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ABSTRACT

Microchannel heat exchanger simulation provides a means toobtain 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 overall pressure drop, heat exchanger

e�ectiveness, and heat exchanger output can be obtained quickly for many di�erent designs.

For most microchannel heat exchangers, the problem can be simpli�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 improved.

This work presents the coupling of plug 
ow and Poiseuille 
ow models with ANSYS's

computational 
uid dynamics package,Fluent . The coupling algorithm is implemented

between User De�ned Functions and boundaries withinFluent 's domains, eliminating the

individual channel domain from the computational domain. Using the simpli�ed model, full

heat exchanger designs can be accurately represented with up to 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 demonstrate 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 channels. Using computational 
uid

dynamics (CFD) simulation, the 
ow within the individual channels are computationally

expensive to simulate but have relatively simple characteristics. The channel 
ows can be

simulated using plug 
ow and Poiseuille 
ow analyses without the 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 reduced, improving computational

time while retaining accuracy. Reducing the computation time enables rapid feedback of

performance metrics to guide the design process. Application of the coupled algorithm can

be applied to many di�erent problems. In the context of this thesis, microchannel heat ex-

changers are used as an example where heat transfer performance is of interest. Figure 1.1

shows a microchannel heat exchanger that is an example of theapplication of this algorithm.

The technical implementation of the coupling algorithm in this thesis targets the class

of problems where individual channels separate complex feed and exhaust manifolds. The

coupling algorithm uses plug 
ow and Poiseuille 
ow models to represent the 
uid 
ow within

the channels. Energy is also included within the coupling algorithm to represent the heat

transfer between the channel 
uids and the solid body containing the channels. The plug


ow and Poiseuille 
ow analyses are integrated into the commercial 
uid dynamics package,

ANSYS Fluent , enabling the CFD solver to focus on the 
ow within the complexmanifolds

and heat transfer within the solid body. Using the coupling algorithm creates an iterative

scenario where the solution of each manifold and the plug 
owand Poiseuille 
ow models

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

CFD simulation are applied as new boundary conditions between one another. The plug 
ow

solution is applied as boundary conditions to the CFD simulation and the CFD simulation

is then solved. Using the CFD simulation solution, new boundary conditions are applied to

the plug 
ow model. As the coupled algorithm iterates, the solution is compared between

computations until it converges to a constant solution. Once the solution converges, results

can then be post-processed to understand the design's performance.

Accomplishments of this thesis include successful implementation of the coupling algo-

rithm on a model heat exchanger. The results from the model heat exchanger demonstrate

accuracy of the solutions and reduction in overall computational time. The model heat ex-

changer utilizes simple 
uid manifolds and solid bodies to focus on the �delity of the coupled

algorithm when compared to an identical full simulation. The results discussed in this thesis

demonstrate up to a 74% decrease in computational cost with a11% di�erence in accuracy.
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1.1 Microchannel Heat Exchanger Background

Heat exchangers are used in a variety of applications in many industries. Some examples

of the applications include heat sink assemblies that remove heat from computer processing

units or reactors to supply the energy necessary for methanesteam reforming. Microchannel

heat exchangers are an area of research that applies to many industries where improved

heat exchanger e�ciency is required within a small footprint [1]. With microchannel heat

exchangers, ceramics are often used for their favorable material properties. Ceramic heat

exchangers enable operation in high temperature or harsh chemical environments where

traditional metal heat exchangers may not be able to [2]. In one application, microchannel

heat exchangers are utilized with catalyst washcoats on theceramic microchannel walls to

facilitate methane steam reforming [3]. In the context of this thesis, the coupling algorithm

can be expanded to model chemical kinetics within the microchannels.

Figure 1.2: A membrane reactor for processing fuel deliveredby microchannels with feed gas

owing in external ducts [4].

For microchannel heat exchanger designs, there are many heat exchanger types that are

used. One type of microchannel heat exchanger utilizes internal channels in individual plate

layers, passing a second 
uid around the layers. Figure 1.2 shows a microchannel wafer stack,

feeding water through the internal channels and natural gaspast the wafer stacks. Another

type of microchannel heat exchanger utilizes only plate layers, with alternating layers of
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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 passages and cold passages). With

many microchannel heat exchanger designs, multiple microchannels connect complex inlet

and outlet manifolds together.

With most microchannel heat exchanger designs, the main advantages are from its ability

for expansion and maintenance. Microchannel designs allowfor scalability, employing mul-

tiple plate stacks in a single system. Figure 1.3 shows a microchannel reactor design by Kee

et al. and Murphy et al. that utilizes multiple microchannel layers to increase the overall

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

Figure 1.3: A microchannel heat exchanger with 4 layers used in methane steam reforming
[5].

Heat exchanger designs can be generally classi�ed into threecon�gurations: parallel-


ow (co-
ow), cross-
ow, and counter-
ow. Counter-
ow hea t exchangers o�er up to a

theoretical 100% e�ectiveness while cross-
ow and co-
ow heat exchangers are subject to

an upper limit of 50% e�ectiveness. For the design of heat exchangers, choice between the
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various con�gurations largely depends on its application.Many designs however are a hybrid

between the three con�gurations due to manifolding and manufacturing requirements. The

coupling algorithm developed within this thesis can analyze any microchannel heat exchanger

con�gurations.

1.2 Simulation and Computational E�ciency

Using CFD, the performance of any heat exchanger can be simulated at the cost of com-

putation time. By meshing the heat exchanger's 
uid and solid domains, the continuity,

momentum, and energy equations can be solved over the computational domain. With the

results of the CFD simulation, the heat exchanger's performance can be measured through

metrics such as pressure drop or outlet temperature. Using the information from the simu-

lation, the next iteration of design can be guided without the need for physical prototyping

and testing, providing rapid feedback.

Modeling heat exchangers through use of CFD is very powerful,enabling iterations of a

given design to be quickly tested. By reducing the time it takes to complete a simulation

by simplifying the model, more focus can be directed towardsthe design process. Simula-

tion should be used as a tool to produce accurate results to guide design choices. In many

cases, results of the simulation highly depend on the computational mesh. For high �delity

models, the mesh within the cases can easily reach into millions of mesh elements. Even

with high performance computing clusters, computations may take hours or days for a sim-

ulation to complete. Reducing the overall computation timeby any margin allows a quicker

achievement of a �nal product.

For microchannel heat exchangers, long passages of constant cross section make up the

bulk of the heat exchanger 
uid. The ratio of the channel 
uid volume 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 metrics of interest, such as pressure

drop along the channel length, the mesh must have su�cient resolution. For conjugate heat

transfer CFD, it is common practice to utilize conformal meshes between the solid and 
uid
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domains such that there is no interpolation of results between domain faces. Using conformal

meshes in microchannel heat exchanger simulation causes the resolution of the 
uid channel

to be inherited by the solid body, causing unnecessarily high mesh element counts.

Flow and heat exchange within the channels are a location in which the overall computa-

tion can be simpli�ed as they can be modeled using other methods. Plug 
ow and Poiseuille


ow analysis of the channels can be completed, providing accurate 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 reduced 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 used is ANSYS's Fluent

and its associated geometry modeling and meshing tools within the ANSYS Workbench

[6]. Implementation of plug 
ow and Poiseuille 
ow models are accomplished through User

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

6



CHAPTER 2

CHANNEL FLOW FLUID DYNAMICS AND HEAT TRANSFER

Within each channel in a microchannel heat exchanger, the 
owcharacteristics 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 can besimulated using basic 
uid

dynamics and heat transfer concepts. Generally, 
ow withinthe channels behaves relatively

the same, however each individual channel has its own uniqueboundary conditions. The

governing equations generated in this chapter will be used as the foundation for the coupling

algorithm.

2.1 Problem Setup

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

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

Figure 2.1: Two 
uid heat exchanger with simple manifolds.

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

nels that is used to develop the governing equations. There are two 
uid domains in the
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model problem in which thermal energy is transferred between. Each 
uid domain consists

of two manifolds and two individual channels. Each of the manifolds feeds and exhausts the

various channels from a single inlet or outlet.

�������� ���������
�����

�������� ���������
������

���� �����
��
����

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

Figure 2.2 shows a cross section view of one of the 
uid domains, exposing the inlet

manifold, two internal channels, and the outlet manifold. Each individual channel has a

constant, rectangular cross section that extends and connects the inlet side manifold to the

outlet side manifold. The solid body surrounding the channels 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 assumptions 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 density.
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� 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 considered as a constant, however it has a

signi�cant change in value as a function of temperature. Theimplementation 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 channel, Reynold's Transport

Theorem is used to derive the governing equations.

�

Figure 2.3: Di�erential plug 
ow problem overview.

From the assumptions, each channel is treated as a one-dimensional plug 
ow problem

such that the properties of the 
ow are only a function of the axial position of the channel.

Figure 2.3 shows a representation of the channel 
ow with di�erential 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. At a given position, the mean velocity

is computed as

W(z) =
1

Ac

Z

A c

V � n dA; (2.1)
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where the cross sectional areaAc = Lw Lh (Lw and Lh 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 showsa di�erential volume

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

��

��
��

Figure 2.4: Di�erential volume with general dimensions.

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

�
dN
dt

�

system

=
Z

CV

@(�� )
@t

dV +
Z

CS
�� V � ndA; (2.2)

where N is an extensive property and� is its intensive property where� = dN
dm . Gauss's

theorem is used to convert a surface integral to a volume integral or vice versa,

Z

CS
V � ndA =

Z

CV
r � V dV: (2.3)

Equation 2.2 is rewritten using Equation 2.3 as

�
dN
dt

�

system

=
Z

CV

�
@(�� )

@t
+ r � �� V

�
dV:
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Assuming that the di�erential volume is small enough that theproperties within the volume

remain constant, the integrand is removed from the integral

�
dN
dt

�

system

=
�

@(�� )
@t

+ r � �� V
� Z

CV
dV;

�
dN
dt

�

system

=
�

@(�� )
@t

+ r � �� V
�

�V: (2.4)

For the given problem,�V = Ac dz = Lw Lh dz.

