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ABSTRACT

A thermophoretic phenomenon, known as "thermal creep,” has recently become
the focus of several studies in flow analysis under microgravity conditions. Thermal
creep drives a slip flow from lower to higher temperature regimes over a wall
nonuniform temperature. It is suggested that in microgravity environment where the
effect of buoyancy is reduced, the effect of thermal creep may become important and
even critical in the kinematics and heat transfer of enclosed fluids.

This study presents a numerical analysis of a vapor movement inside a rectangular
enclosure under a variable gravity condition and in the presence of thermal creep. Three
different thermal boundary conditions are considered; a linear wall temperature along
sidewalls, a nonlinear wall temperature along sidewalls, and a linear wall temperature
along sidewalls in conjunction with heating from below. The results are obtained by
solving the governing equations for velocity and temperature fields. A control volume
formulation and SIMPLER algorithm are used in the numerical investigation of the
problem.

It is found that under microgravity conditions, thermal creep induced by a
nonisothermal wall would significantly alter the behavior of flow, but heat transfer
remains dominated by conduction. As the gravity (buoyancy) effects increase, the
resulting flow patterns are observed to be more complicated than pure buoyancy-induced
flow. At certain critical values of gravity vector, the buoyancy effects and thermal creep
are observed to achieve parity. Under these conditions, the flow is unstable and
convective heat transfer become important. For large values of gravity, the effect of
thermal creep is observed to be limited to the layers near the walls with nonuniform

temperatures.
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In general, the results indicate that thermal creep can be very important under

microgravity condition and its effects should be included in applications in which the

movement of a gas over a surface with nonuniform temperature is of interest.
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Chapter 1
INTRODUCTION

It is known that a wall with a nonzero surface temperature gradient in contact with a
fluid, generates a slip flow over the wall surface. This phenomenon, called "thermal
creep,” is often neglected in most earth-bound flows due to the overwhelming dominance
of forces associated with gravity. However, thermal creep can attain importance and may
have to be included in the analysis of fluid and heat transfer processes in microgravity
environment when buoyancy effects are not significant.

The fundamental physical process in thermal creep was first investigated by Maxwell
to explain the radiometric force at low pressure[1]. Thermal creep exists due to unequal
tangential momentum of molecules coming from the hot and the cold side as they impinge
on the wall. This is sketched in Figure 1.1. To compensate for the uneven momentum
transfer, a wall shear stress is generated which drives the fluid from the cold to the hot

region over the wall surface. The resulting creep velocity, v_ for an ideal gas is

proportional to the wall temperature gradient by([2]

c,uR 0T
=== 1.1

where c; is the coefficient of thermal slip and is an order one term, and |, R, P, and y are
the dynamic viscosity, gas constant, the local pressure, and the distance along the wall,
respectively. It should be noted that although the study of this phenomenon was originally
motivated by application in rarefied flow regime, thermal creep is present and may become
the important in continuum regime. The coefficient of thermal slip cg,was first calculated
by Maxwell to be 3/4. However, a more accurate value that is in substantial agreement

with other kinetic theory analyses and is valid for wide range of Knudsen numbers (the



Figure 1.1 Schematic illustrating the basic of thermal creep



ratio of the molecular mean free path to the characteristic dimension of the problem) is

1.17[4]. This value will be also used in this study.

One of the applications in which creep flow analysis may prove significant is the
formation of crystals by physical vapor transport (PVT) under microgravity conditions. In
general, PVT is an important technique to grow crystals in closed ampoules by subliming
materials below their melting points at one end of the enclosure and, after transport
through a vapor space, recondensing them in single crystalline form. In the absence of
motion induced by buoyancy in a low gravity condition, it is expected that a more uniform
growth and enhanced crystal homogeneity are achieved[3]. However, in the presence of
significant motion induced by thermal creep the flow pattern within a PVT vapor space,
and the subsequent formation of crystals, may be affected. Therefore, a careful analysis of
thermal creep in space environment may prove to be very important.

Rosner and Keyes[5,6] have pointed out that under typical microgravity conditions
several neglected gas kinetic phenomena become important sources of convection in PVT.
Among these phenomena, thermal creep may have a strong influence on the flow
kinematics in the space microgravity condition. They estimated that even in ground-based
experiments with ampoules at typical PVT pressures, induced sidewall creep velocity
could be within an order of magnitude of those associated with conventional buoyancy-
induced vapor velocity. For example, in an ampoule used to grow copper phthalocyanine
films and with typical set of parameters g=980 cm/sec2, p=3.2 Torr, v=73 cm2/sec, and
temperature difference of 330K over a sidewall length of L=7.5 cm, thermal creep velocity
is nearly 5 cm/sec which is about 7% of expected buoyancy-induced velocity.

Vedha-Nayagm and Mackowski[8] supported this observation by analyzing flow on
a vertical wall with nonuniform temperature. Assuming steady, laminar flow, and a

constant-property fluid and using Boussinesq and boundary-layer approximations, they



found that a similarity solution exists when the surface temperature of the wall varies as

T, =T, + Ny’, where T_ is the temperature of the quiescent ambient fluid far away from
the wall, N is a positive constant, and y is the distance along the wall. The important
parameters were the Prandtl number Prand Gr/Re?, where the Gr is local Grashof
number and Re is local Reynolds number based on the thermal creep velocity. The
problem was solved for values of Gr/ Re? between 0 and 100, and a fixed value of the
Prandt] number of 0.7. Thermal creep effects were significant for values of Gr/Re’ less
than approximately 20, and buoyancy effects was dominant for values of Gr/Re? less than

1. For Gr/Re’ around 25 and at one atmosphere pressure, the resulting mass flow rate

and heat transfer rate were 25% greater than that computed by a pure buoyancy-induced
convection. They concluded that thermal creep can significantly alter flow and heat
transfer characteristics when buoyancy is negligible.

A numerical analysis of physical vapor transport in cylindrical ampoules under zero
gravity conditions, including thermal creep boundary condition, was conducted by Walker,
Nackowski, and Knight[8]. Different aspect ratios, temperature ratios, and Schmidt
numbers (ratio of diffusion of momentum to diffusion of mass) were considered at the
zero gravity condition. They found that for Schmidt numbers greater than ten, temperature
ratio greater than 0.9 and smaller aspect ratio than 5.0, the thermal creep boundary
condition significantly influenced the flux of the material from the source to the crystal.

