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editorial =

A Revistd Brasileira de Ciéncias Mecanicas — RBOM completou, com o pré
sente namero, dez anos de existéncia. Durante este periodo a RBCM
publicou 156 trabalhos em diversas Areas de engenharia, fisica e
matemdtica aplicada. Um Indice geral destes trabalhos & apresen-
tado nas paginas subsequentes.

A criacdao e manutencao de uma Revista cujo objetivo seja publicar
trabalhos de interesse permanente & uma tarefa drdua. Tal afirma
¢do é particularmente verdadeira tanto no que concerne ao processo
de editoracdo como & revisdo e submiss3o de trabalhos por parte da
comunidade cientifica que suporta a Revista, Neste contexto a RBCM
representa os esforcos de pesquisadores brasileiros que atuam em

.Ciéncias Mecanicas e que reconhecem a importancia de haver um vei

culo de divulgagdo nacional nesta area. Gragas a este esforgo €
gue a RBCM existe, e se constitui hoje pn@. da memoria técnico-
-cientifica brasileira.

Embora existam atualmente no mundo em torno de 35000 periédicos
cientificos cujo objetivo '@ disseminar e argquivar os avangos do
conhecimento, & participagdo brasileira neste processo tem sido
irriséria. O Brasil além de gerar pouco conhecimento cientifico
devido & pequena parcela de sua sociedade que trabalha em pesqui-
sa, ndo conseguiu que um grande numero de seus pesquisadores se
convencesse da importancjia de ter seus trabalhos registrados em ar
tigos de interesse permamente. Poucos sdo os pesquisadores brasi
leiros que tém como hdbito publicar sistematicamente em revistas o
resultado de suas pesquisas. Este fato @ facilmente confirmado ao
se verificar que a RBCM é um dos {inicos (se ndo o anico) periddi-
cos brasileiros na sua area, e que muitos pesquisadores atuantes
em Ciéncias Mecdnicas além de n3o fazerem uso da RBCM ndo tém seus
nomes encontrados nas revistas eg&ranga&as correspondentes.
&

A publicacdo de um artigo em uma révista cientifica é uma ativida
de enriquecedora para os editores, revisores, para a comunidade
que lé a revista, e, principalmente, para 0s autores. Um dos obje
tivos da RBCM para o futuro proximo @ educar o pesgquisador brasi-
leiro neste sentido. A RBCM precisa ser utilizada e divulgada,
Aqueles gque se iniciam na atividade técnico-cientifica se tiverem
sido educados a utilizar a RBCM, sem diavida sentirdo a necessidade
de nela participar como autores. E um forte desejo dos presentes
editores que o editorial dos vinte anos de existé&ncia da RBCM re-
flita este espirito.

Alvaro Toubés Prata
Editor Associado

¥
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UNSTEADY FORCED AND FREE CONVECTIVE
FLOW PAST AN INFINITE VERTICAL POROUS
PLATE WITH VARIABLE SUCTION AND
OSCILLATORY WALL TEMPERATURE

V.M. Soundalgekar
Brindavan Society
Thane — India

S.R. Shende

Walchand Institute of Technology
Department of Mathematics
Solapur — India

ABSTRACT

An analysis of the unsteady flow of an lncompressible, viscous fluid past an
infinite vertical plate has been carried out under the followjng conditions:
1) variable suction at the plate, 2) wall temperature oscillating about a
non-zero constant mean, 3) constant free-stream. Approximate solutions to the
coupled non-linear equations have been derived for the transient velocity and
the transient temperature, the amplitude and phase of the skin-friction and
the rate of heat transfer. The transient velocity and temperature are shown on
graph whereas the numerical values of the amplitude of the skin-friction |B|
and the amplitude of the rate of heat transfer |Q|, the phase of the
skin-friction tan o anhd the phase of the rate of heat transfer tan B are
entered in the Table. The effects of A (variable suction parameter),
(frequency), G (Grashof number) and E (Eckert number) are discussed.

NOMENCLATURE »

|B] amplitude of skin/friction

<, specific heat at constant pressure
E Eckert number

E acceleration due to gravity

G Grashof number

Submetide em abril/88 Acelto em dezembro/88
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k thermal conductivity
M M fluctuating parts of the velocity profile
P Prandt! number

q' rate of heat transfer

9] amplitude of the rate of heat transfer

t' dimensional time

t dimensionless time

™ temperature of fluid

T; temperature of the plate

T temperature of the fluid in the free-stream
Tr‘T1 fluctuating parts of the temperature profile
u', v velocity components in x and y directions

u dimensionless velocity in the x-direction

Uo free-stream velocity

3 mean velocity

u fluctuating part of the velocity

v suction velocity

vy co-ordinate system
¥ dimensionless co-ordinate normal to the wall
w frequency

w dimensionless frequency

T skin-friction

(] dimensionless temperature

:] mean temperature

8(31) amplitude of temperature fluctuation

o phase angle of the skin-friction

81 phase angle of the rate of heat transfer
ey density of the fluid

i;u'a density of the fluid in the free-stream
v kinematic viscosity

I viscosity

INTRODUCTION

Oscillatory flows were studied by Moore [1], Lighthill [2],

Lin

[3]. In Ref.

[2], small amplitude phenomenon was studied and in Ref. [3], finite-amplitude

phenomencn  was  studied. The  theoretical predictions

were

experimentally by Hill and Stenning [4]. Lighthill solved the

‘confirmed
problem by
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integral-method whereas Nickerson (5] solved it by numerical method. In the
presence of constant suction at the horizontal plate, the effects of
free-stream oscillations were studied by Stuart [6] and he observed that
reverse-type of flow exists near the plate at high frequency. Messiha [7]
studied Stuart’s problem on taking Into account variable suction at the
horizontal plate. The effects of free-stream oscillations and the
free-convection currents on the flow in the upward direction past an infinite
vertical porous plate were studied by Soundalgekar [8,9] in case of constant
suction and in the presence of variable suction by Soundalgekar [10]. In Refs.
[7-10], the plate temperature was assumed to be isothermal.

Another physical situation which is often encountered in industrial
applications is that the plate temperature is often found to be oscillating
about a constant non-zero mean. Hence it is interesting to study these effects
of oscillating plate temperature on the upward motion of a viscous fluid, past
an infinite vertical porous plate, in the presence of an uniform free-stream.
This was studied in the presence of constant suction by Soundalgekar [11] and
it is now proposed to study the effects of variable suction at the vertical
infinite porous plate in the presence of an uniform free-stream and
oscillating plate temperature. In Section 2, the mathematical analysis is
presented followed by discussion and in Section 3, the conclusions have been
set out.

These results may be  found applicable in air-conditioning, solar-energy
applications, etc.

MATHEMATICAL ANALYSIS

Here the x'-axis is chosen along an infinite vertical porous plate in the
vertically upward direction and the y'-axis is chosen normal to the plate. The
unsteady flow of a viscous incompressible fluid past an infinite vertical
porous plate in the upward direction is assumed. The mean plate temperature is
assumed to be T;. Then the physical variables are functions of t' and y' only
and are independent of x'. Then the problem is now governed by the following
equations under usual Boussinesq’'s approximation.

Continuity:

av’

F’D (1)
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Momentum:

au’ au’'  au' a%u*

i, T + gBIT'-T') + v 2 (2)

at’ ay’ atr'’ ay'
Energy:

aT" aT’ a’t au’)?
o |~ ¥ =] =k e (3)
P at’ ay’ ay” ﬁy'

All the physical quantities have been defined in nomenclature.
The boundary conditions are:

w=0, T=T +er'-T""Y at y=0

w w @
[4)
u'=U'=U. T-=T| as_v'-»m
o [

For variable suction, equation (1) integrates to [Messiha [6]]

v o= "'o[“': A e“""'] (5)
where A and C are small such that eA<l. A is called wvariable suction

Ll
parameter. The negative sign in (5) indicates that the suction is directed
towards the plate. Introducing the following non-dimensicnal quantities

y=yv/v , 1= t'vi/ap y W= 4o’ /v
o a o
T -T'
o
u=ufU° i U=U/U° . B=T.—_T. i
w (-]
[6)
P=pcsk . G=vgBT-T)/UY
E = Uc (T'-T")
o p w o
in equations (2)-(4) and taking into account equation (5), we get
1 8i o) BY a%u
Z'a?—[lmﬁ.e —=Ge+——2* (7]
ay dy
P ik ae
im " P[iﬂ:!\e —-—‘fPE[] (8)
ay 8y
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and the boundary conditions are

u=0 |, 6-1+nem at y =0

(9)
u=1 , e=0 as y=>0

We observe from equations (7) and (8) that the problem is now governed by
coupled non-linear equations. The exact solution to this system of equations
is not possible. So we now derive an approximate solution. Hence following
Lighthill [2], we assume for the velocity and temperature, in the
neighbourhood of the plate, the following:

u=u +ece®uy
] ]

i (10)

=8 +¢ge [}

o 1

where € < 1. Substituting (10) in equations (7)-(8), equating the harmonic and
the non-harmonic terms, neglecting the coefficients of cz, we get

u" + u' = -G (1)
L] o

lw

W u' - —u = Au'’ - Go (12)
L ] 4 L a 1
8" + P8’ = -PE u'’ (13)
o o L]

iwp
8" + P8 -— @8 =-PA G -2PEu" v (14)
1 1 4 | o o 1

and the boundary conditions are

u =0, uwQ0, 8 =1, 8 =] at u=0

o 1 a 1

(15)
u=l,u]=0.0°=_0.930 as y4w

o 1
Here and henceforth the primes denote differentiation with respect to y. The
system of equations (11)-(14) is still coupled and non-linear and hence
closed-form solutions are not possible. So to get approximate solutions, we
expand UL U, Bo. GI in powers of E, the Eckert number, for E is always small
in case of an incompressible fluids. Hence we assume

u =u +Eu . u =u_ +Eu
o ol 02 1 1" 12

(16}

B =8 +E8@ ' BIHGH-PEB

o ol a2 12
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Substituting (16) in equations (11)-(1S), equating the coefficients of
different powers of E, neglecting those of E% we get the following system of
equations:

+u =-G8 (17
o1 ol ol
e ~GG°2 {18)
iw
'I.I“ l.ll'-“—i.l =-Au° -Gael us)
iw
LR i alh P B g PR k20
8" + P8’ =0 (21)
ol al
" TN
e, + Fauz P u (22)
fwp
8" + PO -—@ =-PA PO 23)
11 n 4 n ol
fuwp
sﬂ + Pa’z =~ eﬂ = -PA Ba! - ZPuolu“ (24)
and the boundary conditions are
o E s Wy By By B0y Mg S0
at y = 0
0= 8 B 80 By Pk Wy SN
(25)
i = 14 "'ez-o' u“-O. uu-O
. at y + mw
e =0, # =0, 8 =0, 86_=20
ol o2 1 1z

Equations (17)-(24) are coupled and linear equations. These are solved sub ject
to boundary conditions (25). To save space, the solutions are not shown here.
The mean velocity and the mean temperature are already shown in Soundalgekar
(11]. Hence the expression for the transient velocity and the transient
temperature can be written for wt = n/2 as

u=u -cM
L] 1

(26)
8=8 -8
o 1

where

M +iM =u , B +i8 =8
r i 1 r I 1
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The expressions are evaluated for different values of A, w, G and E and the
profiles are shown in Figures 1 and 2 for velocity and temperature
respectively. We observe from this Figure 1 that due to the presence of
variable suction, the transient velocity and temperature decrease and due to
further increase in A, the velocity and temperature decrease more. An increase
in the frequency leads to a decrease in the transient velocity, whereas an
increase in G or due to greater viscous dissipative heat, there is an increase
in the transient velocity and temperature.

100
v
3'0..
A G E w
O 5/ 0l % T
u 2 5 01 5 10
2 5 0O 10 IO
60k 2 5 .02 5 IV
2000 5 X
4 5 01 5 NI
v
I
40} hu
10T
20} put
1 1 L i 1 |
(0,0 05 10 1.5 20 25 30

Figure 1. Transient velocity profiles
(£=0.2, wt=n/2, p=0.72)

Knowing the velocity field, we now calculate the amplitude and lhe phase of
the skin-friction. It is given by (Ref. [11])

T =1 + C|B| cos (wt+a) (27
m



208 Rev. BrMec. Rio de Janeiro, Vol. X, n? 4 — 1982

w»m &
m

01

02
o1
s}

A0 >
ndaow

w
5
5
o1 10
]
5
S

' 1 = L 1 1
(0,0 05 10 1.5 20 25 30

Figure 2. Transient temperature profiles
(e=0.2, wt=m/2, P=0.72)

where

du
1

B-Bri-lBl-‘&;— and tana-Bl)"Br
y=0

The numerical values of |B| and tan « are entered in Table 1, We observe from
this table that the amplitude of the skin-friction still decreases with
increasing the frequency w even in the presence of variable suction, A#0. But
an Increase in the suction parameter A or the Grashof number G or due to
greater viscous dissipative heat, there is an increase in the value of the

amplitude |B|. For A#0, the values of tan « being negative, we conclude that
there is always a phase-lag.