2.3.1 Continuity

For N = m and � = 1, the continuity equation is as follows

�
dm
dt

�

system

= 0 =
�

@�
@t

+ r � � V
�

�V:

Assuming steady state, the continuity equation is

r � � V = 0;
@�u
@x

+
@�v
@y

+
@�w
@z

= 0; (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 streamwise direction disappear due

to the fully developed 
ow assumption. The continuity equation thus becomes

@�w
@z

= 0:

Substituting in Equation 2.1 and making the substitution of _m = � WA c, the continuity

equation simpli�es to

d _m
@z

= 0: (2.6)
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2.3.2 Momentum

For the momentum equation, the Reynolds Transport Theorem properties,N and � are

taken as vector quantities. UsingN = mV and � = V , the momentum equation is derived

as follows

�
d(mV )

dt

�

system

= Fsystem =
�

@(� V )
@t

+ r � � VV
�

�V;

where the system forces are attributed to forces from stresses over the faces of the di�erential

volume (normal and shear stresses). Using control surface integrals for the various stresses

and Gauss's Theorem

Fsystem =
Z

CS
� � n dA +

Z

CS
� � n dA;

=
Z

CV
r � � dV +

Z

CS
� � n dA;

= r � � �V +
Z

CS
� � n dA;

where� and � are the normal and shear stress tensors respectively. The momentum equation

thus becomes

�
@(� V )

@t
+ r � � VV

�
�V = r � � �V +

Z

CS
� � n dA;

@(� V )
@t

+ r � � VV = r � � +
1

�V

Z

CS
� � n dA: (2.7)

For only the z component of interest, assuming steady state 
ow, no gravity e�ects, constant

geometry along the channel length, and treating all properties as functions only of the channel

position
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d
dz

�
�W 2

�
= �

dp
dz

�
1

Acdz
� wall Pw dz;

d
dz

 

�
�

_m
�A c

� 2
!

= �
dp
dz

�
Pw

Ac
� wall ;

1
A2

c

d
dz

�
_m2

�

�
= �

dp
dz

�
Pw

Ac
� wall ;

1
A2

c

0

B
@

2� _m
�

�
�d _m

dz
� _m2 d�

dz
� 2

1

C
A = �

dp
dz

�
Pw

Ac
� wall ;

_m2

� 2A2
c

d�
dz

=
dp
dz

+
Pw

Ac
� wall ; (2.8)

where the wetted perimeter,Pw = 2( Lw + Lh). For convenience, the momentum equation is

written in terms of the mass 
ow rate and density gradient instead of the velocity gradient.

The mass 
ow rate is a constant, however velocity varies as a function of the temperature

dependent density along the channel. For plug 
ow analysis,it can be convenient to write

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

� wall =
1
2

�W 2f: (2.9)

Furthermore, it is also common to use the Reynolds number andfriction factor correlation

to compute the wall shear stress based on the aspect ratio of the channel [7]. The Reynolds

number friction factor correlation is as follows

Ref = 13:74 + 10:38 exp
�

�
3:4
�

�
; (2.10)

where the Reynolds number and the hydraulic diameter are de�ned as

Re =
�WD h

�
; Dh =

4Ac

Pw
=

2LwLh

Lw + Lh
:
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The aspect ratio, � = max( Lw ; Lh)=min(Lw ; Lh), is de�ned such that 1 � � � 1 with

� = 1 representing parallel plates. For an aspect ratio of 1, Ref � 14 and for high aspect

ratios, Ref � 24. Combining Equations 2.8 and 2.9

_m2

� 2A2
c

d�
dz

=
dp
dz

+
Pw

Ac
� wall ;

_m2

� 2A2
c

d�
dz

=
dp
dz

+
Pw

Ac

�
1
2

�W 2f
�

;

_m2

� 2A2
c

d�
dz

=
dp
dz

+
�P 2

w

8A2
c

W Ref: (2.11)

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

_m2

� 2A2
c

d�
dz

=
dp
dz

+
�P 2

w

8�A 3
c

_m Ref: (2.12)

Written in terms of the velocity, density, and pressure

�W
dW
dz

=
dp
dz

+
�P 2

w

8A2
c

W Ref: (2.13)

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

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

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

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

2.3.3 Energy

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

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

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

X
_E in �

X
_Eout = � _Esystem:
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For a steady state problem, � _Esystem = 0. For any given problem, energy may be transferred

through mass, heat, and work. Energy contained within the 
uid 
ow is represented by three

quantities: enthalpy, potential energy, and kinetic energy. Contributions from potential and

kinetic energy are small in comparison to the enthalpy, thusit is common to neglect the

potential and kinetic terms [9]. In most cases, kinetic energy terms cancel one another when

balancing kinetic energy across a di�erential volume. It isconvenient to represent enthalpy

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

h = cpT;

wherecp is the speci�c heat capacity of the 
uid andT is the temperature at a given position.

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

_Emass = _mcpT: (2.14)

For the plug 
ow problem, there are three components of energy transfer: mass energy trans-

fer in, mass energy transfer out, and convective heat transfer through the walls. Figure 2.5

shows the three components in a di�erential volume.

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

X
_E in �

X
_Eout = 0

= _Emass, in � _Emass, out � _Qwall ;

= ( _mcpT) �
�

_mcpT +
d
dz

( _mcpT)dz
�

� _Qwall ;

0 = _mcp
dT
dz

dz + _Qwall ; (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 exchanger. The relation for the

convective wall heat transfer, assuming constant face geometry (rectangular faces), is as

follows

_Qwall =
NX

n=1

hPw(T � Tw;n )dz;

= h
NX

n=1

Lw;n (T � Tw;n )dz; (2.16)

whereTw;n is the wall temperature of the individual,n-th face, andLw;n is the length that

de�nes the convective heat transfer area of the individual,n-th face. For rectangular cross

sections, the total number of walls is 4, however, as later discussed in Section 3.3.3, each

wall may have any number of mesh faces which has its own unique, convective heat transfer.

The �nal energy equation, combining Equations 2.15 and 2.16, is thus

_mcp
dT
dz

dz + h
NX

n=1

Lw;n (T � Tw;n )dz = 0;

_mcp
dT
dz

= h
NX

n=1

Lw;n (Tw;n � T): (2.17)

where h is the thermal convection coe�cient and cp is the speci�c heat capacity of the


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

constant heat 
ux is

Nu = 8:235
�
1 � 2:0421� + 3:0853� 2 � 2:4765� 3 + 1:0578� 4 � 0:1861� 5

�
; (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 diameter as the characteristic length

Nu =
hDh

k
; (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 treated as gas-dynamically

incompressible, such that the Mach number within any given channel is less than 0.3 [7].

Through heat exchange within the 
uid and large variations in temperature, density cannot

be treated as a constant and is a function of temperature. To solve for the density at any

given point, an equation of state is used as follows

� =
p

RsT
: (2.20)

The speci�c gas constant,Rs, is calculated for any given 
uid as follows

Rs =
R
M

; (2.21)

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

the 
uid [11].
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2.3.5 Boundary Conditions

To solve the governing equations, three boundary conditions are necessary to fully pose

each channel problem. Each channel has its own unique boundary conditions 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�erence schemes. The governing

equations summarized are as follows

Continuity:
d _m
@z

= 0 (2.6)

Momentum:
_m2

� 2A2
c

d�
dz

=
dp
dz

+
�P 2

w

8�A 3
c

_m Ref (2.12)

Energy: _mcp
dT
dz

= h
NX

n=1

Lw;n (Tw;n � T) (2.17)

State: � =
p

RsT
(2.20)

2.4.1 Computational Stencils

From the derivation in Section 2.3, Equations 2.6, 2.12, 2.17, and 2.20 are discretized. The

three main variables that are discretized are pressure, temperature, and density. Through a

given channel, the mass 
ux is constant for any position along the channel and is represented

as

_mi = _m (2.22)
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For pressure, Figure 2.6 shows the stencil used, where a �rst order, forward di�erencing

scheme is used to propagate the solution from the known boundary at the channel outlet

to the channel inlet. For the momentum equation, the contributions of the 
uid convection

and the viscous losses due to the 
uid interaction at the wall contribute to the change in

pressure along the channel. At the inlet and outlet, a half cell must be solved between the

boundary and the adjacent node center. The pressure boundary condition at the channel

outlet is captured from the CFD solution as an average pressure across the two-dimensional

boundary mesh.

�������

������ ������ ��

Figure 2.6: Stencil for the discretization of pressure.

For simplicity, Figure 2.7 shows the wall temperature boundary condition, Tw;n;i , which in

total consists ofN -number of boundaries as a single temperature,Tw;i . For the temperature

in the channel, a �rst order, backward �nite di�erence scheme is used to propagate the inlet

boundary condition. With each step, the convective heat transfer from the current node and

the plug 
ow temperature from the previous node is used to compute the temperature of the

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

������

���������� ������

�������� ���� ��

���� ����

Figure 2.7: Stencil for the discretization of temperature.

19



For density, the equation of state is computed at every node with the known temperature

and pressure. For the density gradient term within the momentum equation, a �rst order,

backwards di�erencing method is used. Since the term that includes the density gradient

is the 
uid convection term, the backwards di�erence schemecan also be seen as a �rst

order upwinding method. Figure 2.8 shows the stencil in whichdensity is discretized, using

the known previous and current nodes to calculate the density gradient. At the �rst node,

density is measured fromFluent at the channel inlet and is used as a boundary condition.

The �rst node is also computed as a half cell.

�� ��������

������

����

Figure 2.8: Stencil for the discretization of density.

