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ABSTRACT

Microchannel heat exchanger simulation provides a means ¢btain design predictions
at low cost and quick turnaround. Using computational uid dynamics to solve the conju-
gate heat transfer problem, key output metrics such as ovdraressure drop, heat exchanger
e ectiveness, and heat exchanger output can be obtained glly for many di erent designs.
For most microchannel heat exchangers, the problem can bengii ed by solving the indi-
vidual channel ow separately. By substituting plug ow and Poiseuille ow models for the
individual channels, computational e ciency can be improed.

This work presents the coupling of plug ow and Poiseuille @ models with ANSYS's
computational uid dynamics package,Fluent . The coupling algorithm is implemented
between User De ned Functions and boundaries withifluent 's domains, eliminating the
individual channel domain from the computational domain. Usg the simpli ed model, full
heat exchanger designs can be accurately represented with 10 a 74% improvement in

computational cost.
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CHAPTER 1
INTRODUCTION

The objective of the work in this thesis is to develop and demstrate a coupling algo-
rithm that improves the e ciency of simulations with processes that have uid dynamically
complex manifolds separated by a number of individual chaets. Using computational uid
dynamics (CFD) simulation, the ow within the individual channels are computationally
expensive to simulate but have relatively simple charactstics. The channel ows can be
simulated using plug ow and Poiseuille ow analyses withouthe need to simulate each
channel within the full CFD simulation. By representing the uid channels with plug ow
and Poiseuille ow models, the computational domain is redied, improving computational
time while retaining accuracy. Reducing the computation the enables rapid feedback of
performance metrics to guide the design process. Applicatiof the coupled algorithm can
be applied to many di erent problems. In the context of this hesis, microchannel heat ex-
changers are used as an example where heat transfer perfarogis of interest. Figure 1.1
shows a microchannel heat exchanger that is an example of #yaplication of this algorithm.

The technical implementation of the coupling algorithm in his thesis targets the class
of problems where individual channels separate complex deand exhaust manifolds. The
coupling algorithm uses plug ow and Poiseuille ow modelsd represent the uid ow within
the channels. Energy is also included within the coupling gbrithm to represent the heat
transfer between the channel uids and the solid body containg the channels. The plug
ow and Poiseuille ow analyses are integrated into the comercial uid dynamics package,
ANSYSFluent , enabling the CFD solver to focus on the ow within the complexnanifolds
and heat transfer within the solid body. Using the coupling glorithm creates an iterative
scenario where the solution of each manifold and the plug oand Poiseuille ow models

depends on one another. Between each iteration, the solut®of the plug ow model and the
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Figure 1.1: Exploded view of a multi-layered microchannel hé exchanger design.

CFD simulation are applied as new boundary conditions betwe®ne another. The plug ow
solution is applied as boundary conditions to the CFD simul&n and the CFD simulation
is then solved. Using the CFD simulation solution, new boundgrconditions are applied to
the plug ow model. As the coupled algorithm iterates, the saition is compared between
computations until it converges to a constant solution. Ore the solution converges, results
can then be post-processed to understand the design's periance.

Accomplishments of this thesis include successful implentation of the coupling algo-
rithm on a model heat exchanger. The results from the model &eexchanger demonstrate
accuracy of the solutions and reduction in overall computainal time. The model heat ex-
changer utilizes simple uid manifolds and solid bodies tatus on the delity of the coupled
algorithm when compared to an identical full simulation. Tl results discussed in this thesis

demonstrate up to a 74% decrease in computational cost with1ld% di erence in accuracy.



1.1 Microchannel Heat Exchanger Background

Heat exchangers are used in a variety of applications in manydustries. Some examples
of the applications include heat sink assemblies that rem@heat from computer processing
units or reactors to supply the energy necessary for methaseam reforming. Microchannel
heat exchangers are an area of research that applies to mangustries where improved
heat exchanger e ciency is required within a small footprif [1]. With microchannel heat
exchangers, ceramics are often used for their favorable maal properties. Ceramic heat
exchangers enable operation in high temperature or harsherhical environments where
traditional metal heat exchangers may not be able to [2]. Inn@ application, microchannel
heat exchangers are utilized with catalyst washcoats on theeramic microchannel walls to
facilitate methane steam reforming [3]. In the context of ti$ thesis, the coupling algorithm

can be expanded to model chemical kinetics within the micrbannels.

High Pressure Synthesis Ga;
Products (H, and CO)

Porous Support/
Catalyst

microchannel wafer stack

Membrane

Flow Channels

Figure 1.2: A membrane reactor for processing fuel deliverbyg microchannels with feed gas
owing in external ducts [4].

For microchannel heat exchanger designs, there are many heachanger types that are
used. One type of microchannel heat exchanger utilizes imal channels in individual plate
layers, passing a second uid around the layers. Figure 1.2asis a microchannel wafer stack,
feeding water through the internal channels and natural ggsast the wafer stacks. Another

type of microchannel heat exchanger utilizes only plate lays, with alternating layers of



di erent uids. With the alternating plate design, individu al plates are stacked upon each
other and uid is passed through each set of plates (hot paggas and cold passages). With
many microchannel heat exchanger designs, multiple mict@nnels connect complex inlet
and outlet manifolds together.

With most microchannel heat exchanger designs, the main aditages are from its ability
for expansion and maintenance. Microchannel designs alléor scalability, employing mul-
tiple plate stacks in a single system. Figure 1.3 shows a mich@annel reactor design by Kee
et al. and Murphy et al. that utilizes multiple microchannellayers to increase the overall

heat exchange and surface area for chemical kinetics in steeeforming of methane [3, 5].

’Hol outlet

Cold outlet

I

Hot inlet.
Figure 1.3: A microchannel heat exchanger with 4 layers used inethane steam reforming
[3].

Heat exchanger designs can be generally classi ed into threen gurations: parallel-
ow (co-ow), cross-ow, and counter- ow. Counter-ow heat exchangers oer up to a
theoretical 100% e ectiveness while cross- ow and co- owdat exchangers are subject to

an upper limit of 50% e ectiveness. For the design of heat exangers, choice between the



various con gurations largely depends on its applicationMany designs however are a hybrid
between the three con gurations due to manifolding and manatturing requirements. The
coupling algorithm developed within this thesis can analgzany microchannel heat exchanger

con gurations.
1.2 Simulation and Computational E ciency

Using CFD, the performance of any heat exchanger can be sim@dtat the cost of com-
putation time. By meshing the heat exchanger's uid and sali domains, the continuity,
momentum, and energy equations can be solved over the comgidnal domain. With the
results of the CFD simulation, the heat exchanger's performmae can be measured through
metrics such as pressure drop or outlet temperature. Usingeéhnformation from the simu-
lation, the next iteration of design can be guided without tle need for physical prototyping
and testing, providing rapid feedback.

Modeling heat exchangers through use of CFD is very powerf@nabling iterations of a
given design to be quickly tested. By reducing the time it taés to complete a simulation
by simplifying the model, more focus can be directed towardee design process. Simula-
tion should be used as a tool to produce accurate results toige design choices. In many
cases, results of the simulation highly depend on the comptional mesh. For high delity
models, the mesh within the cases can easily reach into nalis of mesh elements. Even
with high performance computing clusters, computations nyatake hours or days for a sim-
ulation to complete. Reducing the overall computation timdoy any margin allows a quicker
achievement of a nal product.

For microchannel heat exchangers, long passages of constanss section make up the
bulk of the heat exchanger uid. The ratio of the channel uidvolume to the manifolding
uid volume is large, thus with CFD simulation, ow within the channel uid is a majority
of the computation. To accurately resolve performance mets of interest, such as pressure
drop along the channel length, the mesh must have su cient solution. For conjugate heat

transfer CFD, it is common practice to utilize conformal mesés between the solid and uid



domains such that there is no interpolation of results betvesn domain faces. Using conformal
meshes in microchannel heat exchanger simulation causes thsolution of the uid channel
to be inherited by the solid body, causing unnecessarily lignesh element counts.

Flow and heat exchange within the channels are a location in weh the overall computa-
tion can be simpli ed as they can be modeled using other mettls. Plug ow and Poiseuille
ow analysis of the channels can be completed, providing agate results without the need
to simulate the ows within the CFD simulation. Representingthe channel ows outside of
the CFD simulation, the overall computational domain is redaed by removing the channel
uid. Inheritance of the ne mesh within the channel uid ont o the solid body is also relaxed,
enabling the computational domain to reduce further.

In the context of this thesis, the CFD simulation software usk is ANSYS's Fluent
and its associated geometry modeling and meshing tools withthe ANSYS Workbench
[6]. Implementation of plug ow and Poiseuille ow models a& accomplished through User

De ned Functions (UDF) and C programming language routines.



CHAPTER 2
CHANNEL FLOW FLUID DYNAMICS AND HEAT TRANSFER

Within each channel in a microchannel heat exchanger, the owharacteristics can be
resolved without the need for a full CFD simulation. While the uid manifolds and solid
body domains may be complex, each channel is simple and carsbeulated using basic uid
dynamics and heat transfer concepts. Generally, ow withitthe channels behaves relatively
the same, however each individual channel has its own unigbeundary conditions. The
governing equations generated in this chapter will be used &he foundation for the coupling

algorithm.
2.1 Problem Setup

A simple case is used to develop the coupling algorithm to negsent the channel ows

and derive the governing equations based on plug ow and Peisille ow analysis.

Figure 2.1: Two uid heat exchanger with simple manifolds.

Figure 2.1 shows an example heat exchanger with simple maitd®and individual chan-

nels that is used to develop the governing equations. Thereeatwo uid domains in the



model problem in which thermal energy is transferred betwee Each uid domain consists
of two manifolds and two individual channels. Each of the mafolds feeds and exhausts the

various channels from a single inlet or outlet.

]

1 H

Figure 2.2: Cross section of one of the uid domains of the exghe heat exchanger.

Figure 2.2 shows a cross section view of one of the uid domajrexposing the inlet
manifold, two internal channels, and the outlet manifold. B&ch individual channel has a
constant, rectangular cross section that extends and corute the inlet side manifold to the
outlet side manifold. The solid body surrounding the chanre facilitates the heat transfer

between the two uid domains.
2.2 Channel Flow Assumptions

Using the example heat exchanger shown in Figure 2.2, the asqiions made in the

analysis of each individual channel are as follows:
Flow is fully developed (no entrance/exit e ects).
The channel cross section is constant along the channel.
The channel cross section is rectangular.

Channel uid is an ideal gas with temperature dependent dertg.



Mass ow rate at the inlet is known.
Pressure at the outlet is known.

Temperature at the wall is known.

In the context of this thesis, viscosity is also consideredsa constant, however it has a
signi cant change in value as a function of temperature. Thé@nplementation of a variable

viscosity is not necessary to demonstrate the algorithm.
2.3 Channel Flow Equations

Generally, to solve for the ow characteristics within a chanel, Reynold's Transport

Theorem is used to derive the governing equations.

\<V

Figure 2.3: Di erential plug ow problem overview.

From the assumptions, each channel is treated as a one-dimEmal plug ow problem
such that the properties of the ow are only a function of the &ial position of the channel.
Figure 2.3 shows a representation of the channel ow with diential volumes encompassing
the channel cross section. For plug ows, the ow velocity inthe streamwise direction is
taken as the average velocity across the cross section. Atigey position, the mean velocity

is computed as

W (z) = Ai V ndA; (2.1)

c Ac



where the cross sectional areA. = Ly L, (Lyw and Ly correspond to the channel cross
section width and height),V is the uid velocity vector, and n is the unit direction vector

in the z direction. For the purposes of this problem, Figure 2.4 shovesdi erential volume

for the plug ow that is used to analyze the ow along the chanel.

Figure 2.4: Di erential volume with general dimensions.

