed with energy consumption regulations all over the
world. These constrains have confronted industry with new challenges on the design of components,
especially heat exchangers, The introduction into the market of a new generation of chlorine free
refrigerants has triggered a renewed trend of rescarch in convective boiling, in part due to the lack of
generalization of previous results. Despite progress attained in the past, currently available corrclations
for the convective boiling heat transfer coefficient are still dependent, to a certain degree, upon the
range of the operating conditions and the tluid (refrigerant).

Purposes of this paper are twofold. Initially, a summary of an extensive literature survey will be
presented regarding heat transfer coefficient correlations for convective boiling. Correlations have been
classified into three main categories: strictly convective, thosc based on a superposition rule, and
strictly empirical. A second outcome of present study has been the development of a non-dimensional
correlation for the heat transfer coefficient based on standard non-dimensional groups. The correlation
has been developed through an optimized curve fitting procedure of experimental results covering somg
halocarbon refrigerants and a limited range of operating conditions.

Literature Survey

In a broad sense. convective boiling designates the liquid to vapor change of phase that takes place
under forced flow of the fluid. In this study major attention has been focused on conditions prevailing
in direct expansion evaporators, especially covering a region [rom the evaporator inlet to the section
where dry out occurs. This is by large the most important region in the evaporator. Vapor qualitics at
the entrance of the evaporator are in general larger than 10%, varying from case to case. On the other
Manuscript received: October 1998: revision received: February 1998. Technical Editor: Angela Ourivio Nieckele.
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hand. post dry out conditions encompass the misty two-phase flow and the superheated vapor regions.
Misty low heat transfer has not been adequately addressed in the literature. Regarding heat transler.
this has been generally considered as a single phase saturated vapor region. This study covers a region
where the following two-phase flow regimes for horizontal tubes might occur: bubbly, stratified (mostly
wavy ). and annular. Heat transfer mechanisms in this region are associated to either nucleate boiling or
evaporation at the liquid-vapor interface. The latter 15 referred by some authors as convective boiling, a
~ designation more restrictive than the one used in this study. It must be noted that both mechanisms
might occur simultancously. as some of current models actually assume.

he literature survey reported in this paper is limited to those publications involving some sort of
correlation (or the heat transler coellicient under convective boiling conditions for the range of vapor
qualities varying from 10% to 100%. Publications listed here in were considered the most significant,
Correlations were divided into three main categories:

(1) Strietly convective;

(2} Based on a superposition rule:

(3}  Strictly empirical

The first group of correlations for heat transter was based on the assumption of the only occurrence
of saturated cvaporation at the liguid/vapor interface. McAdams (1954), who proposed a simplified
model based on an annular Mow regime topology of the interface, adequately addressed this mechanism
of heat transfer, The two-phase [Tow heat transfer coefficient, h,. is frequently presented in a non-
dimensional form by referring 1t to the single-phase coefficient for the liquid phase of the mixture
flowing in the same tube, h, Some authors have referred h,, to the single-phase heat transfer coefficient
for the muxture flowing totally as liquid in the tube, h,. It is rather simple to prove that this
dimensionless heat transfer coefficient is a function of the Martinelli parameter. Saiz Jabardo (1988).
This is in essence the main conclusion of the MecAdams model, and the basic assumption of the strictly
convective correlations. It must be noted that the version generally adopted for the Martinelli parameter
1s the one associated to the turbulent/turbulent regimes of the phases flowing separately in the tbe, i. e.
X.. Some of the first group correlations are listed in Table 1. along with the associated experimental
conditions. In fact these correlations are empirical, since the numerical cocfficients were obtained by
curve fitting experimental results. As it should be expected, the excellent correlation reported by some
of the authors could be explained by the fact that experiments were performed under the annular [low
regime, typical for most of the physical conditions listed in Table 1.

— Nomenclature

Bo = Boiling number L = Length in the correlation of & = Heat flux (W/m™)
b Piarre (m) = Vi i

. p = Viscosity (Pa.s)

oD M = Molecular weight (kg/kmol} Density (kgim)

) § M = Dimensicnless parameter as :
Co = Convective number as defined defined by Shal’? o Surface tension (N/m)

by Shah {dims}g:sionclgss).

(dimensionless), Bo =

-
1

o p = Pressure (Pa) ;
Co=(—2) (B2 Pr = Prandtl number Subscripts: )
X P ! : ] Bey BS = Bubble supression

c. = Specific heat (J/kg."C) (dimensionless); Pr= k C = Convective
D = Diameter (m) R = Dimensionless factor as CB = Convective bolling
D. = Bubble departure diameter (m) defined by Wattelet ¢r = HRelalive to critical the state
F = Two-phase multiplier ffot strictly e = Reynolds number _ exp = Experimental

convective heat transfer - i - f = Refering either to the liquid

(dimensionless) (dimensioniess): Re == phase orto the liquid of the
Fy = Fluid parameter defined by 5 = Supression factor mixture flowing in the tube

Kandlikar (dimensionless) {dimensionless) fo = Mixture flowing like a liquid
Fr = Froude number T = Temperature (“C) fg = Relative to the difference

(d|mensmnless}1 X = Vapor quality (dimensionless) between the values of the
G = Mass flux (kg/m".s) X; = Martinelli parameter sroperties of the vapor and
g = Gravilacional acceleration {dimensionless): ) iquig

(mis) Ayt 14 D (i m ol g = Gasphase
h = Local heat transfer coefficient X=( ) (p, ) (M} NB = MNucleate boiling

(Wim™."C} Greek symbols: r = Reduced pressure
i = Specific enthalpy (J/kg) B = Contactangle sat = Saturated conditions

k = Thermal conductivity (W/m."C) 5 = Characteristic dimension (m) tp = Two-phase flow
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Table 1 A summary of strictly convective correlations

Author Correlation Fluids Physical Conditions
Dengler &Addoms (1956) hy 3.5 (X 05 Water Vertical
™™ (Xu) D: 25.4mm
G 55a 1100 kg/m” s
X 0a70%
Guerrien & Talty (1956) h .48 Hydrocarbons Vertical
Ty = 3.4 (Xa) D: 19 & 25 4mm
Peyr= 100 kPa
% 110 12%
Chaddock & Noerager h (218 CFC-12 D:12.7mm
(1966) iy =30 (%) G: 100 fo 433 kg/m” s
$:2.210 11 kWm’
h . x: 0'to 70%
,-{'I‘ =3.0 (Xu)
ACRC-1 [Wattelet] (1991) hy (0 b6 CFC-12 D: 12.7mm
=20 (e HFC-134a ek Y
Ta=4.4°C
ACRC-2 [Panek] e 4 aes X )-f“ 563) CFC-12 D: 10.2 and 12.7 mm
(1992) = i HFC-134a G: 100 to 500 kgxm%s
&5 to 30 kW/m”®
x: 20% to 60%
Chaddock & Buzzard hy 0785 t CFC/HCFC-502 D:12.7 mm

o8
R G: 45 to 500 kg/m”.s

9. 1.9 10 23.6 kW/m’
x: 110 23%

(1986)

The second group corresponds to those correlations based on the superposition of heat transfer
mechanisms, namely those due to nucleate boiling and evaporation at the liquid/vapor interface (strictly
convective boiling). Some of the published correlations of this group are listed in Table 2. Similarly to
the ones of the first group, correlations based on the superposition rule are mostly empirical. but
apphicable to a wider range of operating conditions. However. it must be recognized that the extent of
applicability of these correlations is limited since the superposition rule is a rather simple model of the
heat transfer mechanism under convective boiling conditions. Kutateladze (1961), who proposed a non-
lincar superposition of effects, was probably the first researcher to introduce the idea. Later on, Chen
(1966) successfully proposed a lincar superposition. His model assumes that the two-phase flow heat
transfer coefficient results from the sum of strictly convective and nucleaie boiling effects. In other
words,

h'_.-.,‘ = ]‘1:‘.J .“Ir i fS) h;\-‘ﬁ (I)

The first term of the right hand side can simply be evaluated by a strictly convective correlation,
whereas the latter, iy, is associated to a typical nucleate boiling correlation. Chen (1966) suggested the
Foster and Zuber (1955) model for h.,. This coefficient must be corrected by the so-called suppression
factor, S. which was introduced to allow for convective effects on bubble nucleation. In that respect it
must be noted that higher Reynolds number llows tend to promote thinner boundary layers and higher
temperature gradients at the wall. As a result, the effective temperature of the liquid around the bubble
is diminished, reducing the chances for bubble nucleation. Thus, according to Chen’s model, § must
vary inversely with the two-phase flow Reynolds number. Other authors have used similar arguments as
Chen. However, to account for surface and nucleate boiling effects, some have gone further by making
F and § dependent on other dimensionless groups, such as the Froude and the Boiling numbers (see
nomenclature for definition). Finally it must be noted at this point that, for higher vapor qualities,
strictly convective boiling effects are dominant due to impaired conditions for bubble nucleation, as one
can easily conclude from the physical behavior of annular flow. In other words, S must decrease with
vapor quality. To a certain extent most of the correlations based on the superposition rule include this
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vapor quality effect. On the other hand, some tend to overweight nucleate boiling effects to adequately
correlate experimental results.

Table 2 A summary of correlations based on the superposition rule

Authar Caorrelation Fluids Physical Conditions
Chen P =Py Fop+ huay Sews Water Vertical
{(1966) A 08 04 IMethanol pex: 55 to 3500 kPa )
hi= n 0.023Re;  Pr Benzene G: 500 to 3600 kg/m®.s
q Pentane w:1to 71%
Fey=1 for X< 01 Hexane
it
Heptane
If (VR ] Jr
Foy=235(— 0.213)  for — =01
X Xt
7Y 045 (0,49 o~
hoe = 0.00122 [ <L B0 [ 8T s
. (05,029, 008 024
APy
: Spy = ;
| (e 258N 0070 Re (1T
1 Gungor My =hy Fow + huge Sew Water G: 60 to 8180 kg/m®.s
E 5 - 142400080 +1.87 {1 )CIBG i 1002800 K
4 =1+ 3 b . .
Winterton o oo - i CFC-12 %: 0 to 99%
. (1936} huse =55p.  (logap) M o CFC-113  D:3to 32mm
iz CFC-114
GW = i
IS0 P e T 0T HCFC-22
o Ethylene-
For Frz 0 05 mult:plyI Faw and Sgw by Fy e 5i: glycol
Fi=Fi S, =\Fr -
Liu £ _ £ 2 Water G: 12.4 to 8180 kg/m®.s
by = (Fi h)+[S hiae) o
- 3 D B CFC-11 5 0.4 to 2600 kW/m”
Winterton hi =g 0.023Re.  Pr. gEgﬁs x: 0 to 94.8%
(1991) oy 03 CFC-114 D: 3 to 32mm
5 Fua=[1+x Pr(=-1) ] HCFG-22
: Pa
3 ; Ethylene-
: Siw= z glycol
E i1+ 0055Fw ™ ge 16
l For Fr < 0.05, multiply Fyw and Sy by Fy e 8, from
Gungor-Winterton,
Jung by = by Fg + S hrgs CFC-11 Tear: -10 t0 10°C
j & b SR 0D 085 CFC-12 G: 100 to 700 kg/m2.s
. H = &. 4 +3, 4
| Radermacher { X 522832 o: 5 1o 40 K\W/m®
(1931) " $ D .75 681 5 0,533 HFCo32 % 10 to 90%
e =207 5 s b Tas) (pf] (Pre CFC:{s  DP=8mm
D, — 00146 05 HCFC-123
= B3 (pf B | ) HCFC-124
122 113 HFC-134a
Far Xy =1 = S;3= 4048X%, Bqu S HCEC-
Far1<Xy=5=58/r=280-0.1% Bo 141b
HCFC-
142b
HFC-143a
SR i} - HFC-152a -
Wattelet CFC-12 G2 25 10 300 kefm?
(hmJ = (hy Fu R} + (hNHf} ket SHITH
(1894) Fu=1+1.925X, o HFC-134a 4 2 10 30 kWi

x: 10 to 90%
R=1.32 Fr for Fr< 0.25 T... -15 to 5°C

R=1 for Fr=0.25 D =127 and 15.87mm
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(Table 2 cont.)

Author Correlation Fluids Physical
Conditions
Murata Py = by Fagra + Pz S HCFC-123 G LR o 300 kgfm s
& maEd ¢ 0 to 30 kW/m®
Hashizume  Fyy=2.44 X, ; ;
8 %
(1993) %1 to 100%
O =127mm
0.2
S e nH -~
Pirgn = 31.4 [ ey ! Par. 200kFa

T, 00

{ =l M X
]

J 1= e o
Sy = L, =
[ IOPMH N |
N
124
Epai— 8
FE =19 pr Y
05
be=0.08] — |
ylro —ry)

Probably Pierre (1956) was the first researcher to empirically correlate experimental results
obtained [rom an evaporator operating with refrigerants CFC-12 and HCFC-22, both for pure
refrigerants and their mixtures with low oil content. Pierre approached the problem from a pragmatic
point ol view by introducing two dimensionless groups to correlate the Nusselt number. One was a two-
phase flow Reynolds number, based on the mixture flowing as saturated liquid in the twbe, whereas the
other, designated as K. corresponds 10 a modiflied version of the Boiling number. The latter includes the
length of the evaporator tube, which is a major nuisance in applications. Pierre’s results were written in
terms of average heat transfer coefficients, applicable 1o evaporator exil conditions corresponding Lo
cither vapor qualities up to 90% or 6°C superheated vapor. The correlations proposed by Pierre are
listed in Table 3 along with the other two corresponding to the third group of correlations, the so-called
strictly empirical.

Shah (1982) proposed a correlation developed from an extensive data bank of experimental results.
The basic approach taken by Shah (1982) was to start with the introduction of non-dimensional groups,
based on previous experience instead of a dimensional analysis. which would be rather complex for this
problem. Shah (1982) introduced the following dimensionless groups in his correlation: the Boiling, the
Froude, and the Convective numbers. The latter corresponds to a modified Martinelli parameter,
without the viscosity ratio. Initially Shah introduced a chart for the dimensionless heat transfer
coelficient. defined with reference to the coefficient corresponding to the liquid of the mixture flowing
in the same tube. h,. Later on he proposed the correlation listed in Table 3,

Table 3 A summary of strictly empirical correlations

Author Caorrelation Fluids Physical Conditions
Complete evaporation:
» 8°C of superheat at exit and CFC-12 D=12to18mm
mH < nelnp K=07% 1[}'? HCFC-22 % 15% in 6°C of
Piarre superheating

Ky 204
hy = 0.0082 [Re,
(1956) w=p 00082 [Rey, K]

Incomplete evaporation:
e 2 12
»Xei < 0.9and 10 = Rep, K=07 X 10

I g £
i :% 0.0009 [Rey. K| B (IL';x)
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(Table 3 cont.)

Author Correlation Fluids Physical Conditions
Shah p Do Water G: 100 to 2000 kgim".s
(1982} ' CFC-11 1.2 to 2000 kW/m®
N =_C°| S CFC-12 x: 010 100%
vertical and horizontal flows for Fr = 0. HCFC-22 T -50 to 190°C
N=038Fr Co, CFea1s
horizontal flow for Fr = 0.04 Hexane
e ForN =1: i i
We=230Bo | forBo=03X10
Wya=1+46Bo  forBo= 03X 10
8
Ve = —"J m
wefl
' higher value between Wy and ‘e
« Far 01 (n..r{\lc:‘l_t]: 2
Wes=FBo exp(274N )
« Far N<GQ_1: s
: Wee=FBo exp(247N ) i
F=147 forBozﬁ)ﬂO_l
1 F=154 forBo< 11 X 10
' higher vqlue between Wus and We.
?
Kandlikar he 2 E o Fyvalues
=[ACo (25Fr ]+(CBo F,
II (1990) h =l (B PR Tx It Fal Water: 1.0
Convective Boiling: Nucleate Boiling: CFC-11:1.30 G: 15 to 8180 kg/m”.s
A =1.1360 A = 0.6683 CFC-12: 1.50 o 1.2 to 2000 kW/m”
B=-09 B=-02 CFC-13B81: 1.3 % 0.1 1o 95%
C=667.2 C=10580 HCFC-22: 2.20
b=07 D=07 CFC-113: 1.30
E=03 E=03 CFC-114: 1.24
For Fr=004 = E=0 For Fr=004 =E=0 HFC-152a; 1.10
HFC-134a: 1.63

Kandlikar (1990) followed the same steps as Shah in developing a generalized correlation from a
data bank of experimental results. He introduced the same non-dimensional groups as Shah but
differently organized. A major set back of Kandlikar's correlation is the Fluid Coefficient, F; (sce Table
3 for reference), dependent upon the particular fluid. Kandlikar (1990) suggested values of T, for
several uids in his original paper. The original list has been enhanced by several authors along the
vears. Eckels and Pate (1991), for example, based on their own experimental results, suggested the
value of 1.63 for the Fluid Coefficient of refrigerant HFC-134a. Due to its excellent results, Kandlikar’s
correlation has found a widespread application in the refrigeration lield.

Bandarra Filho (1997) has performed an in depth analysis of the correlations listed in Tables 1 to 3.
Results can be summarized as follows:

(1) Correlations of the same group present significant discrepancies among each other and with

those from the other groups.

(2)  Comparison of correlations with experimental results from an available data bank' resulted in

average deviations as listed in Table 4. The average deviation has been defined as

"Experimental results have been kindly provided by the Alr Conditioning and Refrigeration Center of the University of Winois at
Urbana-Champaign, USA. A summiary of experimental conditions and Nuids can be found in Table 5,
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(3) A close examination of Table 4 allows lor the Tollowing conclusions:

(a)  In general, strictly convective correlations present the highest deviations, whereas the
strictly empirical ones, the least.

(by  Deviations diminish for mass fluxes higher than 100 kg/m's. possibly due to the
occurrence of annular flow. It must be noted that most of the correlations have been
developed for high mass fluxes. which explains the observed trend.

(¢} Kandlikar's correlation along with the one proposed by Walttelet (1994), developed
from the same data bank used in the present study, produced the least average
deviations,

(d) It is interesting 1o note that correlations of the second group, corresponding to those
based on the superposition rule. present unexpectedly high average deviations. The only
exception is Wattelet's correlation as it should be expected, given the comment on the
previous paragraph.

(4)  As a general rule, low mass flux data are poorly correlated. Probably this behavior is related
to the occurrence of the stratified flow regime (particularly the wavy flow) with its horizontal
liquid/vapor interface. Apparently, the introduction of the Froude number in some ol the
correlations, to take into account horizontal interface effects, have not produced the expected
results. Further rescarch is needed to clucidate physical behavior of the heat transfer
mechanism under stratified flow.

(5)  As a final conclusion, it must be noted that all correlations adopt the traditional approach of
referring heat transfer coefTicients to their single-phase counter parts.

Table 4 Average deviations of correlations from experimental results

Carrelation Average deviation Average deviation
{Complete set of experimental (G =100 kg/m”.s and
results) 4= 20 kW/m™)
Group 1
(Strictly convective)
Dengler & Addoms (1956) 54.0% 46.0%
Guerrieri & Talty (1956) 32.0% 24 0%
Chaddock & Noerager (1966) B86.0% 69.0%
ACRC-1 (1991) 36.0% 30.0%
ACRC-2 (1892) 20.0% 14.8%
Chaddock & Buzard (1986) 21.0% - 14.9%
Group 2 '
{Superposition rule)
Chen (1966) 24.0% 16.0%
Gungor & Winterton (1986) 20.0% 18.3%
Liu & Winterton (1991) 19.0% 13.3%
Jung & Radermacher (1989) 22.0% 16.2%
Wattelet (1994) 12.3% 8.60%
Murata & Hashizume (1993) - 28.{1% 21.0% -
Group 3
(Strictly empirical)
Shah (1982) 17.7% 13.7%
Kandlikar (1990) 14.2% 10.0%

Heat Transfer Correlation

In the last section the most representative heat transfer correlations for convective boiling were
introduced. As noted before, the strictly convective ones, though rather simple, correlate with
acceptable precision only the annular flow regime. On the other hand the superposition rule is not
completely satisfactory, since it is rather complex to adequately weight the relative importance of
convective and nucleate boiling effects for dilferent conditions. Finally, it has been proved that strictly
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empirical correlations are accurate, but are either [luid dependent, such as the one by Kandlikar (1990),
or present a complex form for practical applications. Given the present state of the art, the main
objective ol this study has been o develop a simple yet accurate correlation that would incorporate all
significant effects of convective boiling of halocarbon refrigerants flowing inside horizontal tubes
under typical conditions for refrigeration applications. The correlation should include all significant
mechanisms affecting heat transfer through pertinent dimensionless groups. As in previous correlations,
a certain degree of empiricism will be exercised in the determination of numerical coefficients and the
establishment of the range of dimensionless parameters. The experimental data bank used as reference
in this study was obtained for experimental conditions summarized in Table 5. It must be noted that
data were obtained for only three refrigerants and limited ranges of operating conditions, mostly
covering refrigeration applications.

Table 5 A summary of operating conditions for experimental results used in this study

Refrigerant D o G % Tsat
[mm] [kW/m’) [kg/m".s] [%] ["C]
CFC-12 7.04 1.9t05 25to 100 20 to 60 2010 5
HFC-134a 7.04 and 10.92 1.9 to 40 50 to 500 510 95 -1510 20
HCFC-22 7.75 and 10.92 1.9 to 40 50 to 500 11094 51015

Three dimensionless parameters, already mentioned in this paper, were introduced “ad hoc” to
incorporate the intervening physical mechanisms.
(1) The Martinelli parameter, Xtt, to take mto account strictly convective effects due to
evaporation at a liquid vapor interface, according to the McAdams (1954) model,
(2} The Boiling number, Bo, intended to take into account nucleate boiling effects, generally
associated Lo the heat transfer coefficient dependence on the heat (Tux.
(31 The Froude number, Fr, to incorporate horizontal free surface effects, typical of the stratified
flow regimes.
In this case, contrary to most of the previous correlations, nucleate and strictly convective elfects
have not been evaluated separately. Instead, the dimensionless heat transfer cocfficient was set equal to
a product of the dimensionless parameters, according to the following general form:

hr;:

=1+ C X]'Bo" Frl (3)

hye

It is interesting to note that the first term in the right hand side of Eq. (3) is intended 1o make the
cquation compatible with the asymptotic condition corresponding to a single phase flow of liquid. Since
the exponent m is always negative, when the vapor quality goes to zero so does the second term (X, —
oo}, and. as a result, the dimensionless heat transfer coefficient goes to 1. The numerical coetficient and
exponents were obtained as follows.

(1) Initially Fr was dropped from the general equation, and the following dimensionless
parameter was correlated exclusively by the Martinelli parameter for experimental data:

hfi o

hy

S (4)

Bo

(2)  For cach value of n, values of m and C would result from the correlation of experimental data.
A trial procedure was set up to determine de value of n that would produce the minimum
average deviation. Table 6 displays results from several trials. It can be noted that the
optimum value of n is 0.3, The corresponding values of m and C for this value of n are: -0.65
and 40,

Table 6 Average deviation for several values of n

Average deviation [%]

a 19.2
0.1 16.0
0.3 135

0.5 16.9
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Despite the limited range of Froude numbers available from the experimental results, a clear
wrend has been devised according to which this group would exert no apparent influence over
the heat transfer mechanism for Fr=0.1. The value of the exponent p in Eq. (3) was set to zero
for this range of Froude numbers. On the other hand, for Fr<0.1, the optimum value of p was
determined through a trial procedure in such a way to minimize the average deviation. The
optimum value of p was found o be equal to 0.5,

The resultant correlations for the two ranges of the Froude number can be summarized as
follows:

Fr<l).1

h, _— \
=2 _ 14 125x,"" Bo" Fr (5

= =1 +40X," Bo"” (6)

Equations (5) and (6) reflect the physical behavior of convective boiling. In fact, this can be
qualitatively demonstrated by considering isolated effects of the intervening parameters as follows.

(1)

(3

Given the geometry, saturation temperature, and heat and mass fluxes, one should expect that
the two-phase flow heat transfer coctficient would be exclusively dependent upon the vapor
quality through X,. A clear picture of the problem could be drawn by considering the annular
flow regime, for which h, would increase with vapor quality. Equations (5) and (6) are in
accordance with this behavior, since, for constant Bo and Fr, the dimensionless heat transfer
coefficient diminishes with X, as expected. This conclusion is in accordance with that
previously drawn for the strictly convective correlations.

The Boiling number is intended to take into account nucleate boiling effects for which the
heat transfer coefficient depends upon the heat flux. increasing with it. This dependency is
clearly reflected in Eqs. (5) and (6). It is interesting to note that, according to the above
equations, the relative importance of the Boiling number increases with X, or, in other words,
for reduced vapor qualities. This is consistent with the physical behavior, since the probability
of nucleate boiling occurrence increases for lower vapor qualities. On the other hand, the form
of Eqs. (5) and (6) allows for the progressive reduction with vapor quality of the relative
influence of the Boiling number,

The Froude number is associated to horizontal liquid/vapor interfaces, as in the stratified two-
phase flow regime. The occurrence of this regime is clearly determined by the mass flux. Low
values of the mass flux, corresponding to low Froude numbers, arc associated to the
stratification of the phases. The annular flow regime could be attained by progressively
increasing the mass flux. The influence of the Froude number on the two-phase flow heat
transfer coefficient is strictly related to the stratified flow regime. The upper region of the
lateral surface of the tube under this regime remains in contact with vapor. This region is
characterized by reduced values of local heat transfer coefficients. As a result, the average
two-phase llow heat transfer coefficient is rather low compared 1o the one under the annular
flow regime. The lower the mass flux (corresponding to lower Froude numbers), the higher
the surface exposed to vapor, which in turn, results in reduced heat transfer coefTicient.
Equation (5) clearly reflects that behavior. In Equation (6) the heat transfer coefficient is
independent from the Froude number due to possible transition to the annular two-phase low
(or values of this parameter of the order of 0.1. This value has been determined empirically in
this study, and should be more intensively investigated in the future.

Discussion of Results

Equations (5) and (6) were developed from experimental results obtained for conditions
summarized in Table 5. Two sets of data were considered in the analysis. The first involves the whole
set of experimental results whereas for the second only data for values of the mass tlux higher than 100
kg/s.m" were considered. A comparison between the heat transfer coefficient from Egs. (5). (6) and the
experimental one is shown in Fig. 1 (a), (b). Clearly Egs. (5) and (6) correlate better the experimental
results for G>100 kg/s.m’. The other correlations considered in this paper show the same trend, as the
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average deviations from Table 4 demonstrate. A possible explanation could be related 1o the Tact that,
for experiments under lower values ol the mass [lux. the vapor quality variation along the test section is
higher for a given heat flux. Variations of vapor quality higher than 30% were common for experiments
at G=100 kg/s.m’, what makes the assumption of local heat transter coefficient rather questionable. In
addition, it must be noted that some experiments were carried out at relatively high vapor qualities at
the entrance. and. as a result, duc to the elevated vapor quality variation, a possible dry out might have
acurred at some point along the test section. Under these circumstances, the average heat transfer
coeflicient evaluated in such a way might not be representative of the one corresponding (o the average
vapor quality at the test section considered in this study.

Average deviations ol the heat transfer coefficient from the proposed correlation with respect to the
experimental one were respectively equal to 12.0% and 8.2%, depending upon the G value (the lower
deviation corresponds o G=100 kg/s.m’), It can be argued that these figures are lower than those
obtained for the other correlations, since Eqs. (5) and (6) were developed from the same set of
experimental data.

In order to check for the significance of the proposed correlation, other experimental results from
the open literature have been used for the sake of comparison. Figures 2 (a), (b) present comparisons
with data [rom Chaddock and Noerager (1966), and Anderson et al (1966), respectively. Table 7 shows
the average deviation ol the heat transler coefficient from some of the correlations considered in this
paper with respeet to data from Chaddock and Noerager (1966) and Anderson et al (1966) as well. It
can be noted that deviations from the proposed correlation are consistently lower than those from the
others. The closest correlations from the point of view of average deviation are those duc to Wattelet
(1994} and Kandlikar ( 1990), respectively.
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Fig. 1 Comparison between the heat transfer coefficient from the proposed correlation, Eqgs. (5) and (6),
with
the experimental one. (a) Complete set of experimental results; (b) results for G>100 kg/s.m”
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Fig.2 Comparison between heat transfer coefficient from proposed correlation and the experimental
one for (a) data from Chaddock and Noerager (1966); and (b} Anderson et al (1966)
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Table 7 Average deviation of the heat transfer coefficient from several correlations with respect to the
experimental from Chaddock and Noerager(1966) and Anderson et al (1966)

Average deviation

[%]
Correlation Chaddock and Moerager Anderson et al

[1966) (1966)

ACRC-1 (1992) [Group 1] 20.0 25.0

Jung & Radermacher {1989) [Group 2] 12.5 18.0

Wattelet (1994) [Group 2] 125 15.0

Kandlikar (1990) [Group 3] 7.70 16.0

Present study (1997) 6.00 14.0

Finally, Figs. 3 and 4 present comparisons of some of the correlations with experimental data used
in this study for typical operating conditions and two refrigerants: HFC-134a and HCFC-22. It can be
noted that all the correlations predict qualitatively well experimental results in terms of the variation of
the heat transfer coefficient with vapor quality, though Egs. (5) and (6) are the best fitted. Among the
other correlations, the one proposed by Wattelet (1994) is the closest, as expected, since it was
developed from the very same data bank as the present study. All the empirical correlations, in different
ways, present some dilficulty in adequately representing experimental results over an extensive range of
vapor qualities. This pattern is clearly seen in Figs. 3 and 4. A possible explanation to the observed
deviations of correlations from experimental results is the lack of correspondence between the model
and the physical mechanism along the test section. In fact, regarding experimental results from Fig, 3a,
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Fig.3 Comparison of some empirical correlations with experimental results for HCFC-22
(a) Tsat=5'C., D=10.92 mm; G=100 kg/s.m?: 4=3.3 kW/m’;
(b) Tsat=5'C, D=7.75 mm; G=200 kg/s.m’; ¢=5.33 kW/m’
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a stratified wavy [ow pattern is clearly established along the test section. Under this flow pattern, liquid
remains in the bottom region of the tube, whereas the vapor flows over the liquid surface in the upper
region, The surface temperature of the tube varics significantly over the circumlerence, indicating that
the local heat transter coefficient varies too due to alternate contact of the surface with liquid and vapor.
However, the average heat transfer coefficient at the tube cross section remains constant along the test
section, as it can clearly be noted in Fig. 3a. This behavior is typical ol stratified flows in convective
boiling. On the other hand, it can be noted in Figs. 3band 4a, b that the heat transfer coeflicient
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Fig. 4 Comparisgn of some empirical correlations with experimental results for HFC-134a
(a) Tsat=5 C, D=7.04 mm; G=100 kg/s.m’; ¢=3.15 kW/m?;
{b) Tsat=5C, D=10.92 mm; G=300 kg/s.m’; =10 kW/m",

increases contimuously along the test section. This 1s an indication that the annular flow regime has set
in, for under this regime the internal surface of the tube is covered by a thin layer of hquid, which
thickens on the bottom of the mbe. As intensive evaporation occurs on the film surface, its thickness
diminishes, causing a reduction of the its thermal resistance, and, as a result, a continuous increment of
the heat transfer coefficient. In convective boiling, etfects like the ones corresponding to the wavy and
annular fTow regimes have been associated (o the Martinelli parameter and the Froude number. as
suggested before. The former takes on strictly convective effects, such as interface evaporation,
whereas the latter should correlate horizontal liquid-vapor interface effects. Regarding nucleate boiling,
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it is @ common procedure to include the Boiling number to physically correlate the presence of bubbles
on the heating surface. Summing up it can be said that most of the empirical correlations include
dimensionless groups to supposedly take into account the occurrence of some physical mechanisms,
However, an adequate procedure to switch on and off these groups under {low regime transition is still
to be developed. As a result, given that over a wide range of vapor qualities there might be the
possibility of occurrence of more than one flow regime, correlations should include a reliable flow
regime transition model. Few studies have focused on flow regimes under convective boiling
conditions, Papers by Kandlikar (1991) and Kattan et al. (1998) are significant exceptions, though not
exhaustive.

Conclusions

The literature survey performed in this study has revealed that convective boiling heat transfer
correlations from the open literature might present significant deviations from experimental results in
addition to important discrepancies among themselves. A simple empirical correlation in terms of
standard dimensionless groups has been proposed, developed through an optimized curve fitting
procedure of experimental results obtained elsewhere. Despite the limited extent of the available data,
the correlation produced results with signilicantly lower average deviations than the other correlations
considered in this paper. Results from the correlation have been confirmed by comparison with other
experimental data banks from the literature. However it must be stressed that none of the correlations
predict adequately local variations of the heat transfer coetficient along the evaporator (variation with
vapor quality). This result is predictable, since the empirical correlations, like the ones considered in
this study, do not take into account neither physical mechanisms or flow regimes along the evaporator.
Thus further research is needed in that respect in order to develop physically sound and accurate models
for convective boiling.
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Abstract

The role of thermal energy storage in the energetic seene las been continuously increasing over the last vears. since
electrical wiilities started to adopt different rates for “peak” and “off-peak™ power consumption periods. As a result.
several works have been devored o modeling and predicting the transient response of both sensible and latent heat
storage devices. over a variety of geometric forms. Following the current trend, latent heat storage on encapsulated
phase change material (PCM) was chosen ax the object of the present work, Since the main feature is to take
advantage of the high storage capacity offered by the latent heat, this work only deals with situations with small
values of the Stefan nmumber (Ste) which allow the solidification to be predicted by a guasi-stationary model. To
olain more general results, all the physical variables are arvanged in non-dimensional groups. the influence of
which on the response of the storage unit (s evaluated in order to provide guidelines 1o the desigin and operation of
those devices. Several assumptions are made with a view to maintain the model as simple as possible, without
disregarding a careful reflection about ity accuracy and impact on the reliability of the solution. The transient
behavior of the storage unil is described by the evolution of the outlet temperature, as well as the thermal resistance
ratio (TRR) through the discharge process. To ratify the model, some comparisons with previously published works
are provided, showing not only qualitative but quantitative concurrency as well.

Keywords: Thermal Storage, Phase Change.