2.4.2 Momentum

Solving the momentum equation produces the pressure pro�lealong the channel, using the

contributions of the 
uid convection and the wall shear stress. The convection term, involving

the density gradient, is computed using the temperature andpressure from the previous

iteration along the channel. The density gradient is solvedusing a backwards di�erencing

scheme. As the solution iterates and convergence of the plug 
ow solution approaches, the

inherit lag between pressure, temperature, and density is eliminated. Moving from the outlet

boundary condition, the pressure gradient term within the momentum equation is discretized

using a �rst order forward di�erence scheme. The discretized momentum equation is as

follows
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_m2

� 2A2
c

d�
dz

=
dp
dz

+
�P 2

w

8�A 3
c

_m Ref

_m2

� 2A2
c

� i � � i � 1

2� z
=

pi +1 � pi

� z
+

�P 2
w

8�A 3
c

_m Ref

pi +1 � pi

� z
=

_m2

� 2A2
c

� i � � i � 1

� z
�

�P 2
w

8�A 3
c

_m Ref

pi =
�

�P 2
w

8�A 3
c

_m Ref �
_m2

� 2A2
c

� i � � i � 1

� z

�
� z + pi +1 : (2.23)

For the last node adjacent to the outlet

pN =
�

�P 2
w

8�A 3
c

_m Ref �
_m2

� 2A2
c

� N � � N � 1

� zN

�
� zN + poutlet ; (2.24)

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

from node 0

pinlet =
�

�P 2
w

8�A 3
c

_m Ref �
_m2

� 2A2
c

� 0 � � inlet

� z0

�
� z0 + p0 (2.25)

where � z0 is the distance from node 0 to the inlet boundary.

2.4.3 Energy

For energy, special considerations must be made for the contribution of the N -number

of faces that the convective heat transfer occurs from. With the known wall temperature

from the CFD solution, the total convective heat transfer is computed for each node by

summing all of the individual convective energy rates from the various faces of the current

axial position. Equation 2.17 is discretized using a backwards di�erencing method from the

inlet boundary condition as follows
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_mcp
dT
dz

= h
NX

n=1

Lw;n (Tw;n � T);

_mcp
Ti � Ti � 1

� z
= h

NX

n=1

Lw;n;i (Tw;n;i � Ti ):

_mcp

� z
Ti �

_mcp

� z
Ti � 1 = h

NX

n=1

Lw;n;i Tw;n;i � hTi

NX

n=1

Lw;n;i ;

Ti

 

h
NX

n=1

Lw;n;i +
_mcp

� z

!

= h
NX

n=1

Lw;n;i Tw;n;i +
_mcp

� z
Ti � 1;

Ti =
h

P N
n=1 Lw;n;i Tw;n;i +

_mcp

� z
Ti � 1

h
P N

n=1 Lw;n;i +
_mcp

� z

; (2.26)

where Tw;n;i is captured from the i -th axial position of the channel of then-th face of the

wall from Fluent . For the �rst node from the inlet

T0 =
h

P N
n=1 Lw;n; 0Tw;n; 0 +

_mcp

� z0
Tinlet

h
P N

n=1 Lw;n; 0 +
_mcp

� z0

: (2.27)

For the outlet from the N -th node

Toutlet =
h

P N
n=1 Lw;n;N Tw;n;N +

_mcp

� zN
Tinlet

h
P N

n=1 Lw;n;N +
_mcp

� zN

: (2.28)

The solution is computed using Equation 2.26 along the length of each channel. Using the

temperatures within the plug 
ow model and the wall temperatures captured byFluent ,

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

convective heat 
ux boundary condition used withinFluent is as follows

q00
n;i = h(Ti � Tw;n;i ): (2.29)
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2.5 Poiseuille Flow Model

Representing the channel 
ows with the plug 
ow model enables the three-dimensional

problem to be simpli�ed down to a single dimension. Within each channel however, the

two-dimensional pro�le that develops must be accounted forat the channel outlet. As 
uid

moves along the channel, it develops a two-dimensional pro�le as result of the shear stress

from the stationary wall.

���� ���� �����

�

�� ��� ���

Figure 2.9: Boundary overview for Poiseuille 
ow model.

Figure 2.9 shows a representation of the plug 
ow model withina 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 calculated in Equation 2.1. The solution

for the development of the two-dimensional pro�le is not necessary within the plug 
ow

analysis but the fully developed solution is required to resolve the full CFD simulation. By

solving and using the solution from a fully developed Poiseuille 
ow in a rectangular channel,

the connection is made between the one-dimensional plug 
owmodel 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 Poiseuille 
ow problem is

solved analytically using specialized geometric functions. The analytical solutions enable
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the fully developed non-dimensional velocity pro�les to becomputed for di�erent geometric

parameters [12]. By using hyperellipsoids within the derivation, the non-dimensional velocity

pro�les are recovered using a compact form of the Poiseuille
ow solution.

�

�

���������

�
Figure 2.10: Rectangular boundary in polar coordinates.

The hyperellipse velocity is based on solving the Poiseuille 
ow problem in polar coordi-

nates using specialized radial functions to represent the various boundary shapes. Figure 2.10

shows a depiction of a rectangular channel in polar coordinates with the face center as the

origin. The governing equation for the incompressible, steady state Poiseuille 
ow problem

in polar coordinates is as follows

dp
dz

= �
�

@2u
@r2

+
1
r

@u
@r

+
1
r 2

@2u
@�2

�
; (2.30)

where r is the radial position relative to the center of the channel and � is the angle from

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

u� (�; � ) = 1 �
� 2

4A1
+

1X

i =1

Ci

A1

�
� 2i cos 2i�

�
; (2.31)

where the non-dimensional radius,� = r=a, and A1 and Ci are �tting coe�cients. The

dimensional velocity relationship is as follows
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u = Umaxu� (2.32)

whereUmax is the maximum velocity that is later determined in Section 2.5.2. The coe�cients

A1 and Ci are obtained by applying a no-slip/no-penetration boundary condition at the walls

where� outer = Router =a, resulting in

u�

�
Router

a
; �

�
= 0 = A1 �

1
4

a
Router

+
1X

i =1

Ci

�
acos 2i�
Router

�
: (2.33)

Figure 2.10 also shows the outer radius,Router (� ), which represents the wall boundary as

a function of the angle. The rectangular boundary shape can be represented in a compact

form using sines and cosines and is determined with

Router =
a

((cos� )n + ( sin �
� )n )1=n

; (2.34)

wherea is the major side length of the channel cross section. Solving Equation 2.33 is done

by creating a system of equations of a range of� values. For the non-dimensional velocity,

10 coe�cients (A1, C1-C9) provides good accuracy for a range of aspect ratios between

0:100 � � � 1:00. For a determinate or overdeterminate system, at least 10di�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. Figure 2.11

shows two non-dimensional velocity pro�les generated fromthe Poiseuille 
ow solution.

The hyperellipse velocity function has the ability to accurately represent other geome-

tries such as four point star-shaped and elliptical cross sections by changing the shaping

parameter, n. With a shaping parameter wheren = 2, an elliptical shape pro�le can be

produced while asn ! 1 , a perfect rectangle is achieved. For general rectangular pro�les,

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

approximate rectangular cross section, Table A.1 provides coe�cients for a range of aspect
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Figure 2.11: Hyperellipse solutions for rectangular channels of di�erent aspect ratios.

ratios.

With the compact non-dimensional velocity function, any mesh face of the channel outlet

boundary can be assigned a velocity that accurately represents the Poiseuille 
ow solution.

Figure 2.12 shows an example mapping that is done on one of the channel boundaries.

As later discussed in Section 3.3, the coordinates of each mesh face on the channel outlet

will need to be assigned a velocity as generated from the Poiseuille 
ow solution. The fully

developed velocity pro�le then provides an accurate representation 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 Cartesiansystem, thus the following

expressions are used to convert to the polar system

r =
p

x2 + y2; � = tan � 1
� y

x

�
; (2.35)

wherex and y are the face position coordinates relative to the center of the mesh face.

2.5.2 Mass Flow Rate Dimensionalization

To use the hyperellipse velocity function from Tamayol and Bahrami, the maximum

velocity must be found to dimensionalize Equation 2.31. Using the non-dimensional solution

from Equation 2.31, completing a surface integral across the channel pro�le provides the
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Figure 2.12: Mapping of Poiseuille solution onto theFluent channel outlet mesh.

non-dimensional volumetric 
ux. Using the computed volumetric 
ux, continuity relations,

and the channel properties, the maximum velocity is then computed.

From the continuity relation in Equation 2.5, the mass 
ow rate 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 occur due to variation in the

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

Qoutlet =
_moutlet

� outlet
: (2.37)

To calculate the scaling relation between the mass 
ow rate and the maximum velocity, the

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

Qoutlet = Qhyperellipse : (2.38)
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For the 
ow along the channel, completing an integral of the velocity function over the cross

sectional area produces the volumetric 
ux. Figure 2.13 shows a di�erential area in which

the channel cross section of a fully developed Poiseuille 
ow is integrated over. For the fully

developed 
ow, each quadrant also shows signs of symmetry which is used to simplify the

integral.

� ��

��

��

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

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

Qhyperellipse =
Z

A c

(Umaxu� ) dA;

Qhyperellipse =
Z 2�

0

Z Router

0
(Umaxu� ) r dr d�: (2.39)

Solving for the maximum velocity constant,Umax , the non-dimensional velocity pro�le can

accurately represent the channel 
ow in dimensional space.Making symmetry simpli�ca-

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

�rst quadrant

Qoutlet = 4Umax

Z �
2

0

Z Router

0
u� r dr d�: (2.40)
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Writing Equation 2.31 in terms of the dimensional radius,r = �a , so that the dependent

variables of the non-dimensional velocity match that of theintegral

u� (r; � ) = 1 �
r 2

4a2A1
+

1X

i =1

Ci

A1

r 2i cos(2i� )
a2i

: (2.41)

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

channel volumetric 
ux integral, the volumetric 
ux is as follows

Qoutlet = 4Umax

Z �
2

0

Z Router

0

"

1 �
r 2

4a2A1
+

1X

i =1

Ci

A1

r 2i cos(2i� )
a2i

#

r dr d�:

Computing the integral in the radial direction

Qoutlet = 4Umax

Z �
2

0

"
R2

outer

2
�

R4
outer

16a2A1
+

1X

i =1

Ci

A1

R2i +2
outer cos(2i� )
(2i + 2) a2i

#

d�:

Substituting in the outer radius function from Equation 2.34 such that the integrals are

represented with only the independent angular variable

Qoutlet

4Umax
=

Z �
2

0

1
2

a2d�
((cos�)n + ( sin �

� )n )2=n
�

Z �
2

0

1
16A1

a2d�
((cos�)n + ( sin �

� )n )4=n

+
Z �

2

0

1X

i =1

Ci

A1

cos(2i� )
(2i + 2)

a2d�
((cos�)n + ( sin �

� )n )(2i +2) =n

Simplifying further,

Qoutlet A1

2a2Umax
= A1

Z �
2

0

d�
((cos�)n + ( sin �

� )n )2=n
�

1
8

Z �
2

0

d�
((cos�)n + ( sin �

� )n )4=n

+
1X

i =1

Ci

i + 1

Z �
2

0

cos(2i� )d�
((cos�)n + ( sin �

� )n )(2i +2) =n
:

Taking the right hand side asI � , the result written compactly becomes
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Qoutlet A1

2a2Umax
= I � ; (2.42)

whereI � is a function of the channel cross section aspect ratio. The integral terms within I �

can be solved using numerical integration methods. Combining Equations 2.36, 2.37, and 2.42,

the �nal maximum velocity scaling constant is as follows

Umax =
A1

2a2I �

_minlet

� outlet
: (2.43)

For an approximate rectangular cross section, Table A.2 provides numerically integrated

values forI � for a range of aspect ratios. With the maximum velocity scaling relationship,

the �nal dimensional velocity function becomes

u(r; � ) =
A1

2a2I �

_minlet

� outlet

 

1 �
r 2

4a2A1
+

1X

i =1

Ci

A1

r 2i cos(2i� )
a2i

!