To derive the governing equations, Reynolds Transport Theem is applied as

Z Z
dN
— = @dv+ V ndA; (2.2)
dt system Cv @t CSs
where N is an extensive property and is its intensive property where = 9N, Gauss's

dm*

theorem is used to convert a surface integral to a volume irgeal or vice versa,
Z Z
V ndA= r vdv: (2.3)

CSs Ccv

Equation 2.2 is rewritten using Equation 2.3 as

Z
d_N = @ +r V dVv:
dt system Cv @t

10



Assuming that the di erential volume is small enough that theproperties within the volume

remain constant, the integrand is removed from the integral

Z
d_N = —@ ) +r V dV,
dt system @t cv
d—N = Q) +r vV V. (2.4)
dt system @t

For the given problem, V = A.dz=L,, L, dz.
2.3.1 Continuity

For N = mand =1, the continuity equation is as follows

dm 0= 2.1 v v

dt system @t

Assuming steady state, the continuity equation is

r V =0;
@Qu @v @w_ .
@X+ @y+ @Z_o, (2.5)

whereu, v, and w are the velocities in thex, y, and z direction respectively. With plug ow
analysis, the gradients of the ow perpendicular to the str@mwise direction disappear due

to the fully developed ow assumption. The continuity equaiton thus becomes
@ w
—=0:
@z

Substituting in Equation 2.1 and making the substitution ofm = WA , the continuity

equation simpli es to



2.3.2 Momentum

For the momentum equation, the Reynolds Transport Theoremrpperties,N and are
taken as vector quantities. Usingh = mV and = V, the momentum equation is derived
as follows

dimVv V
(dt ) = Fgystem = @@t) +r WV,

system

where the system forces are attributed to forces from stressover the faces of the di erential
volume (normal and shear stresses). Using control surfaceeigrals for the various stresses

and Gauss's Theorem

Z Z
I:system = ndA + n dA;
7CS 2s
= r dv + ndA;
cv 7 cs
=7 V + n dA;
cs

where and are the normal and shear stress tensors respectively. Themmentum equation

thus becomes

Z
@V)+r VW V =r V + n dA;
@t fs
@ V) 1
+r VW =r + — n dA: 2.7

For only the z component of interest, assuming steady state ow, no grayite ects, constant
geometry along the channel length, and treating all propeds as functions only of the channel

position
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d » _ dp 1 )
E w | - E Ach wall PW dZ!
d m* _ dp P
dz A.  dz A"
1d m*> _ dp Py _
A2 dz T odz A"
0 1
2 rnd_rn mzd_
1B” Tdz T dz§g- 9P P .
A2 2 dz A, "

m?>d _dp, Py
2dz dz Ac

(2.8)

where the wetted perimeterpP,, = 2(L,, + L). For convenience, the momentum equation is
written in terms of the mass ow rate and density gradient ingead of the velocity gradient.
The mass ow rate is a constant, however velocity varies as arfction of the temperature
dependent density along the channel. For plug ow analysist can be convenient to write

the wall stress, wai, in terms of a friction factor, f ,

1
wall = 5 W % (2.9)

Furthermore, it is also common to use the Reynolds number arfdction factor correlation
to compute the wall shear stress based on the aspect ratio betchannel [7]. The Reynolds

number friction factor correlation is as follows
34
Ref =13:74+10:38exp — ; (2.10)

where the Reynolds number and the hydraulic diameter are deed as

WD 4A. 2L, Ly
Re = ; Dy = = :
"T Py Lu+ Lp
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The aspect ratio,

= 1 representing parallel plates. For an aspect ratio of 1, Re

ratios, Ref  24. Combining Equations 2.8 and 2.9
med _dp, Py .
2AZdz ~ dz  Ac "
2
— d_ = d_p + ﬂ }W 2f X
2A2dz dz A; 2
2d dp P2
—_ — = —+ —Y\W Ref:
2A2dz dz 8A2

Written in terms of the mass ow rate, density, and pressure

m’d _dp, PJ
2A2dz  dz 8A3

m Ref:

Written in terms of the velocity, density, and pressure

dw dp P2 _
WE_ d_z+ 8A§WRef'

= max(Lw;Ln)=min(Ly;Ly), is de ned such that 1 1

with

14 and for high aspect

(2.11)

(2.12)

(2.13)

When simplifying the channel ow to a one-dimensional probha, a key limitation of the

plug ow model is the absence of the e ect of the entrance remi on the solution. The entry

region has a signi cant contribution to the pressure drop aoss the length of a channel,

causing the plug ow model to systematically underestimatéhe pressure solution [8].

2.3.3 Energy

For the energy equation derivation, an energy balance is cpfated for a di erential

volume within the channel. By balancing the energy transfen and out of the system with

the change in energy of the system over time, the energy equat is derived as follows

X X

Ein Eout = Esystem:

14



For a steady state problem, Esys.em = 0. For any given problem, energy may be transferred
through mass, heat, and work. Energy contained within the id ow is represented by three
guantities: enthalpy, potential energy, and kinetic eneng Contributions from potential and
kinetic energy are small in comparison to the enthalpy, thug is common to neglect the
potential and kinetic terms [9]. In most cases, kinetic engy terms cancel one another when
balancing kinetic energy across a di erential volume. It i€onvenient to represent enthalpy

in terms of temperature such that the energy per unit mass is

h=cT,

whereg, is the speci ¢ heat capacity of the uid andT is the temperature at a given position.

For the plug ow problem, the energy transfer rate due the mament of mass thus becomes

Emass = MCpT: (2.14)

For the plug ow problem, there are three components of eneydransfer: mass energy trans-
fer in, mass energy transfer out, and convective heat tramsfthrough the walls. Figure 2.5

shows the three components in a di erential volume.

I

Figure 2.5: Di erential volume for energy equation.
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Using Figure 2.5 as reference, the energy balance within theedential volume is

X X
Ein Eout =0

= Emass,in  Emass, out  Quall;
=(mGT)  mGT+ S(meT)dz  Qua

0= mcpz—-lz-dz+ Quall; (2.15)

For any given di erential volume, there can beN -number of faces in which convection occurs
at the wall between the uid and solid body of the heat exchargy. The relation for the
convective wall heat transfer, assuming constant face geetry (rectangular faces), is as

follows

X
Qwall = hPW(T Tw;n)dZ;
n=1
X
n=1

whereT,,., is the wall temperature of the individual, n-th face, andL,., is the length that
de nes the convective heat transfer area of the individuah-th face. For rectangular cross
sections, the total number of walls is 4, however, as laterstiussed in Section 3.3.3, each
wall may have any number of mesh faces which has its own unigeenvective heat transfer.
The nal energy equation, combining Equations 2.15 and 2.16 thus

dT X N
rncpEdz+ h Lwn(T  Twn)dz=0;

n=1
X
mcp?j—-zr = Lwn(Twn T): (2.17)
n=1

where h is the thermal convection coe cient and ¢, is the specic heat capacity of the

uid. The heat transfer coe cient is evaluated using a Nussdl number correlation [10].
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For laminar ows in rectangular cross section channels, thidusselt number correlation with

constant heat ux is

Nu=28:2351 2:0421 +3:08532 2:4765°3+1:0578* 0:1861° ; (2.18)

where the aspect ratio varies between 0 1. Using the Nusselt number, the heat

transfer coe cient is solved for using the hydraulic diameeér as the characteristic length

Nu= —; (2.19)

wherek is the thermal conductivity of the uid.
2.3.4 Equation of State

For the analysis within the individual channels, the ow is teated as gas-dynamically
incompressible, such that the Mach number within any givenhannel is less than 0.3 [7].
Through heat exchange within the uid and large variations m temperature, density cannot
be treated as a constant and is a function of temperature. Tmlve for the density at any

given point, an equation of state is used as follows

Y
= : 2.2
RsT (2:20)
The speci c gas constantRs, is calculated for any given uid as follows
R
Rs = V; (221)

where the universal gas constanfR = 8:31446 J/mol-K, and M is the molecular weight of

the uid [11].

17



2.3.5 Boundary Conditions

To solve the governing equations, three boundary conditisrare necessary to fully pose
each channel problem. Each channel has its own unique bounga&onditions that are de-

termined in conjunction with Fluent . The boundary conditions consist of
Mass ow rate (from channel inlet boundary)
Outlet pressure (from channel outlet boundary)

Wall temperature (from channel wall boundary)
2.4 Governing Equation Discretization

The governing equations are discretized using nite di enece schemes. The governing

equations summarized are as follows

Continuity: Cé@—mzz 0 (2.6)
. m>d dp P2
Momentum: 2AZ dz FEREEYY ngef (2.12)
ar X
Energy: m_CpE = I—w;n (Tw;n T) (2-17)
n=1
) _ b
State: T RT (2.20)

2.4.1 Computational Stencils

From the derivation in Section 2.3, Equations 2.6, 2.12, ZZ1and 2.20 are discretized. The
three main variables that are discretized are pressure, t@mrature, and density. Through a
given channel, the mass ux is constant for any position alagnthe channel and is represented

as

3
I
13

(2.22)
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For pressure, Figure 2.6 shows the stencil used, where a rstder, forward di erencing
scheme is used to propagate the solution from the known bowarg at the channel outlet
to the channel inlet. For the momentum equation, the contribitions of the uid convection
and the viscous losses due to the uid interaction at the wallantribute to the change in
pressure along the channel. At the inlet and outlet, a half demust be solved between the
boundary and the adjacent node center. The pressure boungiacondition at the channel
outlet is captured from the CFD solution as an average pressiacross the two-dimensional

boundary mesh.

T T e T4

Figure 2.6: Stencil for the discretization of pressure.

For simplicity, Figure 2.7 shows the wall temperature boundg condition, T, , which in
total consists ofN -number of boundaries as a single temperaturé,,;. For the temperature
in the channel, a rst order, backward nite di erence schene is used to propagate the inlet
boundary condition. With each step, the convective heat trasfer from the current node and
the plug ow temperature from the previous node is used to copute the temperature of the

current node. At the rst node wherei = 0, the contribution of half of a cell is computed.

T T Te = =TT
T e T T4

Figure 2.7: Stencil for the discretization of temperature.
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For density, the equation of state is computed at every nodeitlv the known temperature
and pressure. For the density gradient term within the momdaom equation, a rst order,
backwards di erencing method is used. Since the term that aiudes the density gradient
is the uid convection term, the backwards di erence schemean also be seen as a rst
order upwinding method. Figure 2.8 shows the stencil in whiattensity is discretized, using
the known previous and current nodes to calculate the dengigradient. At the rst node,
density is measured front-luent at the channel inlet and is used as a boundary condition.

The rst node is also computed as a half cell.

T e =TT

Figure 2.8: Stencil for the discretization of density.