Introduction

Among the publications devoted to investigate the use of latent heat, the majority refers to "bulk”
storage (rather than encapsulation), to which many analytical and numerical solutions can be easily
found, such as in Szego and Schmidt (1978), Shamsundar and Srinivasam (1980) and Smith et al.
(1980). to name a few. However, since encapsulation is becoming the most popular thermal storage
architecture. one would ask what advantages it might have over “bulk™ storage. That is, why many
(smaller) capsules should be used rather than just one. The objective of the present work is Lo answer
that question. Arnold, (1990 and 1991), used a semi-empirical model to describe latent heat storage on
spherical capsules. Although extremely enlightening, his development was restricied to a dimensional
formulation, which prevents its conclusions to be extended to a wider scope. Also, rather than spherical,
we shall consider cylindrical capsules (tubes) transversally disposed to the flow, as shown in Fig. 1.
Alexiades and Solomon (1993) proposed a quite simple analvtical model o this configuration; however
its application is restricted (o situations where the thermal resistance imposed to heat diffusion through
the phase change material is negligible. Unfortunately, this 1s not always the case. In fact, the growth of
the thermal resistance due to the solidified - or melted - layer 15 a rather common and relevant feature of

latent heat storage.
Wk

Fig. 1 Storage Tank
Manusecript received: July 1998 revision received: February 1999. Technical Editor. Angela Qurivio Nieckele.
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Model Development

All the equations will be written for a solidification process, although the model is capable to
simulate both heat (or cold) storage and recovery. The problem is posed as follows: at a time t = 0, the
PCM is “hot™, molten inside the tubes at a uniform melting temperature T,, ; at this very moment “cold”
heat transfer fluid (HTF) is admitted through the bottom of the tank, To make the model practical, some
assumptions are necessary:

The tank is represented by a control volume with one inlet and one outlet.

The tank, initially, is at uniform temperature, T,

All walls are perfectly insulated.

All vertical walls are impermeable. .

The thermal capacitance and resistance of the tbes walls are negligible,

The sensible heat stored within the PCM is negligible when compared to the latent heat.

There is no natural convection inside the tubes, before or during the phase change.

The thermal resistance imposed by the PCM continuously increases with the solidification front
progress.

9. The flow of the HTF throughout the tank can be modeled as a “plug-flow™.

10. The heat transfer from the PCM to the recovery fluid is represented by concentrated sources,

placed in the center lines of the tubes (Fig. 2),

C .l

Fig. 2 Physical and numerical domains

00 SFER A IR

All the assumptions are realistic within certain ranges. The first four assumptions are common to all
model and experimental devices. The fifth is as good as smaller the thickness and higher the thermal
conductivity of the tube walls, while the sixth is good for most of the PCMs. The seventh assumption is
reasonable because the capsules diameter are usually small and PCM viscosity is usually high enough
to prevent any buoyancy induced flow, whereas the eight assumption is good when the PCM is a pure
substance. The ninth gets better with the decrease of the flow rate and/ or the increase of the tank
height. Finally, one should notice that the direction of the phase change (radial to the tubes) not
coincide with the direction of the flow. Assumption number ten enable us to split this two-dimensional
domain into two one-dimensional domains.

Nomenclature
Aur . average flow area Nu = Nusselt number T = maximum velocity of the
A = mirr}[imum flow ?rea ECM = iahnk length . flow
o = surface area of one = ase change material ; o ;
capsule Pe = ‘eclet number ; - ;.;olur:}etnc_llow e
Cq = constant Pr = heat transfer fluid Prandtl X il il PO B
g, . constant number % = dl 0¥ edm.'me“m"a
2 = constant _ Pren = phase change material o o oo acHan
c. = heat tfra?]sfer fluid & randfl nun{"jnI er YOOk Sy
specific heat o = capsule radius 2
D, = dameterof one capsule Ry = radii ratio » = density
f]i = heat generahhor; ; 3 = global ltgarmal t;esistanc-a H = viscosity
= convective heat transfer e = eynolds number _
coefficient RO = ralte of occupation v = FCM I_atant _haat 3
'f_in_ g = tank heighf! i Ste,. - modified Stefan number T = non-dimensional time
= heat transfer flui t = time 7] = non-dimensional
K = heat transfer fluid T = temperature through the te raMrem “
thermal conductivity fiow field mpe
Kecn = phase change material T, = heat transfer fluid inlet "
thermal conductivity temperature Srl;ubscnm_s ek
K thermal conductivity ratio T, = temperature through the ' p h ng h tarial
L = tank length phase change layer pem = phase change materia
NR = number of rows Tw = temperature of change of O = relative to capsule
phase ! = solidification front
NT = number of tubes u = characteristic velocity of
NTPR = number of tubes per row the flow
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It is worthwhile to notice, while observing Fig, 2, that the flow cross-section in the real tank is

wider than in the model. This happens because when one assumes a plug-flow condition under a given
flow rate. a representative area can only be found on a volume rate basis:

} HrL-" Z NTLD: 1
Af‘ll-'h = ( ] )

H

If V is the volumetric flow rate of the HTF through the tank, then the Mow velocity “u” is assumed
to be uniform, and given by:

1= (2)
Auve
This enables us to write the one-dimensional transport equation
ar  ar 2
pCp —+u— ,6' ]:+G (3)
(9! ().1' adx°

As stated before. G is a heat generation which is present only on locations which correspond to the
tubes centerlines, (otherwise G = (). This heat source is distributed over a small clement of arbitrary
length Ax

Genrprn=T) 1 1 @)
R'. 4“(}: Jl

On the onset of the change of phase the thermal resistance is given by:

4
hA,

(5)

After its beginning, the thermal resistance to conduction through the growing layer of PCM has to
be added to the previous term

o
Y /Ry 6
h‘% ZKK'D: mL ( }

Then, if one places (6) in (4) and (4) in (3),

-

(a? ar] d°T , NIPR (
pCp

+
9,1'3 Aave 4" @

d dx

Thermal resistance (Eq. 6) is composed by two terms. On the first one, which accounts for the
convective resistance, the value of h is obtained by
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h=NuK/D, (8)
in which the Nusselt number Nu is given by Bejan (1995).

025

(9

Nu= ¢ Re” prt “[

3
’ll

where C, and C, are constants which depend on Re. C; varies from ( to 1 for Re <10 and NR (number
ol rows) < 16. For any other conditions, C;, = 1. The Reynolds number is based on the maximum
velocity, u... . which occurs at the minimum cross section, A,

R‘.=p"mtu ”l‘l (10}
u
!’f"\‘r).( = ‘f (A:‘nl/Amm) ( l I)

oo

LUmax

Fig.3 Maximum velocity flow area

The ratio between the capsule radius and the solidification front radius R, will be obtained by
using a quasi-stationary phase change model (Alexiades and Solomon, 1993), which, according to
assumption (6), is suited to this case, If the phase change at the J row starts at {;, temperature throughout
the PCM is governed by

S dT,;
pem € pent | ) ) 1
~% 2 [R—dR 1 0O Ry>R>Ry 1>t (12)

Subjected to the following boundary conditions:

Tl Rgt) = Tas 15 1; (12a)

‘ﬁ:u: | :

K"'”"W =hT(t) =T, R, t)] 121 (12b)
Ky

to obtain

InR
LRy
Tpom( Rt )=T,, +(T(1)-T,, IR—I‘;——— Ry>R>R, .1>1; (13)
o pem S
fn—“ - /hR,

On the possession of the temperature profile through the PCM., it is possible to apply a differential
energy balance on the solidification front
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dR ; dr
sf - Jum
Y i =K t>1; (14)
/ pomf ¥ dt putn AR | i
Ry
R{0)=R, (14a)
o obtain
SRRy 2K ... 4Kt
aRG =T pe Be V(g2 g2} " en o g Y (15)
' Rn tha ' pem Y 0

The solution to this integral equation simultaneously with the partial differential equation which
prescribes the temperature field through the tank, Eq.7, represent the physical process of heat recovery
(or storage). However, to obtain more general results, it is advisable to rewrite Egs. (7) and (15) in non-
dimensional forms. Defining a characteristic advection time, t. (Homan et al.. 1996) and the following
dimensionless variables,

t. = Hfu (16)
T=1, (17)
x=x/H (18)
RR = R.\/R{J (19)
e = (T’Tm” Tm'Tm’ (20)
Pe = Huf@,., (21)
Ky = K/K o (22)
and replacing them in Eq.(7)
a6 8 1 a°e HL (6,,—8) NTPR 1
(9_ + = =F T +ﬂA I3 . 1 1' (23]
T dx € dx AVE € M { - KR n"HRR)

Nu 2 |

|
Initial condition: Bx.0)=1 (23a)
Boundary conditions o0.7)=0,1>0 (23b)
atx’'=1, % _, (23¢)

fh "
Also, defining the modified Stefan number
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_p(‘p( Tm _T;‘H )

Steoyim—————————— (24)
P pem¥

and introducing the non-dimensional variables into Eq. (15) one would oblain

I s, ST 4 o _
nRp = —+ I—RpJ+8 == | ——S5te, Ry"|(6,,—8 Jdt (25)
3 R:[z NuKRI R) R[H] K Pe ™4 1( =6

The solution is then obtained by solving simultaneously Eqs.(23) and (25). The domain relative to
Eq.(23) is divided into a finite number of volumes, cach one of lentgh Ax’ (Patankar,1980) by using the
upwind scheme to represent advection and the fully implicit scheme for the transient term. The resulting
tri-diagonal matrix is then solved, with guessed values of R, for each row, and the temperature field is
used to evaluate Ry, on cach row, using Eq. (25). This process continues until convergence has been
achicved. Before evaluating the influence of the non-dimensional parameters over the energy recovery,
some considerations are necessary:

e  The storage tank is initially filled with both HTF and PCM at T,. Since the inlet temperature

T;, will necessarily be smaller than T, in addition to latent heal some sensible heat will be
stored both on the PCM and the HTF. According to the quasi-stationary model of
solidification, sensible heat storage on the PCM can be neglected (assumption 6). Sensible heat
storage on the recovery fluid is naturally taken into account by the left side of Eq.(23). This
explains why a modified Stefan number definition (Ste,,.) is used, rather than the traditional
one.

e Since Zukauskas correlation, Eq.(9), is the only one available, the Nusselt number can only be
obtained from Reynolds and Prandtl numbers. Hence, Prandtl and Pe number are used to feed
the code, instead of Reynolds and Nusselt numbers. Then the code evaluates Reynolds and
Nusselt numbers.

e Since it's difficult to attribute typical values for the geometric parameter HL/A,.., a
slenderness ratio H/P is used instead. It can be shown that

HL ! 26)

!

Aﬂu'n’_‘ H__NTI_{"{&}E
[P] J "‘tLHJ

and the geometry of the storage tank is defined by H/P . Dy/H, NTPR, NR.

e  An important auxiliary parameter is the rate of occupation, RO, which can be defined as the
ratio between the tank and PCM volumes. It can be written in terms ol the input parameters
according to

v 2
R()zﬂ=£NT & ﬁ 27
Vi 4 H P

Results

The non-dimensional (input parameters) which feed the code are H/P , Di/H. NTPR, NR, Pe, Pr, K;,
Ste,,. Non-dimensional such as Re, Nu, HL/A, ., and RO are derived (output) parameters, values of
which are calculated by the code. All input parameters values were chosen so as to match the values of
dimensional running parameters of actual devices, largely described on literature. For instance, the
analysis shall be restrained to low Reynolds number values, since the HTF flow is described as being
laminar on all experimental and commercial devices (Arnold,(1991); Cryogel,(1990); Dorgan and
Elleson,(1993)). As stated before, the objective is to evaluate the influence of the fragmentation of a
given amount of PCM over the extraction of the energy previously stored. To conduct this
investigation, the number of tubes NT will be varied simultaneously with D,/H, in such a way that the
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rate of occupation RO (Eq. (27)) remains constant. Some parameters, which are shown on Table 1, are
held constant through cases 1 to 9, All auxiliary parameters are somber, to distinguish them from the
mput parameters. Results are ratified in the appendix, by a comparison to an analytical solution.

Table 1

HIP
St&mo
Kn

Pr
RO

Constant Parameters

1

0.2

1

4.5
60%

Table2 The influence of NT over the energy recovery

Pe NE NTFR NT De/l Re Mu
Case 1 10° 10 10 100 0.073 70 13.2
Case 2 10° 50 50 2500 0.015 15 T2
Case 3 10° 100 100 10000 0.007 9 58
Case 4 2% 10" 10 10 100 0.073 134 19
Case5 2x10° 50 50 2500 0015 27 9.5
Case 6 2% 10° 100 100 10000 0.007 15 7.5
Case?  5x10° 10 10 100 0073 334 37
Case 8 5% 10° 50 50 2500 0.015 70 137 :
Case 9 5x10° 100 100 10000 0.007 37 10.3

It can be seen from Table 2 that, in spite of the decrease on the Nusselt number values, the time
required by the energy recovery decreases with an increase on the number of tubes. Although each
capsule becomes less effective, there are many more capsules (heat sources), making the energy
storage/recovery faster as a whole. Figures 4, 5 and 6 were drawn after Table 2 and show the influence
of the increase on the number of tubes NT over the outlet temperature, for three values of the Peclet
number. In all cases, it can be seen that the higher NT, the higher will be the (average) outlet
temperature, which is also a consequence of the better heat transfer rates proportioned by

fragmentation.

1.0

0.8

THETA ©CGUT

.2

0.6

20.

o A40.0

0.0

% ENERGY RELEASED

Fig. 4 Outlet temperatures for a low Peclet value
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Fig. 6 Outlet temperatures for high Peclet value

It is also possible to observe that the increase of NT produces a “steady-state” discharge process,
with a constant outlet temperature up to 70% of the storage capacity. To better understand this behavior,
it i5 convenient to introduce the definition of thermal resistance ratio, TRR, as the ratio between the
initial and the instantaneous thermal resistance,

( 1 InRg ]
hdyy,  2rK ., '
e '} : pem = 7 Nut l'_A'TRQ (28)

“ER

I,

which is a measure of the growth of the thermal resistance imposed by the phase change. Figures 7 to 9
show the influence of the number of tubes NT through TRR. It can be seen that the higher the NT, the
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less significant will be the resistance to conduction through the PCM, allowing the phase change to
occur almost in steady-state.
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Fig. 7 Thermal resistance ratio evolution
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Fig. 8 Thermal resistance ratio evolution
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Fig. 9 Thermal resistance ratio evolution
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Conclusion

The general conclusion is that, over the range studied, the increase of fragmentation of a certain
amount of PCM (i.c., the increase in the number of tubes) results on better average heat transfer rates,
As a consequence, the required time to discharge the storage unit decreases, while the average outlet
temperature increases. Although unavoidable, the variation on the thermal resistance is also minimized
by increasing the number of capsules. This will lead to nearly constant energy recovery rates, which is
frequently refereed to as an advantage of sensible heat over latent heat storage. Excessive
fragmentation, however, could lead (o phenomena which the model is unable (o predict, such as
subcooling or PCM fracture, as described by Arnold (1990). The model shows good agreement with
independently obtained results (Appendix).
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Appendix

Model Validation

Since this work consists of a mathematical model and its numerical solution, it requires a
comparison with independently obtained results. However experimental data (or this configuration was
not available in literature, so it was only possible to compare the results with those obtained by

- Alexiades and Solomon (1993), who proposed a quite simple model 1o describe the evolution of the

- discharge temperature through time. Instead of considering the whole tank, consider just a row of tubes
(Fig. 10), containing PCM initially melted at T,. At t = 0, the tank is instantancously {lood with heat
transfer (luid at T, The cylinders begin to reeze and cool, while the heat transfer fluid gains heat as it
flows through the array.

—_— e
FLOW . . .

Fig. 10 Alexiades and Solomon’s model
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= | O |

Fig. 11 Single cylinder

Consider now a control volume, which contains a single tube (Fig. 11), If T,ris the temperature on
the surface of the cylinder, an energy balance would result in

(1.-T,)m Cp=2 Ry Lk (Ty-T,) (29)

For small thermal solicitations, T, = T,, , therefore

J;rR'.,!rL

mC

"'.S :Tr - (T.v _an ) (30)

Defining A= 2% RohL
mCp

Ti=T.+M(T,-T.) (31)

This equation provides the temperature at a given location as a function of its backwind neighbor.
One can deduce a formula for any position 7' as a function of the inlet temperature 7.,

T.f= Trfi + A l‘Tm - Tirrj [32)

=T+ A(T,-T)) (32)
Eliminating T, and completing the square
Ty =T, - (T T NA-1) (34)

By induction,

T/=T,-AT (A-1) (35)
in which
AT = Tm 2 TJ-J’ {36}

The temperature field is described by Eq.35 until ¢, when cylinder #1 completely freezes, ceasing
any influence on the temperature field. Then, for #,<t<t, the field is shifted one position to the left, and
cylinders #2.3,4...play the role of their respective backwind neighbors played the instant before. This
“steady-state” field continues to shift upwind anytime a cylinder freezes completely. To obtain the time
required by each row to achieve complete solidification, the quasi-stationary model (Eq. 25) is used:

2 Rc 2Kru|' 2 2 4K m E
2R} tn—L-=| 1+ —" \RZ - R} )——”‘—j(r -, Mt (37)
R hR : Popm ¥ 4

i [

taking Lim R.—0, one would obtain an indeterminate form () x ==. Rewriting R.” as 1/R.” one could
apply L"Hopital theorem and obtain
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Lim2 Ry Ln(RJ/R,) =0 (38)

So the time required by #I 1s given by

i
R, p;lc'm 4 I : k,m'm fy

ty

= (39)

2]{;110:(1“!” _TJ' FJ 2 th‘) (1'—41)‘IF !

270

in which t, is the time required by the first row to achicve complete solidification. Now, it is possible to
compare the results obtained using Solomon’s and the present model in Fig, 12. Tt can be seen that there
is a qualitative concurrency between the proposed and Solomon’s model. However, since the present
model takes on account the growth of the thermal resistance due to the phase change. it predicts a
slower energy recovery. This happens even for a small value of the Biot number (Bi = 0.15). because
according to Eq. (6), the thermal resistance to conduction grows o an infinite value as R. — 0, no
matter how small the value of k., might be.
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Fig. 12 A comparison between Solomon’s and present model
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Abstract

The effect of wind loads on slender bodies hay been observed and investigated for many years by many authors, The
present paper deals with an experimental investigation of wind induced loads en strap-on launch vehicle
configurations. The work is firsily restricted to the observation of steady global loads acting on a configuration
based on an arrangement of four cylinder shaped boosters around a evlindrical central core of equal diameter. The
paper discusses the results obtained for the transversal or drag force, the rolling moment. and the longitudinal
position of center of pressure, as function of several parameters.

Keywords: Aerodynamics, Wind-Loads, Wind-Tunnel, Launch Vehicle.

Introduction

Wind-induced loads concern designers of launch vehicles to attempt to keep minimum structural
weight, flight safety during lift-off, collision-free lift-off, and structural integrity of the global launch
assembly, i.e. launch vehicle, launch table, service tower, umbilicals, etc.

Steady and oscillatory wind-induced loads result from the flow around the vehicle, including flow
separation generated by edges or protuberances on the vehicle’s surface, creating a complex flow
environment. Such complex flow fields have been investigated for several launch vehicles of different
shapes and configurations, however no accurate procedure has been formulated for predicting the loads
on a previously untested configuration. For this reason space vehicle designers are forced to evaluate
experimenially the aerodynamic characteristics of new configurations.

On siniple bodies of revolution like cylinders the steady drag loads can be well estimated using drag
coefficients for two-dimensional cylinders or cone-cylinder combinations, Hoerner 1965. For more
complex configurations, such as clustered cylinders, cylinders with protuberances, or those influenced
by the presence of adjacent tower structures, steady loads may be estimated from wind-tunnel tests on
rigid models.

General Considerations

The model of the herein presented investigation simulates a vehicle that is standing vertically on the
launch pad prior to lift-off, Fig. 1 .

Vwind

T

Service lower

Luunch Vehicle
T

‘:\-l\“‘\c
- Q\‘.\\tcm‘
Launch table

Fig. 1 Lift-off model
Manuscript received: February 1997, revision received. November 1998. Technical Editor: Agenor de Toledo Fleury
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The launch configuration includes:

. launch vehicle (clustered)

*  launch table with flame deflectors and

e service tower.

The wind direction is 90" from the axis of symmetry. The pitching moment acts in a plane which is
parallel to the wind direction and passes through the axis ol symmetry. The lateral forces and moments
act in a planc which is perpendicular to the wind direction and passes through the axis of symmetry.
The center of moments is the intersection of the floor with the axis of symmetry as shown in Fig. 1. The
wind profile has a characteristic similar to an atmospheric wind without consideration of any
topographic obstacles.

Experiments

The experimental investigation was carried out in the TA-2 wind-tunnel of the Acrodynamic
Testing Laboratory of the Centro Técnico Aeroespacial, in Sio José dos Campos-SP, Brasil, (Fig. 2).

Wind-Tunnel

The main characteristic of the wind-tunnel are given bellow:

o Type: closed circuit
o  Testsectionsize: 3.0m x 2.1 m

»  Operation: continuous.

Fig. 2 TA-2 Wind tunnel

Instrumentation:

The main instrumentation used for the present investigation consists of a six-component Taller &
Cooper external balance with six load cells BLH (three for forces and three for moments). Each sensor
was connected with an assembly of signal conditioner, amplifier and filter Honeywell.
Measurements:

The following types of measurements were made during the course of the investigation:

Nomenclature
C; Cy = ftransversal (drag) force  PHI, ¢ = wind direction [degrees] UTd = distance between vehicle
coefficient [-] q = dynamic pressure [N/m7] surface and service
C, = rolling moment Re = Heynolds number tower [m]
coefficiant [-] S5 = frontal area of model Xep/l = relative longitudinal
Dref = reference diameter [m] exposed to wind [m] position of center of
L = total length of mode Sref = reference area [m’, pressure, (Xcp/L=0.0:
exposed to wind {m] Sref = (n/4) D° vehicle nose) [-]
Lref = reference length [m], TU = service or umbilical tower
Lref=L Vo Vi = wind velocity [m/s]
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Stcady-state transversal and lateral forces,
Rolling moment,
Oil flow and smoke visualization, and
Steady-state pressure measurements.

The data acquisition and reduction were conducted using a set of Hewlett Packard equipment’s
comprised of:

e Micro-computer HP-9825

e  Digital voltmeter HP-3456A (300 readings/s)

e  Channel scanner HP-3497A

*  Mairix printer HP-2631G.

For each measuring point 30 data sets were taken and compiled. The final result was then
determined as an arithmetic mean value for every point,

Models

- " " @

The wind-tunnel models were manufactured from steel in a 1:15 scale, so that the mean geometry
details have been reproduced with accuracy, Fig. 3.

The models comprise:

e  Launch vehicle,

*  lLaunch table with flame deflectors, and

®  Service tower.

- Ty T

D2 PR e

n 9f -t

Fig. 3 Wind tunnel test model

Model dimensions:
* Length=123m,
*  Diameter of central core = 0.067 m .

Test variables

Wind velocity, wind direction and Reynolds number were the principal test variables. The Reynolds
number was slightly varied by changing the wind velocity. During the investigation the Mach number
was keept below 0.3, so that major compressibility effects could be neglected.

The other varniables included:

e  Absence and presence of the service tower, and

e Distance between service tower and vehicle.

Tests

The tests were performed with the models described in (Moraes and Neto. 1988), considering
basically the configurations, shown in Fig. 4.
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TU
s .
Launch Vehicle Launch Vehicle
VC+ET :Launch vehicle standing on the VC-ET :Launch vehicle standing on the
launch pad in presence of the service tower launch pad in absence of the service
tower

Wind direction Wind velocity  Reynolds number UTd
Configuration Phi (degrees) Vi (Ms) (10% s {m)
VC+ET 0.15; 0.30
0; 45; 90: 135, 180 31.0:36.0:43.0  0.223-0.306

VC-ET

Fig.4 Launch vehicle testing configurations

Results and Discussion

The experimental investigation was conducted in conditions simulating the lift-off of a strap-on
launch vehicle. The main goal of this investigation was the determination of the acrodynamic global
characteristics for simulation of the dynamics of lifting-off. The lift-off configuration is comprised of
the launch vehicle, in its [Might configuration, standing on the launch table, with flame deflectors, and
service tower.

With the purpose of investigating the dynamic behaviour of such a kind of configuration, attempt
has been given to following characteristics:

e  Transversal (drag) force coefficient C,, defined as C, = transversal force / (q x Sger)

*  Rolling moment coefficient C; , defined as C, = roll moment / (q X Lggy X Sgir) and

* Longitudinal position of centre of pressure Xcp/L (position where the resultant of the

transversal force acts), defined as Xcp/L. = pitch moment / transversal force .

Following are presented in graphs and tables the main aerodynamic characteristics for the lift-off
phase, which are commented with respect to influence of the test variables. The results obtained were
analyzed and later slightly corrected for real flight conditions, so that they could be used for design
purposes,

Influence of wind velocity

Due to limitations of the wind-tunnel, the wind velocity was restricted to a minimum value of 31.0
m/s. In order to investigate the influence of this variable and the corresponding Reynolds number on the
aerodynamic characteristics of the whole assembly, three different velocities were produced: V = 31.0,
36.0 ¢ 43.0 m/s,

The following Figs. 5 to 7, show that the wind velocity does not influence considerably Cz, Cj ¢
Xcp/L. For that reason is reasonable to assume that these coefficients remain practically constant }nr
smaller velocities. So, it is possible for further analysis to extrapolate all the coefficients for V = 10 m/s,
which is the maximum admissible velocity for lifting-off of launch vehicles. The continuous curves
connecting the experimental data drawn in the [igures were obtained through polynomial functions.
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Fig. 6 Influence of wind velocity on roll
moment

Fig. 7 Influence of wind velocity on center
of pressure

Influence of wind direction

In order to investigate the influence exerted by the wind direction (azimuth) on the aerodynamic
characteristics, the wind direction was varied between () and 180 degrees, firstly for the configuration
without service tower. Figure 8 shows the results obtained.

It can be observed from Fig. 8 that the variations of the coefficients, due to variation of the wind
direction, are within a band of accuracy of the measurement technique employed, or they are due to
velocity variations or turbulence level of the flow in the test section of the wind-tunnel. It is also true,
that the flow around the complex geometry under investigation makes possible the formation of vortices
and their displacement, which are sometimes asymmetric (NASA, 1965). This conclusion may explain
the vanation of the measured data encountered for total symmetry of the configuration (see Cz for ¢ =0
°, 907 ¢ 1807). Larger variations, in intervals of approximately 45°, are due to differences of the frontal
shape of the configuration which is exposed to the wind.
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In Figure 9, the influence of the wind direction is now investigated, considering the presence of the
service tower, Conf, VC+ET. for a given distance between the tower and the plane of the longitudinal
axis of the central core, UTd = 0.15 m (real size = 2.25 m), and a wind velocity of 31.0 m/s. In this case,
the influence on the coefficients of transversal force and rolling moment, is clearly stated. when the
launch vehicle is positioned behind the service tower,

The roll moment coefficient also shows a variation when compared with the previous case for ¢ =
45°, However it presents the same value and direction for ¢ = 135°, and agrees again with the result
obtained for the configuration without service tower.

Influence of the Service (Umbilical) Tower

The influence exerted by the presence of the service (umbilical) tower can be observed from Fig.
10. The umbilical tower is positioned by 180°, generating in this way a reduction on the coefficient of
transversal force. This reduction is related to the fact that the whole assembly is in a region of strongly
perturbated (low field (aerodynamic shadow of the tower). From the other side no influence can be
observed on the roll moment coefficient and on the center of pressure.
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i al a4 120 | 50 IRil
Wind Direction PHI (degrees)

Wond Dreetion PHI (degrees:

Fig. 10 Influence of service tower Fig. 11 Influence of distance of service tower

With respect to the distance between umbilical tower and vehicle (longitudinal axis plane), denoted
by UTd, following tests were made: UTd = 0,15 m (2.25 m) and 0.30 m (4.50 m). Figure 10 shows that
differences encountered for both situations are minimal. This allows to conclude that a variation of the
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distance, in the interval 0.15 m € UTd £ 0.30 m, or 2.25 m< UTd < 4.50 m (real size), has only a very
small influence on the coefficients of transversal forces, roll moment and center of pressure,

The final results for application in the simulation of the dynamics and attitude control of strap-on
launch vehicles during lifting-off are presented in Table 1.

Table 1 Aerodynamic Coefficients of Strap-on Launch Vehicles During Lifting-off

VC +ET
Utd=0.15m V (ns)
31.0 36.0 43.0
PHI Cy C Xep/ll Gy C, Xeplk Gy o] Xep/L
0 3781 -0.2353 06460 3975 -0.2457 0.6436 4054 -0.2353 0.6395
45 3899 0.2719 06122 3953 0.2719 0.6091 39.50 0.2614 0.6097
90 39.11 -0.1516 0.6506 3949 -0.1621 06460 3763 -0.1359 06561
135 36.62 0.1307 05950 36.98 01203 05941 3720 01255 05931
180 16.89 -0.1359 0.6753 17.41 -0.1464 06648 17.90 -0.1516 0.6594
Utd =0.30m V (m/s)
31.0 36.0 43.0
PHI Cz Ci Xepll  Cz C Xepll  Cp C Xepll
0 40,88 -0.3033 06520 3991 -0.2457 0.6429 4217 -0.2248 0.6449
45 4007 0.2719 06107 39.98 0.1830 0.6067 39.85 0.1830 0.6096
90 3855 -0.2091 0.6503 39.30 -0.2248 06463 39.78 -0.2196 06441
135 39.11 0.1673 0.5879 39.76 0.1621 0.58955 39.72 0.1778 05955
180 16.14 -0.0B89 0.6573 16.45 -0.0889 06535 16.91 -0.1046 0.6456
VC -ET
V (m/s)
31.0 36.0 43.0
PHI C: Ci Xepll  Cs Ci Xepll Gy Ci Xep/L
0 37.87 -0.2248 06378 40.39 -0.2457 0.6384 4095 -0.2614 0.6371
45 38.36 -0.1307 0.6051 38.70 -0.1412 0.6030 3884 -0.1307 06047
90 40.68 -0.2510 0.6522 39.83 -0.1987 06472 39.75 -0.2091 0.6395
135 39.68 0.1778 06010 40.12 0.1621 06000 40.30 01778 0.6005
180 36.67 -0.2405 0.6432 3769 -0.2405 0.6425 3B8.69 -0.2353 0.6395

The data can be summarized for design purposes as follows:

PHI  Cz Cl Xcpil

0 3781 -0.2353 0.6460
45 3899 +0.2719 0.6122
90 39.11 -0.1516 0.6508
135 36.62 +0.1307 0.5950
180 16.89 -0.1359 0.6753

assuming Vg = 10 m/s and 225 m < UTd <£4.50 m

Due to the complexity of the investigated geometry and the interaction of the wind with the
complex vehicle - tower - launch pad. and also considering the general local topography and that
influence on the wind profile, variations of wind velocity and direction, it is strongly recommended to
consider discrepancies of: CZ x10%, Cl £15%, Xcp/L £1% . In order to consider dynamic effects due
to wind gusts and vortex shedding, it is also recommended to compute an increase of approximately
50% on the steady load coefficients, particularly the drag coefficient.

Conclusions

Using results from an aerodynamic experimental investigation in a low speed wind tunnel, an
analysis of the aerodynamic characteristics at lift-off of satellite launchers of strap-on configuration was



P. Moraes Jr. - A Wind-Tunnel Investigation of Ground-Wind Steady Loads cna ... 278

performed. The complete configuration on the launch pad with and without the presence of a service
tower was considered.

For the analysis, different wind intensities and directions were considered, and all steady
aerodynamic characteristics were analyzed.

The results of the investigation have shown that the aerodynamic coefficients, transversal force and
roll moment, are meanly influenced by the wind direction. while the influence of the wind velocity is of
secondary order. The center of pressure could not be influenced by varying these variables.

The distance between umbilical tower and vehicle does not excert any influence on the acrodynamic
coefficients, if this is varied in the interval 2.25 m < UTd < 4.50 m,

The results obtained in this investigation allow a better simulation of the dynamics and control
system of such type of launch vehicles during their lifting-off.
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Abstract

A mumerical investigation of the flowfield in three proposed geomerries for the nozzle and contraction of a transonic
wind tunnel facility is performed. The primary objective was to understand details of the flow in the wnnel in order to
1y 1o maximize test section flow quality. The caleulations presented here include preliminary 2-D simulations and
Sull 3-D computarions. The codex used for the present calculations were previously validated by the authors and co-
workers, and these validation studies are available in the literature. The primary flow solvers implement an Euler
Sormulation, and use the Beam and Warming implicit approximate factorization algorithm for the solution of the
discretized equations. A boundary laver code was typically run at a posi-processing stage in order 1o estimate
boundary taver growth and s impact on flow qualitv. Resilts obtained for a sonic nozzle and for two Laval nozzles
are presented. and they were instrumental in the selection process which led to the transonic facility which i
currently being huilt,

Keywords. Transemic Nozzle Flow, Transonic Wind Tunnel, CFD Methods. Tunnel Design.

Introduction

Transonic wind tunncls usually operate from low subsonic Mach numbers (M = 0.25) to the
supersonic regime (M = 1.6). The tunnel nozzle is a key element in achieving the desired tesi-section
Mach number, M... Mach numbers up to unity are obtained using a sonic nozzle, There are two possible
solutions for M, above this value: (i) the installation of a flexible Laval nozzle or (ii) a sonic nozzle
used in conjunction with test-section mass extraction. In the case of test-section evacuation, the amount
of mass extraction varies with M . being around 2.5% of the tunnel total mass flow. The extracted mass
enters the plenum chamber, which surrounds the test section, and it re-enters the tunnel closed circuit at
an appropriate location downstream of the test section. While the first option is mechanically complex
and much more expensive, it yields better test-section flow quality than the second one. Moreover, the
second option is also limited to M.. < 1.3, since above this test section Mach number value the mass
extraction needed is prohibitive as it would demand very large auxiliary compressors and it would also
have an adverse impact upon the tunnel flow quality. The authors refer to flow quality here in the sense
that M. should be constant along the complete test section length. Anything that disrupts such behavior
is having a negative impact on the tnnel flow quality.