From the temperature field, we can now study the amplitude and the phase of
the rate of heat transfer. It is given by
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aT’
q' X = (28)
ay y'=0
Table 1. Values of |B| and tan «, |Q| and tan B,
A G E @ |B| tan a |9 tan @
0 5 0.01 5 2.5260 -0.94108 1.2483 0.63667
10 1.7722 -0.98718 1.6229 0.70725
15 1. 4400 -1.00130 1.9142 0.74762
o 5 0.01 5 8.4393 -0.80514 1.2709 0.56568
10 6.3066 -0.83112 1.6366 0.66321
15 5.2743 -0.85102 1.9244 0.714€6
i 5 0.02 5 B8.4749 -0.80317 1.2649 0.62671
10 6.3441 -0.82835 1.6382 0.69523
15 5.3091 -0.84851 1.9272 0.73592
2 10 0.01 5 16.9630 -0.80304 1.2625 0.73848
10 12.7200 -0.82572 1.6440 0.75041
15 10.6630 -0.84588 1.9338 0.77174
.4 3 0.01 5 14,3610 -0,78302 1.2967 0.50119
10 10.8480 -0, 80780 1.6517 0.62160
3 15 9.1140 -0.82822 1.9354 0.68305
From (6) and (28), we have
! @ de dGI
o
it
q=-"" = - +Ece e (29}
vik(T T ) dy el dy 40

The mean rate of heat transfer has already been discussed in Soundalgekar
[L1]. The rate of heat transfer can be written in terms of the amplitude and

phase as

de

dy |,

+ e |Q| cos (wt+g) (30)

where
dal
BER AR T

y=0 r
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The numerical values of |Q| and tan 3| are entered in Table 1. We observe from
this table that the amplitude |O| increases with increasing the frequency w
for all the values of the suction parameter A. An increase in A or due to
greater viscous dissipative heat, there is an increase in the value of the
amplitude |Q]. The values of tan B, being observed to be positive, we conclude
that there is always a phase-lead in case of the rate of heat transfer,

CONCLUSIONS

1) An increase in A leads to a decrease in the transient velocity and
temperature, but [t decreases with increasing G or due to greater viscous
dissipative heat.

2) The amplitude of the skin-friction |B| increases with increasing the
suction parameter A or the Grashof number G or due to greater viscous
dissipative heat but decreases with increasing the frequency w.

3) There is always a phase-lag in case of the skin-friction.

4) The -amplitude of the rate of heat transfer |Q| increases with increasing
the suction parameter A or the frequency w or due to greater viscous
dissipative heat or’ due to increasing G.

5) There is always a phase-lead in case of the rate of heat transfer.
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INVERSE HEAT CONDUCTION PROBLEMS

M. Necati Ozisik

Department of Machanical and Aerospace Engineering
North Carolina State University, Raleigh, NC 27695-7910

ABSTRACT

A whole domain function specification approach and a splitting-up procedure are utilized
to develop a computationally efficient method for solving linear inverse heat conduction
problems subjected to time variation of temperature, heat flux or ambient temperature at
only one of the boundary surfaces of the region. The use'of segmented polynomials in the
time variable to represent the applied surface condition is found sufficiently versatile o
accommodate a wide variety of surface conditions involving smooth variations as well as an
abrupt change in the surface temperature, heat flux or ambient temperature. A method-
ology is presented to estimate qualitatively the stochastic error in the predicted surface
condition before measurements are taken. The confidence bounds provide information not
only on the precision of the estimated temperatures in the inverse analysis, but also on

whether any corrective action is needed to improve the precision of predictions.

NOMENCLATURE

Bi Biot number

F(t) boundary condition function

n total number of measured interior temperatures

ny number of measured temperatures on or before the abrupt change time, 7
ng number of measured temperatures after the abrupt change time, r

r radial space variable

Palestra convidada, apresentada pelo Prof. Uzisik no 29 Encontro Nacional de Ciénclas Térmicas -
- ENCIT 88, em Aguas de Lindoia, SP, Dezembro 1938.



304 Rev. Briec. Rio de Janeiro, Vol. X, n? 4 - 1988

t, 4 time; time at the measured ith temperature
b the duration of measurements

T(r.t) temperature

T measured ith temperature

Greek Letters

b; 4, 025 coefficients defined by Eq. (2)

€ measurement errors

oh variance of the surface condition, F(t)

o3 variance of the measured interior temperatures, T}

T time at which an abrupt change occurs in the surface condition, F(t)
Subscripts

1 time interval on or before the abrupt change time, r

2 time interval after the abrupt change time, r

I contribution from the initial temperature

J contribution from the jth term representing the surface condition
Superscripts

® estimated parameter

INTRODUCTION AND LITERATURE SURVEY

Direct heat conduction problems are concerned with determining the interior tempera-
ture distribution of a solid from a known partial differential equation, thermophysical
properties, internal energy source, initial temperature and boundary conditions. Con-
versely, inverse heat conduction problems (IHCP) involve determining unknown thermal
properties, internal source, initial temperature and/or boundary conditions from a known
partial differential equation and the remaining known initial, boundary, etc. conditions
plus some incomplete information about the interior temperature history and/or over-
specified boundary conditions. The many types of inverse heat conduction problems all
share the characteristic of being mathematically ill-posed in that the inverse solution is
sensitive to small changes in the input data in its initial formulation. Examples of inverse
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heat conduction problems include the estimation of surface temperature, heat flux or heat
transfer coefficient at one of the boundaries of a region from discrete interior temperature
measurements and known boundary conditions at the other boundaries; determination of
thermal conductivity and diffusivity from temperature measurements taken in the interior
region and at the boundaries; estimation of the solid-liquid interface position in a melting

or freezing substance from temperature data taken in the solid region.

Practical applications of inverse heat conduction analysis are numerous, Fre-
quently the direct measurement of surface temperature is not possible so that the surface
conditions must be inferred from the interior temperature distribution. For instance, mea-
surement of surface temperature inside a gun barrel or of an internal combustion engine
cylinder sidewall can not be done by direct thermocouple measurement without damaging
the thermocouple, Harsh chemicals or very high temperatures at a boundary may also
damage a surface mounted temperature sensor. In other situations, the presence of a ther-
mocouple changes the actual boundary conditions. The heat transfer between contacting
surfaces is strongly dependent on the small scale surface roughness and geometry; the
presence of a thermocouple on the surface alters the surface properties being measured,
If the surface is subjected to thermal radiation, presence of the temperature sensor may
disturb the surface radiative properties such as emissivity and reflectivity. In many appli-
cations the boundary of interest is moving due to ablation or phase change making direct
surface measurements impractical, These examples all concern the IHCP problem of de-
termining an unknown surface condition (temperature, heat flux, heat transfer coefficient)
from measurements taken below the surface, Measurement of constant or temperafure de-
pendent thermal properties also involves the solution of an IHCP. In casting and welding
processes, a specific solid-liquid interface position with time is frequently desired. The
manner in which cast metals solidify affects the strength of the casting. The shape of
the weld pool affects the weld strength. Hence, the capability of determining the required
external boundary conditions and initial temperature distribution needed to produce a
particular solid-liquid interface in the interior region through the solution of an inverse

problem is very useful.
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The familiar direct heat conduction problems are mathematically well-posed in
the Hadamard sense (1, pp. 7- 9]; that is, a solution exists, the solution is unique and the
solution is stable. Stability is taken to mean small variations in the known input informa-
tion produce small variations in the problem solution. Conversely, inverse heat conduction
problems are ill-posed in their initial formulation. An ill-posed problem does not yield
a solution satisfying all the above conditions in its present formulation. Gradually, re-
searchers realized that many real physical problems are truly improperly posed. Recently,
Tikhonov and Arsenin [1], Payne (2] and Morozov [3] have presented detailed mathemat-
ical analysis of improperly posed problems and formalized our understanding of inverse
problems in general. Beck, Blackwell and St. Clair, Jr. discuss the solution of inverse heat
conduction problems in particular [4] and present an extensive review of the subject. An
extensive bibliography of the Soviet research on IHCP is given in the references [1,3]. Many
types of THCP problems have appeared in the literature including determination of surface
conditions [1,4,6,7], measurement of thermophysical properties [8,9], inverse phase change
problems [10,11], estimation of an initial temperature distribution [12| and determination
of the geometry of the solid region [13] to name a few.

Since the solution of an equivalent direct heat conduction problem is implicit
in the inverse heat conduction solution, it is not surprising that virtually all of the di-
rect heat conduction techniques appear in the IHCP literature. For linear problems vari-
ous eigenfunction expansion techniques have been used including Duhamel’s theorem (or
convolution integral), the integral transform approach and Laplace transforms [6, 14-16].
These approaches naturally lead to the solution of Fredholm and Volterra-type integral
equations. For nonlinear problems various finite difference and finite element approaches
have been used in the solution of THCP problems [f7—23]. Other papers present more
computationally efficient versions of solving the direct problem, such as, methods utilizing
rapidly converging eigenfunction series [14,15,16| and linearized problems [24]. For peri-
odic problems trigonometric functions are frequently used [27,28], but later work uses a
polynomial periodical B-spline basis for such problems [25,29]. By restricting the allow-
able functional form of the inverse quantity to a representation with a few parameters, the
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inverse problem becomes a discrete parameter estimation problem instead of a function
estimation problem, Finite difference and finite element methods can be used to discretize

the inverse quantity too [18-23].

Probably the most important aspect of the inverse solution is the method of
stabilization of smoothing used. Frequently used is an inverse parameter set with a lower
dimension than the number of independent input data [4,6,29). Another approach is to
augment the minimization function with terms which penalize large values, slopes and /or
curvature. This method is known as the regularization method [1,4]. A combination
of these two approaches can be used [31]. Other workers introduce smoothing from the
outset of the problem by modelling the parabolic heat conduction with the hyperbaolic heat
conduction equation [21,32]. Digital filters have been used to presmooth the input data or
smooth the unstabilized results [18]. Various methods advanced in linear algebra can be

used such as damped least squares and singular-value decomposition,

So far only deterministic aspects have been considered. Since practical inverse
heat conduction problems involve measurement errors, some researchers have included a
statistical analysis of the effects of measurement error on the computed inverse results

(4,18,29,33-35),

An important aspect of inverse heat conduction research concerns optimal inverse
results. Some researchers have recognized the importance of computationally efficient al-
gorithms [14,24,25], as previously mentioned. The main concern is optimizing the amount
of smoothing in the inverse solution., The more parameters or flexibility included in the
analysis (not more than the number of independent data) and the less the amount of
smoothing, the more capable the method is of modelling or determining the true variation.
The deterministic error is lowest with the maximal number of parameters and lt;.ut smooth-
ing. Conversely, the fewer the number of parameters and the more smoothing included,
the less sensitive the parameters are 1o the measurement errors. The stochastic error de-
creases with the number of parameters and amount of smoothing. The optimal amount

of smoothing can be estimated statistically. Several papers include statistical methods for
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matching the level of smoothing to the level of error in the input data [1,4,26,30,35].

Determination of thermophysical properties is another active area in I[HCP presently
[8,9,30,40-60], particularly with respect to Soviet research. Barly works emphasize im-
proved or alternate methods of minimizing the error function between the measured
and estimated data. The methods utilized include steepest descent [30,49,9], exhaustive
search 40|, semi-trial and error [41], Newton [43], random search [44], conjugate gradients
[8,45,49,51,54,59,60] and bisection [53]. Some papers treat special problems such as com-
posite media [59|, particular materials [9,51], porous media [54] and phase change problems
[61]. More recent studies consider attainment of optimal results and experiment planning
[55,56,58).

WHOLE DOMAIN FUNCTION SPECIFICATION METHOD FOR LINEAR
INVERSE HEAT CONDUCTION

The whole domain function specification approach can be applied to the inverse problem of
computing the surface temperature and heat flux at one surface based on known boundary
conditions at the other surfaces and discrete measurements of the interior temperature.
The whole time domain method makes use of a splitting-up procedure in solving the
equivalent direct problem to obtain fast converging series expansions. The method can
accommodate discontinuous variations in surface temperature and the statistical analysis
gives the effects of measurement errors on the inverse results, The deterministic part
of the methodology in a generalized notation is given by Flach and Oszisik [35] and a
one-dimensional analysis is presented by Al-Najem and Ozigik [14]. Here we consider a
one-dimensional solid cylinder with no energy generation and zero initial condition, but
subjected to an unknown, time-varying convection boundary condition. The appropriate

boundary value problem is given by

19 aT(r,t)\ _ 8T(r,2)

r8r( Br )‘ a VRrs (1a)
1 aT

Biar t7=F0) L8 us

T(r,0) =0 t=0 (1e)
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where F(t) is the time-varying ambient temperature to be estimated by the inverse analysis.
We choose the functional form for F(t) over both phases as a quadratic polynomial in t

given by .
F(t) =Y 0yt t<r (2a)
§=0
and ; ;
F[t) = E 91,-1"' + EG,,(t o f)’ t>r (25)
j=0 j=0

The solution to problem (1) is readily obtained using the splitting-up procedure and the

resulting solution can be arranged in the form

T(f, t] = g‘h‘x“‘(f, t) (36)
and : .
T(f, ‘) - E OUX,,(r, ‘} + Z 0,,-X,,- (f, ‘) (3&)
j=0 i=0

where the X functions are listed in reference (35].

Having established the formalism for the solution of the direct problem (1), we
now examine the solution for the inverse problem which is concerned with the determina-
tion of the unknown applied surface temperature F(t) from the temperature measurements

taken at an interior point of the body.