2.4.2 Momentum

Solving the momentum equation produces the pressure pro &ong the channel, using the
contributions of the uid convection and the wall shear stres. The convection term, involving
the density gradient, is computed using the temperature an@ressure from the previous
iteration along the channel. The density gradient is solvedsing a backwards di erencing
scheme. As the solution iterates and convergence of the plugw solution approaches, the
inherit lag between pressure, temperature, and density iirainated. Moving from the outlet
boundary condition, the pressure gradient term within the mmentum equation is discretized
using a rst order forward di erence scheme. The discretize momentum equation is as

follows

20



wd _dp, P
2A2dz  dz 8A?3

m? i1_ P+ B PV%
. = + m Ref
2AZ 2 z z 8A3—
D1 Pi m2 ; . P2
= m Ref
z 2A2 z 8A3—
PV‘Z’ m2 I i1
= gas™ A2 2 P (2.23)
For the last node adjacent to the outlet
= P m? N 1 _
P = 8AW§rDRe‘c 2A2 N ZN + Poutlet ; (2.24)

where zy is the distance from theN -th node to the outlet boundary. For the inlet pressure

from node O

Pinlet = 8A 3 Zo+ Po (2.25)

where 1z is the distance from node 0 to the inlet boundary.
2.4.3 Energy

For energy, special considerations must be made for the cobution of the N-number
of faces that the convective heat transfer occurs from. Withhe known wall temperature
from the CFD solution, the total convective heat transfer is emputed for each node by
summing all of the individual convective energy rates fromhe various faces of the current
axial position. Equation 2.17 is discretized using a backwds di erencing method from the

inlet boundary condition as follows
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_CpE = y Lwn(Twn T
T T X
mcy I ZI - = h LW;n;i (Twm T|)
n=1
X X
mc mc
—_ZpTi —pT| 1= h I—W;n;i TW;n;i hTI LW;n;i )
I n=1 n=1
X me, X mc
Ti h Lwni + __C;p =h Lwni Twni + _—ZpTi 1,
n=1 n=1
P mc
h §=1 Lwn;i Twini + __ZpTi 1
Ti= : 2.26
| h PN Loone + me ( )
n=1 w;n;l 7

where T, iS captured from thei-th axial position of the channel of then-th face of the

wall from Fluent . For the rst node from the inlet

P m
h rl\llzl I—w;n;OTw;n;O + __;:zTinlet
To = : 2.27
0 h P N Lo me ( )
n=1 =w;n;0 _ZO
For the outlet from the N -th node
P mc,
h ::1 I—W;n;N TW;n;N + _Zp Tinlet
— N .

Toutlet - hP N L TDCp . (228)

n=1 =w;n;N N

The solution is computed using Equation 2.26 along the lergbf each channel. Using the
temperatures within the plug ow model and the wall temperatires captured byFluent ,

each face on the channel is subject to a unique convective hex boundary condition. The

convective heat ux boundary condition used withinFluent is as follows

o9 = (T Twni): (2.29)
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2.5 Poiseuille Flow Model

Representing the channel ows with the plug ow model enabkthe three-dimensional
problem to be simplied down to a single dimension. Within edt channel however, the
two-dimensional pro le that develops must be accounted foat the channel outlet. As uid
moves along the channel, it develops a two-dimensional pte as result of the shear stress

from the stationary wall.

s

Figure 2.9: Boundary overview for Poiseuille ow model.

Figure 2.9 shows a representation of the plug ow model withia channel and the velocity
pro les at the inlet and outlet. The two-dimensional pro les that develop within the channel
are not solved for and are taken as a mean velocity as calcdtin Equation 2.1. The solution
for the development of the two-dimensional pro le is not nezssary within the plug ow
analysis but the fully developed solution is required to redve the full CFD simulation. By
solving and using the solution from a fully developed Poisiéle ow in a rectangular channel,
the connection is made between the one-dimensional plug awodel and the channel outlet

boundary within the full three-dimensional CFD model.
2.5.1 Hyperellipse Velocity Function

In the work of Tamayol and Bahrami, the fully developed Poisglle ow problem is

solved analytically using specialized geometric functisn The analytical solutions enable
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the fully developed non-dimensional velocity pro les to beomputed for di erent geometric
parameters [12]. By using hyperellipsoids within the derit@n, the non-dimensional velocity

pro les are recovered using a compact form of the Poiseuillew solution.

-

Figure 2.10: Rectangular boundary in polar coordinates.

The hyperellipse velocity is based on solving the Poiseeillow problem in polar coordi-
nates using specialized radial functions to represent thanous boundary shapes. Figure 2.10
shows a depiction of a rectangular channel in polar coordites with the face center as the
origin. The governing equation for the incompressible, sidy state Poiseuille ow problem

in polar coordinates is as follows

: (2.30)

dp _ @u+ 1@u+ 1 @u
dz @ r@r rz@2

wherer is the radial position relative to the center of the channelrad is the angle from

the x-axis. The non-dimensional solution to Poiseuille ow prolem is

2 X

u(; )=1 —+ — “cos2 ; 2.31
GO=1 &t A (2.31)
where the non-dimensional radius, = r=a, and A; and C; are tting coe cients. The

dimensional velocity relationship is as follows
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U= Unau (2.32)

whereUn. is the maximum velocity that is later determined in Section 5.2. The coe cients
A; and C; are obtained by applying a no-slip/no-penetration boundar condition at the walls
where guer = Router=8, resulting in

Router .

1
: =0= A _
a ' 4Royer

%
a_ " g @acosz . (2.33)

Router

i=1

Figure 2.10 also shows the outer radiufRouer ( ), Which represents the wall boundary as
a function of the angle. The rectangular boundary shape carelrepresented in a compact

form using sines and cosines and is determined with

a .
(cos )+ (T )=

Router -

(2.34)

wherea is the major side length of the channel cross section. SolgiEquation 2.33 is done
by creating a system of equations of a range ofvalues. For the non-dimensional velocity,
10 coe cients (A;, C;1-Cg) provides good accuracy for a range of aspect ratios between
0:100 1:00. For a determinate or overdeterminate system, at least 1di erent
equations with di erent values of need to be generated. The system of equations produced
from the various values are then solved by least squares or other methods. Higw.11
shows two non-dimensional velocity pro les generated frothe Poiseuille ow solution.

The hyperellipse velocity function has the ability to accuately represent other geome-
tries such as four point star-shaped and elliptical cross @®ns by changing the shaping
parameter, n. With a shaping parameter wheren = 2, an elliptical shape prole can be
produced while asn ! 1, a perfect rectangle is achieved. For general rectangularodes,

a value ofn = 20 provides an accurate approximation with slightly rounéd corners. For an

approximate rectangular cross section, Table A.1 provide®e cients for a range of aspect
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-0.5

(@ =0:5 (b) =10

Figure 2.11: Hyperellipse solutions for rectangular chanmsedf di erent aspect ratios.

ratios.

With the compact non-dimensional velocity function, any mdsface of the channel outlet
boundary can be assigned a velocity that accurately reprede the Poiseuille ow solution.
Figure 2.12 shows an example mapping that is done on one of theacnel boundaries.
As later discussed in Section 3.3, the coordinates of each méace on the channel outlet
will need to be assigned a velocity as generated from the Raidle ow solution. The fully
developed velocity pro le then provides an accurate represtation of the ow characteristics
within the manifold uid, connecting the plug ow model to the CFD simulation.

The coordinates of each mesh face are captured in a Cartesgstem, thus the following

expressions are used to convert to the polar system
p
r= x2+y2 =tan ! % ; (2.35)

wherex and y are the face position coordinates relative to the center ohé mesh face.
2.5.2 Mass Flow Rate Dimensionalization

To use the hyperellipse velocity function from Tamayol and &rami, the maximum
velocity must be found to dimensionalize Equation 2.31. Ugyithe non-dimensional solution

from Equation 2.31, completing a surface integral acrossdhchannel pro le provides the
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Figure 2.12: Mapping of Poiseuille solution onto th&luent channel outlet mesh.

non-dimensional volumetric ux. Using the computed volumeic ux, continuity relations,
and the channel properties, the maximum velocity is then coputed.
From the continuity relation in Equation 2.5, the mass ow rae from the plug ow

analysis at the channel inlet and outlet is

Minlet = Moutlet - (2.36)

Between the inlet and outlet however, a density change may @ due to variation in the

temperature, thus the volumetric ow rate, Q, at the channel outlet is calculated as

Qoutlet = moutlet: (2.37)

outlet

To calculate the scaling relation between the mass ow ratena the maximum velocity, the

following volumetric ow rate relation at the channel outld must be satis ed

Qoutlet = thperellipse . (238)
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For the ow along the channel, completing an integral of the &locity function over the cross
sectional area produces the volumetric ux. Figure 2.13 sh@aa di erential area in which
the channel cross section of a fully developed Poiseuillewds integrated over. For the fully
developed ow, each quadrant also shows signs of symmetry iahnis used to simplify the

integral.

Figure 2.13: Integral over the Poiseuille ow solution to okdin volumetric ux.

The surface integral to compute the volumetric ow rate in ptar coordinates is as follows

Z
thperellipse = (Umaxu ) dA;
f; Z R()Uter

Qhypereliipse = (Umaxu )rdrd: (2.39)
0 0

Solving for the maximum velocity constant,Unax, the non-dimensional velocity pro le can
accurately represent the channel ow in dimensional spaceMaking symmetry simpli ca-

tions, where the contributions of the second, third, and fath quadrants are identical to the

rst quadrant

Z 5 Router

Qoutlet = 4 Umax urdrd: (2.40)
0 0
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Writing Equation 2.31 in terms of the dimensional radiusy = a, so that the dependent

variables of the non-dimensional velocity match that of théntegral

r2 . X Cir?cos(@ ).
4a2A1 i1 A, aZ ’

u(m )=1 (2.41)

Substituting Equation 2.41, the non-dimensional velocitfunction, into Equation 2.40, the

channel volumetric ux integral, the volumetric ux is as follows

zZ 7 " #

> Router r2 R Ci r2i COS(Z )
Qoutlet = 4 Umax o o 1 43.TA1+ . A_lT rdrd :
Computing the integral in the radial direction
Z B 1] N #
Ous =AU * Réuer  Riuer % CiRA cos@)
outlet — max

o 2 162A; A (2i+2)a?

Substituting in the outer radius function from Equation 2.3} such that the integrals are

represented with only the independent angular variable

Z Z

Qoutlet _ z :_L ad 7 1 a2d
AUpax o 2((cos)n + (Sn_)n)y2=n o 16A; ((cos )M + ((Sn)n)4=n
=% C cog2i ) a2d

0 i A; (2i +2) ((cos )" + ( Sn-)n)(@i+2) =n
Simplifying further,

Z _ Z _
Qoutlet A1 - A 2 d 2 d

1
2a2Una ' o ((cos)m+(S)m)n 8 o ((cos ) + (o))
X ¢ cog2i )d
i+1 o ((cos)M+ (Sn)n)@i+2)=n"

N

i=1

Taking the right hand side asl , the result written compactly becomes
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Qoutlet Al _

=1 ; 2.42
2a%Unax (2:42)

wherel is a function of the channel cross section aspect ratio. Theteégral terms within |
can be solved using numerical integration methods. Combing Equations 2.36, 2.37, and 2.42,

the nal maximum velocity scaling constant is as follows

A1 Minet .
232' outlet

Unax = (2.43)
For an approximate rectangular cross section, Table A.2 praes numerically integrated
values forl for a range of aspect ratios. With the maximum velocity scalm relationship,

the nal dimensional velocity function becomes

!
Al Minlet r2 + X- Ci r2i COS(Z )
232 I outlet 48.2A 1 ; A 1 a2i

i=1

u(r; )=

(2.44)
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CHAPTER 3
CFD COUPLING ALGORITHM

With the governing equations generated in the rst chapter, aoupling algorithm is used
to combine the plug ow and Poiseuille ow models to the CFD simlation. Fluent 's
solvers are strictly used to solve the ow within the manifals and the heat exchange within
the manifold uid and the solid body. To solve the ow within the channels, the plug ow
and Poiseuille ow models are implemented via User De ned Fuations (UDF). Figure 3.1
shows the general process for how the coupling occurs and thteraction between the CFD

solution and the plug ow solution.

Figure 3.1. Coupled algorithm process ow.