Centro Técnico Aeroespacial (CTA) is designing a large transonic wind tunnel facility with a 2.0 x
2.4 m test section (TTS Project). To minimize the technical risks involved in such an enterprise, the
project's first phase consists of the construction and operation of a pilot facility (TTP). Among the many
important points to be checked in the TTP emerges the nozzle design. The design of the nozzle is of
utmost importance as it is directly related 10 the flow quality at the test section. On the other hand,
Computational Fluid Dynamics (CFD) methods are enjoying increasing application assisting in the
selection of tunnel airline component geometry (Davis et al., 1986). These techniques have been used o
design diffusers and flexible nozzles as well as investigate other aspects of the tunnel flow, Therefore,
the major objective of the present work is to study, using CFD techniques, three possible nozzles for the
TTP. One of them is a sonic nozzle, and the other two are Laval nozzles with a nominal Mach number
of 1.3. It was decided that, in the TTP context, the optimum choice for the nozzle element would be to
have fixed interchangeable nozzle blocks. instead of the flexible nozzle planned for the full size facility.

The calculations presented here include preliminary 2-D simulations and full 3-D computations.
The codes used for the present calculations were previously validated by the authors and co-workers,
and these validation studies are available in the literature (see, for instance, Azevedo, 1988, 1990, 1992,
Azevedo, Zdravistch and Silva, 1991, Ortega and Azevedo, 1991, Azevedo et al., 1992, and Azevedo,
Fico and Ortega, 1995). Both for the 2-D and the 3-D case, an Euler formulation is implemented in the
codes, and the Beam and Warming implicit approximate factorization algorithm (Beam and Warming,
1976, 1978, and Pulliam and Steger, 1980) is vsed to discretize and solve the goveming equations. The
Manuscript received: January 1997, revision received. January 1998. Technical Editor: Leonardo Goldstein Jr.
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implicit Ealer method is used for the time march and central differences are used to discretize the space
derivatives. Artificial dissipation terms are explicitly added in order to control nonlinear instabilities.
Considerable effort was invested in the accurate implementation of entrance and exit boundary
conditions through the use of one-dimensional characteristic relations (Fico, 1991, Azevedo et al., 1992,
and Azevedo, Fico and Ortega, 1995), The most stringent requirement for a tunnel nozzle, besides
giving the desired test section Mach number, is the quality of the flow it provides for the test section.
Therefore, the consideration of boundary layer growth is also an important issue in this case. Here, for
the 3-D simulations, this is taken into account by a viscous-inviscid coupling. A houndary layer
formulation, solved in the direct mode, is implemented and coupled to the 3-D Euler solver previously
described. The boundary layer code was typically run at a post-processing stage in order to estimate
boundary layer growth and its impact on flow quality.

The present work will briefly describe the formulation of the codes used and it will concentrate on
the discussion of the results for the nozzle geometries considered. The authors are particularly
interested in evaluating whether the nozzles can indeed produce the desired test section Mach number
and on the quality of the flow provided by the contraction to the test section. On the latter subject, the
existence, or not, of any shocks produced by the nozzle wall, and the amount of boundary layer growth
and [low skewness at the test section entrance are of primary interest.

Theoretical Formulation

The compressible Euler equations can be wrilten in strong conservation-law form for general, three-
dimensional, body-conforming. curvilincar coordinates (Pulliam and Steger, 1980) as

Q.Q_+ai+,a.£+a£=gl “.)
ot 0 on ok

where the vector of conserved quantities, (j . is defined as

p
pu

Q=J"{pv}. )
pw
¢

The flux vectors E , F and G can be written as

pU
pul + pS,
E=J7"{ pw+p&,
pwU + ps.

(e+p)U— pé&, 3)

pv
puvV + pn,
F=J"{ pw+pn,
pwV o+ pn

fe+p)V —pn, @)
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pw
B puW + p&,
G=Jt"1 puWw+pg,

pwW + pC.

lfe+ p)W - pl, 5)

In the above equations, the usual nomenclature is being used. Therefore, p is the density, #, v and w
are the Cartesian components of velocity, and ¢ is the total energy per unit of volume. The equations
have been nondimensionalized following the work of Azevedo (1990). Hence. density is made
dimensionless with respect to the stagnation density at the nozzle entrance conditions, p . and velocity
components are referred to the critical speed of sound at the nozzle entrance conditions, a.. Pressure
and total energy per unit of volume are referred 1o p!qf and the specific mternal energy is
nondimensionalized with respect to g .

The pressure, p, can be obtained by the equation of state for perfect gases

p:(y-f)pe,.z(y-;;e—ép(u*‘+u3+w~’;}, (6)

where e_ is the specific internal energy of the fTuid, and ¥y is the ratio of specific heats. The contravariant
velocity components are defined as

U=%, +&u+5,0+8.w.
V=n +nu+nu+n.w. @)

W=g+8au+C .0+ -w.

Throughout this work, the Cartesian coordinate system is defined such that x is the direction along
the axis of the tunnel, positive from upstream to downstream, and the y- and z-directions form a right-
handed system with = positive upwards. The curvilinear coordinate system is defined such that & is the
longitudinal direction, n is the nominally wall-normal direction which spans the tunnel from the
centerline to the wall, and £ is the circumferential direction. This coordinate system is obtained from the
transformation of variables

T=1,
E =& xyizt),
n=n(xyzt), ®)
¢ =L txyzt)
The Jacobian of the transformation, J, can be expressed as
J={ Xg¥plr + Xp¥Vr2e + X Ve,
. (9)

XeY&qng — XpVeTy — Ap ¥pZe )

Expressions for the various metric relations can be found, among other references, in Pulliam and
Steger (1980, 1985).

The 2-D formulation is a straightforward simplification of the previously given equations in which
one ol the coordinate directions is considered infinite. We have considered the geometry of the tunnel
vertical plane that passes through the tunnel centerline for the present 2-D simulations. More details of
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the 2-D formulation can be seen, for instance, in Azevedo (1990), Ortega and Azevedo (1991), and
Arzevedo, Fico and Ortega (1995). The effective flow displacement due to viscous effects close to solid
walls was predicted by a boundary layer code developed by Rotta (1971), This is a direct-type, integral
method, with the following main capabilities: (/) prediction of laminar and/or turbulent boundary layers;
(7i) two laminar-turbulent transition eriteria: (iif) appropriate treatment of shock wave interaction with
the boundary layer.

Numerical Implementation

The previously given governing equations were implemented through the use of finite difference
methods. The implicit Euler method was used for the time-march, and the spatial derivatives were
approximated by three-point, second order central differences. The Beam and Warming implicit
approximate factorization scheme (Beam and Warming, 1976, 1978) was used for the solution of the
resulting finite difference equations in order to obtain a cost efficient algorithm. The resulting scheme is
second order accurate in space, as mentioned, but it is only first order accurate in time due to the use of
the implicit Euler method.

The factored finite difference equations can be written in the delta form as (Azevedo, 1988)

LyL;L:AQ" =R: + R, + Re . (10)
The various operators are defined as

= an Aer—1
L;’ —f)'*l-.—ﬂ“ﬁ;ﬁ *E;JFJ V;ﬁ:.’].

- -1
Ly =(1+ At6,B" —€; AJ™'V, AT ),
=7 -1
f.‘: =1+ AI&:C =gy At VI:L‘I.;'J H an

Re =— AtS;E" —ep A~/ (Vea: IQ",
=— A5, F" —e; M7 (V,4, 10",
Rr =— {]!3._:(7‘" -€p .er’"(V;A..J— J:JE"A

In the above. &, 8, and d; are central difference operators; Vg, Vy and Vr are backward difference

operators; and Ag A,? and (1 are forward difference operators in the §—, 17- and {-directions,
respectively, As an example,

3 I Y SN
5\:Ql'.li.£' = ; i+ 1, 4.k Q -1. 7.k ]-
Ve (-r j.k _Qr"_;l _Q;” ' {]2)

«4;(?;,;'-& =0/ jk Q;f_;'.ﬁ ‘

The A is a forward difference operator in time given by

J;ar?:aﬂ§f_§ﬂ' {‘3)

Artificial dissipation terms have been introduced in the operators described by Eq. (11) in order to
maintain the stability ol the numerical solution process. Fourth order numerical dissipation terms were
added 1o the right-hand side operators, and second order terms were used in the left-hand side operators.
From a consistency and practical stability limit standpoint, one would like to also use fourth order
artificial dissipation in the implicit operators. However, computational efficiency constraints prevent
such use. The flux Jacobian matrices A" , B" and C" are described in detail elsewhere in the
literature (see, for instance, Pulliam and Steger, 1985).



283 J. of the Braz. Soc. Mechanical Sciences - Vol. 21, June 1999

Boundary Conditions

The three-dimensional simulations here presented take advantage of the double geometric symmetry
existing in the nozzles considered in order to reduce the computational effort. Hence, only one-quarter
of the complete nozzles are represented, and flow symmeltry boundary conditions are enforced at both
the vertical and horizonial symmetry planes. This is clearly assuming that flow conditions at the
entrance of the computational domain are symmetric or, in other words, that the flow velocity at the
entrance of the contraction is aligned with the tunnel axis. Such an assumption does represent a
simplification in the sense that some misalignment can certainly occur. especially for closed circuit
tunnels. In the present case, we have decided to neglect this effect mainly due to computational power
limitations and because the original planning considered to operate the TTP as an open [acility in the
first stages of its calibration tests. Morcover, one must also recognize that a well-designed settling
chamber will minimize these misalignment problems. The symmetry boundary conditions are
computationally enforced by allowing for an extra plane of grid points on the other side of the
symmetry plane and forcing the appropriate symmetry, or anti-symmetry, ol the conserved vanables.
Hence, boundary conditions in the C-direction are always symmetry, or reflection, conditions in the
present case.

Due to the present code data structure. it is very difficult to strongly impose the flow tangency
condition at the wall, at least at the boundary condition enforcement stage. Hence. the wall boundary
condition is implemented by extrapolating all conserved variables from the computational surface
adjacent to the wall, when explicitly enforcing the boundary conditions, and by imposing a zero
convective lux in the wall normal direction in the residue computation. The reader should observe that,
with such an scheme, the residue calculation sees the exact wall boundary condition at every time step,
whereas the value of the conserved variables at the wall is progressively improved. as convergence is
advanced, in order to reflect the correct flow tangency condition. Nozzle axis boundary condition is
also implemented by extrapolation and by imposing a no-flux condition across the axis. A further
complication arises in this case because the axis is a singularity of the transformation, in the sense that a
line in physical space corresponds to a full plane in computational space. Hence, properties at a given
point along the axis are obtained by extrapolating from the adjacent point (in the n-direction) and, then,
averaging all values in the {-direction. The residue calculation is also modified in the centerline case in
order to enforce the no-flux condition across the centerline.

Nozzle entrunce and exit conditions are enforced using the concept ol one-dimensional
characteristic relations for the Euler equations. The concept is described in the 2-D case by Mac
Cormack (1984). Complete details for its implementation in two dimensions for both the planar and the
axisymmetric case are described by Azevedo, Fico and Ortega (1995). The present three-dimensional
computations have used these ideas in order to define how many quantities should be specified at cach
boundary and how many should be extrapolated from interior information. However, in order to
simplify the implementation, the actual extrapolation process (of whatever quantities should be
extrapolated) does not use the characteristic relations but simple zero-th order extrapolation. As the
authors have also used in previous work (Azevedo et al., 1992), the stagnation pressure, the stagnation
temperature and the flow entrance angle are specified at a subsonic entrance. The exil static pressure is
fixed at a subsonic exit and. as determined by a characteristic relation analysis, no property can be
specified at a supersonic exit. Aside from the fact that zero-th order extrapolation is being used for the
actual extrapolation process, the treatment of entrance and exil conditions here 1s an exact extension
to3-D of the ideas discussed in Azevedo (1990), Azevedo et al. (1992). and Azevedo, Fico and Ortega
(1995), and the interested reader is referred to these references for further details.

All boundary conditions in the two-dimensional simulations were treated precisely as presented in
the previously cited references, and they will not be further discussed here.

Results and Discussion

Initial evaluation of the proposed nozzles was performed using a two-dimensional formulation. It is
clear that the Mowfield in the nozzles considered in the present work is truly 3-D. However, these initial
2-D calculations already pointed out some of the dilficulties associated with obtaining high test section
flow quality. A typical grid used for the 2-D simulations is presented in Fig. 1, This particular
configuration corresponds to one of the proposed Laval nozzles, and the grid shown has 94 x 59 grid
points. The 2-D grids were generated by algebraic methods and exponential grid stretching functions
were used in order to cluster grid points towards the nozzle wall, in the n-direction. Although not
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shown in Fig. 1. some of the grids used also considered some grid clustering towards the throat in the &-
direction. The wall contours Tor all three nozzles treated in the present 2-D simulations are shown in

Fig. 2.

0.186-

0 e —

Fig. 2

Fig. 1 View of a typical 2-D computational grid

= Sonic Nozzle

—%—  Geometry a
Geometry b

“'\.\“'\
P
T — ]
), 60 D80 108
x/xmax

2-D wall geometry for the sonic and the two Laval nozzles
(the latter are indicated as geometries a and b)

The authors point out that the specific definition of the three geometries considered in the present
simulations is beyond the scope of the present work. These geometries, both for the sonic and the two
Laval nozzles. were determined by the TTS Project team and, then, given to the present authors for
analysis. The authors are not fully aware ol the procedures used by the TTS team to arrive at these
configurations and, moreover, such information is part of project sensitive data which is not available in

public domain.
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An example of the type of results which can be obtained with the 2-D calculations can be seen in
Fig. 3. This figure presents wall pressure distributions along the longitudinal direction for the two Laval
nozzles, with a nominal test section Mach number of 1.3, and for the sonic nozzle, with a nominal test
section Mach number of 0.6. It is clear from this figure that the much gentler expansion associated with
geometry a yields compression waves that are weaker than those generated by geometry b.
Compression waves at the nozzle should be avoided because they introduce undesirable disturbances at
the test section, The wall pressure distributions for the sonic nozzle at the nominal test section Mach
number of 0.6, also shown in Fig. 3, reproduce very well the expected behavior for this entirely
subsonic case. In such a situation, the flow expands in the convergent section of the nozzle, but it does
become sonic at the throat. As a result, there is no further expansion at the divergent section. In this
particular case, since the geomeltry is tailored to yield a sonic flow at the entrance of the tunnel test
section (which 1s the exit of the present computational domain), the so-called “divergent section™ is
almost straight. Therefore, the pressure should be constant in this region, as Fig. 3 is corretly indicating,

1.00

Pressure
(=]
o
[ =]

Sonic Nozzle - M=0 6
0.40 Geometry a- M=113 ‘

Geometry b - M=1 3

040 0.60 080 1.00
x/xmax

Fig. 3 Wall pressure distribution in the streamwise direction for the sonic nozzle and the two
Laval nozzles (2-D simulation)

Further understanding of these results can be obtained from Fig. 4 which shows the wall Mach
number distributions for the two Laval nozzles. Again, the strong shock present in geometry b is
evident in this figure. According to the results shown in Figs. 3 and 4, geometry a is clearly a better
nozzle candidate than geometry b for the My = 1.3 case. Figure 4 also presents some effect of the grid
refinement studies which were performed for these two nozzle configurations. The results are indicating
that, especially for geometry b, the resolution obtained with the coarser mesh is poor and a finer
computational grid is required, The effect is not so dramatic for gzometry a, but one can still see some
differences between coarse and fine grid results. For both geometries. however, the use of the (iner
grids is recommended, based on the results shown in Fig. 4. Incidentally, the corresponding finer grids
were the ones used for the calculation of the pressure results indicated in Fig. 3.

The 3-D calculations were performed using 100 x 20 x 29 mesh points. Fig. 5 shows an overall
view of a typical computational grid used in this work. The 3-D grids were also generated by algebraic
methods, after the wall surface definition was provided by a CAD system. Particular attention was
dedicated to obtain a detailed definition of the transition from the circular entrance section to the
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quadrilateral geometry of the throat and downstream regions. It should be noted that the present work
takes advantage of the nozzle double symmetry in order to reduce computational costs.

160
Geometry b §0x47 mesh poinis
Gaometry b 50x25 mash points
+ Gaomelly a 9647 mesh points
: . | R SPUR
Gromely o 47x25 mash points ++
1.20 +
+
+
E -
E +
3 +
= a0 +
5 >
g +
+
*
+
o,
e
040 +F
B
-+t
000
040 060 x/xmax 0.80 1.00

Fig. 4 Wall Mach number distribution in the streamwise direction for the two
Laval nozzles (2-D simulation)

Fig.5 View of a typical 3-D computational grid

The Mach number contours at planes perpendicular to the streamwise direction are shown in Figs. 6
and 7, for geometries a and b, respectively. These four planes correspond to i=1 (entrance plane), two
interior planes /=25 and 75 and =100 (exit plane). The misleading impression of a very non-uniform
behavior rapidly disappears as one takes a closer look at the values shown by the graphic scales. These
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are indicating that the differences in the Mach number within each section are of the order of 10° or 10
for the more upstream sections (planes i=1 and i=25) on both cases. The different contour colors appear
simply because the post-processing package used automatically assigns different colors when it detects
any differences in the property values regardless of the legend used for the plot. Therefore, in fact, both
Laval nozzles have a very smooth Mach number distribution at planes along their longitudional axis.
Geometry a has the additional advantage of producing at its exit plane a very uniform flow at the nozzle
nominal Mach number of 1.3.
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0.60 1.29

Fig. 6 Mach number countours at planes perpendicular to the nozzle axis for geometry a,

nominal Mys=1.3. (A) Plane i=1, (B) Plane =25, (C) Plane =75, and (D) Plane =100
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Fig. 7 Mach number countours at planes perpendicular to the nozzle axis for geometry b,
nominal Ms=1.3. (A) Plane i=1, (B) Plane =25, (C) Plane i=75, and (D) Plane =100
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Fig. 8 Mach number contours at the symmetry planes for geometry a, nominal Ms=1.3

Other relevant results for the same cases are plotted in Figs. 8 and 9. They show Mach number
contours at the nozzle symmetry planes for geometry a and geomelry b, respectively. The upper portion
of both figures represent the plane 8 = 0 deg (horizontal plane), while at the lower part the Mach
number contours for the plane 6 = 90 deg (vertical plane) appear. Contrary to the 2-D results (see Figs.
3 and 4) in which shock waves appeared in both geometries, the 3-D solution indicates a gentle
expansion. The Mach lines in both cases are now fairly straight and extend themselves in the radial
direction. It appears that the presence of the side walls, not accounted for in the 2-D case, helps guiding
the flow more smoothly throught the nozzle. Morcover, the 90 deg-plane pressure distributions along
both nozzles are shown in Figs, 10 and 11. For both Figs. 10 and 11, results for the nozzle wall and
nozzle centerline are presented. The authors emphasize that, unlike the 2-D results, the 3-D solutions
are indicating a monotonic behavior in the sense that no shock waves are present in these cases. This is
in sharp contrast with the 2-D solutions shown in Figs. 3 and 4, as already pointed out. The behavior
observed in the 3-D case is highly desirable as shock waves would have a tendency to “bump around™
introducing flow disturbances at the test section.

Mazh

103
=S Zero Dagies Plane Eg:

T a7

¥ g8a

D45
= D38
027
016

90 Degres Plane

Fig. 9 Mach number contours at the symmetry planes for geometry b, nominal Mys=1.3
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Fig. 10 Dimensionless pressure distribution in the streamwise direction for geometry a, nominal M;s=1.3,
90 deg symmetry plane (3-D simulation). Pressure values are made dimensionless

by the stagnation pressure at the entrance station
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Fig. 11 Dimensionless pressure distribution in the streamwise direction for geometry b, nominal M:s=1.3,
90 deg symmetry plane (3-D simulation). Pressure values are made dimensionless
by the stagnation pressure at the entrance station
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Fig. 12 Mach number countours at planes perpendicular to the nozzle axis for the sonic nozzle,

nominal M¢=0.6. (A) Plane =1, (B) Plane =25, (C) Plane =75, and (D) Plane =100

The sonic nozzle is responsible for feeding the test section with flow with Mach numbers up to 1.2,
As usual in wind tunnel operation, low supersonic speeds are obtained with sonic nozzles plus test
section mass extraction (Goethert, 1961). As an example of the flow quality that might be expected
from the sonic nozzle simulated here, results for nominal test section Mach numbers of 0.6 and 1.0 are
presented. Mach number contours in planes normal to the nozzle axis are shown in Fig. 12 for the
My.=(0.6 case. Mach number contours at both horizontal and vertical symmetry planes are shown in Fig.
I3 for the same case. Corresponding results for the M,=1.0 case are shown in Figs. 14 and 15,
respectively.
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Fig. 13 Mach number contours at the nozzle symmetry planes, nominal M..=0.6
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Fig. 14
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Fig. 15 Mach number contours at the nozzle symmetry planes, nominal M,.=1.0

The pressure distributions for the Laval nozzles obtained through the solution of the 3-D Euler
equations were used as input for a boundary-layer solver (Rotta, 1971). The results appearing in Table |
are for the symmetry planes (8 = 0 and 90 deg) and for the 6 = 45 deg plane. Geomeltry a shows a
smaller value of the boundary-layer thickness, 8, at the the nozzle exit than geometry b. Further. its
azimutal variation of & 1s smaller. These two aspects are important when one remembers that the test-
section walls must be diverged by a small angle to compensate for boundary-layer growth. The results
indicate that geometry a demands less and more uniform wall divergence and, therefore, proves once
more to be superior than geometry b as a nozzle candidate.
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Table 1 Boundary-layer thickness at the exit plane for both Laval nozzle

) plane & (mm)
Geometry a Geometry b
0 4.66 5.84
45 4.85 5.67
90 4.52 5.43

Conclusions Remarks

In summary, the present work has used CED techniques to perform 2-D and 3-D simulations of
transonic wind tunnel nozzles. The flow was modeled with the aid of the Euler equations. In order to
study the main viscous effects, in particular boundary-layer thickness at the test section entrance, the 3-
D results were, then, used as input to a boundary-layer solver (Rotta, 1971). The full 3-D calculations
seem to corroborate the carlier 2-D results in the sense that they point to geometry a as being a better
nozzle candidate. The sonic nozzle studied proved to be able to give high-quality test section flow.
These simulations are being used in an actual design environment in order to aid in the selection of
appropriale nozzle geometries to equip the TTP facility which is currenily being constructed.
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Abstract

The eN fatigue design method 18 non-linear and depends on the loading order and on the niial state of the piece.
Therefore, the traditional procedure based on rain-flow counting of the loading followed by Neuber, Rumberg-
Osgood, Coffin-Manson and Miner rules does not guarantee the prediction of phvsically admissible hysieresis loops
at the netches in the complex loading case. Solutions for this problem are proposed, and their implementation in o
powerful language named Viga, developed fo automatize the fatigue desien process, s discnssed,

KeyWords: N Method, Fatigue Design Automation, Complex Loading.

Resumo

O método eN de projeto  fadiga € ndo-linear e sensivel & ordem do carregamento e o estado intetal da peca, Logo,
o procedimento tradicional gue aplica as vegras de Neuber, Ramberg-Osgood, Coffin-Manson ¢ Miner a contagem
rain-llow de wn carregamento complexo nao garamte a previsdo de lacoy de histerese fisicamente admissivers nos
entalles, Sdo propostas solucdes para este problema, e & discutidla sua implementacdo numa poderosa linguagem
chamada Vipa. desenvolvida para automatizar o dimensionamenio d fadiga sob carregamenios complexos,
Palavras-Chave: Método eN, Automagdo do Projeto a Fadiga, Carregamentos Complexos.

Introducao

Fadiga ¢ o tipo de falha estrutural causada primariamente pela aplicagio repetida de carregamentos
varidveis. Estas falhas sdo localizadas, progressivas e cumulativas, e caracterizam-se pela geragio efou
propagacio de uma frinca, a qual diminui paulatinamente a resisténcia da peca, podendo leva-la a
fratura. Por isto, o projeto a fadiga é um problema Jocal que depende dos detalhes da geometiia, do
material e do carregamento do pento mais solicitado da pega.

O principal parimetro gerador de trincas por fadiga é a gama das tensdes Ac (ou das deformagoes
Ag) atuantes no ponto critico. Por isto, as trincas geralmente partem das raizes de entalhes
concentradores de tensdo, Quando as solicitagoes ciclicas locais sdo baixas em relacio a resisténcia ao
escoamento Sy, o processo ¢ muito influenciado pelos detalhes (i) do acabamento superficial, (ii) do
gradiente das tensoes atuantes (inclvindo as tensoes residuais) e (iii) das propriedades mecinicas.
Nestes casos, a resisténcia 4 iniciagdo de uma trinca por fadiga tende a aumentar com a resisténcia a
ruptura S,,, com a melhoria do acabamento superficial, com o aumento do gradiente de tensdes ¢ com a
presenga de tensoes residuais compressivas. Entretanto, a medida que as cargas alternadas aumentam, o
escoamento ciclico localizado torna estes detalhes superficiais cada ver menos importantes, e a
ductilidade passa a ser o principal parimetro controlador da resisténcia a geragio da trinca.

Ji a propagacdo das trincas por fadiga ¢ um fenémeno controlado primariamente pela gama de
variag¢io do fator de intensidade de tensoes, AK), ¢ independe das caracteristicas superficiais da peca (o
problema da propagacio das trincas sob carregamentos complexos ¢é discutido em Meggiolaro ¢ Castro
(96, 97}, enquanto que em Castro e Kenedi (95) encontra-se um estudo do correlacionamento entre a
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iniciagdo e a propagagdo das trincas).
Para modelar adequadamente o problema de fadiga sdo requeridas informagoes em seis dreas, que
funcionam como uma corrente cuja precisio é controlada pelo seu elo menos acurado:

(i) Dimensoes Geométricas (incluindo principalmente as dos entalhes e das trincas, caso presentes)

(i) Cargas de Servigo (devem ser medidas e nao estimadas. pois influenciam diretamente as previsoes)
(i) Propriedades dos Materiais (também devem ser preferencialmente medidas, pela mesma razao)

(iv) Analise das Tensoes Elastoplasticas (nos pontos criticos, para prever a iniciagéo das trincas)

{v) Analise das Trincas (para prever a sua propagacao, segundo os conceitos da Mecanica da Fratura)

(vi) Analise do Acumulo de Dano (e.g., © modelo de Wohler-Goodman-Miner no método SN}

Para se otimizar o dimensionamento & fadiga, todos estes clos devem ser conhecidos dentro da
mesma precisdo ¢ confiabilidade. Nao se pode pela sofisticagio dos trés ltimos (que dependem de
erudicao académica) suprir as informagoes experimentais indispensiveis aos irés primeiros elos. Por
outro lado, é impossivel prever adequadamente a vida A fadiga usando modelos de cdlculos que ndo
descrevam a [isica do problema de forma apropriada. Dentro desta dtica, os objetivos deste trabalho
CHISH -

L. apontar as limitagdes da metodologia eN tradicional de projeto a inicia¢do de uma trinca por
fadiga, no caso de carregamentos complexos,
detalhar as corre¢oes que devem ser implementadas no método €N para que se possa obter
previsoes fisicamente corretas naquele caso, e

3. descrever sua implementagio numa poderosa linguagem chamada wioa, desenvolvida para

automatizar todos os métodos tradicionalmente usados no dimensionamento mecinico a fadiga
(Meggiolaro e Castro 95, 96 ¢ 98).

Note-se que neste trabalho a filosofia do método €N ndao ¢ questionada. Este ¢ um enfoque
consagrado pelo uso e corroborado por forte suporte experimental. Apenas mostra-se aqui como suas
equagdes devem ser corrigidas para se garantir a previsio de lagos de histerese fisicamente admissiveis
no caso de carregamentos complexos.

I

Resumo do Método ¢N Classico

O dimensionamento mecdnico a iniciagdo de uma trinca por fadiga pelo método eN tradicional
correlaciona o nimero de ciclos que inicia a trinca, N, com a gama das deformagdes atuantes no ponto
critico da pega, Ae (que é um parimetro dirctamente mensurdvel, ¢ ¢ numericamente mais robusto que
Ao no caso pldstico). Esta modelagem requer quatro tipos de informagao:

e uma relagao Ao Ag, para descrever os lagos de histerese elastopldstica na raiz do entalhe,

e uma regra de concentragio de deformagdes, para correlacionar as tensdes nominais Ag,

aplicadas sobre a pega com as deformagdes Ag por elas induzidas na raiz do entalhe,

 uma relagio entre a amplitude de deformagoes Ae e a vida a fadiga N, e

*  uma regra de aciimulo de dano.

O método £N s6 se aplica ao dimensionamento & fadiga de pegas nao-trincadas mas, por quantificar
explicitamente as deformagoes plasticas ciclicas macroscdpicas, pode ser usado para prever qualquer
vida de iniciag@o. (O método &N tem que ser usado quando o problema for fadiga ohigociclica ou de
pouca ciclagem. isto €, quando a gama das deformagGes plasticas Ag, atuantes na raiz do entalhe for da
mesma ordem ou maior que as eldsticas Ag,, e pode ser usado também para o dimensionamento as vidas
longas). Na pritica, o €éN ¢ um método moderno e poderoso, mas que apresenta certas idiossincrasias
que devem ser respeitadas sob pena de graves insucessos.

A metodologia €N cldssica (Farahmand 97, Dowling 93, Bannantine et al. 90, Hertzberg 89, Rice
88, Fuchs e Stephens 80, Mitchell 79, Duggan e Byrne 77, Sandor 72 e Manson 65. e.g.) trabalha com
lensdes e deformagoes reais, usa relagoes Ao-Ae tipo Ramberg-Osgood e considera o amolecimento ou
endurecimento ciclico do material, mas ndo o seu transiente a parlir do comportamento monotonico.
Este método assume uma relagdo dnica entre as amplitudes das deformagdes ¢ das tensdes impostas
sobre a pega, logo uma equagio Gnica para todos os lago de histerese, expressa por:

’
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. Ae, 1/in
de _ A, ,_d_cr+[z_10'] )

SU=—= 2 - e
2 2 2 2E 2K

onde E é o mddulo de Young, K' o coeficiente ¢ n' o expoente de encruamento da curva o€ ciclica
estabilizada. Estas propriedades devem ser medidas experimentalmente.

Valores fipicos para o expoente de encruamento ciclico estdo entre (1.1 < n’ < (.2, enquanto que o
expoente de encruamento monoténico n varia mais, tipicamente entre ¢ < n < 0.5. K’ € o valor da
tensido (real) que corresponde i deformagfo plastica (real) de 100% na curva ciclica ou no seu
prolongamento,

A relagdo de Ramberg-Osgood ajusta-se bem a resposta ciclica de muitos materiais, mas € apenas
uma de muitas relagoes empiricas que podem ser usadas com este mesmo propdsito. Sua maior
limitagdo € ndo reconhecer um comportamento puramente eldstico nem sequer para as deformagoes
muito pequenas, e sua maior vantagem ¢ a simplicidade matematica.

Na metodologia €N tradicional geralmente usa-se a regra de Neuber para modelar o problema da
concentragao de deformagdes nos entalhes. Quando aplicada a carregamentos ciclicos, esta regra pode
Ser escrila como:

Aa
K2 = o Ae

= (2)
" Ao, 4e,

onde A e Ag sdo as gamas de tensiio e deformacdo provocadas na raiz do entalhe pelas gamas de
tensao e deformagao nominais Ac, e Ag, (0 termo nominal refere-se ao carregamento em relagio ao
qual € definido o valor de K. o fator de concentragiio de tensdes linear eldstico). No caso onde as
tensoes nominais sejam cldsticas, obtém-se:

K;2 _ AG-A(;'-E
Ao,

n

(3)

Neste ponto ¢ interessante notar uma contradi¢do na metodologia €N tradicional, a qual reconhece
um comportamento linear eldstico para as tensdes nominais enquanto usa Ramberg-Osgood para
modelar as tensdes nos entalhes. E possivel eliminar esta incongruéneia, mas o custo computacional ndo
s¢ justifica (a menos que as tensdes nominais scjam da ordem ou maiores que a resisténcia ao
escoamento do material).

Quanto i relacdo entre a amplitude das deformagdes atuantes na raiz do entalhe, A&/2, e a vida A
fadiga dada em nimero de reversoes, 2N, ela € tradicionalmente expressa pela regra de Coffin-Manson:

Ae O SN :
— =l 2NV +e (2N ) 4
==k Y +¢ )

onde o', € b, ¢ sio constantes do material, que devem ser obtidas experimentalmente,

Estimativas das Constantes N

Na auséncia de resultados experimentais especificos, vale a pena lembrar que os expoentes b e ¢
tém valores tipicos entre -0.2 < b < -0.05 ¢ -0.7 < ¢ < -0.5 (ver, por exemplo, SAE 96, que tem uma
boa tabela de dados experimentais). Para estes casos, Manson propds empiricamente em 65 o chamado
método das Inclinagoes Universais:

S ] L6
Ae =35 N2 |1y NTO8 (5)
E 1-RA
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onde Inf 1A 1-RA)] = 2In(d/d)) = €. sendo RA a redugio de drea, d;, ¢ d; os didametros inicial e final, e g
a deformagio real na ruptura do espécime de tragiio, respectivamente (assumindo constancia de volume
das deformagdes plisticas mesmo apds a estricgio). Note-se que este método estima b = -0.12 ¢ ¢ = -
{).6 para todos os materiais.

Na mesma época, Morrow (65) estimou os valores de b e de ¢ a partir do expoente de encruamento
ciclico n' como:

b=-n/l+5n) e c=-1/1+ 51') (6)
o que implicaria numa relagao entre os trés expoentes: b/e = n'. Deve-se notar que neste caso. usando-se
os valores de b e ¢ propostos em (5), o valor de n' também seria invariavel ¢ igual a 0.20.

