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Heat Transfer to Viscoplastic Fluids in
Laminar Flow Through Isothermal Short
Tubes
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Abstract

The heat transfer problem that occurs during the laminar flow of a Herschel-Bulkley fluid through the entrance
portion of tubes is studied. The Nusselt number is obtained as a function of the axial coordinate, yield stress, and
power-law exponent. The thermal boundary condition of uniform wall temperature is examined. Among other
results, it is seen that the developing length decreases as the fluid behavior departs from the Newtonian one.
Keywords: Non-Newtonian Fluid Heat Transfer, Viscoplastic Fluid, Laminar Flow, Entrance-Region Flow,
Uniform Wall Temperature.

Introduction

Non-isothermal viscoelastic flow situations are present in numerous processes found in the
industries of food, cosmetics, paint, plastics, petroleum and many other. Some important non-
Newtonian engineering fluids frequently involved in industrial processes are sludge, slurries, grease,
paper pulp, polymer melts and solutions, aqueous foams, suspensions, most food products, cement,
drilling mud, tooth paste, to name a few. In these processes, the temperature distribution in the liquid
must be evaluated if its rheology is to be controlled.

As an engineering example, the process of drilling petroleum wells may be mentioned . Drill
muds have a key role in this process, and are typically highly non-Newtonian in nature. They should
have the correct density to provide the pressure needed for well integrity. Their rheological properties
must be such as to allow carrying rock particles that are generated during drill aperation, with a
minimum of pumping power. This requires a relatively low viscosity, but also a non-Zero yield stress
limit. Alse, the success of a well cementing operation depends to a great extent on the knowledge and
control of the rheological properties of the cement.

Rheological properties are often strong functions of temperature. Because the fluids exchange
heat with the surroundings as they flow, the temperature distributions can only be determined if heat
transfer coefficients are known. In engineering applications, often the main goal is to obtain a flow
rate / pressure drop, or flow rate / drag force relationship, for flows through ducts and other shear
flows.

In these cases, an excellent representation of the mechanical behavior of viscoelastic liquids is
obtained through the Generalized Newtonian Liquid model (GNL), in conjunction with a viscosity
function of the Herschel-Bulkley type:

T =1y (1
where
ip . ;
n=a+Kyr-l if 1> 1y (2)
L otherwise.
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In Eq. (1), T is the extra-stress tensor, y the rate-of-deformation tensor, defined as grad

v+ (grad v}T. where v is the velocity vector. In Eq. (2), 1, is the yield stress, T = 1/2trt7 a
measure of the magnitude of 1, § = NIYE ¢ry 2 ameasure of the magnitude of ¥ , K the consistency

index, and n the power-law exponent. These three parameters (t,, K and n ) are normally determined
via least squares fit to experimental shear data.

While the power-law exponent, n, is often insensitive 1o the temperature of the liquid, this is
typically not the case for both K and 1,

For laminar flow of power-law fluids' in ducts, some heat transfer information is available. For
fully developed flow and uniferm wall temperature, Bird et al. (1987) give Nu = 3.657, 3,949 and
4.175 respectively for the power-law exponent n = 1,0.5 and 1/3. For fully developed flow and
uniform wall heat flux, [rvine and Kamni {1987) present,

_8(3n+1)(3n+])

Nu 3
3In*+12n+1

(3)

Joshi and Bergles (1980a, 1980b) reported a comprehensive study for power-law fluids,
including both entrance region and fully developed results. In this study, they obtained correlations
for q,, = constant, and considered the temperature dependence of K. Another detailed study for flow
and heat transfer to pseudo-plastic liquids is presented by Scirocco et al. (1985). In both studies, at
the inlet of the heated portion of the test section, the velocity profiles were already fully developed.

For turbulent flow, the thermai boundary condition becomes of minor importance, and the entry
length becomes much shorter. Moreover, the shear rates are so large that the yield stress limit
becomes unimportant. Therefore, information for power-law fluids and for fully developed flow can
be employed for a wide range of situations. Irvine and Kami (1987) recommend Yoo's empirical
correlation for predicting turbulent heat transfer, valid in the range 0.2<n <0.9 ;

. _ Nu 00152 4
L A R 153 (4)
where
—3_ 1-n
Re= P "D”[2(3n+!)) (5)
K n
and
K N =i
Pr= ﬁ(('q”___"' ‘U) (8_“] (6)
k dn D

In the above expressions, D is the tube diameter, p the mass density, u the average velocity, c, the
specific heat, and k the thermal conductivity. Yoo's correlation can be used for Re’s in the range
3000 < Re < 90000. From Eq. (4), it can be seen that jy is a rather weak function of Re.

' A power -law fluid has a viscosity function that is well represented by Eq. (2) with t;= 0
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Due to the industrial importance of non-Newtonian liquids that possess a non-zero yield stress, it
is rather surprising that heat transfer information is so scarce in the open literature. Vradis et al.
(1993), analyzed numerically the heat transfer problem for entrance-region flows of Bingham,
constant-property liquids througt tubes. They considered the case of simultaneous velocity and
temperature development. More recently, an experimental and theoretical heat transfer study for
Herschel-Bulkley liquids is reported by Nouar et al. {1994). They also investigated the entrance
region, but considered fully developed velocity profiles An interesting discussion regarding the
impact of temperature-dependent rheological properties on velocity profiles and Nusselt numbers can
be found there.

The purpose of the research reported here is to present laminar heat transfer coefficients for
entrance-region flows in isothermal-wall tubes (T,, = constant) of yield-pseudopiastic liquids. The
case of simultaneos velocity and temperature development is considered, and the liquids are assumed
to obey the Herschel-Bulkley model. It is part of a research program whose first results, for fully
developed flows of Herschel-Bulkley fluids, were recently reported by Souza Mendes and Naccache
(1995). The conservation equations of mass, linear momentum and energy are solved numerically via
a finite volume technique. Velocity, pressure and temperature fields are presented and discussed. The
Nusselt number is also determined as a function of the (inverse) Graetz number and rheological
parameters, namely, a dimensionless form of the yield stress limit and the power-law exponent.

Analysis

The flow under analysis is steady and axisymmetric. The thermophysical and rheological
properties of the flowing fluid are independent of temperature, The fluid is a Generalized Newtonian
Liquid (Eq. (1)) whose viscosity function is of the Herschel-Bulkley type (Eq. (2)), and enters the
tube with uniform velocity and temperature profiles.The tube inner wall is kept at a uniform
temperature, T, which is different from T, the inlet temperature.

Conservation of Momentum: Fully Developed Flow

The analysis begins by choosing characteristic quantities. Appropriate choices are very important,
in order to yield convenient dimensionless forms for the governing equations.In this work we employ
the fully developed values of some key quantities as characteristic. For example, the characteristic
shear rate .y ., is chosen to be the one that occurs at the wall in the fully developed region;

1]

!
a7

Where 1y 14 is the shear stress at the wall in the fully developed region:

Tra= [Tx(R)y =-[.4_”) R_Ap R

L] e 8
wd Lyl

The subscript ‘fd’ indicates that quantity is to be evaluated in the fully developed region. In the
above expression, p is the pressure, x the axial coordinate, R the tube radius, and L a tube length in
the fully developed region to whaose ends the pressure difference Ap corresponds.
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The characteristic viscosity is chosen as:

" T
Nesn ()= —H )

[

Defining a dimensionless shear rate as y' =y /T.‘. and the dimensionless viscosity function as
n'=mn/n., we can write:

Ta . frpg—={
n = :{-‘T+U—'0h””, if ©'> 1) (10)
© otherwise
Where
v and thm—l (n
TR.ﬁﬂ' TR.}H

In the fully developed region the shear stress is a linear function of the radial coordinate, r, i.e.,

T (r)=~tg g % (12)

or, defining r'=r/ R,

v=r and rj.tg (13)

From Eg. (13) it is easy to observe that, in the fully developed portion of the flow. Tj has an
important physical meaning: it is the dimensionless radial position where t,, = -1,. In other words,
it is the radius of the plug-flow region that occurs in the flow core due to the existence of a non-zero

vield stress. Because Eq. (13) holds for fully developed flow only, this interpretation of #; is not
applicable in the entrance region.

For the Herschel-Bulkley fluid, and for © > 1.
v=th(l-thH" (14)
Therefore, for fully developed flow conditions we can use Eq. (13) to obtain

p+(l-rg'm=r (15)

Defining a dimensionless axial velocity as
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u'= (16)
(o
and observing that
] du du’
LS PR ok iy 17
¥ R T (17
we can write Eq. (15) as
o i Iin
u r'-r
LA { (18
d)" [ l- rg] )
Integrating this equation and rearranging, we get
" / = n+l n+/
u'(r')=——[-—-——---—) (I—rj)n —fr'-rpy)n (19)
n+I\I1-n
ifr'>r;, and
n
uwir)=—-:il-r) (20)
n+ !
ifr' <e.
From the definition of average velocity
I !
i 2L wrdr or @ =upr’+ 2_[6 @'rde’ 1)
where uj = u'(r; ) Integrating, we get the following expression for i’
=20 ) P tgiti-n =11 (22)
T | L L e

It is observed that Eq. (22) reduces to Hagen-Poiseuille’s, for the Newtonian case, and to the
corresponding results for (i) the Bingham plastic { Buckingham equation) and (1) the power-law
fluid.
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Another result of potential interest, easily obtained by Eq. (22), is an expression for the fully-
developed wall shear rate, y_ as a function of the average velocity, u :

; u un+! n n
i 2 T Y A L 2 =t L
Ye®"T8" R 2n { Al et ULk

-
‘,f’?-fdﬂ] (23)

As expected, when #; =0, the above equation reduces to the well-known expression for the fully-
developed wall shear rate observed in flows of power-law fluids, namely:

8:7)3n+!

-? ¢, power law = (— T2

D (24)

Conservation of Mass and Momentum: Entrance Region

For the entrance steady flow of a Herschel-Bulkley fluid through a duct, the dimensionless mass
and momentum equations are:

cu ]13(rv')
SR g 2oL =0 25
B P B el

pou Bw_ ap [l @ ( ,r,g}r 2 { au]
or' ax’ dx' rér i ar’) ax'\ ox'

(26)
+£ 5!1'61! 61‘] Ou
e | o7 ox' é‘x ax'
pav  e0p v ?Ei(i_@_ ] i[ 8_v)
5r ar ax' ox Re[ar ¢ay hire +5 3 ax'
(27)

+£ Bn'é‘v an cu' ¥
Re | ar' ar’ ax ar gl r'd

In these equations, u'=u/Ry., v'=v/ Ry, , x'=x/R.and p'=p/p (Ry. )?. The Reynolds
number is defined as

pubD - 2p (E')"“(E}""R"
ne  Kav," R o
“ i j

Re=
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It is interesting to observe that, when 1, =0 Eq.(28) reduces to Eq.(5), which is a widely used
expression for the Reynolds number for flows of power-law fluids.

As x'— o, the dimensionless x-component of velocity, u'(r'.x’) should approach the
analytical solution for fully-developed flow, given by Eqs. (19) and (20).

The boundary conditions are the usual no-slip condition at the wall, the symmetry condition at
the centerline, uniform velocity profile at the tube inlet, and locally parabolic flow at the outlet:

a r
2 0.x')=0 V(0.5 )=0
ar'
u'tlx')=0 vl x' )=
'.} = (29)
u'(r'gj=p' viir'G)=0
du' av’
——e '.L' =0 'LTi=10
ax'(r ) Bx'(r d

where L'= L/ R is the dimensionless tube length.

Modified Bi-viscosity Model

The viscosity function as given by Eq. (10) is not convenient to handle numerically. The usual
approach in numerical schemes for lows of Bingham plastics is to replace it with an-other viscosity
function, the so called bi-viscosity model (Beverly and Tanner, 1992). This idea can be easily
extended to Herschel-Bulkley fluids, yielding the following approximate representation of the
viscosity function:

ré IRV T | . = o
=" +(l-p " Y >Y Smalt (30)

n ;w‘x " otherwise

Beverly and Tanner (1992) recommend

n:’rlrge = 1000 (31)
Therefore,
vl | r{i ré
Y smatl = - = (32)
1000 (1=rg 1 ety 1000

Conservation of Energy
We now tum to the thermal problem for uniform wall temperature (T,, = constant).

Neglecting viscous dissipation effects and assuming that the thermal conductivity is a constant,
the dimensionless energy equation for this situation is
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90 ,00 zu'|a% 1 @ ( aa}
uW—Fy —="d | ' — 33

ax ér’  Pe {51'2 rror 2 ar’ G3)
where 0=(T-T7,)/(T;-T,) is the dimensionless temperature, Pe=uD/a the peclet number,
and a lk/(pcp) the thermal diffusivity. Equation (33) shows that, when viscous dissipation

effects are negligible, the influence of rheological behavior on heat transfer is conveyed through the
velocity field only.

The boundary conditions for Eq. (33) are

a0

Z0x)=0 0(lx')=0
ar 34)
0(r'0)=1 2 re=p
dx’
For this situation, the Nusselt number becomes
hD 2 ae
Nyl o228, 35
u(x') X B,,(x’)ar'( x') (33)
where
e,,-z_[: X9 rdr (36)
u

Numerical Solution

The conservation equations are discretized by the finite volume method described by Patankar
(1980). Staggered velocity components are employed to avoid unrealistic pressure fields, The
pressure-velocity coupling is handled by the SIMPLEC algorithm ( Van Doormaal and Raithby,
1984). The resulting algebraic system is solved by the TDMA line-by-line algorithm (Patankar,
1980} with the block correction algorithm (Settari and Aziz, 1973) to increase the convergence rate,

A non-uniform 140 x 32 grid is employed, with points concentrated toward the inlet region in the
x-direction, and toward the wall in the r-direction, to resolve the sharp gradients in these regions. The
domain length in the axial direction, L, is equal to fifteen diameters for the low Pe cases, and ninety
five diameters for the high Pe cases. Extensive grid tests were performed, which attested that the
solutions obtained are grid-independent.

Results and Discussion

Results for some representative combinations of the governing parameters are now presented and
discussed.

Figures 1 and 2 show velocity profiles at four different axial position along the entrance region.
[s is seen in these figures that, close to the tube inlet, there is a velocity overshoot near the wall. This
overshoot is related to axial diffusion of momentum, and therefore cannot be predicted by



M. Soares et al.: Heat Transer to Viscoplastic Fluids in Laminar Flow

g

formulations that consider radial diffusion only. Although milder than the one observed for
Newtonian fluids, this effect is not negligible, and might have important impact in heat transfer,

2

FRATY

0.5

u'/u’

0.5

B \ =
X '= C.00487
g.0415
0. 1.74
a. 454

1 1 1 1
0 0.2 04 F 0.6 0.8 1
r
Fig.1 Velocity Profiles - Bingham Fluid

T T

Fig. 2 Velocity Profiles - Herschel-Bulkley Fluid

X'= 000487 —
0.0415 —
i 0. 174 =
0.454 —~
1 1 1 1
0 0.2 0.4 0.6 0.8 1
r I

Temperature profiles at some axial locations are seen in Figs. 3 and 4. In order to eliminate x-
dependence in the fully developed region, these profiles are presented as a ratio of 6 ro 8, . Because
the Prandtl number, defined as Pr=n./pa = Pe/ Re, is equal to 5, the temperature profiles for the
cases shown take larger development lengths than the corresponding velocity profiles, shown in Figs.

Iand 2.
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Figure 5 shows the Nusselt number variation with the inverse Graetz number, x* = x'/ Pe for a
number of combinations of r; and n. [t is seen that,whenever the velocity gradient is high in the
neighborhood of the wall, the Nusselt number is also high. High r;'s imply high velocity gradients
near the wall, as does low n’s . For example, the curve for rj =0.7 and n=0.3 falls above all other
in Fig. 5, while the curve for rj =0.3 and n= 10 gives the lowest Nu for a given x*,
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Fig. 5 Entrance-Region Nu for Different /;)'s and n's

Figures 6 and 7 illustrate the entrance-region Nusselt number variation with the Peclet number,
for some combinations of the governing parameters. It is interesting to observe that axial conduction
is important in the vicinity of the tube inlet only. and its effect is to increase the Nusset number.
Larger yield stresses tend to decrease the axial conduction effect. On the hand. axial conduction is not
greatly affected by the power-law exponent in the range investigated

10 - - r

Nu

0.01 ¥ = 01

Fig.6 Entrance-Region Nu for Different r;;"s and Pe's
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3 VY At v W " i e T R r A I |
0.01 o 0.1

Fig. 8 Entrance-Reglon Nu for Different r;'s and Re’s

For the constant-property situations examined in this paper, the Nusselt number depends on the
fluid rheology through its influence on the velocity profile only. Therefore, axial diffusion of
momentum - which affects the velocity field - is expected to affect the Nusset number. This is
illustrated in Figs. 8 and 9. It is seen in these Figures that the effect is restricted to the neighborhood
of the tube inlet, and is negligible for high yield stress fluids. However, it becomes important as the
rheological behavior approaches the Newtonian (higher n's and lower ry's ).
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0.01 X T 01

Fig.9 Entrance-Region Nu for Different ;"5 and Re's

Conclusions

This paper has studied the heat transfer problem in the entrance-region flow of Herschel-Bulkley
fluids. The case of uniform wall temperature and simultancous development of velocity and
temperature profiles is examined.

For fully developed flow, an analytical solution for the velocity profile is presented, which
provides the characteristic quantities needed in the definition of the appropriate dimensionless
governing parameters. Although in essence this analytical solution is already available in the open
literature, the form of the solution presented here has some advantages, It is more compact,and gives
the velocity in terms of two convenient dimensionless parameters, namely, n and rj .

The governing equations are solved numerically via a finite-volume technique. Results are
presented in the form of velocity and temperature profiles, and entrance-region Nusselt number
distributions.

Among other results, it is observed that the velocity profile presents an overshoot near the wall,

in the tube neighborhood of the tube inlet, and that when the velocity gradient at the wall 1s high the
Nusselt number is larger.
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Abstract

This work presents an analysis of an experimental technique for simultaneous determination of the thermal
conductivity and the thermal diffusivity of non metallic materials. The properties are determined by using the
parameter estimation method. The experimental temperatures on the frontal and back surfaces of a sample are
compared with their respective theoretical values obtained from the mathematical model. The heat flux evolution
at the front surface and the heat loss evolution at the back surface are used as the boundary conditions. The
purpose of this work is to investigate the ideal shape of the heat flux evolution, its duration and optimum
measurement time. This information is important to guide designers on optimizing the parameters estimation.
Keywords : Optimization, Parameter Estimation, Experimental Techniques, Thermal Properties Measurements,
Inverse Problems

Resumo

Este trabalho apresenta aspectos de otimizagio para uma técnica de estimago simultidnea da condutividade ¢
difusividade térmica de materiais s6lidos. Nesse sentido uma anélise de sensibilidade na estimagio dos
parémetros em funglo da intensidade ¢ duragdo do fluxo de calor imposto, espessura da amostra e tempo de
mediglo ¢ apresentada. Investiga-se também as formas ideais das evolugdes desses fluxos de calor, sua duraglo ¢
o empo 6timo de medigho, para a otimizagho de projetos de estimago de pardmetros. No método proposte as
evolugbes dos fluxos de calor sBo medidas por transdutores de fluxo de calor. Nessa andlise as temperaturas e
fluxos experimentais sao simuladas numericamente.