: (2.44)
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CHAPTER 3

CFD COUPLING ALGORITHM

With the governing equations generated in the �rst chapter, acoupling algorithm is used

to combine the plug 
ow and Poiseuille 
ow models to the CFD simulation. Fluent 's

solvers are strictly used to solve the 
ow within the manifolds and the heat exchange within

the manifold 
uid and the solid body. To solve the 
ow within t he channels, the plug 
ow

and Poiseuille 
ow models are implemented via User De�ned Functions (UDF). Figure 3.1

shows the general process for how the coupling occurs and theinteraction between the CFD

solution and the plug 
ow solution.
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Figure 3.1: Coupled algorithm process 
ow.

First, the case geometry is generated using CAD software such as Dassault System�es

SolidWorks or ANSYS DesignModeler. The case geometry represents the heat exchanger

design that is simulated to understand its performance. Typically, the case geometry consists
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of only the solid body structure in which the design is fabricated with. To simulate the 
uid


ow through the heat exchanger, the 
uid domain must be generated as well. The generation

of the 
uid domain can be completed using volume generation methods, such as generation

through 
uid domain caps or geometric subtraction. In more advanced applications of CFD,

geometric simpli�cations can also be made during the case geometry generation to reduce the

complexity of areas that do not a�ect the physics of the overall solution. For conjugate heat

transfer problems, such as heat exchanger modeling, it is important to build the geometry of

the 
uid domains such that the solid boundaries in contact with the 
uid matches perfectly.

Otherwise, any gap between the solid body and 
uid domains will be represented as a

adiabatic void.

Once the geometry for both the solid and 
uid domains is generated, the computational

domain that the CFD simulation is solved across is created. With applications such as

ANSYS ICEM or ANSYS Meshing, the case mesh is generated using the design geometry.

For conjugate heat transfer problems, it is common practiceto mesh the solid and 
uid

domains using conformal methods, providing a one-to-one mesh face association between the

domains. Conformal meshes eliminates any interpolation asfound in non-conformal meshes

resulting in improved accuracy. In all simulation cases, the solution is highly dependent

on the mesh resolution. Understanding the physics within thecase and completing a mesh

convergence study provides a mesh that is used to produce an accurate solution.

Next, for the given case, the initial and boundary conditionsof the problem are estab-

lished. The conditions are dependent on the desired operating conditions of the design. For

heat exchangers, the boundary conditions are the 
ow conditions through each of the 
uid

domains, such as the mass 
ow rates and pressure speci�cations, or the energy operating

conditions, such as the initial temperatures of the 
uids entering the heat exchanger. The

work in this thesis only considers steady state cases, however in other CFD problems, initial

conditions for transient cases need to be established.
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With the case mesh and its initial and boundary conditions, the 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 manually initializing the 
uid to a

desired velocity at a given temperature or by using automated methods. Some automated

initialization methods include hybrid and full multigrid i nitialization where reduced models

are solved to provide the best �rst guess as an initial solution [13].

With the coupled algorithm, the iterative solving process begins 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�les for each of the channel 
ows. For

a well posed problem within each of the plug 
ows, the mass 
owrate through the channel,

the temperature at the channel inlet, and the pressure at thechannel outlet are required.

The solution from the plug 
ow models provides the boundary conditions that are necessary

to solve the manifold 
uid and solid body computational domains.
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Figure 3.2: RequiredFluent boundary conditions for the simpli�ed case.

Figure 3.2 shows the various boundary conditions that are required 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 theheat exchanger. The secondary
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operating condition of the inlet temperature is set for each
uid domain. For each of the

individual channels, the channel inlet is represented witha pressure outlet condition. The

manifold inlet and channel inlet conditions enable the inlet manifold to be solved, which

provides the 
ow distribution to each of the individual channels. Each of the channels are

coupled to the outlet manifold with the UDF, using the plug 
ow solution to generate the

pressure for the channel inlet, the wall heat 
ux on the channel wall, and the temperature for

the channel outlet. The three boundary conditions capturedprovides enough information

for the solid body heat exchange to be solved. For the outlet manifold, each of the individual

channels' outlet is represented by a velocity inlet which isgenerated from the Poiseuille 
ow

solution. At the exhaust of the outlet manifold, a pressure outlet boundary condition is

used as the exit for the 
uid domain. The velocity and temperature at the channel outlet

provides enough information to produce the solution in the outlet manifold. The solution

within the outlet manifold also provides the basis for the pressure distribution across the

channels, which ultimately is used as a boundary condition within the plug 
ow model.

The coupled algorithm is iterative and each of the solutionsfor the plug 
ow model and

the CFD simulation depend on one another. Once an iteration iscomplete, the channel outlet

pressure, wall temperature pro�le, and mass 
ow rates through 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 multiple iterations, the solution

is checked for convergence in two main aspects. The �rst is whether or not the governing

equation residuals of the CFD simulation reduce below a user de�ned convergence tolerance.

The second is based on monitoring performance metrics of interest within the simulation to

understand when the metric has remained constant to a user de�ned deviation tolerance.

Once the solution is converged, the results are then post-processed 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 meshing section explains the require-
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ments in naming structures for the case and general meshing techniques. The data access

section provides a high level overview ofFluent 's data structure and the various quanti-

ties that are vital to the coupling algorithm. Using the data from Fluent , the geometric

coupling section explains how the association of the various boundaries are done. The solu-

tion coupling section explains how the plug 
ow and Poiseuille 
ow models are connected to

Fluent 's CFD solver. Lastly, the solving methods section explains some details ofFluent

that are addressed within the coupling algorithm.

3.1 Meshing Setup

The meshing process for any CFD problem consists of similar steps. First, the geometry

is imported into the meshing software. Next, de�nitions of the case's operating elements are

completed. The de�nitions include the identi�cation of speci�c geometry faces as locations

where boundary conditions are applied or the distinguishment of 
uid and solid volumes.

Third, depending on the mechanics of the problem that is simulated, mesh re�nement is

setup for key areas within the simulation. Lastly, the mesh is generated for use within the

CFD solver.

For use with the coupling algorithm, the general meshing process is still followed, however

two special steps must be made. First and most importantly, since the coupling algorithm

solves each of the channel 
ows outside of the CFD simulation,the 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 represented outside of the CFD

simulation with the plug 
ow model. Figure 3.3 shows a cross section of the mesh, removing

some of the solid body material and exposing the three main locations that must be de�ned.

The remaining step is to de�ne the inlet, outlet, and wall locations 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 it represents.

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

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

the pressure outlet condition, which represents the inlet of an individual channel. The

channel inlet de�nition is applied to the 
uid domain faces in the inlet manifold. The

next location that needs to be de�ned is the heat exchange wall boundaries. The wall

boundaries are de�ned on the solid body faces that normally would 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 assigned onto the wall as a boundary

condition. The last of the required boundary conditions is the velocity inlet condition. The

velocity inlet is de�ned on the 
uid domain faces that represent 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 them asuser de�ned boundary

conditions.

Each of the named selections is assigned a `Thread ID' in which Fluent uses to de�ne

all computational domain elements. Figure 3.4 shows some examples of named boundaries

and their arbitrarily assigned Thread IDs. Each of the namedselections can have unique

boundary conditions and their own boundary types, such as mass 
ow inlets, pressure outlet,

velocity inlets, or walls. Using the inlet, outlet, and wall boundary 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, the �ve boundary conditions

necessary are captured using the Thread IDs. For all of the governing equations, the mass


ow rate is captured for each channel at the de�ned inlet boundary by summing all of the

mass 
ux contributions of each of the mesh faces. For energy,the inlet temperature is taken

as an average across all of the channel inlet mesh faces. Density at the inlet is also taken

as an average across the inlet. Along the heat exchange wall, to compute 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 is captured as an average across the

channel outlet mesh faces and used as the boundary conditionfor the momentum equation.

3.2 Fluent Data Structure

The data within Fluent provides all the necessary information to implement the plug


ow model. The Fluent data structure includes boundary information that allows 
ow

properties to be captured and geometric attributes to be derived from. In addition to

accessing the data required, data must also be stored withinFluent 's global memory that

persists between iterations. The global memory enables theplug 
ow solution to be stored

and utilized as necessary within the coupling algorithm.

37



3.2.1 Thread ID Access

The coupling is based on the boundary information provided by Fluent and the var-

ious components of data stored within each Thread ID. Each boundary within Fluent is

designated a Thread ID in which the UDF uses to obtain information and apply properties.