As constantes o' ¢ £ypodem ser estimadas a partir de um teste de tragao usando-se as aproximagoes
de (5) mas, como esta equagio trabalha com Ag ¢ N e nio com Ag/2 e 2N, deve-se notar que a
estimativa de Manson preveé que:

o= 3.58,/2"= 1,908, e &;=0.768" (7

Ha diversas outras estimativas similares propostas na literatura como, por exemplo:

o) = 0p =S,(1+e) =S Adi/dyy @)
o =(8,+ 345)Mpa (9)
£; =& =2In(d/d;) (10)

O correlacionamento de resultados experimentais com estimativas como as apresentadas acima foi
avaliado recentemente por Ong (93) e por Brennan (94).

Uma relagao ttil para se definir o limiar da fadiga oligociclica ¢ dada pela chamada vida de
transi¢do, N,, na qual as deformagdes eclasticas e plasticas da equagdo de Coffin-Manson sdo iguais.
Para vidas menores que N, hi predominiincia das deformagoes pldsticas sobre as eldsticas, ¢ aquelas
certamente ndo podem ser desprezadas nos cilculos:

!
o’y \e-hb
Nt | 2 (11)
2| Ec

Segundo Landgrafl (70). N, decresce exponencialmente com a dureza Brinell (HB) dos agos,
variando da ordem de 15000 ciclos para HB no entorno de 2GPa até tao baixo quanto | ciclo para HB =
7GPa. Ajustando scus resultados experimentais. a vida de transi¢io N; dos agos pode ser estimada por;

Np= 6.8 10exp(-1.9-HB) (HB ¢cm GPa) (12)
Por fim, assumindo que deva haver coeréncia entre as partes eldsticas ¢ plasticas dos ajustes dos

lagos de histerese por Ramberg-Osgood ¢ da curva éN por Coffin-Manson, igualando as Egs. (1) e (4)
obtém-se:

’

4 i , o .
éﬁ:c}f‘?!\’ ) =K'£}"[2N ' = K =—%: b=c-n (13)
d j Er
/

Logo. s6 quatro entre as seis constantes {K', n', o'; €5 b, ¢} seriam independentes. Deve-se tomar
cuidado, entretanto, para niio assumir que este algebrismo possa ser usado para substituir experimentos.
Tanto Coffin-Manson quanto Ramberg-Osgood sio relagoes empiricas que podem descrever
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adequadamente testes de fadiga de virios materiais. mas ndo sio leis fisicas. O que realmente importa
sdo os resultados efetivamente medidos. e todas as scis constantes devem, sempre que possivel, ser
obtidas pelo ajuste de resultados experimentais conlidveis.

Dimensionamento ¢N Classico no Caso de Carregamentos Complexos

De fato, hd vasto suporte experimental para justificar o uso das simplificagoes do método €N
tradicional no caso do dimensionamento mecanico & fadiga sob carregamentos simples, mas em geral a
literatura ndo reconhece explicitamente a fundamental importancia do estado inicial da pega e da ordem
do carregamento no resultado das previsdes feitas com o seu uso no caso de carregamentos complexos.

A forma tradicional de se projetar pelo método €N nestes casos tem sido:

e Calcular o dano d; provocado pela aplicagio das n/2 reversdes ou /2 ciclos do i-ésimo
carregamento nominal Ao, contadas pelo método Rain-Flow como se os diversos ciclos do
carregamento fossem independentes: o, = n/2N,, sendo N; o nimero de ciclos que a pega
duraria se somente 0 carregamento nominal Ag,, estivesse atuando, e

e Usar a regra de Miner para acumular o dano total causado pelos diversos cventos do
carregamento.

Como o método tradicional ndo leva em consideragio a histéria do carregamento, ele pode ser
facilmente resumido & aplicagio sucessiva de dois conjuntos de equagdes quando os carregamentos
nominais sio eldsticos:

(i) Dado o i-ésimo evento do carregamento Ao, , calcula-se a tensdo Ag; na raiz do entalhe usando

Neuber:

I
el A i ;“‘ d
Ao} +2E- Ao, (?;—’]’ =(K,40,;) (14)

(it} A seguir calcula-se o Ag; causado por Ag; , e os correspondentes N, e d;:

{ ’
n _ 20 f

N w26 N ) = d; = % (15)

Estas equagdes ndo sao inversiveis, logo o uso do método eV é computacionalmente trabalhoso, o
que explica (mas ndo justifica) a pouca divulgacio dos problemas que o seu uso ndo criterioso pode
acarretar, Por isto, ¢ indispensdvel reconhecer e enfatizar que a aplicagio destas equagdes a uma
contagem rain-flow do carregamento ndo permite a previsao de lagos de histerese fisicamente
admissiveis.

De fato, para se poder usar confiavelmente o método €N, antes de mais nada deve-se garantir que o
modelo de cdlculo reproduza os lagos de histerese que atuam na raiz do entalhe, para s6 entdo calcular o
dano por eles provocado, Como a pritica ensinou dolorosamente aos autores que a dnica maneira de se
evitar erros com o uso do &V é desenhando os lagos de histerese previstos, a seguir sdo didaticamente
discutidos varios problemas que ilustram os cuidados necessdrios a correta aplicagdo desta metodologia.

Problema do 1° Evento Elastoplastico

Segundo a idéia basica do método &N, a trinca de fadiga serd gerada pelo dano cumulativo causado
pelas sucessivas gamas de deformagdo Ag atvantes no ponto mais solicitado da peca. em geral na raiz
de um entalhe. E claro que para modelar este problema ¢ indispensdvel calcular corretamente estes Ag;
Mas qualquer solicitagio que cause plasticidade, ainda que pontualmente localizada, ¢ memorizada pela
peca, devido i irreversibilidade deste processo. Logo, a trajetdria do material no plano o€ depende da
histéria do carregamento.

Além disto, mesmo que a pega seja virgem, que o estado de tensdes ¢ deformagdes residuais no
entalhe seja zero, e que se possa desprezar os transientes de amolecimento ou de endurecimento ciclico,
ainda assim € necessdrio distinguir entre o comportamento do primeiro evento do carregamento o ¢ 0s
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subseqiientes: a pega virgem parte da origem do plano g logo o primeiro 1/2 ciclo do carregamento
segue a equagao da curva o€ ciclica,

e:i+(£- ]" (16)

€ nio as equagoes do lago de histerese, como mostrado na Fig. 1. Portanto, para se calcular o dano d; do
primeiro 1/2 ciclo do carregamento € necessdrio usar:

o
0

208 - = =

Fig1 O primeiro evento elastoplastico segue a curva o £ @ nao a do lago Ac At

1
3 a n 3
GF"'E'G"-[?.:]' :(K,(J',,‘;} L
1
g, ay -H-’ 20’_‘?‘ h ’ ]
g =—+—| = 2N,V +2e" 2N;) =d,; = 18
=g (K’_] E( Y Ny ) '=3N, (18)

Note-se que como 0, = £ = 0, AG. = 0, - G, = 0, s NAO §€ USOU & NOLagiao A nas equagdes acima,
para enfatizar que o primeiro evento ¢ diferente dos subseqiientes, os quais tém que ser modelados pela
equacio do lago de histerese (devidamente corrigida, como discutido abaixo),

Note-se também que do ponto de vista fisico esta separagiio do evento inicial deveria ser mais
apropriadamente enunciada como “deve-se separar o primeiro evento do carregamento capaz de gerar
plasticidade (na raiz do entalhe critico), o qual segue a curva o€ dos eventos subseqiientes, que
scguem curvas do lago Ac-Ae”. Isto porque respostas completamente eldsticas sdo reversiveis, logo
isentas de memoria. Entretanto, como ja mencionado acima. a modelagem de Ramberg-Osgood prevé
plasticidade para qualquer carregamento, ¢ sempre gera no entalhe efeitos de memoria que devem ser
considerados.

Para exemplificar os problemas que podem ser gerados se o 19 ciclo ndo for separado dos
subsegiicntes, nada melhor do que desenhar alguns la¢os simples mas representativos. Na Figura 2a - b
plota-se a previsiao dos lagos de histerese elastoplistica corrigidos, para a seqiéncia de carregamento
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{0 — 400 — 0 — 400}MPa, imposta sobre um corpo de prova (CP) eN nao-entalhado. Nos cilculos
usam-se as constantes de um aco 1020 (SAE 96):

E = 203GPa, K' = 772MPa, n' = 018, 0y = 896MPa, €, = (041, b = -0.12, ¢ = -0.5].

A deformagio maxima resultante no CP neste caso ¢ de 2.8%, ¢ o dano causado por este evento,
caleulado segundo Coffin-Manson, é d = 9.9-107. Ji na Fig. 2b, plolam-se os lagos previstos para este
mesmo eventlo sem separar o 1@ ciclo dos demais. A midxima deformagao prevista neste caso ¢ de
0.31%, ¢ o dano é de apenas d = §-/0°, uma diferenca nao-conservativa de 12300%! E também
importante notar que a Fig. 2a reproduz a forma e a aparéncia dos lacos experimentalmente medidos,
enguanto que a Fig. 2b € incompativel com a fisica do problema.
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Lagos de Histerese - 8 (MPa) x e (e)

Fig. 2a Lacgos causados pelo carregamento {0 —400 — 0 — 400} MPa em CP padrao de ago 1020
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Fig. 2b Lacos que seriam previstos para este mesmo evento sem separar o 1° ciclo dos demais
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Este exemplo justifica muito bem a maxima "desenhe seus lagos de histerese”. mas nio deve ser
tomado como representativo dos erros numéricos que podem ser esperados em todos os casos priticos,
caso nio se separe o primeiro evento dos demais. Nao ¢ possivel quantilicar a priori a magnitude dos
erros que podem ser cometidos, mas pode-se garantir que lagos fisicamente inadmissiveis geram
previsoes nio confidveis.

Problema da Limitacao Fisica dos Lacos de Histerese

Scparar o primeiro evento elastoplastico dos demais ndo € suficiente para garantir que a previsdo de
todos os lagos de histerese esteja correta, E, novamente, o desenho dos lagos calculados na raiz do entalhe
¢ quase indispensavel para que se possa compreender a complexidade minima necessaria 4 modelagem
deste problema. Para ilustra-lo, aplica-se o carregamento da Fig. 3a (um evento principal que ¢
interrompido por dois pequenos descarregamentos, na seqiiéncia {0 — 300 — 100 — 400 — -100 —
100 — -300}MPa) sobre um CP idéntico ao do exemplo acima.

Picos e Vales (Tensdes, MPa)
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Fig. 3b Previsao dos lacos usando a metodologia tradicional
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Fig. 3¢ Previsao dos lacos so6 separando o primeiro evento dos demais
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Fig. 3d Lacos corrigidos para evitar cruzamento das curvas o ¢ do "olhdo"

Note-se que tanto a Fig. 3b, onde se usa o método eV tradictonal, quanto a 3¢, onde se aplica a
curva ¢-€ ao primeiro evenio do carregamento ¢ as equacoes do lago aos demais, mostram previsoes
absurdas. Como pode ser visto na Fig. 3d. para que os lagos previstos sejam fisicamente admissiveis,
eles também devem ser corrigidos para:

e Serem limitados pela curva o€ ciclica ou pelos maiores lagos de histerese previamente

gerados, e para

®  Forgarem a simetria dos lacos jd iniciados.

Para isto, ao se calcular a seqiiéncia dos lagos induzidos por um dado carregamento complexo,
deve-sc verificar se a previsdo cruza ou a curva o-£ ciclica ou o maior dos lagos previamente induzidos
{aqui chamado de "olhdo"). No caso de cruzamento, deve-se abandonar a equagio do lago a partir de
sua intersecao com a curva o+ (ou com o olhdo), ¢ passar a seguir a curva ¢-¢ (ou a do olhio) até o fim
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do carregamento. Esta corregio ¢ complicada. mas € tio indispensavel quanto a do 1¢ evento, sob pena
de se fazer previsoes:

(i) Fisicamente inadmissiveis, e

(it) Provavelmente ndo-conservativas (o dano segundo Coffin-Manson da Fig. 3b é 2.9-107 ¢ o da

3¢ 6.1-107, enquanto os lagos corrigidos da Fig. 3d geram um dano de 1.3-107, um valor duas
ordens de grandeza maior).

Deve-se notar que simetria dos lagos tem pricridade sobre a curva 6-g, isto €, a curva o-¢ ciclica
deve ser cruzada para forgar a simetria de um olhdo jd iniciado, como ilustrado na Fig. 4a (Meggiolaro e
Castro 96). Este carregamento ¢ dado em deformagio: {0} — 5000 — 3500 — 8000 — 5000 — 6500 —
-1500 — 2000 — 500 — 8000}um/m. O CP ¢ idéntico ao dos exemplos acima. Na Fig. 4b vé-sc que o
othio do lago de histerese vai de -1500 a 8000um/m, e que para [orcar sua simetria e fechamento é
neeessdrio cruzar a curva o'e duas vezes. Deve-se também observar nesta Fig. os trés descarregamentos
parciais de Ag = 1500um/m. devidamente contidos por seus limites: o primeiro pela curva c.e, o
segundo pela curva inferior e o terceiro pela curva superior do olhdo. Para comparagio, a Fig. 4¢ mostra
quilo absurdos ficariam os lagos previstos se nenhuma das corregdes jd discutidas fosse aplicada.

: Picos e Vales
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Fig. 4a Carregamento que ilustra o cruzamento da curva o & para forgar a simetria dos lagos
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Fig.4b Lacos causados pelo carregamento da Fig. 4a, devidamente corrigidos
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Fig. 4c Lacos que seriam previstos pela metodologia eN tradicional

Um outro ponto muito interessante também pode ser ilustrado por este exemplo: como foi imposta
uma histdria de deformagdes sobre a peca, os danos causado pelos lagos das Figs. 4b e 4¢ s@o idénticos!
Em ambos os casos calcula-se um dano de 1.24-107, porque o modelo de Coffin-Manson s6 depende
dos Ag,, sem considerar os efeitos da carga média ou a forma dos lacos, Logo, deve-se enfatizar que ndo
se pode usar resultados experimentais de vida 2 fadiga obtidos em controle de deformacgio para
justificar o comportamento de problemas controlados por tensdo.

Para fugir destes problemas, as vezes é recomendada a reordenagio dos carregamentos: colocando-
se 0 maior deles em primeiro lugar todos os outros eventos estariam contidos dentro do olhd@o inicial,
eliminando a necessidade das correcbes discutidas acima. Entretanto, este também ndo ¢ um
procedimento adequado, conforme mostrado a seguir.

Problema do Efeito da Ordem do Carregamento

A importincia da ordem dos carregamentos é ilustrada através de mais um exemplo simples e
convincente: Seja uma histéria de carregamentos e alivios crescentes como a mostrada na Fig. 5a,
novamente aplicada sobre um CP ndo entalhado de ago 1020, idéntico aos dos exemplos acima. Os
carregamentos e alivios foram escolhidos para gerarem lagos espagados aproximadamente da mesma
distincia, seguindo a seqiiéncia:

Picos e Vales

0 {Tensbes, MPa) 8
Ry

™ = [ j; I%
1t
| A 1 |

|I!: ’”l lI}Tll |[”|JII | |I||||I|I(|ai|

2001 L ] I 1N I O A
T T T T
T T
IRTRIE: L U ';.J-“ S
ARRERNEERERRNEE
D 2 4 6 § 01214 618 0D M BB

Fig. 5a Carregamento crescente para ilustrar os efeitos de ordem no método eN
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Os lagos correspondentes, devidamente corrigidos, sdo mostrados na Fig. 5b: a mator tensio (real)
aplicada ¢ de 500MPa e a mdxima deformagio obtida chega a 9%. Ja na Fig. 5¢ desenham-se os lagos
gerados pelo método &N tradicional, para mostrar como a forma dos lagos previstos pelos
procedimentos tradicionais ¢ incompativel com a fisica do carregamento. ao contririo dos resultados
que incluem as corregocs necessdrias nos calculos dos lagos.

8 — | |

R LI

A +—

[ 1 +
un Lli% A e 113 i

Lagos de Histerese - S (MPa) x ¢ (¢)

Fig. 5b Lagos induzidos pelo carregamento da Fig. 5a, devidamente corrigidos

/

/71
/

el ) amnz nima ronG e

Lagos de Histerese - § (MPa) x ¢ (e)

Fig. 5¢ Lacos que seriam previstos pelo método eN tradicional

Aplicando-se Coffin-Manson aos lagos da Fig. 5b para calcular o dano ciclo a ciclo, chega-se ad =
2.1-107. (Para efeito de comparagao, na Fig. 5¢ o dano calculado por Coffin-Manson é de 2.0-10+, cerca
de dez vezes menor que o obtido a partir dos lagos corrigidos). Mas provavelmente este ¢ o tipo de
carregamento que deve ser melhor analisado pelos modelos que consideram o efeito da carga média na
relagdo eN, como:
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onde O, ¢ O, s40 a componente média e o valor miximo da tensio atuante.

Nas mesmas condigoes de cilculo do dano ciclo a ciclo nos lagos corrigidos, o modelo de Morrow
prevé um dano de 2.4-107, o de Morrow modificado 4.2-10" ¢ o de STW 3.9-10", todos valores
coerentes entre si. Isto porque o modelo de Morrow s6 considera o efeito das cargas médias na
componente eldstica dos lagos, enquanto que os modelos de Morrow modificado e de STW também
quantificam dano causado pela carga média na componente plastica dos lagos,

Para ilustrar os efeitos da ordem do carregamento, mostra-se na Fig. 6a o carregamento anterior
aplicado na ordem invertida, e na Fig. 6b os lagos obtidos, devidamente corrigidos. Deve-se notar como
a forma dos lagos gerados € totalmente diferente, isto é, como a inversio da ordem dos carregamentos
altera completamente os lagos de histerese induzidos no corpo de prova, Conforme afirmado acima, sem
desenhar os lagos de histerese previstos fica rcalmente dificil visualizar o problema da fadiga
elastoplastica, quigd equaciond-lo corretamente.

Problema do Momento Certo para se Efetuar a Contagem Rain-Flow

As historias de carregamento das Figs. 5 e 6 também servem para ilustrar problemas que podem
ocorrer na contagem de dano: quando se calcula ciclo a ciclo o dano causado pelos lagos da Fig. 6b,
obtém-se¢ um valor uma ordem de grandeza maior que o obtido dos lagos da Fig. 5b! (por Coffin-
Manson 1.2-10%, por Morrow 1.3-107, elc.). Isto apesar de nestes dois casos tanto o "olhio" como os
lagos internos terem amplitudes similares,

E claro que este problema é causado pelo procedimento de céleulo de dano ciclo a ciclo, o qual nao
reconhece todos os eventos do carregamento, Para se resolver este problema deve-se efetuar uma
contagem tipo rain-flow. De fato, s apds recalcular o dano causado pelos lagos da Fig. 5b aplicando-sc
a contagem rain-flow as deformagbes induzidas, chega-se a valores de dano similares aqueles
calculados na Fig. 6b. Isto porque nesta o 1* evento do carregamento também ¢ 0 miximo, enguanto que
na Fig. 5b justamente este maior valor nio ¢ contabilizado pela contagem ciclo a ciclo.

Picos e Vales
(Tensées, MPa)

Fig. 6a Carregamento da Fig. 5a aplicados na ordem decrescente
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Lagos de Histerese - S (MPaj xe(e)

Fig. 6b Lacos correspondentes ao carregamento da Fig. 6°, devidamente corrigidos

Note-se que a contagem rain-flow foi aplicada nas deformagoes calculadas, Mas a pratica usual,
como se sabe, ¢ contar o carregamento, com uma eventual [iltragem de amplitude, como mostrado na
Fig. 7. (A filtragem das pequenas cargas ¢ um recurso muito til para diminuir o esfor¢o computacional
nos cilculos de dano & fadiga sob carregamentos complexos, mas deve ser usada com cuidado para ndo
eliminar carregamentos capazes de causar dano A pega Castro et al., 94). Quando se trabalha com um
método linear eldstico como o SN esta pritica ¢ correta e recomenddvel, pois a ordem dos
carregamentos ¢ irrelevante.
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Fig. 7 Carregamento complexo filtrado em amplitudes crescentes, com as respectivas contagens rain-flow
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Mas no caso elastoplastico, contar o carregamento (neste caso as lensoes 1mpostas) e nio o seu
eleito (as deformagdes resultantes) ¢ um procedimento totalmente inadequado, como ilustrado nas Figs.
8: na 8a o carregamento complexo ndo-filtrado da Fig. 7 € tratado seqiiencialmente, incluindo todas as
corregoes recomendadas acima; na 8b plota-se o resultado obtido mantendo todas as correcoes dos lagos
mas fazendo a contagem rain-flow das tensoes; e na Fig. 8c apresenta-se o resultado da metodologia eV

tradicional. Os danos calculados nos trés casos sao:

Caso Coffin-Manson  Morrow  Morrow mod.  S-T-W

Lagos corrigidos, rain-flow nas deformagées (fig.8a) 1.710" 2410° 2.2.10"
Lagos corrigidos, rain-flow nas tensoes {fig.Bb) 1.310" 1.810" 1.9107
Método ¢N tradicional (fig.8c) 3310° 4.110° 8.4107

-0

0 ,.-?'*7

A6 - === I s

100

s 1
ogs oo
-

Lagos de Histerese - § (MPa) x e (e)

Fig. 8a Lagos induzidos pelo carregamento da Fig. 7 (sem qualquer filtragem), com as devidas corregoes

200

Lagos de Histerese - S (MPa) x e (e}

Fig. 8b Lagos corrigidos como na Fig. 8a, mas com rain-flow feito nas tensoes solicitantes
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Fig. 8c Lacos previstos pelo método ¢N tradicional para a contagem rain-flow do mesmo carregamento

Note-se que este carregamento se aproxima bem mais dos casos reais que os exemplos didaticos
discutidos anteriormente, ¢ que pode ser usado para ilustrar o tipo de erro que se pode obter na pritica
do dimensionamento mecinico. Por isto vale a pena enfatizar que a nio linearidade do método €N tem
sempre que ser considerada antes de sua aplicagio. E como o método rain-flow tradicional gera uma
tabela na qual a ordem dos carregamentos ¢ alterada, o procedimento de cdlculo de dano correto no caso
de carregamentos complexos é:

e  Calcular primeiro os lagos de histerese induzidos pelo carregamento AG,,; na raiz do entalhe, na

seqiiéncia em que cles efetivamente ocorrem (incluindo todas as corregdes necessiarias!), e

e  Fazer a contagem rain-flow nas deformagoes Ag resultantes.

Deve-se enfatizar que a contagem das deformagoes Ag; resultantes ¢ indispensavel para o cdlculo
correto do dano! Isto porque a historia das deformages resultantes de um carregamento complexo
também € complexa, e $6 a contagem rain-flow pode quantificar o dano causado por todos os evenlos.

Problema da Aplicacao Correta da Regra de Neuber

No problema do dimensionamento mecanico real € indispensdvel considerar todas as corregoes
discutidas acima na modelagem do comportamento elastopldstico ciclico dos pontos criticos das pegas,
Portanto. € indispensivel estudar-se o comportamento da raiz de concentradores de deformacao, que é
onde as trincas de fadiga quase sempre se iniciam. Seguindo as idéias tradicionais, para isto deve-se
aplicar a regra de Neuber em conjunto com as corregOes necessarias para garantir a qualidade dos lagos
previstos. Mas nestes casos nao se pode usar a Eq. (14), que s6 se aplica quando o malerial permanece
numa mesma curva a-£

Neste ponto vale a pena lembrar que o problema na realidade resolvido por Neuber em 61 foi a
concentracio de tensoes ¢ deformagdes na tor¢ao monotdnica de corpos prismiticos feitos de qudlquer
material ndo-linear eldstico. Portanto, o uso da regra de Neuber no método €N tradicional ¢ uma
aproximagio que, segundo Fuchs e Stephens (80), s6 € corroborada experimentalmente nos casos de
tensio plana dominante na raiz do emalhc lpur isto aqueles autores recomendam o uso da regra Linear
de concentragio de deformagdes (K, = K, = Ae/Ag,) para os casos de deformagdo plana). Para usar esta
mesma aproximagio nos casos das mud.mqua de curvas o€ necessdrias para garantir a admissibilidade
fisica dos lagos de histerese, basta manter a constincia dos pmdulot. Ac Ae = (K, Ac,)’/E. Esta warcfa é
conceitualmente simples, como ilustrado na Fig. 9, apesar de exigir uma implementagio numérica nio-
trivial.
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Fig. 9 Aplicacao da regra de Neuber nas trocas de curvas o £ necessarias as correcoes dos lacos

A idéia é aplicar o carregamento Ag, em pequenos incrementos Ag,;, e it construindo o caminho
Ao, Ag; correspondente no plano o€, seguindo primeiro a curva | da Fig. 9 até o seu cruzamento com
uma das curvas limitadoras do olhdo, que no caso ¢ a curva 2. O ponto de parada na curva 2 €
localizado comparando-se a cada incremento do carregamento o valor do produto Ag,.Ag com
(K, Ag,)/E, que € um valor conhecido.

Note-se que este procedimento pode facilmente ser generalizado para carrcgamentos nominais
elastoplasticos. Entretanto este caso, que é mais de interesse académico do que pritico, nao serd
discutido aqui tendo em vista que o esfor¢o computacional necessario dificultaria seu uso em uma
ferramenta capaz de rodar em micros.

Problema da Solugcao Numeérica dos Sistema de Coffin-Manson e de
Neuber

A solugio numérica das Eqs. (14) e (15) merece ser comentada. Para resolve-las foi desenvolvido
um método baseado no fato daquelas equagdes constitufrem essencialmente a combinagao de duas retas,
quando tragadas em escala bi-logaritmica. Uma vez que o método de Newton-Raphson é muito cficaz
para resolver equagoes que possuam derivada aproximadamenie constante, esse método foi adaptado a
uma escala logaritmica, escrevendo-se as equacoes de Neuber e de Coffin-Manson na forma geral:

= Rexp(Bx) + yexp(Cx) (22)
ondc X € a incognita a ser calculada numericamente. No caso da Eq. (14). tem-se:

o=(KAc,), B=1, B=2, y=2E(2K")", C=1 + IMm' x=In(Ac) (23)
e no caso da By, (15)

d=Ae2, f=0//E B=b y=¢", C=¢ x=In2N) (24)

O procedimento para a solugio da Eq. (16) pode ser resumido por:
¢  Encontra-sc o valor de x; para a primeira iteracio atraves de
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(25)

- min( In(86/8 J‘;‘n[ §/7) J
B

onde a fungiio min retorna o menor dentre dois valores. No caso da regra de Coffin-Manson, a Eq. (19)
avalia sc o gradiente de deformactes esta na regido predominantemente eldstica ou plastica, tomando
como valor inicial aquele que mais se aproximar da solugao.

e Calcula-se o valor de x,,, da nova iteragao em fungao do valor de x, (i 20):

By Cyy
. Be i 4 oaptN
Ky =X — (jje‘g"f + ] in —;-——}"—— (26)

e Sendo (E-1) o erro relativo maximo admissivel, prosseguem-se as iteraghes até que a expressio

Bl oyl S ) Cf vj+inf & JJJ
- + 23
In (ﬁ‘ s {27)
a

seja negativa, Para excmplificar o uso deste método, calcula-se a vida residual de um espécime cujo
material (um ago) possui as propriedades dadas: £ = 203GPa, 0,'= 896MPa, &'= 041, b= -0,12¢ec =
-0,51. A partir da Eq. (14), para um gradiente de deformacocs Ae = 2000ue ¢ § = 1,000 (crro maximo
de 0.1%), calcula-se entdo :

Xp=6,60; x;=11,12; x-=11,87; x;=11.91 22N = ¢"'% = [49000 reversoes

¢ 0 processo converge em 3 iteragdes. Se o método tradicional de Newton-Raphson fosse utilizado,
considerando-se um valor inicial de | para 2N, seriam necessdrias 15 iteragdes para calcular-se a
solucdo na precisao de 0,1%. Além disso, mesmo se fosse utilizada a condi¢io inicial definida no
primeiro passo do algoritmo apresentado acima, o método de Newton-Raphson ainda necessitaria de 10
iteraghes para a convergéncia.

A Linguagem viDa S8

Como o método €N € bem menos simples do que aparenta, para poder aplica-lo aos casos reais de
carregamento complexo ¢ indispensavel usar suporte  computacional adequado. Para isto, foi
recentemente desenvolvida a linguagem vioa (Meggiolaro e Castro 96), atualmente na sua versao sa,
da qual se faz uma breve descrigdo a seguir.

Esta linguagem foi concebida para automatizar todos os métodos tradicionalmente usados no
projeto mecinico & fadiga sob carregamentos complexos: o SN, o I[IW (para estruturas soldadas) e o €N
para prever a iniciagao da trinca, ¢ o da/dN para cstudar a propagagio das (rincas planas ¢ 3D usando
conceitos da Mecdnica da Fratura. Nela também se incluiu indmeras facilidades tteis ao projetista,
como vidrios bancos de dados inteligentes, dois contadores rain-flow ¢ um filtro race-track, gerador de
lagos de histerese elastoplistica (incluindo todas as corregoes necessirias no método €N, seguindo os
procedimentos discutidos acima), ajuste automatico de dados experimentais, interpretador de equagoes,
¢ virias outras ferramentas similares, todas com uma interface grifica amigdyel que roda num ambiente
Windows.

Com o vipa 88 pode-se também desenhar a curva €N e sobre cla a curva SN tradicional, e forcar a
componenle clistica da deformagao a atingir a curva SN no limite. O programa calcula o dano €N por
todos os métodos discutidos (Coffin-Manson, U, Morrow, STW, etc.), de forma seqiiencial, e pode
aplicar o rain-flow nas deformagaocs resultantes, Ha também as opgoes de trocar a regra de Neuber pela
regra Lincar de concentragio de deformacdes, ¢ de desenhar os lagos de histerese devidamente
corrigidos ou os previstos pelos métodos tradicionais (para quando ndo se conhecer a histéria prévia da
peca e ainda assim se quiser fazer uma estimativa €N, ou para quando se quiser desconsiderar os efcitos
do ordenamento apesar de todos os problemas de incompatibilidade fisica das previsoes). Na realidade,
todos os lagos apresentados neste trabalho, bem como todos os danos calculados nos exemplos, foram
gerados usando-se o vioa num micro AMDS86 de 133MHz, com 16MB de memaria RAM.
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Conclusoes

Foram discutidas varias limitagoes do tradicional método €N de projeto a fadiga, e apresentadas
solughes para climind-las. Também foi apresentada uma nova linguagem chamada vioa ss, que
automatiza o dimensionamento 4 fadiga sob carregamentos complexos ¢ na qual estas solugdes foram
implementadas.

Os problemas causados pelo ordem do carregamento e pela limitagao dos lagos de histerese
clastoplatica nos levam a questionar o uso dos procedimentos tradicionais £V em pegas usadas cuja
histéria elastoplistica seja ignorada: o desconhecimento do estado inicial de ensoes ¢ deformagoes
residuais na raiz do entalhe critico pode invalidar as previsoes feitas a partir da solugio repetida das
equagoes do lago de histerese. Para se aplicar adequadamente o método €N em pegas que ndo sejam
virgens, deve-se primeiro localizar a origem dos lagos de histerese no plano g€ Isio provavelmente
requer a medigio do estado inicial de tensoes e deformagdes residuais no ponto critico da peca (e. como
¢ a histéria o € na raiz do entalhe que importa, ndo adianta medir as tensoes residuais fora deste ponto!).
Esta ¢ a tnica forma de prever os lagos subseqiientes usando as corregdes necessdrias para garantir sua
admissibilidade fisica.
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Abstract

The present paper consists of the {dentification of the stiffness properties of sandwich composite structires by nsing
vibration measwrement's data. The coefficients are idemtified by a model updating technique, The wsed formuleation i
based em the minimization of the eigensolution residualy (venxitiviey method ). This technigue atlows the simultaneous
identification of several properties from a single test. Stiffness properties of extension, bending, nwisting and
transverse shear effects ave identified, what ix not evident from classical identification tests of sandwich struetures.
Resulty obiatned by monerical sinudations show the efficiency of the proposed methodotogy.

Keywords : Composite: Materialy, Sandwich Structures, Blasne Constants,  dentification. Model Updating,
Vibration,

Resumo

Lste trabalho trata da identificagio de constantes elasticas de estruturays sanduiches em materiais compostos
partir de ensaios de vibragdo. As propriedades xao identificadas pela Wenica de ajuste de modelos, O método
uttlizader € baseado na minimizagdo de restduos formados pelas awo-solugaes (método de sensibilidade ). A técnica
perntite a identificacdao simultanea de diversas propricdades a partiv de apenay um ensaio dinamico. Obtém-se desta
manetra propriedades de flexao, torgdo, membrana ¢ cisalhamento tranversal, o gue nao € evidente nos métodos
clissicens de identificacan em estruturas do fipo sanduiche, Os resaltados obtidos por stnudagdo mumérica
demonsiram a eficiéncia da metodologia proposia,

Palavras-Chave @ Muaieriais Compostos. Estrutivas Sanduiches, Constenntes Eldsticas, fdentificagdo, Ajuste de
Maodelos, Vibragae.

Introducao

Com o aparecimento de novos materiais, elaborados a partir de novas filosofias de concepgio e
fabricacdo, o campo de aplicagio dos materiais compostos evoluiu consideravelmente estes ultimos
anos, Novas geragoes de estruturas ditas multi-funcionais, como os materiais hibridos ou mais
recentemente os compostos adaptativos ou inteligentes, comegam a aparccer (Chou, 1992),

As novas tecnologias requerem desta forma novas técnicas de andlise do comportamento mecinico,
adaptadas a estes novos materiais. Este trabalho trata da identificagio de propriedades de rigidez de
estruturas do tipo sanduiche a partir de ensaios dindmicos. A peculiaridade da configuragiio estrutural ¢
dos materiais constituintes de um sanduiche torna dificil a caracterizagio experimental dos mesmos a
partir dos ensaios classicos (tragiio, flexao, ctc.). O interesse dos ensaios dinamicos estd no fato de que
o comportamento vibratorio de uma estrutura ¢ caracterizado por virias energias de natureza dilerente,
o que vai de encontro ao cardter de identificagio multiaxial, inerente aos compostos em geral. Pode-se
identificar de maneira simultiinea vérias propriedades & partir de apenas um ensaio. Além disso, o
método ¢ do tipo nao-destrutivo, Os coeficientes sao identificados pela téenica de ajuste de modelos. A
metodologia utilizada (do tipo modal) € baseada na minimizagio de um residuo construido a partir das
auto-solugoes do modelo e da estrutura. Esta técnica é comumente chamada de método de sensibilidade.

