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SUMMARY

Microchannel heat exchangers have been used extensively in applications where
high heat rejection rates are needed in restricted places. Providing a uniform flow
distribution at the inlet of the microchannels plays a crucial role in the efficiency of
the heat exchanger. Uneven flow distribution across the microchannels is one of the
main concerns leading to uneven heat transfer across the surfaces. Moreover, micro
channel heat exchangers are not practically easy to produce devices in case when they
are intended to be used in experimental analyses and performance measurements. This
situation makes it mandatory to use numerical methods to test and take performance
measurements from heat exchangers. Despite the fact that modern computer
technology gives the opportunity of having high amount of processing power, the
complex structure and high number of elements used in heat exchanger analysis make
these computations rather difficult and time consuming. In this case, either a small part
of the heat exchanger is analyzed or whole 3D body has to be analyzed. With these
problems in mind, usability of porous media approximation in 3D model analyses is
validated. Performances of 3D and porous approximated models in terms of
computation time and load are compared. A maldistribution on a microchannel is
analyzed using porous media approximation for the sake of simplicity and to reduce
time. Fluid flow and the heat transfer across the microchannel is investigated. Based
on the model results, some design guidelines for the header and channel inlet cross-

sections are recommended.

Key Words: Anisotropy, CFD, Heat exchanger, Maldistribution, Microchannel,
Porosity



OZET

Mikro kanalli 1s1 degistiricileri 6zellikle kisitli alanlarda yiiksek 1s1 transfer
oranlarmin istendigi yerlerde genis kullanim alanlarina sahiptir. Mikrokanalli 1s1
degistiricilerinden en iist diizeyde verim elde edebilmek i¢in akisin esit dagitilmasi
onemli bir rol oynar. Kanallarda olusan esit olmayan akis dagilimlar1 ayni sekilde esit
olmayan 1s1l dagilimlarina neden olmaktadir. Ayrica mikro kanalli 1s1 degistiricileri
iretimlerinin ¢ok pratik olmamasi sebebiyle deneysel olarak test etmek ve performans
Olgtimleri yapmak agisindan kullanisl araglar degillerdir. Bu durum mikro kanallarin
test edilmeleri ve performans 6l¢limleri i¢in numerik analizlerin kullanilmalarini daha
zorunlu hale getirmistir. Ancak mikro kanallarin kiigiik ve karmasik yapilari nedeniyle
giiniimiiz de kullanabildigimiz yiiksek kapasiteli bilgisayarlar i¢in bile bu biiyiik bir
islem giicti demektir. Bu durumda ya mikro kanalin kii¢iik bir kism1 incelenir ya da
uzun siiren islemler neticesinde tiim gévde analiz edilir. Ilk durum zaman ve islem
tasarrufu saglasa da tiim govde analiz edilemedigi i¢in tiim govde analiz edildiginde
elde edilen bilgiyi vermez. ikinci durum ise biiyiik zaman ve islem giicii gerektirir. Bu
durumlar goz Oniine alinarak poroz ortam yaklasiminin 3D kanallar1 modellemede
kullanilabilirligi valide edilmistir. Poroz ortam yaklagimi ile 3D analiz arasinda
performans kiyaslamasi yapilmistir. Bununla birlikte poroz ortam yaklasimi
kullanilarak su girisi tarafinda olusan baslik kaynakli akis diizensizliklerinin HAD
(Hesaplamali Akigkanlar Dinamigi) analizleri yapilmig ve incelenmistir. Akis

diizensizliklerini en aza indirmek i¢in tasarim Onerileri verilmistir.

Anahtar Kelimeler: Anizotropi, HAD, Is1 Degistiricisi, Mikro Kanal, Porozite
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1. INTRODUCTION

Today’s electronic devices are expected to be very fast, compact in order to meet
today’s requirements. For an electronic device to go in to faster working speeds,
special integrated circuits are designed but the faster a device is, the more energy that
device is consuming and produces more heat. This excess heat also plays a major role
reducing the efficiency of these devices. Also, compactness in a device requires its
elements to be rather small. Generally, to dissipate high heat loads requires wide heat
transfer areas. But using high volume equipment in devices make it impossible to build
compact devices. In order to solve this problem, a small and effective solution was
needed.

Conventional air-cooled heat exchangers are proven to be not sufficient to
dissipate heat loads of 500 W/cm? and above from devices like CPU, GPU and power
amplifiers that have limited space for cooling. These conventional methods often
require high flow velocities to dissipate such high heat loads. High velocities usually
associate with noise and vibration problems. This situation forced many researchers to
find new possible ways to efficiently cool down equipment that generates high heat
loads. Thus, many researchers lead their ways to find more innovative heat exchanger
models like heat pipes, heat chambers, nanomaterials, fluid coolant systems and
miniature systems. Absolute goal here is to reduce heat resistance between the medium
and heat generating device and keep temperature of the surface of the device as
possible.

Idea of using microchannel heat exchangers which is one of these innovative
ideas was first proposed in 1984 [1]. According to the proposed idea, the fluid is forced
through a set of narrow passages which are called micro channel and thus, total heat
transfer area is increased. This way, devices that requires a limited volume for heat
transfer can be cooled down efficiently.

