Published Online on 19 June 2017

Proc Indian Natn Sci Acad 83 No. 3 September 2017 pp. 655-667

© Printed in India.

DOI: 10.16943/ptinsa/2017/49064

Research Paper

A Numerical Analysis of Fluid-Structure I nteraction Problem with a Flow
Channel Embedded in a Structural Material

P JAGAD?, B P PURANIK? and A W DATE?

1Department of Mechanical Engineering, Institute of Technology, Nirma University, Ahmedabad 382481,

India

2Department of Mechanical Engineering, Indian Institute of Technology Bombay, Powai, Mumbai 400

076, India

(Received on 06 February 2017; Revised on 08 May 2017; Accepted on 05 June 2017)

Inthe present work, numerical simulations havebeen performed on amode problem, representing aclass of fluid-structure
interaction problems. The model problem consists of a thin plate with a flow channel embedded in it. The governing
equations for flow in the channel and displacement in plate structure are discretized using afinite volume procedure on
unstructured meshes, and are solved in aone-way coupled manner with the flow in the channel influencing the stressfield
in the structure. The problem is presented in a generalized manner, in terms of the relevant dimensionless parameters
obtained as part of the analysis. A parametric study is performed for the cases of isothermal and with heating of the fluid.
The data from the parametric simulations are used to explain the stress field behavior in the solid plate, in response to
independent dimensionless parameters. The overall methodology is presented in amanner that will be useful in analyzing
any specific case of the class of fluid-structure interaction represented by the model problem.
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Introduction

Inthermo-fluid systems such ascooling of gasturbine
blades, compact heat exchangers, el ectronicscooling,
etc., aflowing fluid exertsforces (dueto the pressure
and viscous stresses) on the walls of the channels
that are embedded within the structures, deforming
themandinducing astressfield in the confining solid.
Additionally, thermal stresscan beinducedinthesolid
in presence of temperature gradients. In most of the
af orementioned thermo-fluid systems, the deformation
of channel wallsissmall to be neglected, and hence
the flow field can be assumed to be independent of
the solid-body deformation. However, stressin the
solid can be high, and depends on the properties of
thefluid and flow conditionsin addition to the properties
of solid material. Therefore, while designing (from
the strength point of view) these systems, fluid
properties and the flow conditions should also be
considered in addition to the properties of solid

material. For good/optimal design of such systems, it
isimportant to be ableto predict the stress behavior
of structural materials in response to different flow
conditions in a generalized manner, i.e., in terms of
dimensionless parameters. Thisistheaim of present
work. A model fluid-structure interaction problem
consisting of a U-bend channel embedded in a thin
plateis analyzed. The dimensionless parameters are
derived and their effects on maximum value of
dimensionlesseffective stressinthe plate are studied
and important conclusions are drawn. Two cases,
excluding and including fluid heating, are considered.

An extensiveliterature survey of fluid-structure
interaction problemsdid not show similar kind of work.
Several of the reported studies involving interaction
of afluidwith asolid focused on the sol ution approach
such as partitioned method (Piperno et al., 1995; Park
et al., 2001; Matthiesand Steindorf, 2003; Degroote
et al., 2009; von Scheven and Ramm, 2011; Breuer
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et al., 2012), monolithic method (Hubner et al., 2004;
Etienne et al., 2006; Ryzhakov et al., 2010; Jog and
P4, 2011), unified single solution method (Greenshields
and Weller 2005; Papadakis 2008), Arbitrary
Lagrangian Eulerian (ALE) method (Hirtetal., 1974),
Deforming Spatial Domain (DSD)/Stabilized Space
Time (SST) method (Tezduyar et al., 1992; Tezduyar
and Sathe, 2007; Takizawa and Tezduyar, 2011),
Fictitious Domain (FD) (van Loon et al., 2007),
Immersed Boundary Method (IBM) (Peskin, 1972;
Peskin, 2002), method using interpolation operator
(Gretarsson et al., 2011), full Eulerian fixed grid
method (Takagi et al., 2012), and hybrid mesh free -
Cartesian grid method (Yu et al., 2011). Other studies
focused on the procedures employed for specific
applicationssuch ascrystal growth process (Scheafer
etal., 2002), fracture mechanics (Greenshieldset al .,
2002), blast wave mitigation (Peng et al., 2011), effect
of pipe wall visco-elasticity during water hammer
(Keramat et al., 2012), flow analysis of aribbed helix
lip seal (Wen et al., 2011), analysis of head-stack
assembly in hard-disk drive (Kazemi, 2009), solution
of an aero-elastic model describing the interactions
of air flow with vocal folds (Svacek, 2011), dynamics
of a cantilevered pipe aspirating fluid (Giacobbi et
al., 2012), analysis of flexible turbo-machinery
(Campbell and Paterson, 2011), analysis of flexible
flapping airfoil (Unger et al., 2012), bio-mechanics
and bioengineering applications (De Hart et al ., 2003;
Tang et al., 2003; Cheng et al., 2004).