Manuscript received: July 1997, revision received: January 1999. Technical Editor: Agenor de Toledo Fleury
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Formulacao do Método de Sensibilidade

O método de sensibilidade consiste na mimmizagao de um residuo bascado nas auto-solugoes,
consideradas como grandezas de saida (Fig, 1) (Piranda, 1994), Suas vantagens em relagio a outros
métodos de ajuste de modelos em elastodindmica sao, de maneira geral as seguintes : nao hd expansio
ou condensagdo; é aplicivel no caso onde o nimero de sensores é reduzido, portanto bem adaptado ao
tratamento de grandes sistemas; € robusto em relacdo aos ruidos nas medidas: a manipulagdo e
interpretagdo fisica das varidveis do problema considerado ¢ facilitada. Seus principais inconvenientes
sio : md convergéncia ou possibilidade de mimmos locais, o que impde um modelo inicial
relativamente proximo da estrutura real: necessidade de emparelhamento dos modos; otilizacdo das
massas generalizadas: problemas numéricos no caso de autovalores muiltiplos ou quase-muiltiplos. A
maioria  destes inconvenientes pode no entanto ser resolvida através de procedimentos adaptados
(Cunha, 1997).

discretizagao ensaio :
elementos finitos analise modal

I !

i auto-solugodes
matrizes reais
KeM x‘sx} \:;mx}

autovalores A%
autovetores y"
|

corregao comparagao
AK auto-solucoes
»

ma conecordancia

Fig. 1 Organograma geral do método de sensibilidade

Em ajuste de modelos, procura-se determinar as correcoes AK entre as matrizes de rigidez do
modelo analitico (a) ¢ da estrutura real (ex) :

Kir.xl: KI.‘|I+ &K (l]

Para isto, supde-se que o modelo de elementos finitos ¢ composto de subdominios, chamados
macro-elementos. que possuem elementos dependentes dos mesmos parametros

k=YK e rV (2)
=]

onde r € o nimero de elementos de um macro-elemento e KI."' ' ¢ a matriz de rigidez associada ao
clemento ¢. As corre¢oes sao efetuadas nos p macro-elementos de rigidez, da seguinte maneira :

l.U
K® =Y kK, 3)
i=l

onde & € o coeficiente corretor que se procura identificar e K7 € a matriz de rigidez completa. O
residuo € construido & partir das distincias entre as auto-solugoes identificadas na estrutura e calculadas
pelo modelo de elementos finitos, avaliadas nos graus de liberdade correspondentes aos ¢ sensores:
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Ay, = “t-n {.n e R 4| ;L:ul /1:"] R i T “4)

0O método de sensibilidade consiste em expressar as distincias em fungio das variacoes dos
parimetros de coneepgio dos macro-elementos. Para isto, desenvolve-se as auto-solugoes medidas em
serie de Taylor de primeira ordem. nas vizinhangas das auto-solucoes emparelhadas do modelo :

rul
fen)

et
Y = |rai+z ﬂu A{l”= irrr ﬁal\ (5]

Sob forma matricial tem-se :

divy iy,
FI dk T ok p A5 .,-1“ [
A | ¥ e (P lh]
: d "‘.Ju . o ‘I—”l Ik [AA} S”‘\} p
A, = Ak = ok » ' ) ! (6}
AL A | aA | i —] AZ = 8§ Ap
co dh Sk |,, . p : fale+d ) L fmtes o pl [po ]
Whnd gty
Ik ak
onde m ¢

o nimero de autovetores ldunllﬁuclns, ¢ ¢ o numero de graus de liberdade instrumentados; p é
o numero de macro-elementos de rigidez: N ¢ o ndmero de graus de liberdade do modelo de elementos
finitos: n ¢ 0 nimero de autovetores calculados do modelo de elementos finitos. Em relacdo a matniz de
sensibilidade S, as expressoes das derivadas primeiras das auto-solugoes em relagao aos parimetros de
rigidez sio obtidas denvando-se a equagio de equilibrio do modelo, considerando-se igualmente as
relagoes de ortonormalidade (Piranda, 1994). Faz-se uma aproximacio por combinagio linear dos
autovetores de uma base modal incompleta Y. As expressaes resultantes séio ;

l'}‘. fa} !
fu} i = e ) i
ak =Y w =" ZA"}-. l"";\«'I’ (7
i a=/
)':m. T () getay da) ¢
ok = " K (8)
com
e it
r '\,#;JE: H'\_,‘t!ur
Im' 5 &t:rl _/-{iu] B
a .
. =0

Consideracao dos Erros das Massas Generalizadas

A delinigio do residuo dos autovetores implica na normalizagao correta dos autovetores
identificados, condi¢io dificil de satisfazer experimentalmente em identificagio modal, Os crros de
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identificacio das massas generalizadas podem assim gerar correges erréneas do modelo. Para resolver
este problema, introduz-se as massas generalizadas como incégnitas suplementares. Designando por
3/ o autovetor identificado sem erro de norma e por y.*'’o autovetor realmente obtido, supoe-se

Py )

que ¥ =3

(/- },onde o, é um coeficiente real desconhecido. O sistema completo a resolver
lorma-se entao :

EX IR
: S‘\I" o o ]
A | ] i (9
A | S
: SL,M 0 __.r\r;“"
A4, |

Aspectos Dinamicos e Matematicos do Problema

Diversos aspectos interdependentes sio de fundamental importincia para a aplicagio pratica da
téenica de ajuste de modelos em dindimica. visto que o problema comporta fatores de natureza [isica e
matem:tica. Estes estudos foram abordados no trabalho de Cunha (1997). Pode-se citar alguns pontos :
estudo do problema de otimizagio na solugdio da equacio de sensibilidade (6); reandlise das auto-
solugdes; posicionamento 6timo dos sensores; simulagio com introdugio de ruidos nas medidas:
desenvolvimento do método com aproximacgio de scgunda ordem nas equagdes de Taylor; estudo
aprofundado do problema de estimagiio inicial dos pardmetros a serem identificados, com utilizagdo da
técnica dos algoritmos genéticos.

Método de Otimizacao

0O método de otimizagio utilizado para o cdlculo da solugio Ap na expressio de sensibilidade (6) é
do tipo gradiente sob restrigdes de desigualdade. O principio deste método, chamado Método das
Diregdes Realizdveis Modificado (DOT, 1990), consiste em determinar a solugio que minimiza a
funcio custo J(p), com a vantagem de precisar a dire¢io e o ganho do passo de busca no espago
paramétrico. A fungdo custo ¢ formada & partir das distincias entre as auto-solugoes ¢ as distincias dos
pardmetros de corregdo :

J(p)="Ay(p)W , Ay(p)+" AL(pIW; AA( )+ Ap(p)W ,Ap(p) (10)

com as restrigoes de desigualdade :

inf sup, inf U
Ap; SAp; SAp;tepr Spisp;

onde:
Ay =y -y e R™ & o vetor das distancias dos aulovetores;
Al =AW e R™ & o vetor das distincias dos autovalores;
Ap=p-p" e R & vetor das corregbes paramétricas:
W, e R™™ W, e R™" e W, e R sio as matrizes de ponderago. escolhidas segundo a
especificidade do problema.

Adaptacao do Método de Sensibilidade aos Materiais Compostos

Dentro do contexto das Teorias de Placas ¢ Cascas Estratificadas, considerando-se a variedade ¢ a
complexidade dos parimetros que influenciam o comportamento mecinico dos compostos, existem
diversas abordagens para a escolha do campo de deslocamentos, das tensdes e das condigdes de
contorno associadas (Bert, 1984; Cunha, 1997). Utilizou-s¢ neste trabalho a chamada Teoria de
Cisalhamento de Primeira Ordem, que considera o efeito do cisalhamento wansversal, e que possibilita
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a obtengdo de bons resultados para a maioria dos compostos estratificados, incluindo-se os sanduiches,
A equagdo constitutiva é escrita da seguinte mancira :

N A B 0fe,

M|=|B D 0| &k (11)

0 0 0 Hjvy,

onde:
[A] € R™ : matriz de rigidez em membrana;
[B] € R™ : matriz de acoplamento em membrana-tlexdo/torgio;
[D] € R*" : matriz de rigidez em flex@o/torgao;

[H] € R : matnz de ngidez em cisalhamento transversal.

no_ ] L P & 4
Ay = 20 )y hy =gy B, = (0 )y (hi —hi_y)
k=1 k=1
(12)
| noo__ B2 o
Dy =;Z(QH O =hi ) Hj = kij 340y )ity = hy—y)
k= k=1

sendo (J; as constantes de rigidez de uma camada em uma diregio qualquer: & a cota da face da
camada k; n o nimero de camadas e k;; os fatores de corre¢do do cisalhamento transversal. Estes fatores
visam cormigir as deformacdes de cisalhamento transversal ao longo da espessura da placa.
Especificamente em relagdo aos sanduiches este aspecto ¢ ainda mais importante devido a grande
diferenga entre as caracteristicas mecinicas e geométricas das camadas, o que pode dificultar também a
condigio de continuidade dos deslocamentos e das tensdes cisalhantes nas interfaces das camadas
(Cunha, 1997).

A identificagiio de propriedades de rigidez de materiais compostos por métodos do tipo ajuste de
modelos em dindmica ¢é relativamente recente, Dada a sua complexidade, o tema estd bastante aberto.
De fato, o cardter de anisotropia, a diversidade dos materiais ¢ a variedade das formas estruturais faz
com que o comportamento mecinico dos materiais compostos seja particular. Pode-se citar por exemplo
o eleito de acoplamento dos esfor¢os ¢ o fendmeno de delaminagio, tipicos dos estratificados em geral
(inclusive sanduiches). Desta forma, ndo existe na literatura formulagoes gerais que permitam resolver
todos os casos de identificagio. Encontra-se [requentemente estudos aplicados a casos particulares. A
grande maioria destes estudos utiliza o método de sensibilidade. com estimagao do tipo Bayes
(Frederiksen, 1994; Pedersen. 1988; Deobald and Gibson, 1986). Uma maneira interessante de abordar
o problema ¢ de utilizar as constantes de rigidez da lei de comportamento da estrutura (Eq. 11) que
expressa as resultantes € os momentos em fungio das deformagdes de membrana, de cisalhamento e das
curvaturas (Sol, 1986; Link and Zhiging, 1993). A utilizacdo das matrizes A, B, D e H apresenta
algumas vantagens em relagio a outras formas de parametrizacio do problema :

» Facilidade para a compreensio do comportamento  mecinico da  estrutura @ estas
"propriedades globais"  explicitam os efeitos de membrana, flexdo, torgao, cisalhamento,
acoplamento, etc:

e Possibilidade de fazer a interface do método de sensibilidade com os programas de cdlculo
de elementos finitos, pois as constantes de rigidez sido lineares em relagdo as matrizes
elementares de rigidez;

*  Finalmente. pode-se lembrar que os programas comerciais de elementos finitos permitem a
utilizagdo direta das constantes A. B, De H como dados de entrada, o que evitaa
identificac@o das propriedades das camadas. Este aspecto pode ser interessante para o caso das
estruturas sanduiches, pois a identificagio das propriedades das camadas, em particular para as
colméias, ndo é evidente.

No método de sensibilidade as corregdes sdo efetuadas nos macro-clementos, que sdo as

componentes das matrizes A, B, D e H. Cada macro-elemento possui assim um papel bem definido no
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comportamento mecinico da estrutura. Para ilustrar a idéia. toma-se como exemplo o caso de uma placa
estratificada simétrica. As corregoes nos p macro-elementos sao feitas da seguinte forma :

JJ
K" =3 kiK; =k DKy +kyDj2 Ky + kyDys Ky + ky Dy Ky + ks Do K5 +

i=l
+ththh +k1A| |K? +P'(HA|2KH +kgA32Kg +k[:jAI{|K[[; + (13)

+hy Ase Ky +h2Ago K)o ks H 4y K3 +kgHss Ky

onde : DK, D;5K>, . . ., HssK;; representam as matrizes de rigidez dos macro-elementos: k; ¢ o
coeficiente de corregiio do macro-elemento i; K~ é a matriz de rigidez completa. As constantes de
rigidez sao : Dy, - rigidez de flexao x: D, - rigidez de acoplamento flexdo x / flexdo v; D, - rigidez de
flexdo y; Dy, - rigidez de acoplamento [lexio x / torgio: D, - rigidez de acoplamento flexao v / torgao:
Dy - rigidez de torgao; Ay - rigidez de membrana x; A;; - rigidez de acoplamento membrana x /
membrana v, Ao - rigidez de membrana y; Ay, - rigidez de acoplamento membrana x / cisalhamento xy;
Asq - rigidez de acoplamento membrana y / cisalhamento xy; Ay, - rigidez de cisalhamento xv; Hy, -
rigidez de cisalhamento transversal yz: Hs; - rigidez de cisalhamento transversal xz.

Esquematicamente, a discretizagao elementos finitos dos macro-elementos, que permite a obtencio da
matriz de rigidez completa, ¢ mostrada na Fig. (2).

elemento

estratificado

Fig.2 Esquema da composi¢ao dos macro-elementos de um estratificado

As estruturas sanduiches sdo um caso particular dos estratificados em geral. O principio de
construgio de um sanduiche € de aplicar sobre uma alma, constituida de uma material leve e com boas
propricdades de compressdo e cisalhamento transversal, duas peles, possuindo essencialmente boas
propricdades de tragdo/compressdo (Fig. 3). Esta configuracido permite obter uma estrutura bastante
leve, com boa rigidez em flexiio. Contrariamente aos estratificados, os sanduiches (ém um
comportamento mecinico diferenciado, onde a alma e as peles desempenham papéis distintos. A alma
trabalha basicamente em cisalhamento transversal, enquanto que as peles trabalham como membranas
(Pagano, 1970: Dang, 1976; Donatus, 1989). Existem aspectos relativos ao comportamento mecinico
das estruturas sanduiches que dificultam a modelizagio. Para tal, utilizam-se teorias aproximadas que
simplificam o problema. Por exemplo, a determinagao das propriedades fisicas e mecinicas da alma ndo
¢ evidente, dada a complexidade da geometria da mesma. Adota-se para este caso propriedades médias
equivalentes. Quanto ao aspecto de identificagiio das propriedades elasticas dos sanduiches, desde que a
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modelizagao tenha sido feita corretamente, nio existem problemas particulares com relagdo &
identificagio dos estratificados em geral. Isto serd verificado na simulagdo numérica a seguir.

Simulacao Numérica

A placa sanduiche analisada faz parte de uma estrutura real, chamada TSP (Truss Supported
Platform), elaborada & partir de um acordo cientifico entre a Agéncia Espacial Européia e algumas
universidades (Cunha, 1997). As caracteristicas da estrutura e as condigoes de ensaio sio (Fig. 3) :
constituigao das peles : estratificado em CFRP (Carbon Fiber Reinforced Plastic); constituigio da
alma: colméia em aluminio (NIDA); condicao de contorno : livre-livie: nimero de sensores
(acelerometros) (AN) = 17 (z); nimero de modos medidos "experimentalmente” = 10,

Propriedades das peles : Propriedades da alma :

B =1.35x% 10" Nm®
E,=1x 10" N/m*
G=Gy: =5 x 10" N/m’
Gy =4.5x 10" N/'m’
\"13=U.2?

p = 1580 Kg/m’

Estes valores levam as seguintes constantes elisticas a serem identificadas : Dy, = 1719 Nom, D> =
526 N.m. Da>= 1719 Nom. Dy = 594 Nom. Hy,= 7.6 x 10° N/m., Hss= 8.0 x 10° N/m.

Gy =1.52 x 10° N/m’
Gs; = 7.88 x 107 N/m®
p=368 Kg/m'

17 o°

16 445

15 90"

4 45" bile
13 -45° =)

12 90

11 +45°

10 0

9 | | alma
8 0°

Mzl +45° i

g 9

5 45" pele
4 -45° =

3 90"

2 a5 i

1 0

Fig. 3 Estrutura sanduiche e condigoes de ensaio

A distribuigiio dos sensores na estrutura foi obtida a partir de uma téenica de posicionamento 6timo,
baseada na minimiza¢io do condicionamento da matriz modal (Cunha, 1997). As constantes de rigidez
do modelo inicial foram perturbadas em £ 25%. O problema consiste em tentar recalcular os valores das
perturbagdes introduzidas através da téenica de ajuste de modelos. Trata-se portanto de uma simulagio
numérica de identificagio.

Os resultados obtidos foram bastante satisfatorios. A Figura 4 mostra a evolugdo dos parametros no
processo de ajuste ao longo das iteragdes. Os grificos mostram uma excelente convergéncia destes
parimetros, com uma reducdo significativa das distdncias entre as auto-solucoes. Verifica-se uma boa
sensibilidade para todas as constantes. A Tabela | confirma os bons resultados das corregdes, onde os
valores das constantes de rigidez iniciais foram reencontrados (o nimero entre parénieses representa a
diferenca em relagio ao modelo inicial).
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Evolucao das correcdes de rigidez
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Evolugéo da fungao objetivo
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Fig.4 Evolucao dos parametros de ajuste ao longo das iteragoes

Tabela 1 - Resultado final do ajuste das constantes de rigidez

Constantes Madelo Modelo Modelo

de rigidez Inicial Perturbado Ajustado
D.; (N.m) 1719 2149 (25%) 1719 (0%)
Diz (N.m) 526 658 (25%) 526 (0%)
D2z (N.m) 1719 1376 (20%) 1719 (0%)
Des (N.m) 594 475 (20%) 594 (0%)
Hay (N/m) 7.6 x 10° 9.5 x 10° (25%) 7.6 x 10° (0%}
Has (N/M) 8.0x 10° 6.4 x 10° (20%) 8.0 x 10° (0%)




321 J. of the Braz, Soc. Mechanical Sciences - Vol. 21, June 1999

Conclusao

A diversidade dos materiais ¢ a complexidade das configuragoes cstruturais faz com que a
claboracio de modelos gerais de comportamento para os materiais compostos seja bastante dificil. Isto
acontece igualmente para os métodos de identificagio de propriedades mecanicas das estruturas
estratificadas e sanduiches. Dentro deste contexto, a técnica de identificagdo a partir de ensaios
dindmicos ¢ imteressante pois pode ser aplicada em virios tipos de estruturas. O processo ¢ do tipo nio
destrutivo ¢ sua implementagio ¢ relativamente simples. A metodologia utilizada se mostra bem
adaptada ao cardater de anisotropia dos materiais compostos. Em relagio a outras técnicas de
identificagio, o método apresenta a vantagem de simplificar consideravelmente os testes pois pode-se
identificar virias propriedades diferentes, de maneira simultinea. Uma outra vantagem € que se pode
aplicar a téenica de identificagio diretamente na estrutura (placas, cascas, tubos ou mesmo geometrias
mais complexas), sem a necessidade de corpos de prova adaptados a cada ensaio, segundo o pardmetro
a ser identificado. Por outro lado, as constantes de rigidez identificadas podem ser introduzidas
diretamente como dado de entrada nos programas comerciais de elementos finitos.

Deve-se observar trés aspectos importantes no processo de identificagio : boa sensibilidade e
independéncia linear das constantes a serem identificadas ¢ uma boa base modal com um nimero
suficiente de sensores. Existem virias fontes de erros possiveis na técnica de ajuste de modelos. Estes
erros 5d0 (Cunha, 1997) : de modelizagio (malha elementos finitos, hipoteses simplificadoras de
cdlculo, ete) ; erros no processo de corregio (método de sensibilidade) : md representatividade na
fungdo objetive (lincarizagio do problema, base modal experimental reduzida. ponderagio dos
pariimetros, ctc.). nao-unicidade ¢ instabilidade da solugdo, etc : erros de topologia do material :
heterogeneidade das propriedades fisicas, imperfeicoes geométricas (espessura, orientagio das fibras,
etc.). defeitos em geral ; erros de medidas : erros sistemdticos e aleatorios quando do ensaio dindmico
(posicionamento dos sensores, ruidos, elc.).

Concluindo, pode-se dizer que a qualidade dos resultados €. de uma maneira geral, ligada
diretamente & qualidade do modelo de elementos finitos. i estratégia de ajuste utilizada ¢ & precisio das
medidas experimentais. E a associagio destes wrés latores que pode conduzir & uma identificagio
confidvel.
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Abstract

It has been observed throughout Europe that environmental policy hax not necessarily had a negative economic
impacit, The imtegration of environmental technologies in industry can conduct 1o both economic and ecological
advantages compared to wsual technologies, whereas the use of resources iy minimised and with them, the raw
emissions, al all stages of the production process.

This paper analvses the environmental and the technological assessment associated with the implementation of a
cogeneration power plant, using a high pressure boiler burning olive oil bagasse (ay obtained after extraction) and a
tow-power steam turbine. It demonstrates the wse of Linear Programming modelling as a tool for identifving and
evaluating the best possible options for environmental performance of the system analvsed, and extends this
technigue for the assessment of indirect eco-taxes, also called “Pigou taxes”, associated with emvirommental
regulations. It is shown in this study that a balance between environmental and economic performance in systems
analvsiy lies in exploring a set of alternative options for svstem improvements. The results show that for a steam
demand value lower than 80% of the maximum steam production capacity, the profit associated with the over-
burning of bagasse should be associated with increasing values of the Pigou 1ax in order to prevent the consequent
over emission of CO,. The paper shows that the economical profitability of the system is correlated with the CO,
emissions reductions, for this particular project, for- different loading conditions of cogeneration plant in oil
extraction plant. Although the extrapolation of this conclusion should be considered with caution, it can be assumed
to be valid for many cogeneration systems in industry, The principles of the Life Cyele Assessment - LCA applied
with Linear Programming techniques have allowed the quantification of side effects, associated with the use of
technologies  assessment, contributing  for supporting  decision making bused on technical information in
environmental policy,

Keywords: Life Cycle Assessment, Linear Programming, Cogeneration Power-Plant, Technological Innovation,
Environmental Management.

Introduction

In the later decades of this remarkable century, the relationship of humans to the environment has
become a prominent subject in our social dialogue. This social concern is leading nations for the use of
the precautionary approach to protect the environment. Where there are threats of serious or irreversible
damage, scientific uncertainty shall not be used to postpone cosl-effective measures to prevent
environmental degradation.

In the current debate on environmental policy and economic development two basic positions can
be differentiated, which can be characterised as follows:

It is argued that a demanding environmental policy can be combined successfully with economic
and employment policies.

It is claimed that taking the lead in environmental policy can endanger the economy.

As pointed out by Coenen and Klein-Vielhauer (1997). empirical evidence exists in support of the
first position. At the same time, it can be observed throughout Europe that environmental policy has not
necessarily had a negative economic impact. Moreover, according to the OECD, most macro-economic
studies on the link between environmental expenditures and employment suggest that net employment
effects are still positive, even if this linkage is weak.

It can be shown that integrating environmental technologics in industry results in both economic
and ccological advantages compared to usual technologies. From the ecological point of view, the use
of resources is reduced. as well as the raw emissions, not only at the stage of manufacturing but at the
preceding stages of resource extraction and refining. Integrated environmental technology also offers
solutions where others technologies fail. The application of integrated environmental technology is
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connected with an improvement of the ecological and resource efficiency and can also lead to an
increase in overall productivity.

In this paper, the emphasis is on the assessment of the environmental and economical benefits of the
implementation of a cogeneration power plant in an olive bagasse oil extraction plant in the overall
context of the olive bagasse oil life cycle. The paper analyses both the environmental and the
cconomical assessment associated with the implementation of a cogeneration power plant, using a high
pressure boiler burning olive oil bagasse (as obtained after extraction) and a low-power steam turbine,
as described by Ferrio et al. (1997),

This paper demonstrate the use of Lincar Programming modelling as a tool for identifying and
evaluating the best possible options for environmental performance ol the system analysed, as
suggested by Azapazig and Clift (1995), and extends this technique for the assessment of indirect eco-
taxes, also called “Pigou tax™ (Pigou was an economist which first defended eco-taxes, about 50 years
ago: see Pigou, 1952), associated with environmental regulations. Since sustainable improvements
cannot be carried out on the basis of environmental analysis only, it is shown in this paper that a
balance between environmental and economic performance in systems analysis lies in examining a set
of alternative options for system improvements.

Background: The Evolution of Corporate Environmental Management

Historically, industry has played a minor role in setting broader environmental goals. Industrial
firms' managers have traditionally held a short-term view towards environmental goal setting with
problems downstream and upstream from the manulacturer often not being taken into account by
corporations. This attitude was sustained by an environmental policy based on a notion of the
environment as a public good whose protection and development lies beyond the individual concerns of
private business.

However, in the last three decades, it as been observed a shift in corporate environmental goal-
setting practices. Corporate behaviour has been changing as consumers express their preferences for
environmentally-friendly products and practices and manufacturers are obliged to look “upstream” and
inquire into their suppliers environmental practices due to liability and marketing concerns, and as
company operating costs increase as a result of new environmental regulations. This shilt encompasscs
a four stage evolution of corporate environmental management as described by Ehrenfeld and Howard
(1996): Environmental Management as Problem-Solving, Environmental Management as Compliance,
Proactive Environmental Management and Managing for the Environment,

At a [irst and most basic level environmental management is viewed as a case-by-case problem
solving issue. Environmental protection is of little or no concern Lo corporate decision-making. which is
patent in the lack of permanent staff or budget for dealing with environmental issues. At a second stage
of evolution environmental management is viewed as a regulatory compliance issue. Environmental
regulation is perceived as important enough to merit full-time attention but there is no concern about the
environment itself, as a motive of new practices. The third stage is attained under the believe that
environmental protection has certain strategic advantages and significant cost reductions opportunities..
AL this stage the goals of the firm transcend merc compliance with government standards and
cncompass the voluntary establishment of stricter standards, At the fourth and last stage environmental
concerns become a core strategic factor in corporate decision-making in a manner that leads rather than
follows public policy. At this stage environmental management is considered as a key determinant to
sustainable development, growing out of proactive practices w a new target for industrial environmental
performance - Eco-Efficiency. Is at this level that wise resource use and product life cycle analysis
become key instruments to lirms and life-cycle thinking a basic concept to arising goal setting
procedures like Industrial Ecology and Design for the Environment (Angel and Huber, 1996).

Life-Cycle Assessment as an Emerging Environmental Management
Tool

Life-Cycle Assessment (LCA) is a technique that can be used to evaluate the environmental
performance of a product, process or activity from “cradle o grave™ as it follows it from extraction of
raw materials to final disposal. Originating from “net energy analysis™ studies first published in the
1970°s (e.g. Boustead, 1972: Sundstrom, 1973) LCA usc and importance has been increasing in the last
twenty years. Most of the early LCA studies considered only packaging and only in the beginning of the
1990°s LCA started to be applied to different consumer products like chemicals and agricultural
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products or activities like transports, Conceplual guidance was developed as a result of the need of a
more standard approach ol conducting LCA studies. In 1990 the Society for Environmental Toxicology
and Chemistry (SETAC) initiated activities to define LCA and developed a general methodology for
LCA. Soon afterwards the International Organisation for Standardisation (ISQ) started similar work on
developing principles and guidelines for the LCA methodology. These two organisations reached a
general consensus on the methodological framework and final documents on the international
stundardised LCA methodology are expected by the end of this year.

Lile-Cycle Assessment . as defined by SETAC, is “a process to evaluate the environmental burdens
associated with a product, process or activity by identifying and guantifying energy and materials used
and wastes released to the environment; to assess the impact of those energy and material uses and
releases to the environment: and to identify and evaluate opportunities to effect environmental
improvements” (Assies. 1991, Consoli, 1993, Curran, 1996). Figure | presents the methodological
framework for LCA studies, which comprises four main stages: Goal Delinition and Scoping, Inventory
Analysis. Impact Assessment and Improvement Assessment.

Fig. 1 LCA stages and the interaction between them

LCA is becoming an increasingly important decision making tool in environmental system
management as il possesses among environmental management wols two unique attributes. First it
considers the whole life cycle of a product or service [rom cradle to grave. This broad approach differs
from other environmental management tools which consider specific parts of the life cycle, such as the
releases of individual chemicals, the environmental balances of particular manufacturing sites. or the
contributions to a single environmental problem. The life cycle approach can therefore help prevent
“problem shifting”, whereby a solution to one environmental problem leads to greater deterioration at
another place or time in the life cycle. Second, the life-cycle approach allocates all the environmental
burdens to the functional unit, i.e.. to the value of the product or service to society, It is thereflore
possible to attempt a value/impact assessment whereby the value (performance and cost) of the product
or “service to society” can be balanced against its environmental burden.

As an environmental management tool, LCA has two main objectives. The first is to quantify and
evaluate the environmental performance of a product or a process and so help decision-makers to
choose between alternative processes or products, Another objective is to provide basis for assessing
potential improvements of the environmental performance of an existing or a new system. This is very
important to engineers and environmental managers, because it can advice them on how to modify or
design a system in order to decrease 1ty overall environmental impacts. The first two stages ol a full
LCA. which together constitute the process of life cycle inventory (LCI). have been used as a ool for
predicting environmental burdens associated with particular products or services. This approach,
sustained by a large number of LCA experts, views LCA as one specific measuring technique,
especially useful for assessing efficient resource use and waste management on a per-service basis and
considered within an overall environmental management framework which encompasses the all range
of environmental tools that are available. According to this view LCA can be most appropriately used
as part of overall environmental management under its ultimate objective that should be
environmentally and economically sustainable development (Berkhout, 1996).

Linear Programming

LCA provides for mathematical models of interaction between the human economic activities and
the environment (e.g. Thompson and Thore, 1992). This representation, which relates the burdens and
impacts of these activities to their outputs, is based on physical and technical relationships. including
material and energy balances. Lincar Programming (LP) is a simple systems modelling tool for LCA,
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and its value in the Inventory and Impact Assessment stages of LCA has already been demonstrated,
c.g. Azapagic and Chift(1995) and Azapagic(1997).

LP problems can be stated as an optimisation problem to find a sct of design parameters,
X = {X, X, x,}, which can in some way bc defined as optimal. In a simple casc this may be the
minimisation or maximisation of some system characteristic which is dependent of x, and subject to
constramnts. This original problem is called the primal linear problem, and is associated with its dual
linear programming problem (e.g. Hiller and Lieberman, 1990). In this paper the relationships between
the primal and the dual problem are stressed on the quantification of an excise tax to be imputed on the
cost function due to pollutant emission, based on the identification of the optimal solution of the dual
problem.

The study uses a commercial algorithm, General Algebraic Modelling System-GAMS, as described
in Brooke er al.(1988). to perform the mathematical analysis.

Case Study

The Process Description

The interaction between business strategy, LCA and industrial costs is illustrated in this paper
through an analysis of a technology improvement in a portuguese SME devoted to produce food oils.

The above mentioned company produces sunflower and olive bagasse oils and the impacts
associated to the implementation of a cogeneration power-plant burning olive bagasse residuals is
analysed in the broader context of the total life-cycle of the oil produced. The analysis is focused on the
life-cycle of bagasse oil, which is obtained from olive bagasse. the sub-product of the production of
olive oil.

The complete life cycle includes the olive farming and the olive oil primary extraction which is
obtained by mechanical techniques as pressing and centrifuging the olives, together with water,
resulting in three outputs: process oil. water and olive bagasse.

The olive oil is the main product of this cycle and has the largest economic value. The water must
be treated afier being released to the environment, and the olive bagasse is the major sub-product of the
olive-oil production.

The evaluation of the environmental impacts associated with the olive oil and the olive-bagasse oil,
resulting from the olive-oil extraction process, makes use of allocation techniques and criteria which, in
this situation, could be based on their added value, although this discussion is beyond the scope of the
present paper.

The olive bagasse has oil content of about 8% and is used to produce olive-oil bagasse. This
product is transported to an oil extraction plant, where it is dried and the oil is chemically removed from
the bagasse by a solvent, hexane. heated by low-pressure steam. This mixture of oil, water and solvent
is separated in a distillation unit, allowing for the solvent re-utilisation. The remaining olive bagasse,
alter oil extraction, is used as fuel in the boiler.

The paper addresses the question of the economic and environment assessment of a technology
improvement, the introduction of a cogeneration system in the oil extraction industry.

This assessment requires the comparison of two alternatives within the complete life-cycle:

e Steam production from a conventional boiler and purchase of electricity from the national grid;

* Stcam production from a high-pressure boiler together with electricity generation in a Steam

turbine (cogeneration),

As this incremental step does only involve processes pertaining to the extraction industry, the main
emphasis in this paper is given to this phase of the life cycle.

The costs involved in the energy utilisation throughout the industrial process depend on the
consumption of exhausted olive bagasse (olive bagasse after oil extraction) and the electricity
consumed. The hexane, fuel, steel and refractory production flows are similar in both situations,
therefore they were not considered.

In the conventional solution, the steam demand of the oil production process is supplied by a steam
generator burning exhausted bagasse, and the electrical energy consumed is supplied by the national
grid. The technological improvement resulting from the integration of the cogeneration unit allows for
the production of steam, and, simultancously, the production of electricity, which can be sold to the
national grid, whenever it exceeds the factory consumption.

The mass and energy flows characteristic of the olive bagasse oil extraction plant is illustrated in
Fig. 2.
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Fig.2 Mass and energy flows characteristic of the extraction of 1Kg of olive bagasse oil

The economical and environmental assessment of the technological improvement related with the
introduction of the cogeneration power plant in this industry can be evaluated taking into consideration
two indicators:

The economic protit associated with the use of the cogeneration power plant.

The impact of the cogeneration power plant on the environmental burdens assoctated with the life-
cycle of the olive-bagasse oil. As the major environmental intervention associated with the production
of electricity in the cogeneration power plant consuming an industrial residual consist on the emission
of CO.. this was selected for the quantitative criteria for the environmental assessment of the
technology improvement,

It should be noted that this industry is able to sell i) the surplus of stcam generated, to a neighbour
factory; 11) the surplus of electricity to the national grid; and iii) the surplus exhausted bagasse to the
market. Therefore, the steam production, the electricity generation and the bagasse burning rate are
variables that can be optimised.