Walker, Nackowski, and Knight did not include the effect of small gravity (g-jitter)
and only considered flow induced by thermal creep. In microgravity space conditions, the
effective gravity level within the space vehicle can be as large as 10-g due to various
factors including crew movement, operation of equipment and vehicle maneuvers. For this

reason inclusion of small gravity and the analysis of relative importance between creep-



induced and buoyancy-induced motion are very important in a thorough understanding of
flow kinetics in space environment.

In the present study, the importance of thermal creep in a rectangular enclosure
containing an ideal gas is investigated by examining the kinematics of the flow and heat
transfer. The analysis includes numerical solution of the mass, momentum, and energy
conservation equations. An enclosure with different thermal boundary conditions is
considered including one similar to a PVT ampoule. The investigation includes the
examination of the relative importance of thermal creep to buoyancy-induced flow in

space environments at various gravitational strengths.



Chapter 2
NUMERICAL ANALYSIS

2.1 Scope of Analysis

The focus of this study is on an ideal gas enclosed by a two-dimensional cavity of
width L and height H as shown in Figure 2.1. The fluid is subjected to an arbitrary low
gravity environment and various different thermal boundary conditions. These boundary
conditions include:

(1) a linear wall temperature along sidewalls, with other walls insulated,

(2) a nonlinear wall temperature along sidewalls, with other walls insulated, and

(3) a linear wall temperature along the sidewalls in conjunction with isothermal (heated)
bottom and (cold) top walls.

The magnitude of the gravitational vector ranges from zero to levels expected in
typical microgravity applications. Various wall temperature gradients and aspect ratios are
also considered. The dimensionless parameters of the problem are determined based on
realistic geometry and temperature conditions. The gravitational vector is selected with
parallel or normal components relative to the sidewall.

Under the assumptions of unsteady, two-dimensional, ideal gas with constant
properties and the Boussinesq approximation, mass, momentum and energy conservation
equations are solved numerically. Heat transfer is treated by calculating the average
Nusselt number for each wall. The developed finite difference code is based on Patankar's
control volume method[9] for the solution of a general differential equation containing
unsteady, diffusion, and source terms, and it includes a staggered node arrangement for
velocity computation and a power law scheme for the coefficients of discretized equations.

The SIMPLER algorithm[9] is used to solve the discretized equations.
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2.2 Governing Equations
The dimensional governing equations for the unsteady, two-dimensional flow of a
constant-property fluid with the Boussinesq approximation are

Mass:

du ov
Rl 2.1
ox * dy 0 @D

Newton's Second Law:

2 2
a—u+ CLIRALI L op +v(au ou

)+gXB(T To)

ot ox oy pax x> 9y’

v v, ov_ 13p, (dv, Fv &2

v v v v

AT AT A g T-

Yk Yoy ooy (a oy )+g BT =T

Conservation of Energy:

oT oT dT *T 9°T
et U—4V—= 2.3
o Vox Yy a(axz ayZJ (23)

where o =_k_, p'=P-p(g,x+g,y), g=-g,i-gJjand(u, V)P, p’, T and T, are
pc

P
velocity components in (X, y) coordinates, local pressure, pressure deviation from the
hydrostatic value, fluid temperature, and initial fluid temperature, respectively. Also v, a,
B, and g are kinematic viscosity, thermal diffusivity, volume expansion coefficient, and
gravitational acceleration, respectively.
To normalize the equations, the spatial lengths x and y are scaled by the enclosure

width L. Since all length scales are normalized by the same reference length, aspect ratio
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effects appear through the boundary conditions. The velocities are scaled by viscous
penetration velocity v/L. This proves to be numerically convenient when a wide range of
gravity values, from thermal-creep-dominant regimes to buoyancy-dominant regimes, is
investigated. As a result, the normalized velocity is in effect local Reynolds number.

Introducing the following normalized variables:

X='£, Y=Z-, U=P£, =_Y.I:.
L L Vv v
72 _
P=pl;, e—T TO,"(:=£\2i
pv Th_TO L
the governing equations become:
oU dV
Xty ™ 4
aX dY (2.4)
2 2
U U, U _P PV FU g
a‘t oX oY dX dXx a 25
aV Ua—v Va_V__a_P+a2V aZV .
a‘t 0X Y dY dx* 0Y
00 d9 00 36 I
—+U—+V— + 2.6
ot dx dy Pr(ax aY) (2.0)
- 3 3
where Pr:l’ er =ng(’Thv—2TO)IJ, and Gry = yB(Th - TO)L
\Y

The heat transfer from the walls to the enclosed fluid is investigated by defining Nusselt

number based on the integrated normal temperature gradient along each wall as follows:

Left sidewall

dY

X=0

Nu, ARj—5>z




Bottom wall
dX

Y=0

1
Nu, =AR‘[——ag
. O

where aspect ratio AR is the ratio of the height to the width of the cavity. Nusselt number

at the other walls can be defined similarly .

2.3 Boundary Conditions

The schematic of the geometry of the problem is shown in Figure 2.1. The gravity
vector is assumed to be aligned in the negative y-direction unless otherwise indicated. The
height of the enclosure is H, and the width of the domain, which is selected as a
characteristic length, is L. In the symmetric cases, the actual width of the enclosure is
twice the width of the calculation domain. Boundary conditions are specified at each wall,
i.e., for x=0, x=L, y=0 and y=H (or in normalized form, X=0, X=1, Y=0 and Y=AR where
AR istheratioof Hto L.)