In view of the fact that while the situation
described in the model problem considered for the
present study isrelevant from practical applications
mentioned earlier, and since there does not seem to
be any such investigation reported in the literature,
this work can be considered as a fundamental
engineering analysisfor such applications.

Dimensionless Parameters of the Sudy

The schematic of the problemisshowninFig. 1. For
thepurposeof illustration, the plate mateiral isassumed
to be elastic and following the von Mises yield
criterion. However, it is noted that no special
importance should be attached to this choice of model
for computing limiting stress.

The equivalent stress (the von Mises stress) at
apoint in an elastic solid dueto variousforces acting
onitisdefined as

~_
Fluid in
i Fluid out
\"/
Fig. 1: Schematic of the flow in a channel embedded in a

plate

0w =\08[(0.-0,) +(0, ~0.) +(0.~0.) |+3loL +o% +02). (1)

where o, 0, 0, €tc. are the components of the
stress tensor o;;. A material startsyielding at a point
where o reaches the yield strength. Hence, it is
important to evaluate the maximum value of o
(0t men) @Nd itslocation in a solid to know whether
the material will yield or not under a given load
condition, and the point of start of theyield.

Dimensionless Representation of the Governing
Equations and the Boundary Conditions

In order to understand the origin and significance of
the dimensionless parameters of the problem,
governing equations for the fluid flow and the plate,
interface condition and the boundary conditions are
expressed in dimensionlessform asfollows.

Governing Equations

Assuming steady incompressible flow, the equations
governing the transfer of mass and momentum and
energy for afluid flow, in Cartesian coordinate system,
can be written as

au, o

ox ()

P Uy, 0 0 au,

s (1
j X X; axj

(4)

a(pfcp,fujT)_ 0 (k BT)

X, ox | ' ox,
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where u, is the component of the velocity vector u;
inthedirection - i, p; is the density of thefluid, ., is
the fluid dynamic viscosity, p stands for the fluid
pressure, k; is the thermal conductivity of the fluid,
Cof is the specific heat of the fluid, and T is the

temperature of thefluid. AssumingD,, @ , and p, U’

to be the characteristic length, velocity and pressure
scales respectively and the fluid properties to be
constant, Egs. (2), (3), and (4) can be written in
dimensionlessformas

ou, “o
X, o (5

o) oo ), 1 9
X X Reox” (6)

I

a(u*jT*)z 10T
X Pe ax’f ' (7)

I

Here, U isthe average velocity of the fluid in
the channel, D, = 4A /P isthe hydraulic diameter of
the channel with A, representing the area of cross
section of the channel and P representing the
perimeter of the channel cross section. Moreover,

Re=p,UD,/u; is the flow Reynolds number and
Pe=pc, UD,/K; isthe Peclet number.

Governing steady state energy equation for a
solid can be written as

d oT
212 |0
axi[ Saxj] ®)

Here, T isthetemperature of the solid and kg is
the thermal conductivity of the solid. Assuming the
thermal conductivity to be constant, Eq. (7) can be
written inthe dimensionlessform as

x: ©

Neglecting the body force, the governing

equilibrium equation for an el astic solid can bewritten
as

8(6”,5) —i
oX. _8xj

J

adu) ABu)| , ABu,)
|f%( an + axl +}»5 ank 5”_(2”8‘*3}”3)(13%” =0

(10)
where éu; is the component of the displacement
vector 6u, inthedirection - i, 1 isthe shear modulus,
X is the first Lame’s constant, ¢, is the Kronecker
deltatensor, o isthe coefficient of thermal expansion
of the solid, o;; isthe stresstensor, and the subscript s
o;; stands for the solid. Assuming D, to be the
characteristic length scale, as well as, a reference
scale for dimensionless representation of the
displacement vector, and dividing Eq. (10) throughout

by p; U2, it can bewritten in the dimensionlessform
as.

a{ ", [a(au‘)+a(5u;)J+

E pU%| 0x; ox

o)
p O 0%

5, ot ) _as i |
p0*  (k/a,D,)

(11)

where, q,, is the heat flux supplied at the surface of
the substrate.