The electrical power generation and steam production of the cogeneration power plant is depicted in
Fig. 3 as a function of the exhausted bagasse burning rate. The lower and upper limits of the bagasse
burning rate arc technological limits of the cogeneration system.
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Fig. 3 Electrical power generation and steam production of the cogeneration power plant as a

function of the exhausted bagasse burning rate
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The Linear Programming Model

In the formulation of the environmental and economical assessment, the two indicators above
mentioned can be merged, once a cost is associated to the release of CO,.

This approach combines economic, technological and environmental assessment results in the
optimisation of Eq. (1), that quantifies the economic benefit associated with the implementation of the
cogeneration power-plant, F:

ki 5 4
Max F =K.... ZC: Tt Z E"!ﬁf'TJ“iif (1)
J=1 =1 j=1

In this equation C, accounts for the characteristic costs of the problem, where 7 is related with the
five variables being optimised, as described below and, ; is related with the values at different periods
of the day, namely peak, full and empty, j = 1, 2. 3. In particular, in Portugal, these variables were
quantified and are described elsewhere, Ferrao et al. (1997). The constraints of this linear programming
model arc described in Table 1.

Table 1 Constraints related with the Linear Programming Model

Constraint Type
Total electrical energy produced at the cogeneration power-plant Technological
Minimum amount of burned bagasse imposed by the cogeneration power-plant design parameters  Technological
Maximum amount of burned bagasse imposed by the cageneration power-plant design Technological
parameters
Proportional relationship between the electrical energy bought and sold Economical
Proportional relationship between the electrical energy bought and those produced and used Economical
within the process
Proportional relationship between the steam preduced and the bagasse burned Technaological
Total CO; emissions "’ Environmenta
|
3 3
{COgas - COpapra - COgap ) * J'E,r J.I' (%3 4+ ¥g) = }: i * (COgag - %pe'COpss - COwsrra) * (93.72°5D—245)  (2)

i

{11 = Sources of CO5 emission are deseribed in Tahle 2

This modelling approach generates “environmentally” optimum solutions, which are linked to their
technological and economic performance, and, therefore, to the costs associated with them. The
optimisation of the cost of the energy used within the life cycle of bagasse oil will contribute to identify
acceptable solutions, which represent a balance between the objectives of economic and environmental
performance.

This LP formulation is schematically represented in Fig. 4, which illustraies the main constraints
and the solution domain, represented as a function of the exhausted bagasse burning rate.

The relations presented charactenise the technology both in the conventional system and in the
cogeneration power plant. Table 2 depicted the CO, sources related with the physical model studied,
and vsed in Eq. (2).

Table 2 Sources of CO; Emission

Parameters Definition Value
COgain C0O, emission rate at the national power-plant burning fuel-oil 0.641 kg CO:/ kWh
COwnsrra CO. emission rate at the neighbour factory boiler burming nafta 3.617 kg CO: / kWh
COsan CO. emission rate at the cogeneration plant burning exhausted bagasse 5.155 kg CO: /kWh
“epe Loss of efficiency on the electricity generation process due to heat losses 5%

on the turbine
Kanain Minimum burning rate necessary to supply process steam demand SD/5.216 ton/h™

(2)- SD stands for the extraction process steam demand, which varies from 3.5 to 8 ton steam/hr, depending on the amount of
bagisse to be extracted
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Results and Discussion

The simulation of the technological improvement associated with the cogencration power-plant
allowed for the quantification of the impact of the cogeneration system on the overall industrial
efficiency, in terms of reduced pollutants emissions and energy consumption. The functional unit of the
analysis consists on the service provided by the power plants, which is to say the amount of electricity,
or its costs, supplied to the customer during one day.

The introduction of the cogeneration power plant has proved to have a positive environmental
impact, contributing to significant air pollutant abatement, mainly by reducing CO., which would be
emitted by the National power supplier plant along the complete processing of the olive bagasse ail.

The economical benefit associated with the electricity production in the cogeneration power-plant is
a trade-off between the price of the energy as supplied by the national grid, the price of the fuel
(exhausted alive bagasse) and the price of the steam which is sold to other industries. The daily net
profit associated with the technological innovation is represented in Fig. 5, as a function of bagasse
price (expressed in the Portuguese currency — Escudos) and SD.

Daily Total Profit
(nen-dimensional)

Darly Total Profit
Gfb (non-dirmensional)

Fig. 5 Evolution of the Daily Total Profit (normalised by the original daily cost of electricity) as a function of
the Bagasse price (Portuguese currency — Escudos) and of the Steam Demand (percentage of the
maximum steam production capacity, 8 ton/hr)
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[t can be concluded that the maximum profit corresponds to the maximum steam demand value due
to the over production of electricity. which is sold back to the national grid. It can be depicted in the
same figure that the net profit is not dependent on the bagasse price, il the CO. emissions restriction is
considered,

Pigou Tax

An important result of the LP analysis consists on the quantification of the so called Pigou tax,
demonstrating the general proposition that, for a wide class of models, it is possible to combine
environmental and economical concerns in the optimisation of an industrial process (e.g. Thore. 1991).
A Pigou tax is an excise tax levied on the purchase of any good or service, based on the proposition that
by suitable correction of the [ree prices it is possible to use the market to protect the environment.

The use of this methodology can be useful for a policy maker of a branch of local or central
government for which the introduction of Pigou taxes or subsidies can constitute a viable alternative of
actual implementation. In addition, it is felt that the results to follow are instructive in making clear the
logical connection between optimised model and the price system. This connection rises even in cases
where the policy maker does not contemplate any interference with the workings of the free markets or
is in no position to make any such attempt. Moreover. it is demonstrated that, for a wide class of
optimisation problems, the optimisation essentially modifies the existing price system.

The required value of this tax can be obtained as the optimal value of the dual variable (see Thore,
1991) related with the CO. emissions constraint. The cost structure associated with this new model will
be derived from the constraint which has been artificially imposed to the CO. emissions, by stating that
the CO. emissions from the cogeneration power plant shall not exceed the value corresponding 1o the
same energy production in the national grid vality boilers. In the cogeneration power plant operation,
the steam production is also taken into account by evalvating the CO. produced for generating that
amount ol steam in a conventional boiler,

The Pigou tax corresponds to the economic value associated with the loss of profit due to the
limitation to the electricity generation in the cogeneration system imposed by the CO. emissions
restrictions.

The results depicted in Fig, 6 clearly show that for a steam demand higher than 80% ol the
maximum steam production capacity, which corresponds Lo the isocontour region where the value of the
Pigou tax cquals the national grid electricity price, there is a weak dependence on the bagasse price as it
will always be used to produce the steam required by a conventional system. For stecam demand below
this level the use of the cogencration plant at its maximum steam production capacity results in net
emissions of CO. higher than the conventional system and the profit associated with the over-burning of
bagasse (resulting in a extra availability ol electricity and steam), should be taxed with increasing
values of the Pigou tax if the over emission of CO. is to be prevented.

In this context, the present European Commission’s policy focus on the introduction of a Carbon
Tax in order to stimulate energy savings and CO, emission reduction. The use of this tax will be
performed as whole EC, however the tax design will be left to be evaluated by each country separately.
This tax will be raised by Carbon content in energy (50%) and by the energy itselfl (50%). and it was
rated at 1993 by 3USS/crude oil barrel with ldollar/year increased until year 2000, reaching a
maximum of 10USH/barrel, A company which has invested to save energy and to reduce CO, emission
should be excluded with an except amount of (Carbon Tax Payment Total)- (Investment Cost), and if
the previous calculation results in negative values, except the direct tax. These measures should
neutralise the extra revenues due 1o over use of energy and over emission of CO..

Conclusions

The use of LCA approach is an important tool for assessing business competitiveness derived [rom
integrating technology improvements with environmental performance. The paper shows that the
economical profitability of the system is correlated with the CO, emissions reductions, for this
particular project. for different loading conditions of cogeneration plant in the oil extraction plant.

Pollution taxes can contribute o internalise the externalities associated to the pollution damage
costs caused by companies by restricting their pollution emissions to a sustainable optimal level. The
accurate determination of an appropriate pollution tax level is dependent upon accurate information
regarding the damage costs of that pollution and the benefits of its associated production of goods.
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Fig. 6 Evolution of the Pigou Tax (normalised by the mean hourly price of electricity) as a function of the
Bagasse price (Portuguese Currency - Escudos) and of the Steam Demand (percentage of the
maximum steam production capacity, 8ton/hr)

The results show that in the study case evaluated for a steam demand value lower than 80% of the
maximum steam production capacity, the profit associated with the over-burning of bagasse can be
moderated with increasing values of the Pigou tax if the global over emission of CO. is 1o be
minimised. Morcover, this study case also shows that the implementation of a cogencration system is
only environmentally and economically beneficial when it does correspond to the actual demands of the
particular industry.

This correlation between cconomic profits and environmental benefits demonstrates that it pays to
be green but an excise tax can be used to prevent the increasing of externalities costs. Although the
extrapolation of this conclusion should be considered with precaution, it can be assumed to be valid for
many cogeneration systems in industry.

The principles of the LCA analysis have thus allowed the quantification of side effects, associated
with the usc of technologies assessment, contributing for supporting decision making based on technical
information in environmental policy.
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Abstract

Thiy weork presents some considerations about design, construction and validation of a prototype of a strain-gage
tpe mrennsducer, developed 1o measare entting forces produced in the drilling procesy of special geometric
specimens. The validation testy showed that the analvtical formulae emploved can be used as a good design
approach, When the protorype was used o measure cutting forces testing three steel specimens, the experimental
values obtained nearly agree with the values analyviically caleulated wsing equations knowa from the bibliography.
Therefore, the prototype utility in machinabiity testing of matervials was proved.

Keywords: Sirain Gage Fransducers, Drilling Forees, Design of Strain Gage Transdcers, Drilling.

Resumo

Neste trabalho xdo abordados conhecimentos de projeto, construcao e validacao de wm protétipo de transduror
extensométrico, desenvolvido para a medigao de esforcos de corte na furagio de corpos de teste. Os resultados de
validacao mostraram que a jormulagdo analttica empregada tem boa aproximagdo para wso em projeto. Noy testes
de use, oy esforcos medidos foram comparados com esforgos obtidoy analiticamente de expressaes conliecidas na
bibliografia, comprovando-se a utilidade do prototipo em ensaios de usinagem de materiais.

Palavras chave : Transdutor Extensométrico, Forcas de Usinagem, Projeto de Transdutores Extensométricos,

" Furagao.

Introducéao

A furagio ¢ um processo de fabricagio com retirada de material, extremamente comum na produgiio
de pecas. A determinagio experimental dos esforgos de corte envolvidos nesse processo pode interessar
no estudo de novos materiais, na avaliacdo do desempenho da maquina operatriz, no estudo da
inlTuéncia dos Muidos de corte e ingulos de corte das ferramentas, na determinagao de parimetros para
o projeto de uma nova médquina ou no controle antomatizado do processo de luragio.

Segundo uma revisio bibliogrifica apresentada por Levi (1966), em 1888 usava-se uma célula de
carga para medir somente a for¢a de avanco na furagdo. Em 1903, ji se publicavam resultados
experimentais de forgas de corte, obtidos com dinambémetro mecinico, que empregava uma mola para
medir forgas de avango, ¢ alavancas, junto com dois dinamémetros mecanicos, para medir o torque.
Para separar mecanicamente a for¢a de avanco ¢ o torque, empregava-se um rolamento de esferas ou
simplesmente uma esfera. Nesse tipo de sistema de medigao, foram introduzidas inovages tais como
substituir 0 dinamémetro de mola por um hidrdulico (Levi. 1966). ou por transdutores de for¢a
baseados em principios elétricos (Cruz ¢ Fonseca, 1987). Com o surgimento dos principios elétricos,
reconheceu-se que o uso de esferas ou rolamentos, para separar forga e torque, introduzia histerese nas
cargas baixas ¢ rufdo no sinal de saida, o qual € incrente as esferas (Levi, 1966). Entdo passou-se a usar
transdutores com elemento elistico, em estruturas monobloco, com a separagiio dos esfor¢os de corte
ocorrendo eletricamente.

A medigio dos esforgos de corte na furagdo tem sido realizada principalmente com transdutores
piezoelétricos ¢ extensométricos. Os piezoelétricos (ém a vantagem de apresentar elevadas rigidez e
freqiiéneias de ressonincia, Em relagio a eles, os extensométricos 1€m vanlagens como menor
influéncia da temperatura, mais ficil tecnologia de construgio ¢ menor custo. Devido também as
fregiientes melhorias que tém ocorrido nas caracteristicas de desempenho dos extensémetros resistivos,
Manuscript received: November 1997, revised version: September 1998 Technical Editor: Leonardo Goldstein Jr..
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0 uso deles predomina em transdutores com elemento eldstico. Os usudrios que necessitam transdutores
especificos muitas vezes preferem projetar e construi-los, empregando geralmente o principio dos
extensometros resistivos (Wevers e Mast, 1988).

O projeto de transdutores tem sido extensivamente divulgado na bibliografia e de um modo geral
envolve aspecios metodoldgicos (Bosman, 1978; Doebelin, 1995; Finkelstein, 1983; Sydenham, 1989),
modelagem matemdtica (Abdullah e Finkelstein, 1982 Finkelstein ¢ Watts, 1978), dimensionamento ¢
andlise do clemento eldstico (Abdullah e Erdem, 1978; Abdullah e Rahman, 1988: Anderson, 1975:
Andersson ¢ Liicke, 1988 ¢ 1989; Bray, 1981; Bray et alli, 1990; Sydenham, 1984 e 1987), projeto dos
componentes eletro-eletronicos (Dorsey, 1977; Perry, 1984), uso da informitica (Atkinsons, 1987,
Brignell, 1985; Finkelstein, 1977; Sydenham. 1989; Woschni, 1977) e testes de validagio (Doebelin,
1995; Levi, 1972; Lukas, 1982).

A construgiio de transdutores extensométricos envolve usinagem do eclemento eldstico e de
componentes mecanicos, montagem dos extensdmetros ¢ dos demais componentes eletroeletronicos,
ajustagem do sinal de saida a valores padronizados, e calibragio para o uso confidvel (Andersson ¢
Liicke, 1988; Dubois, 1981; Levi, 1972; Libertiny, 1975).

O objetivo deste artigo é mostrar alguns importantes conhecimentos de projeto, construgio, testes
de validagiao ¢ de uso de um protdtipo de transdutor extensométrico, desenvolyido para a medicio da
forga de avango e do torque, em corpos de teste submetidos ao processo de furagio.

Projeto e Construcao do Protétipo de Transdutor

Requisitos de Projeto

Quanto as caracteristicas operacionais, o transdutor deverd atender aos seguintes requisitos:

e Transmitir os sinais de medigiio diretamente, usando fios elétricos, sem a necessidade de
elementos de conexdo girantes como escovas ou lransmissio magnética;

Ter espago para acomodar um corpo de teste;

Ser compacto e de facil manutengao;

Possuir vedagio adequada para impedir contato do fluido de corte com elementos elétricos;

Ter elemento eldstico em estrutura monobloco;

Sofrer um minimo de influéncia de variagoes de temperatura no sinal de saida;

Ter reduzido o sinal produzido por cada um dos dois esforgos (forga e torque) no canal do outro
(efeito de sensibilidade transversal - Libertiny, 1975).

Quanto as caracleristicas técnicas nominais, baseando-se em informagoes de bibliografia (Levi,
1966; Cruz ¢ Fonseca, 1987; Wevers ¢ Mast, 1975), foram estabelecidos os seguintes parimetros:

= Faixa de forgas de avango de 0 até 10 kN;

» Faixa de torques de + 140 Nm;

* Sinal de saida nominal. por canal, proximo de 2 mV/V.

O principal efeito da sensibilidade transversal ¢ causado por componentes espurias da forga de
avango. Entdo, supondo uma forga de avango F aplicada com uma excentricidade €, inclinada o em
relagio ao cixo vertical do transdutor e com as componentes radial, tangencial ¢ axial sendo
respectivamente F, = 0, F, = Fsena ¢ F, = Fcosa, o sinal adicional no canal do torque serd causado por
um torque T; tal que

Ty =¢ F seno (1)

onde Fsen representa a componente espuria. Assim, sendo F = 10kN e adotando valores especulativos
de £ = 0.00Im e & = 2° com base em valores praticos extremos, possiveis de ocorrer devido aos
desvios geométricos de forma e posi¢io das partes em contato, e também em conseqiiéncia das
deformagoes de contato, geradas em torno do ponto de aplicagiio da forca F, resulta T, = 0.35 Nm, que
representa (.25% da amplitude da faixa de medigao do torque (140 Nm), ou seja, um valor de erro
tolerdvel para transdutores extensométricos usuais. Portanto, sob tal aspecto, os valores méximos de
for¢a de avango e torque foram estabelecidos convenientemente.

A forma escolhida do elemento elastico

Inicialmente aparece a questio de determinar em qual parte da furadeira deve ser montado o
transdutor : junto ao cabegole ou sobre a mesa? Wevers ¢ Mast (1988) usaram um elemento eldstico de



V. Anderson et al.: Projeto e Construgao de um Prototipo de Transdutor... 334

[orma bdsica cilindrica que gira montado junto ao cabegote. Levi (1966) desenvolveu um transdutor
fixo & mesa ¢ constituido de trés clementos eldsticos em lorma de cruz, montados simetricamente ¢m
uma carcaca, constituinde um sistema estrutural onde foram colados doze extensémeltros para detectar
torque e outros doze para detectar forga axial. Na montagem sobre a mesa, varias formas de elemento
elastico podem ser usadas, com auséncia de perturbagdes causadas por forgas de inércia e sem a
necessidade de transmitir sinais com elementos girantes,

Em geral, a cscolha da forma do elemento eldstico depende da carga méixima a ser aplicada, das
possibilidades de arranjo (influéncias na compensagio de temperatura ¢ de componentes espurias) ¢
localizagao (influi na magnitude da sensibilidade) dos extensdmetros sobre o elemento elastico, do
material do clemento eldstico, ¢ de outras caracteristicas de desempenho tais como resolugdo, nio-
lincaridade, sinal de saida normalizado (Andersson e Liicke. 1991).

Formas de clementos eldsticos derivadas de vigas apresentam amplas possibilidades de faixas de
medigio e, além disso, favorecem a simetria, caracteristica geométrica importante para diminuir efeitos
de temperatura ¢ de componentes espirias de cargas (Dubois, 1981). Assim, considerando esses latores,
escolheu-se o conhecido elemento elistico em forma de roda rainda (spoked wheel), representada na
Fig. 1 e cujas quatro barras tém seg¢iio transversal retangular, para facilitar a colagem dos extensémetros

resistivos e a usinagem.
X
e
’Ln
L
-

F

| _.,|

CANAL FORGA

corte AA'
xl
L
. L
R e R
&)
} — CANAL TORQUE

Fig. 1 Forma basica do elemento elastico, posicao dos extensometros resistivos e seu
arranjo em ponte de Wheatstone

Na Figura | representam-se também o arranjo ¢ posigoes dos oito extensimetros resistivos usados,
Para o canal de medi¢io de forga, sio ativos os extensometros de mesma deformagio 1.3 (colados
embaixo) e identicamente os extensometros 2.4 (colados em cima) de deformagao com sinal contrino, e
a distancia x, representa a posigdo deles em relagiio a borda interna da roda. Para o canal de torque, os
extensometros 5,7 sofrem a mesma deformagio e os extensometros 6,8, deformagdes idénticas de sinal
contririo, e todos sio colados nas faces laterais das vigas, a igual distancia x; da borda interna da roda,
Idealmente os cfeitos da forga axial sobre os extensometros do canal de torque sio compensados pelo
arranjo em ponte de Wheatstone usado e. da mesma forma, os efeitos do torque nos extensdémetros do
canal da forga. Mas os efeitos de componentes espiirias e de desalinhamento dos extensdmetros devem
ser levados em conta na calibragio. O arranjo simétrico dos extensdémetros compensa o principal efeito
de influéncia de temperatura no circuito ponte de Wheatstone, para cada canal, e os efeitos residuais sio
determinados na calibragio.

Modelo Matematico

O elemento clistico escolhido foi modelado considerando que somente as quatro barras scjam
deformidveis ¢ tenham comportamento de vigas.

Para o caso da for¢a de avango, cada barra do clemento eldstico foi modelada como uma viga em
balango com uma extremidade engastada na roda ¢ a outra guiada verticalmente pelo cerpo rigido
central e sob a agdo de um quarto da forga de avango aplicada. Na posi¢do x,., onde sdo colados os
extensometros 1,23 ¢ 4 (Fig. 1), o momento fletor ¢
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=T L 2k (2)
F12 L
¢ as deformagoes cspecificas € = €.= & e &=§g,=-§, onde
f A it
. !i..iJ 3)
2| 2
2Ebh \ 4 L

O sinal de saida relativo y, do canal da for¢a de avanco F € determinado por

&
=L, e, +8, -8, )=5,8, @

onde s./4 (V/V/im/m) é a sensibilidade de conversdo e s, (/Q/m/m) a sensibilidade de cada
extensémetro resistivo.

Dentre as demais caracteristicas de desempenho do transdutor, ¢ importante para o controle do
dimensionamento a ndo-linearidade 1 determinada aproximadamente por

NENe Ny (5)
onde 1). ¢ a nao-linearidade elétrica en,, a nao-lincaridade mecanica definida como
Yr
Nm= =4 (6)
Yo
e onde
3
F (LY
- L (7)
0T 4B [ [ ] '

¢ o deslocamento clissico da extremidade guiada com rotagio nula, e v, € a melhor estimativa do
deslocamento efetivo de tal extremidade, determinado atraveés de (Andersson, 1990; Roark e Young,

1975)

% 3bh£ Vo ‘,3

l’r +: —T I
32FL

— Vo =0 (R)

Essa expressio pode ser arranjada na forma

Fpi
v n"bhE ;3
S (9)
Vo 32FL
Observa-se que v, < v, , mas também v, = v,. Entiio a ndo-linearidade mecénica pode ser estimada
por

PR
- bhE ;
TmE= =V, (10)
32FL
Ao aplicar-se a forga de avango F no elemento eldstico, devido & consideragao de elemento rigido
para a roda, em cada uma das quatro vigas gera-se uma forga axial determinada por (Roark e Young,

1975)

7 2 2 3 2
F,="—Ebh{ 2 | =Z_Eph| 2 (n
16 T L

que causa a deformagio
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-
5, =t (12)
Ebh

Esta deformagiio nao aparece na estimativa do sinal determinada com a expressio (4). Mas provoca
uma nio-lincaridade elétrica 1. em ponte de Wheatstone. determinada por (Andersson e Liicke, 1989)

Na= _2""_:55 it (13)

Considerando a nao-linearidade, a expressao de cdleulo do valor previsto para o sinal de saida
efetivo y, passa a ter a forma

Yrr=Ypld+n) (14)

Quanto ao torque, deduziu-se¢ uma expressio aproximada para cstimar o sinal de saida, baseado no
modelo de viga representado na Fig. 2, onde metade do corpo central do elemento clistico ¢ suposta
como uma barra prismatica rigida de comprimento d sob agio da metade do torque. Observa-se que o
plano de flexdo dos dois elementos eldsticos do modelo é o mesmo que contém as quatro barras do
elemento clistico.

Em tal modelo, o momento fletor M vale

M =M, +R,x, para 0<x<L (15)
M=M, +R_4.\‘+% - para  (L+d) <x <(2L+d) (16)
X
|_’ Ti2
C - My
I Ra I R
l, ol nn 21
r 13 T d —I L ']
|
-.._'_.*
— SR
= ... N

Fig.2 Modelo de viga usado para estimar o sinal de saida no canal do torque

onde as reagoes M, ¢ R, foram deduzidas empregando o teorema de Castigliano, para determinar o
deslocamento e a rotagiio no engaste A (Fig. 2). os quais sdo nulos e, por isso. de suas expressoes
obtiveram-se

T ﬂ!+i |2+d I
MA=: —1 (mn
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[ o
s : . (18)
| 4+6 £ + 7 £
L L
A deformagio especifica g, na superficie lateral de cada viga (Figs. 1 ¢ 2) ¢ na posigio xy, €

_ 6 le_l. + RA.l'.r )

& p - (19)
Ehb-
O sinal de saida relativo y; no canal do torque ¢ determinado aproximadamente por
‘AU T _
yr=|—=| =2(e—gs+6-6s)=5,8 (20)
Ua Jr 4

O deslocamento classico w, das extremidades guiadas é obtido integrando duas vezes a equagio
geral da linha elastica, usando o momento expresso por (15), com as constantes de integragio sendo
determinadas para as condigdes de contorno w =0 e w=0, em x=0. Assim, resulta

3
B LRI o 8y @1
Eh\ b L 3

A nido-lincaridade mecinica ¢ determinada usando (10), onde v. ¢ F sido substituidos
respectivamente por w, e T/42d). Identicamente, a ndo-lincaridade elétrica ¢ determinada usando (11),
(12) e (13) com v, substituido por w,.

Dimensionamento do Elemento Elastico

Geralmente o dimensionamento do elemento clastico € realizado usando expressoes algébricas de
caracteristicas de desempenho, deduzidas em fungio de patimetros geométricos e de propriedades
eldsticas do elemento ¢ dos conversores elétricos, sob determinadas condigoes de projeto. Essas
condigbes podem ser valores fixos. limites miaximos, ou minimos, concernentes as caracteristicas
consideradas, Freqlientemente empregam-se as condigoes : sinal de saida fixo, mixima tensio normal
limitada a um valor maximo admissivel, limite minimo de freqiiéncia natural, maior deslocamento
limitado a um valor médximo, resolugio e nao-lincaridade com limites maximos. Tal metodologia € ficil
de aplicar e eficiente, quando se consideram transdutores com um tnico canal (Andersson e Liicke,
1991) e se dispde de um aplicativo especifico de auxilio ao projeto (Andersson e Liicke. 1988 e 1989).
Para este caso de transdutor com dois canais, desejavelmente independentes, o dimensionamento torna-
se mais complexo devido 4 dificuldade de obter dimensdes que proporcionem sinais de saida
aproximadamente iguais a 2 mV/V em ambos canais.

A sistematica de projeto consistiu entiio em interativamente dimensionar o elemento eldstico como
um transdutor de forga, usando um aplicativo disponivel e especifico para auxiliar o projeto de
transdutores de for¢a uniaxial. que contém as expresses (2) até (13), aqui apresentadas (Andersson,
1990), ¢ substituir os pardmetros geométricos obtidos na expressio de cdleulo do sinal de saida relativo
do canal de torque, repetidamente, até que resultassem sinais de saida proximos do valor de 2 mV/V,
requerido inicialmente para os dois canais. ¢ valores aceitiveis de outras caracteristicas (como minima
ndo-linearidade) para o canal de forga e ndo-linearidade minima para o canal de torque.

Ao utilizar o aplicativo para o dimensionamento como transdutor de forga, adotou-se 0 aco ABNT
D6 (E = 207 GPa), disponivel para o miximo didmetro D = 115 mm, e foram usados os extensémetros
resistivos existentes de designagio KFC-2- C1-11 da KYOWA (120 €. 5. = 2 e comprimento da grade
ativia de 2 mm). As dimensdes das vigas ¢ caracteristicas de interesse para este trabalho, obtidas com o
aplicativo, constam na Tabela 1.

No dimensionamento como transdutor de torque, considerando que o didmetro do corpo central do
elemento eldstico seja o maior possivel, para poder acomodar corpos de teste relativamente grandes,
estabeleceu-se d = 0.060 m. Sendo conhecida a geometria basica ¢ o modulo de elasticidade do
elemento eldstico, o fator 5. ¢ a posi¢iio x; dos extensometros, com 7 = 140 Nm, usando as expressoes
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(15) até (21) e (10) at¢ (13), resultaram o valor estimado do sinal de saida e as ndo-lincaridades
indicadas na Tabela 1,

Portanto, usando extensdmetros resistivos disponiveis, montados sobre um clemento eldstico em
forma de roda raiada e de ago ABNT D6, ¢ uma metodologia de dimensionamento baseada em uma
formulagdo analitica modelada como viga, obtiveram-se as dimensoes bisicas do elemento elistico e
sinais de saida relativos préximos do valor nominal de 2 mV/V inicialmente requerido para ambos
canais. Nota-se que o valor do sinal de saida para o canal do torque nio estd (3o proximo de 2 mV/V
quanto o valor nominal do sinal de saida do canal de forca. A igualdade de tais valores poderia ser
obtida igualando as expressoes (3) e (19) de onde resultaria uma expressdo inter-relacionando os
elementos geométricos bdsicos, posicoes dos extensdémetros e cargas aplicadas. Isso implicaria em outra
sistemitica de projeto, com possibilidade de alteragio dos valores nominais das cargas inicialmente
requeridas.

Tabela1 Dimensdes basicas do elemento eldstico e caracteristicas previstas

Dimensdes e caracteristicas Canal forga Canal torque
Comprimento das vigas L=17.5mm
Largura das vigas b= 46mm
Altura das vigas h= 8.0mm
Diametro do Corpo rigido central d = 60.0 mm
Diametro externo da roda D= 115 mm
Deslocamento para 10 kN v, = 0.027 mm -
Deslocamento para 140 Nm - w, = 0.023 mm
Posigao da linha média da grade ativa dos extensdmetros X =4.5 mm Xr=13 mm
Sinal de saida relativo yr=2.09 mV/V yr = 1.49 mV/V
Néo-linearidade mecanica T = -0.0003% Nm =-0.0014%
Néao-linearidade elétrica T = -0.0012% Ne = -0.0004%
Nao-linearidade n = -0.0015% n = -0.0018%

Construcao do Protétipo

Na Figura 3, apresenta-se uma fotogralia que mostra os elementos mecdnicos e elétricos do
prototipo construido. Nota-se que o recesso do corpo rigido central admite corpos de teste quadrados,
com 38 mm de lado ¢ 20 mm de espessura, ¢ podem ser usadas brocas com até 20 mm de diimetro.

O elemento eldstico foi temperado a uma temperatura de austenitiza¢ao de 850 °C, durante duas
horas, ¢ resfriado em 6leo. Apos, procedeu-se um duplo revenido a 210 °C, durante duas horas,

Fig. 3 Elementos eletro-mecanicos do protétipo

Os cabos elétricos para alimentagio ¢ saida de sinal contém quatro fios, tém a blindagem ligada ao
elemento eldstico, e sdo fixados por um sistema tipo pinga (prensa-f10).

A protecdo dos extensometros e das ligaghes internas, contra a agio direta do fluido de corte. é
conseguida usando dois anéis de ago. vedados com borracha de silicone.

Validacao do Projeto

Na validagio de projeto de transdutores com elemento eldstico, devem ser realizados testes
experimentais visando comparar o desempenho previsto com o efetivo e, se necessdrio, corrigir a
formulagido empregada, Basicamente, isso pode ser conseguido efetuando calibragcoes onde se procura
determinar:

* A relacdo entre o sinal de saida de cada canal e as possiveis forgas e momentos atuantes;
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* A influéncia de variagoes de temperatura em cada canal;

®  Asrespostas em [reqiiéncia para excitagoes nas diregoes das cargas nominais.

Além disso, outro item de fundamental importancia a considerar nas calibragdes € a estimativa das
incertezas dos resultados de medigao (GUIDE, 1993),

Neste artigo. apresenta-se a validagio do modelo matemitico através da determinagio experimental
da relagio entre o sinal de saida de cada canal e a forga ¢ torque aplicados, o que representa o principal
objetivo de uma calibragio estitica. A determinagiio criteriosa das incertezas, envolvendo tais relagoes
estimulo-resposta ¢ também as flutuages nos zeros e nas sensibilidades, ndo se apresentam.

A expressao de calibragio estatica usual, para relacionar o sinal y, de cada canal ¢ as forgas x,
atuantes, é (Levi, 1972)

&} g 8

v =g, + By X S agins, 22)

i= i=l j=1

onde k=1.....6 e a,.. a,,, a,, sd0 constantes determinadas por regressdo. Os métodos para aplicar as forcas
X, sdo discutidos em (Bray, 1981).
A expressdo de uso tem a forma inversa

f h 0
X =by, + Dby + X X by, (23)
i=1 fray ey

onde b, by, by, também podem ser determinados por regressao.

A calibragao estdtica do protétipo construido foi realizada medindo simultaneamente os sinais em
cada um dos dois canais, primeiro para aplicagoes unicamente de forgas de avango (tabela 2) ¢ depois
s6 para torque (Tabela 3). Assim, ao empregar a expressao (22), o sinal y; no canal de forga ¢ a soma
dos dois sinais medidos ao aplicar primeiro s6 a for¢a de avanco ¢ depois s6 o torque. O sinal y; no
canal do torque € obtido identicamente.

Para relacionar sinais e esforgos, optou-se pela forma linear da expressio (22), devido as
insignificantes ndo-linearidades previstas ¢ também para simplificar a obtengio de valores inversos, e
que se representa matricialmente como

il _ u,,[+ a, a,||F 4
ve| |ba| (b B |7 i

Tabela 2 Sinais médios medidos ao aplicar somente forca axial

Mumero de ordem Forga aplicada Sinal no canal F Sinal no canal T
F (N) {mV/\) (mV/V)
1 0 0 o]
2 1M77.2 0.287 0.010
3 2954 .4 0.570 0.020
4 35316 0.852 D.028
5 4708.8 1.134 0.035
6 5886.0 1.418 0.044
7 7063.2 1.691 0.061
8 8240.4 1.967 0.063
9 10000.0 2.404 0.079

Obs.: a maior incertezn padrao estimada dos resultados de medicio for £ 0,007 mV/V.