Suppose n temperature measurements are taken at a location x; at times ¢;
(f = 1,2,...,n). Let the first n, of which be taken on or before the time ¢ = r and
the remaining ny = n — n; taken after ¢t = 7. Here the time r, at which an abrupt change
occurs in the surface condition, is an unknown; therefore the parameters n; and n, are
also unknowns. Assuming that the measurements are subject to errors ¢ with zero means,
the measured temperatures, T; are related to the formal solution, given by equations (3),

= 2
Ti= Ea,,xu(x.,:.) +€u $2=1,2,,.0,0 (4a)

b

and

L= ia,,x,,[x,,t.-) e 2 i ﬂg,txsf(xht,'] + 6y 1= [ﬂ; -F l), (ﬂ.1 =} 2), s (4&)

j=0 i=0
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with
1 ST <t 4t (4¢)

Clearly, due to the presence of random measurement errors, ¢;, the measured temperatures,

ﬂ, are also random variables.

The solution of the inverse problem as defined by equations (4) is now reduced to
that of estimating the unknown parameters 8,;, #3;, 7 and n;, which is essentially a problem
in two-phase regression. Estimates to the true values of the unknown parameters #8,;, 5,
r and n, can be obtained without making further assumptions about the distribution of
the errors, ¢;, by using the least squares technique as now described.

The residual sum of squares (SSE) over both phases of the regression is obtained
from equation (4) as

SSE = i‘:& + i &

i=1 i=f+1
Ay 2 »

= Y |Ti- Eiuxli]
i=l i=0

3 2 ?

+ ¥ In-Yiixy-Y §=1Xs:‘] ()

i=A1+1 =0

Here we used the notation 5;5,‘” and fi; to denote estimates of the true values
of 8,;,0;; and n,, respectively. The SSE is minimized with respect to the linearly occuring
parameters 6, j and 6,5 by differentiating equation (5) with respect to il.f and i’j and setting
these derivatives equal to zero.

To minimize with respect to the discrete unknown #, we assume that measure-
ments are taken with sufficiently small intervals that negligible error occurs by setting
f = ty;. Then, for a specified value of #i; (which now also fixes 7), differentiating equation
(5) with respect to 51_,- and 5,,- and setting the derivatives equal to zero, we obtain a set of

equations for each possible value of &, (or equivalently 7).
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The unknowns 51,- and é,,-, for each possible value of @, (or #;) is determined
from the solution of these equations, for each possible value of #, (or #). Clearly, the #,
(equivalently 7) which produces the minimum SSE is the estimated value of the true value

n,y (or 7).

CONFIDENCE BOUNDS

SBometimes lacking in the I[HCP literature is the statistical analysis of the effects of mea-
surement errors on the estimated boundary condition. Confidence limits on the inverse
solution are a crucial aspect of the IHCP. Without the confidence bounds on the esti-
mated surface condition, the validity and accuracy of the inverse solution is in doubt.

Approximate confidence bounds are now developed for the estimated boundary condition.

The difficulty in the statistical analysis comes from the discrete parameter n, and
nonlinear parameter 7. In the present work we neglect any errors in estimating n; and r and
develop approximate statistical inferences concerning the stochastic error in the estimated
surface condition. We also assume uncorrelated, normally distributed measurement errors
with constant variance and zero mean. Then approximate statistical inferences concerning
the estimated parameters é;,- and 321 are readily obtained. Under these assumptions, the
estimated parameters, 51 ; and 5;,—, are unbiased, and the variance-covariance matrix of the
6,; and 6y; coefficients is determined. The variance of the estimated surface condition (i.e.,
o},] depends on the precision 6f the measurements oy, the measurement location x,, the
times of the measurements ¢, the total number of measurements n, the time of the abrupt
change in the boundary condition # (or #;) and the sensitivity coefficients X, while X
depends only on the geometry and the boundary conditions for the problem considered.
Therefore, for a specific application selected from the general problem given by equations
(1), the sensitivity coefficients are fixed. Then for a particular problem, var (¥) depends

on oy, Xy,ti, 7 (or ;) and n.

Once an estimate # is obtained from the measured data, approximate confidence

bounds are for the estimated surface condition F(t). For example 99% confidence bounds
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on F(t) are
P(t) +2.57T605(t) (6)

since 99% of a normally distributed population is contained within +2.576 standard devi-
ations of the mean. Since the variance in # (or #i;) has been neglected, the true confidence

level associated with equation (6) is lower than 99%.

RESULTS AND DISCUSSION

To illustrate the application of the foregoing inverse analysis in the determination of the
surface condition and the confidence bounds, we consider a one-dimensional, solid cylinder
with no energy generation and zero initial temperature and a time varying surface tem-

perature F'(t). We assume an abrupt change in the applied surface temperature F(t) at a
time r.

We examine, first, the effects of parameters such as the measurement location
X; = 11, the number of measurements n, etc., on the normalized standard deviation o5 /o1
of the estimated boundary temperature. Figures 1a, b, c, d illustrate the effects of, re-
spectively, the measurement location ry, the number of measurements n, the time of the
abrupt change in the surface temperature 7, and the length of the time interval over which
measurements are taken, ¢,,,., on the normalized standard deviation for the cylinder prob-
lem described above for evenly spaced data measurements and Bi = oo (i.e., prescribed
surface temperature). Figure 1a shows, as expected, that the standard deviation decreases
as the measurement location r; is moved towards the surface subjected to the unknown
temperature variation. Increasing the number of measurements, n, taken over the total
measurement time {,,: decreases the standard deviation as shown in Fig. 1b. The time 7
at which an abrupt change occurs in the surface temperature strongly affects the standard
deviation as illustrated in Fig. 1c. Clearly, peaks occur in the standard deviation at times
7 when an abrupt change occurs in the temperature. Note that the peaks shown in Figs,
la and 1b coincide with the location of f. Figure 1d shows that the shorter the total dura-
tion of measurements, t,.,., the larger the standard deviation because less information is

reaching the measurement location. Standard deviation charts such as those illustrated in

"
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Figs. la~d are quite useful in planning the optimal conditions for measurements in inverse

studies.

We now utilize the present inverse method to analyze simulated measured data
for the case Bi = oo (prescribed surface temperature). Figure 2a shows the simulated
measured data produced by adding pseudo-normal errors with zero means and o = 0.01
to the exact centerline temperature for a step change in surface temperature. Figure
2b shows the exact surface temperature F(t) and our predictions F(t} with the present
method of inverse analysis. Included on this figure are the 99% confidence bounds on F(t).
Indeed, the exact temperature lies within the confidence bounds. In these computations,
we consider the temperature probe located at the centerline, r; = 0,100, evenly-spaced
measurements are the time interval 0 < ¢ < 1 and the precision of the measurements is

or = 0.01.

Figures 3a,b are prepared to illustrate the usefulness of the confidence bounds
in determining whether sufficient measured information has been obtained to accurately
estimate the unknown surface temperature. In Figure 3a the broad confidence bounds
near the end of the measurements suggest that insufficient information has been received
to adequately predict the surface temperature in this region. Indeed, the estimated surface
temperature is significantly in error near the end of measurements. Insufficient measure-
ments may have been taken to properly estimate the temperature over the entire time
domain. Therefore, we extend the length of time over which measurements are taken from
tmaz = 1 10 tmaz = 1.5 as shown in Fig. 3b. Now the confidence bounds indicate a well
estimated surface temperature over the entire time domain which is in agreement with
the actual predicted temperature. Hence, the confidence bounds not only establish the
precision of the estimated temperature, but also provide information whether corrective

action is needed to obtain a specified level of precision.
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5.0 7

n=00

Figure la. Effect of measurement location, r;, on the normalized
standard deviation, op/or, of the estimated surface
temperature (n = 100, # = 0.5, tmaes = 1).

88 7 —-—-— N=150

Figure 1b. Effect of the number of measurements, n, on the normal-
ized standard deviation, o /or, of the estimated surface
temperature (r; = 0,7 = 0.5,tmas = 1).
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Figure lc. Effect of the time of the abrupt change in the sur-
face temperature, f, on the normalized standard de-
viation, op /o7, of the estimated surface temperature
(ry = 0,n = 100, tmgs = 1).
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Figure 1d. Effect of the duration of meaurements, tm,z, on the nor-
malized standard deviation, op/or, of the estimated

surface temperature (r; = 0,n = 100, = 0.5¢t;nqs).
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Figure 2a. Simulated measured centerline temperature, T;, as a
function of time, t, for a step change in surface tem-
perature as shown in Figure 2b.
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Figure 2b. Estimated surface temperature, F(t), and the 99% con-
fidence bounds for a step change in the surface temper-
ature (r; = 0,n = 100, tmez = 1).
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Figure 3a. An illustration of the effects of insufficient measure-
ments on the estimated surface temperature after an

abrupt change (r; = 0,n = 100, tmaz = 1).
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Figure 3b. An illustration of overcoming the difficulty shown in
Figure 5a by taking additional measurements (r; =
0,n = 150, t,nay = 1.5).
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ON THE DEVELOPMENT OF EFFICIENT
ALGORITHMS FOR THREE DIMENSIONAL
FLUID FLOW

Robert W, MacCormack
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ABSTRACT

The difficulties of constructing efficient algorithms for three dimensional flow are
discussed. Reasonable choice candidates are analyzed and tested. Most have obvious
shortcomings. Yet, there is promise that an efficient class of algorithms exist between
the severely time step sized limited explicit or a.pproxin.'lately factored algorithms and the

computationally intensive direct inversion of large sparse matrices by Gaussian elimination,

INTRODUCTION

The rapid advances in computer hardware and architecture achieved during the last
decade have enabled computational fluid dynamicists to solve many complicated two and
three dimensional flows, Yet, even with the present computer resources and those expected.
to be available in the near future, there exist many problems of present engineering interest
that remain impractical computations. The prediction of the intensely hot flow about
candidate designs for the National Aero-Space Plane (NASP) and through their supersonic
combustion ramjet engines are cases in point, New developments in the construction of

efficient numerical methods are desperately required now,

Palestra convidada, apresentada pelo Prof. MacCormack no 28 Encontro Naclonal de Ciercias Térmicas
ENCIT B8, em Aguas de Linddia, SP, Dezembro 1988.
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Rapid advances haye been made also in computational fluid dynamics. The 1970’
saw the development of implicit approximately factored methods using block tridiagonal
inversion [1,2] that greatly improved numerical efficiency and enabled computational fluid
dynamics to attack a broad range of new complex problems. The emph#is of the ‘1.9.8(}'5 has
been on the development of highly accurate procedures that use upwind flux split difference
approximations with flux limiters [3-6]. During the mid 1980’s the upwind procedures
were used to cotnbine implicit block tridixgofial Hvéralosi’ fith Casiss S teliikation
to produce efficient unfactored implicit methods [7-10]. The unfactored schemes showed
exceptionally fast convergence rates for certain classes of problems in two dimensions,
Three dim¢nsional flow solvers have remained persistently slow, however, usually requiring
hundreds of integration time steps to converge to steady flow solutions.

Well here we are now on the verge of entering the 1990’s. What can we expect from
computational fluid dynamics to meet our present large requirements? Can we expect the
development highly efficient schemes, those with unbounded integration time step sizes, for
compressible viscous flows about or through complex three dimensional geometries? For
steady flow solutions, can we approach the efficiency of a Newton procedure for determining

7 the roots of a vector equation? Can the number of iterations required for the solution be
reduced to only those necessary because of the nonlinearity of the flow, perhaps a few
dozen or so? The present paper discusses some of the difficulties of combining the basic
elements of computational fluid dynamics, whose previous development have represented
computational triumphs, into efficient methods for three dimensional compressible flow.
At present there does not exist such a method nor is it promised that will one be presented
herein. It is hoped, however, that by focusing attention on this problem research for its
solution will be stimulated.
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GOVERNING EQUATIONS AND NUMERICAL METHODS

Although our interest in general concerns both steady and unsteady flows, we will
focus our attention on searching for algorithms that converge rapidly toward a steady state.
The algorithms under consideration will faithfully approximate the equations governing
unsteady flow without trying to fool Mother Nature by preconditioning them or modifying
their underlying physics. Nor will strategies for accelerating convergence by tampering with
the numerical temporal history of flow evolution,such as local time stepping, be considered.
Optimal algorithms for converging rapidly to steady flow should also serve efficiently in
solving for time dependent flows. Although viscous effects do not receive attention directly
herein, the results of our discussions also apply directly to compressible viscous flow. The

numerical solutions to be presented are viscous flow solutions.

We begin our discussion of efficient numerical procedures for three dimensional flows

by first considering optimal methods for one and two dimensions.

One Dimension

The unsteady equations governing compressible flow in one dimension can be written

in the following vector form.

au dF
AT )

The vector U is the state vector whose elements completely specify the flow at a given
time at each point in z coordinate space. The vector F is the flux vector that describes

the convection of mass, momentum, and energy within the fluid and the stress acting on

the fluid.

An implicit finite difference approximation to the above partial differential equation
is (see also Fig.1)
+1 +1
UPH -Ur _ D e Py —FG @)
At R Az
where the subscripts refer to a spacial set of mesh points, z, , spaced Az apart and the

superscripts refer to times " and t"*! spaced At apart. The symbol D represents a spacial
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difference operator acting on the flux vector F'. The superscript n + 1 on F implies that
its value depends implicitly upon the new value of U at the new time t"*!, Because F is
in general a nonlinear function of U, a linearization of F' will be required before we can
solve the above finite difference equation. For the equations describing compressible flow,

the Euler equations, the flux vector can be expressed as

F = AU, where A = %, the Jacobian of F with respect to U.