First, the case geometry is generated using CAD software such Bassault Systenes
SolidWorks or ANSYS DesignModeler. The case geometry represethe heat exchanger

design that is simulated to understand its performance. Typally, the case geometry consists
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of only the solid body structure in which the design is fabrated with. To simulate the uid
ow through the heat exchanger, the uid domain must be genexted as well. The generation
of the uid domain can be completed using volume generation ethods, such as generation
through uid domain caps or geometric subtraction. In more dvanced applications of CFD,
geometric simpli cations can also be made during the caseayeetry generation to reduce the
complexity of areas that do not a ect the physics of the ovetlasolution. For conjugate heat
transfer problems, such as heat exchanger modeling, it isportant to build the geometry of
the uid domains such that the solid boundaries in contact vih the uid matches perfectly.
Otherwise, any gap between the solid body and uid domains Wibe represented as a
adiabatic void.

Once the geometry for both the solid and uid domains is genated, the computational
domain that the CFD simulation is solved across is created. Witapplications such as
ANSYS ICEM or ANSYS Meshing, the case mesh is generated using the dasgeometry.
For conjugate heat transfer problems, it is common practiceo mesh the solid and uid
domains using conformal methods, providing a one-to-one sheface association between the
domains. Conformal meshes eliminates any interpolation &und in non-conformal meshes
resulting in improved accuracy. In all simulation cases, thsolution is highly dependent
on the mesh resolution. Understanding the physics within thease and completing a mesh
convergence study provides a mesh that is used to produce acarate solution.

Next, for the given case, the initial and boundary condition®f the problem are estab-
lished. The conditions are dependent on the desired operadi conditions of the design. For
heat exchangers, the boundary conditions are the ow condins through each of the uid
domains, such as the mass ow rates and pressure speci cat# or the energy operating
conditions, such as the initial temperatures of the uids etering the heat exchanger. The
work in this thesis only considers steady state cases, howein other CFD problems, initial

conditions for transient cases need to be established.

32



With the case mesh and its initial and boundary conditions, tb simulation can now be run
within the CFD solver. With the set conditions, the simulationcan be initialized for solving.
The initialization can be done in many ways, including manudi initializing the uid to a
desired velocity at a given temperature or by using automatemethods. Some automated
initialization methods include hybrid and full multigrid initialization where reduced models
are solved to provide the best rst guess as an initial solun [13].

With the coupled algorithm, the iterative solving process bgns with solving the plug
ow model using the current conditions of the CFD simulation.The plug ow model solution
provides the temperature, velocity, and pressure pro leof each of the channel ows. For
a well posed problem within each of the plug ows, the mass owate through the channel,
the temperature at the channel inlet, and the pressure at thehannel outlet are required.
The solution from the plug ow models provides the boundaryanditions that are necessary

to solve the manifold uid and solid body computational doméns.

Va.)
24

V.)
[ 24

1 | o |

Figure 3.2: RequiredFluent boundary conditions for the simpli ed case.

Figure 3.2 shows the various boundary conditions that are raged for the CFD simu-
lation in the uid manifolds and the solid body surrounding the channels. For a well posed
problem using the coupling algorithm withinFluent , there are ve main boundary con-
ditions that are required. For one of the uid domains, in theinlet manifold, a mass ow

rate inlet boundary condition is the basis for ow within the heat exchanger. The secondary
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operating condition of the inlet temperature is set for eachuid domain. For each of the
individual channels, the channel inlet is represented with pressure outlet condition. The
manifold inlet and channel inlet conditions enable the intemanifold to be solved, which
provides the ow distribution to each of the individual chamels. Each of the channels are
coupled to the outlet manifold with the UDF, using the plug ow lution to generate the
pressure for the channel inlet, the wall heat ux on the chanal wall, and the temperature for
the channel outlet. The three boundary conditions capturegrovides enough information
for the solid body heat exchange to be solved. For the outletanifold, each of the individual
channels' outlet is represented by a velocity inlet which igenerated from the Poiseuille ow
solution. At the exhaust of the outlet manifold, a pressure utlet boundary condition is
used as the exit for the uid domain. The velocity and temperture at the channel outlet
provides enough information to produce the solution in theulet manifold. The solution
within the outlet manifold also provides the basis for the prssure distribution across the
channels, which ultimately is used as a boundary conditionithin the plug ow model.

The coupled algorithm is iterative and each of the solution®r the plug ow model and
the CFD simulation depend on one another. Once an iteration mplete, the channel outlet
pressure, wall temperature pro le, and mass ow rates throgh the channels are updated
within the plug ow model. Solving the plug ow model provides the ve main boundary
conditions necessary to solve the CFD simulation. Over muttie iterations, the solution
is checked for convergence in two main aspects. The rst is eftfer or not the governing
equation residuals of the CFD simulation reduce below a usee ded convergence tolerance.
The second is based on monitoring performance metrics ofengst within the simulation to
understand when the metric has remained constant to a user ded deviation tolerance.
Once the solution is converged, the results are then postgmessed to understand the design's
performance.

The implementation of the coupling is broken up into ve mainsections: meshing, data

access, geometric, solution, and solving methods. The mighsection explains the require-
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ments in haming structures for the case and general meshingchniques. The data access
section provides a high level overview dfluent 's data structure and the various quanti-
ties that are vital to the coupling algorithm. Using the data fom Fluent , the geometric
coupling section explains how the association of the varigsbboundaries are done. The solu-
tion coupling section explains how the plug ow and Poiseué ow models are connected to
Fluent 's CFD solver. Lastly, the solving methods section explain®sie details ofFluent

that are addressed within the coupling algorithm.
3.1 Meshing Setup

The meshing process for any CFD problem consists of similaeps. First, the geometry
is imported into the meshing software. Next, de nitions of tle case's operating elements are
completed. The de nitions include the identi cation of spei c geometry faces as locations
where boundary conditions are applied or the distinguishme of uid and solid volumes.
Third, depending on the mechanics of the problem that is sinated, mesh re nement is
setup for key areas within the simulation. Lastly, the meshsigenerated for use within the
CFD solver.

For use with the coupling algorithm, the general meshing poess is still followed, however
two special steps must be made. First and most importantly, isce the coupling algorithm
solves each of the channel ows outside of the CFD simulationhe meshing elements or
uid geometry within each of the channels must be eliminated Removing the uid leaves
an adiabatic void within the computational domain that is rgresented outside of the CFD
simulation with the plug ow model. Figure 3.3 shows a cross ston of the mesh, removing
some of the solid body material and exposing the three mainciations that must be de ned.
The remaining step is to de ne the inlet, outlet, and wall loations for each channel, providing
a distinct entity that boundary conditions can be applied to The de nition for any of the
locations consist of the assigned name and the faces that @presents.

The locations that need to be de ned consist of the channel let, the channel heat

exchange walls, and the channel outlet. The rst boundary cwlition that is required is
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Figure 3.3: De ned named selections for the velocity, pressy and heat ux conditions.

the pressure outlet condition, which represents the inletfaan individual channel. The
channel inlet de nition is applied to the uid domain faces n the inlet manifold. The

next location that needs to be de ned is the heat exchange waboundaries. The wall
boundaries are de ned on the solid body faces that normallyould have interfaced with the
uid within the channels. The wall boundary by de nition is a solid body wall, however for
energy considerations, temperature or heat ux can be assid onto the wall as a boundary
condition. The last of the required boundary conditions ishe velocity inlet condition. The

velocity inlet is de ned on the uid domain faces that repregnt the channel outlet within

the outlet manifold. All of the inlet, outlet, and wall locations must be de ned during
the meshing process, enabling the CFD solver to access themuser de ned boundary
conditions.

Each of the named selections is assigned a Thread ID' in whiEluent uses to de ne
all computational domain elements. Figure 3.4 shows some axales of named boundaries
and their arbitrarily assigned Thread IDs. Each of the namedelections can have unique
boundary conditions and their own boundary types, such as rea ow inlets, pressure outlet,

velocity inlets, or walls. Using the inlet, outlet, and wall loundary de nitions, a necessary
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Figure 3.4. Example Thread IDs for a mesh of two channels.

result is captured in each Thread ID. With the plug ow model, he ve boundary conditions
necessary are captured using the Thread IDs. For all of thegrning equations, the mass
ow rate is captured for each channel at the de ned inlet boudary by summing all of the
mass ux contributions of each of the mesh faces. For enerdlie inlet temperature is taken
as an average across all of the channel inlet mesh faces. Ograt the inlet is also taken
as an average across the inlet. Along the heat exchange wal, dcompute the convective
heat transfer contribution to the plug ow model, all of the individual temperatures of the
mesh faces along the wall are used. Lastly, the pressure iptt@ed as an average across the

channel outlet mesh faces and used as the boundary conditifmm the momentum equation.
3.2 Fluent Data Structure

The data within Fluent provides all the necessary information to implement the pi
ow model. The Fluent data structure includes boundary information that allows ow
properties to be captured and geometric attributes to be deed from. In addition to
accessing the data required, data must also be stored withittuent 's global memory that
persists between iterations. The global memory enables tppgug ow solution to be stored

and utilized as necessary within the coupling algorithm.
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3.2.1 Thread ID Access

The coupling is based on the boundary information providedybFluent and the var-
ious components of data stored within each Thread ID. Each bodary within Fluent is
designated a Thread ID in which the UDF uses to obtain informa&bin and apply properties.
Examples of what can be done with the Thread IDs includes obtang geometric dimen-
sioning data derived directly from the mesh or applying theelocity pro le of the Poiseuille
solution to the channel outlet at the correct locations. Witlin the UDF, the data contained
within the Thread IDs are utilized by means of access macrogVith each Thread ID, gener-
ally all data elds are available, for example velocity can & accessed for both uid and solid
body domains. Some data elds however are only available lemson the models used within
the case. For example, in conjugate heat transfer problemgmperature in any domain is
available for access only when the energy model is activated

There are many di erent macros that access di erent piecesf @ata however there are 3

main types that are utilized in the coupling algorithm

Looping Macros
Mesh Data Macros

Property Macros

For every Thread ID, looping macros allow quick access to alf its respective elements.
Looping macros allow the access to each Thread ID on three drent levels: cell, face, and
node. Cells represent each nite volume within the CFD meshates represent the surfaces
that bound each nite volume, and nodes represent the endpus that make up each of the
faces in the nite volume. While looping through the Thread IDon one of the three levels,
mesh data macros allow access to attributes such as the canades of the current element
or the orientation of a given face. Similarly, property maas allow access to solution data at
each of the three levels on any domain. Properties that are@ssed include face magnitude

velocities or node temperatures. Figure 3.5 shows an exampfea boundary which is called
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using a Thread ID. In the context of the implementation of thecoupling algorithm, data

within the face and node elements are primarily accessed.

\
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Figure 3.5: Each Thread ID inFluent identi es a collection of mesh faces.

3.2.2 Mesh Data Access

With the coupling algorithm, for a highly automated implememation, data contained
within the mesh is heavily relied on. Generally, the main attbutes used within all UDF
computations are captured on a face and node element basisguiie 3.6 shows a set of faces,

its associated nodes, and the various mesh properties thataaccessed.
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Figure 3.6: Major geometric attributes available for use witin Fluent

Using looping macros over a given Thread ID, the mesh data froeach individual mesh

element is analyzed to derive the various channel properief the whole boundary. Derived
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mesh data include the channel cross section dimensions, rallelength, inlet/outlet center
positions, and orientation. The mesh data also provides a &ia for the necessary components

to geometrically couple the various boundaries together ascussed in Section 3.3.

3.2.3 Plug Flow UDF Data Structure

To implement the plug ow model alongside the CFD simulation,a data structure is
created that is shared globally between all of the UDFs. The UDFatfa structure provides
the necessary information for the geometric and solution gpling for the coupling algorithm.
The geometric coupling data is generated during the initidbading of the coupling algorithm.
The solution data is generated during the CFD solution initiization and updated at every
iteration. New boundary conditions are also assigned to theFD simulation from the stored

data. The main outline of the plug ow data structure is as fdows

Thread ID data

Plug ow model parameters
Plug ow model pro les
Geometric coupling data

Solution method data

Thread ID data consists of access pointer arrays and boungatype designations. The
pointer arrays for the Thread IDs allow easy access to bounss that are associated to each
of the channels. While the Thread IDs can be used directly, isimore e cient to use pointers
to the plug ow data structure as there can be hundreds of Thigd IDs within a given case.
The main Thread ID data collected includes the boundary Thd ID, its associated inlet
pair Thread ID, its associated heat exchange wall, and the bodary type for each individual
channel.