Examples of what can be done with the Thread IDs includes obtaining geometric dimen-

sioning data derived directly from the mesh or applying the velocity pro�le of the Poiseuille

solution to the channel outlet at the correct locations. Within the UDF, the data contained

within the Thread IDs are utilized by means of access macros.With each Thread ID, gener-

ally all data �elds are available, for example velocity can be accessed for both 
uid and solid

body domains. Some data �elds however are only available based on the models used within

the case. For example, in conjugate heat transfer problems,temperature in any domain is

available for access only when the energy model is activated.

There are many di�erent macros that access di�erent pieces of data 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 allof its respective elements.

Looping macros allow the access to each Thread ID on three di�erent levels: cell, face, and

node. Cells represent each �nite volume within the CFD mesh, faces represent the surfaces

that bound each �nite volume, and nodes represent the endpoints 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 coordinates of the current element

or the orientation of a given face. Similarly, property macros allow access to solution data at

each of the three levels on any domain. Properties that are accessed include face magnitude

velocities or node temperatures. Figure 3.5 shows an exampleof a 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.

�������� ��� � ���� � �� ������ ��������

��
� ����
 �� ��������

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 implementation, data contained

within the mesh is heavily relied on. Generally, the main attributes used within all UDF

computations are captured on a face and node element basis. Figure 3.6 shows a set of faces,

its associated nodes, and the various mesh properties that are accessed.
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Figure 3.6: Major geometric attributes available for use within Fluent .

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

element is analyzed to derive the various channel properties of the whole boundary. Derived
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mesh data include the channel cross section dimensions, overall length, inlet/outlet center

positions, and orientation. The mesh data also provides a basis for the necessary components

to geometrically couple the various boundaries together asdiscussed 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 UDF data structure provides

the necessary information for the geometric and solution coupling for the coupling algorithm.

The geometric coupling data is generated during the initialloading of the coupling algorithm.

The solution data is generated during the CFD solution initialization and updated at every

iteration. New boundary conditions are also assigned to the CFD simulation from the stored

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

� 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 boundary type designations. The

pointer arrays for the Thread IDs allow easy access to boundaries that are associated to each

of the channels. While the Thread IDs can be used directly, it is more e�cient to use pointers

to the plug 
ow data structure as there can be hundreds of Thread IDs within a given case.

The main Thread ID data collected includes the boundary Thread ID, its associated inlet

pair Thread ID, its associated heat exchange wall, and the boundary type for each individual

channel.

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

the CFD solver and geometric dimensioning data captured fromthe mesh. The parameters
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include the 
uid viscosity, thermal conductivity, speci�c heat, molecular weight, inlet density,

channel cross section dimensions, channel length, and channel axial position bins. The

material properties are captured at every iteration and updated within the data structure,

while the geometric data is only captured at the loading of the 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 solutions for each of the channels. The

pro�le data consists of a two-dimensional array to store thepressure solution for each channel

and axial position, a two-dimensional array to store the computed density for each channel

and axial position, and a three-dimensional array to store the temperature and convective

heat transfer for each channel and axial position. The convective heat transfer array is a

special requirement that is discussed in Section 3.4.2. Thesolutions are updated and stored

within the data structure every iteration using the resultsfrom the CFD simulation.

The geometric coupling data contains the information to complete the necessary bound-

ary associations as well as transformation data for common reference frame comparisons.

Geometric coupling data consists of the boundary extent information (minimum, maximum,

range, and center), the plug 
ow mesh positions and distances, and the transformation data

used for common reference frame comparisons. The geometriccoupling data is computed

once at the loading of the coupling algorithm, however the boundary extent and transfor-

mation information is used heavily as input parameters for the plug 
ow model.

Lastly, the solution method data consists of duplicates of the plug 
ow model pro�les

and pro�le update variables to ensure stability of the coupling algorithm when used with

Fluent . Solution method data consists of past results of the density, pressure, and heat 
ux

pro�les that are applied as boundary conditions, under relaxation variables to stabilize the

connection between the UDF and the CFD simulation, and iteration or time step counters

for use in pro�le update strategies. The solution method data 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, Sections 3.3{3.5 go into detail for

the steps required to successfully implement the coupling algorithm.

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 wall boundaries. Any operation

on a mesh face is possible through use of coordinate transformations which enables any set

of coordinates to be viewed in a di�erent frame of reference.The coordinate transformations

allow relative comparison of coordinates for Thread ID association, mapping of solutions

based on a required coordinate system, and derivation of necessary properties such as the

geometry cross section dimensions.

3.3.1 Face Transformations

Transformation matrices are a powerful tool that are used inmany di�erent �elds such

as solid body mechanics and kinematics, robotics, or biomechanics, allowing any coordinate

to be converted into a more manageable system [14]. Typically, transformation matrices

are utilized when coordinates of interest need to be seen in another reference frame. In the

context of the plug 
ow analysis, the channel boundaries areviewed in the global coordinate

system, which is generally not useful. For example, the axial position of the channel may be

in terms of all three global coordinate directions, howeverthe necessary value is thez position

in relation to the channel inlet. Using transformation matrices allows any coordinate to be

viewed in more meaningful terms. The most bene�cial application of face transformations is

with the mapping of the velocity solution onto the channel outlet 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 simple, 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 transformation

matrices, any boundary can be viewed in a common reference frame. 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 foundto generate the �rst

coordinate vector.

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

coordinate vector.

3. The remaining coordinate vector is found through the cross product of the �rst coor-

dinate vector and the second coordinate vector.

For the face transformation, Figure 3.7 shows the necessary �rst and second coordinate

vectors, using one of the side length vectors and the face normal vector. The �rst and

second coordinate vectors are orthogonal, thus with their cross product, the remaining or-

thogonal coordinate vector is computed. The three coordinate vectors then provide the three

components necessary to generate a transformation matrix for a given boundary. With the

transformation matrix, any mesh face position can be transformed relative to another for

ease of comparison within a common reference frame. A transformation matrix is generated

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

To successfully generate a transformation matrix for the channel 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 globalframe 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 the three global coordinate

planes.

� The channels are of hexahedral shape with a constant rectangular cross section, where

opposite faces are strictly parallel and adjacent faces arestrictly perpendicular.

To compute the transformation matrix for a given boundary, the process is as follows:

1. For any given boundary face, there are a collection of meshfaces and mesh nodes.

Using face loops and node loops, all of the node coordinates are used to �nd minimum

and maximum values which de�ne the rectangular boundary.

2. The minimum and maximum coordinates of the boundary face are found by calculating

a radius from the global origin. Assuming that the boundary does not overlap any of

the global frame axes, the nodes that correspond to a minimumradius and maximum

radius are always non-adjacent vertices of the boundary rectangle. For each node on a

given mesh face, the radius is calculated as follows

R(x ) =
q

x2
i + x2

j + x2
k : (3.1)

wherex i , x j , and xk refer to the x, y, and z components of the coordinate vector,x .

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

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

orthogonal edges on the boundary rectangle. Computed as a unit vector

x̂ diag =
x max � x min

jx max � x min j
: (3.2)

Assuming that every boundary is only found parallel to thex-y, y-z, or x-z planes and is

of rectangular shape, either component of the resulting diagonal can be used, however

the component with the largest magnitude provides the �rst coordinate vector, v̂1.

The larger magnitude of the diagonal vector also provides animportant result: major

channel side length.

4. Using the Fluent UDF macro, F_AREA, a function that provides the face normal

vector and face area, the second coordinate vector is determined. Within Fluent , the

normal vector is de�ned based on the size of the face. The facenormal vector must be

normalized by the face area in order to get a unit direction vector. The unit vector is

used as the second coordinate vector,n̂.

5. The remaining of the three transformation vectors is solved for with the information

that the two vectors, n̂ and v̂1, are orthogonal. By taking the cross product of the two

vectors, the last unit vector,v̂2, is computed as follows

v̂2 = n̂ � v̂1: (3.3)

The transformation matrix thus becomes

Q =

2

4
v1;i v1;j v1;k

v2;i v2;j v2;k

ni nj nk

3

5 : (3.4)
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The transformation matrix serves as the basis for all of the boundaries, allowing any

coordinates to be viewed in relation to a speci�c boundary. Typically, the transforma-

tion matrix for each of the channel inlets is used to convert the coordinates found for

the other outlet and wall boundaries. The �rst row represents the coordinate vector

which properly transforms a coordinate to the correctx component in the new frame

of reference. The second row represents the next coordinatevector that transforms

the coordinates to the propery component in the new reference frame. The last row

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

6. Using the transformation matrix, any coordinate is transformed to a new reference

frame. For convenience, the center of the boundary is represented as the origin of the

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

follows

x Q = Q
h
x �

x diag

2

i
=

2

4
v1;i v1;j v1;k

v2;i v2;j v2;k

ni nj nk

3

5

2

6
6
6
6
6
6
4

x i �
1
2

xdiag;i

x j �
1
2

xdiag;j

xk �
1
2

xdiag;k

3

7
7
7
7
7
7
5

: (3.5)

The transformation is used directly when applying the velocity as a function of the x

and y coordinates of the channel outlet. For use with the Poiseuille 
ow solution, the

hyperellipse function is based on a two-dimensional coordinate system with the origin

at the center of the boundary. Using the transformation provides a coordinate system

in which the x{ y plane is representative of the cross section and thez 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 correctly solve, the inlet, outlet,

and wall boundaries must be associated together.Fluent provides means of identi�cation of
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each boundary by a numerical identi�er, however it does not di�erentiate between boundary

types or provide any means to associate boundaries together. The boundary association must

be completed through the algorithm. Since the various boundaries are placed in arbitrary

locations based on the CAD model, an automated method of association must be generated.

To complete the association of the boundaries, the channel inlet boundary serves as the

base frame of reference and is compared to the other boundaries. 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 maximum node positions which

represent the extents of the boundaries. Generally speaking, if there are commonalities found

between the minimum and maximum positions of the two boundaries while transformed to

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

Figure 3.8 shows an example that is used to demonstrate the comparison of boundaries

between two di�erent channels. The association algorithm transforms the position of the

nodes x 1, x 2, and x 3 using Boundary A as the frame of reference. Comparing thex-

component of the nodes,x 3 has a di�erence as it represents the adjacent channel while
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x 1 and x 2 have identical values as they represent the same channel. Comparing the y-

component of the three nodes, there are no di�erences. With comparison information, it

can be concluded that Boundary A and Boundary B are associated to a single channel while

Boundary C is not. Calculating the di�erence between thez-components of nodesx 1 and x 2

provides a valuable parameter: the channel length. A similar process is done to match the

channel walls to its respective inlet and outlet. The only di�erence in the wall comparison

is that the minimum or maximum values of the heat exchange wall can 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 association are as follows:

1. Store three pieces of information for every boundary location into global memory:

boundary type (channel inlet, channel outlet, or heat exchange wall), boundary face

minimum coordinate, and boundary face maximum coordinate.