Palavras-chave: Otimizagdo, Estimaglo de Pardmetros, Técnicas Experimentais, Medigdo de Propriedades
Térmicas, Problemas Inversos

Introducéao

Existem vérios métodos transientes que possibilitam a obtengio da condutividade témmica, A, ¢
da difusividade térmica, a. Todavia, esse nimero diminui quando se deseja a obtenglio dessas
propriedades de forma simultinea. Como exemplos, citam-se os métodos Flash, originalmente
desenvolvido para a obtenglo da difusividade térmica, (Parker et all, 1961) ¢ o da Sonda Térmica,
que mede a condutividade térmica, (Blackwell,1954). Ambos sdo capazes da obtengdo simultinea das
duas propriedades. Nesse caso, para 0 método Flash, é necessirio conhecer-se o fluxo de calor
imposto e, para o da Sonda térmica, um sensor de temperatura adicional deve ser inserido dentro da
amostra.

Um método experimental compde-se da concepgdo de um modelo fisico a ser simulado
experimentalmente ¢ da técnica de obtengio das propriedades. Assim, um modelo fisico ideal néio
deve impor nenhuma restrigdo nas condigdes de contorno, ou seja, nas evolugbes de temperatura e/ou
fluxos de calor superficiais enquanto a técnica de obtengio das propriedades deve ser capaz de obté-
las a partir de medi¢des das grandezas superficiais,

A realizaglio de qualquer experimento deve seguir, sempre, procedimentos que busquem o melhor
resultado. Esses procedimentos passam ndo somente por um cuidado na execugio de cada passo

Manuscript received: March 1998, Technical Editor: Angela Ourfvio Nieckele
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experimental mas também pela idealizagio de cada projeto. Nos casos de determinagdo de
propriedades térmicas, torna-se importante a busca do projeto 6timo de experimentos em condugio
de calor, Esse trabalho apresenta andlise de um método experimental, cujo modelo fisico foi proposto
por Guimardes (1993) e cuja técnica de obtengdo simultinea das propriedades, A ¢ o € a técnica de
estimagao de parimetros descrita por Beck et al. (1990),

O sucesso dessa técnica para os diversos materiais depende da escolha de parimetros de projeto
para a simulagdo experimental do modelo fisico. A otimizagdo de projetos de experimentos tem sido
tema de um grande nimero de artigos entre os quais pode-s¢ citar Beck (1969), Vigak et al (1989),
Taktak et al (1993) e Artyukhin (1989). A maioria desses trabalhos focalizam, no entanto, a melhor
posi¢do para a localizag@o de sensores de medigdo (normalmente termopares) ou o tempo 6timo de
medi¢@o. Todavia, varidveis como parimetros geométricos ou fisicos como intensidade e forma do
fluxo de calor imposto n3o tem sido estudados.

O presente trabalho investiga os vérios parmetros 6timos de projeto para materiais isolantes,
semicondutores ¢ condutores na determinagdio simultdnea da condutividade e difusividade térmica.
Apresenta-se assim, uma analise que busca a otimizagdo de parimetros de projeto como o fluxo de
calor imposto (duragdo e forma de aquecimento), tempo de medigdo, caracteristicas geométricas
como espessura da amostra, L, e tipo de material (materiais condutores, semi-condutores ¢ isolantes).

Uma das maiores dificuldades no uso da lécnica de estimagdio de pardmetros ¢ a escolha das
regides de medigdo onde, claramente, os coeficientes de sensibilidade (primeira derivada da
temperatura em relagdo ao parimetro estimado) sflo linearmente independentes. A identificagdo dessa
regiio € fundamental para o uso da técnica. Nesse sentido, um estudo prévio de otimizagio dessas
regides, antes da definigéio do projeto, ¢ extremamente importante. Além do aspecto de otimizagio da
técnica, esse procedimento permite ainda, uma minimizagio significativa de custos operacionais.
Nesse caso, seriam necessarios o uso de um grande nimero de amostras, elementos de aquecimento ¢
sensores de medigdo que, sem um estudo prévio, ndo estariam bem determinados. A definigdo dessa
regido para diversos tipos de materiais, bem como a indicagdio das melhores formas de imposigdo de
calor sdo as principais contribuigdes desse trabalho,

Descrigcdao do Método

A Figura | apresenta uma amostra plana, homogénea, sujeita a uma temperatura inicial Ty cujo
fluxo de calor unidimensional transiente, ¢,(t), ¢ imposto num instante 1, na superficie superior da
amostra, e o fluxo de calor resultante, ¢,(t), atravessa a superficie oposta.

+¢,(t)
x],

amostra I

76,0

Fig. 1 Modelo Fisico de uma Amostra Sujeita a Condigdes de Fluxos de Calor Superficiais

Sob estas condigdes, e considerando as propriedades térmicas constantes com a variagdo de
temperatura, o problema apropriado a valor de contorno ¢

2’ _1or
axd a dt

(1)

sujeita as seguintes condigdes de contorno,
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0, '
§r0u =i 20020 o oty @
dx
aTr L,
seLy=-2 2 Ly ) o)
ox
e & condigdo micial
w0 =T, )

onde T representa a temperatura e ¢(1) o fluxe calor transiente nos contornos da amostra. Obtém-se a
solugdo do problema dado pelas Equagdes (1-4) usando-se uma técnica de solugdo baseada nas
fungdes de Green (Guimardes, 1993), ou seja,

! ]
a f M &
=T + Iq;,(r)a& i I¢1(1)m
i3 1]
!

eBa'at/ L cos(B, x/ L) J?B-:“”' i) (5)
0

2a -«
+_
LA
m=]

S !
" %Er(—m-n eBa’@ i/ 17 cos(B,,x/ L) |eBu’ !/ L' g y(t )t
m=] ¢

onde = mm com m=1, 2, 3 ... e ¢,(t) € §,(t) s30 os fluxos de calor definidos a partir de curvas de
ajuste que podem ser obtidas sobre os valores medidos com os transdutores de fluxo de calor
aplicados nas superficies da amostra (Guimardes, 1993). Observa-se que o valor de m para o
truncamento das séries (m—«) foi escolhido de forma a se obter uma variago no célculo da
temperatura, Eq. (6), em qualquer tempo, inferior a (,01K. Nesse caso, o valor usado foi m =600.
Nesse sentido, o erro devido ao truncamento ¢ bem inferior & prépria incerteza de medigdo (0,25K)
usada na simulagdo das temperaturas experimentais, ndo causando qualquer influéncia nos resultados.

Tendo estabelecido a solugho formal do problema direto dado pelas Eqs. (1-4), estima-se os
parfimetros A e o minimizando-se a fun¢gio minimos quadrados {Beck et al., 1990) definida a seguir

n 2
= Y [¥(i) - Ty(i)]2 (6)

1=} j=]

onde Yj(i) sdio as temperaturas experimentais e Tj(i) as temperaturas calculadas através do modelo
tedrico nas superficies da amostra. Os sub-indices i e j representam, respectivamente, o instante
discreto de medigdo € o niimero de sensores, no caso dois termopares, aplicados as superficies (x=0 ¢
x=L). Assim, os pardmetros A ¢ a sio estimados para a obtengdo da melhor concordéincia entre os
valores das temperaturas medidas experimentalmente ¢ aquelas obtidas através do modelo tedrico. As
equagdes de recorréncia para as propriedades sdo obtidas através da minimizagdo de Gauss da fungiio
S (Guimardes, 1993), ou seja, fazendo as primeiras derivadas de S em relagdo a cada pardmetro iguais
a zZero, como
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as 2 &

s 203" [¥;(1) = Ty(i)] X;(i)=0 ™)
i=l j=1

e

as n 2

o 2033 (Y, (1) = Ty(i) ] X (1) =0 (8)
Il

onde Xj, (i) sAo os coeficientes de sensibilidade definidos pela primeira derivada da temperatura em
relagdo ao parimetro estimado. O indice j representa a posigdo do sensor nas superficies frontal
(j=1,x=0) ¢ oposta (j=2, x=L) ¢ k o parimetro a ser estimado A (k=1) ou a (k=2). Assim, X;; (i)
podem ser definidos por

.. &%
Xp(i) =—= 9
1) a (%
e
. an
Xyfi)=—= 10
2 1) a (10)
; ; at;
¥ Sth 11
1201) iy (1)
e
T
Xa(i) = eh (12)
da

€ representam um papel importante na técnica de estimag@o de parimetros. Observa-se que para o
sucesso da estimagdo simultinea de L ¢ a, € necessirio que os coeficientes sejam linearmente
independentes e, ainda, possuam os maiores valores possiveis (Beck et al., 1990) . As equagdes de
recorréncia para os pardmetros A ¢ a sio bem conhecidas e podem ser encontradas nas referéncias de
Beck et al (1990) ou Guimarfes (1993).

Caracterizagdo do Experimento através do Agrupamento (zxL)/A

Salienta-se que este trabalho visa a otimizagio dos parimetros de projeto envolvidos na técnica
de estimaglo de parimetros. Nesse sentido, os dados experimentais so simulados numericamente,
permitindo-se assim uma maior flexibilidade na anélise de diferentes tipos de materiais ¢ suas
espessuras, além de considerdvel redugfio de custos.

Os diversos tipos de materiais sdo simulados através da variagdo do agrupamento (¢,.L/), com
os valores de ) e o representativos de materiais isolantes ( A < 0.5 W/mK), materiais semicondutores
(0,5 W/mK < & < 10 W/mK) ¢ materiais condutores (10 W/mK < 1) . A Tabela | apresenta os valores
de ) ¢ o usados na simulagdo.
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Tabela1 Valores de X e o para Materiais Tipicos Usados na Simulagio

Propriedade Material

N3o Condutor Semicondutor Condutor

A [W/mK] 0.4 50 70,0

a [m?s] 2,3x107 16,0x10°7 16,0x10°%

Observa-se ainda que as temperaturas experimentais Y;(i) s@o simuladas numericamente
usando-se as temperaturas te6ricas e uma funglo erro aleatério, £ ; (i), definidas por

Y, (i)=T;(i)+¢e;(i) (13)

cujos limites sdo -0,25 < g, < 0,25. Os limites maximos situam os erros aleatorios dentro da regifio
de incerteza de medigdo de temperatura usando-se termopares adequados e calibrados (Guimardes,
1993). Para o cilculo de Tj (i) na Eq. (5) os valores de ¢,, ¢, ¢ A, sdo fixados para cada teste. A
Tabela 2 apresenta esses pardmetros.

Tabela 2 Teste 1 - Parametros Estimados para Material ndo Condutor.

a=1,0x10""m¥s

2
Valores Iniciais Fluxo de Calor Maximo 04(max =200 Wim

A = 0,1W/mK
x ax10’ L Erro [%) {gx Ly Teste
[W/mK) [m?/s] [mm]) Ala Kl
0,458 2,63 1,0 145 1435 0.5 a
04114 2,363 50 2,85 2,74 25 b
0,406 2,331 100 15 135 50 c
0,404 2,313 200 10 057 10,0 d
Nao convergiu N&o convergiu 40,0 20,0 e

Observa-se que a técnica de estimaglo de parimetros usada nesse trabalho necessita de um
procedimento iterativo. Assim quando hé sucesso na estimagfo os valores iniciais de X € a
convergem a aqueles das propriedades da amostra investigada. Entretanto, como nesse trabalho os
experimentos sdo simulados numericamente, os valores iniciais dos pardmetros devem, portanto,
convergir aos valores de X e a fixados para cada amostra simulada (Tabela 2). Inicialmente os testes
foram realizados fixando-se o fluxo de calor imposto, ¢, ¢ o tipe de material (ndio condutor). Assim,
variou-se a espessura entre 5 mm e 50 mm para um material isolante tipico (Teste 1). O valor inicial
de A ¢ o para todas as simulagdes sio apresentados nas Tabelas 2 - 4.

A Figura 2 apresenta os perfis de temperatura na superficie frontal (x=0) para uma amostra ndo
condutora. Observou-se que, para L superiores a 40 mm, as evolugdes de temperatura nessa
superficie passam a ter 0 mesmo comportamento.
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Fig. 2 Evolugio da Temperatura na Superficie Frontal ao Aquecimento - Amostra ndo Condutora.

As Figuras 3-6 apresentam os coeficientes de sensibilidade para essa amostra variando-se os
valores da espessura, (Teste 1), Observa-se, assim, que o melhor comportamento (coeficientes
linearmente independentes) sio para amostras de comprimento, L, iguais a 10 e 20 mm (Figs. 5 e 6)

Coeficiente de Sensibilidade, X
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Fig.3 Coeficlentes de Sensibilidade - Amostra ndoc Condutora, L = 1 mm
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Fig. 4 Coeficlentes de Sensibllidade - Amostra ndo Condutora, L = 5 mm
Este comportamento se reflete no sucesso das estimativas apresentadas na Tabela 2. Os erros
percentuais na estimagéio de A e o silo, nesses casos, iguais ou inferiores a 1,5%. Uma inspe¢do nas

Figs. 3 ¢ 7 permite concluir que a dependéncia linear entre os coeficientes (Fig. 3) e seus baixos
valores (Fig. 7) ¢ a responsdvel pela falha na estimagéo apresentada na Tabela 2.
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Fig. 5 Coeficlentes de Sensibllidade - Amostra no Condutora, L = 10 mm.
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Fig. 6 Coeficientes de Sensibllidade - Amostra ndo Condutora, L = 20 mm.
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Todavia, mantendo-se constantes a intensidade de fluxo de calor imposte imposte (200W/m?) ¢ a
espessura (L=10 mm), para materiais condutores ¢ semicondutores, nenhum teste de estimagfo
obteve sucesso. A principal razio, nesse caso, € a pequena diferenga entre os perfis de temperatura
entre as superficies. (Figs. 8 e 9). Pode-se observar, também, 0 consequente comportamento linear
nos coeficientes de sensibilidade (Figs. 10 e 11).
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Fig.7 Coeficientes de Sensibilidade - Amostra niio Condutora, L = 40 mm.
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Fig. 8 Evolugio da Temperatura nas Superficies Frontal e Oposta ao
Aquecimento - Amostra Semicondutora, L = 10 mm.

A solugio de projeto para esses materiais passa por uma maior intensidade de fluxo de calor
ou, alternativamente, uma menor espessura da amostra. A Tabela 3 apresenta as simulagdes para
esses materiais com intensidades de fluxo de calor superiores a 200 W/m’.



G. Guimarées et al.. Aspectos de Otimizagao na Estimagao de Pardmetros Temmofisicos

52 S TR VST SrE T T T Y PIL PPN eI n_._lJ_._._n_n_n_.___
E Amanrs condwors
4 3 1 =10 mm 3

3 + Temp. nup. iroatal
4“4 _é v Tanp. Sup. opona

40 -

o ; E
E A £
36 — / —
§ / ;
= 32 —5 '-'6 £
= ,a/s 3
1 o i
2 R e s
0 200 400 600 800 1000
Tempo[s]
Fig. 9 Evoluclio da Temperatura nas Superficies Frontal e Oposta ao Aquecimento.
4 _:Iul lll||||ll|.l-l|,l.lLLl_._l_‘_lJ_l_l-‘_Ll_l_L..lA,lJlI’I—L
4 & |
j o
g 2 3 il P
=) i ..." | Amnsten semondutors
s = o 1= 10 mm
2 =3 ’;
z] =3 xn
o
E ?‘{; & Xiz
- R"L&ﬁ X x
% 1 W, —O— X
& * e
-4
3 &g&ﬁ [
-4 FrreTTT Irl |'I"|1'|'r"f‘rr|‘-‘-r‘1—r‘ﬁ"—|—rﬁ—ﬁ—'+|""f [v’rr'm'-_
0 200 400 600 800 1000
Tempo(s]

Fig. 10 Coeficientes de Sensibilidade, L = 10 mm.
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Observando-se as Tabelas | e 2 nota-se que as melhores estimativas de A e a s3o encontradas
para os valores de (gx L)/A situados entre 4 ¢ 10. Ou seja, Teste | casos c e d, Teste 2 casos f, i, ¢ j.

Tabela3 Teste 2 - Materiais Condutores e ndo Condutores.

Valores Iniciais a=10x10 07 m2s = 0,1W/mK

A o @xtyr[K]  ¢4(max) Erro [%] Amostra  Teste
W/mK] [m?/s] Wim? Al a
5,08 16,26x10°07 40 20000 16/162 Semicond. f
Nao convergiu  N&o convergiu 40,0 20.000,0 Semi-cond. g
91,65 20,0x10°05 0,285 2.000,0 309/25  Condutora h
71,69 16,38x10°0% 28 20.0000 2,41/2,34  Condutora i
70,8 16,18x10705 5,60 40.0000 1,14/1,12  Condutora i

Esses resultados indicam que a espessura e a intensidade de fluxo de calor disponiveis sio
parimetros extremamente importantes para um bom projeto de experimento e t€m relagéo direta com
o tipo de material estudado. Nesse ponto, uma questfio ainda deve ser estudada: serd a forma da
evolugdo do aquecimento imposto na amostra, uma varidvel importante de projeto? Tal questdio ¢
investigada na préxima se¢ao.

Forma Ideal do Fluxo de Calor Imposto

Uma vez que a intensidade de aquecimento da amostra, bem como a espessura e tipo de material
foram analisados, optou-se, nessa se¢lio por fixar-se esses pardmetros. Esse procedimento, entretanto,
ndo compromete a generalidade da andlise, quanto & influéncia da forma do fluxo de calor na
estimagdo.

Assim, investigar-se-4 a forma do fluxo de calor imposto numa amostra ndo condut com
propriedades térmicas e caracteristicas geométricas definidas como A = 0,4 W/mK, « = 2,3 10 m's,
espessura L = 50 mm e 4rea 0.09 m’,

Cumpre-se observar que, para o estudo das formas das evolugdes dos fluxos de calor, foram
estabelecidos limites para o tempo méiximo de medi?ao ¢ intensidade maxima de aquecimento. Esses
valores sao aproximadamente de 2000 s e 200 W/m’, respectivamente. Esses limites sdo fixados com
o objetivo de se obter uma melhor comparagdo entre os resultados. Além disso, tempos superiores a
2000 s poderiam representar transientes muito longos e fluxos superiores acarretariam grandientes de
temperatura excessivos, 0 que comprometeria a hipétese de propriedades térmicas constantes. A Fig.
12 apresenta as diversas formas de aquecimento em estudo.

Novamente, o éxito dos resultados obtidos é comparado segundo o critério de sucesso na
estimagio dos parmetros. Assim, nesse caso, os pardmetros iniciais devem convergir aos parimetros
esperados (A = 0.4 W/mK e a = 2,3 10”” m%s ). Além disso, o niimero de iteragdes e a porcentagem
de desvio entre as propriedades também devem ser analisadas.