The plug ow model parameters consist of material properte that are captured from

the CFD solver and geometric dimensioning data captured frothhe mesh. The parameters
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include the uid viscosity, thermal conductivity, speci ¢ heat, molecular weight, inlet density,
channel cross section dimensions, channel length, and chehaxial position bins. The
material properties are captured at every iteration and upated within the data structure,
while the geometric data is only captured at the loading of & coupling algorithm.

Plug ow model pro les contain the solution of the governingequations. The pro le data
consists of multi-dimensional arrays that store the solutins for each of the channels. The
pro le data consists of a two-dimensional array to store theressure solution for each channel
and axial position, a two-dimensional array to store the coputed density for each channel
and axial position, and a three-dimensional array to storehe temperature and convective
heat transfer for each channel and axial position. The constve heat transfer array is a
special requirement that is discussed in Section 3.4.2. Thelutions are updated and stored
within the data structure every iteration using the resultsfrom the CFD simulation.

The geometric coupling data contains the information to coplete the necessary bound-
ary associations as well as transformation data for commoeference frame comparisons.
Geometric coupling data consists of the boundary extent iafmation (minimum, maximum,
range, and center), the plug ow mesh positions and distansgand the transformation data
used for common reference frame comparisons. The geometocpling data is computed
once at the loading of the coupling algorithm, however the lnmdary extent and transfor-
mation information is used heavily as input parameters forite plug ow model.

Lastly, the solution method data consists of duplicates ofhe plug ow model pro les
and pro le update variables to ensure stability of the couphg algorithm when used with
Fluent . Solution method data consists of past results of the dengipressure, and heat ux
pro les that are applied as boundary conditions, under rebeation variables to stabilize the
connection between the UDF and the CFD simulation, and iteratin or time step counters
for use in pro le update strategies. The solution method dat are parameters and solution

data that are applied and updated at every iteration.
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To explain the implementation of the data structure, Sectins 3.3{3.5 go into detail for

the steps required to successfully implement the couplindgarithm.
3.3 Geometric Coupling

With the data provided from Fluent , all the necessary information is obtained to asso-
ciate and apply data to the inlet, outlet, and heat exchange all boundaries. Any operation
on a mesh face is possible through use of coordinate trangfations which enables any set
of coordinates to be viewed in a di erent frame of referenc&he coordinate transformations
allow relative comparison of coordinates for Thread ID ass@tion, mapping of solutions
based on a required coordinate system, and derivation of mssary properties such as the

geometry cross section dimensions.
3.3.1 Face Transformations

Transformation matrices are a powerful tool that are used imany di erent elds such
as solid body mechanics and kinematics, robotics, or bionhamnics, allowing any coordinate
to be converted into a more manageable system [14]. Typigaltransformation matrices
are utilized when coordinates of interest need to be seen inather reference frame. In the
context of the plug ow analysis, the channel boundaries angewed in the global coordinate
system, which is generally not useful. For example, the axiposition of the channel may be
in terms of all three global coordinate directions, howevéne necessary value is the position
in relation to the channel inlet. Using transformation matrces allows any coordinate to be
viewed in more meaningful terms. The most bene cial appli¢en of face transformations is
with the mapping of the velocity solution onto the channel otlet boundary. By transforming
the coordinates obtained fromFluent on a given channel outlet Thread ID, the Poiseuille
ow solution can be mapped onto any boundary faces using a g, x-y coordinate system
with the boundary center lined up correctly to the origin.

Using Fluent 's data access and looping macros and the concept of 3D traorsfiation

matrices, any boundary can be viewed in a common referencarfre. To generate the 3 3
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transformation matrix, the general approach is as follows:

1. Two corners on a single edge of a boundary must rst be fourtd generate the rst

coordinate vector.

2. The face normal vector is found from the boundary faces ansl used as the second

coordinate vector.

3. The remaining coordinate vector is found through the cresproduct of the rst coor-

dinate vector and the second coordinate vector.

For the face transformation, Figure 3.7 shows the necessargst and second coordinate
vectors, using one of the side length vectors and the face mal vector. The rst and
second coordinate vectors are orthogonal, thus with theira@ss product, the remaining or-
thogonal coordinate vector is computed. The three coorditevectors then provide the three
components necessary to generate a transformation matrierfa given boundary. With the
transformation matrix, any mesh face position can be trangfmed relative to another for
ease of comparison within a common reference frame. A tramshation matrix is generated

for all inlet and outlet boundaries to be used as the commonfezence frame.
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Figure 3.7: Face transformation on a rectangular boundary.

To successfully generate a transformation matrix for the etmnel boundaries, some as-

sumptions are made in regards to the geometry setup:
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The boundary is strictly a quadrilateral shape.

The boundary must not be overlapping across any of the globme axes (i.e. the

shape exists in both the positive and negative axis).
The inlet and outlet boundary planes are parallel.

All boundaries within the system are parallel with one of thetiree global coordinate

planes.

The channels are of hexahedral shape with a constant rectam@ cross section, where

opposite faces are strictly parallel and adjacent faces as#ictly perpendicular.
To compute the transformation matrix for a given boundary, he process is as follows:

1. For any given boundary face, there are a collection of me$aces and mesh nodes.
Using face loops and node loops, all of the node coordinates ased to nd minimum

and maximum values which de ne the rectangular boundary.

2. The minimum and maximum coordinates of the boundary face@found by calculating
a radius from the global origin. Assuming that the boundary des not overlap any of
the global frame axes, the nodes that correspond to a minimuradius and maximum
radius are always non-adjacent vertices of the boundary taagle. For each node on a

given mesh face, the radius is calculated as follows

q__
R(x)= xf+ x?+ x: (3.1)

wherex;, X;, and xi refer to the x, y, and z components of the coordinate vectorx.

3. With the minimum and maximum coordinates, one of the threeransformation vectors

is determined. Taking the di erence between the maximum anchinimum coordinates,
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the components of the resulting di erence vector are used tde ne one of the two

orthogonal edges on the boundary rectangle. Computed as aitwector

X'max X min . (3 2)

R diag =
g - ..
JX max X minJ

Assuming that every boundary is only found parallel to the-y, y-z, or x-z planes and is
of rectangular shape, either component of the resulting djanal can be used, however
the component with the largest magnitude provides the rst oordinate vector, ;.
The larger magnitude of the diagonal vector also provides amportant result: major

channel side length.

. Using the Fluent UDF macro, F_AREAa function that provides the face normal
vector and face area, the second coordinate vector is detémed. Within Fluent , the
normal vector is de ned based on the size of the face. The fasermal vector must be
normalized by the face area in order to get a unit direction wor. The unit vector is

used as the second coordinate vectat,

. The remaining of the three transformation vectors is sadd for with the information
that the two vectors, A and ¢, are orthogonal. By taking the cross product of the two

vectors, the last unit vector,¥,, is computed as follows

N SR (3.3)

The transformation matrix thus becomes

2 3
Vi1 Vl;j Vik

Q=4 vy Vo Vo O (3.4)
n; n; Ng
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The transformation matrix serves as the basis for all of thedundaries, allowing any
coordinates to be viewed in relation to a speci c boundary. yipically, the transforma-
tion matrix for each of the channel inlets is used to converthe coordinates found for
the other outlet and wall boundaries. The rst row represers the coordinate vector
which properly transforms a coordinate to the correck component in the new frame
of reference. The second row represents the next coordinatsctor that transforms
the coordinates to the propery component in the new reference frame. The last row

transforms the coordinate to the propez component in the new reference frame.

6. Using the transformation matrix, any coordinate is transfrmed to a new reference
frame. For convenience, the center of the boundary is repegged as the origin of the

new reference frame. The nal transformation for any point 0 a given boundary is as

follows
2 3
1
2 36X éxdiag;i
h X dia I Vi Vi Vik 1
Xq=Q X 29 =4 Vo Vi Vak OBX ZXeagg (3.5)
n; nj Ny %
Xk éxdiagk

The transformation is used directly when applying the velaty as a function of the x
and y coordinates of the channel outlet. For use with the Poiselgl ow solution, the
hyperellipse function is based on a two-dimensional coondite system with the origin
at the center of the boundary. Using the transformation proves a coordinate system
in which the x{y plane is representative of the cross section and the coordinate

direction represents the axial position along the channel.
3.3.2 Inlet, Outlet, and Heat Exchange Wall Boundary Condition Associat ion

For the manifold and solid body boundary conditions to cor&ly solve, the inlet, outlet,

and wall boundaries must be associated togethdfluent provides means of identi cation of
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each boundary by a numerical identi er, however it does noticgrentiate between boundary
types or provide any means to associate boundaries togeth&he boundary association must
be completed through the algorithm. Since the various bouades are placed in arbitrary
locations based on the CAD model, an automated method of asgimn must be generated.
To complete the association of the boundaries, the channelet boundary serves as the
base frame of reference and is compared to the other bouneéati For the boundaries that
meet the criteria for channel position and orientation, theassociation is made. The associa-
tion criteria is based on the comparison of the minimum and mxamum node positions which
represent the extents of the boundaries. Generally speaginf there are commonalities found
between the minimum and maximum positions of the two boundas while transformed to

a common frame of reference, the two boundaries represenetbame channel.
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Figure 3.8: Comparison of boundary face node extremes for moiary association.

Figure 3.8 shows an example that is used to demonstrate the goamison of boundaries
between two di erent channels. The association algorithmransforms the position of the
nodesxi, X,, and x3 using Boundary A as the frame of reference. Comparing the

component of the nodesxs; has a dierence as it represents the adjacent channel while
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X1 and X, have identical values as they represent the same channel. ngzaring the y-
component of the three nodes, there are no di erences. With mparison information, it
can be concluded that Boundary A and Boundary B are associat¢o a single channel while
Boundary C is not. Calculating the di erence between the-components of nodeg; and x,
provides a valuable parameter: the channel length. A similgrocess is done to match the
channel walls to its respective inlet and outlet. The only derence in the wall comparison
is that the minimum or maximum values of the heat exchange watan represent either side
of the channel. In the wall comparison, only thex and y positions are considered.

In more detail, the steps for completing the boundary ass@tion are as follows:

1. Store three pieces of information for every boundary lotwan into global memory:
boundary type (channel inlet, channel outlet, or heat exchraye wall), boundary face

minimum coordinate, and boundary face maximum coordinate.

2. Using the transformation matrix that is generated for the lksannel inlet, search through
the channel outlet boundaries for the boundary that aligns ith both the minimum
and maximum coordinates. Transforming with respect to theniet makes it such that
if only the z-component of the other boundary face is varying, the chanhthen has

the associated inlet and outlet.

3. Once the inlet and outlet boundaries are known, the varian in the z-component is

used as the overall channel length.

4. Search through the heat exchange wall boundaries for thedndary that aligns with

both the minimum and maximum coordinate with respect to the lsgannel inlet.
3.3.3 Plug Flow Model Mesh

The mesh generated for the plug ow model is derived from theugace mesh of the
solid body that surrounds the channel. Using the solid body msh axial positions creates

a pseudo-conformal plug ow mesh where each plug ow node cesponds to a set of solid
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body mesh faces. A set of solid body mesh faces that shares mmmn z-position will be
referred to as a \bin." With a number of unique axial positionsof each mesh face along the

channel, the mesh generated for plug ow model consists of fiple bins.