2. Using the transformation matrix that is generated for the channel inlet, search through

the channel outlet boundaries for the boundary that aligns with both the minimum

and maximum coordinates. Transforming with respect to the inlet makes it such that

if only the z-component of the other boundary face is varying, the channel then has

the associated inlet and outlet.

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

used as the overall channel length.

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

both the minimum and maximum coordinate with respect to the channel inlet.

3.3.3 Plug Flow Model Mesh

The mesh generated for the plug 
ow model is derived from the surface mesh of the

solid body that surrounds the channel. Using the solid body mesh axial positions creates

a pseudo-conformal plug 
ow mesh where each plug 
ow node corresponds to a set of solid
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body mesh faces. A set of solid body mesh faces that shares a common 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 multiple bins.

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

Figure 3.9 shows an example of the bins that are generated for the plug 
ow. Each

bin has N -number of surface mesh faces that share the samez-coordinate. As derived in

Section 2.4.3, each of the wall boundary faces has a heat 
ux contribution to the channel


ow, however each set of faces only contributes to one node inthe plug 
ow model. By

creating a mesh derived from the bins that occur, any resolution of the surface mesh can be

generated around the solid body and understood within the plug 
ow model.

The channel position bins are created using the face and nodelooping macros on the heat

exchange wall. Looping through each mesh face and storing a list of all unique z-positions of

the mesh center, the bins are created for each entry. Using thenode positions of each mesh

face, two quantities are derived. The �rst is the face lengthwhich de�nes the di�erential

axial length, dz, of the convective heat transfer area. The second is the facewidths, which

de�nes each mesh face contribution to the wetted perimeter.Collecting the face lengths

and widths provides a comprehensive array of plug 
ow model node 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 the plug 
ow model and CFD

simulation are coupled using the geometric association data. Within Fluent , there are

a variety of de�ned hooking macros that enable the connection of the UDFs to the CFD

simulation [15]. The hooking macros are called by the solverto set or modify various prop-

erties on the boundary conditions or within the computational domain. In a general sense,

the CFD simulation is broken up into two di�erent events: solution initialization and so-

lution iteration. In the context of this thesis, only pressure-based solvers are utilized as

density-based solvers are typically utilized for compressible 
ows (approximately Ma > 0:3).

The low Reynolds number 
ows within microchannel heat exchangers are modeled with an

incompressible ideal gas density with the pressure-based solver.
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Figure 3.10: Pressure based solution procedure forFluent .

Figure 3.10 shows the solution procedure that the pressure-based solver withinFluent

follows with the hooking macros calling order. WithinFluent 's solution procedure, UDFs

are called via three main user-de�ned hooking macros: pro�le functions, an init function,

and an adjust function. Later explained in Sections 3.4.1{3.4.2, the various channel inlet,
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outlet, and heat exchange wall boundary conditions are handled using user-de�ned `pro�le'

functions. The user-de�ned pro�le functions are called where there are variable boundary

conditions that are applied on mesh faces. For the coupling algorithm, pro�le functions

connect the plug 
ow solution to the channel inlet pressure,channel 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 case. 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 solution method variables. Lastly,

the general solution of the plug 
ow model is computed withinan `adjust' function. Within

Fluent , the adjust function is a single routine that is run every iteration which can modify

any property within the solution or update parameters within any of the UDFs. During

the execution of the adjust function, the plug 
ow solution captures its necessary boundary

conditions and the governing equations are solved for theirrespective variables.
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Figure 3.11: Plug 
ow and Poiseuille 
ow model solving process.
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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 solving loop. Figure 3.11 shows the

solving process in the user-de�ned adjust and pro�le functions and how they are sequentially

ordered. The user-de�ned adjust function solves the governing equations in the order of

energy, density, then momentum. Solving in this order provides the channel 
ow temperature

�rst, enabling density to be calculated across the channel.Once density has been determined,

pressure is then solved using Equation 2.8 to compute the pressure pro�le in the plug 
ow

model. Using the solutions of the plug 
ow model, the boundaryconditions are updated in

the CFD simulation using the user-de�ned pro�les. The user-de�ned pro�le functions apply

new values for the channel inlet pressures, the channel outlet velocities, channel wall heat


uxes, and channel outlet temperatures. With the new boundary conditions set,Fluent

then solves the 
ow within the manifolds and and the heat exchange within solid body for

an iteration and the loop continues until convergence is achieved.

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 �rst be done. For a given channel,

looping functions over the channel inlet boundary mesh faces are utilized to obtain the mass


ow rate. Using the UDF macro, F_FLUX, all of the channel inlet faces' 
ux is summed up

to obtain the total mass 
ux through the channel. During use of the looping function to

obtain the mass 
ow rate, other properties such as the 
uid viscosity, thermal conductivity,

speci�c heat capacity, and entrance density are captured aswell, allowing all 
uid properties

to be automatically collected during the solving process. The measurement of the various

properties in this section are carried out during the calling 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 applied 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 the outlet while looping through all
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of the mesh faces. Each mesh face has its own velocity value that is 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 equation has a density gradient

term which requires the temperature-dependent density to be computed �rst. Using the

mass 
ow rate captured for each of the channels, the density along the channel, and the

temperature from the walls, the plug 
ow channel temperature pro�le is solved for by a

stepping method from the channel inlet.

The contribution from convective heat transfer however is handled in a particular manner

to overcome the limitation of using the looping macros. Reiterating the governing energy

equation

_mcp
dT
dz

= h
NX

n=1

Lw;n (Tw;n � T): (2.17)

To solve the temperature pro�le along the channel length, the contribution of the N -number

of faces at each mesh node must be known. Using the face loopingmacros directly, one

problem arises in the sequence that the faces are looped through. Using the looping macros,

the order in which each mesh face is accessed is arbitrary, such that the coupling algorithm

has no control over its ability to loop through the faces on a bin to bin basis. To overcome

the arbitrary looping sequence, the individual summationsare computed �rst. Looking at

the discretized version of the energy equation

Ti =
h

P N
n=1 Lw;n;i Tw;n;i +

_mcp

� z
Ti � 1

h
P N

n=1 Lw;n;i +
_mcp

� z

; (2.26)
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the two summations are computed using a loop through all of the mesh faces prior to solving

the temperature pro�le. As each of the individual mesh faces are looped through, the product

of the face widths and face temperatures are computed and summed into the convective heat

transfer array for each of the axial position bins as mentioned in Section 3.2.3. The captured

convective heat transfer summation array provides a total heat convection contribution from

each bin that is used when the temperature pro�le is solved for. The summation of the face

widths for each bin represents the wetted perimeter and can simply be computed using the

geometric dimensions for each channel.

After solving the energy equation across the plug 
ow mesh, the temperature pro�le is

then available for use. Once the temperature pro�le is known, density is calculated along the

channel using Equation 2.20 using the current temperature and past pressure pro�les from

the plug 
ow solution. Next, during the update of the user-de�ned pro�les, the wall heat 
ux

is updated, using the plug 
ow temperature pro�le and solid body wall temperatures from

the CFD simulation. Lastly, the channel outlet temperature is 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 channel inlet within Fluent , the

pressure is applied across the channel inlet as a single pressure value. The assignment of a

single pressure value across all of the mesh faces is acceptable as pressure gradients within

the heat exchanger primarily occur across the length of the channels. The pressure variation

within the manifolds is relatively small and the pressure variations across the channel inlets

and outlets are even smaller. Solving the momentum equationfor the pressure within the

channel requires the pressure at the channel outlet as the boundary condition for the plug


ow. Similar to the measurement of the mass 
ow rate, an average of the pressure at the

channel outlet is taken. The average pressure is measured byusing the UDF macro,F_P,

and summing up all of the face pressures on the channel outletand dividing it by the total

number of faces that exists on the boundary. The average value at the channel outlet is then
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used as a boundary condition in solving the momentum equation. For the convection term

in the momentum equation, the density gradient is computed with the known densities at

all of the nodes. From the solution of the momentum equation,the 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 stability of the overall solution.

In the overall CFD simulation, the propagation of the boundary conditions across the domain

requires multiple iterations. The solutions generated within the plug 
ow model however

immediately converge as a result of its simplicity. The di�erence between the solution propa-

gation rates causes the applied pro�les on the various boundary 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 potential solution swings, under re-

laxation factors (URF) are utilized directly in the UDFs. Used on more sensitive boundaries,

the general relation used is as follows

yrelaxed = �y new + (1 � � )ypast ; (3.6)

where y is the property of interest that is to be relaxed and� is the relaxation factor,

ranging between 0< � < 1. Currently, there are three URFs that are utilized in the plug


ow and Poiseuille 
ow models. The �rst is placed on the continuity equation, such that the

variation in the channel mass 
ow rates is relaxed between each iteration. Using a relaxation

factor in the range of 0:1 � � V � 0:6, stability of the 
ow direction within each channel is

improved. The mass 
ow rate URF primarily controls a non-physical 
ow reversal event in
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each channel. The second application of a URF is on the pressure at the channel inlet by

a relaxation factor in the range of 0:5 � � P � 1:0. The speci�cation of the pressure within

the manifolds governs the mass 
ow distribution between thechannels. The pressure URF

dampens oscillations of the applied pressures in the inlet manifold, allowing the solutions

to converge. Lastly, the heat 
ux boundary condition at the heat exchange wall is relaxed

by a relaxation factor in the range of 0:6 � � T � 0:9. The heat 
ux URF prevents non-

physical thermal gradients from causing the temperature solution to diverge. The de�ned

relaxation factors are sensitive to the geometry and can be tuned 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 andaccuracy. While using UDFs,

many times the solution can become unstable and diverge due to the interaction of the

varying boundary condition assignments and the relativelyslower CFD simulation [16, 17].