I nterface Condition

At/acrossthefluid-solid interface thereis continuity
of temperature, the heat flux, the traction (force per
unit area) and the velocity. The condition of the
continuity of heat flux and temperature can bewritten

as.
o, o,
& (a—nl =k (ml (12

where, T, is the temperature of the interface and
d() /0n stands for the normal gradient. Subscripts f
and s stand for the fluid and the solid domains
respectively.

Equation (12) can be written in dimensionless
formas:

9| _k (9T
o' ),k Lon' ), (13)
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The condition of continuity of the traction is
expressed as:

(0 i )f = (0 iNj )s’ (14)

where n. istheoutward facing normal totheinterface.
Substituting for the stresstensor in Eq. (14) using the
relevant constitutiverelations

ou  du;
_Fﬁijnj + U, (&4-3_);}11'

]

:Ms[a(sq)ﬁ(suj)}nj

ox. 0%

J

o8 uy)
+AST;8ijnj — (20, +3%,)a TN, (15)

The pressure can be expressed as p = p,, +
Ap where, p,, and Ap stand for the channel outlet
pressure and pressure drop respectively. Therefore,

invoking the identity 6ij n=n,

ou  au,
~[ Pow +AP|N + 11, {&Jra_)g]}nj

I

X oX

=M{a®q)+a@ug}m+xglg%)

—(2us+ 32 o T (16)

Equation (16) can bewrittenin thedimensionless
formas:

© o ou;
- pLitz-l' AEZ ni+i ail+_j nj
p;u- p,u Re| ox.  ox

]

_u, [9(u) o(3u))
__pfﬁz{ o x|

J

LN a(ﬁu;)n_(zus+3)»3) I,

pU® o ' pd® (kfq,D,)
(17)

Sincethe convection/velocity isneglected inthe
platein the present work, the condition of continuity
of velocity at thefluid-solid interfaceisredundant.

Boundary Conditions

Uniform velocity and temperature of the fluid at the
channel inlet isassumed. Therefore,

U,=u (18)

i,B ~ “iin?
and
T =Ti i (19)

with subscript B representing the boundary surface,
u . and T, representing the specified value of the

i,in fin

velocity vector and thefluid temperature respectively
at theinlet.

Zeronormal gradient of the flow variables and
temperature at the channel outlet isassumed. Hence,

90" ) _
o) o @)

where ¢ stands for u;, p, and T.

The plate is assumed to be constrained at the
external boundaries. Therefore,

Su s =0. (21)

A symmetry plane passing through thethickness
of the plate is assumed. Therefore,

SU =0 22)

and

aBu)|
[a—} -0 @)

where, the subscripts n and t stand for the normal
and tangential component respectively.
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Assume that the fluid is heated by supplying a
constant heat flux of g, at the two surfaces of the
plate and the edges of the plate arein contact withan
ambient air at atemperature T, and the heat transfer
coefficient for the convective heat transfer to the air
ish,. Therefore,

kS

K

=L (24)

on’

o(T/(a,D, /K, ))}

and

(TB B Ta)

Kk, on’

k{a(wquh/kf ))} __n

(25)

From the interface condition (Eqg. (17),) it can
be observed that the stressin the plateisinduced due
to three types of forces at the interface explained as
follows. Considering the limiting case of the flow
velocity tending to zero, therewill be uniform pressure

distributionequal to p,,/p ;T throughout thechannd.
This will cause a static force acting on the channel

wall inducing a stress o /p T, which will be a

function of p,,/p,U° alone. Now, asthefluid starts
flowing through the channel, the uniform pressure

Poa/PU° will be appended with a pressure

distribution corresponding to Aplp G%, which isa
function of Re. Now, the appended pressure
distribution and the viscous stress (1/Re)

(auflax] +8u’;/8>{) will induce an additional stress
inthe plate, which will be afunction of Reaswell as
Pou/P U . From the foregoing analysis, for agiven

geometry/dimensions of the plate and that of the
channel, the dimensionless stress solutionin the plate
can be expressed as:

Giis

peu

(k, /D, ) (a,Dy 7k )

659
(B, Pa A ok 0 TamTin R
p U2 o0 o0 Tk (ko /a,D,) (a,Dy/k ) (/D)
(26)

Moreover, we can write (Jagad et al., 2015)

Ap
prZ

= f,(Re). (27)

Hence, EQ. (27) can be rewritten as:

E Pout K Olg T.=Tiin h,
2 Yo Uk (k/a,0,) (a.byk, ) (ki /D)
(28)

Parametric Sudy Excluding Heating of the Fluid

Consider the model problem shown in Fig. 1. The
plate is assumed to be of the dimensionsa = b =
50mm, t = 2.5mm. The cross-section of channel is
assumed to be 0.5 mm x 0.5 mm. The channél is
assumed to be placed symmetrically (¢ = 0) in the
plate. The dimensions R = 10mm and a, = 30 mm
are assumed. When heating isexcluded, Eg. (28) can
be rewritten as:

Gii,s _ E Pou
=f WV, ,Re .
prZ z(pfuz prZ (29)

Thefunctional relationship givenby Egs. (29) is
studied. The values of the parameters employed for
the study are summarized in Table 1. The Poisson’s

ratio v = 0.17 represents silicon, v = 0.3 represents
metal such as steel, and v = 0.37 represents polymer

material Polycarbonate. Fairly widerangeof E/p 0°
and p,,/p U’ isemployed.

For simulations, the symmetry in zdirection
(along thethickness) is considered. The unstructured
mesh finite volume procedure (Jagad et al., 2011) is
employed for solving the problem. The mesh employed
is shown in Fig. 2. The flow domain through the
channel is discretized using a hexahedral mesh and
the domain in the plate is discretized using a hybrid
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Table 1: Values of the parameters for stress behavior study when heating of the fluid is excluded

Parameter Vaues

Re 292, 380, 468, 585, 877, 1170, 1460, 1750, 2050

E/prz 1.88x10°, 2.56x10°, 3.68x10°, 5.75x10°, 1.02x10°, 2.3x10°, 9.2x10°
v 0.17, 0.3, 0.37

PP T2 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 200

300, 500, 1000, 2000, 3000, 4000, 5000

No. of elements:
Channel 9216
Plate 70668

Fig. 2. The mesh employed for the simulations for stress
behavior study

mesh consisting of hexahedral and triangular prismatic
cells.

The behavior of 6 4 /P U° asafunction of
Refor different valuesof E/p,T° isshowninFig. 3.
The collapsing plots imply redundancy of the
parameter E/p.U°. Figure 4 shows the behavior of
O ma/P(U° a@s a function of p,,/p,T° for Re

varying from 292t0 2050 and v =0.17 and 0.3. It can
be observed that o ,../p,U” drops with risein Re

since the dimensionless pressure drop Ap/p,U° (see
Fig. 6) and the dimensionless viscous stress (1/Re)
(aui*/ax] + au;/ax*) at the channel wall decrease.

Moreover, the effect of Reon 6 /0 U° issmaller

2

at higher p,./p;U° since the fluid static pressure

becomes dominant and the Ap/pr2 becomes

insignificant. With therisein p,,/pU?, forcedueto
static pressure on the channel wallsincreasesleading
totheriseinthedi mensionlassstressGeff'max/pfU2 in
the plate material. In order to convey the effect of v

0N G mlP:U° clearly, an extract from Fig. 4 is

shown in Fig. 5. As v iNCreases, Oy /P 0"

decreases. As v increases, the maximum value of
the shear stress components decrease and that of the
normal stress componentsincreases. Asaresult, the

maximum value of 6 4 ../pU> decreases due to
the dominant contribution of shear stresscomponents.

The percentage change in the value of O y /P U°
with v is found to be almost constant for different

values of Reaswell as p,,/pU°.

A few contour plotsinaplaneat z=0.1875 mm
are shown in Figs. 7-8. Water (p = 1000 kg/m?® and
=8.55x 10* Pa-s) is assumed to be the fluid passing
through the channel. From these plots, it can be
observed that the point of maximum effective stress
iseither inthevicinity of channel inlet or near theend
of leftlimb of the channel depending on the range of
parameters, as aready stated earlier.