2.3.1 Linear Wall Temperature (Case I)

The first case considered in this study is shown in Figure 2.2. The left vertical wall is
heated and is subjected to a linear wall temperature. The right vertical wall is subjected to
a symmetric temperature boundary condition. The two horizontal walls are assumed to be
insulated. The symmetrical nature of the boundary conditions imposed makes it convenient
to consider only the left half of the enclosure as shown in Figure 2.2. The plane of
symmetry is now assumed as an adiabatic surface with zero velocity gradient. These

boundary conditions can be summarized as
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T, Insulated

AR
g
Axis of
symmetry
AY
X
Th 0 Insulated
T -T
T, =T, -——<
w h H y
Boundary Conditions
00
At Y=0 and Y=AR: U=0, V=0, —=0,
oY
At X=1: U =0, a—V=O, —a£=0,
0X 0X
At X=0: U=0, Va—SNw _ g-1- L
AR(N6+1) AR
where AR =11, Ne = LT
L T,
At 1=0: U=0, V=0, 6=0

Figure 2.2 The problem and boundary conditions of Case I
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at Y=0 and Y=AR: U=0, V=0, and g%=0’
oV 00
t X=1: U=0, —=0,and —=0,
: aX aX
at X=0: U=0, V= cL (_ T,-T ) - ¢Neg ,
T, H AR(N0+1)
and 0= l—l
AR
where AR=—, and N = Th;TC

N, is designated the creep number, and it represents the relative temperature change
along the wall compared to the cold temperature responsible for driving the thermal creep

flow.

2.3.2 Nonlinear Wall Temperature (Case II)

Another and more complex set of boundary conditions employed in this investigation
is depicted in Figure 2.3. The temperature along the left vertical wall decreases nonlinearly
as a function of y. The chosen nonlinear temperature distribution is a third order
polynomial in y. The temperature along the right vertical wall also increases nonlinearly as
a cubic power of y. Therefore, imposed thermal creep flow on the left wall is exactly the
same set but opposite to that on the right wall. The two horizontal walls are assumed to be

insulated. The boundary conditions can therefore be summarized as:

at Y=0 and Y=AR: U=0, V=0, and £=O s
oY
c,L

at X=0: U=0, V =-T—(—3N(H—y)2) =

w

3
and 0, =(l—l) ,
AR

_3cNg(1-Y/AR)’
AR(N8, +1)

2
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T. Insulated

A
g
<—
LAY
X
—
Th 0 Insulated 1
T, =T, +NH-y)’ T, =T, +Ny*
Boundary Conditions
00
At Y=0 and Y=AR: U=0, V=0, —=,
Y
2 3
At X=0: U=0, yo-3eNg(I=Y/AR) ew=(1--Y—),
AR(N6, +1) AR
2 3
At X=1: U=0, V= 3305NcRY , 9w=(—Y—)
AR*(N.0, +1) AR

Figure 2.3 The problem and boundary conditions of Case II
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at X=1: U=0, V==2(3Ny})=

2.3.3 Linear Sidewall Temperature Distribution with Isothermal Horizontal Walls (Case

)

The third case considered is shown in Figure 2.4. The top and bottom walls are
isothermal. The vertical sidewall temperature varies linearly from the top to the bottom
horizontal wall temperatures. This case resembles the thermal boundary conditions
imposed on physical vapor transport (PVT) ampoules both in normal and microgravity
conditions. The only difference compared to a PVT application is the absence of mass

transfer on the top and bottom walls. The boundary conditions are

at Y=0: U=0, V=0, and 6=1
at Y=AR: U=0, V=0, and =0
at X=1: U=0, a—V=O, and £=O
oX 0X
at X=0: U=0, V=&(—Th_'r“)=— €New ,
T, H AR(N6+1)
and 9=1——Y—
AR

2.3.4 Enclosures Subject to Multi-Component Gravity Vector (Case IV)
To investigate the effects of the orientation of the geometry in the boundary
conditions of Case III, three different gravity vectors are considered: positive y-direction,

negative x-direction and positive x-direction (see Figure 2.1). The calculation is done by
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T,
T AR
g
Axis of
symmetry
AY
X
> o
Th 0 M
Th
Boundary Conditions
At Y=0: U=0, V=0, 6=l
At Y=AR: U=0, V=0, 6=0,
At X=1: U=0, a—v=0, £=0,
). ¢ oX
At X=0: U=0, Ve——SNw _ g1 ¥
AR(N0+1) AR

Figure 2.4 The problem and boundary conditions of Case III
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substituting appropriate values in Gr, and Gr, into Equation (2.5). In Cases I through III

where the gravity is in negative y-direction, Gr, is zero and Gr, is a positive constant. For

these different gravity vectors, the following was used in Equation (2.5):

for positive y-direction gravity, Gr,=0, and Gr,=-375
for negative x-direction gravity, Gr,= 375, and Gr,=0

for positive x-direction gravity, Gr,=375, and Gr,=0.

2.4 Discretization of Equations
2.4.1. General governing differential equation
The governing equations discussed earlier can be cast in the form of a generalized

conservation equation for a general dependent variable ¢ as:

9, 90, 90 _{d
pat+puax+pvay—l“(ax2+ayz +S 2.7

where I' is the diffusion coefficient, and S is the source term. The quantities I" and S
depend on a particular interpretation of ¢. For example, if ¢ represents temperature, I" and
S become the ratio of the thermal conductivity to the specific heat (I" ) and volumetric
source divided by the specific heat (S), respectively. As a consequence, all the governing
differential equations discretized here, can be considered as particular cases of this general
equation. Therefore, Equation (2.7) can be used for different meanings of ¢, and
appropriate interpretations for I and S, in a numerical scheme to provide the solution for

velocity and temperature fields represented by the system of Equations (2.4)-(2.6).
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2.4.2. Discretization

The numerical method is based on balancing appropriate terms from Equation (2.7)
for a control volume. A typical control volume is illustrated in Figure 2.5. The specific
details of the derivation of the discretization equation are given in Appendix A. The

resulting discretization equation for variable ¢ in this control volume can be written as
2,0, = a0 +a,0y + a0y +asds+b (2.8)
where
a = D,A(IP,) + max(-E,0)
a,, = D _A(IP, !)+max(F, ,0)
ay = D A(IP,|) + max(~F,,0)
a, = D A(IP,l) + max(F,,0)

P A
b =S, AxAy +a;0p
ap = ag +ay, +ay +ag+a, —S,AxAy

The corresponding conductance (D), the mass flow rates (F), and Peclet numbers (P) are

defined by
D, =%il, E =(pu).4y, P.= 1§e
D, =I;WTAWY, F, =(pu) Ay, P, =11;—“;
D=2, E=(pv)ax, R=p:
D, =1;5—i", E=(pv)Ax, P, =-Il;—ss

Several forms for the function A(IPl) can be selected. It is suggested that a power-law
form for A(IPI) provides a good numerical accuracy at a relatively small CPU cost, when
compared with other schemes [9]. For this reason a power-law is selected for the function

A(IPI),
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Figure 2.5 The control volume and definition of associated symbols
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A(IPl) = [0, (1-0.1IP)%]

where the bracket [A,B] denotes the greater of A and B.