Apresenta-s¢ na Tabela 4 uma analise do tempo de exposigio ao fluxo de calor em relagdo &
estimagdo de X e a, usando-se o fluxo imposto contfnuo com evolugdo polinomial (Fig. 12, curva b).
Observa-se que somente o uso de tempos de medig#io inferiores a 1000 s ndo garante a estimagdo dos
pardmetros. Esses problemas se devem ao coeficientes de sensibilidade serem baixos e proporcionais.
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Entretanto, como observado na Tabela 4, os parimetros podem ser estimados na faixa de 1500 a
2000s ou usando-se toda regifio de medigfio. Nota-se contudo, que o erro percentual na difusividade
térmica, assim como a varia¢io de temperatura maxima nfo sfo ideais.
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Fig. 12 Formas de Fluxo de Calor imposto

Na busca de melhores resultados (menor erro ¢ menor gradiente de temperatura), a forma de
fluxo de calor tipo degrau (Fig. 12, curva a) ¢ investigada. Nota-se, nesse caso, uma maior faixa de
medi¢lio com melhores resultados no desvio percentual dos parimetros estimados. Porém a curva de
fluxo de calor do tipo constante ¢ de dificil realizagdo experimental. Observa-se que, devido as
inércias térmicas da amostra e do elemento de aquecimento, as evolugdes naturais do fluxo de calor,
quando gerado por efeito Joule, adquirem a forma de evolugdo polinomial {Guimardes, 1993).
Salienta-se ainda que o problema de gradientes térmicos excessivos, (AT > 10K), ndo foi
solucionado. Torna-se, assim, necessrio o esiudo de formas de imposigdo de aquecimento que
permitam a estimagio dos parfmetros, sem comprometer, contudo, os niveis de temperatura na
amostra. A possibilidade de se usar aquecimento e desaquecimento surje entdo, naturalmente, como
uma boa opgfo. Como ja analisado anteriormente, a alternativa de diminuig8o da intensidade de fluxo
de calor acarretaria menores coeficientes de sensibilidade e, consequentemente, insucesso da
estimagdo,

Tabela4 Estimagdo de Parametros para Fluxo de Calor Continuo -
Evolugdo Polinomial (5* ordem) - Curva b

Valores Iniciais a=10x10 0T meis o= 0, 1W/mK
Tempo de Medigao A Emo(A)  a x,10°  Ero(a) AT max

[s] [WimK] (%] [m /5] [%] (K]

0 - 300 0,27 32,5 0,99 56,9 -

300 - 1000 . . 5 . y

600 - 1000 . = . . -

1000 - 2000 0,27 a5 1,01 52,2 .

1500 - 2000 0,39 25 2,14 7.0 11,56

0 - 2000 039 25 2,10 8,7 11,46
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[nvestigou-se diferentes evolugdes de fluxo de calor que poderiam ser obtidas a partir de
procedimentos do tipo liga/desliga em um elemento de aquecimento baseado em efeito Joule. Todas
as curvas simuladas foram construjdas a partir dos limites extremos de tempo, que sdo indicados nas
Tabelas 6 ¢ 7. Inicialmente uma evolugiio parabélica perfeita foi simulada (curva tipo c).
Posteriormente, buscando-se evolugdes mais realistas que poderiam ser obtidas experimentalmente,
simulou-se as curvas tipo ¢ e e, mostradas nas Figs, 13 e 14,

Pode ser visto na Tabela 6 que as curvas do tipo c, da Fig, 12 apresentam 6timos resultados para a
estimaglo de A e &, uma vez que os desvios percentuais sao inferiores & 3% ( com excessdo da faixa
0-800s). Também o gradiente maximo de temperatura na amostra situa-se entre os limites desejaveis
(inferiores a 8,3 K). Todavia, essa curva é de dificil execugfio experimental. Nesse aspecto, as curvas
apresentadas na Fig. 13 representam um avango,

Tabela5 Estimagdo de ParAmetros para Fluxo de Calor
Constante (Fig. 1 - Curva a)

Valores Iniciais a=10x10m2s =005 WmK
Tempo de Medigo AT méx na

Usados na A Erro(A) a x 107 Erro(a) Kroutit
Estir[':?q;ﬁo [W/mK] (%] [m?/e] [%] K]

0 - 300 0,195 513 8.09 64,8 .

0 - 500 0,194 51,5 8,09 64,8 .

0 - 1000 0,213 46,8 0,91 60,6 =

0 - 1500 0,401 0.25 2,32 0,87 10,48

0 - 2000 0,401 0.25 2,31 0,44 12,08

Observa-se, nesse sentido, que as evolugdes apresentadas pelas curvas tipo ¢ e d tem
caracteristicas experimentais que podem ser obtidas ao se desligar o aquecimento e medir-se a
evolugdo total do fluxo. Nesse caso, torna-se imprecindivel o uso de trasdutores de fluxo de calor,

Tabela6 Simulagdo da Estimagio de Pardmetros para Fluxo de Calor,

Evolugdo Polinomial (2* ordem - Curva tipo c)

Valores Iniciais a=10x107mZIs  1=005WmK
Tempos Limites p/ % Emo(A) a x10”  Errola) AT méx
Polin. 2° Ordem.  [WimK] [%] [m?rs] [%] Kl
[s]
0-800 0.378 5.50 2.06 10.4 33
0-1000 0.395 125 2.24 2.61 4.9
0-1500 0.401 0.25 2.302 0.09 7.13
0-2000 0.398 0.50 2.31 0.44 8.30
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Fig. 13 Evolugio Polinomial de Fluxo de Calor (liga/desliga)

Pode-se ainda, a partir dessas curvas, obter uma otimizagio dos tempos ideais de aquecimento,
considerando-se os desvios percentuais de A ¢ a, ¢ o limite de 6K para o gradiente de temperatura na
amostra. A Tabela 7 apresenta essa andlise.

Tabela 7 Simulagdo de Estimagdo de Parametros para Fluxo de Calor -
Evolugdo Polinomial 5° ordem. - Curvas tipodee

Valores Iniciais o =1,0x107mZs A =01WmK

Tempos de  Tipo de A Erro(A) o x 10% Erro(c) AT méx
Medigdo  Curva [WImK] (%] [m?/s] [%] K
- [s]
0-2000 d 0,401 0.2 2,315 0,65 7.74
0-2500 e 0,401 0,2 2,312 0,52 5,71

As Figuras 14 e 15 apresentam os coeficientes de sensibilidade calculados a partir das curvas b
(Fig. 12, faixa de 0 a 300 s) e e (Fig. 13, faixa de 0 a 2000 s). Pode-se assim, observar a dependéncia
e a indepedéncia linear dos coeficientes, respectivamente, no pior caso (curva a - Tabela 4; 0 a 300s)
¢ melhor (curva e - Tabela 6: 0 a 2500s).

Uma observagéio quanto ao uso de forma de fluxo de calor do tipo liga desliga ¢ a conveniéncia
de se trabalhar com baixos gradientes de temperatura na amostra. Isso sd é possivel quando se usa
pelo menos dois sensores de temperatura (um em cada superficie). Dessa forma, enquanto a
temperatura da face frontal cai, com o cessar do aquecimento, acarretando queda no coeficiente de
sensibilidade, a temperatura da face oposta ainda sofre os efeitos do aquecimento, contribuindo com
0 seu aumento a uma boa informagfio (via coeficiente de sensibilidade) para a estimag@o de
parAmetros. Isto pode ser visto nas Figs. 15 e 16 que mostram a evolugio de temperatura para as
superficies frontal e oposta, com um fluxo de calor imposto do tipo liga/desliga (Curva €).

Observa-se ainda, a partir da Fig. 15, que o uso de tempos superiores a 2000 s no caso de
imposi¢do de fluxo de calor com desaquecimento pode ser interessante. Esse fato se deve ao aumento
da temperatura na face oposta poder contribuir para uma boa estimaglo, enquanto a temperatura
méxima ocorrida na amostra ndo se altera (ver Tabela 7 para tempos de medigio de 0 a 2500 s).
Todavia, observa-se da Fig. 15 que os valores dos coeficientes de sensibilidade relativos a face
oposta tendem a diminuir seus valores, 0 que ndo representa contribuigio 4 estimagfo. Isso indica que
tempos superiores & 2500s ndo trariam nenhum ganho ao processo. Salienta-se ainda que 5 iteragdes
foram necessdrias na grande maioria das simulagdes. Esse nimero sé aumentava nos casos de
insucesso da estimativa dos parimetros. Por essa razdo o namero de iteragdes ndo foi considerado na
analise de otimizagio.
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Conclusdes

Observa-se que a obtengdo simultinea das propriedades térmicas A e a através do método
proposto ¢ bastante sensivel as varidveis de projeto ¢4, L e do tipo de material a ser investigado. Uma
primeira investigagdo nos perfis de temperatura e fluxo de calor imposto ¢ imprescindivel para uma
boa estimagdo desses parametros. O fluxo de calor imposto ¢ a espessura da amostra, nesse caso, sé
devem ser definidos a partir de testes experimentais ou simulagdes numéricas desses experimentos.

Como foi observado, além da geometria ¢ tipo de material a ser investigado, a forma do fluxo de
calor imposto que estabelece o problema térmico ¢ também extremamente importante. Se ainda se
deseja estabelecer como limites uma boa precisio nos pardmetros a serem estimados (erros
percentuais inferiores a 3%) ¢ a representatividade das propriedades a uma determinada temperatura
(variagdo de temperatura méxima na amostra inferior a 6 K) pode-se concluir que tipos de evolugio
como aquecimento e desagquecimento so as formas mais indicadas para a estimagdo simultinea de
propriedades térmicas como a condutividade e difusividade térmica.
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Abstract

Computational methods for determining natural frequencies and to study buckling and dynamic instability of
turbomachinery blades and airfoils are presented here. A beam element with four degrees of freedom per node
together with subspace interation method are used to calculate frequencies and vibration modes. Stability due to
non conservative forces is analyzed using a beam element with six degrees of freedom per node and the QZ
method is employed to compute eigenvalues,

Keywords: Turbomachinery Blades and Airfoils, Vibration Analysis, Dynamic Instability, Finite Elements.

Introduction

Three decades ago research envolving dynamic analysis of blades was carried out using analytical
tools based on beam theory.

Recent advances in technology has led to more complex blade geometries and consequently it has
become necessary to use modern numerical techniques to accomplish the corresponding structural
analysis taking advantage of the simultancous evolution in computer architecture.

Because of its versatility, the Finite Element Method (FEM) is a natural choice for carrying out
the dynamic analysis and the structural design of turbomachinery blades and airfoils. Both shell
theory and beam theory may be used to analyze such blades and airfoils (Leissa and Ewing, 1983). In
spite of accuracy problems arising in the analysis of blades and airfoils having large aspect ratio, the
thick beam model is adopted in this work because of its simplicity and because this model requires
less degrees of freedom that would be the case if shell theory was employed.

The computation of natural frequencies is a fundamental stage in turbomachinery design in order
to avoid resonance caused by excitation frequencies, such as electrical network frequencies,
frequencies of rotation, etc. (Abbas, 1979; Kadarag, 1984.a; Kadarag, 1984.b; Subrahmayam and
Kaza, 1985). Cracking due to fatigue may be also caused by vibrations.

In addition it is very important to analyze turbomachinery blades or airfoils operating under
generalized non conservative loads (such as generalized follower and aerodynamic forces). For this
casc a beam model is employed here to study buckling loads due to generalized follower forces and
to determine the flutter velocity due to aerodynamic forces. (See also Bendiksen and Friedmann,
1982; Chen and Chen, 1989; Chen and Ku, 1991; Sivanieri and Chopra, 1981).

Frequencies and Vibration Modes

Natural frequencies and vibration modes are obtained using a Timoshenko beam element with the
following characteristics: (a) effects of rotation are taken into account (as natural frequencies of
rotating blades are higher than natural frequencies of non rotating blades); (b) all geometric and
natural boundary conditions are represented; (c) a flexible root at the blade-disc interface may be
considered. The element is shown in Fig. 1.

Manuscript received. March 1996. Technical Editor. Agenor Toledo Fleury
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Fig.

Wi

1 Beam Element

The generalized dimensionless coordinates for each node are: the total deflection y, the total
slope ', the bending slope ¢ and the first derivative of the bending slope ¢'. Therefore, each element

has four degrees of freedom per node.

The strain energy U and the kinetic energy T of the i-th rotating thick element of length 'I', as

indicated in Figs. 2 and 3, are given by

2 2 i
u=i£ﬁﬁJ +Lrac d—"'-g) dq+ipAQ’Hcos’aIm3m1
21 Jdn 2
0 0
0]
| 1 2 d\u 2
+ = pAQ2I NS [S +(i—1)+m, [ ] dng+. .+ ] dn; |» dn
2 ,,f Y aNang) T Rny) |
Nomenclature
A = cross sectional S, - mass moment per B, = rotational flexibility
e un X- imension
area of the blad it mgbout (di ionless)
(m%) '% /m) 5 = ratio of disc radius
E = modulus of T= kmeﬂc energy (Nm) to length of blade
elasticity (N/ m?) U = strain energy (Nm) (dimensionless)
G = modulus of rigidity V = fluid velocity (mv/s) n = dimensionless
(N/'m") b = semichord length of coordinate
| = second moment of blade (m) 8 = twist angle about x-
area of CTD‘SS ¢ = distance between axis (radians}
section (m”) aerodynamic center p = specific mass o
I, = mass moment of and elastic axis (m) the blade (Kg/m
inertia per unit span k = shear coefficient =specific mass
al(:ou ?-a}m (dimensionless) of the air (Kg/m~)
gmim, | = element length (m ¢ = bending slope
J = geometric property B = rang?; (m) (dimensionless)
of gross section [,,39‘ y = deflection
¥ Ly B, = lnnslatlonai {dimensionless)
L = length of blade (m) flexibility ® = circular frequency
RD = disc radius (m) (dimensionless) (radians/s)
Q = disc rotation (rpm)
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1 1
B AT A T e 12
I'=3pdl a_[w a‘n+2pﬂaj¢ dn @)

where  is the dimensionless total deflection, ¢ is the bending slope, [} is the stagger angle, 7 is the
dimensionless coordinate (x/1), p is the specific mass, Q is the disc rotational speed, § is RD/] (with
RD being the disc radius), | is the element length, k is the shear coefficient, x is the longitudinal
coordinate, E is the modulus of elasticity, G is the modulus of rigidity, A is the cross sectional area
and [ is the second moment of area of cross section.

The dots above the symbols w and ¢ in T indicate time derivatives.

W

Fig. 3 Disc and Rotating Blade
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Using cubic polynomial expansions ,y and ¢ may be written as follows:
i . 3 .
w=yan . ¢=) bn' 3)
i=0 i=0
Substituting (3) into (1) and (2), and replacing &; and bi by the nodal coordinates, one obtains

v=3 2 eV ke )

b =

and

r=2pd LY rmi} (5)

where [K] and [M] are the symmetric stiffness and mass matrices respectively, and are given
explicitly in Appendix I (see also Abbas, 1979).

Vector {C} has the following components

{¢ }T =i W Wi @i Vs }

Applying the Lagrange principle, the dynamic equilibrium equation is given by

au d|éT
sfz)-e

where {Q} is the vector of generalized forces corresponding to the vector of generalized
displacements {{}. Assuming harmonic motion with a cyclic frequency, and substituting U and T in
(6) by (4) and (5) one obtains

{rk]-wMIHE Y= {0} (7
where

_pAl!
A= — (8)

is the element frequency parameter, {{} the vibration mode and 'p’ the natural frequency.

Equation (7), after assembling and prescribing boundary conditions, is a classical eigenvalue
problem and may be solved using a subspace iteration algorithm (Bathe, 1982).
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Al the top of the blade (free end) the bending moment and the shear force are zero, leading to the
following boundary conditions:

w'=0 and W-=0 ®

At the bottom (disc-blade interface) the prescribed boundary conditions are

w=0 and ¢=0 (10)

Equation (10) is applied in the case where the disc is very rigid with respect to the blade. For a
flexible disc, the corresponding boundary conditions may be written as

v =08y "-B B9 (1)
d=p,¢ (12)
where

kAG
P;= T (13)

is the translational flexibility parameter (with k, being the translational stiffness) and

£l

B}=E

(14)
is the rotational flexibility pararmeter (with k; being the rotational stiffness).

Values of k; may be found in McBrain and Genin (1973). It is not easy to find values for kl in
the literature. but fortunately B, influences only higher modes.

When boundary conditions involve linear relations of different degrees of freedom, as is the case
of Egs. (11) and (12), the method of generalized restrictions may be used. In matrix form it can be
expressed as follows:

[Cag 1HU g1 = [ Can] [Cas ]I {j{dj} - (0} (15)

where (U} has been partitionned in two vectors: {U,} containing ‘n’ independent degrees of
freedom and {U,} containing ‘d’ dependent degrees of freedom.
Solving (15) for {U,}, one obtains
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Uat=(Cas ] [Car] Un}=1Gn] {Un} (16)

Defining the linear transformation

{Us F{}S;{H}é:ﬂ]{w [Ten 1Un} (17)

where [I,] is the identity matrix of order 'n', it is possible to define the stiffness matrix with respect
to the 'n' non dependent degrees of freedom with

[Knn]=[Ten] T [ Keg ] Tgn]=[[Knn ]+ [ Kng J G ]+ [ Gotn 1" [ Kna 17 [ Gt ]" [ Kpa 1 G 1]

(18)

It may be observed that the stiffness matrix [Kg] (including dependent and non dependent
degrees of freedom) was partitionned as

| (Km] (Kl
[Kﬂ} [{K,.uf (K:}] i

A similar reduction process may be used for the mass matrix.

Turbomachinery Blades and Airfoils Subject to non Conservative
Loads

Stability analysis of elastic systems subject to non-conservative loads, such as follower and
acrodynamic forces is very important in modemn turbomachinery design. Several types of non-
conservative stability problems for structural components are given in Bolotin (1963).

Forces are characterized as non-conservative when the work developed by them is path
dependent and there is not any potential in such a way that its variation can be carried out in order to
obtain the virtual work of the applied forces.

Non-conservative forces which are not explicitly dependent of time may be classified as either
circulatory forces (or velocity independent) or dissipative forces (or velocity dependent).
Aerodynamic forces are of the first kind, while follower forces are of the second kind.

When instability occurs such that an adjacent equilibrium configuration exists, a divergence or
bifurcation problem is characterized. If on the other hand the instability occurs by oscillations with
increasing amplitudes, the problem is one of dynamic instability or flutter.

Stability of non-conservative systems may be analysed numerically using cither the transfer
matrix or the finite element method. Although the first method requires less computer memory, the
other one allows for the systematic formulation of more complex problems and produces more
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reliable results. A characteristic of non-conservative forces is that they lead to non self adjoint
systems and consequently the finite element formulation lead to non-symmetric matrices.

The finite element used to analyze blades and airfoils under non-conservative forces are similar to
that used in the previous section, but the twist angle and its derivative are added as new unknowns at
cach node.

The strain and the kinetic energy are given respectively by

! z
U =equation (] }+ —;- %{ J‘(g) dn (20)
0
! I
T'=equation (1) + S,I° I\ﬁédn-}gl,f‘l‘{i 2dn (21
0 0

where I is the geometric property of cross section, S, is the mass moment per unit span about x-axis,
S, is the mass moment of inertia per unit span about x-axis, 8 is the twist angle about x-axis and x is
the longitudinal axis.

The conservative work W* and non-conservative work due 10 a follower moment M and uniform
air velocity V, & Wz“ and Wf” . in a thick rotating blade element are given, respectively, by

By
We = Mj‘(uj-] 0 dn (22)
dn
0
5W,N=Mo (L) y'(L) (23)
7 i
w,""::*’IL Fy dn+!IPM:‘: dn (24)
o 0

where LF is the lifting force and PM is the pitching moment.

LF and PM are given, for an incompressible fluid, by (Canergie, 1959)

LF = 2np Vb(~I\y —VB ) (25)

PM = 2np Vbe(ly - V0 ) (26)
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where p, is the air density, b is the semichord length of blade and c is the distance between
aerodynamic center and elastic axis. Warping effects are not considered.

Employing cubic polynomial expansions for y, ¢ and 8 in a similar form as in expression (3), and
using Hamilton's principle, we get the following expression,

[M)C) =[N 13+ [F = (0) 27)

with

[F]=[K]-[NC]-[N;" ]-[N;¥" ] (28)

and where [M], [K] are the symmetric mass and stiffness matrices respectively; [N,"] and [N,"] are
the non symmetric matrices due to follower moment and aerodynamic forces respectively; [N“] is the
symmetric geometric matrix due to conservative forces. All matrices are expressed explicitly in
Appendix 11 (See also Chen and Chen, 1988).