Parametric Study I ncluding Heating of the Fluid

In the present case, for given dimensions of the plate
and channel, and fixed T, Tf,in and ha, Eqg. (28) can
be rewritten as:
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The problem described in Sec. 3isnow studied
assuming heating of the fluid. The functional

relationship givenin Eq. (30) isstudied. The effects

Fig. 4: Behavior of cseﬁvmax/pfﬁ2 as a function of P,/ U for

different values of Re and v
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of Re, Elp,U°, v, kjk,, Pe and a./(k,/q,D,) on

Table 2: Values of the parametersfor a case when heating
of the fluid is considered

Re 292, 877, 1460, 2050
Elp U 1.88x10°, 9.2x10°

v 0.3, 0.37

KK 0.3, 350

Pe 200, 10000

a/(k/q,D,) 12x107, 12x10°

O ma/P (U’ are determined. For the present study,

Pou/PU° =0 is assumed. The values of different

parametersused for the study are summarizedin Table
2.

The symmetry of the problem in z-direction
(along the thickness of the plate) is considered. A
uniform velocity and temperature of the fluid are
assumed at the channel inlet. At the channdl outlet,
normal gradientsof theflow variables and that of the

20

o puul!pll_f:s
_g o v=0.17
A v=0.3
o] v=0.37

Oeﬂ,max ! plﬁz
oo

10_— g
8885

1 a1 TR SN ST T |
300 700 1200 1700 2200
Re

(@ Pog/pi0°=5

fluid temperature are assumed to be zero. No-dlip
boundary condition isemployed onthe channel walls.
All external boundaries of the plate are assumed to
be fixed. Continuity of the traction (force per unit
area), velocity, temperature and heat flux are
implemented at the channel walls. Uniform heat flux
condition is assumed at the top and bottom surfaces
of the plate. At the edges of the plate, natural
convection heat transfer to theambient air isassumed.

A solution procedure similar to (Jagad et al.,
2011) isused. For simultaneous determination of the
fluid and solid temperature fields, the procedure
described in (Jagad et al., 2012) is used. The same
mesh asthat shown in Fig. 2 and described in Sec. 3
isused.

The effects of the aforementioned parameters

ON O /P ;U are shown in Figs. 9-10. It is found
that Re doesnot affect 6 /P ;U° for larger values

of o/ (kf/qWDh) and E/p,U® because the thermal

stresses (due to the temperature distribution in the
plate) are the predominant contributors and are not

dependent on Re. At lower values of o/ (kf /qWDh)

and E/p . T?, the contribution of mechanical stresses

(due to the forces on channel walls due to the fluid
pressureand viscous effect) becomes equivalent and

Poy/ PAI = 4000

A vios

- 0] v=0.37
- o O m] m] o O

4000 =

3900 f- 5

Gaﬁ.ma: / plﬁz

3800 -

ke 9 0 o O B 0

L R (Y] (SN TS 1 L L1 TR |

00 700 1200 1700 2200
Re

(b) Pay/ P U =4000

3603

Fig. 5: Behavior of CTeffmxlp)fU2 as a function of Re for different values of v , showing the effect of v
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22

18

Ap/ pi?

10

]

ol o b i 1) . _
2000 2500

0 500 1000 1500
Re

Fig. 6:Dimensionless pressure drop Ap/pr2 as a function
of Re

O mad P U~ Slightly increases with increase in Re.

As Pe or kJ/K; increases, 0 ../pU° decreases

because temperature gradients in the plate decrease,
hence, the thermal stress decreases. The percentage

changein cseﬁ,rmx/pr2 with Peisfound to be more

for larger k/k; and v , and smaller E/p,0° and

Contours of o

e, max

(Pa) atz = 0.1875 mm

Re =292, p = 1000 kg/m®, j = 8.55x10" Pa-s, p,,, = 1.25x10° Pa
v=0.37, E=4.69x10" Pa

(@) Pyy =1.25x10° Pa

o/ (kf /qWDh) . Similarly, the percentage change in
O P 1 U° With kJ/K; isfoundto bemorefor larger
Peand v , and smaller E/p,0” and o../(K,/q,D,).

As ElpU® or aJ(k/q,D,) or v increases

2

Ou mx/PU° INCreases because thermal stress

increases in the plate.