Figure 3.9: Channel bins derived from the solid body mesh.

Figure 3.9 shows an example of the bins that are generated fdret plug ow. Each
bin has N-number of surface mesh faces that share the sameoordinate. As derived in
Section 2.4.3, each of the wall boundary faces has a heat urrtribution to the channel
ow, however each set of faces only contributes to one node ihe plug ow model. By
creating a mesh derived from the bins that occur, any resolon of the surface mesh can be
generated around the solid body and understood within the pj ow model.

The channel position bins are created using the face and nddeping macros on the heat
exchange wall. Looping through each mesh face and storingst bf all unique z-positions of
the mesh center, the bins are created for each entry. Using thede positions of each mesh
face, two quantities are derived. The rst is the face lengtliwhich de nes the di erential
axial length, dz, of the convective heat transfer area. The second is the fas@ths, which
de nes each mesh face contribution to the wetted perimeterCollecting the face lengths
and widths provides a comprehensive array of plug ow modelode to node distances, bin

widths, and individual mesh face areas.
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3.4 Solution Coupling

With the geometric coupling completed, the solutions of thelpg ow model and CFD
simulation are coupled using the geometric association @at Within Fluent , there are
a variety of de ned hooking macros that enable the connectioof the UDFs to the CFD
simulation [15]. The hooking macros are called by the solvey set or modify various prop-
erties on the boundary conditions or within the computatioal domain. In a general sense,
the CFD simulation is broken up into two di erent events: soldion initialization and so-
lution iteration. In the context of this thesis, only presswe-based solvers are utilized as
density-based solvers are typically utilized for comprabte ows (approximately Ma > 0:3).
The low Reynolds number ows within microchannel heat exchryers are modeled with an

incompressible ideal gas density with the pressure-basedver.

<

Figure 3.10: Pressure based solution procedure feluent

Figure 3.10 shows the solution procedure that the pressuraded solver withinFluent
follows with the hooking macros calling order. WithinFluent 's solution procedure, UDFs
are called via three main user-de ned hooking macros: prelfunctions, an init function,

and an adjust function. Later explained in Sections 3.4.1{8.2, the various channel inlet,
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outlet, and heat exchange wall boundary conditions are hatetl using user-de ned “pro le'
functions. The user-de ned pro le functions are called whe there are variable boundary
conditions that are applied on mesh faces. For the couplindgarithm, pro le functions
connect the plug ow solution to the channel inlet pressurechannel outlet velocity and
temperature, and the heat ux on the wall of the CFD simulation The "init' function is a
routine that runs a single time at the initialization of the ase. The init function is used
to initialize the plug ow model pro le and solution method data structures that contain
the plug ow pro les, its parameters, and the various solutbon method variables. Lastly,
the general solution of the plug ow model is computed withiran "adjust’ function. Within
Fluent , the adjust function is a single routine that is run every iteation which can modify
any property within the solution or update parameters withn any of the UDFs. During
the execution of the adjust function, the plug ow solution @ptures its necessary boundary

conditions and the governing equations are solved for theespective variables.

Figure 3.11: Plug ow and Poiseuille ow model solving proces
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The plug ow and Poiseuille ow models are primarily utilized within the calling of the
user-de ned adjust and user-de ned pro les in the main solwg loop. Figure 3.11 shows the
solving process in the user-de ned adjust and pro le funatins and how they are sequentially
ordered. The user-de ned adjust function solves the govang equations in the order of
energy, density, then momentum. Solving in this order prodes the channel ow temperature
rst, enabling density to be calculated across the channeDnce density has been determined,
pressure is then solved using Equation 2.8 to compute the pseire pro le in the plug ow
model. Using the solutions of the plug ow model, the boundargonditions are updated in
the CFD simulation using the user-de ned pro les. The user-d ned pro le functions apply
new values for the channel inlet pressures, the channel outlelocities, channel wall heat
uxes, and channel outlet temperatures. With the new boundar conditions set, Fluent
then solves the ow within the manifolds and and the heat examnge within solid body for

an iteration and the loop continues until convergence is aigved.
3.4.1 Continuity Solution

Coupling the continuity relation in Equation 2.22 within the channel is trivial, however
obtaining the mass ow rate at the channel entrances must rsbe done. For a given channel,
looping functions over the channel inlet boundary mesh fagare utilized to obtain the mass
ow rate. Using the UDF macro, F_FLUXall of the channel inlet faces' ux is summed up
to obtain the total mass ux through the channel. During use 6the looping function to
obtain the mass ow rate, other properties such as the uid \8cosity, thermal conductivity,
speci ¢ heat capacity, and entrance density are captured agll, allowing all uid properties
to be automatically collected during the solving process. He measurement of the various
properties in this section are carried out during the callig of the pro le update of velocity
at the channel outlet and pressure at the channel inlet.

With the mass ow rate of each channel, the velocity pro le is pplied on the channel
outlet within the outlet manifold. Using the Poiseuille ow velocity pro le function and the

max velocity scaling constant, the velocity is applied to ta outlet while looping through all
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of the mesh faces. Each mesh face has its own velocity valuattts determined by its center

position.
3.4.2 Energy Solution

Solving the energy equation is the rst step to obtaining thesolution of the plug ow
model. Solving energy rst is necessary as the momentum edioa has a density gradient
term which requires the temperature-dependent density toebocomputed rst. Using the
mass ow rate captured for each of the channels, the densityomg the channel, and the
temperature from the walls, the plug ow channel temperatue pro le is solved for by a
stepping method from the channel inlet.

The contribution from convective heat transfer however isdndled in a particular manner
to overcome the limitation of using the looping macros. Regtating the governing energy
equation

rncpz—-zr: hX\I Lwn(Twn T): (2.17)

n=1

To solve the temperature pro le along the channel length, th contribution of the N -number
of faces at each mesh node must be known. Using the face loopmngcros directly, one
problem arises in the sequence that the faces are looped tngb. Using the looping macros,
the order in which each mesh face is accessed is arbitrarycisuhat the coupling algorithm
has no control over its ability to loop through the faces on aib to bin basis. To overcome
the arbitrary looping sequence, the individual summationgare computed rst. Looking at

the discretized version of the energy equation

P mc
N LA,
h n=1 I-w;n;i Tw;n;i + _ZpTi 1

Py mc, '
=p
h n=1 I—W;n;i + _Z

Ti=

(2.26)
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the two summations are computed using a loop through all of éhmesh faces prior to solving
the temperature pro le. As each of the individual mesh facesalooped through, the product
of the face widths and face temperatures are computed and soned into the convective heat
transfer array for each of the axial position bins as menti@d in Section 3.2.3. The captured
convective heat transfer summation array provides a totaldat convection contribution from

each bin that is used when the temperature pro le is solved foThe summation of the face
widths for each bin represents the wetted perimeter and camgply be computed using the
geometric dimensions for each channel.

After solving the energy equation across the plug ow mesh, éhtemperature pro le is
then available for use. Once the temperature pro le is knowrdensity is calculated along the
channel using Equation 2.20 using the current temperaturend past pressure pro les from
the plug ow solution. Next, during the update of the user-dened pro les, the wall heat ux
is updated, using the plug ow temperature pro le and solid lody wall temperatures from
the CFD simulation. Lastly, the channel outlet temperature $ updated, using the outlet

temperature of the plug ow temperature pro le solution.
3.4.3 Pressure Solution

For the application of the boundary condition for the channkinlet within Fluent |, the
pressure is applied across the channel inlet as a single gres value. The assignment of a
single pressure value across all of the mesh faces is acddptas pressure gradients within
the heat exchanger primarily occur across the length of théannels. The pressure variation
within the manifolds is relatively small and the pressure véations across the channel inlets
and outlets are even smaller. Solving the momentum equatidar the pressure within the
channel requires the pressure at the channel outlet as thewwlary condition for the plug
ow. Similar to the measurement of the mass ow rate, an aveige of the pressure at the
channel outlet is taken. The average pressure is measured using the UDF macro,F_R
and summing up all of the face pressures on the channel outlatd dividing it by the total

number of faces that exists on the boundary. The average valat the channel outlet is then
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used as a boundary condition in solving the momentum equatio For the convection term
in the momentum equation, the density gradient is computed ith the known densities at
all of the nodes. From the solution of the momentum equationhe entrance pressure is then

applied at the channel inlet within the inlet manifold.
3.5 Solution Methods

Implementing the UDFs brings new requirements for the stabili of the overall solution.
In the overall CFD simulation, the propagation of the bounday conditions across the domain
requires multiple iterations. The solutions generated whin the plug ow model however
immediately converge as a result of its simplicity. The di eence between the solution propa-
gation rates causes the applied pro les on the various bouary conditions to change rapidly
while the solution is not mature. The resulting instability requires some precautions to be

taken to ensure stable solutions.
3.5.1 Solver Iteration Strategies

During the initial iterations, the solution is highly unstable due to the possibility of
oscillating boundary conditions. To lessen the e ect of pential solution swings, under re-
laxation factors (URF) are utilized directly in the UDFs. Used on nore sensitive boundaries,

the general relation used is as follows

Yrelaxed = Y new T (1 )ypast; (3.6)

wherey is the property of interest that is to be relaxed and is the relaxation factor,
ranging between < < 1. Currently, there are three URFs that are utilized in the plug
ow and Poiseuille ow models. The rstis placed on the conthuity equation, such that the
variation in the channel mass ow rates is relaxed between eaiteration. Using a relaxation
factor in the range of 01 v  0:6, stability of the ow direction within each channel is

improved. The mass ow rate URF primarily controls a non-phygal ow reversal event in
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each channel. The second application of a URF is on the pressuat the channel inlet by
a relaxation factor in the range of @ p  1:0. The speci cation of the pressure within
the manifolds governs the mass ow distribution between thehannels. The pressure URF
dampens oscillations of the applied pressures in the inlet méold, allowing the solutions
to converge. Lastly, the heat ux boundary condition at the leat exchange wall is relaxed
by a relaxation factor in the range of @ t  0:9. The heat ux URF prevents non-
physical thermal gradients from causing the temperature kdion to diverge. The de ned
relaxation factors are sensitive to the geometry and can bared alongside the URFs of the

full Fluent solver.
3.5.2 Fluent Considerations

Working within the Fluent computation domain and with the hooking macros poses
some challenges that need to be considered for stability aadcuracy. While using UDFs,
many times the solution can become unstable and diverge due the interaction of the
varying boundary condition assignments and the relativelglower CFD simulation [16, 17].
One step to improve stability while using UDFs is to implement &ro le Update Interval
of greater than 1. The Pro le Update Interval makes it such thathe user-de ned pro les
are not called every iteration and are staggered by the amaouset within the Pro le Update
Interval. Using intervals of greater than 1 enables each itation to be solved using more
consistent boundary conditions. For UDFs that are computatioally intensive, it is also
recommended to utilize a Pro le Update Interval greater tharl to reduce the computational
impact of the UDF [18]. With the example cases discussed lajd?ro le Update Intervals
between 5 and 10 provide a good balance between stability acdmputational e ciency.

As discussed in Section 3.4.3, applying the pressure conalitiat the channel inlet as a
single value is acceptable, but not ideal. WithirFluent , the pressure boundary condition
assignment is set as a \Average Pressure Speci cation” whigilows some exibility which
can result in a solution that accounts for some entrance e & The average speci cation

option makes it such that the solver allows pressure variatns across the boundary as long
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as the average across its mesh faces results to the assigraddey Using average speci cation
option causes the solution to be very sensitive and in most s&s, a large, non-physical
pressure gradient is produced across the boundary, causimgo diverge. Using a single
value for the pressure boundary condition across all of theobndary mesh faces produces a
stable solution.