The unknown vector {£} has the following components for the i-th element with end nodes 'i* and
(i+1):

(A LIESLTIN PC PRTMRC VR VRTIOR PO ORI YIRS
Equation (27) may also be written in a compact form as

[ET{q}=[A] {q}={0] (29)

where

B eI M| . 4 [-LFT 101
o {m],ns;-[ (M) pog |14 [rw (M)

Taking {g}={ g} e® and replacing this expression in (29), one obtains

([A)-o(E]){q) = {0} (30)

Expression (30) is, after assembling and prescribing boundary conditions, an cigenvalue problem
involving non-symmetric matrices. Boundary conditions are applied as in the previous section, but
including for this case prescribed values for8 and 6 .

The QZ method (Moler and Stewart, 1973 and Ward, 1973) was used to solve (30). The
computational procedure to solve the dynamic instability problem is shown in Fig. 4.
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Fig. 4 Flowchart

Examples

Vibration of Rotating Blades

In Table 1, results for natural frequencies of a blade, with properties given below, are presented:

L =203.2 mm A =232272 mm® 1=1002.28 mm”*
J=13523.2 mm’ B=90" k=08334
E = 20685x 101N /m? G = 90252x 019N /m?2 p=7830 kg / m3

RD = 152.4 mm ) = 3500 rpm
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Table 1 Natural Frequencies

Number of Elements Natural Frequencies (Hz)

Mode 1 Mode 2 Mode 3
1 172.45 - "
2 175.70 951 .44 -
3 171.31 94337 2560.50
4 168.42 936.33 2547.74
5 166.45 932.83 2533.63
10 162.02 926.22 2521.31
15 160.38 923.93 2519.25

[n Table 2, a comparative analysis with results obtained by Kadarag (1984) is given.

Table 2 Comparative Analysis

Number of Elements Natural Frequencies (Hz)

Mode 1 Mode 2 Mode 3
Thin blade,7 elements 170.17 928.31 2552.49
(Kadarag, 1984 .a)
Thick blade, 7 elements 169,97 922.35 2512 64
(Kadarag, 1984 .a)
Experimental results 165.00 914.00 2475.00
Present model, 15 elements 160,38 923.93 251925

The influence on natural frequencies of rotation €2, translational and rotational flexibility,
including the combined effects of B; and [, are shown in Figs. 510 8.

o e R S I i
0.96 : ; g5 e
095 | _ U S gl
| e Y
A [os e e T
082 - b SR 1 Mode2
091 | - i i T
' —A— Mode3
09 g-——=2— . — |
(=]
® £ 8 E & § &
Rotation (RPM)

Fig. 8 Influence of Rotation on Natural Frequencies (RotationxNatural
Frequencies/Natural Frequencles with 3500 RPM)
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From this example it can be concluded that: (a) rotation has an important influence on lower
modes; (b) $; has more influence in higher modes; (¢} B, influences mainty lower modes; (d)
results are in good agreement with those obtained by Kadarag (1984, a).

Beam Subjected to a Follower Moment

A beam of 0.01m width and 0.1m height is subjected to a follower moment M. The properties
are.

k=12 A=1Ix10"m?

G = 9025x 10/0 N /m? 1=2833x10"m’

E= 2060x 101 N/m? 1,=6.59x 107 Kgm® / m

p=7830 Kg / m’ J=312x10"%m!

Bolotin (1963) gives an exact solution for the critical moment

b= 58 | B

which in this case is 32994 Nm.

In Table 3 results for different meshes are shown together with the relative computer times.

Table 3 Results for a Beam Subject to a Follower Moment.

Number of Elements Follower Moment  Comparisons of Computer Process Time For

Each Iteration
2 38970 1.0
3 37610 3.0
4 37060 6.5
5 36780 12.0
6 36610 20.0
7 36500 325
8 36410 45.0

Comparisons of computer process time in Table 3 were made taking as reference the case in
which two elements were used.

It can be seen that reasonable results were obtained.

Flutter Velocity Analysis for an Airfoil

The airfoil of the airplane "Spirit of St. Louis" used by Charles Lindbergh to cross the Atlantic
Ocean is taken as an example, The airfoil properties are (Belvins, 1990}
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k= 0.85 L=64m J=15x10"m’
G =37x10°N/m? B=0° Py =12 Kg/m?
E=96x10°N/m? A=04398m? b=165m
p=2296Kg/m? = 0.030Im’ c=025¢m
RD=0m I, =452 Kgm?/m

Q=0rpm S, =209 Kgm/m

In the Table 4 results for a flutter velocity and the relative CPU time for each iteration are shown.

The result given by Belvins (1990) for the flutter velocity is 19 m/s, that is close to the values
obtained here. Differences may be caused by approximate calculations of some properties that were
not specified in Belvin's book.

Table 4 Flutter Velocity Calculations for an Airfoil

N° of Flutter Velocity (m/s) Comparisons of Computer Process,
Elements Time for Each Iteration
2 18.0 1.00
3 179 292
4 17.9 6.17
5 17.9 11.83

Comparisons of computer process time in Table 3 were made taking as reference the case in
which two elements were used.

Conclusions

Promissing results were obtained for frequencies and modes of rotating blades. The same may be
concluded with respect to the analysis of beams and airfoils subjected to non conservative loads, but

more work is necessary. More sophysticated models and the presence of cracks and warping could be
studied.

The model such as presented in this paper requires some improvements in the eigenvalue
subroutine for dynamic instability analysis, and the large amount of input data required to analyze
stability problems may be a source of errors. In spite of these drawbacks, a practical and simple
method to analyze vibration and problems envolving dynamic instability of turbomachinery blades
and airfoils was implemented.
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Appendix |

Mass and stiffness matrices to determine natural frequencies and vibration modes of thick
rotating blades.

" 156 0 22 0 54 0 -3 0
i56R 0 2R 0 54R 0 -I3R
4 [} 13 0 -3 0

! 4R 0 IR 0 -3R
[]=Eé 7 AU N S
IS6R 0 -22R

i 0

4R

(K(L1) 2108 K(13) 428 K(15) 2108 K(17) ~-428
15685 + 504 4285 225+42 -210§ 545+504 425 -138+42
K(3.3) (/] K(35) 425 Kr37) -75

[K]: k3 45+56 -42§8 13§5-42 78 -35-14
420 K(5.5) -2108 K(57) 428
1565 + 504 -425 -22§-42
K(7.7) 0

45+ 356 |
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K(l,1) = 5045 + I80S1 - 15652 + 25253 +50454

K(l,3) = 425 + 681 - 2252 + 053 + 4254
K(1,5) =-5045 - 18051 - 5452 - 25283 - 50454
K(1,7) = 425 + 2781 + 352 + 4383 + 4254
K(3,3) = 565 + 245! - 452 + 4253 + 5654
K(35) = -425 - 681 - 1382 + 083 - 4254
K(3.7)= -145 - 4851 + 352 - 753 - 1454
K(5,5) = 5045 + I80S1 - 15652 + 25653 + 50454
K(57) = -428 - 2781 + 2282 - 4253 - 4254
K(7,7) = 565 + 1081 - 482 + 1453 + 5654

where

I . _kAGH _S!_[p.‘\]‘

: Q2 . = Slcos®
AlZ El El ) femniarp

-1
S3=SI{8+(i-1)] 1 S4=" SI[S+(i-1)+1]j2] . 5 = RD/
K=]

Remark: [M] and [K] are symmetric matrices,

Appendix Il

Matrices for stability problem of blades subjected to non-conservative loads,

[156 0  -i56RI 22 & -22RI 54 0 -S4RiI -iI3 (] 13R1 ]
156R [ ¢ 2R B [/ 54R i 0 -I3R 0
IS6R2? -22RI @ 22R2 -S4R! 0 54R2 IIRI 0 -13R2

i g 4RI 13 0 -I3R/ -3 0 IR/

R0 ¢ 1R 0 0 <R 0

I 4R2 -I3R/ 0 J3RZ IR/ 0 -3R2

M]-5 156 0 -IS6RI -22 0 2RI
IS6R 0 6 -2R 0

156R2 22RO -22R2
4 0 -4R/
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2108

[lc(f,n

K- 55~

[}

Fl=

L

13568+ 504

]
0

[o 0 -504W1

Remark: [M], [K] and [N} are symmetric matrices.

[—156W2
0
I156W3
-22W2
0

pr 22w3
[N*' ]= —54W2
0
54W3
13W2
/]
| -13W3

bk

L0

0
o
0
0
0
0
0
0
o
0
0
0

oo O oo o o o0 oD

[/ K()4 418 a KL 2108 0

a -418 2128+42 O -2108 $43-504 /]
J0485 a [} 4285 i (1] -50485

K(4.4) a 0 K(4,7) 428 1]
45 + 58 ] -425 {38-42 1]

5685 0 o -4285

K(m 205 [

1565 + 304 o

50485

0 0 -42WI 0 0 504w 0 @

o 0 0 e 0 0 0 0
-462W1 0 o Soaw)! 0 a ~42W1 0

0 0 -56wiP 0 0 42wl 0 0
0 V) o o 0 0 o
0 owe 0o o 14wl 0
0 o0 -5w0Wi 0 0
o 7] o a
0 462w 0
0 0
0
2202 0 0 -54W2 0 0 I3W2 0 0]

0 00 0 e 0 o0 00
22W3 0 0 54W3 0 0 -I3W3 0 0
—4W2 0 0 -I3W2 0 0 32 0 0

o 00 ] g6 0w
W3 0 0 I3W3 0 0 -3W3 0 0
—I3W2 0 0 -I56W2 0 0 22W2 0 0

0 00 0 00 o 00
I3W3 0 0 I156W3 0 0 -22W3 0 0
W2 00 22W2 00 -4w2 0 0

0 0 0 0 06 0 00
-3W3 0 0 -22W3 0 0 4W3 0 0]

OrL) w'(L) &'(L) 8'(L)]
0 0 0 0
0 ] 0 0

420W1 a0 0 0
0 a0 0 0
0 0 0 g |

K(1.I0)  —428 0
428 -I13S+42 @

a [ 4785
K{4.10) -78 (1]
78 ~I8-14 o
o o —1485
K(".i10) 425 [
45 22842 @
3 o —4285
K(i0.1a) a &
45+ 56 [
5685
-42W 1
0
]
14W1
0
]
L2W1i
o
[
-56W1
0
o |
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(0 0 I156W4 0 0 22W4 0 0 54W4 0 0 -13W4]
00 0 00 0 00 0 00 0
0 0 —I56W5 0 0 -22W5 0 0 -54W5 0 0 13WS5
0 0 22W4 0 0 4W4 0 0 I3W4d 0 0 -3w4
0 0 0 0 0 0 0 0 0 00 0
[N"""}]- 0 0 -22W5 0 0 -4W5 0 0 -I3W5 0 0 3WS
21 o 0o sawqd 0 0 13Ww4 0 0 156W4 0 0 -22W4
0 0 0 0 0 0 0 0 0 0 0 0
0 0 -54W5 0 0 -13W5 0 0 -156W5 0 0 22W5
0 0 —I3W4 0 0 -3W4 0 0 =-22W4 0 0 4W4
0 0 0 0 0 0 00 0 0 0 0
0 0 I3WS 0 0 3WS 0 0 22W5 0 0 —4WS5 |
where
K(1.1) = 504S-72SI- 15652 - 25253 + 50454
Kil4) = 425-1581- 2252- 4353+ 4254
K(1,7) =-504S + 7251 - 5452 + 25283 - 50454
K(l,10) = 425+ 651+ [382+ 083+ 4254
K(44) = 56S- 4S1- 4S2- 1453+ 5654
K(4,7) = 425+ 1581- [382+ 4253- 4254
Kf4,10) = -145+ 381+ 352+ 7583- 1454

K(7,7) = 5045-725[- 15652 - 25253 + 50454
K(7.100 = -428- 651+ 2252+ 083 + 50454

K(10,10) = 565- 1851 - 452- 4253+ 5654

S = k4GP [ET . R=1/41 .
o
s;=[LM]nf-. Rl = Sx/pdl:
El
52=Slcos’ B . R2 = Ix/pal* .

$3=SI1[6+(i-1)]: Wi=M[pAl® .
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S3=SI[s+(i-1)];
i-1

S4="Y SIfB+(i-1)+1/2]
K=/

S5=GJ/EIl;

Sr= Ef/pA‘f‘ :

Bt
1

Wi=M[pal®
W2=2np,bV/pd;

W3 = 2np bel [pdl

W4 =2np,bv? [pdl

W5 = 2np bcV? [ pdl?
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Abstract

This paper presents the basic expressions of the Plasticity Theory which allow the formulation of the bending-
torsion in the plastic regime for which the equilibrium equations are deduced, showing the change of position of
the shear center in the plastic section. The combined forces in the section are also presented.

Keywords: Plastic Analysis, Bending-Torsion, Thin-Walled Beams.

Resumo

Este trabalho apresenta as expressdes basicas da Teoria da Plasticidade que permitem a formulagio da flexo-
torglo em regime pléstico, para o qual sdo deduzidas as equagdes de equilibrio, mostrando-se a variaglo da
posi¢do do centro de cisalhamento da segdo plastificada. A interagio entre esforgos seccionais é apresentada
resumidamente.

Palavras-chave: Andlise Plastica, Flexo-Torgdo, Pegas de Hastes de Paredes Delgadas,

Introducéo

O estudo da torgdo de Saint-Venant em pegas lineares de material homogéneo em regime
plastico, faz-se através da analogia do monte de areia devida 4 Nadai. Porém, quando da flexo-torgéo
de pegas em hastes de paredes delgadas (torg#io de Vlassov), tem-se o empenamento da se¢do € o
surgimento de tensdes normais 4 se¢do transversal, originadas pelo Bimomento. Em regime pléstico
— deve-se atender 4 uma lei de plastificagdo ¢ a lei de fluéncia plastica -, esse esforgo modifica
substancialmente o comportamento mecénico da pega, variando a posigio do centro de cisalhamento
da se¢lo.

A fungdo sinal de Prager ¢ o artificio matemdtico usado para desacoplar os vérios esforgos
seccionais na andlise plastica da flexo-torglio, permitindo obter fungdes de interagdo entre esses
pardmetros, tomando vidvel, a nivel de dimensionamento, a elaboragio de gréficos e tabelas, o que
foge ao escopo deste trabalho.

Conceitos da Teoria da Plasticidade

Para um tensor de tensdes genérico oj;, tem-se que as componentes do vetor de tensdes numa
faceta qualquer num ponto arbitririo do corpo se escreve:

Tf - UUHJ.' g l'J' = /23 (l}

Manuscript received: July 1994, Technical Editor Agenor de Toledo Fleury. Presented at XXVIl Jomadas
Sudamericanas de Ingenieria Civil, San Miguel de Tucuman, Argentina, 1985,
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onde n; € o vetor normal a faceta e T; a componente do vetor de tensdes, que pode ser decomposto
em du:!!s componentes, uma segundo a normal & faceta, outra tangente 2 esta.

Os eixos principais de tensdes sdo obtidos através de:

(G4~ Gﬁl‘j) n;=0 2)
sendo o a tensdo principal e Bij o delta de Kronecker.

Resolvendo-se esse sistema de equagdes obtém-se os trés invariantes do tensor, dados por:

1
1
I3’= E (ZUH-UJ*U“ = 35;,0',}4},: + 0‘13]) {(5)

Definindo-se o tensor hidrostitico — produz a mudanga de volume do corpo — como:

Ty (6}

5 (7)

Seguindo linha de andlise analoga & utilizada para o célculo das tensdes principais, tem-se a
equagdo caracteristica do tensor desviador (estado de cisalhamento puro):

S-0ys?-Jxs-J3=0 (®
com os coeficientes denominados invariantes do tensor desviador, dados por

J} =.s'”=0 (9)
1
27 5 S (10)

!
3= 3 Sigikk dh
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Dentre os vérios critérios de plastificagdo, o critério de Huber-von Mises-Hencky é, em geral,
adotado quando do estudo de materiais dicteis. Através de consideragdes puramente tedricas, pode-
se supor que a plastificacdo ocorra quando J, atinja um valor critico, 0 que implica que a energia
clastica de distorgdo chegue a um certo valor limite na plastificagho, o que pode ser expresso em
fungdo do tensor desviador:

sijsji = 22 (12)

ou em fungdo do estado de tensdes

(o,-cry)z - (uy-czf o (c,—c,)z + Gtiy + 61f,_. + |5'r§Jr = ij (13)

onde f), = 3 kéatenso de plastificagdo em ensaio uniaxial.

A regra da normalidade ou lei de fluéncia plastica, em sua forma genérica escreve-se

r aF*(O',:,')
€ = Ay —— |

! % hy 20 (14)

if
com a lei de plastificagio Fk{ci_j:} assumindo diversas fungdes, dependendo do tensor de tensdes e

com o escalar &, definido para tada caso especifico de oy;: se Fi(oj;) < 0, regime eldstico, tem-se
L=0; A >0seF, (o)) = 0, ou seja, a plastificaglio é ating{dn.

O estado de tensdo uniaxial de um corpo pode ser estudade em regime rigido-plastico perfeito,
utilizando-se o conceito de fung@o SINAL(x) idealizado por Prager. Essa fung3o, um operador de
posigéo, ndo pode ser expandida, isto €, ndo ¢ integravel e derivivel, visa somente delimitar o estagio
de solicitag@o a que esta submetido o corpo, ou em conjunto com outras fungdes facilitar anélises
mais complexas. Define-se fungio SINAL(x) como a fungdo que possui as seguintes caracteristicas:

SINAL(x) = | quando x > 0
SINAL(x) = -1 quando x <0
-1 € SINAL{x) < 1 quando x =0

A Figura | ilustra a fungdo SINAL(x) em relagio aos valores algébricos assumidos por seu
argumento.

Sinal (X)

il

X=0 X=>0

w

X<0

Fig. 1 Funglo Sinal(x) de Prager
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Equagdes de Equilibrio

Adotando-se a terminologia empregada por Fltigge (1973), denomina-se agfo ativa a que produz
trabalho interno ponderdvel ¢ aglio reativa a estritamente necessaria ao equilibrio, relacionadas
atrayés das equagdes:

dN

= =0 (15)
% -y, (16)
M, . -V, an
g -1, (18)

onde as agdes ativas sio N, M,. M, e B e as reativas sdo V,, V, e T, (em geral despreza-se T,). O
torgor de empenamento T, representa a soma das parcelas referentes ao empenamento longitudinal e
transversal, grafadas como TeT=, respectivamente; para os casos correntes, em geral, despreza-se
[
a parcela T; , considerando-se TE = T, exceto nas segdes em que J— = 0, por exemplo, secdes
m
L, T, K, etc.

Em regime pléstico as tensdes longitudinais o, sofrem influéncia da tor¢lo de Saint-Venant, T,
que origina 1§, (tensdo cisalhante devida a Tg); por outro lado as tensdes 1§, sdio afetadas pelas
agdes solicitantes N, My, M, ¢ B. Em geral quando o, ¢ méaxima 1§, nfo o ¢, e vice-versa. A ndo
aplicabilidade do Principio da Superposi¢lo dos Efeitos em regime plastico leva A seguinte
simplificacdo: devido & impossibilidade de levar em conta as influéncias de o, sobre 1§, e vice-
versa, faz com que as agdes ativas N, My ¢ B sejam desacopladas de Tg.