Usando regressao miltipla em nove pontos de medi¢io (E, T, ys.yy) obteve-se:
a, = 0.0016 mV/V;

a=2413x 10 mV/V/N:

a;=6.325x 10 mV/V/Nm;

b, = -0.0028 m/VV;

b, =2.531 x 10" mV/V/N;

b.=0.0101 mV/V/Nm.
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Tabela3 Sinais medios medidos ao aplicar somente torque

Numero de ordem Torque aplicada Sinal no canal T Iéinal no canal F
T INm) (M) (mViV)
i 0 0 0
2 589 0.047 0.004
3 1472 0.125 0,011
4 19.62 0172 0015
5 2943 0.270 0.023
& 39.24 0.361 0.032
7 53.96 0.503 0.044
8 70.00 0.660 0,059
9 B8.29 0.833 0.074
10 TARTE 1118 0.088
11 140.00 1.333 0114

b, maior incertez padrio estimida dos resalados de medigio for 0006 myiv,

Nas medicées de sinais de cargas individuais, constatou-se que o sinal previsto para F= 10000 N
esta 13% abaixo do correspondente sinal medido. Para o torque T'= 140 Nm. o sinal previsto supera o
medido em 12%. Além disso. representando os sinais medidos como funcdo polinomial do segundo
grau de uma unica variavel independente, determinou-se a ndo linearidade terminal extrema em 0.06%
para o canal da for¢a de (0.4% para o torque. O efeito do torque representa aproximadamente 3% do
sinal medido no canal da forga e o efeito desta, 8% no canal do torque,

Observa-se que os valores previstos dos sinais de saida, obtidos analiticamente, diferem dos
respectivos valores experimentais em quantidades aceitaveis para cdlculos preliminares de projeto e,
portanto, sdo vilidos ao proposito de dimensionamento. Diferencas menores podem ser obtidas
determinando as deformacoes especificas com o uso de aplicativos baseados no método dos elementos
finitos. Da mesma forma, a previsao da ndo-linearidade. em termos do sinal de saida (expressio (10)),
também ¢ melhorada vsando elementos finitos com formulacao nao-lincar, Mas, mesmo assim, seriam
obtidas diferencas considerdveis entre os valores previsto e experimental, como ocorreu com &
formulacdo analitica usada. A principal causa disso deve-se ao atrito entre dispositivos de aplicagao de
carga e o elemento eldstico, e a presenca de componentes espurias ndo identificadas no teste
cxperimental de validacdo. Mas o uso das expressoes analiticas deduzidas para o cileulo da nao
lincandade ¢ ul ao controle do dimensionamento do elemento elastico. Os efeitos de sensibilidade
transversal nos canais do torque e forga nao foram previstos analiticamente, mas cram esperados ¢
foram levados em conta na expressio (24) de calibragao,

Testes de Uso do Protétipo de Transdutor

Foram ensaiados trés corpos de teste de ago ABNT 1020, usando (luido de corte e broca de 20 mm
de diametro tendo dngulo de ponta de 120°. Escolheram-se um avango de (.25 mm/volta e rotacio de
236 rpm na furadeira radial disponivel (Fig. 4).

Fig. 4 Prototipo montado sobre a mesa da furadeira radial, tendo um corpo de teste
ensaiado em seu recesso
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Utilizando um sistema de aquisi¢ao de dados controlado por computador, mediram-se os sinais de
cada canal, obtendo-se valores médios de y, = 1.698 mV/V e v, = 0414 mV/V. Substituindo estes
valores em (24), resultaram os esfor¢os apresentados na Tabela 4 que sdo comparados com valores
determinados de formulas conhecidas (Ferraresi, 1970}, empregando as mesmas condigoes dos ensaios,
Obscrva-se que as diferengas entre os valores medidos ¢ os determinados analiticamente estdo
aproximadamente entre -1.0% e 2.5%.

Tabela 4 Esforcos medidos com o prototipo de transdutor e determinados analiticamente

Esforgos Valor Medido Valor Determinado Analiticamente
Forga de avanco Spur H. Daar
F{N) 6925 1 50 6819 6754
Torque Kienzle Kronemberg
T (Nm) 395+1.9 398 399
Conclusoes

Apresentaram-se alguns conhecimentos importantes do desenvolvimento de um prototipo de
transdutor extensométrico, que tem elemento eldstico da conhecida forma de roda raiada e serve para
ser utilizado na medigio da for¢a de avango ¢ torque, em cnsaios de corpos de teste submetidos ao
processo de furagiao com brocas de até 20 mm de didmetro.

Quanto ao projeto, o trabalho contribui com uma metodologia bascada numa formulagio analitica
de vigas, que se mostrou accitivel na avaliagio do sinal de saida relativo, e também com expressdes
aproximadas de ndo-linearidades, tteis para o controle do dimensionamento do elemento eldstico.

O prototipo foi construido com a mais simples tecnologia de extensémetros resistivos e os efeitos
de sensibilidade transversal podem ser levados em conta, ao usar o transdutor, empregando
apropriadamente as cxpressoes de calibragio em sistemas de medigdo computadorizados. A sua
caracterizagdo metroldgica (estdtica e dinamica), envolvendo também a determinaciao experimental das
influéncias de variagoes de temperaturas e das correspondentes incertezas de medicio, serio objetivo de
um futuro artigo.

Os testes de uso do protétipo mostraram resultados que @m uma boa aproximagio com a
formulagdo conhecida, ao medir esforgos de corte na furagio de corpos de teste de aco ABNT 1020.

Assim, pelos resultados de validagio e testes de uso realizados, mostrou-se que o protétipo pode ser
usado em ensaios de furagdo, onde se requer a medigao de forga e torque de usinagem, em condigoes
semelhantes as apresentadas neste artigo. Além disso, considerando cada canal isoladamente, pode-se
empregi-lo como um transdutor de forga estdtica uniaxial ou torquimetro estético de reagio.
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Abstract

Recently many works have been done i order to study the turning process of hardened steels. mainly concerning the
lives of ceramic and PCBN 1ools. However, just few works deal with the problem of turning accuracy, comparing it
with grinding accuracy, mainly when the lathe used has a conventional mechanical design. Therefore, it is important
to evaluate the capability of these conventional machines to replace the grinding operation by turning and still
maintain workprece quality tvpieal of grinding operations. This work tries to contvibute 1o fill this gap. Several AISI
E52100 hardened steel workpieces (60 HRe) were turned using mixed ceramic and PCBN tool materials and
different cutting speeds in a lathe of conventional design, Workpiece surface roughness and diaqmeter varviation were
measured throwghout the tool life test, in order (o evaluate the quality of the workpicce, The length of the workpieces
way alvo varied to analvze the influence of workpiece shape on its quality, The main conclusion of this work was that
the turning process is able to replace grinding in hardened steel finishing operations. Moreover, il iy able to achieve
a surface and dimensional quality similar 1o that of ground components, even when the machine used has a
conventional mechanical design.

Keywaords: Turning Hardened Steels, Aceuracy, Surface Roughness

Introduction

This century is marked by serious attempts to achieve higher productivity and quality in industrial
processes. In the metal cutting field, improvement in the processes has been considerable, mainly in the
last decades, when ool materials and machine tools have been extensively improved. Besides these
improvements, a lot has been done to replace or eliminate manufacturing operations (Bossom, 1994,
Konig, Berkiold and Koch, 1993). Turning hardened steel workpicces, instead of grinding, is a good
example of the replacement and climination of operations. Steel components, such as gears and
bearings, need a high degree of hardness to increase their wear resistance. Conventionally, these
components have attained their final dimensions by a grinding operation often using ALO. wheels,
although this is a low productivity process, since it consumes large amounts ol energy and time. With
the development of very hard and thermally resistant cutting tool materials, such as ceramics and
policrystalline cubic boron nitride (PCBN), that are able to cut hard materials, together with the
development of more rigid and precise lathes, turning became a good alternative to grinding. The main
advantages of turning over grinding are higher flexibility and productivity and lower costs (Konig,
Berktold and Koch, 1993).

This work attempts to contribute to the use of turning instead of grinding in finishing operations,
when the surface roughness desired is usually lower than R, = 0.6 pm and the dimensional tolerance is
within the 1ISO ITS range. Most of the lathes used for this purpose today have a conventional design,
i.e., they do not have some of the requisites important for increasing their accuracy, such as hydrostatic
bearings and slideways, or even linear slideways. Therefore, it is important to discover the capability of
these conventional machines to replace the grinding operation by turning and still maintain the
workpiece quality typical of grinding operations. Several AISI ES2100 hardened steel workpieces (60
HRc¢) were turned using mixed ceramic and PCBN tool matenials and different cutting speeds in a lathe
of conventional design. Workpiece surface roughness and diameter were measured throughout the tool
life, in order to evaluate the quality of the workpicce. The length of the workpicces was also varied to
analyze the influence of workpiece shape on its quality. The main conclusion of this work was that the
turning process is able to replace grinding in hardened steel finishing operations. It is able to achicve a
surface and dimensional quality similar to that of the grinding operation, even when the machine used
has a conventional mechanical design.

Before continuing. it is important 1o mention that the comparison of turning and grinding made in
this work 1s concerned to conventional grinding only (that one made with AlLO; wheel) and it does not
apply to grinding with superabrasive wheels,

Manuscript received; July 1998; revision received: March 1999, Technical Editor: Alisson Rocha Machado.
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Some Aspects Of The Accuracy of Hardened Steel Turning

In order to use the turning process to replace grinding. it is important to know how (o maintain all
aspects related to the process in such a way to minimize errors. Firstly, it 1s important to understand the
cutling forces involved, because they are responsible for the deflection of the workpiece, the workpicee
fixture device. the machine and the tool. In cylindrical turning operations, it is specially important to
know the radial force behavior. This component of the cutting force 1s responsible for the workpiece
and tool deflection and. thercfore, it is important to maintain it at its minimum value in order to improve
the accuracy of the operation.

Two important parameters of influence on the radial force are tool nose radius and cutting edge
angle. In order to decrease the radial force, it 18 necessary (o decrease the ol nose radius and to
increase the cutting edge angle (to keep it close o 90" (Ferraresi, 1978). Otherwise, if the tool nose
radius is decreased, it is more difficult to achieve a good surface finish, since its growth contributes
secometrically to the decrease in surface roughness. Therefore, it is necessary to have an intermediate
value for tool nose radius to obtain dimensional accuracy on one hand and to have a good surface finish
on the other.

Abrao and Aspinwall (1995) turned AISI ES2100 steel (62 HRC) with PCBN and mixed ceramic
tools and concluded that, in finishing operations, the radial force is greater than the other components of
total force, because the depth of cutting is smaller than the tool nose radivs. Therefore, most of the
cutting 15 done inside the curved region ol the tool edge (inside the tool nose radius region), which
causes the effective cutting edge angle to decrease. All the components of the cutting force decreased
slightly with the increase in cutting speed and increased linearly with the increase in feed and depth of
cut.

In this work, the tool nose radius was rp = (.8 mm in all the experiments. This value is smaller than
usually recommended for turning hardened steels (where very low surface roughness is desirable) in
order Lo maintain a low radial force, but higher than those usually used in finish turning of soft steels, in
order to achieve a good surface quality. The culting edge angle used were 90" for triangular inserts and
75" for square inserts.

Abrdo and Aspinwall (1996) carried out several turning experiments, machining AIST HI3 (52
HRC) and AISI E52100 (62 HRC) steels, using PCBN and ceramic tools and a rigid lathe. They
obtained surface roughness values of R, = 0.18 pum for the H13 steel and R, = 0.14 pm for the AISI

ES2100 steel. Costa (1993) achieved R, values between (0.2 and 0.3 pm by turning the AISI 52100 and
M2 steels with PCBN and ceramic tools, using the same CNC lathe that was used in this work.

In hard turning, a significant increase in the cutting forces demands both, strength of the cutting tool
and stiffness of the machine tool system. The high values of cutting forces together with the high ratio
of radial to tangential forces, can cause large deflections of the tool and workpiece, which can cause
chipping of the cutting edge of brittle tool material like those used in hard turning (Chou and Barash,
1995). Konig. Klinger, and Link (1990) indicated that the segmented type of chip formation typical of
hard turning is associated with large amplitude dynamic forces causing forced excitation of the machine
tool-workpiece-tool system what can result in rapid tool wear. For a less stiff system, cracks on the
cutting edge are observed since the beginning of cotting. Crater depth and flank wear land also become
larger (Chrysselouris, 1982). Machine tool stiffness is also an important factor for the surface
roughness of turned steels, which is very important when turning has to replace grinding process.

The nsk to damage the surface metallurgical properties is higher in grinding than in turning. Konig,
Berktold and Koch (1993) studied the progression of the residual stress depth distribution during tool

life, after turning hardened 16MnCr3 stecl (62 HRc) using PCBN tool material. They showed that,
when the tool is fresh, low compression residual stresses occur in the workpicce surface. Residual
tensile stress (that is harmful to the workpiece strength) does not show up until considerable cutting
time has elapsed. This result suggests that residual tensile stress is attributable to wear land friction. The
value of tensile stress on the turned surface after 200 minutes of cutting time is easily reached in
grinding operations (Shaw and Vyas, 1994).

Konig, Berktold and Koch (1993) suggested that the following two basic improvements be made in
the turning process, in order to make its quality even better than what is achieved today:

a. Optimizalion of PCBN and ceramic inserts - one problem of these tool materials that limits the
improvement of surface quality is the rounding and the formation of rough regions on the cutting
cdge. It is impossible to obtain a very sharp edge due to the crystalline structure of the materials.
The values of tool edge rounding and roughness are more than one hundred times larger than the
monocrystalline materials used in ultrahigh precision turning. Therefore, it is necessary Lo improve
the insert quality through polishing and grinding of the rake and clearance tool faces with diamond
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micrograins. To select a suitable PCBN grade is very important. PCBN types containing low
amounts of CBN and ceramic components as a secondary phase present low thermal conductivity
and, therefore, are suitable for finishing operations, where less heat is generated. Under this
circumstance, a lower amount of heat will flow through the tool. increasing the culling temperature
and helping to reduce the shear strength of the workpicee material. Consequently, cutting lorces are
reduced (Bossom. 1994). Cutting speeds up to 550 m/min do not influcnce very much surface
quality and cutting forces. However, influence tool wear, mainly when the chip cross section is very
small, The temperature in the cutting zone, which depends on cutting speed. is very important.
Unlike the machining of soft steels, for low cutting speeds (and low temperatures) the low plasticity
of the hardened workpiece material shortens the tool life and results in a bad surface quality. High
cutting speeds (and, consequently. high temperatures) on the other hand, may cause problems
related o metallurgical damage in the external layer of the workpiece. Another limitation related to
cutting speed is the rigidity of the machine tool-workpiece-t0ol system. Depending on this rigidity,
the increase in cutting speed may cause an increase in system vibration. which may damage the tool
and the workpicce surface finish.

b.  Another way to improve the quality of turned hardened steel workpieces is the use ol high precision
machining technology. by the use of more rigid machine tools which contain hydrostatic bearings
and slideways.

Tools For Hard Turning

The tool materials recommended for hard turning are mainly PCBN and ceramics, becausc only
these materials have the necessary hardness and chemical stability to cul a very hard material like
hardened steel (Sandvik. 1994), (Tonshoff, Wobker and Brandt, 1995), (Buschmole, 1995). There arc
several ceramic materials used in machining, although the kind recommended for hard turning is the
one based on aluminum oxide, that is classified in three main groups:
*  Pure ceramics - composed only by oxides, mainly ALLO.. They can also have small amounts of
MgO and ZrO:;

*  Mixed ceramics - composed of ALO, and titanium carbide (TiC) or titanium nitride (TiN);

s Whiskers reinforced alumina - composed by an Al-O, matrix reinforced with monocrystals of
SiC.

Among these groups, the most used in hard turning is the mixed ceramic, due to its higher thermal
shock resistance and hot hardness in high temperatures compared with pure ceramics. Ceramic tools, in
general, have high chemical stability when compared with other tool materials and, therefore, are
resistant to diffusion wear, that happens mainly due to the friction between long chips and tool rake
face.

PCBN tool material is another alternative for hardened steel turning. Compared with aluminium
based ceramic, it has higher hardness and toughness, but smaller chemical stability in the presence of
iron. High chemical stability is a very important tool property in hard turning, because the tool edge
reaches very high temperature and diffusion between tool matenal and chip may wear the tool quickly
(crater wear). PCBN tool material is classified into two main groups:

e PCBN for rough operations - in this kind of operations, besides hardness, the tool have to have

high toughness. Therefore. this PCBN grade is basically cubic boron nitride (90% in volume);

e«  PCBN for finishing - in this kind of operation, the cutting speed is higher and, therefore, the

tool is required to have high chemical stability obtained by adding a ceramic phase to PCBN,

Materials, Equipment And Experimental Procedure

Two sets of turning experiments were carried out cutting AIST E52100 steel hardened to 60 HRC.
In order to vary the stiffness of the workpiece, two kinds of workpicces were used: long ones and short
ones. Figure | shows a scheme of these workpieces.

A CNC lathe with a 30 HP main motor and conventional roller bearings was used. The inserts used
were Sandyik Coromant CC 650 (AL,O, + TiC) ISO coded TNGA 120408 T01020 (triangular) and
SNGN 120408 T01020 (square) and GE BZN 8000 (55% PCBN) code TNMG 120408 (triangular).
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Fig. 1 Workpiece Dimensions

All experiments were done with a feedrate of = 0.08 mm/rev and a depth of cut of a, = 0.4 mm,
Table 1 shows the cutting speeds (v.), tools and workpiece geometry used in the experiments. Each
experiment was repeated several times (Table | also shows the number of times each experiment was
conducted), to increase the reliability of the results.

Table 1 Tool Materials, Cutting Speeds, Number of Replications and Kind
of Workpieces Used in the Experiments

Tool Cutting speed v, (m/min) Number of replicates Workpiece geometry
108 4 long
Triangular PCBN 130 7 long
150 3 long
108 4 long
Triangular 108 3 short
Ceramic 130 4 long
130 4 short
150 1 long
Square Ceramic 130 4 short

Alter cutting some of the workpicces, the experiment was interrupted and the surface roughness, the
diameter and the circularity error of each workpiece were measured. This procedure was repeated till
the workpiece average surface roughness reached R, = 0.6 pm. At this time. the tool was considered to
have reached the end of its life and the experiment was ended. This value of R, was chosen because il is
frequently desired in precision grinding (Agostinho, Rodrigues and Lirani, 1977). As the purpose of
hard turning is to replace the grinding process. the surface roughness oblained must have the same
value as that obtained by grinding. Another objective of the work was to keep the diameter tolerance
range similar to that typical of the grinding process, but the workpiece diameter was not used as a
criteria to replace the tool. Roughness and diameter were measured in three positions of the long
workpieces, as it can be seen in Fig. 2. For the short workpieces, these measurements were taken only at
the middle of the workpiece.

Fig. 2 Positions Where Surface Roughness and Diameter Were Measured
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Results Obtained For Long Workpieces

PCBN Tools

Figure 3 shows the dimensional vanation in the workpiece diameter versus cutting length, using
PCBN tools at a cutting speed of 150 m/min. The experiment done with this cutting speed was chosen
for this analysis because it presented the longest tool life for PCBN tools. As said before, the circularity
errors of the workpicces were also measured, but will not be analyzed because their values were always
below 2 pm. Several things can be seen in this Figure:

Diameter - (mm)

The first three measurements in the three positions of the first workpiece showed smaller
diameters than the other measurements. This occurred due 1o an error in the position of the tool
as frequently occurs in the first workpiece machined by a cutting edge. After this first
workpiece, the tool position was corrected and the other diameters were within the same range;
The diameters measured at position | were always the largest, followed by those at position 2
and, finally. position 3. Therefore, the workpieces presented a larger conicity, which reached
0.170 mm in the worst case and was always higher than 0.130 mm. This conicity is not related
to the process itself, but occurred due to the inaccuracy of the machine tool. The center line of
the chuck and the center line of the tailstock of the machine used presented a misalignment that
generated the conicity:
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Fig. 3 Workpiece Diameter Variation Versus Cutting Length - PCEN Tool

The difference between the measurements made at the same position in different workpieces
was not excessive. The difference between the maximum and the minimum diameters at
position 2 (where this difference was the smallest) was of 0.003 mm (quality ISO I'TS), and at
position 3 (where this difference was the largest) it was of 0,021 mm (close to quality 1SO
IT6). It is worth of noting that the position with the largest deviation was close to the chuck
(which was supposed to be the most rigid) and the position with the smallest deviation was the
central position, far from both chuck and tailstock (which was supposed 1o be the least rigid
position). This dimensional variation was supposedly caused by the inaccuracy of the center
hole. It was not possible Lo maintain a narrow tolerance range during the machining ol these
holes. So, cach hole had a different dimension, which caused differences in the fixtures of the
workpieces and the difference in workpiece dimensions.

Figure 4 shows the values of the average surface roughness versus cutting length for the same
experiment as that shown on Figure 3. It can be seen in this Figure that surface roughness vanied during
the tool life, but almost always within the range regularly obtained by the grinding process. i.e., below
0.6 pm. Surface roughness increased and decreased depending on the variation in tool nose shape
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moulded by tool wear. After some cutting time had elapsed, the tool wear was such that surface
roughness increased up to R, = 0.7 pm.
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Fig. 4 Surface Roughness Variation Versus Cutting Length - PCEN Tool

In most of the workpieces, the smallest value for surface roughness was found close to the tailstock
(position 1), which indicates that this is the most rigid position. In addition, the hardest part of the
workpiece was always close to position 1, where hardness reached 62 HRC, while the other positions
showed values of 58 to 60 HRC. Costa (1993) affirmed that an increase in hardness would make chip
formation easier due to the lower strain needed to cause chip fracture, what should cause a decrease in
the surface roughness of the workpiece. The value of hardness close Lo position | was higher because in
this position, the workpiece received heat in both radial and axial directions during heat treatment. The
other positions received heat just only in the radial direction.

The value of roughness at positions 2 and 3 in each workpiece were similar, i.e., the value of
roughness close to the chuck was not lower than that at the center of the workpiece, as expected. This
fact demonstrates that the rigidity of the machine tool chuck is not as high as assumed before beginning
the experiments. At the end of the tool life, a sudden increase in surface roughness occurred (position 3
with Le = 2415 m) due to the chipping of the culling edge, which occurred between positions 2 and 3
(close to Le = 2400 m).

Figure 5 shows the average value of R, using new cutting edges lor different cutting speeds. Each
value is the average of several experiments, as shown previously in this work. Therefore, the surface
roughness values shown in this figure were not influenced by the tool wear.
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Fig. 5 Average Surface Roughness at the Beginning of Tool Life for Different Cutting Speeds - PCBN Tools
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Here again, it can be seen that the lowest value of roughness was obtained at the position 1 (close to
the tailstock). But, in contrast with what was shown in Figure 4, the roughness values at position 2 were
consistently smaller than those at position 3, which demonstrates that the machine chuck used was not
rigid enough. It can also be seen in this figure that there was no systematic influence of cutting speed on
surface roughness. R, increased slightly with cutling speed at position 2. but increased and decreased at
the other positions. This result agrees with Bonificio (1993) who affirms that when there is no
formation of built up edge, the influence of the cutting speed on surface roughness is not direct and
depends on its influence on system vibration, which strongly influences the surface roughness.

Ceramic Tools

Figure 6 shows the behavior of workpiece diameter versus cutting length, using ceramic tool and
cutting speed v, = 108 m/min. Of all the experiments carried out with ceramic tools, only this
experiment is shown because it was the longest and represents quite well the results obtained in the
other experiments. The cutting speed shown in this figure was not 150 m/min like in Fig. 3, because
with ceramic tools, differently of PCBN, this speed presented the shortest tool life. Also here, the
circularity errors of the workpieces were measured, but will not be analyzed because their values were
always below 2 pm. It can be seen in this figure that, when the analysis was continued up to Le = 5000
m. dimensional tolerance was maintained at IT 5 (13 pm) for position 1 and at IT6 (19 pm) for
positions 2 and 3, as had already occurred for PCBN tools. After ¢ = 5000 m, the variation in diameter
increased duc to tool wear and chipping. For the same reasons cited previously, conicity remained high,
with the diameter values close to the tailstock (position 3) always larger than those close to the chuck
(position 1}. The influence of tool wear and chipping on workpiece dimension can be observed, since
the tool position was not corrected during the experiment. It can be seen that after Le = 5000 m the tool
nose moved more than 0.1 mm, which caused a variation in diameter bigger than 0.2 mm. It is
interesting to note that, despite this large variation in tool nose position, surface roughness did not
increase beyond Le = 5000 m, as can be seen in Fig, 7, Therefore, it can be concluded that the tool nose
moved backwards due to tool wear, but maintained a shape close to the original one and thus, the values
obtained with the fresh tool for surface roughness remained almost the same. Only when the tool
became very worn (above Le = 6500 m) surface roughness increased and fall outside the range suitable
for finishing operations.
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Fig. 6 Diameter Variation Versus Cutting Length - Ceramic Tool

An analysis of Fig. 7 shows that surface roughness increases and decreases as the cutting length
increases due to the variation in tool nose shape, caused by tool wear and chipping. It can be noted that
the surface roughness increased up to Le = 3200 m. After that it decreased up Lc = 5100 m. and then
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increased again. This behavior is due to the variation in tool nose shape. After a certain level of
chipping, the tool nose shape may become similar to the original shape and so, roughness approximates
the values obtained with the fresh tool. Of course, when this occurs the position of the tool nose is not
the same and. consequently, the workpiece dimension is far from the original one, as can be seen in
Fig. 6. Aiter that, the chipping process continues and roughness once again increases.
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Fig. 7 Workpiece Surface Roughness Versus Cutting Length - Ceramic Tool - v, = 108 m/min

The variation in roughness between the three positions is not as visible as when the PCBN tool is
used. Up to Le = 2500 m, the smallest value of roughness is found at position 1 and the largest at
position 3, but alter this point it behaves at random. This may have occurred due to the greater
instability of the tool nose, since the ceramic tool chips more than PCBN (PCBN tool wear is higher
than the ceramic). Therefore, the roughness behavior of the workpiece machined with a ceramic tool is
similar to that machined with a PCBN tool up to a certain level of wear, where the chipping level is still
low. After this point, the increase in chipping causes surface roughness to behave at random.

Again in this case, the surface roughness obtained was within the range of those typical of grinding
operations,

Figure 8 shows the average workpiece roughness (R,) machined with fresh tools for all the
experiments done at different cutting speeds. Again, no straight forward relationship between R, and
cutting speed can be seen.
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Fig. 8 Surface Roughness (R,) versus Cutting Speed - Long Workpieces - Ceramic Tools

Another interesting point to be noted is that, in contrast to what happened at v, = 108 m/min (shown
in Fig. 7), for the other culting speeds, the difference between roughness at the three positions was
larger. This can be explained by the fact that, besides the greater rigidity of position | previously cited,
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tool wear during the cutting between positions 1 and 2 and positions 2 and 3 is what caused the
roughness increase greatly between these positions. At v. = 108 m/min, the ceramic tool did not wear as
quickly and, therefore, the difference in roughness between the three positions was not as high,

When comparing Fig. 5 with Fig. 8, it can be scen that the ceramic tool usually generated a lower
roughness value than the PCBN tool. This fact probably occurred due to the cutting edge finishing. It
was not possible to maintain a high quality in the sharpening and resharpeming of the PCBN cutting
edges. Otherwise, the ceramic cutting edges were not sharpened, because the inserts were used as
received (rom the supplier and when they were worn, they were discarded. This fact made the quality of
the ceramic tool flank and rake faces much better than that of the PCBN inserts.

Results Obtained For Short Workpieces

When short workpicces were turned, only ceramic tools were used because they showed longer tool
lives than PCBN in the tests with long workpicces. Here, not only triangular inserts were used, but also
square, because the triangular inserts had chipped several times in the experiments with long
workpieces. Therefore, with the larger included plan angle of a square tool, the tool nose was supposed
to be more resistant and, thus, to chip less frequently. Because of this, the cutting edge angle decrecased
(in the triangular tool it was 90", while in the square tool it was 75") and. conseguently, the radial force
may have increased, which may have negatively allected the workpiece surface finish and tolerances.
due to deflection of the workpiece. However, because the workpicce is shorter, it is more rigid and, so it
is believed that this growth of radial force may not have negatively influenced the workpiece quality.

Figure 9 shows the variation in diameter when short workpicces were umed. Only the Figure
related to the experiment at v, = 130 m/min is shown, because both insert shapes were tested at this
cutting speed. However, the results at v, = 108 m/min are similar. Again, the values of circularity errors
will not be analyzed due to the same reasons cited before. It can be seen that after the first workpiece
(after the machining of this workpicce, the tool position was corrected), the variation in diameter was
very low, and it was possible to maintain the tolerances within the ITS range (13 um) for both insert
shapes. At the end of the tool life the workpiece diameter increased slightly for both triangular and
square inserts but even in this case the diameters were within that wolerance range. Therefore, the tool
wear and chipping that occurred during the tool life were not great enough to negatively influence the
workpiece dimension.
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Fig. 9 Workpiece Diameter versus Cutting Length - v. = 108 m/min
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Figure 10 shows surface roughness behavior versus cutting length (Lc) for both square and
triangular inserts. In this figure it can be seen that roughness continued to vary during tool life, but still
within the typical range of roughness for the grinding operation. The square insert, which was supposed
to be more resistant to chipping and breakage, showed the same behavior as the ceramic insert, i.e.,
roughness varied due to edge chipping. In other words, due to irregular chipping of the tool edge,
sometimes the tool nose shape differed from the original one and the roughness increased and at other
times the shape was similar to the original one and the roughness decreased. After a period of cutting,
edge chipping is so high that the tool must be replaced due to the high degree of workpiece roughness.
In addition, if the operation continues after this point, the edge can break off, which brings undesirable
consequences o the process. But one point that is interesting to note, not observed when long
workpieces were machined with ceramic tools, is that the growth of surface roughness was not
accompanied by an increase of workpiece dimension (Fig. 9). Therefore, the size of the particles lost
due 1o the chipping. was not big enough to negatively affect the diameter of the workpiece, but did
affect surface roughness.
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Fig. 10 Surface Roughness (R,) versus Cutting Length for Ceramic Tools - v, = 108 m/min

Therefore, it can be concluded that, at least for short workpieces, the hardened steel turning process
is able to achieve a dimensional and surface quality typical of that of the grinding process, even when
the machine used is a lathe of conventional design (no hydrostatic bearings and slideways). It is worth
remembering that, for long workpicces, the same quality was not obtained due to specific factors related
to the machine used (misalignment of chuck and tailstock center line) and to errors during the
machining of the center holes. These factors are not directly related to the turning process so it can not
be said that the turning process is unable to achieve sufficient quality, even with long workpieces.

Cutting speed did not significantly influence workpiece roughness when the speed was changed
from 108 to 130 m/min, with triangular ceramic insert, as can be scen in Fig. 11. Changing the entering
angle from 90" (triangular insert) to 75" (square insert) did not have a substantial influence on the
roughness values either. It can be seen in the figure that roughness dropped by around 10% when the
triangular insert was replaced by the square one, which is not to much, since roughness values regularly
present a high scatter. Based on this, it can be concluded that the supposed increase in radial force due
to the decrease in cutting edge angle, did not cause the system vibration to increase and, thus, did not
causc an increase in workpiece roughness.
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Fig. 11 Initial Values of Surface Roughness for Different Cutting Speeds

Comparing Fig. 11 with Fig. 8. it can be scen that there was not a big difference between the initial
roughness values for long and short workpicees for either v = 130 m/min or v, = 108 m/min (for
triangular inserts, of course, because only these were used in both workpieces ). The only exception was
position 3 of the long workpiece, where the tool wear effect was added to the lack of rigidity of the
chuck. The rigidity of the long workpiece close 1o the tailstock and in the middle was very high, similar
to that obtained with short workpieces, since the roughness values obtained were also similar.

Conclusions

e It was difficult to maintain tighter tolerances than ISO 1T6 during the machining of long
workpieces, duc to the misalignment of the machine and to the machining of the center holes,
resulting in workpiece conicity;

* In short workpieces it was possible to maintain the 1SO ITS tolerance during the whole tool
life;

e Surface roughness behavior throughout the tool life was unstable, but was always below the
value considered the limit for grinding operations (R, < 0,6 pm);

e For long workpieces the position close to the chuck was the one that showed the highest
roughness value;

e PCBN tools showed higher surface roughness values than ceramic tools:

*  Neither cutting speed nor cutting edge angle substantially influenced roughness values;

e The turning process is able to replace grinding in hardened steel finishing operations,
particularly for short workpicces. It is able to achieve surface and dimensional quality similar
to that of the grinding operation, even when the machine used has a conventional mechanical
design.
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Abstract

Deep drawing processes have an important role in manficturing, mainly in the antemortive industry, The increasing
competition requives that design and manifuctire of dies be fast and without ervors. New forms 1o develop the dies
have been wsed, The finire element method hay helped engineers 1o reduce ervors during die development. In this
paper an elasto-plastic element ways wsed to simulate the eviindvical deep drawing of an ABNT 1006 steel cup. The
stnnielation made possible the determination of the forces, thickness and civewmfereniial strainy ocurving durving the
deep drawing process, which were compared to experimental results.

Keywards: Deep Drawing. Finite Elements,

Introducao

A estampagem profunda tem por linalidade a fabricacio de pegas a partir de chapas planas. Este
processo tem como um dos seus maiores uswirios a industria automobilistica em que a competitividade
existente tem provocado grandes transformagdes na forma de execugdo dos projetos dos ferramentais
para a redugio de tempo e custo deste desenvolvimento.

A complexidade da transformagao da forma durante o processo, o grande nimero de varidveis
envolvidas, como velocidade do equipamento, rigidez das matrizes ¢ o atrito durante o processo,
limitam a aplicagio de métodos analiticos, pois a capacidade de relacionar muitas varidveis & limitada
nesses métodos (Bathe, 1982; Cook et al., 1989).

Com o aumento na velocidade de processamento ¢ na capacidade dos computadores, a possibilidude
de relacionar um grande ndmero de varidveis vem ampliando o campo de utilizagio de métodos
numéricos, principalmente o Método dos Elementos Finitos (MEF), para a simulagio de processos de
conformagio (Rowe et al., 1991), incluindo os de estampagem profunda (Chou e Pan, 1994: Gontier,
1994; Keck et al., 1990 ¢ Lee et al. 1989).

Neste trabalho foi realizada a simulagdo, empregando-se o programa comercial ANSYS 5.0A
(Ansys, 1993), do processo de embutimento de copo cilindrico de ago ABNT 1006 classe EEP. com o
objetivo de prever as deformagoes atuantes na conformagio antes da construgio das ferramentas. Esta
simulagdo utilizou elementos de formulagio elasto-plastica axissimétrica para a discretizacao da chapa
que serd embutida, ¢ para o contato entre a chapa e a ferramenta, utilizou-se elementos que simulam o
atrito segundo a lei de Coulomb ¢ com os quais foi possivel verificar a influéncia do coeficiente de
atrito sobre as deformagoes.