Using a central difference approximation for D,

(AU + AisaUsip)

3 where the Jacobian matrices A are evaluated at

ﬂﬂ- o

time ",

The difference equation becomes

1+1 i—1

U‘_n+1 i Ui“ - é_Az_:; (AH_]U_“-PI = A,-_lU!"+1

or
BUrY + AUPH + CUMY = D (3)

where
AtAy, 2

B e AEL  Cs

Eq.(3) represents a block tridiagonal matrix equation, which together with an implicit
formulation of the boundary conditions at the end points of the numerical domain, can
be solved directly using the Thomas algorithm. This algorithm consists of a forward
elimination followed by a backward substitution to directly determine the solution vector
U at each grid point.

Alternatively, the flux vector F' can be split as follows
Fiiy =AUi + A Uiy

where A, and A_ are the split Jacobians formed by diagonalizing the matrix A by a
similarity transformation, replacing the elements of diagonal matrix containing the eigen-

values of 4 by two diagonal matrices, one containing only the positive elements and the
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other containing only the negative elements, and then by re-multiplying by the similarity

transformations.
A=TIAT, A=Ay +A-, A =T7A,T, and A_=T7A_T.

The difference operator D is then used to represent upwind difference approximations for
each part of the flux split vector (see Fig.2). There is considerable choice in the present
literature on what type of splitting to use and how to determine the split Jacobians from the
data at neighboring mesh points near mesh point (i). At present the flux vector difference
splitting of Roe [5] appears to be a very good choice for both the solution of the Euler
equations and for the compressible Navier-Stokes equations in which the inviscid terms are

upwinded.

A simple resulting flux split implicit difference equation has the same form as Eq.(3)
but with the following definitions for the block matrix elements.

x . G . At 5 Ap
Be-pArgy  A=Trg(An,-4-) wd C=oa-

The flux split formulation is seen from the above to add weight to the diagonal block
matrix element A. This property could be used to solve Eq.(3) indirectly by a relaxation
procedure, which will be discussed later.

Eq.(2) can be written in “delta law” form by first defining
suy=Urtt -up

| and then rewriting Eq.(2) as

D D .
{I + At A}EUi = ~At—F = AU, (4)

where the difference operator D always operates on all factors to its right.

The seript éU is the change in the solution solved for implicitly by inverting a block
l. tridiagonal matrix equation. The triangular AU represents the predicted change in the
| solution using local data to explicitly approximate the right hand side of Eq.(1), which
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we will call the driving term of the implicit equation and is also often referred to as the
residual term. It contains the local information of the flow physics at each grid point.
Although a linearization has been used on the left hand implicit side, the right hand side
retains all the nonlinearity of the original partial differential equation. The left hand side
of the above equation extends the numerical domain of dependence so that information
computed locally can be felt at grid points far away. It globally integrates the data and
maintains numerical stability for large time steps,

Eq.(4), solved for each time integration step directly by block tridiagonal inversion,
represents an optimal solution procedure for the equations describing one dimensional
compressible flow. Solutions should require at most a few dozen time step integrations
for convergence. Of course, since we are discussing only one dimensional flow at present
there is lit;‘,le need to worry about optimal procedures. Any accurate convenient method,
explicit or implicit, should suffice for most one dimensional problems of current engineering

interest.

Two Di ;
The unsteady equations governing compressible flow in two dimensions can be written
in the following vector form.

U aF oG
TUE S (®)

An implicit delta law form approximation to Eq.(5) is given by

D D D DN\
t — gy 4 e — — = ;
{I+A( . A+ n B)}.SU.,, At( zF+ yc) AU; (6)

W
in which A and B are the Jacobians of the flux vectors F' and G with respect to U,
respectively.

Upon performing the operations specified by the difference operator D, the following
block pentadiagonal matrix equation results,

é&U.'.jq.) + jéUﬁJ + étsU.‘J_i s .bGU.‘q,],j + E5U.'_1.j = AU.-J (7)
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The new solution upon solving matrix Eq.(7) is

o =Ur+ 68U

Unfortunately there exists no direct efficient solution of Eq.(7). If the five diagonals
were adjacent, or nearly so, then efficient solution would be possible. However, on an n xn
mesh two of the diagonals lie n positions away from the main diagonal,precluding direct
efficient inversion. Direct solution is still possible by Gaussian elimination which can be
made less costly by taking advantage of the sparseness of the matrix equation. Two other
choices are to solve indirectly by Gauss-Seidel line relaxation, which we will discuss later,
or directly by approximate factorization, which we discuss now.

Eq.(6) is replaced by the following factored implicit equation.
D D
{I+ ﬁf'A—x . A} {I"i‘ﬁt-&-v— . B} 5U;’J = AU.‘J
The above equation is an approximate factorization of Eq.(6) and agrees with it to terms
of second order in At. Each factor represents a block tridiagonal matrix operator which
has a direct efficient inversion procedure. The equation is solved as follows.

1) Define 6UJ; = {r+m%-3} §U

2) Solve {.f+ At—gx— . A} 8US; = AU, ;

D .
3) Solve {I + Atﬁ_y . B}&U;’j = JU.-J

4) Update UMM = UM 48U, ;

The above algorithm has been the work horse of computational fluid dynamics for
solving the equations of compressible viscous flow during the last decade and a half. Un-
fortunately, the factorization introduces an error term, not originally present in Eq.(6), of
the order of

D D AtA AtB

2 & 4 P Rt B e
At = AAII B&§U e AVDGU

whose magnitude is proportional to the product of two one dimensional CFL (Courant-
Friedrichs-Lewy) numbers. The main purpose of using an implicit method is the efficiency
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gained by using large integration time step sizes. This efficiency is now severely compro-
mised by the accuracy need to keep the approximate factorization error small during the
initial transient phase of the calculation. Approximately factored schemes usually require
several hundred time steps for convergence to steady state.

Ideally what is desired is a scheme approaching the efficiency of a Newton method
with unbounded time step sizes. For example, Eq.(6) with infinite At becomes.

D D
At (EA-F A_‘yB)'SU'J —&U.",

The above is identical in form to Newton's method determining the solution of the vector
equation F(X) =0, i.e.
P(X")(X"* — X") = F(X")

which in our case FF = AU, X = U, and we are determining an approximation to the
steady state solution to Eq. (5).

Eq.(6) can be solved indirectly with nearly unbounded time step sizes by Gauss-
Seidel line relaxation. CFL numbers of several thousand are not uncommon. Gauss-Seidel
line relaxation solves Eq.(7), the block tridiagonal form of Eq.(6), iteratively as follows.
First the 6U; ; are initialized for relaxation index ¢ = 0 by setting them to zero, the null
vector, at all interior points and by calculating them implicitly at all boundary points.
The ¢ direction, or the z-direction if the mesh is Cartesian, is identified roughly with the
flow direction. The j direction spans the flow field, from blade to blade in the cascade flow
problem shown in Fig.3 to be discussed as an example later. Starting at the downstream
boundary and moving toward the upstream boundary, Eq.(7) is solved for a line at a time.
The three line terms at (i,) — 1), (¢,7), and (1, 7 + 1) are solved for simultaneously by block
tridiagonal inversion while the two off line terms, (i —1,7) and (¢ + 1,7 ), are evaluated in
Gauss-Seidel fashion using the latest available data and then placed on the known right
hand side of the equation. For the sweep in the negative 1 direction, the term at (: + 1,5)
lies behind the line and is evaluated at relaxation index ¢, and the term at (1 — 1,7 ) lies
ahead of the line and is therefore evaluated at £ — 1. The block matrix elements and the
driving term 68U, ; remain unchanged during the Gauss-Seidel iteration process and are
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evaluated using data at time t",

BsulY,, + AUl + ¢sul_, + DS, ; + BsUSTY = AU,

After the first sweep is completed, a second sweep is started at the upstream boundary
with the solution line moving in the positive i direction toward the downstream boundary
as follows.

& cro(t e U S 7 1L (g S e (1) )

BsULEY) + AsULHY + Csulst) + DeUll, ; + EsULYY) = AU,

Flux splitting is used to make the block diagonal elements as highly weighted as
possible to enhance iterative convergence. Usually the results after two iterations, one
upstream followed by one downstream sweep, are sufficient. Also, the spacial differencing
on the right hand explicit side is usually second order upwind and that on the left hand

impligit side is first order upwind differenced. The resulting approximation is first order

accurate in time and second order accurate in space.

The above two sets of Gauss-Seidel line relaxation equations can also be expressed

as foliaws.
I+Aat—-BLsU'9 £ At— -AEU-“-') = AU; ; (8)
Ay fud Ax b b

where £ indicates that the latest data is used in the evaluation - some at ¢ and some
at £ — 1. The flux split traffic pattern to and from mesh point (1,7) is shown in Fig.4.
Note that all data travelling away from mesh point (1, ;) oontribu";é weight to the diagonal
block matrix element A. Solutions to the Navier-Stokes equations for transonic flows past
cascades as shown in Fig.5 require about 50 time step integrations for convergence. The

CFL numbers increased with each time step reaching vales as high as 10°,

Before proceeding to the next section on three dimensional flow, let's summarize our
discus.sion on one and two dimensional methods. An optimal method for solving Eq.(3},
describing one dimensional compressible inviscid or viscous flow, is given by Eq.(4) and
costs one block tridiagonal matrix inversion per time step. In two dimensions Eq.(5),

describing compressible inviscid or viscous flow, is optimally solved by the unfactored
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method of Eq.(8) and costs two block tridiagonal inversions, one for each sweep per 1 mesh
line, plus two Gauss-Seidel difference approximations per mesh point, per time step.

Three Dj =y

The phrase, which I have at times written myself, “the extension to three dimensions
is straight forward” appears often in papers describing new numerical methods. Unfortu-
nately, it is not straight forward at all. The leap from two to three dimensions is every
bit as large as from one to two, and its graveyard will be as large as that for viable one
dimensional methods who perished upon two dimensional application.

The unsteady equations governing compressible flow in three dimensions can be writ-
ten in the following vector form.

The equations are written in Cartesian form for simplicity, but for actual computa-
tions they must be either transformed from (z,y, z) physical space into (£,n, () computa-
tional space and solved there or approximated directly in physical space by a finite volume
approach. This latter approach was used for the computations of this paper. In our dis-
cussions we will identify the computational indices (i, j, k) with the coordinate directions
of the computational space, which is in general non-Cartesian.

As an initial three dimensional test problem, let’s take the flow problem of Fig.5
and add a third dimension in the z-direction by replication of the cascade geometry in all
parallel planes. The three dimensional cascade channel has a plan view as shown in Fig.6a
and a span view as shown in Fig.6b. The channel is approximately three times as long
as it is wide or tall. The side walls in the z-direction will be treated as slip boundaries |
and the entering flow will have zero velocity in the z-direction. Thus, although treated
numerically as three dimensional, the flow should actually be only two dimensional with

the solution replicated on each z — y parallel plane.
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We will now consider some candidate algorithms for the efficient computation of three
dimension.a.l compressible flow. In practice we will, perhaps, never achieve the development
of computational ‘;nethods with unbounded integration time step sizes. However, for the
test problem just described we should be able at least to take the same time step size as
was used earlier for the two dimensional method whose results are shown in Fig.5. The
algorithms given below are all reasonable choices that display some surprising difficulties
when applied to solve our simple three dimensional test problem at large time steps.

3-D Algorithm #1 (BTD-y + GS-x + GS-z).

An implicit unfactored approximation to it is

D

{I+At: }JU“),+ATAI Aw‘,,+mA -csul),

DF DG DH
= (A! e + Az )."j‘g = AU‘J.‘
in which A, B, and C are the Jacobians of the flux vectors F, G,and H with respect to U,
_respectively. This algorithm was used in Ref.[11] to calculate three dimension supersonic
 flow past the X-24C Air Force Shuttle design. Although it performed well, it was limited

to only moderate time step sizes, as we will soon see why.

_ The j direction, blade to blade, is solved for simultaneously, line by line, using block
 tridiagonal inversion, and the i and k , streamwise and spanwise, directions use Gauss-
I- Seidel relaxation. As for the i direction, the line needs to be swept also in the k direction,
:.perhaps in the increasing k direction on the 1 direction backward sweep and vice versa on
;‘the 1 direction forward sweep (see Fig.7). Again, note that the prime appearing on the
F?rd.e!&.xr.i.t.im:l index £ indicates that the term it belongs to uses the latest available data, some
at £ and some at £ — 1, for its evaluation. Also, as shown in the traffic pattern of Fig.7,
flux splitting is employed to increase the weights of the diagonal block matrix elements for
enhanced iterative convergence.
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Difficulty #1. The algorithm is not balanced evenly in the k direction. Information
coming to mesh volume (1,7,k) from volume(i,j,k — 1) is at relaxation index £ while
information coming from volume (i,7,k'+ 1) is at £ — 1. When the relaxation procedure
is initialized at each time step, all interior §U are set equal to the null vector. Hence, on
the first sweep volume(1, j, k) receives newly updated information on convection of mass,
momentum, and energy and stress from volume (i, j, ¥ — 1) and nothing at all from volume
(i,7.k+1). This imbalance with large At is enough to generate significant three dimensional
flow and instability for the text case that should remain two dimensional.