One step to improve stability while using UDFs is to implement aPro�le Update Interval

of greater than 1. The Pro�le Update Interval makes it such that the user-de�ned pro�les

are not called every iteration and are staggered by the amount set within the Pro�le Update

Interval. Using intervals of greater than 1 enables each iteration to be solved using more

consistent boundary conditions. For UDFs that are computationally intensive, it is also

recommended to utilize a Pro�le Update Interval greater than1 to reduce the computational

impact of the UDF [18]. With the example cases discussed later, Pro�le Update Intervals

between 5 and 10 provide a good balance between stability andcomputational e�ciency.

As discussed in Section 3.4.3, applying the pressure condition at the channel inlet as a

single value is acceptable, but not ideal. WithinFluent , the pressure boundary condition

assignment is set as a \Average Pressure Speci�cation" whichallows some 
exibility which

can result in a solution that accounts for some entrance e�ects. The average speci�cation

option makes it such that the solver allows pressure variations across the boundary as long
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as the average across its mesh faces results to the assigned value. Using average speci�cation

option causes the solution to be very sensitive and in most cases, a large, non-physical

pressure gradient is produced across the boundary, causingit to diverge. Using a single

value for the pressure boundary condition across all of the boundary 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 that

assign pro�les that are constant between iterations or between each execution of the function,

there is no problem as the pro�les applied are constant. With the implementation of the

coupled algorithm, each of the UDFs provide new boundary conditions during each execution.

In Section 3.4.1 where the continuity solution is discussed, with the overwriting phenomenon,

the mass 
ow rate calculation is completed multiple times, rendering any under relaxation

techniques ine�ective as control over the assigned properties 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 between iterations create a situation

where the solution falls into an unstable equilibrium, producing non-physical results. To

improve the overall stability and reduce the chance of non-physical solutions, speci�c UDF

conditional statements are set to force only a single execution of the function for a given

iteration. The implementation of the conditional statements are done by storing the current

iteration within the global memory of the UDF for each boundary and comparing it to

the current iteration at each pro�le update event. Through the stored and current iteration

comparison, the user-de�ned adjust and user-de�ned pro�les for each boundary are processed

if and only if they have not been executed yet during a given iteration.

While there are many di�erent CFD solver schemes that can be utilized, the work within

this thesis utilizes the pressure-based coupled solver. Using the pressure-based coupled solver

allows the pseudo-transient model to be utilized in the CFD simulation which provides a wide

variety of bene�ts [13, 19, 20]. It provides faster convergence by 30% to 50% as compared
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to other schemes, improves solution robustness by allowingthe solver to move past local

minima, but most importantly, the main consideration for utilizing the pseudo-transient

model is for its solution stability. In most simulations using the coupled algorithm, using the

pseudo-transient model has improved overall solution stability and solution convergence.
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CHAPTER 4

RESULTS AND DISCUSSION

The cases modeled in the following sections are simpli�ed problems to demonstrate the

accuracy and computational e�ciency of the coupled algorithm. The �rst case presents a

simple two-
uid, single channel heat exchanger and the second case presents a similar two-


uid heat exchanger with �ve channels. Each of the cases are compared to an identical,

complete simulation with the channels fully meshed and solved by Fluent . Each case

compares the results in solution accuracy and computational time.

In all of the cases presented, the heat exchangers are solvedwith 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 channelis set to achieve a Reynolds

number of 500. For the operating temperatures, the hot 
uid enters at a temperature of

900 K and the cold 
uid enters at 300 K. All channels have identical geometries with a 2

mm � 1 mm cross section and an 80 mm channel length. For both 
uid domains, air is

used as the 
uid with the incompressible ideal gas model utilized for density. For the solid

body, aluminum is used as the material using constant density, speci�c heat, and thermal

conductivity.

A mesh convergence study is completed for all of the cases to achieve a grid independent

solution in relation to the pressure drop across the heat exchanger and overall heat exchanger

temperature outputs. For pressure considerations, the solution is sensitive to the 
uid mesh

resolution within the cross section of the channels. Figure 4.1 highlights the meshing divisions

of the 
uid cross section that directly a�ect the pressure solution. As an example within the

convergence studies, a 6� 3 cross section refers to a mesh similar to the left cross section in

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

For temperature considerations, the solution is sensitiveto the 
uid mesh resolution along

the channel length and to a lesser extent, the solid body meshshell resolution surrounding

the channels. Figure 4.2 shows the key meshing area for temperature, which is the length-

wise mesh resolution. In the following convergence studiesfor each case, the number of solid

body divisions refers to the number of solid body bins along the length of the channel.
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Figure 4.2: Top view of solid body channel mesh with temperature sensitive mesh divisions.

For each simulation with a grid independent mesh, the solution is said to be converged

when all of the following criteria are met:

� All velocity component and continuity residuals must reduceto less than 10� 4 or con-

verge to a steady residual below 10� 3.

� The energy residual must reduce to less than 10� 8 or converge to a steady residual

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

must be less than 10� 1.

� Change on a solution monitor for the average temperature across the heat exchanger

outlets must be less than 10� 1.

During each simulation, the residuals are monitored using default scaling for the values

with an absolute convergence criterion. URFs withinFluent are modi�ed from default

values to allow pressure to converge quickly but limit change in velocity for stability. The

pressure URF is set to 0:8, the momentum URF is set to 0:2, and the energy URF is set

to 0:9. For the solution monitors, facet averages on the heat exchanger inlet and outlet

boundaries captures the pressure and temperature values.

With the converged solutions, the temperatures at the heat exchanger outlets are used

to calculate the heat exchanger e�ectiveness. Heat exchanger e�ectiveness is a performance

metric that measures the e�ciency in which energy is transferred between the 
uids. The

heat exchanger e�ectiveness is computed as follows

" =
q

qmax
; (4.1)

where q is the actual thermal energy gained or lost within a 
uid domain and qmax is the

theoretical maximum heat transfer between the 
uid domains. For a given 
uid domain, the

actual thermal energy transfer is

q = C(Ti � To) (4.2)

whereTi and To represent the temperatures at the heat exchanger inlet and outlet. C is the

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

C = cp _m: (4.3)

61



For energy to be conserved within a heat exchanger system, the actual thermal energy

transfer of the hot or cold 
uid domains are equal and opposite. To solve for the maximum

heat transfer

qmax = Cmin (Th;i � Tc;i ); (4.4)

whereCmin is the minimum heat capacity rate of the two 
uid domains,Th;i is hot-side 
uid

inlet temperature, andTc;i is the cold-side 
uid inlet temperature.

4.1 Single Channel Case

The single channel case demonstrates the ability for the plug 
ow and Poiseuille 
ow

models to solve the 
ow in the most basic application. The solution of the substituted

case is compared to the solution of an identical, complete case that is fully solved within

Fluent . Figure 4.3 shows the single channel case where two 
uid domains, designated by

the geometry colored in red and blue, are passed through a solid body with a single channel

per 
uid domain. The manifolds in the single channel case are simple as the 
uid only runs

within their respective domains and into and out of the single channel. The total mass 
ow

rate used in each 
uid domain in the single channel case is 1:34205� 10� 5 kg/s.

4.1.1 Single Channel Mesh Convergence Study

The mesh convergence study for the single channel case is done in two steps: pressure

convergence and temperature convergence. The meshing resolution parameters described

earlier are tested for the substituted channel case and the fully solved case.

Figure 4.4 shows mesh convergence results for the study for the substituted channel case.

Figure 4.4 (a) shows the results of the mesh convergence studyon the pressure drop across

the heat exchanger. The cross section divisions were variedas a 2� 1, 4� 2, 6� 3, 8� 4,

10 � 5, and 12� 6 cross section mesh on the channel. Through the single channel mesh

convergence study, it is concluded that with the substituted 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 for the single channel heat ex-
changer case.
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mesh produces a grid independent mesh for the pressure drop across the single channel heat

exchanger. Figure 4.4 (b) shows the mesh convergence study onthe outlet temperatures.

The channel solid body is divided into 3, 6, 8, 16, 26, 40, and 80 sections along the channel

length. With the results, it is concluded that a mesh with 26 divisions along the length of

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

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

Figure 4.5 shows the mesh convergence study results for the complete, single channel

case whereFluent solves the 
ow within the individual 
uid channels as well. In the single

channel mesh convergence study for the complete mesh, the cross 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 into 8, 16, 32, 40, and 80 sections for

the temperature solution. For meshes with less than 8 channel length 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 produces a grid independent solution.

The two cases with grid independent mesh parameters are usedin the 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 substituted case and the complete case

are compared for di�erence in pressure and temperature and improvement of computation

time. Comparing between the substituted channel case and the complete case, there is good

agreement between the results. Figure 4.6 shows the velocitycontour of the two cases at the

inlet manifold with very similar results. In terms of continuity, mass is conserved to within

2% across a 
uid domain with the substituted case.

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

Figure 4.7 shows the velocity contours within the outlet manifold, where di�erences

between the solutions are more apparent. In the immediate region of the channel outlet, the

solutions of both cases match very well. As the 
ow begins to develop within the manifold,

the results begin to di�er. The variation in the velocity contour 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 do not change other key results

(pressure and temperature). As previously shown through themesh convergence study,

pressure drop across a 
uid domain and temperature at the outlets 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 cut-plane at the outlet manifold.

Figure 4.8 and Figure 4.9 show pressure contour plots for the inlet and outlet manifold

that match well. Between the substituted case and the complete case, the pressure drop

solution di�erence is approximately 8% for both 
uid domains. The di�erence in the pressure

solution can be attributed to the lack of the developing region in the channel within the plug


ow model.

Figure 4.8: Single channel case pressure contours along a cut-plane at the inlet manifold.
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Figure 4.9: Single channel case pressure contours along a cut-plane at the outlet manifold.

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

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

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

outlet manifolds that show similar solutions. In Figure 4.10and Figure 4.11, the tempera-

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

shows a drastic change, however the substituted case represents 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 pressure and temperature per-

formance metrics. The largest di�erence between the results is in the pressure drop for the

cold 
uid.