Esta simplificagiio tora possivel a divisio do estudo em regime plastico em duas regides

distintas, a primeira sob dominio da torgdo de Saint-Venant e a segunda sob dominio da flexo-torgdo,
na qual sflo realgadas as solicitagdes ativas, logo:

* Regido 1:predominéincia de Tg, originando 't:x;

* Regido 2:predomindncia de N, My, M, ¢ B, originando oy.
As equagdes de equilibrio interno sdo dadas por:

N e 19

=-[I~u2 C Mt U
12

Mye-[ [ oxzdnds (20)
1/2

M,=-I LQ o, y-dn-ds 1)

B=—[ J‘_':L 6, o-dn-ds (22)
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Em regime pléstico perfeito a tensdo o, atinge o valor f,, tomando-se constante. A utilizagdo da
fungdo SINAL(x) permite reescrever as equagdes de equilibrio interno sob a forma:

N=t, I j":‘; SINAL(e, )dn - ds 23)
My =1, J.'j: SINAL(e, )dn- ds (24)
M, =1, [ j‘_':fz SINAL(e, )dn- ds 25)
B=—f,,£ J"i SINAL(e,)dn - ds (26)

Estas expressdes mostram que as agdes ativas quando da plastificagio dependem apenas de
diregdo da deformagdo especifica — SINAL(e,) —, independendo do valor desta. Como €, possui
quatro parcelas, cada uma correspondente a sua respectiva agdo ativa, é possivel elaborar um dominio
de plastificagio quadri-dimensional na flexo-tor¢fio, originando superficies de interagfo entre as
agdes ativas e, portanto, doze curvas de interagio. As superficies de interago sio convexas, mas ndo
uniformes em geral, isto ¢, podem possuir pontos de inflexdo. A Figura 2 ilustra as parcelas de e

- R R L @7

B

Fig.2 Vetores e, Devidos as Agbes Ativas
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Sistemas de Referéncia em Regime Plastico

A obtengdo dos eixos principais coordenados e polo principal € efetuada apos o desacoplamento
das agdes ativas (agdes que originam tensdes normais), aliado ao conceito de fungdo sinal de Prager.
Desacoplando-se as agdes ativas, isto ¢, fazendo N=0, M; =0 e B =0, que acarreta €,=0,£" =0,
n" = 0 e 8" = 0, respectivamente; este é um procedimento usual na Teoria da Plasticidade.
Substituindo-se as parcelas que contribuem para €, quando uma agdo ¢é desacoplada, chega-se a um
sistema de equagdes que resolvido determina univocamente os eixos principais coordenados e o pdlo
principal.

Fazendo-se primeiramente N =0, tem-se que €,= 0, substituindo-se a expressio
ey =-£"2-n"y - 8"w na Eq. 23 ¢ procedendo-se de modo andlogo para as demais agdes ativas
(M, =0,n"=0;M,=0,£"=0; B=0, 8" =0) ficam definidas as seguintes expressdes:

N= i J'_‘fl SINAL(£"z - 0"y - 8 "0) dn-ds (28)
M, = -i J‘_‘:z SINAL(e, -£"z - 0 "a) dn-ds (29)
M, = I j_':fz SINAL(g, - 1"y - 6 ") dn-ds (30)
B= —_[ !_”:2 SINAL(e, - £"z - n"y) dn-ds 1)

Como SINAL(e,) ¢ um operador de posigdo e as parcelas que compdem €, sdo quaisquer,
segue-se que o sistema formado pelas Eqs. 28, 29, 30 ¢ 31 necessita de valores de €, £"z, "y que o
satisfaga simultaneamente, para que se torne possivel a obtengio de um sistema coordenado principal;
alia-se ainda a necessidade de satisfazer a Eq. 31 para obter-se o pélo principal. Face 2 grande
variedade de valores que podem tomar as parcelas que compdem os argumentos das fungdes sinal,
embutidas nas equagdes do sistema quadri-dimensional, sendo que a combinagdo dessas parcelas
entre si elevam enormemente o grau de dificuldade para resolver o sistema, pode-se afirmar com
grande plausibilidade que: em regime pléstico ¢ praticamente impossivel a obtengio de um sistema
principal coordenado e de um pélo principal,

O centro de cisalhamento C pode variar para cada estdgio de solicitagio em regime plastico,
sendo fundamental a determinagio dos limites, mAximo e minimo, que o mesmo pode atingir para
cada tipo de segéio transversal.

Definida uma pega cilindrica de segdio transversal qualquer ¢ por simplicidade admite-se que a
mesma possua um eixo de simetria; determinado o centro de cisalhamento em regime eldstico
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referenciado a um sistema cartesiano baricéntrico (Fig. 3), cujas coordenadas sio (az.d; 0). Quando
da plastificagdo, o centro de cisalhamento da segdio, anteriormente situado sobre uma reta de
inclinagdo constante e contida no plano de simetria da se¢do, varia em fun¢fio da coordenada
longitudinal, sendo que a fun¢io que define sua mudan¢a assume valores definidos e contidos no
plano de simetria.

Para cada tipo de carregamento externo ¢ condigdo de contorno do elemento estrutural, fica
definida a fungdo Cp( = F(x) em determinado estigio de solicitagiio apds a plastificagdo, ressaltando-
se que Cpf = F(x) deve obedecer determinados limites para cada se¢do especifica. Com a variaglio de
Cpf = F(x) e tendo-se que o plano de solicitaglio, por hipitese, permanece inalterado, pode-se
concluir pela existéncia de torgores secundérios no regime plastico, que em geral so desprezados.

'Hl“

CpI‘F(x)

7(} Y

X Z'

Fig. 3 Centro de Cisalhamento em Regime Eldstico

Interacdo entre Esforgcos Seccionais

A Figura 4 ilustra a segiio em "U", defininde seus pardmetros geométricos € mostrando a
distribuigfio de tensdes ao longo de seu perimetro, quando da plastificagiio total da sego.

As expressdes seguintes, adaptadas de Mrazik et alii (1987), permitem visualizar resumidamente
o comportamento desse perfil para a agdo solicitante de flex@o segundo o eixo OZ e de Bimomento.

O centro de cisalhamento quando da plastificagdo total da segfio ¢ dado por:

2
=, B D, 32)

z D‘?
{BGIIDO +1; Tn)




E. S. S. Filho et al.: Analise Plastica da Flexao-Torgao em Pecas de Hastes de Paredes. 55

sendo

D
Z,=BQI;DO+I_3—““ {33)

o médulo de resisténcia a flexdo da segdo totalmente plastificada, logo:

g, = Delily (34)
2L,
No regime eléstico tem-se:
Br.lr."Do
b, w2170 (35)
el 2”;
onde W, ¢ o médulo de resisténcia a flexdo, que admitindo-se D = D, = d, fica:
e ¥
HJX = Ba'rfDa"'ElzDﬂ (36)

A relagilo entre a posigdo do centro de cisalhamento no regime pléstico e eléstico ¢ dada por:

W, !
ia = —q =—0300 37
pt Z: el a, zet ( }
¢ como a, > I, verifica-se que o centro de cisalhamento aproxima-se da mesa quando da
plastificagio.

dz

— -

Fig. 4 Perfil U - Geometria e Distribuigho de Tensdes Normais Plasticas
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O equilibrio interno permite escrever:

Mx-—-.Iﬂ'pfyd"i=Gpr[f.;(220+2H—Ba)+f2%j|Da (38)
A

B DiZ
B = L O dA = 2{0 pet1(Zo + u)[a,?— —}‘-’-[ °2 u)]}_

(39)
2 . B B,-Z,-u D}
~ GO ,(8,-2, - u) {027" - -3‘1(20 +u)- (—"-——59-—-]]+0M a,ty ?"
ou iterando esses doig esforgos
B2
B=M,a, + sty —-t—-“- - (Zo-uw?|D, (40)
1
Eliminando o termo (Z, - u) das Egs. 38 ¢ 39:
: M1
ué,ém~op,(B—1Mz}——4-(ff=0 (41)

que ¢ a equagio quadratica da tensdio normal de plastificagdo, com seus pardmetros definidos por:

B.t,D t,02) D,
Z. = B;’f Pl o St IR o ] (e’ 42
® ("’ 2 160, ) 4 a2

que ¢ 0 mdédulo de resisténcia plistica ao bimomento e as relagdes geométricas

C=1tlDa (43)
gy = ey Do (44)
" 2 l'j 8
Referéncias

v 1)
Mrazik, A.; S Kaloud, M.; Tochac E K, M., 1987, - "Plastic Design of Steel Structures”; Ellis Horwood Ltd,
Czechoslovakia.

Kollbrunner, C.F,, Haydin, N, 1975, "Dinnwandige Stibe - Band 2"; Springer Verlag, C.D.R.



E. 8. S Filho et al.: Andlise Plastica da Flexao-Torg8o em Pecas de Hastes de Paredes. . 57

Murray, N.W_, 1986, "Introduction to the Theory of Thin-Walled Structures”; Oxford Engineering Series, United
Kingdon,

Gijelsvik, A., 1981, "The Theory of Thin Walled Bars"; Wiley-Interscience Publicaion, U.S.A.

Chen, W.F., Han, D.J. , 1988, "Plasticity for Structural Engineers"; Springer Verlag, U.S.A.

Flagge, W., 1973, "Stresses in Shells", Springer-Verlag, U.S.A.

Akesson, B ; Backlund, J., 1973, "Plastisches Wlassowsches Wolbwirdestandsmoment Offener Walzprofile”;
Der Stahlbau, pp. 13-19, B.R.D.



RBCM - J. of the Braz. Soc. Mechanical Sciences ISSN 0100-7386
Vol, XiX - No.1 - 1997 - pp, 58-71 Printed in Brazil

Application of PFS Model (Production Flow
Schema) Based Analysis of Manufacturing
Systems for Performance Assessment

Paulo Eigi Miyagi

Wilson Munemassa Arata
Lucas Antonio Moscato
Universidade de S30 Paulo

Escola Politécnica

Departamento de Engenharia Mecanica
05508-800 S0 Paulo, SP Brasil

Abstract

The present work shows a modeling procedure for discrete manufacturing systems based on Production Flow
Schema (PFS). A systematic approach to construct GSPN {Generalized Stochastic Petri Net) models is proposed,
whose isomorphism with Markov process allows the extraction of quantitative data. The paper addresses a way
1o get information that is meaningful for manufacturing systems instead of using probabilities of the states of the
Markov chain. Finally, a procedure to perform a sensitivity analysis allows to assess the influence of the
quantitative parameters on system behavior.

Keywords: Manufacturing System, Modeling Methodology, Petri Nets, Performance Evaluation, Quantitative
Analysis

Introduction

The analysis of manufacturing systems involves extensive performance evaluation, in accordance
with Silva and Vallete (1989). Such evaluation results give important information for many decision-
making activities, for example in assessing the economical issues of an implementation, where
performance figures such as production rates and inventory are strongly required. The present work
focus on modeling and quantitative performance analysis of manufacturing systems.

Several aspects are usually considered for system analysis, the shop floor layout, number of
machines, processing machines and transportation subsystem capacities (speed), buffer sizes,
strategies adopted for the operations coordination (assignment of machines to operations, priorities,
sequencing, eic.) and setup times. In systems design, the search for a suitable combination of these
parameters involves decisions concerning technical and economical tradeoffs.

Since the study is concerned with the organization of a set of manufacturing operations and not
with the behavier of low level sensoring and actuation devices, the techniques developed for
Discrete-Event Dynamic Systems are appropriate. Among the most known, we can cite Pefri Nets,
Markov Chains and Queuing Networks.

For the validation of a manufacturing system, Petri nets (Peterson, 1981; Reisig, 1985, 1992)
offer some advantages:

« A graphical and precise formalism that allows easy dialogue between the different teams
(designers, contractors, users, etc.) that participate in the analysis process about the expected
behavior of the system.

» The ability to model features such as process synchronization, decision processes and
sequencing.

» A well-founded theory for the verification of qualitative properties.

While Petri Nets deal with issues about the logic of the system’s dynamics, the other techniques
are used for extracting quantitative information from their models. For example:

Manuscript received: July 1988. Technical Editor. Leonardo Goldstaein Jr
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+ The Markov Chains technique (Papoulis, 1984; Kleinrock, 1976) is an effective way to study
the behavior of the probabilities of the states of a described system. The main disadvantage is
the state space explosion that occurs even in moderate size systems (Silva, 1992),

« The Queuing Networks technique (Kleinrock, 1976) is a useful way to obtain information
related to clients, such as, workpieces, tools and raw materials that need services {e.g.,
machining, transportation) which are accomplished by service centers. The information that
can be obtained by the network analysis includes average waiting time, average number of
clients, etc. One major drawback in this technique is how o treat the synchronization and
blocking of entering clients (Jungnitz et al., 1992).

One can observe that each of the above techniques deals with different aspects of manufacturing
systems, because they model different features with different kinds of information. In Marsan et al.
{1984) and Molloy (1982), an extension for Petri Nets called GSPN (Generalized Stochastic Petni
Nets) are presented and is shown as an approach that merges the characteristics of the models above,
like ease of representation, modeling of synchronization and consideration of the involved timings.
As a consequence, it is possible to perform qualitative and quantitative evaluation of the dynamics of
a manufacturing system in a relatively unified way.

A very important aspect to point oul is the necessity of manufacturing systems to have a
progressive modeling because they are usually large and complex. The refinement mechanism of the
modeling allows the construction of hierarchically structured models. If a suitable set of
refinement/transformation rule is defined, there will be a pay off in the forthcoming modeling and
analysis.

The present work introduces an approach for manufacturing systems modeling by a refined PFS
{Production Flow Schema), from where it is obtained a GSPN model for systems analysis. The paper
also presents a procedure to obtain the required performance figures for manufacturing systems.

Overview of The Analysis Methodology

Several powerful techniques have been already developed and applied in modeling
manufacturing systems. Many of the proposals include extensions, combinations and variations of the
same techniques, in an attempt 1o suit them for specific purposes or to deal with systems that have
some peculiarities, allowing deeper evaluations. However, a major concern still remains: the
generation of models themselves.

Usually, the construction of models is not a simple task; the most frequent problem is to view the
system from as many different perspectives as possible, so that the several demands by the interacting
people in a project can be met (like analysis for correctness, performance, system reliability,
controllability, implementability and so on). In this context, Petri nets are recognized as the
friendliest approach. It is based on a few simple structural elements and some describing some rules
(relatively easy to understand, but general enough to represent important dynamical features in
systems activities). Also, Petri nets present the ability to define and describe hierarchical structures.

Despite such features the potential of Petri nets is very likely to be wasted without a systematic
and rational modeling procedure, and the use of Petri nets for modeling real systems may show
negligible or no advantages at all. To alleviate this problem and, at the same time, take full advantage
of the available analytic tools, a methodology to construct a model for analysis of discrete event
manufacturing systems is presented.

Figure 1 shows the main structure and the steps of the procedure. The following sections will
detail the methodology.



60 J. of the Braz. Soc. Mechanical Sciences - Vol. 19, March 1987

Generation of the conceptual _
model Design of a PFS model of the system

Derivation of the GSPN
MODELING

Ioeriva a model for analysis J._ Derivation of the reachability tree of the GSPN

Derivation of the Equivalent Markov Chain
l"“““*‘ procedures I" Computation of the performance index

Sensibility analysis
Eval Decision to ch or maintain the s 's AR

uation g y

l— ]—— features

Fig. 1 Methodology for Analysis of Discrete Manufacturing Systems

Modeling of Systems

Conceptual Modeling

At the conceptual level, the aim is modeling the main characteristics of the functions to be
considered in a manufacturing system analysis. It is necessary to identify the precedence relationships
between operations, the elements that promote and control the parallelism and the identification of
the involved decision processes in the routing of parts and the resources sharing, without further
detailing.

Based on the Petri nets’ ability to describe the system’s hierarchy, it is used the PFS - Production
Flow Schema (sce Hasegawa et al., 1988; Miyagi et al., 1988; Silva and Miyagi, 1995 and Appendix
A) - to represent a higher level of abstraction of the system without representing the system
dynamics. By deferring the inclusion of detailed dynamics' rules, there is a delay in commitment
(Thembleby, 1988), meaning that we state hypothesis only when necessary for the comprehension of
the problem. Therefore, we benefit from avoiding (a) undesirable restrictions in the later detailing of
the model and (b) the consequences of verifying the invalidity of some of the hypothesis, that can
lead to an onerous and unsafe restructuring of the model. The PFS allows representing the essential
elements of manufacturing systems without detailing them, which can be made later when there is a
clearer knowledge of the dynamics to deal with,

The operation of a manufacturing system is represented by an abstraction where the activities
involve interactions between clients and resources, which is a first way to organize the available data,
and whose structure evolves to other functional (detailed) models, making them easier to understand.

Through PFS, a model in GSPN is obtained. The interest of the authors is restricted to live,
limited and reinitializable nets, ensuring that the isomorphic Markov chain will be ergodic (Marsan et
al., 1984; Molloy, 1982).

To illustrate the methodology and present some actual data, it is given a simple example of the
operations of a manufacturing system whose PFS is shown in Fig. 2. The present section and the
following section deal with the example.
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S i
vbfinA

Transport T Process PA
bfinA

Robot R

bfinB
Transport Process PB

oo T W

Fig. 2 PFS of a Manufacturing System (Conceptual Description of the System)

There are two activity sequences: TA-PA and TB-PB. Sub-system R is constituted by robots,
whose resources may be allocated by transport activities TA and TB, being a potential case of
resource sharing. Vacancies in the input buffer of the processing center A, vbfinA, can be allocated
by TA and released by PA; the interpretation of vbfinB (vacancies in the input buffer of the
processing center B), TB, and PB is analogous. The resources of the processing centers (machines A
and B) have their allocation-release cycles associated with the activities PA ¢ PB, respectively.
Clients go through the buffers bfinA and bfinB between transport and processing activities.

Construction of the GSPN

GSPN detail the dynamic behavior of the activities by representing rules that regulate the
interactions among conditions, which cause their appearing, maintenance and vanishing. Conditions
are any relevant information which regulates the behavior’s evolution of a system; these conditions
and their combinations are called states (Peterson, 1981). In terms of GSPN elements, the following
interpretations are adopted:

» Places represent conditions (e.g., processing in course, parts being transported, client waiting
in a buffer and operation in stand-by).

» The presence of tokens in a place indicates that the corresponding condition is verified; their
absence indicates the opposite.

« Transitions specify what pre-conditions must be satisfied (verified) to generate other
conditions; their firing represent the vanishing of certain conditions and generation of others.
The temporization models the permanence times of the conditions represented by the places
that enable timed transitions.

Thus, refining Fig. 2, it is possible to have a GSPN as shown on Fig. 3.



62 J. of the Braz. Soc. Mechanical Sciences - Vol. 19, March 1997

A.disp
Transport TA } C{iﬂﬂ‘ Q i
- / \ ' Process PA
| bfinA

G % i \.

R.disp
Transport TB Robot R

e b= }@ & B .
= A
\ vbfing & Machine B

Fig.-3 GSPN of Fig. 2 (Detailed Structure of the System)

It 1s important to remember that this is only one of the possible "translations,” from a PFS to
GSPN, each one being suited for the peculiarities of a desired dynamic behavior. In this case, the
distributors are translated directly into places, which represent availability of resources (vbfinA,
vbfinB, R.disp, A.disp and B.disp) or clients stopped in buffers (bfinA and bfinB); resources are
available if there are tokens in the corresponding places.

The activities are represented by sub-nets in GSPN: one transition represents the beginning of the
activity, conditioned to resources availability (TA and TB begin if there are free places in the input
buffers and available robots; the activities PA and PB begin with the allocation of machines from the
processing centers while releasing buffer vacancies), a place representing operation in course; a
timed transition whose firing rate characterizes the time of execution and whose firing indicates the
end of the activity, causing the release of resources.