3-D Algorithm #2 (BTD-y + GS-x + J-z). Algorithm #1 can be balanced in the

k direction by replacing the Gauss-Seidel treatment of the z-derivative term by a Jacobi
evaluation of it (see Fig.8).

Difficulty #2. The traffic pattern as sketched in Fig.8 shows that the modified al-
gorithm is balanced in the k direction. However, as the time step is made sufficiently
large, although the flow remains two dimensional, its rate of convergence surprisingly goes
to zero, locking the solution onto its initial value. This is caused by a radiation of in-
formation from the system. Now on the first sweep, £ = 1, volume (i,], k) receives zero
information from both volumes (i, j, k — 1) and (1, j, k + 1) while sending information itself
across surfaces at k — 3 and k + }. Unfortunately, the information sent across these two
surfaces is not received by volumes (i, 7, k—1) or (4, 7, k+1) and hence is lost to the system.
The larger the time step, the more information is lost, resulting in loss of convergence.

It is evident because of the above difficulties and also from the channel geometry
being about as wide as it is tall that the solution at points along lines in the k direction
should be solved for simultaneously in the same manner as for points along lines in the
J direction. As in the j direction, information can travel from side wall to side wall and
back again many times during a single large time step used for the present test case.
Therefore a block tridiagonal inversion should be used also in the k direction. Well now
we are faced with the construction of an efficient numerical method under constraints
that require block tridiagonal inversion in both the j and k directions. We will still use

Gauss-Seidel relaxation in the streamwise ¢ direction.
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3-D Algorithm #3 ((BTD-y + GS-x)(BTD-z)). It is tempting to “bite the bullet”
and revert back to approximate factorization to construct the following algorithm

D

D D
{.r + A‘A_, -BYO 4 At A(‘"} {1+ At c} 8Uijb = AU

The first factor is equivalent to the two dimensional algorithm used earlier to obtain
the results of Fig.5 and the second factor enables us to extend the procedure to three

dimensions.

Difficulty #3. Besides the difficulties discussed earlier concerning approximate fac-
torization, consider the following paradox. The above equation is solved in two steps.

(1) Solve {I - A:A% - B® 4 m% <A i} 8ULsx = AUija

(2) Solve {I + At% ¢ C} 8Uijx = 8US

Because of the two dimensional nature of our test problem, we have after the first step
all that we need to update the solution for one time step. Our hope is that the second
step will do no harm. Doing nothing would be ideal. Let’s assume that the time step
is so large that we can ignore the identity matrix in both steps. The second step then
tries to find a change in the solution, §U, such that when operated on by a z-derivative
difference operator the result equals the in general non-zero right hand side. The only such
solution is three dimensional which contradicts the structure of the test flow problem. This
paradox was formed by throwing the identity matrix away, yet one wonders how the ones
appearing along the main diagonal, completely dwarfed by the magnitudes of the other
terms multiplied by the time step also appearing there, could avoid this paradox on finite

word size machines.

3-D Algorithm #4 (Time Split, (BTD-y + GS-x), (BTD-z)). The difficulties of the
last algorithm can be overcome by time splitting the right hand side driving term. The
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solution is advanced a portion of it at a time. The algorithm is as follows.

A ,Jt=—&t(DF+ DG)

Az By Fug
D D ¢
(1)1 {.r ot 3} SUy + Bt ASUS), = AU,
\ U\ g i} U‘J k + 6U:(:)i

(AU, = m-D— HY,

(2) {_r + Ata‘?— C} U 0 = AUTS,

\uph =T 48U

Difficulty #4. The above algorithm has no trouble efficiently solving the test problem.
Step (1), which is identical to the two dimensional method used for the results shown in
Fig.5, is all that is needed because our test flow problem is actually two dimensional. Step
(2) does not change the solution at all because its driving term is zero. However, in a truly
three dimensional problem a difficulty would occur as the solution approached a steady
state with large time steps. At steady state

D D
o g G+—H=0

The above sum vanishes, in general without each term or any subset of terms of the above’
vanishing. Using a portion or subset of the above in a time split algorithm to drive the
solution during one step followed by counter driving terms in other steps will introduce a
pseudo unsteadiness into the solution. At large time steps this will lead to non-physical
interim results and numerical instability.

3-D Algorithm #5. Our aim is to construct an efficient algorithm that avoids the
difficulties discussed earlier with the following the constraints:

(1) Block tridiagonal in the y (or j) direction

(2) Block tridiagonal in the z (or k) direction
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(3) Gauss-Seidel relaxation in the z (or 1) direction.
We first define the right hand side driving terms.

D D\

DF DG DH
A |Jk“*At(ﬁI G e e Ay + Az) e

Note that the first driving term is only a partial sum. It will be used to initiate the

algorithm. The second term is complete. The algorithm is Gauss-Seidel in the z (or 1)
direction, which for our test case flow problem is roughly aligned with the stream direction.

" The algorithm in terms of the relaxation index £, whose first sweep is in the counter stream,

1
|

decreasing ¢, direction and second sweep is in the stream direction, is given by the following.

(1) Backward 1 sweep

) 1) D 1') "
f"'_'l. {I-{-ﬂta B}EU‘ *+At& AﬁU.(Jk AU.'.J'J
D @) D @)
=2 {r+aeg: chad,+ s as),
I TR BUL), = AU, ;4
&y N3 4.0

D @ D )
{I + Atzi L B} EU.JI* '+' Atz}‘ * AJU"j‘*

+ m‘% -COUYy = AU

(4) D (4")
{I+At-A— c}w ¢ + At - ABU|

(] i,k

+ m% B6US), = AUi ja

Again, the primes on the relaxation indices indicates Gauss-Seidel evaluation with in-

r ‘creased weights for athe diagonal block matrix elements. The unprimed indices imply
,L' evaluation entirely from data at that index.



338 Rev. BriMec. Rio de Janeiro, Vol, X, n? 4 — 1988

The z-derivative term is missing from the driver term of the £ = 1 substep because
data does not as yet exist for the evaluation of the implicit counter balancing term required
for numerical stability. In the actual calculations the driver term for this step should
be quasi-two dimensional to retain as much balance as possible, just as standard quasi-
one dimension flow descriptions balance the stress terms of their actual two dimensional
geometries. Each following substep uses the complete driver term and inverts one block
tridiagonal matrix equation, either in the j or k directions, with the i direction term
evaluated in Gauss-Seidel fashion and the remaining implicit term for the k or ; directions,
respectively, evaluated using data entirely from its own last block tridiagonal solution.

The cost of this three dimensional algorithm is two block tridiagonal inversions in
each of the j and k directions plus the Gauss-Seidel evaluations for terms in the 1 direction.
It is approximately twice as expensive as an approximately factored scheme. It is hoped
that an increase in numerical efficiency will be obtained by the larger time step that can be
used and, consequently, the fewer number of time steps required to achieve convergence.

The above algorithm was able to solve the test problem with the same time step sizes
as the optimal two dimensional algorithm discussed earlier. The results were the same as
those shown in Fig.5. The test problem was then modified for a truly three dimensional
flow by deflecting the side walls in the blade section through small angles typical of cascade
flow geometries. The solution again converged rapidly in under fifty time steps. The mesh
geometry and computational results are shown in Fig.9. It is not known at present if the
above algorithm will'hold up when applied to more general three dimensional flows,

GENERIC NUMERICAL METHOD

The algorithms discussed above were devised with a given class of flows in mind,
flows in which one computational coordinate direction could be roughly identified with the
stream direction and the others along whose boundary surfaces, perhaps, fine mesh spacings
reside for resolution of viscous effects. The streamwise direction was treated by Gauss-
Seidel relaxation and the others required block tridiagonal inversion. We now consider a
more general flow with no assumed preferred directions in which block tridiagonal inversion
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is desired in all three directions. Consider the following three dimensional algorithm to

advance a numerical solution one step in time.

il D (1) DF"
e=1: {I+At-A— } B = _AtAzn.j.k
e D (2) D 0 _ _as(DPFE DG
=2 {I+mﬁy B}.SU ,+d&tA - A8U S, = —At +Av
D A3) ) D (2)
{I'I' QfEC} ébi,;.k+AtA A&U gk +At B6Um.

=3
DF DG DH
_'M(Az+b + Az) -

Uﬂ;"tl = U.» ‘. +6UI(JJ]k

Note that the driving terms on the right hand side are not complete until the last step and
the corresponding implicit terms are not included until after they are determined from
a block tridiagonal inversion. The first two solution steps are preliminary one and two
dimensional solution procedures, respectively, setting up the three dimensional third step.

The numerical amplification factor for the algorithm is of form
C={I+X)'(I+Y)'(I+2)

where XY, Z depend upon the definitions of the difference operators D used. For stable
choices, either upwind or central,their eigenvalues will have positive real parts and the
magnitude of the amplification factor is bounded by one.

In actual computational use the spacial difference operators should be of second order
accuracy for the driver terms and can be of only first order accuracy for the implicit terms
on the left hand side. Also, the algorithm itself may have preferred directions because of
the order in which the tridiagonal inversions are carried out.

The last algorithm of the previous section can be considered a derivative of the above
generic algorithm. It was presented as being unfactored and non-time split. Yet, when
we look at its generic form and its amplification factor, it appears both factored and time
split. Fortunately, for the author and perhaps the few readers as well who have gotten
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this far, space limitations of the present paper prevent a thorough analysis to resolve these

issues.

CONCLUDING REMARKS

The difficulties of constructing efficient algorithms for three dimensional flow have
been discussed. Reasonable choice candidates have been tried and tested. Most have
obvious shortcomings. Yet, there is promise that an efficient class of algorithms exist
between the severely time step sized limited explicit or approximately factored algorithms
and the computationally intensive direct inversion of large sparse matrices by Gaussian
elimination.

Not discussed herein are the effects of both computer and unstructured mesh ar-
chitectures on algorithm development. The new architectures appear to favor explicit
algorithms. The explicit turtle may yet outdistance the implicit hare.
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Fig.5 Two dimensional cascade flow results. (Inlet Mach number = 0.1, Reynolds number

per unit length approximately 10° 48 x 30 mesh points)
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Fig.6 Three dimensional cascade flow test problem.
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METODOS ASINTOTICOS EN LA
TRANSFERENCIA DE CALOR

César Trevino
Facultad de ingenierfa, UNAM

RESUMEN

En este trabajo se describe la aplicacion sistemdtica de técnicas asintdticas
en problemas de transferencia de calor. El proceso de reduccion del numero de
pardmetros que influyen en el fendmenc estudiado, ayuda grandemente a simpli-
car su estudio. Mediante los procesos de adimensionalizacidn, normalizacion,
descarte y absorcidn de los pardmetros cuyos limites asintéticos sean de inte-
rés, el fendmeno puede ser descrito mediante un sistema de ecuaciones, que en
el me jor de los casos no contiene ya ninglun pardmetro. En este caso unicamente

serd necesario integrar las ecuaciones una sola vez,

INTRODUCCION

En el estudio de problemas de transferencia de calor, ha sido de gran impor-
tancia la aplicacién de métodos asintéticos. Ello se manifiesta en los proble-
mas tratados en la monografia de Aziz (1], En la mayoria de los textos "clasi-

cos" en transferencia de calor se manifiesta claramente la inclusién de limi-
tes asintéticos en el estudio, sobre todo, de problemas de conveccién tanto
forzada como natural. Sin embargo, el tratamiento dado en dichos textos en es-
te aspecto es superficial. Es conveniente por lo tanto exponer claramente las

técnicas asintéticas y su aplicacién en forma sistematica en el caso particu-

Palestra convidada, apresentada pelo Prof, César Tre\rlr;'u no 2¢ Encontro  Naclo-
nal de Ciénclas Térmlcas - ENCITB8, em Aguas de Linddia, SP, Dezembro 1988.
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lar de problemas de transferencia de calor. Elle constituye el objetive
fundamental del presente trabajo. En el punto 2 se describe el procedimiento
utilizado, usando técnicas asintéticas. En el punto 3 se da come ejemplo el
problem& clasico de la transferencia de calor por conveccién forzada en una
placa plana. En el punto 5 se estudia el proceso de enfriamiento de una placa
plana expuesta a un flujo convectivo. Finalmente, en el punto 6 se tiene la

seccion de conclusiones.

PROCEDIMIENTO

El procedimiento wutilizade en la aplicacién de técnicas asintéticas ha sido
aplicado en gran cantidad de trabajos en transferencia de calor, pero en la
mayoria de las veces su aplicacidn ha sido mas de la experiencia del investi-
gador que su utilizacién sistematica. En general se puede decir que el
procedimiento utilizado contiene 4 [ases en donde se reduce sistematicamente
la influencia de parametros en el procesc estudiado. A continuacion se descri-

ben las diferentes fases.

Fase 1. Adimensionalizacién. En una primera fase, se procede a la adimensiona-

lizacién del conjunto de ecuaciones que gobiernan el fendmenc estudiado. En
esta primera fase se reduce el numero de parametros y se definen los nimeros
adimensionales que podrian influir en el proceso. Asi, la relacion funcional

puede exXpresarse como

nq = Flr.z.E.n.rzj.uz‘....nﬂ_k} A {1
donde rrq corresponderia al parédmetro adimensional que contiene la informacién
relevante del proceso, En la mayoria de los casos, lo mas importante es la
transferencia de calor. " denota los diferentes parametros adimensionales
resultantes del proceso de adimensicnalizacién. El nimero de pardametros dimen-
sionales originales es n y k corresponde al numero de unidades independientes
que entran en el proceso. T, ¥ & y m corresponden al tiempo y coordenadas

adimensionales, respectivamente.