2.4.3. The Staggered Grid

To avoid numerical problems, a staggered grid is needed for the computation of
velocity in the momentum equations. In the staggered grid, the velocity components are
calculated at the middle of the faces of the control volume. Therefore, the x-direction
component of velocity u is evaluated at the faces normal to the x-direction. The other
velocity component v is evaluated at the middle of the horizontal sides of the control
volume. Figure 2.6 shows a staggered control volume for Newton's Second Law in the x-
direction. Since pressure is defined at the center of the main node, the resulting
discretization equation can be written as

a,u, = X a,u, +b+(p, —pe)Ay 2.9)

The term b is defined in the same way as in the generalized discretization equation, but the
pressure gradient is not included in the source-term quantities S and Sp.

Similarly, the discretization equation for the y-direction momentum equation can be

shown to be

a'nvn = Zanbvnb + b+(pP - pN)Ax (210)

2.4.4. The Pressure Correction Equation
The corrected pressure p can be calculated from
p=p +p’
where p* is the guessed pressure and p' is the pressure correction. In a similar manner, the
velocity can be obtained from
u=u'+v, v=v +v
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The * and ' velocity represent the guessed velocity and corresponding velocity corrections.
By substituting these equations in the discretized momentum equations, the velocity-
correction

equations become
uc=ue+de(p;’ _p;) (2 11)
Vo=V, +d,(p; -P})

where d, =ﬂ, andd, =—

Substituting the velocity-correction equations in the discretized continuity equation, the
following pressure correction equation is obtained:
apPp = agPy +ayPy +aypPy +aspg +b (2.12)

where
aE = pedeAy’ a'W = pwdey
aN = pndnAx’ aS = psdsAx

a, =ap +ay, +ay+ag
b=[(pu), - (o) Jay+[(ov"). (ov") Jax
The term b represents a "mass source." If b is zero, the starred velocities satisfy the

continuity equation.

2.4.5. The Pressure Equation

To obtain the pressure field, the discretized momentum equations are written as

u, =8, +d,(pp —Pg) (2.13)
v, =V, +d,(p; ~py) (2.14)
where
6, =28t *D g ¢ - 2AnVutb (2.15)
a, a,
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The pressure equation can be obtained by substituting equations (2.13) and (2.14) in the
continuity equation. The final equations (2.13) and (2.14) are identical to the pressure
correction equation (2.12) except 8, ¥ replace u’, v':

apPp = agPg +ayPy +aypy +aps+b (2.17)

2.5 Solution Method
The calculation procedure employed in this study is the SIMPLER algorithm[9]
which consists of solving the pressure equation to obtain the pressure field and solving the

pressure-correction equation to correct the velocity. The procedure can be summarized as:

1. Guess a velocity field. In this study a zero velocity field is used as the initial guess based
on the physics of the flow where all velocities are zero prior to any flow development.

2. Calculate all coefficients of the discretized momentum equation; calculate & and v from
Equation (2.15) by substituting the guessed velocity field as the neighbor velocities

3. Calculate the coefficient in the pressure equation and obtain the pressure field by
solving the algebraic pressure equations represented by Equation (2.17).

4. Substitute the resulting pressure field in the discretized momentum equations to obtain
an approximate velocity field by solving the momentum equations.

5. Substitute the resulting velocity field in the pressure correction Equation (2.12) and
solve them to obtain the pressure correction.

6. Correct the velocity field by applying Equation (2.11) using corrected pressure.

7. Calculate the coefficients of discretized energy conservation equation by substituting
the velocity field and solve it to obtain the temperature field.

8. Return to step 2 and repeat until all solutions converge.
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9. Advance the time step and return to step 2 with final velocity field as guessed velocity

field. Repeat until steady conditions are achieved.

2.6 Numerical Refinement Test

In order to select an appropriate grid size for the numerical computation, various
grids from 5x4 to 20x40 are used. The mid point vertical velocity at the right symmetry
axis in Case I with AR=2 and N, =2 is selected to compare the relative accuracy of
various mesh sizes. Table 2.1 shows the actual value of the velocity for each mesh size and
Table 2.2 shows the normalized velocity value relative to the velocity computed in the 20X
40 grid taken as 1. For example, increasing the number of grid points from 10x10 to 20x
40 results in an increase of 1.3 percent for the velocity. Figure 2.7 is a plot of results in
Table 2.2. Assuming a 2 percent tolerance for accuracy (the dashed horizontal line), the
figure shows that the mesh size larger than 10 in either x- or y-direction, provides
solutions with acceptable accuracy.

For the computations in this study, nonuniform grids of 20x20 for Cases I and II,
and 10x20 for Cases III and IV were selected. The mesh size near the wall was selected to
be 60 percent smaller than corresponding uniform mesh size. The choice of a nonuniform

mesh size adds to the numerical accuracy due to large velocity gradients near the walls

2.7 Code Validation

The computer code developed for this study is used to solve a problem with known
velocity field. This made it possible to verify the code and add confidence to the numerical
procedure used in solving the problems in Cases I through IV. The problem considered for
the application of the code is illustrated in Figure 2.8. An infinite vertical plate with an

arbitrary surface temperature is in contact with an isothermal quiescent fluid. Assuming
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Table 2.1 Variation of the selected velocity for an MxN grid

N
M 4 10 20 40
5 0.550258 0.557774 0.558698 0.559
10 0.576662 0.583572 0.584342 0.58462
20 0.583336 0.590088 0.590778 0.590994

Table 2.2 Comparison of the relative velocities

N
M 4 10 20 40
5 0.931072 0.94379 0.945353 0.945864
10 0.975749 0.987441 0.988744 0.989215
20 0.987042 0.998467 0.999635 1
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Figure 2.8 The boundary conditions of the infinite vertical wall
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steady, laminar, and a constant-property fluid and using Boussinesq and boundary-layer

approximations, the resulting governing equations are[7]:

ox dy

ov  odv ’v
ua—x+ Vg = Va—xz'i'gB(T—T,‘,)

oar,  or_, 9T
ox oy x>

u

The boundary conditions are
u=0,v=v/(y), T=T,(y) atx=0
v—=0, T>T_ when x > o
where v (y) is the thermal creep flow velocity on the wall given by Equation (1.1) and
T, (y) is a specified wall temperature distribution.