The mode] obtained so far considers the qualitative aspects of the functions performed by the
system, i.c., how the activities are organized and when resources are allocated. To study the
quantitative aspects, the following considerations are included in the graph:

= Number of resources: this is defined by an initial marking where all resources are available,
i.e., only places that represent resources availability (in the example, A.disp, B.disp, R.disp,
vbfinA and vbfinB) have tokens, as many as the quantity of the respective resources in the
system, while there are no tokens in the places that indicate resources occupation.

« Temporization, given by the respective firing rates.

In order to illustrate it, the following example is given: there are two robots to execute the
transports in the processing centers A and B, two vacancies in each of the inputs buffers of both
machines and one machine in each processing center. The rate 1000na is attributed for the transition
tra, where na represents the number of marks in pra; each mark in pra indicates one robot transporting
one client. Thus, two tokens represent two transport activities in course and then the ending rate of
these dislocations is twice as much as in the case of a single robot. By analogy, a rate of 2000ns is
defined for trs. For the timed transitions involved in process Px and P, are attributed the rates of
1000 and 2000 parts per day. The interpreted GSPN model, corresponding to this situation, is
illustrated in Fig. 4.
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A disp
vbfinA Machine A
tPAI tPA

0.nA A=1000

tPBi tPB

_
-

tTBI A=2000.nA =2

vbfinB Machine B

B.disp

Fig. 4 Marked GSPN of Fig. 3 (Functional Description of the System)

Analysis of Systems

The quantitative analysis treated in this work is not done directly over a GSPN, but over a
Continuous Time Markov Chain (CTMC) (Papoulis, 1984; Kleinrock, 1976) isomorphic to it. A
GSPN model the rules and time constraints that govern the dynamic behavior of the system through
the flow of tokens. The isomorphic CMTC models the states and the transitions between states of the
respective GSPN. These states represent the different arrangements of tokens on the GSPN that result
from the flow of tokens. State transitions therefore represent the firing of GSPN transitions. These
transition states are assigned-transition rates that measure the permanence time in states before the
transition takes place. The method used for the derivation of CMTC from GSPN and that copes with
the calculation of these timing features and the introduction of the probabilities defined by random
switches into the Markovian model is based on the approach proposed by Marsan et al. (1984).

In that approach, it is considered the case of live, bounded, reinitializable nets, with the additional
restriction that there are no cycles with vanishing states. Such nets are represented by isomorphic
CMTC which are ergodic. Once the CMTC is obtained, we compute its steady state probabilities
represented by the vector T=[7T1, T2,..., Tn), where n is the number of states (tangible) effectively
modeled by the CTMC.

From the GSPN given in Fig. 4, we obtain a CTMC whose transition rate matrix Q=[q;Jnem is
given by expression (1), where “." denotes 0 and g (i#j) has the value of the transition rate of the

transition from the state i to j defined by CMTC. When i=j, gq,.= —Zqﬂ . We obtain m by solving
k=i

n.Q=0.
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We can observe that its by-hand construction (28 nodes and connecting arcs) is somewhat
cumbersome when compared to the GSPN that originated it, which illustrates the benefits from the
case of representation of GSPN. Also, it can be shown that the GSPN is live, bounded and
reinitializable, so that the ergodicity of the CTMC is ensured and its equilibrium state probabilities
can be calculated.

Performance Indexes

Information that can be obtained from T in a more convenient form for the evaluation of the
manufacturing system is called performance indexes. Here, we use three of them:

Definition 1 - Idleness degree of a resource R: represent the probability of having R available or
idle. It is calculated by:

Giae(R)= Y =, @

iV (R)

where V(R) represents the set of CTMC states in which the place corresponding to the availability of
R has at least one token.

Definition 2 - Average number of clients in buffer b, given by:

Wib)=Ymd Emip)l ®

i=l  peBib)
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where mi(pj) represents the number of tokens in place pj on state (or marking) i and B(b) represents
the set of places that indicates that there are clients waiting to be removed from buffer b.

Dc:ﬁnition 3 - Throughput of an activity A represents the execution rate of an activity or the
effective rate of clients served. It is given by:

T(A)= D ®A(A) (4)
ieHi A}

where H(A) represents the set of states in which the transition tA corresponding to the end of activity
A is enabled and Ai(A) represents the firing rate of tA on the marking i.

In the case represented by Fig. 4, the indexes obtained are shown on Tables 1, 2 and 3.

Table 1 Idieness Degree of Resources

Resource R Gigis(R)
R.disp 0.2890
vbfinA 0.2384
vbfinB 0.3941
A.disp 0.1536
B.disp 0.2335

Table 2 Average Number of Clients

in the Buffers
buffer b Nibuffer)
bfinA 0.9015
bfinB 0.7542

Table 3 Activity Throughputs

Activity A T(A)
TA 846.4290
Pa 846.4293
T8 1533.0900
Pa 1533.0907

The relatively low idleness degree of R indicates that the transport activities are intense, The
average number of clients in buffers bfinA and bfinB are below the maximum allowed to bath of
them; the idleness level of the processing centers A and B is higher than the ideal (null), but it can be
justified by the nature of the production (e.g., by the flexibility desired to the system}; throughputs of
activities are lower than the maximum (1000 and 2000 parts per day): these results may suggest that
the bottleneck of the production system is the transport activity.

Sensitivity Analysis

Through sensitivity analysis as presented in Karnavas et al. (1993), it is possible to evaluate the
influence of quantitative parameters over the performance indexes. Let / be a performance index and
A=(al.a2,..,an) be a vector of n quantitative parameters of the system's model, i.e., the firing rates
and the random switches' probabilities (which compose the transition's probabilities derived from
vanishing states).

Definition 4 - For a certain configuration of quantitative parameter A, the absolute sensitivity of
an index I with respect to a parameter ai, Sabs(I,A.ai), is given by:
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al
Saps(1. A.a; ) = = (5)

a;

Definition 5 - For a certain configuration of quantitative parameter A, the relative sensitivity of
an index I with respect to a parameter ai, Srel(l,A,ai), is given by:

a
LN;(LA.a,-):Sa,,sH'A.a;)T’ (6)

Srel(1,A,ai) represents the quotient between the relative variation of I resulting from a variation in
a parameter ai and the relative variation of the same parameter ai in a specific parametric
configuration A,

The expressions for performance indexes can be represented by a product of two vectors: [=Ttm
where T is the line-vector of steady-state probabilities and m is a column-vector with n elements
whose composition depends on the index to be used.

Then, the absolute sensitivity of / with respect to ai is:

Saps(1.A.a,)= (5 — - (7
l' aai’

For the computation of probabilities, the following equations are used:
rQ=0 (8)

S =1 9

i=]

Deriving Eqs. (8) and {9):

a a
(3o IQ+m(5-0)=0 (10)

= an

Z— - (1)
1=1 dq,

Rewriting Eq. (10);

(L) =k ) (12)
da; da;

Through Eqs. (11) and (12), it is possible to obtain a linear system of equations of the type
xA=B. From these relations we have the derivative of 7t with respect to ai can be obtained and
used in the expression (7), enabling the computation of sensitivities.
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For the model in Fig. 4, relative sensitivities with respect to the quantitative parameters are
presented in Tables 4, 5 and 6.

Table 4 Relative Sensitivities of the Resources’ |dleness Degree

Parameters Resources
R vbfinA vbfinB A B
pPA 0.0537 -0.1491 -0.0800 -0.0721 -0.0520
pB 0.0471 -0.0552 -0.1538 -0.0423 -0.0947
ALTA) 0.4034 -0.1852 -0.6586 -0.2814 -0.2570
AtTB) 0.4038 -0.3594 -0.3307 -0.0985 -0.3432
A(tPA) -0.4268 0.3495 0.5211 0.3330 0.1650
A(tPB) -0.3804 0.1951 0.4682 0.0469 0.4352

Table 5 Relative Sensitivities of the Buffers' Average Number

of Clients
Parameters Resources
bfinA bfinB
pA 0.1511 0.0883
pB 0.0868 0.1625
AMETA) 0.8274 0.5084
L{tTB) 0.2518 0.9190
A(tPA} -0.9437 -0.3874
A(tPB) -0.1354 -1.0400

Table 6 Relative Sensitivities of the Activities' Throughputs

Parameters Activities
TA PA B8 PB

pA -0.0180 0.0721 -0.0475 0.0520
pB -0.0478 0.0423 -0.0049 0.0947
AMETA) 0.2814 0.2814 0.2570 0.2570
MtTB) 0.0885 0.0985 03432 0.3432
A(tPA) 0.6670 0.6670 -0.1650 -0.1650
A(PB) -0.0469 -0.0469 0.5648 0.5648

Analyzing the resulting relative sensitivities, it is possible to conclude the following:

« The clements of the system present couplings, given that all of them influence the indexes to
some degree.

» Consistent with the identification of the sub-system R as the main bottleneck of the
production system, it can be noticed that an increase in its working capacity (given by
parameters A(t74) and A((TB)) gives the best results, since:

- It brings down the work load on this sub-system (observed by the increase in its idleness

- It improves the use of other resources (decrease on the idleness degree and increase of
work load of the processing centers, given by the increase on the average number of
clients in the buffers), and
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- Itincreases the activities' throughputs,

« It is possible to verify that some interactions may not be evident when only indexes are
analyzed, for example, that an increase in the processing capacity of centers 4 (or B),
represented by l(rPA) (or A(tPB)), generates a decrease of throughputs of the activities TB
and PB {(or T4 and P4A).

Conclusions

It is initially introduced a methodology where PFS is applied to generate a GSPN which is
translated to the equivalent Markov chain model in a systematic and rational approach. The simple
example given in this work illustrates the main procedures to describe more complex systems,

[t was shown how some quantitative information, other than simple probabilities - and more
meaningful for manufacturing systems - can be obtained from the steady-state probabilities. The
computation of their sensitivity benefits from the fact that the linear algebraic equations for obtaining
the steady-state probabilities vector and the one for obtaining its derivatives have the same coefficient
matrix {(Q). Therefore, once the steady state probabilities have been computed, the sensitivity analysis
can be carried out with relatively low computational cost. Although the tendencies evaluated by the
sensitivities have a local nature, this cost may justify its calculation even in cases where the range of
the parameter variation is larger, provided that the inherent inaccuracy can be justifiably tolerated.

Concerning large systems, it can be easily seen that the analysis of the isomorphic CMTC is
computationally onerous even for medium sized systems. To deal with the size problem,
approximation approaches have been considered such as:

« Partitioning the GSPN so that the submodels are analyzable (Jungnitz et al., 1992} by the
means we have presented, and

« Aggregation of states in the isomorphic CMTC, as in Silva (1992).

The procedure and results of this work contribute to the design and evaluation of manufacturing
systems, but we consider that the following points need further research:

« Development of a computer aided system to help the interpretation of the results;

« Implementation of efficient algorithms to compute indexes and sensitivities, including the
possibility of employing approximate methods, and

« Study of the relationship between the curves “index versus quantitative parameters” and the
model's components.
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Appendix A - Production Flow Schema (PFS)

PFS (Hasegawa et al., 1988; Miyagi et al., 1988; Silva & Miyagi, 1995) is a scheme derived from
the Petri nets of the Channel-Agent type (Reisig, 1992). PFS is constituted by the following elements
(see Fig. Al):

= Active elements or Activities: they are represented by open-sided rectangular blocks.
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s Passive elements or Distributor: denoted by circles.

« Oriented arcs: connect activities to distributors {never two elements of the same type),

Passive Elements (Distributors)
ﬁ Main Itens Flow |
*»O—{ > Active Elements (Activities)

Secondary ltens Flow O— |

Fig. A1 PFS Graph and Structural Elements

PFS show how items involved in the production act in the execution of the functions necessary to
obtain the desired products. An important concept presented by the PFS is the flow of items which
represents the process of allocation and deallocation of items (which can be raw material, machines,
tools, execution orders and control information) to an activity and in which execution they are
invalved. PFS indicate that the activities of a system (represented by the active elements) involve the
interaction between items, theirs flows and other activities, which are represented by the elements
connected by oriented arcs. Flow can be classified in primary and secondary:

« Primary flows are represented by the PFS elemenis connected to the closed edges of the
activities.

» Secondary flows refer to elements that are linked to open sides of activities,

Closed edges of the activities indicate their beginning and ending. By the open ones, the
connection to items tends to be more relaxed, at least at this level of abstraction: the way it interferes
on activities must be specified in detailed models to be generated (e.g., sometimes, an item might not
be used because another one was chosen to perform the same function).

Considering analysis of manufacturing systems, PFS specify a system structure, presenting
explicitly the interaction between resources and clients. Resources are the sysiem components with
specific functions (e.g., machines, carriers, inspection systems); clients refer to the material substract
on which the resources work (e.g., parts, lots of parts, pallets). Then, the convention used in its work
can be described:

« Activities represent technological transformations such as operations done with resources
(such as clients' movements or its property's transformation) and support tasks (such as
resources allocation or malfunctioning machine signaling). Notice that these operations are
not explained in this level of abstraction.

« Distributors have two functions:

- Those involved in primary flows represent the clients being stored in the buffers or
magazines.

- Those that are part of the secondary flow of the activity blocks represent the resources (o
be used by the activities.

« About oriented arcs:
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- Those belonging to primary flow indicate the possible activity sequences to be undergone
by the clients.

= In the secondary flow, an arc entering the activity block indicates that the resource
connected might be allocated; the outgoing arcs indicate that there might be release of the
associated resource,

An example of PFS is given on Fig. A2, where some of the modeling characteristics are shown:

Activity
Synchronization | AS

- 3

Sharing
Fig. A2 Behavior Features Modeled by PFS

¢ Parmallelization: The end of the activity Al generates twa clients that suffer different actions,
one concurrently to another.

e Synchronization: In a broad sense, it is a way to restrict the parallelism, making the execution
of one part of the processes obey some restrictions, such as waiting for a signal to come from
other process or waiting for the release of some resource; in the Fig, A2, the activity A5 must
wait for the presence of the items corresponding to its input.

® Decision: Clients have more than one option about the next activity. PFS only indicates the
existence of the decision processes, which must be detailed in the subsequent refined models.

e Resources sharing: several activities may use the same resource, which can cause conflicts
concerning the priority in its allocation; as in the previous item, the arbitration of conflicts
must be specified in the detailed models.
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Abstract

Some features of strain hardening of porous materials during tensile tests are considered. Modelling of true
stress-true strain curves were done by using Ludwik's equation. The influence of porosity on the strain hardening
exponenl and on the strength coefficient for porous Fe, Fe-C, Fe-C-Cu and Fe-P alloys is presented and
experimental results are discussed and compared with the literature.

Keywords: Sintered Materials, Strain Hardening, Mechanical Properties, Effects of Porosity

Introduction

When metallic materials are loaded in a simple tension test, a point of instability is reached as
load is increased, and localized plastic strain begins, After this point, the load required to produce
deformation reaches a maximum value, and then drops off until rupture takes place (Ratke and
Welch, 1983, Petch and Armstrong, 1990 and Thomason, 1990). At this maximum, uniform strain
becomes unstable and necking begins when strain-hardening rate becomes equal to flow stress, or
when

-
L0T 1
5 or (1)

where o and & are true stress and true strain, respectively,

Besides, in uniform plastic strain range, many engineering alloys exhibit an approximately linear
relationship between the logarithm of true stress and the logarithm of true strain. For these alloys the
relationship between true stress (oy) and true strain (3) may be described by using the Ludwik's
equation (Reichel and Dahl, 1983, Ratke and Welch, 1983, and Reichel, 1988), which

or = oprt 48" (2)

In this equation, A is the strength coefficient, n is the strain-hardening exponent, and S, is the
stress at & = 0. All these parameters are determined empirically.

Differently from conventional metalic materials, sintered materials are distinguished by their
porosity. The effects of pores on mechanical properties of these materials have been intensively
investigated and well documented (Haynes and Egediege, 1989, Slesar et al. 1992, Danninger et al.
1993, Palma, 1994, and Christian and German, 1995). Generally. it has been found that an increase
in porosity content leads to a decrease in yield stress, ultimate tensile stress, ductility, Young's
modulus of elasticity and so on. This effect has been associated to the dependence of the load bearing
cross section of porosity, and mainly, due to the internal notch effect of pores.

Although vast literature exists on the effect of porosity on mechanical properties of sintered
materials, relatively little attention has been given to the influence of porosity on strain hardening of
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these materials. Thus, the object of the present work is to investigate the effects of porosity content
on the strain-hardening exponent, and strength coefficients of four differents sintered materials.

Preparation of Testpieces

The raw materials used in this investigation were “Hoganis ASC 100.29" iron powder,
Iron-Phosphorus premixe containing 0.6 wt.-% phosphor, copper and graphite elemental powders.
Samples of Fe, Fe-Cu, and Fe-C-Cu were made from clemental powders, each one mixed with
0.6 wit.-% lubricant (Mikrowachs). Testpieces of Fe-P were prepared by mixing iron elemental
powder with Fe-P-premixe and 0.6 wt.-% lubricant (Mikrawachs). The chemical compositions of
these materials are given in Table 1.

The compacting pressure was varied from 390 until 600 MPa in order to obtain as sintered
porosities in tensile specimens (Fig. 1) ranging from P,=3.7 to 12.5 %, as summarized in Table 2.
Sinterization of the specimens was carried out for 30 min at 1150 °C in an atmosphere of cracked
ammonia.

Table 1 Chemical Composition of Investigated Materials (wt %)

Material C P Cu Si Al Mn Cr Ni Fe
Fe 002 001 002 010 005 003 001 002 Bal
Fe-Cu 002 001 15 001 001 003 001 002 Bal

Fe-C-Cu 060 001 1.55 0.02 0.01 003 001 0.02 Bal.
Fe 0.003 045 0.12 0.13 0.06 012 <007 006 Bal,

Table 2 Porosities of the Materials as Sintered

Material Porosity P, (%)
Fe 3.740.2 6.240.5 8.810.4 12.5¢0.7
Fe-Cu g 6.24¢0.3 8.3+0.6 12.1¢0.4
Fe-C-Cu - 5.940.2 8.3+0.4 12.310.6
Fe-P - 65 9.7:0.3 12.240.6

Fig.1 Geometry of Tenslle Specimens (dimensions in mm)
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Experimental Procedure

The density (p) of sintered specimens was determined from their weight in air and in water. Then,
the porosity Py, (as sintered) was determined by using the equation.

Py = [37—‘;7) 100 @)

Tensile tests were carried out on an universal testing machine (100 kN), with a gonstant cross-
head speed of 0.18mm/min, corresponding to a initial strain rate of 20x 10*s”, at room
temperature.

Up to seven tensile testpieces of each material and porosity were strain gauged and then pulled to
failure. The stress strain curves were recorded in a microcomputer, and the 0.2% offset yield stress
was noted.

The true stress o; and true strain & were determined by using

ar = ofl+gp) (4)
and
5 = Infl+gp) (5)

where o is the engineering stress and € the plastic strain,

The true stress-true strain curves were modelled by using Eq. (2), and the strain hardening
exponent n and strength coefficient A; were determined by fitting a best curve through experimental
points.

Experimental Results and Discussion

As expected, the 0.2% offset yield stress values (o, ,} were found to decrease with increasing
porosity, for all investigated materials (Fig. 2).