Conclusions

A model problem of determination of stressbehavior
of theconfining structurein responseto different flow
conditionsinaninternal flow situation consisting of a
U-bend channel embedded in athin plateisanalyzed
here. Two cases, without and with the fluid heating,
are considered. The dimensionless governing
parameters are derived. The effects of these
parameters on maximum value of dimensionless
effective stress in the plate material are studied.

In the first case, when heating of fluid is not
considered, thefollowing conclusions are derived:

. The effect of a dimensionless Young’s modulus
on the dimensionless maximum effective stress
isfound to beinsignificant over awiderange of
the parameters.

Contours of 6., (Pa) atz=0.1875 mm
Re = 292, p = 1000 kg/m®, 1 = 8.55x10™ Pa-s, p,,, = 1.0x10° Pa
v=0.37, E =4.69x10" Pa

(b) P =1x10° Pa

Fig. 7:Contours of O nx (Pa) for the stress behavior study at z = 0.1875 mm, Re = 292, p = 1000 kg/m3, u = 8.55 x 10* Pa-s,

v =037, E = 469 x 10’ Pa
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Contours of 6, . (Pa) atz = 0.1875 mm
Re = 2050, p = 1000 kg/m’, i = 8.55x10™ Pa-s, p,, = 6.125x10" Pa
v=0.37, E=2.3x10° Pa

Contours of 5, ., (Pa) atz = 0.1875 mm
Re = 2050, p = 1000 kg/m®, 1 = 8.55x10™ Pa-s, p_, = 4.9x10” Pa
v=0.37, E=2.3x10" Pa

@ Py, =6.125x10° Pa (b) Pay =49x10" Pa

Fig. 8. .. .. . .. Og mx (Pa) for the stress behavior study at z = 0.1875 mm, Re = 2050, p = 1000 kg/m3, o = 8.55 x 10* Pa-s,
v =0.37, E = 469 x 10° Pa

v=03, o/ (k/q,D))=1.2x10" . v=03, a,/(k/q,D) =1.2x10* .0 =0.3, Pe=200
(T_-Tu_)x&',p_kﬁqzﬁ?ﬂ,xwu#a.is?no"E tﬁ:g;’; PP":‘;";'O (T, T,)(q.D,/k)=0, h/(k/D,)=8.157x10"" | zzdsu. e
1300 - p, /pAi=0 ' 120000, ' Symbols 3 v k/k=03,Pe=10000
o 0 v k/k=0.3, Pe=10000 withfill  :E/pi’=1.88x10° 5 Sie weibbs
ol e /= 188X 10° > k/k=350, Pe=10000 without fill : E / pi* = 9.2 x 10° K/k350, Fax
without fill :E/ p0° = 9.2 x 10 mouoo—n - - .
ool B o o m]
700 F
o > > > anono L D> b = >
o0 & o
'l"g_- - _I??'- 2000 g n [ n
— ] = 1800
£ [ ] =
i | . . L : : :
& & x o 1600
1400
L » >
nre > o > > > >
" ; ; . s 10900 700 1200 1700 2200
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Fig. 9: Effects of the parameters on Geﬂlmlpfﬁ2 for a case when fluid heating isincluded and v = 0.3
*  Thedimensionless stress is found to decrease pressure at the channel outlet (say > 500),
Wlth incre&in theﬂOW RejnOIds numba'. The d| mensi Onl ess pressure drop becomes
effect of the flow Reynolds number on insignificant as compared to static pressure of
dimensionless maximum effectivestressisfound thefluid inthe channel . Hence, the effect of the
dimensionless static pressure at the channel insignificant.

outlet. At high values of dimensionless static
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Fig. 10: Effects of the parameters on Geﬂ‘w/pfﬁ2 for a case when fluid heating is included and v = 0.37

. The dimensi onless maxi mum effective stressis
found to decrease with increase in the Poisson’s
ratio.

For the second case, when heating of the fluid
is considered the conclusions derived are as
follows:

*  Athigher valuesof dimensionless coefficient of
thermal expansion and dimensionless Young’s
modulus the thermal stress is found to be
predominant over mechanical stress. Hence,
the effect of the flow Reynolds number on
dimens onless maximum effective stressisfound
to be insignificant at higher values of the
dimensionless coefficient of thermal expansion
and the dimensionless Young’s modulus.

. The dimensionl ess maximum effective stressis
found to decrease with increase in the flow
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