Fase 2. Normalizacién. El siguiente paso consiste en la normalizacién. Esto
es, mediante una técnica de alargamiento o compresion de las variables adimen-—
sionales tanto independientes como dependientes, se acota la variacién de di-
chas variables haciéndolas de orden unidad. Generalmente estos dos pasos pue-

den realizarse en forma paralela. Sin perdida de generalidad, se puede suponer
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que después de este paso,la relacién funcional queda dada por la ecuacién (1).

Fase 3. Aplicacién de limites asintéticos. Después del proceso de normaliza-
cién, al estar acotadas las variables adimensionales tanto dependientes como
independientes, es posible evaluar la influencia de los parametros adimensio-
nales. Para ello es necesario identificar tanto los parametros relevantes como
no-relevantes, Un parametro no-relevante es aquel que representa un limite re-
gular al tender dicho parametro a cerc o infinito, segin sea el caso. Asl, en

el limite asintStico apropiado II’-)O o u:]-m]. hace que el limite del parametro
de interés (en este caso I‘l tienda a un valor diferente de cero. Esto es

uq—va. con a.iﬂ,cuandotj-bo.m. (2)

Por otro lado, un parametro relevante es aquel cuyo limite es singular al ten-
der dicho parametro a cero o infinito. En este caso

lq-to.u; cuando !J-DU... (3)

Si un pardmetro es no-relevante y su magnitud es muy grande o muy pequefia com-
parada con la unidad en el limite apropiado, entonces es de suponer que la in-
fluencia de dicho parametro sobre el proceso es despreciable, por lo que se le
puede directamente quitar de la relacién funcional. Con ello, se puede reducir
fuertemente el nimero de parametros que influyen en el proceso. Asi, la rela-
cion funcional puede quedar como

x Flt.x.E.n.al.lz.....n“_k-m} (4)
donde m representa el nimero de parametros no-relevantes que pueden excluirse
del analisis por ser su valor muy grande o pequefic comparado con la unidad.

Dependiendo del valor del parametro relevante, es conveniente explorar los li-
mites asintéticos 1:1«1-0 0 nl-n; tq—a-o ° T La relacion funcional en este caso
puede escribirse como

x = l‘lj,Fl(T.Z,E,‘li.ll.lz,lj_l.lrlv‘..'!H_-] ' (s)
donde g{lj) puede tender a cero o infinito, segln sea el caso, ya sea en forma
algebrdica o en forma exponencial o logaritmica. Entonces, la forma funcional
se puede reducir (suponiendo una dependencia algebraica) a
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* =
L Fl("x‘E"'":" W

e - g*
. j-1"ju"”"n—|:-m} .ocon WmEE . (6)

Para un proceso permanente, ello puede continuarse hasta poder lograr la rela-
cién funcional

1::“"" =C, con t:“"" ] I"IT'I?... (7
La constante C puede encontrarse al integrar una vez las ecuaciones de movi-
miento. Debido a la normalizacién, esta constante debe ser de orden unidad. En
muchos casos de ingenierfa, donde se requiere solo el orden de magnitud, basta
con poner C=1. La relacién funcional (7} ha sido la base de estudios en pro-
blemas de transferencia de calor, Es de hacerse notar que es posible aplicar
los limites asintéticos aun siendo el valor del parametro de orden unidad. El
limite apropiado (muy grande o muy pequefio comparado con la unidad) debe veri-
ficarse mediante la solucitn del sistema de ecuaciones o mediante la experi-
mentacién. También, lo mismo se aplica para valores de grandes o pequefios ya
sea del tiempo o de las coordenadas adimensionales. En si, la relacién funcio-
nal {7) puede ser el limite asint6tico para T-ew.

Fase 4. Solucién auto-semejante. Por (ltimo habria que ver la posibilidad de
reducir el nomero de variables adimensionales independientes mediante su agru-
pamiento. Ello conduce a la disminucién de las variables que influyen en el
proceso, Ello es posible siempre y cuando las ecuaciones de movimiento sean
invariantes a una transformacién tal que resulte de dicho agrupamiento, En es-
te caso, es posible definir una nueva variable adimensional independiente de

la forma, o=t/hl(x). La relacién funcional se transforma en este caso

uq = Fllo'.&j.n,ltl.uz,:,.....ua_k_ml ; (8)
Es de hacerse notar que las variables T y x han sido escogidas en este caso
pero que pueden ser cualquiera de las variables adimensionales independientes
que aparecen en el problema estudiado. También es conveniente explorar cuando
existe semejanza aun cuando ésta no sea valida en todo el espacio paramétrico,

sino que tenga validez restringida en algin limite asintético o intermedio.

FLUJO CONVECTIVO FORZADO

En esta seccién se trata el problema general de flujos convectivos y el caso

concreto del problema clasico de la transferencia de calor en una placa plana



Rev. Briviec. Rio de Janeiro, Vol, X, n® 4 — 1988 351

sujeta a un flujo incompresible convectivo laminar. Las ecuaciones de movi-
miento en el fluldo, introduciendo |a aproximacion de Boussinesq, son las

ecuaciones de Navier-Stokes dadas por

vV=0 (9)
pDV/Dt = ~Up + pg + H 7V (10)
pDh/Dt = V- (AVT) + u¢ + Dp/Dt ; (10

donde V corresponde al vector velocidad; p, p y T corresponden a la presion la
densidad y la temperatura del fluido, respectivamente; g es el vector acelera-
cibn de la gravedad; u y A corresponden a los coeficientes de viscosidad y
conductividad térmica del fluldo, respectivamente; h es la entalpia y ¢ es la
disipacién viscosa. Las ecuaciones de estado son las siguientes

e = p -B(T/T )] (12)

h=cT+plhp. (13)

Aqui, B corresponde al coeficiente de expansién térmica y c el calor especifi-
co del fluido. La condicién cuyo subindice es w, corresponde a un valor de re-
ferencia a definirse en cada problema en particular (por ejemplo muy lejos del
cuerpo). El pardmetro mas importante en los problemas de transferencia de ca-
lor es el flujo de calor hacia un cuerpo sumergido dentro del flujo y esta da-
do por

q = -A[VT+:nin (14)

donde n es un vector unitario normal a la superficie en consideracién. A con-
tinvacién se procede a la adimensionalizacién del conjunto de ecuaciones. Con
la ayuda de parametros caracteristicos, se introduce el siguiente cambio de

variables

2 2
x-;:n.L‘ , Vav V. ppeV P t-o\’et/l.e : T—’r.ﬂ'ce > V—W/Lc i (15)

donde Lﬁ. V‘ y Tg corresponden a una longitud, velocidad y temperatura carac-
teristicas, respectivamente. As{, las ecuaciones adimensionales quedan como

V¥ =0 (16)
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av/et + (V-9IV = -V(p+z/Fr’) - BT g/(gFr)e + (/Re)VV (17

80/8t + (V-V)8 = (I/RePr)V°8 + Ec/Re ¢ , (18)

donde aparecen los parametros siguientes:
nomero de Froude, Fr = \'cfigL:)w
8.rcl
numero de Reynolds, Re = V:chfp
nimero de Prandtl, Pr = pc/A

nimero de Eckert, Ec = V:/(cTc] ¥
En forma adimensional, la expresion dada en la ecuacion (14) toma la forma
Nu = [Ve-n] , (19)

donde aparece el nimero de Nusselt, Nu = -qL‘/(ATc).

La relacién funcional que relaciona el flujo de calor con los demas parametros
estd dada por

Nu = Nu[x.t.Re.Pr.Fr.Ec.BchFrz. pardmetros geométricos) {20}

A continuacién se trata el problema clasico del flujo convective laminar con
alto namero de Reynolds, sobre una placa plana. Para este problema se toman

los siguientes valores caracteristicos
T =TTy N e ¥]is b (21
(-] p = -] L] =

donde 'l" corresponde a la temperatura de la placa, asumida constante y unifor-
me; V‘. corresponde al vector velocidad del fluido lejos del cuerpo. L: es la
longitud de la placa. Se designan a (x,y) las coordenadas longitudinal ¥
transversal, respectivamente asi como a (u,v) las componentes de la velocidad
longitudinal y transversal, respectivamente. Muy lejos del cuerpo los efectos
viscosos son despreciables y se tienen las siguientes condiciones de contorno

o de frontera

=0 ; u=YV BV”;V=|}=O. 122}
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El limite asintético de Resw, representa claramente un limite singular y por
lo tante hay que absorberlo en el procese de normalizacién. Muy cerca del
cuerpo donde los efectos viscosos son importantes, el término viscoso tiene
que ser del mismo orden de magnitud que los de inercia. Esto es

udu/dx ~ (I/Reld usay’ . (23)

Dado que tanto u como x son de orden unidad, la distancia, y, donde log efec-
tos viscosos son importantes es de orden 1/Re”?. Por ello es conveniente de-
finir otra coordenada transversal adimensional de orden unidad, Y, dada por

Y = (Re)? y . (24)

Dado que en la ecuacién (24), Y es funcién no solo de y sino que también de la
longitud de la placa,de aqui resulta una nueva variable de semejanza n='fovz.
De la ecuacién de continuidad (16), se tiene que

du/éx ~ av/ay , (25)

de aqui que la velocidad transversal apropiada de orden unidad sea definida

como
V=(Re)v. (26)

Con todo ello, las ecuaciones adimensionales que gobiernan el proceso en esta-
do estacionario, estan dadas por

Bu/ax + V/3Y = 0 (27)
uBu/Bx+VOU/BY = ~Blp+2/Fr')/0x-BT g /(gFr )0+8°u/0Y +(L/Reja’w/ox”  (28)
8lp+z/Fr)/8Y + ﬂ"l‘cg?ﬂa!‘"ralﬂ ~ I/Re (29)
ude/ox + VOB/8Y = L/Pr 8°0/8Y° + (1/PrRe)a’T/ax’ + Ec ¢'. (30)
Dado que ya se han normalizado las varjables tomando en cuenta la zona ‘donde
los efectos viscosos son importantes, en el limite asintético de Resw se pue~

den ahora despreciar los términos de orden L/Re. Asi, las ecuaciones (28) y
(29) se reducen a

udu/8x + VEu/dY = -8lprz/Fri)/ox - s‘rug“/(gr-‘rz}s + 8fusay” (3
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ude/ax + V8e/8Y = 1/Pr 8°8/8Y° + Ec o' (32)

El nimero de Nusselt es para este caso

Nu = d6/ay] = (Re)'? 80/8Y1 {33)
0 s5ea
Nu* = Nu(Re)™? = 20/8Y) . {34)

Aquf se puede cobservar como el efecto del niumero de Reynolds ha sido absorbido
en el nuevo parametro, ahora de orden unidad. La nueva relacién funcional gue-
da como

Nu* = Nu‘(Pr.Pr.Ec.ﬁTefFrz] . (35)

E!l limite Ec<<l, asl como el limite BT:/Frz((l representan limites regulares y
por lo tanto representan parametros no-relevantes que pueden quitarse direc-
tamente de la relacién funcional (35). En este caso el sistema de ecuaciones

se reduce a

8usdx + aV/8Y = 0 (36)
udw/8x + Vaway = 8wy’ (37
ude/dx + VaesaY = 1/Pr 8°6/8Y" (38)

La nueva relacién funcional en este caso, se reduce a
Nu* = Nu®*(Pr) = 80/8\'1’ a (39)

Los limites Ec»] y B"I'e/n"z»l desequilibran las ecuaciones, las cuales dejan
de ser de orden unidad. En estos casos es necesaric reescalar las variables

absorbiende dichos pardmetros en la nueva definicién de las variables, En la

siguiente seccién de este trabajo se analizarda el caso donde HefFrz}>i. En el
caso donde estos parametros sean de orden unidad hay que retenerlos en el ana-
lisis. Volviendo al conjunto de las ecuaciones (36)-(38). habria que explorar
los limites Pr>»1 y Pr<<l. Claramente se puede observar el caracter singular
del limite Pr3>1. En este caso, debido a la disminucién de la capa limite tér-
mica
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Nu®* = 39;’6Y|p 4w comg Pr-ow (40)

Por otro lade si Pr«l, la capa limite térmica aumenta en tal forma que los

gradientes transversales se reducen a cero. Esto es
Nu* = 88/3Y] - D como Pr 0. (41)
2

Ambos limites por lo tanto son singulares y deben estar asociados con un pro-
ceso de reescalamiento de las variables. Veamos primerc el caso donde Pr’l.
En este caso, la capa limite térmica es muy delgada comparada con la capa li-
mite viscosa. Dado que lo que queremos obtener es el flujo de calor, debemos
concentrarnos en la ecuacién de la energia, Aqui, el término convectivo debe
ser del mismo orden del término difusivo, esto es

udasex — (1/Prialasay’ | (42
En esta zona u puede obtenerse mediante la expansién de serie de Taylor,
u -~ (du/d'l')y‘f , como Y » 0 (43)

de las ecuaciones (42) y (43) se deduce que Y ~ 1/?1'”3

diente aaxa‘{lp es de orden Pr'/”

. Por lo tanto el gra-
. La relacién funcional queda finalmente

Nu** = Nu Re " pr'® = ¢ ;i {44)

donde C tiene que ser de orden unidad gracias al proceso de normalizacién. El
valor de la constante puelde obtenerse al integrar una vez el conjunto de ecua-
ciones. En este caso C=.339. La relacién (44) es ampliamente conocida y en la
mayoria de los textos de transferencia de calor se le da un caracter axiomati-
co, cuando en realidad resulta del analisis asintético en los limites Re>l,
Proyl, Ec<l, B’Tc/!-'rz((i. En variables dimensionales el flujo de calor por
unidad de tiempo estd dado por

2/ 142 173
| R -

CA™ Uwp

qQ=

Para obtener esta relacién no se ha hecho ningina integracién namerica. Por

otro lado en el limite Pr<<l, de la ecuacién de la energla tenemos que al com=-
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parar los términos convectivo y difusivo
udw/ax ~ (1/Pr)a’e/ay’ (as)

ahora eon u-l, dado que la capa limite térmica es muy superior a la viscosa.
El lado izquierdo sigue siendo de orden unidad, por lo que el espesor de la

capa limite™ térmica es del orden Y ~ l/'Per. Por lo tanto en este caso, la
relacién funcional queda como

Nu** = Nu Re V2 pr/?