One major limiting event that occurs within Fluent is that during a pro le update for a
given iteration, Fluent calls the user-de ned pro les multiple times. For other UDFs hat
assign pro les that are constant between iterations or be®en each execution of the function,
there is no problem as the pro les applied are constant. Withihte implementation of the
coupled algorithm, each of the UDFs provide new boundary conidins during each execution.
In Section 3.4.1 where the continuity solution is discusseaith the overwriting phenomenon,
the mass ow rate calculation is completed multiple times, endering any under relaxation
techniques ine ective as control over the assigned propéss is diminished. The overwriting
e ect is highly sensitive within the plug ow solution for the momentum equation. Large
variations in the pressure at the channel boundaries betweéterations create a situation
where the solution falls into an unstable equilibrium, prodcing non-physical results. To
improve the overall stability and reduce the chance of nonhgsical solutions, speci ¢ UDF
conditional statements are set to force only a single exeaat of the function for a given
iteration. The implementation of the conditional statemets are done by storing the current
iteration within the global memory of the UDF for each bounday and comparing it to
the current iteration at each pro le update event. Through he stored and current iteration
comparison, the user-de ned adjust and user-de ned pro kefor each boundary are processed
if and only if they have not been executed yet during a givenatation.

While there are many di erent CFD solver schemes that can be uized, the work within
this thesis utilizes the pressure-based coupled solver. kgithe pressure-based coupled solver
allows the pseudo-transient model to be utilized in the CFD siulation which provides a wide

variety of bene ts [13, 19, 20]. It provides faster convergee by 30% to 50% as compared
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to other schemes, improves solution robustness by allowinige solver to move past local
minima, but most importantly, the main consideration for uilizing the pseudo-transient
model is for its solution stability. In most simulations usiig the coupled algorithm, using the

pseudo-transient model has improved overall solution stdity and solution convergence.
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CHAPTER 4
RESULTS AND DISCUSSION

The cases modeled in the following sections are simpli edgiylems to demonstrate the
accuracy and computational e ciency of the coupled algorttm. The rst case presents a
simple two- uid, single channel heat exchanger and the sewb case presents a similar two-
uid heat exchanger with ve channels. Each of the cases areompared to an identical,
complete simulation with the channels fully meshed and sad by Fluent . Each case
compares the results in solution accuracy and computationame.

In all of the cases presented, the heat exchangers are solwgtth equal mass ow rates in
each uid domain. The total mass ow rate within a uid domain i s the sum of all the channel
ow rates, where the mass ow rate of each individual channat set to achieve a Reynolds
number of 500. For the operating temperatures, the hot uid eters at a temperature of
900 K and the cold uid enters at 300 K. All channels have idental geometries with a 2
mm 1 mm cross section and an 80 mm channel length. For both uid dwins, air is
used as the uid with the incompressible ideal gas model utzed for density. For the solid
body, aluminum is used as the material using constant dengitspeci ¢ heat, and thermal
conductivity.

A mesh convergence study is completed for all of the cases thigve a grid independent
solution in relation to the pressure drop across the heat exanger and overall heat exchanger
temperature outputs. For pressure considerations, the sion is sensitive to the uid mesh
resolution within the cross section of the channels. FigureMhighlights the meshing divisions
of the uid cross section that directly a ect the pressure stution. As an example within the
convergence studies, a 6 3 cross section refers to a mesh similar to the left cross sentin

Figure 4.1.
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Figure 4.1: Side cross section of channel mesh with pressugasitive mesh divisions.

For temperature considerations, the solution is sensitiie the uid mesh resolution along
the channel length and to a lesser extent, the solid body meshell resolution surrounding
the channels. Figure 4.2 shows the key meshing area for tenmgtare, which is the length-
wise mesh resolution. In the following convergence studies each case, the number of solid

body divisions refers to the number of solid body bins alondpé length of the channel.

— N

Figure 4.2: Top view of solid body channel mesh with temperatel sensitive mesh divisions.
For each simulation with a grid independent mesh, the solun is said to be converged
when all of the following criteria are met:

All velocity component and continuity residuals must reducéo less than 104 or con-

verge to a steady residual below 16.

The energy residual must reduce to less than 19 or converge to a steady residual

below 10 7.
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Change on a solution monitor for the average pressure acrtiss heat exchanger inlets

must be less than 10

Change on a solution monitor for the average temperature axss the heat exchanger

outlets must be less than 10t.

During each simulation, the residuals are monitored usingefault scaling for the values
with an absolute convergence criterion. URFs withirFluent are modi ed from default
values to allow pressure to converge quickly but limit chamgin velocity for stability. The
pressure URF is set to B, the momentum URF is set to @, and the energy URF is set
to 0:9. For the solution monitors, facet averages on the heat exager inlet and outlet
boundaries captures the pressure and temperature values.

With the converged solutions, the temperatures at the heat ekanger outlets are used
to calculate the heat exchanger e ectiveness. Heat exchamgeectiveness is a performance
metric that measures the e ciency in which energy is transfeed between the uids. The

heat exchanger e ectiveness is computed as follows

"= (4.1)

where q is the actual thermal energy gained or lost within a uid dom&n and g« IS the
theoretical maximum heat transfer between the uid domainsFor a given uid domain, the

actual thermal energy transfer is

q=C(Ti To) (4.2)

whereT; and T, represent the temperatures at the heat exchanger inlet andittet. C is the

speci ¢ heat capacity rate for a given uid and is computed as

C=cm: (4.3)
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For energy to be conserved within a heat exchanger system,ettactual thermal energy
transfer of the hot or cold uid domains are equal and oppost To solve for the maximum

heat transfer

Onax = Chin (Th;i Tc;i); (4.4)

where Ci, is the minimum heat capacity rate of the two uid domains, Ty is hot-side uid

inlet temperature, and T, is the cold-side uid inlet temperature.
4.1 Single Channel Case

The single channel case demonstrates the ability for the guow and Poiseuille ow
models to solve the ow in the most basic application. The sotion of the substituted
case is compared to the solution of an identical, completesmathat is fully solved within
Fluent . Figure 4.3 shows the single channel case where two uid domsj designated by
the geometry colored in red and blue, are passed through aidddody with a single channel
per uid domain. The manifolds in the single channel case arénsple as the uid only runs
within their respective domains and into and out of the singl channel. The total mass ow

rate used in each uid domain in the single channel case is34205 10 ° kg/s.
4.1.1 Single Channel Mesh Convergence Study

The mesh convergence study for the single channel case iselamtwo steps: pressure
convergence and temperature convergence. The meshing gsmn parameters described
earlier are tested for the substituted channel case and thelly solved case.

Figure 4.4 shows mesh convergence results for the study foe thubstituted channel case.
Figure 4.4 (a) shows the results of the mesh convergence stuatythe pressure drop across
the heat exchanger. The cross section divisions were vari@sla 2 1,4 2,6 3,8 4,
10 5, and 12 6 cross section mesh on the channel. Through the single chahmesh

convergence study, it is concluded that with the substitutg channels, a 6 3 cross section
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Figure 4.3: Single channel test case overview.
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Figure 4.4: Substituted channel mesh convergence study fdret single channel heat ex-
changer case.
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mesh produces a grid independent mesh for the pressure dropoas the single channel heat
exchanger. Figure 4.4 (b) shows the mesh convergence studytbe outlet temperatures.

The channel solid body is divided into 3, 6, 8, 16, 26, 40, an@® 8ections along the channel
length. With the results, it is concluded that a mesh with 26 diisions along the length of

the channel is used for a grid independent solution for thertgerature at the heat exchanger

outlets.
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Figure 4.5: Complete mesh convergence study for the singleachel heat exchanger case.

Figure 4.5 shows the mesh convergence study results for thenpbete, single channel
case wherd-luent solves the ow within the individual uid channels as well. In the single
channel mesh convergence study for the complete mesh, thess section is divided into
6 3,8 4,10 5,12 6,14 7,16 8,18 9,20 10, and 24 12 meshes for the pressure
solution. For temperature, the channel length is divided to 8, 16, 32, 40, and 80 sections for
the temperature solution. For meshes with less than 8 charrnength divisions, divergence
of the momentum solution within Fluent was experienced. From the study, a mesh with a
20 10 cross section and 64 channel length divisions producesria ghdependent solution.
The two cases with grid independent mesh parameters are usadhe following results for

the best comparison.
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4.1.2 Single Channel Results Comparison

Using the grid independent mesh, the results of the substitetl case and the complete case
are compared for di erence in pressure and temperature anthprovement of computation
time. Comparing between the substituted channel case anddltomplete case, there is good
agreement between the results. Figure 4.6 shows the veloaigntour of the two cases at the
inlet manifold with very similar results. In terms of contiruity, mass is conserved to within

2% across a uid domain with the substituted case.

11 m/s-

Om/sI

Figure 4.6: Single channel case velocity contours along a -@léne at the inlet manifold.

Figure 4.7 shows the velocity contours within the outlet mafold, where di erences
between the solutions are more apparent. In the immediateg®n of the channel outlet, the
solutions of both cases match very well. As the ow begins to delop within the manifold,
the results begin to di er. The variation in the velocity cortour can be attributed to the lack
of exit e ects from the plug ow model and meshing di erences The discrepancy however
is acceptable as local di erences within the velocity eld d not change other key results
(pressure and temperature). As previously shown through thmesh convergence study,
pressure drop across a uid domain and temperature at the olets are not a ected for both

cases due to mesh variations.
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Figure 4.7: Single channel case velocity contours along a-qlane at the outlet manifold.

Figure 4.8 and Figure 4.9 show pressure contour plots for theléh and outlet manifold
that match well. Between the substituted case and the compke case, the pressure drop
solution di erence is approximately 8% for both uid domairs. The di erence in the pressure
solution can be attributed to the lack of the developing regn in the channel within the plug

ow model.

186Pa-
|
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Figure 4.8: Single channel case pressure contours along a@ane at the inlet manifold.
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Figure 4.9: Single channel case pressure contours along amane at the outlet manifold.

For the simple heat exchanger used, thermal gradients withithe solid body are most

apparent near the uid to solid interfaces. Within the solid bbdy however, the thermal gra-

dients are gradual. Figure 4.10 and Figure 4.11 show temperagucontours for the inlet and

outlet manifolds that show similar solutions. In Figure 4.1Gand Figure 4.11, the tempera-

ture scale is limited between 550 K and 600 K to show detail irhé solution. Figure 4.11

shows a drastic change, however the substituted case regms the outlet ow as an average

temperature which allows the solution to match that of the complete case.

Table 4.1 summarizes the single channel results for the psese and temperature per-

formance metrics. The largest di erence between the resalis in the pressure drop for the

cold uid.

Table 4.1: Single channel results comparison between suthged case and complete case.

Substituted Case

Complete Case

Percent Di erence

Pressure Drop (Hot Fluid) [Pa] 190.3 203.4 6.5%
Pressure Drop (Cold Fluid) [Pa] 178.7 186.2 7.5%
Hot Outlet Temperature [K] 574.1 588.1 2.4%
Cold Outlet Temperature [K] 625.9 611.9 2.3%
Heat Exchanger E ectiveness [%)] 54.32 51.98 4.4%
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550 K.

Figure 4.10: Single channel case temperature contours al@gut-plane at the inlet manifold.

—

600 K -

550 K.

Figure 4.11: Single channel case temperature contours alangut-plane at the outlet man-
ifold.
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Table 4.2 shows the computational di erences between the Isstituted case and the
complete case for the single channel heat exchanger. All caseere solved on a single

workstation using serial computing.

Table 4.2: Single channel computational results.

Substituted Case| Complete Case Percent Change
Mesh Elements [No.] 40368 204440 80.3%
Computational Time [sec] 290 757 62.7%

In summary, for a single channel case, a computational imprement of 63% was achieved
for an 8% di erence in the pressure solution and a 5% diereecin the heat exchanger

e ectiveness.