In Figure 3, the experimental points of iron with porosity Po=3.7 and 12.5% are plotted
together with the stress-strain curves obtained from Eq. (2). It can be seen, that there is a very good
agreement between calculated and experimental values. Similar results were obtained making the
same type of comparison for Fe-P with P, = 6.5 and 12.5%, as shown in Fig. 4.
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Fig. 2 Effect of Porosity on 0.2% Offset Yield Stress for all Investigated Materials
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Fig. 3 True Stress-True Strain Curves of Iron and their Modelling by Using Eq. (2)
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Fig.4 True Stress-True Strain Curves of Fe-P and their Modelling by Using Eq. (2)

The effects of porosity on strain hardening exponents (n) for all investigated materials are shown
in Fig. 5. It can be observed that the strain hardening exponent is pratically independent of porosity,
increasing slightly with porosity. These results agree with the findings by Ivashchenko (1984) and
Drachinskii (1985}, who found n between 0,62 and 0,75 for sintered iron, independently of porosity.
According to the explanation of strain hardening exponent given by Reichel {1983), it represents the
dependence of average dislocations free way from parameter of matrix as grain boundary,
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precipitation and dislocation density. Those parameter are pratically independent of porosity, and this
could be the reason why n is almost independent of porosity.

On the other hand, the sirength coefficients (A, ) are strongly dependent of porosity. As shown in
Fig. 6. these coefficients decrease by increasing porosity content.

A comparison between Fig. 2 and Fig. 6 shows a similar behaviour of 0.2% offset yield stress
and strength coefficient A, with the porosity content. The o,./A rates for all materials were
calculated and summarized in Table 3. As can be seen, this rate ©,,/A, is almost independent of
porosity, that is, they are aproximatelly constant for each material.

For the sake of convenience, the results of strain hardening exponents (n) and strength coefficient
A, for all materials and porosities are represented in a tabular form (Table 3)

0.8 T T T ¥ T T T

[
o
vy
¢ 0.7- i .
& g ° 8 8
W66 5 = '
. 0 g o8 Ei B
o o,
i Fe-C CUB B i
3 0.5 4 -
- O ;o
o Fe-P Losses e L ! """""" Y
I F-5 a
£ 0.4+ » BTN (R =
5 Fe-Cu § 4 E
e
in

0.3 T T T T

3.0 5.0 7.0 9.0 11.0 130

Porosity (%)

Fig. 5 Influence of Porosity on Strain Hardening Exponent n

160 T T g T T T T T

)
o Fe-C-Cu E
=
1 120+ B 2
e E .
= Fe-p & P
° ‘2~_ E
2 80- Fe-Cu "‘--:_“ir‘--.._ 7]
— i L. A
’ i i
3 8 v Ty
o
£ 404 o E
=]
c Fe
o 4
=
%)
0 i L » T Ll 1
3.0 5.0 7.0 8.0 1.0 13.0
Porosity (%)

Fig. & Influence of Porosity on Strength Coefficient A,




E. S. Palma : Effect of Porosity on the Strength Coefficient and. .. 77

Table 3 g,,/A_ Rate, Strain Hardening Exponents and Strength Coefficient
for all Materials

Pp (%) 3.7 6.2 8.8 12.5
Fe n 0.61 0.63 0.59 0.61
Ay (MPa) 48.9 434 412 33.9
oor/AL 33 35 34 34
Po (%) - 6.2 6.3 12.1
Fe-Cu n = 0.39 0.40 0.40
A, (MPa) 5 76.9 66.7 58.9
ap /AL - 29 2.9 31
Po (%) - 5.9 8.3 12.3
Fe-C-Cu n - 0.58 0.56 0.58
AL (MPa) - 125.1 104.4 91.0
oo/ AL - 3.0 3.2 3.2
Pq (%) . 6.5 9.7 122
Fe-P n - 0.47 0.45 0.48
Ay (MPa) 5 85.1 7.9 63.9
Toal AL = 3.1 3.1 3.0

Many empirical relationships between yield stress and porosity are proposed in the literature
(Salak et al, 1984, Exner and Pohl, 1978 and Hamiuddin, 1986). As an optimal relationship for 832
test points, Salak (1984) proposed the empirical relationship

o. =a exp(-CFy ) (6)

a2 (020

where oy, and Oy are the 0.2% offset yield stress for porous and pore free materials,
respectivelly, and C is a material constant. Since the dependence of strength coefficient A, and yield
stress with porosity content was observed to be the same, one can expect that the relationship

Ar = Apgexpl-CRy) )

where A, correspond to the strength coefficient of pore free materials, should be approximately true.
Therefore, dividing Eq. (2) by o, yields

£ e T o Al ®)

If it is assumed that 0, = g, the yield stress of porous materials, and substituting o, , by Iy into
Eq. (6) yields

1
y
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oy = oy exp-Ch) )

where o is the yield stress of pore free materials. Substituting Eq. (7) and Eq. (9) into Eq. (8) gives

(10)

From Eq. (10) it can be noted that the ratio Ao/o, is independent of porosity, since A;o and 0,4
are parameters of pore free materials. This fact can be demonstrated by analysing Fig. 7, where the
influence of plastic strain and porosity on the ratio Ac/o, for iron is shown. There is a very good

agreement between this Fig. and Eq. (10), i.e., variation in porosity plays no important role, if
relative stress is used.
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Fig.7 Rate Aala, for Iron With Several Porosities as a Function of Plastic Strain

Finally, it is usually found that strain hardening rate do/dd decreases by increasing porosity
content (Klumpp, 1992), which is in complete agreement with the results discussed above. Deriving
stress in Eq. (2) with respect to true strain, yields

LOL - g an

showing that strain hardening rate depends not only on the strain hardening exponent n, but also on

the strength coefficient A;. As the latter decreases by increasing porosity, it is also expected that
do/db decreases with porosity.

Conclusions

Studies of sintered ferrous materials, with several different porosities, tensile tested at room
temperature have shown that:
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= True stress-true strain curves of sintered materials, in uniform strain range, can be described
by Ludwik's equation (Eq. (2)) .

» Strain hardening exponent n is almost independent of porosity.

« Strength coefficient A; and 0.2% offset yield stress decrease by increasing porosity. The rate
Tg/A is constant for each material.

=  Strain hardening rate do;/dd decrease by increasing porosity, since it depends on both n and
A, . The rate do/o, on the other side, is independent of porosity.
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Abstract

In this work, a theoretical model describing the mechanical behaviour of bimetalic strips under the plain strain
compression test (Ford test), is presented, The model allows to predict the pressure distribution on the tool/strip
contact surface, the compression loads and the apparent yield curves of the metals when in the pair, from the
knowledge of the yield curves of each metal.

Keywords: Plain Compression Test, Slab Method, Cladding, Ford Test, Bimetalic Composites.

Resumo

E apresentado um modelo tedrico para a descrigio do comportamento mecdnico de chapas bimetélicas
submetidas a compresslo em estado plano de deformagdes. O modelo permite a previslo da distribuigiio de
pressdes na superficie de contato metal/matriz, as cargas de compresslo ¢ as curvas de escoamento dos metais
quando ensaiados em conjunto, a partir do conhecimento das curvas de escoamento caracteristicas de cada metal.
Palavras-Chave: Compressdo em Estado Plano de Deformagdes, Colaminago, Teste Ford, Chapas Bimetalicas.

Introducgao

A produgio de tiras ou chapas bimetalicas através da colaminagio (roll cladding) tem sido objeto
de especial atengdo nos Gltimos anos. A maior parte dos pesquisadores tem concentrado sua atengéo
em aspectos tecnoldgicos do processo € na anélise de parimetros que influenciam na qualidade e
resisténcia da unifio. Sdo relativamente escassos os trabalhos na literatura que enfocam aspectos
relacionados A resisténcia dos metais, a interagio entre eles e a influéncia de parimetros operacionais,
tais como atrito, distribuigdo de pressdes ou cdlculo das cargas de laminagéo.

O presente trabalho analisa 0o comportamento mecénico de pares bimetdlicos submetidos ao
ensaio de compressdo em estado plano de deformagdes (ensaio Ford).

O ensaio Ford ja foi amplamente considerado na literatura, e vdrios autores o empregaram na
determinagdo das tensdes de escoamento de metais (Watts e Ford, 1959, Polakowski, 1949, Alian et
al., 1973, Nadai, 1939). A analogia entre o ensaio Ford e a laminagio também foi discutida na
literatura (Polakowski).

No presente trabalho sdo analisadas as curvas “ tensdio x deformagdo™ de pares bimetalicos (antes
da unido em fase sélida por compressao), e comparadas com as curvas obtidas para cada metal
isoladamente. E proposta uma fungdo que caracteriza a interaglio existente entre os metais, de forma a
poder prever-se o comportamento mecdnice dos metais no par, a partir do conhecimento das curvas

Manuscnipt received: August 1996. Technical Editor: Leonardo Goldstein Jr
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“ tens@io x deformag3o” caracteristicas de cada um. A mesma fungdo é empregada no célculo da
distribui¢iio de pressdes e cargas de compressio.

Procedimento Experimental

Foram empregados dois conjuntos de materiais: aluminio e cobre, formande um par, ¢ ago e
ligas a base de aluminio e estanho (SAE 781 e SAE 783) constituindo o outro par. Os corpos de
prova utilizados nos ensaios de compresséo tinham 30 mm de largura, 150 mm de comprimento e
espessura varidvel. Os indentadores utilizados tinham 4,0 mm de largura, e seguiu-se ¢ procedimento
para ensaio oportunamente descrito (Andery e Helman, 1992).

Os ensaios foram realizados em uma midquina MTS 810 , servo-hidraulica, com aquisi¢io
computadorizada de dados. Para a avaliagdo das deformagdes pléasticas nos ensaios realizados com
cada metal individualmente, foram utilizadas as inclinagdes médias das retas de carregamento e
descarregamento (parte linear das curvas), A aplicago de carga foi monotonicamente crescente, com
velocidade de carregamento e descarregamento controlada, e aquisigio continua de dados. As
superficies de contato dos corpos de prova com os indentadores foram lubrificadas com bissulfeto de
molibdénio.

Nos ensaios realizados em pares metélicos , as superficies de contato entre os metais foram
lixadas e escovadas, e os corpos de prova foram superpostos. Valores distintos de carga foram
aplicados em regides diferentes dos corpos de prova assim constituidos. As espessuras finais de cada
metal do corpo de prova foram medidas apos descarregamente, utilizando-se micrémetro, sendo
registrada a relago “tenséio x deformagfio™ para cada ensaio.

A curva “ tenslio x deformagio™ obtida para cada metal ensaiado no par ou individualmente foi
aproximada através de uma fungfio na forma da expressdio de Ludwick, e para cada ponto da curva a
discrepéncia entre a expresso obtida e os valores reais foi sempre inferior a 5%.

Resultados e Discussido

Comportamento dos Materiais nas Curvas “Tensio x Deformagio”

As Figuras 1 e 2 mostram curvas tipicas “ tensdo x deformagfio” obtidas nos ensaios. As curvas
obtidas para cada metal isoladamente sio comparadas com as obtidas nos ensaios do par (corpo de
prova composto).

200
s00
o |
N | [ Ao indvidual |
€ b e \ | —Ago no par
i |~ Liga no par
| - Liga individual
®
o
o o.os o 018 02

Deformagho logaritmica

Fig. 1 Curvas Tipicas “Tens#o x Deformagéo”, para os Metais Ensalados Individuaimentes & no Par
(Ago e Liga)
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Tensao (MPa)

ol = !
4 008 o 0.15 02 025 03~ 038

Deformaciio logaritmica

Fig.2 Curvas Tipicas “Tenslo x Deformaglo”, para os Metais Ensalados Indlvidualmente e no Par
{Cobre e Aluminio)

Em todos os casos estudados, observou-se que quando os metais sdo ensaiados em conjunto,
ocorre uma alteragdo em relagdo a seu comportamento mecénico, obtido nas curvas dos metais
ensaiados individualmente. O metal mais duro, ensaiado no par, apresenta menores niveis de tensdo,
para uma dada deformagfo, quando comparado com sua curva de escoamento caracteristica.
Inversamente, o metal mais macio apresenta maiores niveis de tensdo, quando sua curva de
escoamento ¢ comparada com a obtida do metal ensaiado individualmente.

Devido a tendéncia do metal mais macio ¢scoar mais rapidamente ¢ com menores nlveis de
tensdo que o metal mais resistente do par, e pelo fato de que as tensdes cisalhantes resultantes do
atrito na interface entre eles se opdem a e¢ssa diferenga de velocidades, estabelece-se um estado de
tensdes de compressdo no metal mais macio, e de tragdo no metal mais resistente. Observa-se assim
um efeito de “arrastamento” de um metal sobre o outro ¢ como conseqfiéncia, altera-se a resisténcia
dos metais no par, de modo que 0 mais macio comporta-se como se fosse mais resistente, enquanto
que o metal mais resistente do par apresenta tensdes de escoamento mais baixas.

Esse comportamento, resultante da interagdo entre os metais, ¢ semelhante ao relatado na
literatura no caso de extrusdo hidrostatica de pares bimetélicos {Helman, 1978), ou na laminagfio em
“sandwich” de metais de alta resisténcia (Arnold e Witton, 1959; Kiuchi, 1990; Weinstein e
Pawelski, 1968).

Para caracterizar a tensfio de cisalhamento “1" (denominada aqui “tensdo de arraste”) que aparece
na interface entre os metais, como resultado da diferenga entre seus comportamentos mecénicos,
assumiu-se que essa tensdo seja fungdo da relaglio entre as tensdes de escoamento por cisalhamento
caracteristicas de cada metal. Ou seja:

T=1(Q) (n

sendo a=K /K, (2)
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onde K, e K, sdo as tensdes de escoamento por cisalhamento do metal mais macio ¢ do mais
resistente respectivamente, obtidas através das curvas de escoamento dos metais ensaiados
isoladamente.

Para estudar a relagdo funcional entre 1 ¢ & propde-se uma fungdo. que sera denominada “fungio
de arraste™ (¢), que obedega as seguintes condigdes:

= t=0quando K, =0,0u seja, o metal mais macio comporia-se como um fluido ideal, ndo
apresentando resisténcia & deformago por cisalhamento;

« t1=0quando K, = K, ou seja, os dois metais silo mecanicamente equivalentes ¢

« 1= K, quando K, corresponde a um metal que pode ser considerado como rigido em relagio
a K,. Nestas condigdes, a tensdo de cisalhamento na interface atinge o scu valor limite, igual a
tensdo de escoamento por cisalhamento do metal mais macio do par.

A partir dessas condigdes foi proposta uma relagio na forma:

t=q ¢ K (3)
onde
b=(a-o’)" )

€ q ¢ uma constante, a ser determinada experimentalmente.

A tensdo de cisalhamento na interface entre os metais, caracterizada pela fungdio de arraste
descrita acima, ¢ responsével pelo decréscimo no nivel de tensdes da curva do metal resistente, e pelo
acréscimo no nivel de tensdes da curva do metal mais macio. A partir da condiglio de equilibrio para
as forgas nos corpos de prova submetidos em conjunto a indentagdo plana, foi calculado o
decréscimo no nivel de tensdes 8, que o metal mais resistente sofrerd quando ensaiado no par, para
uma dada deformagfo externa aplicada, e o acréscimo no nivel de tensdes 8, a que estara submetido o
metal mais macio, nas mesmas condigdes (Andery ¢ Helman, 1992).

Esses valores foram calculados como sendo :

5,=qbs, (x-a*)%4h, ()
8,=qbS, (a-a’)¥4h, (6)

onde b € a largura do indentador, S, a tensio de escoamento do metal mais macio, em estado plano de
deformagdes, ¢ hy, ¢ h, as espessuras instantineas do material mais resistente ¢ do mais macio do par,
respectivamente, para os diferentes valores da forga de compressio aplicada ao conjunto.

Determinou-se experimentalmente que a deformagdio verdadeira de cada metal no par obedece
uma relaglo aproximadamente linear com a deformagdio total imposta ao conjunto. Dessa forma, é
possivel escrever:

g,=A+B g (7
g, =A%+ B*g, (8}

onde A, A*, B ¢ B* siio constantes obtidas por regressdo linear, g, € g, sdo as deformagdes
verdadeiras de cada metal do conjunto e €, a deformagdo verdadeira total do bimetal. Essa constatagio
tem suporte na literatura (Yahiro, 1991). A Figura 3 ilustra, a titulo de exemplo, o comportamento
das deformagdes de cada metal em fungdo da deformagfo total, conforme definido acima, para um
dos pares ago/liga estudados.



84 J of the Braz. Soc. Mechanical Sciences - Vol. 19, March 1997

06

05

04

03

0.2

Deformacéo logaritmica individual

0.1

0 . N
0 0,05 0.1 0,15 02 025 03

Deformacio logaritmica do par
Fig.3 Deformagio de cada Metal do Par em Fungio de Deformacao Total Imposta so Conjunto

Dessa forma, a partir de uma deformagio total do par, € possivel determinar as deformagdes de
cada metal, as suas espessuras e, consequentemente, os valores de 8, e 8, conforme definidos acima.

Para uma deformagio externa aplicada ao par, e conhecendo pelas relagdes (7) e (8) as espessuras
individuais dos metais, correspondentes a um valor determinado da carga de indentagiio, tem-se:

Sp(€) =Sy (e) +d¢) 9

Spp(€) = Su () - 8y(e) (10)

onde Sy, ¢ S, sdo as tensdes, para uma dada deformagdo, dos metais cnsaiados em conjunto,
correspondentes a um valor de carga aplicada, ¢ Sy, e S;; as tensdes , para as mesmas deformagdes,
correspondentes A curva de escoamento caracteristica de cada metal, quando ensaiado isoladamente.

Em resumo, a utilizagdo das Eqs. (9) e (10) para distintos valores de carga, correspondentes a
distintos valores da deformagéo €, aplicada ao par, possibilita o conhecimento das curvas “tensdo x
deformagdo™ dos metais no par, a partir do conhecimento das curvas de escoamento de cada metal
ensaiado individualmente, sendo a diferenga no seu comportamento mecanico originada pela tensdo
de arraste descrita acima.

As Figuras 4 e 5 ilustram as curvas “tensdo x deformag3io” para os pares ago/liga e
cobre/aluminio ensaiados em conjunto. As curvas experimentais obtidas sdo comparadas com as
curvas cujos valores de tensdo foram calculados pelo procedimento acima. Observa-se uma razoavel
concordéncia entre valores teéricos e experimentais , com erros relativos inferiores a 10%. No célculo
dos valores de 8, e &, utilizou-se valores médios do coeficiente q , calculados em fungdo da
comparagiio entre os valores reais e os calculados,
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Fig.4 Curvas “Tensdo x Deformagdo” para os Metais Ensalados em Conjunto (Ago/Liga).
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Fig.5 Curvas "Tensio x Deformagio” para os Metals Ensaiados em Conjunto (Cobre/Aluminic).
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A simulagio das curvas de escoamento dos metais levando em conia a interaglo entre eles
permite avaliar o seu comportamento mecénico durante o processo de conformagdo, em condigdes de

estado plano de deformagbes, e possibilita o célculo da distribuigio de pressdes e cargas durante a
indentagio.

Previsdo da Distribuicdo de Pressdes e Cargas de Indentagdo

A partir de uma andlise feita utilizando o método dos blocos, foi possivel determinar a
distribuigdio de pressdes durante a indentagdo e, integrando a colina de atrito, a carga aplicada. Foram

feitas as hipéteses habituais pertinentes ao método dos blocos e um esquemna das tensdes consideradas
e convengdes adotadas ¢ mostrado na Fig. 6.