=C (46)
slendo la constante ahora C=,565. La relacién funcional dada por la ecuacién
(44) ha demostrado ser una buena aproximacién aun para valores de Pr de orden
unidad.

CONVECCION NATURAL EN UNA PLACA VERTICAL

En esta secci6n se analiza el caso del proceso de transferencia de calor por
conveccion natural en una placa vertical. Las ecuaciones de movimiento adimen-
sionales estdn dadas por las ecuaciones (16) a (18). La condicién de frontera
lejos de la placa es

P = —2/Fr’

lo cual hace que U(p*-z/l:‘rzl = 0. Si el numero de Froude definido con una velo-
cidad forzada es mucho menor que la unidad, ello indica que la velocidad pro-
ducida por las fuerzas de flotacién son mucho mayor que la forzada. Por lo
tanto es conveniente retomar la velocidad caracteristica resultante de dichas
fuerzas de flotacién. Para iniclar el proceso de normalizacién es de hacer no-
tar que en la capa viscosa, tanto las fuerzas de flotacién como viscosas tie-
nen que ser del mismo orden que las de inercia. Esto es

L/Re 8°u/8y* ~ wawox ~ n‘roxrr"‘s ; (47)

Dado que el término de la inercia es de orden unidad, entonces el espesor de
la capa es

y I/ReV?. (48)
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También p'rem-‘ ~ 1, de donde se obtiene la velocidad caracteristica apropiada.
para este proceso

v, =BT ). (49)
El nimero de Reynolds definido con esta velocidad caracteristica esta dado por

Re = ¢p*m"gL:/p*)"’ = 6r'’?, (50)

donde Gr es el denominado ntmerc de Grashof. En la literatura ya es clasico
utilizar el namero de Grashof en vez del namero de Reynolds, En el limite sin-
gular Re>1 o Gr>»1, de acuerdo con la ecuacion (48) la nueva coordenada adi-
mensional de orden unidad estd dada por

¥m Ry Yy |

Por la ecuacién de continuidad es conveniente definir una velocidad transver-
sal de orden unidad como

174
V=Gr v
Con esto las ecuaciones en estado estacionario toman la forma

Bu/dx + @V/8Y = 0 (s1)

udusax + Vau/dY = -8 + awsay’ (52)

ude/ax + Vae/aY = L/Pr 8°6/8Y° + Ec &' (53)

Para Ee<{l, se puede descartar su efecto y la relacién funcional para el nime-
ro de Nusselt queda como

Nu = NulGr,Pr) = 30/8y = 6r”* se/ay = 6r'*r(pr)
0 sea

Nu®* = Nu Gr* = Nu*(Pr) = ae/aY] (54)

aqui como en el caso anterior los dos limites Pr»)l y Pr<{l son singulares,por
lo que se deberd absorberlos con la redefinicién de las nuevas variables de
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orden unidad. Analicemos primero el limite Pr>)1. En este caso, la capa térmi-
ca es muy pequefia pegada a la pared. Dado que las fuerzas de flotacién son las
encargadas de generar el movimiento, la velocidad méaxima alcanzada depende en
gran medida del espesor de la capa térmica o sea del nimero de Prandtl. Asf,
la variable u deja de ser de orden unidad y la velocidad caracteristica defi-
nida en la ecuacién (49) deja de ser aplicable, lo cual hace necesario evaluar
nuevamente el término forzante si lo hubiese. En esta capa limite térmica las
fuerzas de inercia dejan de ser importantes y existe un balance entre las
fuerzas de flotacién y las viscosas, esto es

way’ ~ 8 .

De la misma forma en la ecuacién de la energla, el término crnvectivo debe ser
del mismo orden que el difusivo

ude/8x ~ L/Pr 8°6/8Y" .

De ambas relaciones se obtiene que

u ~ APFYY) ~ ¥*
de donde se infiere que el espesor de la capa es del orden de

Y ~ ver?

y la velocidad es del orden de
12

u ~ I/Pr

La relacién funcional queda finalmente

Nu® = Nu®(Pr) = 86/8Y) ~ prt
0 sea

Nu** = NuGr* pr* =C. (s5)

En este caso C=.503. En el otro limite asintético, Pr<<l, la fuerza de flota-
cién es del mismo orden de magnitud que el término de inercia. Esto es

uduw/dx ~ -8
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de donde se infiere que la velocidad u es de ordem unidad. Por otro lado, en
la ecuaciétn de la energia debe existir un balance entre el término convectivo
y el difusivo

wde/8x ~ L/Pr 8°0/8Y°

de donde se infiere que el espesor de la capa limite es

Y ~ uipr)'?

Ello da como resultado una relacién funcional de la forma

Nu** = Nu 6r " pr'? = C (56)

con C=0.6.

ENFRIAMIENTO CONVECTIVO DE UNA PLACA PLANA

En esta secci6n se analiza el proceso de enfriamiento de una placa plana del-
gada expuesta a un flujo convectivo forzado. El objetivo fundamental es el es-
timar el tiempo de enfriamiento asl como el de evaluar el efecto de la conduc-
tividad de la placa en dicho proceso de enfriamiento. Una placa plana delgada
de espesor 2h y longitud L a una temperatura .inicial T”. se coloca paralela a
un flujo con un fluide incompresible con velocidad U' y temperatura Tm. La
conductividad térmica finita del material de la placa, hace factible la
transferencia de calor a través de la misma. Al haber transferencia de calor a
través de la placa, el problema es de caracter eliptico. En este problema se
consideran los bordes de la placa como adiabaticos, de tal forma que el calor
que fluye a través de la misma se transfiere finalmente al fluido. La ecuacién
de la energia dentro de la placa es

8T /ox® + 8°T /8y" = pc /A 8T /6t . (57
P P LI P
Con las condiciones iniciales y de frontera dadas por
T. =T en t=0; 8T /8x =0 en x=0 y x=1;
P po P
A.&Tp/ay =-q_ 6o y= h ; 81"/8}-0 en y=0

donﬂeq:eselflujodeulwtrmxfuidoalﬁxﬂdopormwnfm&
introduce primero la adimensionalizacién de la ecuacién (57) mediante la defi-
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nicién de las variables adimensionales
ep = !TP—TNJ/(T”-T"J i Xx=%x/L; w=y/h
la ecuacién (57) toma la forma

{h/L)"‘a’epfaxz + :'32\-3“/311z - (p'c'hzﬂ\' du/dt)ae /8t . (58)
Aqul T corresponde al tiempo adimensional que serd definido después. Dado que
la temperatura adimensional de la placa, ep es funcién de Bp=3p{x,n.t). es ne-
cesario introducir una simplificacién que haga factible el obtener una solu-
cidn analltica del proceso estudiado. Se supone a continuacién que la tempera-
tura en la placa es una funcién de la coordennda'l longitudinal x 'y el tiempo T,
en una primera aproximacién. Después veremos las restricciones a que estd so-

metida dicha aproximacién. En este caso, suponemos que BP estd dada por
6 (xn.7) = 8 (xnT) + €8 (xm.¥) + O(e") (59)

donde £ es un numero pequefic comparado con la unidad, el cual serd definido
después. Introduciendo la relacién (59) en la ecuacidn (58), ésta toma la for-
ma

{h/LJ’Ia’anfax’»«eazalfaxﬂ..1 + ea’el/em‘ + e"azszxanz ol
= (p ch’/A dt)(88 /8T+£88 /8T+..) . (60)
L 38§ [ 3 (-] 1

1
Integrando la 'ecuacién (60) de la forma .I."-'[ ldn, y descartando términos de

orden superior, nos queda en una primera aproximacién
(h/1)%8% /8x° - q h/UIT _~T A ] = pch®/a dr/dt 8a /6t . (61)
-] € po w s LI ] | ] o

En esta ecuacién se han aplicado las condiciones de frontera por las partes
superior e Inferjor de la placa. Debido a que los tiempos caracteristicos en
el solido son muy superiores a los tiempos caracteristicos de residencia en el
fluldo, se puede considerar la aproximacién cuasi-estacionaria. Dado que la
ecuacién de la energia en el fluido es lineal, la solucién de la misma puede
encontrarse utilizando la superposicién de soluciones, encontrada para el caso
referido en la seccién 3 de este trabajo, Tomando en consideracién la solucién
asintética para el flujo de calor contenida en la ecuacién (44), la extensién
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para temperatura no uniforme en la placa estd dada por [2,3]:

»

q =033 A Re'? Pr'/x {T -T ‘I K{x.x')dT'} (62)
(- '] » I m T
1

donde T‘ representa la temperatura en el borde de ataque de la placa y el no-
cleo de la integral est4d dado por

Kix,x') = (1-(x"7x)"* 172

También, la conditién de frontera en la interfaz n=1, tiene la forma
g . -ITPO-TuD\l/htcaa:an!n-l+..l ! (63)

Introduciendo las ecuaciones (62) y (63) en la ecuacion (61) obtenemos la

ecuacion integro-diferencial que gobierna el proceso

« 8°0/8x° = 80/t = [ela\J'B Ktx.z'lds']/txl"z . (64)
e

Aqui el subindice O ha sido extraido por simplicidad. El tiempo adimensional T
se ha definido como

T = 0.339 A‘ Re'”? Prlm/[hi..p'c']t : (65)
El pardmetro a esta definido como

172

o= (mna_/a.n.mr' Re 2 pp (66)

Este parametro representa la relacién entre la transferencia de calor a través
de la placa con la transferencia de calor por conveccién hacia el gas. Para
a>?l la conduccién de calor a través de la placa es tan grande que no admite
grandes gradientes de temperatura en la misma. Por otro lado, para a<<l, solo

se transflere calor hacia el gas. Integrando ahora la ecuacién (60) de la for-

1
ma L[ Jdx, se obtiene en una primera aproximacién

1 1
caz/aaz{J' 9 dz} = pchia dr axat{J' 8 dx} i
0 1 (I ) L o o

de donde resulta la definicién de e como
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e = 0,339 {m)taska'm‘” prl 1. (67)

La ecuacién (67) nos da la condicién para ser valida la aproximacién introdu-
cida anteriormente. De las relaciones (66) y (67) obtenemos que el valor para
« debe cumplir que

a » (P

lo cual nos da un amplioc rango de aplicabilidad de la aproximacién introduci-
da, Las condicliones iniciales y de frontera para la ecuacién Intep@direren—
cial son las siguientes

(0 =1 and 88/8y =0 at x =0,. (68)

Resumiendo, las ecuaciones (64) y (68) representan el proceso de enfriamienta

de una placa plana en los siguientes limites

Re»1, Pr>»1. Fr»l, Ec«l, e<1, y«1,
donde
¥=0.3392 Re'’? Pr'?/lU hpc ] .
LB

representa la relacién entre los tiempos caracteristicos en el fluide y el s6-

lido. La relacién funcional resultante es

8 = Flg,t,a) .