For the special wall temperature profile T, = T_ + Ny, the following similarity

variable
X Re
n= —\f—y
yyYy 2
where
3
Rey = -‘Q’- = _3(:‘°’Ny
v T,
and the dependent variables defined as
v="Re, f’
y

__y [Re, :
u=-1 [3f +nf’]
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(T-T.) =(T, - T.)6(n)

result in transforming the governing equations to

F7+37F =4(f') +(Gr/Re?)8 =0
0" +Pr[3f0'~6£8]=0

where

6
Gr=BNE g O __EL
v Re® 9c;Nv

with dimensionless boundary conditions given by

whenn=0, f=0,f'=1,06=1

asn—oe, 750,650

Figure 2.9 is a plot of the dimensionless velocity f’ vs. n for Gr/ Re’ranging from 1
to 100 when Pr = 0.7 from reference [7]. This "exact" solution can be used to verify the
developed code. For this purpose, this problem was solved using the code developed for
the solution of discretized Equations (2.8). The unsteady governing equations were solved
for long real times until steady solutions were obtained. The similarity variable was
calculated from the resulting velocity and temperature and used in the graphical
presentation of the results for comparison purposes.

The infinite spatial aspect of the problem is modeled in the code by imposing
boundary conditions far away from the flow domain under consideration. The farther from
the interested domain the location on which the boundary conditions are imposed, the
better the results represent the known solution (Figure 2.9) for this infinite vertical wall

casc.

28




29

* L ‘e 9y} 0 [RULIOU 2DURISIP JO UOHOUR) € SE, [ ‘AJID0[3A [EO1ISA SSI[UOISUAWIP YL, 6°T aan3dig ﬂ

uoNN|OS [EoUBWINN 004=,8H/MD .-
N - .

[£]uonnjog Airejung




Numerical solutions of normalized vertical velocity f” are presented and compared
with similarity solutions in Figure 2.9 for Gr/ Re?ranging from 1 to 100. A finite
computation domain was selected containing the heated plate with a height 3H and a
width L=9H as shown in Figure 2.10. A uniform grid of 30x30 was used over this domain.
At the boundary DC (see Figure 2.10), the flow was taken as the infinity condition. Also,
the normal gradients of velocity and temperature along the boundary AD, were set at zero.
This means that the velocity and the temperature above AD were assumed to be the same
as the values along the boundary AD. The infinite physical domain was modeled by a finite
computation domain by limiting the wall creep with creep flow to two isothermal walls on
each side (AE and BF). In these extended wall regions, no creep flow is expected and no-
slip velocity boundary condition can be assumed. The resulting no-slip velocity and
uniform temperature boundary conditions on boundaries AE and BF are shown in Figure
2.10. Despite these necessary approximate assumptions, the results are found quite close
to the similarity solutions. The numerical solutions are slightly higher than similarity
solutions with a maximum of 9.6% deviation between two results which occurs at the
largest Gr/Re? value. The main reason for the deviations is that a finite computation
domain must be selected to replace an infinite domain. In addition, a relatively coarse grid
size was selected near the vertical left wall where the flow is being driven. Since the
velocity field increases with increasing Gr/Re?, the error also increases with Gr/Re? as
expected. For Gr/ Re? larger than 100, a finer grid size near the wall and a larger width of
computation domain should be used. However, these larger values are not applicable to
microgravity conditions and there was no need to carry out the computation beyond this

range of Gr/ Re’ values.
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Figure 2.10 The computation domain of the infinite vertical wall
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Chapter 3
RESULTS AND DISCUSSION

3.1 Linear Sidewall Temperature with Other Walls Insulated (Case I)
The results for Case I are presented for AR=1 and N, =1.5 and for three values of
Grashof numbers: zero (pure thermal creep flow), 750 and 3000. As stated earlier, in all

the results which will follow the Prandtl number was selected to be 0.72

3.1.1 Flow Patterns

The flow patterns are shown for two Grashof numbers in Figures 3.1 and 3.2. Ata
Grashof number of zero, there is only a single counterclockwise-rotating eddy because
thermal creep alone is driving the flow and the direction of the motion is the negative y-
direction. Figure 3.1 shows the flow velocity vector at a Grashof number of 750. At the
right bottom corner, where the flow field is farthest from the influence of thermal creep,
the flow field is beginning to be affected by the buoyancy force.

At a Grashof number of 3000, the effect of buoyancy is strong enough to alter the
flow pattern significantly, and there is rough parity between buoyancy and thermal creep
effects. Two cells appear distinctly as shown in Figure 3.2. The fluid above the middle
horizontal line is observed to move counterclockwise and is dominated by thermal creep.
The lower portion moves clockwise and the effect of thermal creep near the left wall is

effectively countered by the buoyancy force.

3.1.2 Centerline Velocity Profile Along the Center Vertical Plane
Figure 3.3 shows the normalized horizontal component of velocity along the center

vertical plane, X=0.5, for Grashof numbers of 750 and 3000. For Gr=750, the results
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indicate the presence of weak flow in the region of Y <0.15, which is mainly due to
buoyancy. This influence grows as Grashof number becomes larger. The result for
Gr=3000 shows that the buoyancy-dominated region is expanded from Y <0.15 to

Y <0.45 and the highest velocity is at the contact region between two cells where the
buoyancy and thermal creep effects combine and reinforce each other. As the Grashof
number increases, the buoyancy dominated region will be extended upward, and eventually
a single eddy structure will replace the two-cell flow when the Grashof number reaches

large values.