4.2 Five Channel Case

Figure 4.12 shows the ve channel case which demonstrates thleility for the plug ow
and Poiseuille ow models to solve the ow of multiple channle. Within the manifolds,
pressure variations are small but signi cant enough such #t each channel has unique con-
tinuity, momentum, and energy boundary conditions. The toal mass ow rate used in each

uid domain in ve channel case is 671025 10 ° kg/s.

4.2.1 Five Channel Mesh Convergence Study

In the ve channel case, the manifolding region becomes imant because of the unique
distribution of the ow to each channel. Due to the inheritarce of meshing resolution from
the channel cross section, the manifolding region subseqtlg resolves as well. Based on
initial tests for modifying manifolding mesh resolution, ging the results of the cross section
mesh convergence study, overall solutions are su cientlyrigl independent while mesh quality
remains acceptable. An acceptable mesh utilized within the anifold has mesh elements
which do not exceed aspect ratios of 10 or skewnesses of grettan 0.7.

An identical process from the mesh convergence study on thengle channel case is

used for the ve channel case. Figure 4.13 and Figure 4.14 shoketresults of the mesh
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Figure 4.12: Five channel test case overview.
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Figure 4.13: Substituted channel mesh convergence study fbet ve channel heat exchanger
case.
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convergence study for the ve channel case. For the substted channels, the channel cross
section is taken as a 6 3 mesh and the channel length is divided into 26 sections. Fire
complete case, the channel cross section is taken as a 200 cross section mesh and the

channel length is divided into 64 sections.
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Figure 4.14: Complete mesh convergence study for the ve chael heat exchanger case.

4.2.2 Five Channel Results Comparison

Similar to the single channel case, the results of the ve chael case also show agreement
with one another. The variation in the results is more appard than the single channel case,
however the quantitative di erence between the substitutd and complete cases for the ve
channel heat exchanger is similar to what was found in the gjle channel case. In terms of
continuity, mass is still conserved to within 2% across a @ domain with the substituted
case.

Compared to the complete case, variation between the inddaal channel mass ow rates
in the substituted case is less than 5%. Figure 4.15 shows thelocity contours of the ve
channel case at the inlet manifold. Some visible variationsre seen in the area near the
channel inlets due to the di erence in the meshes. Figure 4.1®wever shows signi cant
di erences in the velocity contours in the outlet manifold. While the velocity di erences

may seem major, the substituted case is able to capture thergeal ow characteristics well,
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Figure 4.15: Five channel case velocity contours along a cugpe at the inlet manifold.

providing a solution that does not a ect the pressure drop aoss the domain or the outlet
temperatures.

Figure 4.17 and Figure 4.18 show the pressure contour plots dtet inlet and outlet
manifolds. Figure 4.18 shows the outlet region pressure efdatching the complete solution
very well, allowing for an accurate solution for the pressardrop across the uid domain.
For the ve channel heat exchanger, the pressure distribudn across the channel outlets is
important as the boundary condition to the plug ow momentumequation is captured in
outlet manifold region.

Similar to the single channel case, the ve channel case shoa narrow range of tem-
peratures to highlight the detail in the plots. In the following plots, the temperature scale
is bounded between 550 K and 660 K. Figure 4.19 and Figure 4.2@wshnearly similar so-
lutions. Figure 4.20 shows the full simulation results as ctaining colder uid exiting the
channels while the substituted case is seemingly hotter.nSlar to the single channel case,
the di erence is due to an average temperature speci catiofor the outlet temperature for

the substituted case.
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Figure 4.16: Five channel case velocity contours along a cuape at the outlet manifold.
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Figure 4.17: Five channel case pressure contours along a clang at the inlet manifold.
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Figure 4.18: Five channel case pressure contours along a clang at the outlet manifold.
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Figure 4.19: Five channel case temperature contours along d-plane at the inlet manifold.
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Figure 4.20: Five channel case temperature contours along d-plane at the outlet manifold.

Table 4.3 provides all of the results for the ve channel heaéxchanger. Similar to the
single channel heat exchanger, the largest di erence bew®vethe results is also in the pressure

drop for the cold uid.

Table 4.3: Five channel results comparison between substiad case and complete case.

Substituted Case| Complete Case Percent Di erence
Pressure Drop (Hot Fluid) [Pa] 201.6 219.3 8.4%
Pressure Drop (Cold Fluid) [Pa] 178.0 197.2 10.2%
Hot Outlet Temperature [K] 612.9 616.9 0.7%
Cold Outlet Temperature [K] 588.2 583.1 0.9%
Heat Exchanger E ectiveness [%)] 48.03 52.82 9.5%

Table 4.4 shows the computational di erences between the Isstituted case and the
complete case. The same workstation used in the single chahheat exchanger utilizes serial
computing for the ve channel cases. The main di erence witthe results here is that with
an increase in the number of channels from one to ve, an 11%ngputational improvement
was found. Improvement between the two cases is an indicatithat with more channels in

the system, the computational advantage of utilizing plug ow and Poiseuille ow models is
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more apparent.

Table 4.4: Five channel computational results.

Substituted Case| Complete Case| Percent Change
Mesh Elements [No.] 92496 522880 82.3%
Computational Time [sec] 521 1964 73.5%

In summary, for a ve channel case, a computational improveent of 74% was achieved for

a 11% error in the pressure solution and a 10% di erence in teat exchanger e ectiveness.
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CHAPTER 5
FUTURE WORK

The work described in this thesis can be extended along a \&t§i of di erent paths.
With the current implementation, the coupled algorithm can ke improved in both solution
accuracy and speed. Although the focus was primarily on miaeannel heat exchangers,
the concepts produced from the coupling algorithm can be ubén other applications as
well. The computational approach from the implementation bthe coupled algorithm can
serve as a basis for simplifying other large-scale uid dynacs models that have repeating
small channel sections. Any class of problems where maniflare separated by channels of

uniform geometry can be solved without the need for full CFD alysis.
5.1 Improved Pressure Accuracy

With the plug ow model, the pressure along the channel lengtls underestimated due to
the higher frictional losses in the entry or developing regmn. Based on the results presented
in previous sections, the contribution of the entry regionan be signi cant, depending on
the ow conditions and channel geometry, particularly the atio of the channel length to
the channel hydraulic diameter. For cases where the chanrehgth to hydraulic diameter
ratio is small or the ow is in the high laminar Reynolds numbe range (Re 1000), the
developing region has more of a pronounced e ect on the prass solution. To improve the
overall solution, accounting for the developing region whin the plug ow model contributes
to more accurate solutions. Much work has been reported onderstanding the developing
region, both in numerical and experimental methods [21{24]A Reynolds number friction
factor correlation for the entrance region by Muzychka and &¢anovich can be incorporated
into the plug ow model [25]. As mentioned brie y in Section 22, another extension to the
plug ow model that will enable more accurate solutions is tamplement a temperature-

dependent uid viscosity [7, 26, 27].
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5.2 Improved Temperature Accuracy

The Poiseuille ow solution was only generated for the fullydeveloped velocity pro le,
but can be expanded by solving the energy equation to represehe temperature eld.
With the current implementation of the coupled algorithm, the temperatures at the channel
outlets are assumed to be the mean temperature. Applicatiorf the mean temperature at
the outlet causes notable discrepancies between the resutif the coupled algorithm and
the complete CFD simulation. Applying a fully developed tempature pro le at the outlet
improves the local accuracy within the manifold.

Similar to improving the pressure accuracy, accounting fadhe developing region in the
energy solution improves the temperature pro le accuracyFrom the results of the cases
tested, there is a 10% dierence between the heat exchangeectiveness results. The
development of the ow within the channels has a signi cant @ct on the temperature
pro le along the channel length. Similar to the pressure sotion, adding in a Nusselt number
correlation that is based on the entrance length contributeto improving the overall accuracy

of the plug ow solution.
5.3 Parallel Computing

Fluent has the capability to use parallel computing hardware. The UBs implemented
here in this thesis however are limited to serial computatis. Parallelizing the UDFs
would enable computations to be much more e cient, both witha workstation or a high-
performance computing cluster. To complete the parallehtion of the coupled algorithm,
communication schemes between nodes must be developed P, The communication
schemes to parallelize the algorithm provide methods for @astructure passing between
compute nodes and head nodes. Mesh partitioning that occunsth the use of Fluent 's
parallel solver poses a di cult problem with face transfornations and the geometric cou-
pling (cf. Section 3.3.1). The search for a boundary's extenis limited to a given partition,

potentially causing each parallel compute node to apply latpro les on a boundary rather
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than across the whole boundary. The mesh partitioning alsaeates di culties within the
application of the heat ux boundary condition and the geneation of the plug ow model

mesh from the wall.
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CHAPTER 6
CONCLUSION

Computational uid dynamics is a powerful simulation tool to understand design per-
formance. Using CFD to provide design guidance allows many dgs alternatives to be
considered. Improvement of the computational e ciency of €D allows rapid feedback and
quicker progression of the design process.

The work in this thesis lays the groundwork for a coupling atyyithm for microchannel
heat exchanger simulation. Using ANSYS's commercial CFD softwgrFluent , and a
programming routine to simulate the uid dynamics and heat tansfer within the channels,
microchannel heat exchangers are modeled with huge improvents in computational time.
Using the coupled algorithm,Fluent is able to simulate the ow in uid manifolds and
the solid body heat exchange without the need to directly siohlate the computationally
expensive ow within the channels.

A simple heat exchanger is modeled to demonstrate the accayaand computation ad-
vantages of the coupled algorithm. By implementing plug owand Poiseuille ow models
within the individual uid channels and solving the ow with in uid manifolds and the solid
body heat exchange with the CFD solver, up to a 74% reduction icomputational cost is
realized. While using the coupled algorithm for the heat exemger cases, predictions for
pressure drop and heat exchanger e ectiveness have beenvaindo be within 11% and 10%

di erence respectively as compared to a fully resolved CFDrsulation.
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APPENDIX - HYPERELLIPSE FITTING PARAMETERS

Table A.1 shows velocity pro le tting coe cients used in Equation 2.31 for a 10th order

hyperellipse function, wheren = 20.

Table A.1: Hyperellipse tting coe cients.

=0:10 =0:25 =0:40 =0:55 =0:70 =0:85 =1

A 0.0050 0.0311 0.0767 0.1333 0.1920 0.2467 0.2946
C, 0.2500 0.2476 0.2249 0.1770 0.1169 0.0559 0.0000
Co -0.0015 -0.0077 -0.0322 -0.0491 -0.0541 -0.0516 -0.0455
Cs 0.0243 -0.0123 -0.0169 -0.0123 -0.0066 -0.0024 0.0000
C,| -0.1810 0.0017 -0.0015 -0.0002 0.0012 0.0013 0.0009
Cs 0.6953 -0.0250 -0.0069 0.0004 0.0007 0.0002 0.0000
Ce | -1.4716 0.0283 0.0115 0.0013 0.0000 -0.0001 -0.0001
C, 1.7085 -0.0199 -0.0099 -0.0010 -0.0001 0.0000 0.0000
Cg | -1.0232 0.0056 0.0056 0.0006 0.0000 0.0000 0.0000
Cy 0.2442 0.0006 -0.0014 -0.0002 0.0000 0.0000 0.0000

Table A.2 shows integral solutions fot used in Equation 2.42 for the relationship be-
tween the non-dimensional velocity pro le function and theanaximum velocity as determined
by the mass ow rate and channel geometry. The solutions be&lorepresent an approximate

rectangular shape, whera = 20.

Table A.2: Hyperellipse integral solutions.

\ =0:10 =025 =040 =055 =070 =0:85 =1
I \ 0.0050 0.0311 0.0767 0.1333 0.1920 0.2467 0.2946
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