Una simplificacién mayor se obtiene al considerar los limites asintoticos aXl
y a<¢l. En el primer caso, para a’)] que representa un limite regular, se su-

pone una solucion de la forma

@
e=8(1)+ I Ia"e(nT). (69)
a n=] n

Al introducir esta relacién en la ecuacién (64), obtenemos el siguiente con-

Junto de ecuaciones

8% /8x" = 0 (70)
L:]
2 2 " fATled 172
d’a /sdx =88 /8 + |0 +| Klxax')de'|/(x) ", para todo n (71)
n+l n nl o n

nl
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con las condiciones

Oulx.rso) =1 Eln[x.'r-CI] = 0 para n0; aanxax = 0 en x=0,l para todo n

La ecuacién (70), junto con las condiciones de frontera adiabéaticas, nos' dice
que Bu es solo funcién del tiempo. La primera ecuacién en (71), queda de la

forma
a0 sax" = do sav + 6 /1)

1
Integrando la ecuacion de la forma In{ ldy y aplicando la condicién de adia-
baticidad en los extremos, obtenemos

da /dr + 280 = 0O
o o

Lo cual da como solucién que Bomxpl—zt]. la cual es valida para

Rei] , Pridl |, Frol |, Eeldl , el , ¥yl , a¥]

Si intentamos la solucién para el siguiente valor de n de tal forma de dismi-
nuir el valor de « para el cual la aproximacién sigue siendo valida, nos en-
contramos con el problema de que la solucién asumida en un principio de la
forma dada por la ecuacién (69) deja de ser vilida ya que se generan transito-
rios con tiempos caracteristicos del orden de 1/a. La forma asintética correc-
ta para este caso es

w
0=6(s)+ I /2" @ (x50}
a n=1 n

con s=‘rll+wl/¢+..l; c=atr. Dada la existencia de dos escalas de tiempo en este
problema, la solucién puede encontrarse utilizando la técnica de escalas mal-
tiples o bien la teoria de la capa llmite. Con esto, el conjunto de ecuaciones

toma la forma

azeofef - 80 /80 = 0
a
z 2 s vz
88 /9y -80 /8o = 80 /8s+w 88 /85+.+[6 + le.x'ldﬂ']/(xl
net n+l n 1 n-l nl 8 n
nl

para todo n,

Con las condiciones 80{1.0.01-1; Bn(z.0.0l-O para nl
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Banfaxnﬂ at x = 0,1 para todo n .

La solucion para @, estd dada por [4]

0 (x5,0) = [—mn xm'x2+1§1 ajOos(:jxlexp{«-jzlza-]]exp{—Zs)

donde los coeficientes aj estan dados por

sl

[1/54124/32:/2]005(1_111111. con rJIZ para j>0,r]*l para j=0.
0

La constante w se obtiene al eliminar términos seculares

w = 2/3B(2,2/3) - 8/15B(8/3,2/3) .

Por otro lado, el limite «¢{l representa un limite singular. Sin embargo el
caso a=0 da gran informacién dado que las capas limites en ambos bordes de la
placa no tienen un efecto especial sobre el proceso de enfriamiento de la pla-
ca y su accion es solo local. En este caso, al no existir conduccién axial, la

ecuacién que gobierna el proceso esta dada por

8
sasat + (L) J Kix,x')dg" = 0, para a=0, (72)
0

con la condicién inicial 8(x,t=0)=1. La ecuacién (72) tiene una solucién auto-
seme jante de la forma

2ndesdy = /(' r K(n,n')de’ (13)
0

con la variable de semejanza definida por n-xa"'rz. La condicién inicial se
transforma en @(w}=l. La ecuacién (73) no tiene ningGn parametro y necesita
integrarse numéricamente una sola vez. Para mayor profundidad en el tema se

pueden consultar las referencias [4,5).

CONCLUSIONES

En el prméﬂte trabajo se han expuesto en forma sistemética la aplicacion de
técnicas asintéticas en problemas de transferencia de calor. Primeramente me-
diante una adimensionalizacién del conjunto de ecuaciones que gobierna el fe-
némeno, se logra reducir el namero de variables que intervienen. En la mayoria
de los casos ello no basta para reducir en tal forma el problema que pueda
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de los casos ello no basta para reducir en tal forma el problema que pueda
conducirnos a lograr una solucién cerrada al mismo, o cuando menos reducir el
problema a ecuaciones sin ningin parametro. El sigulente paso es el de norma-
lizar cuidadosamente las variables adimensionales, tanto las independientes
como las dependientes, En seguida es conveniente contar con el valor de los
pardmetros, explorar sus limites asintoticos e [dentificar los parametros re—
levantes y no-relevantes. Dependiendo del valor de los parametros, es posible
ahora descartar el efecto de los parametros no-relevantes por considerar pe-
quefia su influencia. Con respecto a los parametros relevantes, se pueden ir
absorbiendo gracias a la continuacién del proceso de normalizacién. Finalmen-
te, es conveniente explorar las posibles soluciones auto-semejantes y evaluar

las restriccicnes que puedan aflectar su validez.

En el proceso de absorcién de los parametros relevantes se utjlizan técnicas
de perturbacién singular, En general basta con el primer término para obtener
una muy buena aproximacién. Sin embargo, de ser requerida una aproximacion de
orden superior es necesaria la utilizacién de técnicas de expansiones asinto-
ticas acopladas, capa limite, WKB, escalas miltiples y otras. El Ir obteniendo

nuevas aproximaciones va complicando en gran medida el analisis.
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inglés, o titulo em portuguds e as palavras chave em
portugués e inglés. Comunicagdes, Cartas ao Editor
ou Noticias podem ser enviadas em portugués ou inglés
livres de qualquer norma.

WDiTOR: EDITORES AVSOCIADOE:

[Py Weber (UNIC Amaro Toubes Prats (UFSC) Augeste Chsar Noreshs R Gaiedo [LNOD)
s f - Cabu Postal Fua Leuro Mife, 45

GEPROMIOPIFEC m-rmﬂm 2290 - Fig de Janeira/RJ

Cais Posisl 8081 lae Altieito do_Almsida ) Hatim AN A {ITAfCTAY

1501+ Gampiaan/SP m Fﬁua-"-:-m A 8 T SR e Comoonise
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BRAZILIAN SOCIETY OF MECHANICAL SCIENCES
(Associacao Brasileira de Ciéncias Mecénicas — ABCM)

ORGANIZATION / CONFERENCES

INTRODUCTION

The birth of ABCM is closely related to the organization of the II Brazilian
Symposium of Mechanical Engineering which was held in Rio de Janeiro in December
of 1973. In November of that year, a small group professors of several
Universities had a meeting in Floriandpolis, in the southern state of Santa
Catarina, to discuss the organization of a society which could home all persons
concerned with areas of mechanical engineering interest. ABCM was founded two
years later with that spirit inmind and ite name, "Science™ rather than the usual
"Engineering”, reflects a modern concept of engineering associated with the
knowledge and mastering of the basic concepts and its applications in production,
energy, material science, design, simulation, etc.

In the past fifteen years ABCM has become a well stablished engineering society
in Brazil with a rapidly growing spectrum of activities, sponsoring national
and international conferences, organizing specialized courses for industrv,
stablishing regular and "ad hoc" groups and committees, helping the federai and
state governments in. some key areas of technology, supporting and sponsoring
students contests, representing Brazil in some international organizations such
as the International Union for Theoretical and Applied Mechanics— IUTAM, the
International Federation for Theory of Machines and Mechanisms — IFToMM, the
International Measurement Confederation — IMEKO.

ABCM has today about B00 members, most of them participate actively in the
society's main events. To some degree reflecting difficulties of the Brazilian
industry in the past decade, there is still a relatively ml]..g_ercent.age of
professional engineers in the society. ABCM is currently engaged in a process
to increase its involvement with many industrial segments, and expects to
increase significantly its membership in the near future.

ORGANIZATION

The Brazilian Society of Mechanical Sciences is governed by a Board of Directors
consisting of five members (president, vice-president, general secretary,
secretary and treasurer), all elected for a two-year term.

A Council, consisting of ten members elected for a staggered four-year term, has
to aprove major society's decisions in matters such as budget, permanent
committee members, authorization for new geographical Regions, etc.

The General Assembly consisting of all ABCM members aproves important decisions
such as the election of members for the Council and for the Board of Directors,
and changes in the Constitution and By-Laws.

Geographical Regions are localy responsible by the society's activities such as:
courses, conferences and symposia, industry contacts, etc. Each Region has a
Chairman which reports directly to the Board of Directors.
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COMMITTEES

Five permanent committees helpts the Board of Directors in the following areas:

- Mdmitting Committee. Recomends new members.

- Exchange Committee. Advises the Board of Directors in all matters concerning
the interaction of ABCM with other societies.

- Editorial Committee. 1Is responsible in stablishing ABCM policy for its
publications.

- Teaching and Research Committee. Is responsible for the organization of
program in the areas of teaching and research, including recomendations for
Universities and Government Agencies.

- Science and Technology Committee. Is responsible for the organization of
programs in the areas of Science and Technology.

Currently ABCM has specilized committees working in the following areas:
pressure and vessels; dynamic systemsj precision mechanics; termo sciences.

DUES

Current dues for ABCM members (dollars equivalent to Brazilian currency) are:
- 530.00 for fellow member, permanent member
- $15.00 for student member
- $600,00 for institutional

MEMBER BENEFITS

Members receiv 5{ regqular subscription of the Brazilian Journal of Mechanical
Science. SpecEgl discount in conferences, meetings, publications and courses.

BOARD OF DIRECTORS 1988/1989 TERM

President: Sidney Stuckenbruck

Vice President: Luiz Bevilacqua

General Secretary: José Luiz de Franga Freire
Secretary: Tito Luiz da Silveira

Treasury: José Augustc Ramos do Amaral

HEADQUATERS

Associagdo Brasileira de Ciéncias Mecdnicas
Rua Marqués de S3o Vicente, 225 - Gavea
22453 Rio de Janeiro, R Brasil
Telephone: (021) 529-9437

Telex: 31048 PUCR BR
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CONFERENCES SPONSORED BY ABCM - 1989/19%0

1. DI1-04/August/1989
111 Symposium on Dynamic Systems in Machines and Equipments
Kguas de Sao Pedro, Sdo Paulo

2. 25-27/0ctober/1989
Workshop on "Wuality of Software for Engineering™
Rio de Janeiro, RJ

3. 27-30/November/1989
Workshop on "Inovative Methods on Finite Elements™
Rioc de Janeiro, RJ

4. 05-08/December/1989
X Brazilian Congress of Mechanical Engineering
Ric de Janeiro, RJ

5. 2B-31/August/1990
V1 Brazilian Symposium on Pressure Vessels and Piping
Salvador, Bahia y

6. 10-12/December/1990
111 National Meeting on Thermal Sciences
Itapema, Santa Catarina

CONFERENCES SPONSORED BY ABCM - 1975/1989
(TP = total numbers papers ; BA = pational authors ; FA = foreign authors)

1. 09-12/December/1975
I1I Brazilian Congress of Mechanical Engineering
TP = 106 ; BA = B0 ; FA = 26
Rio de Janeiro, RJ

2. 12-14/December/1977
IV Brazilian Congress of Mechanical Engineering ‘
TP = 133 ; BA = 154 ; FA = 52
Floriandpolis, Santa Catarina

3. 12-15/December/1979
V Brazilian Congress of Mechanical Engineering
TP = 171 ; BA = 245 ; FA = 38
Campinas, Sdo Paulo

4. 19-21/November/1980
I Brazilian Symposium on Pressure Vessels and Piping
TP = 33 ; BA =51 ; FA= 8
Salvador, Bahia

5. 15-1B/December/1981
V1 Brazilian Congress of Mechanical Engineering
TP =162 ; BA = 159 ; FA = 18
Rio de Janeiro, RJ
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10.

13

12,

13,

14.

15,

16,

24-26/November /1982

11 Brazilian Symposium on Pressure Vessels and Piping
TP = 38 ; BA = 72 ; FA = 4

Salvador, Bahia

23-25/November/1983

Meeting on Analysis of S5tructural Components at Elevated Temperatures
BA=10; FA =5

Rio de Janeiro,RJ

13-16/December/1983

VII Brazilian Congress of Mechanical Engineering
TP = 197 ; BA = 272 ; FA = 44

Uberlandia, Minas Gerais

22-26/0ctober /1984

Seminar on Design of Pressure Vessels
BA = 10 ; FA = 3

Rio de Janeiro, RJ

29-31/0ctober/1984

III Brazilian Symposium on Pressure Vessels and Piping
TP =51 ; BA = 91 ; FA = 20

Salvador, Bahia

10-13/December/1985

V111 Brazilian Congress of Mechanical Engineering
TP = 230 ; BA = 301 ; FA = 72

Sao José dos Campos, 5ao Paulo

23-28/Fabruary/1986

I Symposium on Dynamic Systems in Machines and Equipments
TP = 27 ; BA = 23 ; FA = 16

Friburgo, RJ

05-09/August/1986

Sympoaium=gﬁ'1nelastic Behavior of Plates and Shells (ABCM/IUTAM)
TP = 32 § BA = 3 ; FA = 29

Rio de Janeiro, RJ

28-31/0October/1986

IV Brazilian Symposium on Pressure Vessels and Piping
TP = 47 ; BA = 110 ; FA = 20

Salvador, Bahia

10-12/December/1986

I Hational Meeting on Thermal Sciences
TP = 58 ; BA = 105 ; FA = 7

Rio de Janeiro, RJ

07-11/December /1987

IX Brazilian Congress of Mechanical Engineering
TP = 283 ; BA = 261 ; FA = &7

Floriandpolis, Santa Catarina



17.
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19.

20.
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26 Feb-04 Mar/1988

11 SYmposium on Dynamic Systems in Machines and Equipments
TP = 29 j BA = 40 ; FA = 1

Campos do Jordao, Sao Paulo

25-28/0Octobex /1988

V Brazilian Symposium on Pressure Vessels and Piping

1 Latin American Symposium in Pressure Vessels and Piping
TP = 61 ; BA = + FA = 30

Balvador, Bahia

06-08/December /1988

I1 National Meeting on Thermal Sciences
TP =94 ; BA = ; FA =

fguas de Lindéia, Sdo Paulo

03-06/January/1989 ¥

Pan American Congress of Applied Mechanics

Cosponsorship with the ican of Science Mechanical
TP = 197 ; BA = 27 ; FA :

Ric de Janeiro, RJ
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