3.1.3 Isotherms

Despite the complexity of the flow pattern, the heat transfer to the flow remains
dominated by the conduction mode and convective effects are observed to be secondary.
For example, for Gr=3000, the normalized velocity, which is local Reynolds number, is
less than 1.3. Figures 3.4 and 3.5 show the isotherms at Gr=750 and 3000, respectively.
The results are very close to the results of the pure conduction problem in which the
isotherms are symmetric with respect to the middle horizontal line, Y=AR/2. The only
difference is that in this case the isotherms are shifted slightly upward.

Since the left sidewall is the only non-isothermal wall, energy is supplied and
removed only at this wall. Isotherms in Figures 3.4 and 3.5 suggest that energy is supplied
to the flow through the lower half of the left wall and is removed through the upper half.

Since net energy flow is zero, the average Nusselt number at this wall is also zero.
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3.2 A Nonlinear Sidewall Temperature with Other Walls Insulated
(Case II)

The results for Case II are presented for AR=1.0 and N =2.0 and two values of

Grashof numbers: zero and 2000.

3.2.1 Flow Pattern

The boundary condition in Case II was selected as an example of thermal creep on
two walls where they would reinforce each other. At the left sidewall, thermal creep drives
fluid in the negative direction, feeding the positive flow direction on the right side. When
other influences are eliminated, thermal creep drives the entire flow counterclockwise in a
single cell structure as shown in Figure 3.6. The fluid motion is strongest near the bottom
left and upper right regions of the enclosure.

In the presence of gravity, the fluid is influenced by buoyancy forces in addition to
the creep flow. Because the direction of gravity is downward, the fluid at the lower left
corner is expected to move upward and the fluid at the upper right corner is expected to
move leftward. Thus, two effects create two cells as shown in Figure 3.7. In the upper
cell, the buoyancy and thermal creep phenomenon reinforce and aid each other and, as a
result, a strong counterclockwise circulation is observed. In the lower cell, two effects
oppose each other. Near the left wall the downward flow driven by thermal creep is
stronger than the upward flow driven by buoyancy and far from the left wall, the opposite
is true. As a result, the upper cell is extended to the left lower corner and the lower cell is

reduced in size and restricted to the lower right corner of the enclosure as shown in Figure

3.7.
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3.2.2 Velocity Profile Along the Center Vertical Plane

The normalized horizontal velocity is calculated along the center vertical plane,
X=0.5, for Grashof numbers of 0 and 2000 and is presented in Figure 3.8 (a). The
magnitude and the direction of the velocity are very similar to Case I. However, it should
be noted that the flow patterns are different. For Gr=0, the velocity is symmetrical in
respect to the center point because of the nature of the boundary conditions and the
absence of buoyancy effects. For Gr=2000, a prominent rightward horizontal velocity is
observed which is almost three times the flow in the absence of gravity. The nature of the
velocity profile and its symmetry are also observed to have changed.

Figure 3.8 (b) shows the normalized vertical velocity along the horizontal plane
Y=0.25AR. For Gr=0, the entire flow is driven by opposing creep flow velocities on the
two vertical walls. Near the left wall the down flow is strong and a boundary-layer type
region is observed due to the strong creep velocity. The rest of the enclosure is filled by a
weak upward flow which is accelerating upward near the right wall. For Gr=2000, the
creep velocity at the left wall is strong enough to preserve the counterclockwise motion in
the region near the left wall (X < 0.23) and the buoyancy principally drives the flow in the
rest of region except very near the right wall (X 2 0.97) where the velocity vector
changes the sign again due to a weaker upward creep velocity. It is noted that the effect of
thermal creep remains limited to the region near the wall for large Grashof number as

illustrated by velocity profile near the right wall in Figure 3.8 (b).

3.2.3 Isotherms
Similar to Case I, the flow in this case is not strong enough to significantly affect
heat transfer, and the heat transfer is dominated by conduction. In a pure conduction case,

the isotherms should be symmetric relative to the center point. However, because of the
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flow driven by thermal creep, the isotherms are observed to have rotated slightly in the
counterclockwise direction. This is illustrated in Figures 3.9 and 3.10. In all cases, heat
transfer within the range of Grashof number considered in this study remains similarly
dominated by conduction and similar corresponding isotherm patterns are observed.
Since imposed temperature distribution on the left wall is symmetric to that on the
right wall in respect to the middle point of the enclosure and the other walls are insulated,
the overall heat flux is zero like Case I. Therefore, the average Nusselt numbers at the left

and right walls become zero.

3.3 Linear Sidewall Temperature Distribution with Isothermal
Horizontal Walls (Case III)

The results for Case III are presented for AR=2.0 and N, =1.5 and selected various

values Grashof number from zero to 2000.

3.3.1 Flow Pattern

In this case thermal creep drives the fluid downward near the left wall. As expected,
for Gr=0 one counterclockwise circulation fills the entire cavity as shown in Figure 3.11.
Since the wall temperature is higher at the lower-end of the enclosure, the buoyancy force
drives the fluid upward near the left wall opposing imposed creep flow. Depending on the
relative strength of these two effects, the entire flow can be dominated by one or the
other. In small or zero gravity, the circulation is counterclockwise because the flow is
dominated by thermal creep. The buoyancy begins to dominate the flow after a critical
Grashof number (approximately 1600) is achieved. Figures 3.12 and 3.13 show the
velocity field just before and after critical Grashof number, respectively. It is observed that

for Grashof number below the critical value the flow circulation remains counterclockwise

45



(0=1D ‘0"Z=1ON ‘0" 1=¥V) I[ 358D 10J SULIAYIOS] 6'¢ N1

g
s, //

B
o

//
c/l\\\

&.