B
Teh=4q K,(r.:-u'.z)u'

hig

Meulm.amo | i |
/ sl i
] 1 — TENSAO DEVIDO AO
Py ATRITO COM A MATRIZ
e “sh - m&‘
SENTIDO DO FLOXO DO MATERIAL

Fig. 6 Esquema Mostrando as Convengdes Empregadas e Tensdes,
para Andlise Através do Método dos Blocos

Foram assim obtidas as seguintes equagdes:

K.
Po(x)=q —S(a-a? & ((1+(Sg /(q (Ky/ pg) (@-a?)@))
Hs (n
xexp(pg/hg)(b/2-x)-1

K
Pa(x)= q:‘l(u -al)ja 1-(1-(Sp; /(q {st’uh)(a—az}a}
h (12)

xexp(uy /hy) (b/2-x)

onde S, € a tensdo de escoamento do metal menos resistente, S, a tensio de escoamento do metal
mais resistente K, a tensdo de escoamento por cisalhamento do metal mais macio, h; € h, as
espessuras mstam&ncas b a largura do indentador, p, ¢ , os coeficientes de atrito na interface entre
cada metal e o indentador e p, (x) ¢ p, (x) s#io as pressdes agindo sobre o metal mais macio ¢ o metal
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mais resistente do par, em fungdo da posigdo considerada ao longo da largura do indentador.
Assumiu-se 0 modelo coulombiano para as tensdes de atrito.

Para o célculo das cargas de indentag#o foram empregas as expressdes:

K i
Po=2wq—=S(oa-a2/|/+ L
3 B l (qK /n,) (a-al )
(13)
hy K
x—L(exp((ng / hy) (b/2)~1)-wbg—*(a~a2
ps }-ls
K K
P =wbq—2 (a-a2 0 [+2g—S(a—-a)®
Hh By
(14)

Shi
xw|l- hy (1—exp((p, /h )(b/2))
[ (qK,/uk)(a—uz)“l 4 o

resultantes da integragio das expressdes (11} ¢(12), P, € o valor da carga no metal mais macio e Py, é
a carga no metal mais resistente.

Nas hipoteses feitas inicialmente para a anélise por meio do método dos blocos n#o foram
estabelecidas condigdes que assegurem a igualdade entre as cargas de compressio calculadas em
ambos os lados da interface entre os metais. O fator q nas equagdes acima ¢ selecionado de forma tal
que, embora com diferentes distribuigdes de pressdes para cada metal, as cargas de indentagdo
resultantes da integrag4o das colinas de atrito de cada metal sejam iguais. Foram considerados como

parfimetros de célculo as espessuras iniciais e a espessura final obtida para o par, correspondente a um
determinado valor de carga.

A Tabela 1, abaixo, mostra os parimetros de ensaio e os resultados obtidos para trés dos casos
estudados:

Tabela1 Valores de Carga Reais e Calculados para Dois Casos

Caso Par Espessura Espessura Coeficiente de
Inicial Final Atrito
[mm] [mm]

Duro Mole Duro Mole Duro Mole
1 Cuw/Al 2,12 298 1688 0925 0,05 0,05
2 Ago/Liga 1,97 2,27 195 1865 001 0,01
3 Agolliga 198 083 132 041 001 001

Caso Carga Carga Diferenga Erro Erro
Real Calculada Percentual Mole Duro
[kfg) [kgf] [%] (%]
Mole Duro
1 5390 5808 5691 2,07 7,75 53
2 2530 26222 26223 0,003 3,65 3.64
3 6000 64312 6431 0,003 7.19 7,18
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onde a diferenga percentual ¢ dada por [(Py, - P,)/P,] x 100 e o0s erros por [(P - P, / P ] X 100,
sendo P, a forga de compressdo medida no ensaio.

A Figura 7 mostra as distribuigdes de pressdes para o primeiro caso apresentado. Como as
deformagdes dos dois materiais foram tais que as tensdes de escoamento resultaram em valores
proximos entre si, com parfmetro a = 0,967, o efeito do arraste na interface foi menos pronunciado.
Os valores das cargas calculados mostram razo#vel concordéncia com os valores obtidos nos ensaios.

As Figs. 8 ¢ 9 mostram as distribuigdes de pressdes obtidas para os casos 2 e 3 da Tabela | acima.

430
!
|

Pressdo (MPa)

e +
2 s -1 05 [ 0s 1 1.5 2

Coordenada (mm)

Fig. 7 Distribuigio de Pressdes para o Caso 1

A analise dos grificos das Figs. 8 e 9 ¢ das equagdes propostas mostra que a distribuigdo de
pressdes no metal mais macio do par tem o comportamento esperado, observado nos ensaios Ford
convencionais, acrescendo-se o efeito da tensdio de arraste na interface, que age no mesmo sentido da
tensdo de atrito, como resultado da interagdo entre os metais. Por outro lado, o metal mais resistente
do par apresenta um comportamento distinto. Com efeito, as pressdes atingem um valor maximo nas
bordas e um valor minimo no centro, devido ao efeito dessa mesma tensdo de arraste, que nesse caso,
age em sentido oposto as tensdes de atrito. Nesses casos o efeito dessa interagio entre os metais é
aparentemente mais significativo, a ponto de inverter o formato da colina de atrito resultante da
indentagio.

Os valores encontrados para as cargas de indentag#io, quando comparados com os valores obtidos
experimentalmente, resultam em erros relativos muito pequenos nos casos 2 e 3, Na andlise de outros
casos observou-se erros relativos inferiores a 10 % para valores de a variando entre 0,65 ¢ 0,75. Nos
ensaios realizados, foram encontrados erros maiores para valores de « fora dessa faixa. O conjunto
de dados experimentais disponiveis ndo permite concluir que exista uma tendéncia de um ajuste
melhor das equagdes para determinados valores das relagdes entre as tensdes de escoamento.
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Fig.8 Distribuigiio de Pressoes para o Caso 2
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Fig. 9 Distribuigho de Pressdes para o Caso 3
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Previsdo da Distribuigdo de Espessuras

No estudo da compressio em estado plano de deformagdes de tiras bimetalicas espera-se
respostas sobre a distribui¢iio de deformagdes e as espessuras finais obtidas para cada metal do par,
em funglo de uma forga externa aplicada. Essa andlise é fundamental, uma vez que é necessario
conhecer a relagfio de espessuras dos metais nos pares a serem utilizados industrialmente.

O critério utilizado foi o da determinaglio, através de um processo iterativo, das espessuras de
cada metal que permitem a igualdade entre as cargas de compressdo calculadas para os dois metais
em cada lado da interface metal/matriz. Em cada iteragdo, a soma das espessuras dos metais tem de
ser igual a espessura do par, previamente estabelecida.

Para coeficientes de atrito previamente fixados, determinou-se o fator q das Egs. (13) e (14) que
permitissem essa igualdade entre as cargas.

A Tabela 2 abaixo mostra os resultados obtidos para dois dos casos do par ago/liga estudados.

Tabela 2 Distribuigio de Espessuras dos Metais do Par

Caso Espessura Espessura Coeficiente de  Fator de
Inicial Real Final Real Atrito Arraste
_[mm] (mm)
Ago Liga Ago Liga
1 1,97 227 1,95 1,865 0,01 2
2 1,98 0,83 1,92 0,66 0,01 1
Caso Espessura Erros Cargas Emo
Final Calculada Relativos % Calculadas Relativo
[mm] (Espessuras) (kgf) (%)
Ao Liga Ao  Liga Ag Liga Ao Liga
1 1,958 1,857 04 0,44 2446,7 24239 33 42
2 1,954 0626 1,78 52 29645 2968 27 28

A analise dos resultados para os casos apresentados e para os outros casos estudados mostra uma
boa concordéancia entre as espessuras finais calculadas quando comparadas com as espessuras reais
obtidas dos ensaios.

Conclusodes

Foi proposto um modelo para descrever a interagio entre dois metais ensaiados em conjunto, em
compressio em estado plane de deformagdes. O modelo permite uma razoavel aproximaglo das
curvas “tensdio x deformagdo”™ dos metais no par, a partir das curvas dos metais ensaiados
individualmente, bem como a avaliagdo da distribuiglo de pressdes e cargas de indentagéo.

Por outro lado, 0 modelo permite uma razoavel previsdo das espessuras finais de cada metal no
par indentado, a partir do conhecimento das curvas de escoamento caracteristicas de cada metal, da
carga aplicada e da espessura final do conjunto.
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Abstract

Corrosion of vessels and piping made of steel by sour water in catalytical cracking units of petroleum refineries
generate atomic hydrogen. Large part of this hydrogen will go to the atmosphere as H; , a fraction will diffuse in
the steel lattice and stay in the defects, while the balance will diffuse through the lattice. The most well known
effect in these steels is blistering and cracking induced by the retained fraction of hydrogen. In this work
scanning electron microscopy was used to identify the damage caused by hydrogen and the damage
susceptibility of two steels commonly used in catalytical cracking vessels.
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Introduction

One of the biggest problems found in petroleum refineries is controlling hydrogen damage in
steels used in catalytical cracking vessels and piping (Strong, Magestic, Wilhelm, 1991 ; Ehmke,
1991 ; REPLAN 0024). Hydrogen damage may be classified into four distinct types: hydrogen
blistering, hydrogen embrittlement, decarburization and hydrogen attack (Fontana,1987). Hydrogen
blistering is the most prevalent in the petroleum industry and results from the penetration of
hydrogen into the steel wall of a vessel containing an eletrolyte, and exposed to the atmosphere.

Hydrogen evolution occurs on the inner surface as a result of corrosion; at any time there is a
fixed concentration of hydrogen atoms on the steel surface, some of which diffuses into the steel and
forms hydrogen molecules on the exterior surface. However , if the hydrogen atoms diffuse into a
void, they combine into molecular hydrogen and cannot keep difusing, consequently increasing the
concentration and pressure of hydrogen gas within the void. The equilibrium pressure of molecular
hydrogen in contact with atomic hydrogen is several hundred thousand atmospheres, resulting in
local deformation and , in an extreme condition, in the complete destruction of the vessel wall.
Hydrogen embrittlement is also present in petroleum refineries, caused by penetration of hydrogen
into a steel, with a resulting loss of ductility and of tensile strength. The exact mechanism of
hydrogen embrittlement is not as well known as for hydrogen blistering. However, the initial cause is
the same , that is, the diffusion of atomic hydrogen into de steel latice. Most of the explanation that
have been proposed for the hydrogen embrittlement mechanism are based on the phenomenon of slip
interference by dissolved hydrogen, problably due to the accumulation of these hydrogen near
dislocation sites or microvoids. If the absortion is due to contact with hydrogen gas, the hydrogen
embrittlement is often called as hydrogen stress cracking. If the hydrogen is absorbed because of
corrosion the embrittlement is called stress corrosion cracking or, eventually, hydrogen stress
cracking. If corrosion is due to the presence of hydrogen sulfide, a common term in use is sulfide
stress cracking. Decarburization is most often produced by moist hydrogen at high temperatures, and
lowers the tensile strength of steel as a result of removing carbon from the steel. Hydrogen attack
refers to the interaction between hydrogen and a component of an alloy at high temperatures.

Metalographic analysis and local inspection in refineries indicate that the damage mechanisms
include corrosion involving hydrogen entrance into the steel structure and stress corrosion cracking,
The prevalence of the embrittlement in catalytical cracking units is estimated to happen in about 30 to
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40 percent of all equipment (Alefeld, 1978). Embrittiement and blistering in steels used in piping and
vessels was indicated in a REPLAN - Refinaria do Planalto Central, inspection report (REPLAN
0024) concerning the catalytical cracking unit vessels V-22503, wich operate at a temperature of
53°C and a pressure of 1.20 kgf/cm’, and V-22508, at 34°C and 17.00 kgf/cm’ . Corrosion engineers
have focused their efforts in corrosion prevention of these vessels and piping steels by corrosion
control programs and repair techniques, where is mainly indicated the use of inhibitors as sodium and
ammonium polyssulfides, and by material selection ( Strong, Magestic, Wilhelm, 1991 ; Edmondson,
Rue, 1992). Recently, there have been a move to substitute ASTM 285 steels for ASTM 516 steels in
catalytical cracking units, because the ASTM 516 steel is a silicon-killed steel, without internal
stresses,or residual stresses, wich favors corrosion and hydrogen damage. There is, however, few
information published about the microscopic evaluation of hydrogen damage in equipments as well
as concemning the behavior of these steels, In this work scanning electron microscopy was used to
identify the damage caused by hydrogen in ASTM 285 and ASTM 516 hydrogenated samples, and to
evaluate their susceptibility.

Methodology

The analysis of hydrogen damage was made by scanning electron microscopy of the samples of
ASTM 285 grade G and ASTM 516 grade 70 steels, whose nominal composition are presented in
Tables 1 and 2. The samples were laminated in a four rolls laminator until a thickness of 500um and
annealed in vacuum.

Table1 Nominal Composition of ASTM 516 Grade 70 Steel

Elements Content (%)
G 0.27
Mn 0.85-1.20
Prna 0.035
i 0.04
Si 0.15-0.40

Table 2 Nominal Composition of ASTM 285 Grade G Steel

Elements Content (%)
| 0.28

Mn 0.90-0.98
Prax 0.035
St 0.040

Si R

Samples Hydrogenation

According to the double potentiostatic method the sample, situated as a ion permeable membrane
between two compartments of a double electrolytic cell, was connected to a programable
multichannel electrochemical interface. Each of these compartments constitute an electrochemical
cell, with the working electrode being the sample, the reference electrode a saturated calomel
electrode and the counter electrode, platinum. At one side of the double cell, sample hydrogenation
was promoted while in the other was detected the hydrogen diffused throughout the sample. The
measurements made were converted into plots of 1 ( current), or E (tension), as a function of time,
from which were obtained the hydrogen diffusion coefficient as well as the hydrogen solubility and
permeability in the sample.

In this work this technique was used only to promote the hydrogenation of the samples wich
were, in sequence, analyzed by scanning electron microscopy. The hydrogenation was done with a
current density of SmA/cm” and a potential of 0V oc (open circuit), with a sample exposed surface of
1 em’, with a NaOH solution (0.IN) in both sides of the double electrolytic cell , at room
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temperature and pressure, in a programmable multichannel electrochemical interface model
GALVPOT GP 2001H by TAI (Tecnologia Aplicada & Industria) developed in the Hydrogen
Laboratory of COPPE/UFRI. The entire system was monitored through this interface (Proenga,
Freire, Santos, Arantes, 1996).

Scanning Electron Microscopy Analysis

The scanning electron microscopy is a powerful technique to analyze and characterize
heterogeneous organic and inorganic materials, in microscopic and sub-microscopic scales, with
good precision. In this technique an electron beam acts on the sample surface producing secondary
and primary electrons, Auger electrons and fotons at various energy levels, wich can be detected and
analyzed. The secondary electrons wich are emitted constitute one of the most important emissions
for scanning electron microscopy because they allow observing., with good precision, topographic
differences in sample surfaces (Goldstein, 1992).

In this work the hydrogenated samples were covered with a thin gold film to improve image
resolution, and analyzed using a JXA-840 A electron probe microanalyzer from JEOL. This
microanalyzer scanning resolution is up to 4.0 nm for a working distance of 8 mm, and up to 10 nm
for a working distance from 4 to 39mm . The image size amplification range is from 10 to 300000
times. It is made of a tungsten filament cathode and anodes at two vertical adjustable positions.
Secondary electron emission was used because it is recommended for allowing better observation of
the hydrogen caused damages on the samples surfaces,

Results and Discussion

Figures 1 to 17 show the damages caused by hydrogen in the ASTM 285 grade G and ASTM 516
grade 70 samples.

Figures 1 and 2 show blistering wich is brought about by atomic hydrogen diffused throughout
the ASTM 285 sample crystalline structure when they encounter void spaces. In these spaces there is
an increasing tension, which becomes sufficient to give atomic hydrogen the needed energy to
generate molecular hydrogen. These larger hydrogen molecules which are generated become trapped,
causing the void space to accumulate hydrogen, rising the void internal tension, that can become
larger than the one corresponding to the steel elastic strain , causing plastic deformation and fissures.
The same phenomenon can be observed in Figs. 3 and 4,for the ASTM 516 sample.

Fig.1 Hydrogen Blistering In ASTM 285 Grade G Sample (1100x)
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Fig. 2 Hydrogen Blistering in ASTM 285 Grade G Sample{2500x)

Fig. 3 Hydrogen Blistering in ASTM 516 Grade 70 Sample (4000x)
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Fig. 4 Hydrogen Blistering in ASTM 516 Grade 70 Sample (370x)

Figures 5 to 8 show hydrogen induced cracking in the ASTM 285 sample, caused by a
mechanism similar to the one wich caused blistering. However, in this case the molecular hydrogen
wich was generated promoted a tension level larger than the steel breaking point tension. Figures 9 1o
11 show hydrogen induced cracking in the ASTM 516 sample by the same mechanism. Blisterings
can also be observed in Fig. 9 and deteriorated regions in Figs. 10 and 11.

X19,008  ivm WD37

Fig.5 Hydrogen Induced Cracking in ASTM 285 Grade G Sample ( Nital 5% - 10000x}
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Fig. 6 Hydrogen Induced Cracking in ASTM 285 Grade G Sample { Nital 5% - 370x)

Fig.7 Hydrogen Induced Cracking in ASTM 285 Grade G Sample (550x)}
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Fig.8 Hydrogen Induced Cracking in ASTM 285 Grade G Sample (5000x)

Fig.® Hydrogen Induced Cracking in ASTM 516 Grade 70 Sample (800x)
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Fig. 10 Hydrogen Induced Cracking in ASTM 516 Grade 70 Sample (1600x)

Fig. 11 Hydrogen Induced Cracking in ASTM 516 Grade 70 Sample (6500x)
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Figures [2 and 13 show grain boundary deteriorated regions in the ASTM 285 sample, generate
by the accumulated hydrogen molecules. Figures 14 and 15 show grain boundary deteriorated regions
in the ASTM 516 sample.

Fig. 12 Grain Boundary Deteriorated Regions in ASTM 285 Grade G Sample (Nital 5% - 1400x)

Fig. 13 Grain Boundary Deteriorated Regions in ASTM 285 Grade G Sample (Nital 5% - 7000x)
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Fig. 14 Grain Boundary Deteriorated Reglons in ASTM 516 Sample (Nital 5% - 2500x)

Fig. 15 Grain Boundary Deteriorated Regions in ASTM 516 Grade 70 Sample (Nital 5% - 2700x)
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Figures 16 and 17 show the deterioration wich ocurred close to inclusions in the ASTM 285 and
ASTM 516 samples, generated by molecular hydrogen accumulation in these structural defects. Grain
boundary deterioration can also be observed in Fig. 17.

Fig. 16 Deterioration Close to Inclusions In the ASTM 285 Grade G Sample (8000x)

Fig. 17 Deterioration Close to Inclusions in the ASTM516 Grade 70 Sample {§000x)



M. B, Proenca et al.. Hydrogen Damage Analysis in Catalytical Cracking... 103

Comparing the damage caused by hydrogen in the ASTM 285 grade G and ASTM 516 grade 70
samples, which could be identified by scanning electron microscopy, one observe the same types of
deterioration in both steels, wich suggests the same hydrogen diffusion behavior on the samples, at
the experimental conditions adopted. Although the ASTM 516 steel is a silicon-killed steel, it still
has defects wich are favorable to hydrogen damage, as in the ASTM 285 steel. However, the fact that
the ASTM 516 steel is a steel without internal stresses can be very important concerning sour water
corrosion suceptibility,

Conclusions

The scanning electron microscopy observations suggest the same hydrogen diffusion behavior on
the samples, for the experimental conditions which were adopted.

Both types of steel tested presented the same types of damage caused by hydrogen. Hence, from
this point of view, it does not proceed the move 1o substitute the ASTM 285 steel for the ASTM 516
steel in catalytic cracking units of petroleum refineries.
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