Table 4.1: Single channel results comparison between substituted 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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Figure 4.10: Single channel case temperature contours alonga cut-plane at the inlet manifold.

Figure 4.11: Single channel case temperature contours alonga cut-plane at the outlet man-
ifold.
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Table 4.2 shows the computational di�erences between the substituted case and the

complete case for the single channel heat exchanger. All cases were 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 improvement of 63% was achieved

for an 8% di�erence in the pressure solution and a 5% di�erence in the heat exchanger

e�ectiveness.

4.2 Five Channel Case

Figure 4.12 shows the �ve channel case which demonstrates theability for the plug 
ow

and Poiseuille 
ow models to solve the 
ow of multiple channels. Within the manifolds,

pressure variations are small but signi�cant enough such that each channel has unique con-

tinuity, momentum, and energy boundary conditions. The total mass 
ow rate used in each


uid domain in �ve channel case is 6:71025� 10� 5 kg/s.

4.2.1 Five Channel Mesh Convergence Study

In the �ve channel case, the manifolding region becomes important because of the unique

distribution of the 
ow to each channel. Due to the inheritance of meshing resolution from

the channel cross section, the manifolding region subsequently resolves as well. Based on

initial tests for modifying manifolding mesh resolution, using the results of the cross section

mesh convergence study, overall solutions are su�ciently grid independent while mesh quality

remains acceptable. An acceptable mesh utilized within the manifold has mesh elements

which do not exceed aspect ratios of 10 or skewnesses of greater than 0.7.

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

used for the �ve channel case. Figure 4.13 and Figure 4.14 show the results 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 for the �ve channel heat exchanger
case.
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convergence study for the �ve channel case. For the substituted channels, the channel cross

section is taken as a 6� 3 mesh and the channel length is divided into 26 sections. Forthe

complete case, the channel cross section is taken as a 20� 10 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 channel heat exchanger case.

4.2.2 Five Channel Results Comparison

Similar to the single channel case, the results of the �ve channel case also show agreement

with one another. The variation in the results is more apparent than the single channel case,

however the quantitative di�erence between the substituted and complete cases for the �ve

channel heat exchanger is similar to what was found in the single channel case. In terms of

continuity, mass is still conserved to within 2% across a 
uid domain with the substituted

case.

Compared to the complete case, variation between the individual channel mass 
ow rates

in the substituted case is less than 5%. Figure 4.15 shows the velocity contours of the �ve

channel case at the inlet manifold. Some visible variationsare seen in the area near the

channel inlets due to the di�erence in the meshes. Figure 4.16however 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 the general 
ow characteristics well,
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Figure 4.15: Five channel case velocity contours along a cut-plane at the inlet manifold.

providing a solution that does not a�ect the pressure drop across the domain or the outlet

temperatures.

Figure 4.17 and Figure 4.18 show the pressure contour plots at the inlet and outlet

manifolds. Figure 4.18 shows the outlet region pressure �eldmatching the complete solution

very well, allowing for an accurate solution for the pressure drop across the 
uid domain.

For the �ve channel heat exchanger, the pressure distribution across the channel outlets is

important as the boundary condition to the plug 
ow momentum equation is captured in

outlet manifold region.

Similar to the single channel case, the �ve channel case shows a 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 4.20 show nearly similar so-

lutions. Figure 4.20 shows the full simulation results as containing colder 
uid exiting the

channels while the substituted case is seemingly hotter. Similar to the single channel case,

the di�erence is due to an average temperature speci�cationfor the outlet temperature for

the substituted case.
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Figure 4.16: Five channel case velocity contours along a cut-plane at the outlet manifold.

Figure 4.17: Five channel case pressure contours along a cut-plane at the inlet manifold.
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Figure 4.18: Five channel case pressure contours along a cut-plane at the outlet manifold.

Figure 4.19: Five channel case temperature contours along a cut-plane at the inlet manifold.
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Figure 4.20: Five channel case temperature contours along a cut-plane at the outlet manifold.

Table 4.3 provides all of the results for the �ve channel heatexchanger. Similar to the

single channel heat exchanger, the largest di�erence between the results is also in the pressure

drop for the cold 
uid.

Table 4.3: Five channel results comparison between substituted 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 substituted case and the

complete case. The same workstation used in the single channel heat exchanger utilizes serial

computing for the �ve channel cases. The main di�erence withthe results here is that with

an increase in the number of channels from one to �ve, an 11% computational improvement

was found. Improvement between the two cases is an indication that 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 improvement of 74% was achieved for

a 11% error in the pressure solution and a 10% di�erence in theheat exchanger e�ectiveness.

76



CHAPTER 5

FUTURE WORK

The work described in this thesis can be extended along a variety of di�erent paths.

With the current implementation, the coupled algorithm can be improved in both solution

accuracy and speed. Although the focus was primarily on microchannel heat exchangers,

the concepts produced from the coupling algorithm can be used in other applications as

well. The computational approach from the implementation of the coupled algorithm can

serve as a basis for simplifying other large-scale 
uid dynamics models that have repeating

small channel sections. Any class of problems where manifolds are separated by channels of

uniform geometry can be solved without the need for full CFD analysis.

5.1 Improved Pressure Accuracy

With the plug 
ow model, the pressure along the channel lengthis underestimated due to

the higher frictional losses in the entry or developing region. Based on the results presented

in previous sections, the contribution of the entry region can be signi�cant, depending on

the 
ow conditions and channel geometry, particularly the ratio of the channel length to

the channel hydraulic diameter. For cases where the channellength to hydraulic diameter

ratio is small or the 
ow is in the high laminar Reynolds number range (Re � 1000), the

developing region has more of a pronounced e�ect on the pressure solution. To improve the

overall solution, accounting for the developing region within the plug 
ow model contributes

to more accurate solutions. Much work has been reported on understanding the developing

region, both in numerical and experimental methods [21{24]. A Reynolds number friction

factor correlation for the entrance region by Muzychka and Yovanovich can be incorporated

into the plug 
ow model [25]. As mentioned brie
y in Section 2.2, another extension to the

plug 
ow model that will enable more accurate solutions is toimplement 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 represent the temperature �eld.

With the current implementation of the coupled algorithm, the temperatures at the channel

outlets are assumed to be the mean temperature. Application of the mean temperature at

the outlet causes notable discrepancies between the results of the coupled algorithm and

the complete CFD simulation. Applying a fully developed temperature pro�le at the outlet

improves the local accuracy within the manifold.

Similar to improving the pressure accuracy, accounting forthe developing region in the

energy solution improves the temperature pro�le accuracy.From the results of the cases

tested, there is a 10% di�erence between the heat exchanger e�ectiveness results. The

development of the 
ow within the channels has a signi�cant e�ect on the temperature

pro�le along the channel length. Similar to the pressure solution, adding in a Nusselt number

correlation that is based on the entrance length contributes to improving the overall accuracy

of the plug 
ow solution.

5.3 Parallel Computing

Fluent has the capability to use parallel computing hardware. The UDFs implemented

here in this thesis however are limited to serial computations. Parallelizing the UDFs

would enable computations to be much more e�cient, both witha workstation or a high-

performance computing cluster. To complete the parallelization of the coupled algorithm,

communication schemes between nodes must be developed [28,29]. The communication

schemes to parallelize the algorithm provide methods for data structure passing between

compute nodes and head nodes. Mesh partitioning that occurswith the use of Fluent 's

parallel solver poses a di�cult problem with face transformations and the geometric cou-

pling (cf. Section 3.3.1). The search for a boundary's extents is limited to a given partition,

potentially causing each parallel compute node to apply local pro�les on a boundary rather
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than across the whole boundary. The mesh partitioning also creates di�culties within the

application of the heat 
ux boundary condition and the generation 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 design alternatives to be

considered. Improvement of the computational e�ciency of CFD allows rapid feedback and

quicker progression of the design process.

The work in this thesis lays the groundwork for a coupling algorithm for microchannel

heat exchanger simulation. Using ANSYS's commercial CFD software, Fluent , and a

programming routine to simulate the 
uid dynamics and heat transfer within the channels,

microchannel heat exchangers are modeled with huge improvements 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 simulate the computationally

expensive 
ow within the channels.

A simple heat exchanger is modeled to demonstrate the accuracy and 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 incomputational cost is

realized. While using the coupled algorithm for the heat exchanger cases, predictions for

pressure drop and heat exchanger e�ectiveness have been shown to be within 11% and 10%

di�erence respectively as compared to a fully resolved CFD simulation.
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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
A1 0.0050 0.0311 0.0767 0.1333 0.1920 0.2467 0.2946
C1 0.2500 0.2476 0.2249 0.1770 0.1169 0.0559 0.0000
C2 -0.0015 -0.0077 -0.0322 -0.0491 -0.0541 -0.0516 -0.0455
C3 0.0243 -0.0123 -0.0169 -0.0123 -0.0066 -0.0024 0.0000
C4 -0.1810 0.0017 -0.0015 -0.0002 0.0012 0.0013 0.0009
C5 0.6953 -0.0250 -0.0069 0.0004 0.0007 0.0002 0.0000
C6 -1.4716 0.0283 0.0115 0.0013 0.0000 -0.0001 -0.0001
C7 1.7085 -0.0199 -0.0099 -0.0010 -0.0001 0.0000 0.0000
C8 -1.0232 0.0056 0.0056 0.0006 0.0000 0.0000 0.0000
C9 0.2442 0.0006 -0.0014 -0.0002 0.0000 0.0000 0.0000

Table A.2 shows integral solutions forI � used in Equation 2.42 for the relationship be-

tween the non-dimensional velocity pro�le function and themaximum velocity as determined

by the mass 
ow rate and channel geometry. The solutions below represent an approximate

rectangular shape, wheren = 20.

Table A.2: Hyperellipse integral solutions.

� = 0:10 � = 0:25 � = 0:40 � = 0:55 � = 0:70 � = 0:85 � = 1
I � 0.0050 0.0311 0.0767 0.1333 0.1920 0.2467 0.2946
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