46



(000Z=1D ‘0°'C=1ON ‘0’ =4 V) II 958D 10§ SWIAYIOS] Q"¢ AN

RS
NN

s /

e /I
/’I\\

N
N

/)

0?3/

7
-0

47



(0=1D ‘S’ [=ION ‘0'Z=4V) III ase) JoJ suuayjosi pue 10[d 10193 100[9A [[°E 4ndi]

suLIaylosy (q)

101d 10199A A1100[9A (B)

60

I'o

s . ’ - - - s N
r ¢ ’ . - ~ v 8
v g , . - ~ v
v e . .o v
" ’ ’ . vy
1 f . v |
1 ’ ' ot
N . |
vy . e
Vv ~ et
AN N ~ ~ -1
NN ~ ~ ~ ~ -7
~ ~ ~ ~ ~ - -
.~ - - ~ N =~ -

-— e ems e e

N T T e e e e

48



(86S =10 ‘G [=ION ‘0'Z=¥V) III 5L 10} swayjosi pue 10]d 10393A A3100[3A 71°¢ 4nd1y]

suylost (q) 10[d 10323A A1100[9A (B)

N
\
\
!
VRV A N B
/

-
\\\\.——- — P e S S/
\\\“——— —— P i P e diP P ’

NN T

49




L

50

(1091=1D ‘S"|=ION ‘0'Z=¥V) 11l 95€D 10J sur1dyjosi pue jo[d 10109A A)D0[IA €]°€ 231

swiIaylos] (q) 10]d 10399A K1100[2A (B)
e e L
] \‘mm\.\l/.///,_.
/m. \ — o~ N\
T ,N@MH////:_
/f\\ SN N

hd/\\\ H/ = !
N .
e N
E— NI
L NSRS
— ////./.l\W““...

bo———— VNam—




as established by the creep flow. As the Grashof number increases and approaches the

critical value, the buoyancy effect seems to "assist" thermal creep and large flow velocities
are generated as shown in Figure 3.12. It is noticed that the magnitude of the velocity field
continues to increase as Grashof number increases. Immediately after the critical Grashof
number the flow structure is suddenly changed. The flow direction is predominately
clockwise with a small remnant of a weak counterclockwise cell still observable in Figure
3.13. However, the weak cell rapidly disappears as Grashof number increases and the
effect of thermal creep remains limited very near the left wall as illustrated in Figure 3.14.
Between Gr=1300 and 1610 a transient unstable regime is observed in which also
the direction of circulation suddenly changes. In this range of Grashof number, the two
competing buoyancy and creep effects oppose each other with comparable strengths and
the flow is unstable and numerical convergence is achieved with difficulty. For example,

the CPU requirement for Gr=1598 is larger than a factor of ten as compared with Gr=0.

3.3.2 Vertical Velocity Profile at Center Horizontal Plane

The vertical component of velocity at center horizontal plane, Y=0.5AR, is depicted
in Figure 3.15. As mentioned, the magnitude of velocity keeps growing as Grashof number
changes from 0 to 1607 until a sudden direction change of velocity which occurs at around
Gr=1600. This sudden change at the critical Grashof number is illustrated clearly in the

figure.

3.3.3 Isotherms and Heat Transfer
Similar to the other cases, heat transfer to the flow remains dominated by the
conduction mode at small Grashof number. As shown in Figure 3.11, temperature is

changing linearly from the lower to the upper wall very similar to a pure conduction
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problem. However, the flow isotherms are significantly altered near the critical Grashof
number because of the strong circulation and a conduction region appears only near the
horizontal walls (see Figure 3.12 and 3.13). Since the largest velocity occurs at the axis of
symmetry, the isotherms near the axis are affected the most.

Figures 3.16 (a), (b) and Table 3.1 show the average Nusselt number at the lower
wall as a function of Grashof number. Below the critical Grashof number (around
Gr=1600 for AR=2 and N, =1.5), the flow is dominated by conduction and the difference
of the average Nusselt number on the bottom wall from 1 is observed to be at most 7%. In
the counterclockwise circulation observed at pre-critical values of Grashof number, the
cold flow driven by thermal creep from the top is heated by the left wall. When the flow
reaches the bottom wall, the temperature difference between the fluid and the wall is less
than that observed for the corresponding pure conduction problem and the average
Nusselt number on the bottom wall is less than 1. The Nusselt number increases as
Grashof number increases for Grashof number larger than the critical value and the flow
begins to be influenced by buoyancy in a significant way. In the clockwise circulation for
this range of Grashof number, the cold flow is first heated by the bottom wall before it is
cooled by the left and the top walls. As clockwise flow strength increases, more heat is
removed from the bottom wall and average Nusselt number exceeds 1. Therefore, it is
noted that the direction of flow circulation as established by thermal creep or buoyancy
ultimately determines the direction of heat flux at the left wall.

The average Nusselt number at the bottom wall slowly decreases as Grashof number
inncreases for Grashof numbers less than 1300 because the strength of flow approaching
the bottom wall increases. However, in the transition region between Gr=1300 and 1610
the Nusselt number is observed to slowly increase as Grashof number increases. The exact

average Nusselt number at the critical Grashof number is difficult to obtain because the
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Table 3.1 The variation of Nusselt number at the bottom wall with
Grashof number for Case II1

Gr Nup(C¢=1.17) Nup(C¢=1.17)

0 0.984 1.000
100 0.983 1.000
1000 0.964 1.000
1300 0.939 1.001
1500 0.943 1.209
1601 1.140 1.320
1800 1.414 1.506
2000 1.587 1.664
5000 2.504 2.565
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solution converges with difficulty near that point. The Nusselt number at the critical
Grashof number does rapidly increase at and beyond the critical Grashof number as also
observed in Figure 3.16 (b).

For comparison purposes, the results which exclude thermal creep boundary
condition are presented together with those including creep in Figure 3.16. In this case,
the same trend is observed with the noted exception that the instability near the critical
Grashof number is absent and there is a smooth transition from the conduction- to
convection-dominated region. Therefore, this unstable behavior of the flow near the
critical Grashof number, which is present due to thermal creep, should be carefully taken

into account in the flow analysis under microgravity condition.

3.4 The Effect of the Orientation of the Enclosure Geometry

To investigate the effect of the orientation of the enclosure in Case III (AR=2.0 and
N =1.5), three different gravity vector directions were considered: positive y-direction,
negative x-direction and positive x-direction. For easy comparison of different cases only
the direction of gravity vector was changed and its magnitude was kept constant. The
negative y-direction gravity has already been discussed and presented as Case III.

For the case in which gravity vector is directed toward the positive y-direction, the
fluid is stable. The flow is dominated by thermal creep and the counterclockwise flow
rotation is shown in Figure 3.17 for Gry=0 and Gry=-375. The contribution of convection
to the heat transfer is minor and heat conduction remains primary as shown by isotherms
in Figure 3.17. The isotherms indicated a stratified flow indicating conduction heat
transfer in the vertical direction to be dominant. The flow is observed to be weak as

compared to other gravity vector orientation as shown in Figure 3.18.