Utilizou-se o modelo de material denominado multilinear isotropico, desprezando-se o efeito da
anisotropia sobre as propriedades de estampagem (Borst e Feenstra, 1990, Onate e Zienkicwicz, 1983 e
Darendeliler e Altan, 1996).

Para a solugao do sistema de equagdes (ol empregado o método iterativo de Newton-Raphson, um
dos mais utilizados para a solucdo de problemas que apresentam nao-linearidade (Bathe, 1982).

A validagdo da simulagao foi feita pela comparacao de seus resultados com os de ensaios
experimentais nos quais efetuou-s¢ o embutimento de copos. medindo-se a forga de embutimento, a
deformagio da espessura e a deformagio circunferencial.

Processo de Estampagem Profunda de Pecas Cilindricas

O processo de estampagem profunda submete a chapa plana a um estado complexo de tensoes e
deformagdes que alteram sua espessura durante o processo. O estado tipico de tensiio varia conforme a
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posi¢do da retirada do elemento de andlise na pega que esta sendo conformada. Para pecas cilindricas
existem trés diferentes estados de tensdo: um na flange, um na lateral ¢ um no fundo do copo, como

pode ser visto na Fig. 1.
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} Estiramento

|

[, 'y Tragao
' Circunferencial

» o Tragio
Circunferencial
Fig. 1 Estado de deformacoes atuantes no copo durante o embutimento profundo (Bresciani et al., 1997)

As varagoes de espessura devida a esses estados de tensio fazem com que a parede do copo fique
com o aspecto mostrado na Fig. 2.

i Espessura da
"1 Borda do Copo

Espessura Inicial
/= Redugio 1
- Reducéo 2

Fig. 2 Variagao da espessura ao longo do copo embutido (Slater, 1977}

Quando as variagoes de espessura na redugiio | sdo muito intensas ocorre a ruptura do fundo do
copo, que ¢ a principal causa de falha de processo no embutimento cilindrico,

O grande nimero de varidveis existentes no processo inviabiliza que um modelo analitico tenha
condigoes de determinar precisamente as variagoes de espessura ¢ sua distribuigiio, principalmente as
duas redugoes de espessura na regido de curvatura do fundo do copo (Mahdavian e He, 1995).

Método dos Elementos Finitos.

Elemento para grandes deformacoes

Em processos de conformagido plistica, o material que estd sendo conformado passa por grandes
deformagoes. Isto faz com que os elementos que sdo utilizados para modelar estes problemas, tenham a
capacidade de suportar grandes deformagoes.

Para a modelagem da chapa a ser embutida serd utilizado o elemento VISCO106. Este elemento
possui a formulagdo para trabalhar com grandes deformagdes, apresenta volume constante durante o
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processamento e pode ser viscoplistico (os esfor¢os dependem da taxa de deformagio) ou entio elasto-
plastico (os esforgos nio dependem da taxa de deformagio), este clemento apresenta 4 nds ¢ 3 graus de
liberdade por n6 (deslocamentos nas diregoes X, Y, Z).

O conceito tednco bisico deste tipo de elemento ¢ Lagrangeano, as deformagdes sao logaritmicas
(ou de Hencky) e as tensdes sdo as verdadeiras (ou de Cauchy),

O material utilizado nas modelagens com este tipo de elemento deve ser isotrépico e as
deformagoes clisticas devem ser despreziveis em comparacio as deformacoes plasticas.

Por suas caracteristicas, este elemento possui formulagio altamente ndo-linear, o que torna
necessario trabalhar com o Método de Newton-Raphson.

Y ou Axial o A

/X ou Radial

Fig.3 Elemento VISCO106

Elementos de Contato

Os elementos de contato descrevem basicamente duas condigoes:

= Aberto. ou seja, ndo ocorre 0 contato ou

e  Fechado, ocorre o contato.

Para a modelagem serd utilizado o elemento de contato com 3 nos chamado CONTAC48, Nesse
elemento, para que seja estabelecido o contato, 0 né que estd na superficie de saida (né K) deve
penetrar na linha definida pelos nés na superficie “alvo” (nés I ¢ J), como mostrado na Fig. 4. Esse tipo
de definigao de contato ¢ denominado algoritmo “Pinball™.

Superficie de Saida

Y (ou Axial)

2(..(,.0“ Radial) ‘ 8

Superficie “Alvo”

Fig.4 Elemento de contato - CONTAC48
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Apds assumir 0 contato, comega a ocorrer a transmissio da forga entre as duas superficies. Este -
elemento utiliza 0 modelo de atrito de Coulomb.

Modelo de Elementos Finitos

Para a modelagem do embutimento profundo foi discretizado o ferramental mostrado na Fig, 5 com
um “blank™ de didmetro igual a 101,28 mm e espessura igual a 1,0 mm. Esse € o ferramental utilizado
para o ensaio de Swift, que determina o méximo didgmetro de disco que pode ser embutido em relagio
a0 didmetro do pungio (Dieter, 1984).

P 2N

Fig. 5 Ferrametal utilizado na simulacao

Para a modelagem do ferramental utilizou-se o elemento chamado PLANE 42, que possui dois
graus de liberdade por né e caracteristicas axissimétricas: para modelagem da chapa foi utilizado o
elemento VISCO106 (Ansys. 1993)

A composigio quimica e as caracteristicas mecinicas do ago ABNT 1006 — EEP, utilizado na parte
experimental ¢ na simulagio, est@o relacionadas nas Tabelas 1 e 2, respectivamente

Tabela1 Composigdo quimica do ago ABNT 1006 EEP

 Elemento Quimico Teor
Carbono 0.051
Silicio 0,001
Enxofre 0,024
Manganés 0,320
Fostora 0.014
Aluminio 0,062

Tabela 2 Resultados obtidos no ensaio de tracdo

Corpo oy Desvio a Desvio  Alongamento  Desvio  Alongamento  Desvio
de Prova ] [MPa] Padrao [MPa] Padrao Uniforme (%) Padrao Total (%) Padrao
0 153,00 16.81 300,00 29,19 24 60 135 42 00 1,18
90 150,00 16,32 288,00 3892 23,40 217 42,00 1.34.

Partindo-se dos resultados obtidos no ensaio de tragao, foi levantada a curva tensdo verdadeira por
deformacdo verdadeira, através do Método dos Minimos Quadrados.
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Tabela3 indices paraa curvareal (o =Ke")

Corpo de Prova['] K [MPa] Coeficiente de Encruamento (n)
0 510,10 022
90 472,08 0,21

Os indices de anisotropia planar e normal foram determinados utilizando-se corpos de prova
retirados a 00", 45" ¢ 90" em relagiio ao sentido de laminago, conforme Tabela 4.
Tabela4 Razao de deformacao plastica

Corpo de Prova R Desvio Padrao

0’ 2,15 0,07
45" 1,54 0,10
90" 247 0.07

Com os dados acima encontram-se os indices de anisotropia normal ¢ o indice de anisotropia
planar:

R =193

AR =077

Os valores encontrados de indices de anisotropia sdo tipicos de agos aplicados a estampagem
profunda., garantindo bons limites de embutimento.

O tipo de elemento utilizado na simulagao da chapa, como dito anteriormente. admite somente a
modelagem de material isotrépico; dessa forma utilizou-se os valores da curva de escoamento obtida
na diregdo paralela & diregio de laminagdo para construgio do modelo multilinear (Tabela 5). O ponto
inicial da curva corresponde a deformagdo e tensao iguais a zero.

Tabela 5 Relacao de pontos para a montagem da curva tensao x detormacao multilinear

Ponto Deformacgao Tensao [MPa]
1 3.96x10" 82,00
2 2.00x10° 127,03
3 1,00x10° 181,08
4 2.00x10" 212,61
5 4,00x10° 248,27
6 7.00x10% 281,38
7 12,00x10* 317,44
8 18,00x10" 347.58
] 27,70x10" 382,96

Foram adotados dois carregamentos diferentes para a simulagio do processo:

1. Deslocamento de 26 mm do pungdo. para a geragio do copo, | mm de deslocamento de
aproximagio ¢ 25 mm de contato efetivo.

2. Pressao do prensa-chapa de 2,07 MPa, constante durante durante a descida do pungao.

Como condigoes de contorno foram impedidos os deslocamentos nodais do pungio e do prensa-
chapa na direcao do eixo X e da matriz na dire¢io dos eixos X ¢ Y.

Foram realizadas simulagoes com quatro coeficientes diferentes de atrito (0; 0.05; 0,10 ¢ 0.15) a fim
de verificar sua influéncia sobre os esforgos, as deformagoes e a variagio da espessura (Schey, 1983).

Apresentacao e Analise dos Resultados

A Figura 6 apresenta o modelo de clementos linitos, apés a conformagao, com deslocamento de 26
mm. Como se pode observar na Fig. 2, a partir dos resultados da simulagiio, a espessura apresentou
duas redugdes ao longo do raio, provocadas pela mudanca no sentido das tensdes, conforme Guo et al.
(1990).
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Fig. 6 Modelo de elementos finitos deformado

Como pode ser observado na Fig. 7. a simulagio do processo comprovou o comportamento da
espessura do copo embutido. O fundo do copo apresentou deformagio constante: a redugio 2, uma
deformagao acentuada, seguida de um aumento de espessura; a redugdo 1, ruptura, quando os limites de
embutimento sio ultrapassados, e aumento continuo da espessura até a borda do copo. Também pode
ser visto que a deformagao da espessura cresceu com o aumento do coeficiente de atrito.

0,15
* Sem atrito ..i”’g
0,10 " Atrito 0,05 S i
@ 4 Atrito 0,10 * : *  Aumento da Espessura
3 . * Atrito 0.15 __egx  naBordadoCopo
@ 0,05 "t
& on*
d | a
g 0,00 e | = L x__|
Q
S : = L+ @ x
b + x¥ ut i
g -0,05 1 p = ga [t Espessura
@ : = L S || Borda do Copa
o . * * i
f
WRAREREXEXKLRERE .;:* Redugdo T )
-0,10 agte .
4% x Y Redugao
Fiuride 0o 0o LETT o Redugaa 2
Redugao
-0,15 —— —
0 10 20 30 40 50 60

Posi¢ao Radial ( mm )

Fig. 7 Simulacao da deformagdo na espessura para o “blank” de didmetro 101,28 mm, em funcao da
posicao radial

A Figura 8 apresenta as deformagoes circunferenciais encontradas para os vdrios coeficientes de
atrito utilizados na simulagdo. Com o aumento do atrito ocorre uma pequena redugio na deformagéo
circunferencial provocada no final da chapa pelo aumento da deformagio da espessura.
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Fig. 8 Simulacao da deformagac circunferencial para o “blank” de didmetro 101,28 mm, em fun¢ao da
posicao radial

Para validagao da simulagio foram realizados ensaios de embutimento com o matenial modelado em
uma maquina de ensaio Roel & Korthaus KG - Mod. BP 612, com o [erramental mostrado na Fig. §
(Bortolussi, 1996). Foram rcalizados trés embutimentos de discos com diametro de 101,28 mm
utilizando como lubrificante uma pasta de bissulfeto de molibdénio sobre a superficic destes discos.

A deformagio na espessura foi obtida medindo-se oito pontos diferentes ao longo de um “grid” de
circunferéncias concéntricas que variavam em 5 mm no diimetro de uma para outra em (rés copos
embutidos, tendo-se assim 24 pontos em cada diimetro de circunferéncia do “grid™.

A Figura 9 apresenta os resultados experimentais para a deformagio da cspessura juntamente com
os resultados do modelo matemitico obtidos com coeficiente de atrito igual a 0,15.
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7 —_— N
0 10 20 30 40 50 60

Posicao Radial ( mm )

Fig.9 Resultados experimentais e de simulagao com coeficiente de atrito igual a 0,15 para a deformagéo
da espessura do disco de diametro 101,28 mm, em funcao da posigao radial

Observa-se que para a redugdo 1. onde ocorre a fratura por excesso de deformagio, os valores
obtidos no modelo foram menores que nos experimentos ¢ o contririo ¢ observado na redugio 2. Ja o
aumento da espessura na borda do copo para o modelo foi maior que o obtido nos experimentos. Essas
diferengas podem ser explicadas pela influéncia da anisotropia do material, observada nos experimentos
pela formagdo de orelhas. Outro fator é a variagio das condi¢oes de lubrificagio ao longo do processo,
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variando o coeficiente de atrito nas diferentes regides da ferramenta, principalmente nos raios, condicio
que ndo ¢ considerada no modelo, pois adotou-se um cocliciente de atrito constante.

A utilizagio de um alto valor de rigidez para a modelagem do contato, em sistema inicialmente com
baixa rigidez ¢ a condi¢io de deslocamento imposto em todos os nos do pungio, deixando totalmente
rigido, também contribuiram para as diferengas observadas.

Na Figura 10 apresenta-se os resultados experimentais ¢ do modelo matematico para a deformagio
circunferencial, utilizando-se coeficiente de atrito igual a 0,15.
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Fig. 10 Resultados experimentais e de simulagao com coeficiente de atrito igual a 0,15 para a
deformacéo circunferencial do disco de diametro 101,28 mm, em funcéo da posicao radial

Observa-se que a deformagio circunferencial é pouco influenciada pelas condigdes de atrito e pela
resisténeia mecinica da chapa. Essa deformagio ¢ importante para a verificagdo geométrica do copo
embutido, pois variagbes nos didmetros das circunleréncias do “grid” na regido da parcde do copo,
independentemente do didmetro inicial do disco, indicam que estio ocorrendo deformagoes excessivas
na ferramenta ou que o valor da folga entre a matriz e o pungdo estd inadequado,

A utilizac@o de modelo axissimétrico e o emprego de um modelo de material isotropico eliminou a
possibilidade de verificagio da formagio das orelhas que ocorre durante a estampagem devido a
anisotropia planar da chapa metilica, observadas nos ensaios pela alteragio da geometria das
circunferénecias do “grid”. cavsando um aumento do desvio padrio na regido da flange ¢,
conseqiientemente, a diferenca observada em relagdo aos resultados da simulagio.

A for¢a de embutimento encontrada no modelo de simulagio empregando-se um coeficiente de
atrito de 0,15, foi de 44753 N, sendo que experimentalmente foi encontrada uma forga média igual a
50333 N com um desvio padrao de 1154 N. Utilizou-se uma célula de carga com capacidade nominal de
120000 N. A diferenca média de 10% encontrada enire os resultados do modelo e os experimentais
pode ser considerada satisfatéria, considerando as diversas hipéteses simplificadoras assumidas na
simulagao.

Conclusoes

A aplicacio do método dos elementos finitos para andlise do processo de estampagem apresentou-
se vidvel para a determinagio das deformacoes na chapa cmbutida, pois permitiv verificar o
comportamento das deformagdes com o aumento do atrito ¢ determinar os valores atingidos nas
redugées | e 2, proximas do fundo do copo.

As diferencas observadas entre os resultados do modelo matematico e os experimentos devem-se
principalmente aos seguintes latores:

o  Aplicagio de um material isotropico no modelo, que despreza o aumento da resisténcia ao

estiramento que ocorre devido a anisotropia da chapa;
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o Variagdes que ocorrem durante o processamento no coeficiente de atrito devido a alteragoes na
camada de lubrificante, que vao desde a lubrificacao hidrodindmica em algumas condigoes, a
atrito seco em outras posigoes da ferramenta, principalmente no raio da matriz. No modelo
essas variagdes ndo sao consideradas;

e Uso de um modelo axissimétrico reduz consideravelmente o tempo de processamento mas
dificulta a interpretagio dos resultados, e limita o tipo de produto embutido que pode ser
modelado;

e Dificuldade de definir-se valores adequados para o nimero de elementos de contato, para a
rigidez imposta a esses elementos ¢, finalmente, para o préprio coeficiente de atrito.
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Simoes, M. G., Franceschetti, N. N. and Adamowski, J. C., 1999 “Interdisciplinary
Control Design for a Solar Car Implementation”, J. of the Braz. Soc. Mechanical
Sciences, Vol. 21, No. 2, pp. 164-174.

The paper deseribes an advanced drive system controf for a solar powered vehicle. The drive system control extracts
the maximum electrical power from a distributed solar arvay that covers the surface of the velicle. with distributed
RISC based peal power tracker contrellers for cacl individual solar panel. The veliete propudsion fiuy two steering
wheels and one propulsion wheel based on a brushless de machine drive control. The system is capable v sequence
from start-up 1o shutdown, it is torgue or speed controlled and a on-board computer for system monitoring and
commumication for energy management m the race strategy which optimizes the energy management. The drive
svstemn has been fully implemented in a two seat carbon frber prototype with satistactory pecformance and ean be
casily transtated o other tvpes of electrical vehivles,

Keyweords:Solar Car, Electric Vehicle, Control Drive,

Nenchev, D.N., Yoshida, K. and Uchiyama, M., 1999, “Reaction Null Space Control of
Free-Floating and Elastic Base Robots Abstract”, J. of the Braz. Soc. Mechanical
Sciences, Vol. 21, No. 2, pp. 175-184.

The equations of motion of both free-flving and elastic base vobots have a similar structure. Particularly, we show
that a so-called inertia coupling matrix plavs a significant vole for the dyvnamics, We derive necessary conditions for
the existence of the null space of this matrix, The mdl space aims in decoupling manipulator motions from base
mation, Decoupling means that fast motions can be performed withow disturbing the base. Also, efficient inertial
coupling can be aclieved, which is helpful for conteolling baye motion throweh manipwlator-induced reactions.
Kevwords: Reaction Null Space Control, Robois

Jardim, C. M. and Yoneyama, T., 1999, “Integrated Design of Flight/Propulsion Control
Systems for Helicopters Using j1-Synthesis”, J. of the Braz. Soc. Mechanical Sciences,
Vol. 21, No. 2, pp. 185-199.

This work concerns the application of g-synthesis to the imtegrated design of a flight/propulsion control sysiem for a
typical high performance single-main-rotor helicopter. In order to improve the handling qualities. the controllers are
designed 1o vield aceurate control of vertical velocity, vaw rate. pitch and roll attitude. Multivariable robust control
theory is reguived in view of the presence of wn-modelled rotor dvnamics and parameter uncertainty as well ay
exogenous disturbances such ay wind gusts. Performance and stability tesis are carvied oul both in frequency-
domain and time-domain, The end result is a flicht/propulsion control system that is stable, robust and ensires good
closed loop tracking. disturbance rejection and decoupling properties.

Keywords: Helicopter. Robust Control, Multivariable. p-Svathests.

Veras, C. A. G., Carvalho Jr., J. A. and Saatamoinen, J., 1999, “The Influence of Gas
Pressure on Single Solid Fuel Combustion”, J. of the Braz. Soc. Mechanical Sciences,
Vol. 21, No. 2, pp. 200-210.

\ model designed for the prediction of heat and mass transfer effects in the boundary laver of a reacting coal
particle way extended o analvze the trendy as the pressure is increased well above atmospheric conditions. The
oxtdation of volatle species in the boundary faver is based on « two step mechamism where the dependence of the
flame speed on pressure ix accounted for. The model was able to particle temperature in a broad range of gas
composition and pressure as well as fuel tvpe.

Keywards: Coal Combustion, Char Combustion, Pressurized Combustion, Combustion Modeling.

Parise, J. A. R. and Saboya, F. E. M., 1999, “Transport Coefficients for Developing
Laminar Flow in Isosceles Triangular Ducts”, J. of the Braz. Soc. Mechanical Sciences,
Vol. 21, No. 2, pp. 211-221.

Experiments were performed to determine overall frear rransfer coefficients in the laminar entrance region of 30, 45,
60 and X degrees isosceles trtangular ducts, The results were obtained by application of the analogy berween heat
and masy transfer in conjunction with the naphthalene sublimation technique. In accordance with the analogy, the
experimental conditions sinmdated a heat transfer sitwation characterized by simidtancows developing of velocity and
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temperature fields in an isosceles triangular duct with isothermal lateral walls and  adiabatic bave. The
measurements were performed for Revnolds numbers vanging from 100 10 1800 and o duct length to hydraulic
diameter ratio from 2 1o 40, I this manner, a long range of the dimensionless streamwise coordinate values was
covered, including the neighborhood of entrance region. Curve-fiting equations were produced, providing the
Sherwood monber as a function of the Graetz mumber. Extension of the vesidts for other apex angles, within the 20)-
T00 degrees range, was also possible.

With the analogy between heat and mass transfer, simitar corvelations were provided for the corresponding Nusselt
number. The triangular duct geometry [inds application in the compact heat exchanger design such as solar
collectors with triangular cavities for divect air heating.

Keywords: Hear and Mass Transfer Analogy, Duct Flow, Laminar Entrance Region.

Bortolus, M. V. and Giovannini, A., 1999, “Heat Transfer in Complex Turbulent Flow:
Wall functions and Sensibility to Inlet Conditions”, J. of the Braz. Soc. Mechanical
Sciences, Vol. 21, No. 2, pp. 222-232 (In Portuguese).

First, different wall treatments based in wall functions are tested together with the Standard & - & turbulence model,
These models arve tested in the case of wall heat transfer prediction in complex turbident flow, Then. the sensibility of
these models o inler conditions are analysed. Variations fn the Nuxselt distribution due 1o Rexnolds number and
initial boundary laver thickness are discussed. The incompressible flow over a  backward facing step has been
elected as a test case for which na extensive data base exists. Comparison between numerical results and
experimental measwrements iy presented and discnsyed.

Keywards: Turbilence, Recivewlating Flows, Heat Transfer, Wall Functions, Numervical Simulation,

Bannwart, A. C., 1999, “A Simple Model for Pressure Drop in Horizontal Core Annular
Flow™, J. of the Braz. Soc. Mechanical Sciences, Vol. 21, No. 2, pp. 233-244.

Based wpon experimental data for heavy oi-water flow inside steel (26,7 mm D) and cemented (239 mm 1D)
horizontal wbes, @ very simple model for pressure drop in the core annnlar flow pattern was developed. The
experiments were run at room temperature and the fluids used were a fuel oil (g = 2.7 Pas, p = 989 kg/m’ ) and tap
water, both drawn from a separator tank. First, w0 is shown that for both wbes the so-callled “perfect core annular
flow” approach (shorily PCAF) poorly correlates the data, This s due to the waviness of the intecface and
turbslence in the anmadus flow. These effects arve waken tmio account in the model proposed in this paper and justifv
the assumpiion of no-slip, which was earlier coneluded by the author from wavespeed measurements for the same
flow (Bannwart, 1998). As a resull, a very simple correlation model for the pressure gradient is derived. The model
was adjusted 1o fir the data and generalized to other tibe sizes and fluids. Different correlations for oleophilic and
oleophobic pipe walls are provided. Calewlations using the correlation for oleophobic pipe behavior are in very good
agreement with data from another source,

Keywords: Multiphase Flow, Liguid-Liguid flow, Core Anmular Flow, Pressure Drop, Modeling.

Jabardo, J. M. S., Bandarra Filho, E. P. and Lima, C. U. S., 1999, “New Correlation for
Convective Boiling of Pure Halocarbon Refrigerants Flowing in Horizontal Tubes”, J. of
the Braz. Soc. Mechanical Sciences, Vol. 21, No. 2, pp. 245-258.

An extensive literature survey of convective boiling has been performed in this study, Published corvelations have
been divided into three main groups: strictly convective, those based on the superposition rule, and strictly empirical.
An empirical correlation has been developed from an experimental data bank obtained elsewhere through an
optimized curve fitting procedure. Average deviations of results from the propesed corvelation with respect to
experimental data are significantty low compared to deviations frone other corvelations. Comparisons between local
heat transfer coefficients from correlations and those obtained experimentally, though qualitatively sound, have
shown distinet deviations. Improved phyvsical models are needed 1o adequately correlate local heat transfer
coefficients,

Keywords: Convective Boiling, Refrigerants, Horizomal Flow.

Braga, S. L. and Ndbrega, C. E. L., 1999, “A Numerical Study of Thermal Storage on
Encapsulated Phase Change Materials”, J. of the Braz. Soc. Mechanical Sciences, Vol.
21, No. 2, pp. 259-270.

The role of thermal energy storage in the energetic scene has been continuousty increasing over the last vears. since
electrical wtilities started 1o adopt different rates for “peak” and “off-peak " power consumption periods. As a resuly,
several works have been devored to modeling and predicting the transient response of both sensible and latent heat
storage devices, over a variely of geometric forms. Following the current trend. latent heat storage on encapsulated



366

phave change matervial (PCM) wax chosen ax the object of the present work, Since the main feature is te take
advamtage of the high storage capacity offered by the latent heat, this work only deals with sitwations with small
values of the Stefan number (Ste) which allow the solidification to be predicted by a guasi-stationary model. To
obtain more general results, il the phyvsical variables are arranged in non-dimensional groups, the influence of
which on the response of the storage unit iy evaluated in order to provide guidelines to the design and operation of
those devices. Several assumptions arve made with a view to maintain e model as simple ay possible, without
disregarding o careful veflection about ity aeciracy and impact o the veliabifity of the solution. The transient
befavior of the stovage unit is described by the evolution of the owtdet temperature, as well ax the theemal reststance
vation (TRR) through the discharge process. To vatify the moded, some comparisons with previowsty published worky
are provided, showing not only qualitative but quantitative concurreney as well.

Keywords: Thermal Storage, Phase Change,

Moraes Jr., Paulo, 1999, “A Wind-Tunnel Investigation of Ground-Wind Steady Loads
on a Strap-on Launch Vehicle”, J. of the Braz. Soc. Mechanical Sciences, Vol. 21, No. 2,
pp. 271-278.

The effect of wind lowds on slender bodies has been observed and investigated for many vears by muny authors, The
present paper deals with an experimental investigation of wind induced loads on strap-on launch vehicle
configurations. The waork is firstly vestricied 1o the observation of steady global loads acting on a configuration
based on an arrangement of four cvilimder shaped boosters around a cxlindrical centval core of equal diamerer, The
paper discusses the vesults obtained for the transversal or drage force, the volling moment. and the Tongitudinal
position of cemter of pressure, as funciion of several parameiers,

Keywords: Acrodvnamics, Wind-Loads, Wind- Tunnel, Lawnch Vehicle,

Fico Jr., N. G. C. R., Azevedo, J. L. F. and Ortega, M. A., 1999, “On the Use of CFD
Methods in the Design of Transonic Wind Tunnel Nozzles”, J. of the Braz. Soc.
Mechanical Sciences, Vol. 21, No. 2, pp. 279-293.

A numerical investigation of the flowfield in three proposed geometries for the nozzle and contraction of a transonic
wind tunnel facility is performed. The primary objective was to understand details of the flow in the tunnel in order 1o
ey to maximize test section flow quality. The calewlanons presented here include preliminary 2-0 simudations and
Sull 3-D computations. The codes used for the present calenlations were previousty validated by the anthors and co-
workers, and these validation studies are available (n the literature, The primary flow solvers implement an Euler
Sormlation, and wse the Beam and Warming implicit approximate factorization algorithm for the solution of the
dicretized equations. A boundary laver code way tvpically v at a posi-processing stage in order o extimalte
bowndary laver growth and its impact on flow gialine Results obtained for a sonic nozzle and for two Laval nozzles
are presented, and they were instrumental in the selection process which led to the transonic facility which iy
currently being buily,

Keywords: Transonic Nozzle Flow, Transonic Wind Tunnel, CFD Methods, Tunnel Design,

Castro, J. T. P. and Meggiolaro, M. A., 1999, “Some Comments on the Automation of the
eN Method for Fatigue Design under Complex Loading”, J. of the Braz. Soc. Mechanical
Sciences, Vol. 21, No. 2, pp. 294-312 (In Portuguese).

The €N fatigue design method is non-linear and depends on the toading order and on the initial state of the piece,
Therefore, the traditional procedure buased on ramn-flow counting of the loading followed by Newber, Ramberg-
Osgood, Coffin-Manson and Miner rules does not guarantee the prediction of physically admissible hysteresis loops
al the notches in the complex loading case, Solutions for this problem arve proposed, and their implementation in a
powerful langiage named vipa, developed 1o automatize the fatigue design process, is discissed,

Keywords: eN Method, Fatigue Design Awtomation, Complex Loading.

Cunha, J. and Piranda, J., 1999, “The use of Model Updating Techniques in Dynamics
for Identification of Stiffness Properties of Sandwich Composite Structures”, J. of the
Braz. Soc. Mechanical Sciences, Vol. 21, No. 2, pp. 313-321 (In Portuguese).

The presemt paper consists of the identification of the stiffness properties of sandwich compuosite structures by using
vibration measurement's data. The coefficients are identified by a model updating rechnique, The used formulation is
based on the minimization of the eigensolution residualys (sensitivity method ). This techniqiee allows the simuftaneous
wdentification of several properties from a single test. Stiffness properties of extension. bending, twisting and
transverse shear effects are identified, what is not evident from classical identification tests of sandwich structires.
Results obtained by mmerical simulations show the efficiency of the proposed methodology.
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Keywords @ Composite Materials, Sundwich  Structures,  Flastic Constants, Identification, Model  Updating,
Vibration.

Pires, A. C., Ferrao, P. and Carranca, J.N., 1999, “Life Cycle Analysis as a Business
Strategy for the Process Industry”, J. of the Braz. Soc. Mechanical Sciences, Vol. 21,
No. 2, pp. 322-331.

It has been observed throughowt Ewrope that environmental policy has not necessarily had a negative economic
impact. The imtegration of environmental technologies i industey can conduct to both econonmic and ecological
advantages compared 1o wswal technologies, whereas the use of rexourcey is minimived and with them, the raw
emissions, al all stages of the production process.

This paper analyses the envirommental and the technological assessment associated with the implementation of u
cogeneration power plant, using a high pressure boiler burning olive vil bagasse (as obtained after extraction) and a
low-power steam mrbine. It demonstrates the use of Linear Programming modelling ax a tool for identifving and
evaluwating the best possible options for envivonmental performance of the system anafvsed, and extends this
technigue for the assessment of indivect eco-taves, also called " Pigow taxey”, associated with enviconmental
regulations. {t iy shown in this study that a balance between envirommental and economic performance in svstems
analvsis lies in exploring a set of alternative options for svstem improvements. The resalis show that for a steam
demand value lower than 80% of the maximum steam production capacity, the profit assoctated with the over-
burning of hagasse should be associated with increasing valies of the Pigou tax in order to prevent the consequent
over emission of COs The paper shows that the economical profitabifity of the system is corvelated with the €O,
emissions reductions, for this particwlar project. for different loading conditions of cogeneration plant in ol
extraction plant. Althoueh the extrapolation of this conclusion shonld be considered with caution, it can be assumed
ter be valid for many cogeneration systemys in industry, The principles of the Life Cvele Assessment - LCA applied
with Linear Programming technigues have allowed the quantification of side effects. associated with the use of
technologies  assessment.  contributing  for supporting  decision making  based on  technical  information  in
envirommental policy.

Keywords: Life Cvele Assessment, Linear Programming, Cogeneration Power-Plant, Technological Innovation,
Environmental Management.,

Andersson, V., Frainer, V. J. and Martins, C. C., 1999, “Design and Construction of a
Prototype of a Strain-Gage Type Transducer for the Measurement of Drilling Forces”, J.
of the Braz. Soc. Mechanical Sciences, Vol. 21, No. 2, pp. 332-342 (In Portuguese).

This work presents some considerations about design, construction and validation of a protetype of a strain-gage
tvpe transducer. developed 1o measure cutting forces produced in the drilling procesy of special geometric
spectmens. The validation tests showed that the analvtical formudae emploved can be used ay a good design
approgct,. When the prototvpe was wsed to measure cutting forces testing three steel specimens, the experimental
values obtained nearly agree with the values analviically calenlated using equations known from the bibliography.
Therefore, the protatype wility in machinability testing of meaterials was proved.

Keywords: Strain Gage Transducers, Drilling Forces, Destgn of Strain Gage Transducers, Drilling.

Matsumoto, H. K. and Diniz, A. E., 1999, “Evaluating The Quality Of Turned Hardened
Steel Workpieces”, J. of the Braz. Soc. Mechanical Sciences, Vol. 21, No. 2, pp. 343-354.
Recently many works have been done in order to stady the turning process of hardened steels. mainly concerning the
lives of ceramic and PCBN 1ools. However, just few works deal with the problem of turning aceuracy, comparing it
with grinding accuracy, mainly when the lathe wsed has a conventional mechanical desien, Thervefore, it 1s impaoriant
to evaluate the capability of  these conventional machines 1o replace the grinding operation by turning and still
maintain workpiece guality tvpical of grinding operations. This work tries 1o contribute 10 fill this gap. Severat AISI
ES2100 hardened steel workpieces (60 HRe) were tuned wsing mixed ceramic and PCBN ool muterials and
different cutting speeds in a lathe of conventional design, Workpiece surface roughness and diameter variation were
measured throughout the tool life test, in ovder 10 evaluate the quality of the workpiece. The length of the workpieces
was also varied to analvze the influence of workpiece shape on iy quality. The main conclusion of this work was that
the turning process is able to veplace grinding in hardened steel finishing operations, Moreover, it iv able to achieve
a swrface and dimensional quality similar to that of ground compenents, even when the muchine used has a
conventional mechanical design.

Keywards: Turning Hardened Steels, Accuracy, Surface Roughness.
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Button, S. T. and Bortolussi, R., 1999, “Finite Element Analysis of a Cup Deep Drawing
Process”, J. of the Braz. Soc. Mechanical Sciences, Vol. 21, No. 2, pp. 355-363 (In
Portuguese).

Deep drawing processes have an tmportant vole in mannfaciwring, mainly in the awtomorive industry, The increasing
competition requires that design and manufacture of dies be fast and without errors. New forms to develop the diex
have been used. The finite element method has helped engineers o reduce ervors during die development, In this
paper an elasto-plastic element was used to simudate the evlindrical deep drawing of an ABNT 1006 steel cup. The
simulation made possible the determination of the forces, thickness and circumferential strains ocurring during the
deep drawing process, which were compared to experimental results.

Keywords: Decp Drawing, Finite Elements,
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