58



59

(sLe-=M10) ‘0=X10) ‘' |=ION ‘0'Z=dV) Al 2s€D) 10} suiayost pue 10[d 103994 ANO0[IA LI'€ d2In3

suwrayjosy (q) 101d 101094 A3100[2A (®)

Q.O - - - e em e = =\

’ -~ - e em em =N a

. 7 Ve e = = o~ N\ ‘

g0 ) s e - = =~ |

/ ) s e =~ v _

Lo / ;7 s e = v A _

! ;] 4 - = O v _

90 \ _

G0 __..,_—__

1o

!
I
l
/
/
/
l

bo R ___—
,,,,..___

£0 ////:\\__
NN

0 NN
/////l\\—

N |

/

-




0 =410 pue g/¢- = X1p (9) 0 =41p
pue ¢/¢ = X109 (p) ‘sL¢- = K10 pue ¢ = X19 (9) ts¢ = Kip pue o = X1p (q) ‘0 = L1 pue ¢ = Xup (v)
“(AI 9seD) suejd [2Iu0zLI0Y 19)uad ay) Je Jusuodwiod AJID0[IA [ED1HIA PIZI[eULIou Y[, §I°¢ 3InS1]

/X

60




If the direction of gravity is in the positive x-direction, the buoyancy force drives the
flow clockwise. Figure 3.19 shows the flow direction in this case. The flow generated by
buoyancy force is strong enough to overwhelm the thermal creep flow and contribute to
the transfer of heat. The isotherms are shifted upward near the right symmetric axis, and
downward near the left wall. The largest axial velocity is 5.5 times bigger than thermal
creep velocity as shown in Figure 3.18.

The flow behavior is similar when the gravity vector is in the negative x-direction,
except flow rotation of flow is in the opposite direction as shown in Figure 3.20. The
resulting velocity field is at most 5% stronger than the previous gravity vector along
positive x-direction. This flow enhancement is due to increased buoyancy force in the
positive direction near the left wall. Finally it is noted that in microgravity condition the
flow remains dominated by the buoyancy force when applied gravity vector is normal to

the direction of creep flow.
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Chapter 4
SUMMARY AND CONCLUSIONS

In this study it is shown that, contrary to common assumption, significant flow may
be generated due to the presence of thermal creep even under zero-gravity condition.
Furthermore, it is found that thermal creep induced by a nonisothermal wall may
significantly alter the assumed behavior of enclosed fluids due to its interaction with
buoyancy in microgravity environment. Also, thermal creep and buoyancy can provide a
complicated flow pattern and instability under certain critical conditions. For example, the
result for heating from the sidewalls showed complicated cell circulation and heating from
the below showed that the flow can become unstable near critical value of Grashof
number. For large Grashof number, the effect of thermal creep remains very limited to the
region near the creep-inducing wall as expected.

Despite the great deal of contribution of thermal creep to the flow pattern, heat
transfer remains dominated by conduction in most of the cases. A noted exception is near
the critical Grashof number in Case III where sudden change and flow instability are
observed and convective heat transfer may become important relative to conduction. For
Grashof number exceeding the critical value, heat transfer is dominated by convection due
to buoyancy.

The contribution of thermal creep also depends on the direction of gravity vector.
When thermal creep velocity direction is normal to the gravity vector, the flow is observed
to be dominated by buoyancy force as shown in Case IV. Also, flow velocity is higher in
this case relative to the condition in which creep velocity is parallel to the gravity vector.
Therefore, a change of direction of gravity vector, for example encountered under

microgravity conditions with g-jitter, may produce important flow behavior that requires a
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detailed and more careful analysis. Only then an accurate estimate of fluid velocity and
temperature will be possible in such delicate applications as crystal growing and

manufacturing under space microgravity conditions.
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Appendix A

Discretization Procedure

The generalized conservation Equation (2.7) can be written as

d aJ, dJ,
- S Y
ot (po)+ ox * dy
(A.1)
where J, and J, are the total fluxes defined by
J, =pudp— F%
ox
J, =pvo- F%
) ay

By performing integration of Equation (A.1) over the control volume as shown in Figure

A.1, the governing equation becomes:

(pP¢P —p‘;,q)‘},)AxAy
At

+J,=J, +J —J =(S.+5,0,)AxAy

(A.2)
where the source term is linearized and ° denotes the values at the previous time step. The
fully implicit scheme is used for all variables. The quantities J,, J,,, J,, and J, are the
integrated total fluxes over the control-volume surfaces.

Similarly, the unsteady continuity equation can be integrated over the control volume

to obtain:
(pr—p;)AxAy
At

+F,~F,+F —F =(S.+S,9,)AxAy

(A.3)
where F,, F,, F,, and F, are the mass flow rates through the control-volume faces and the

w? " n?

definitions of the symbols are given in Equation (2.8).
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Multiplying Equation (A.3) by ¢, and subtracting it from Equation (A.2) gives:
.\ PPAXA
(¢P —¢P)B—LE'Z+(J¢» - F¢¢P)"(Jw - Fw¢P) +(Jn - an)P)

~(J, = F.0,) =(S. +S,0,)AxAy

(A4)
Assuming the uniformity over a control-volume face, the terms such as J, — F,,
and J, - F,¢, can expressed in the following form
J.-Fo,=a(0,-0;)
J, = F,0,=a,(6,-0,)

where .
a; = D,A(IP1) +max(~F,,0)

a, = D,A(P,))+max(F,,0)
The definition of D is given Equation (2.8) and function A can be chosen from the Table
A.1. Similar expressions can be applied to J, — F,¢, and J - F.¢,,. Substituting the four
expressions into Equation (A.4) and reorganizing the terms, results in the discretized

Equation (2.8).

Table A.1 The function of A(IPl) for different schemes

Scheme Formula for A(IPI)
Central difference 1-.51 P

Upwind 1

Hybrid [0,1-0.5IP1]

Power law [0,(1-0.1IPI)%]
Exponential IPl/(exp(IPI)-1)
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PARAMETER(M=20,N=10)

Supplementary File: gridnu.f
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Input Data File : CONC.DAT
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