Heat exchangers with microchannel flow ways are becoming popular because of
their ability to remove large heat loads under single-phase and two-phase applications
like aerospace, automotive, bioengineering, cooling of gas turbine blades, power and
process industries, refrigeration and air conditioning, infrared detectors and powerful
laser mirrors and superconductors, microelectronics, and thermal control of film

deposition. The one of the most important advantages of microchannel heat exchangers



are high volumetric heat flux, compactness for low space applications, robust design,
effective flow distribution, and good pressure drops.

As in the other heat transfer devices, there are some factor that effects the
efficiency of the device in negative ways. One of the most crucial of them is the case
when the fluid is not evenly distributed to the channels. This phenomenon is called
maldistribution. Maldistribution means that the heat transfer is not evenly done by all
channels. One of the major factors that causes this problem is manifold design which
is the first element in heat exchangers that touches the flow and is meant to distribute
it. But not every design is so successful in evenly distribution. Other factor is flow
medium related problems like particles inside the fluid which can clog the channels
and cause fouling. Flow maldistributions can also cause device to overheat and broke
down beside the reduction in efficiency.

Analyzing the flow maldistribution using CFD can give information about
possible manifold and channel designs. However, making a CFD maldistribution
analysis in a 3D whole model requires lots of time and computer processing loads. It
is not nearly possible to analyze whole body using todays modern computers. The
reason for this is that meshing whole 3D model produces many elements that is beyond
computers’ processing and memory power. Even if it is possible to solve CFD codes
of whole 3D model, since it takes lots of times, the analyzer would live difficulties
when there was an error after an analysis. Because of these reasons, researchers take
one or two channels and analyze it and uses the acquired information for whole model.
This is quite improper when one needs to see what is happening in whole model.

All these studies that are about maldistribution and other topics which needs
CFD were made using conventional CFD codes. Even it is possible, meshing and
computing whole 3D model using these codes costs lots of computational power and
time. Also, these methods are usually applied to a small part of the model and are hard
to apply to complex models. This is not a realistic approach to problems.

In the middle of the 80’s, the microchannel models was modelled as porous
medium using Darcy law [2]. According to the proposed method, the micro channel
domain is modelled as porous medium and a relationship is set between the material
properties of the porous medium and geometric parameters of the channels. By this
way, a complex set of micro channel domain is reduced to a single domain. After,

whole model can be meshed and solved easily. This method later was applied [29] and



extended [4] to calculate heat and velocity distribution in micro channel heat
exchangers as volume averaged approach.

1.1 The Literature Review

In literature, the heat exchangers with channel width 3mm and above is macro,
channel width between 200 um and 3 mm is mini channel and lastly the channel width
between 1 um and 200um is regarded as micro channel [8]. However, the term micro
channel is used for the heat exchanger that has hydrolytic diameter higher than 200
um.

In practice, small flow rate inside the microchannels result in laminar flow which

cause heat transfer coefficient inverse proportional to hydraulic diameter. Namely, the
narrower the channel, the higher the heat transfer coefficient is.
In literature, the application of fluids like air and pure water in microchannels is
experimented. When the studies that was conducted since 80’s is investigated, there
were researches about heat and flow analysis on microchannels. Despite there are a
number of researches like these. It can not be said that there is enough application
analysis of these devices.

A critical review was written which presents a compilation and analysis of the
results from investigations on fluid flow and heat transfer in micro and mini channels
and microtubes in the literature up to 2000 [22]. They concluded “Given the diversity
in the results in the literature, a reliable prediction of the heat transfer rates and pressure
drops in microchannels is not currently possible for design applications such as
microchannel heat sinks.”

Another critical review which explores the recent developments like pool
boiling, detachable heat sinks, channel flow boiling and micro and mini channel heat
exchangers in high rate thermal management is written [27].

Microchannel heat exchangers is used to extract high heat loads from laser
diodes that generates heat flux up to 500 W/cm”2. They forced water through the
channels located within a few hundred micrometers of active devices fabricated on the
surface of semiconductor wafers. They used silicone as heat exchanger material and
manufactured the channels using a dicing saw. They choose the silicone because it has
a high thermal conductivity and it is easy to machine. the velocity through the channels

IS near transition since the Reynold was reached to 2000 [26].



High-performance air-cooling scheme was theoretically and experimentally
invertigated using micro channel parallel plate-fin heat exchanger and tubes to deliver
the air to. They modelled the performance of exchangers in terms of thermal resistance,
pumping power and pressure drop. They made some optimization on and gave some
guideline for the design [5].

A comparative investigation of jet impingement and microchannel cooling was
made. They revealed that micro channel cooling is good for the application spaces of
0.07 m x 0.07 m [24].

Different type of heat transfer devices including microchannel heat exchangers
was compared [6].

Theorical and numerical studies investigating classical single layer
microchannels was made. They solved numerically a conjugate heat transfer problem
and presented an algorithm for the selection of the heat exchangers dimensions [16].

According to a critical review on numerical and experimental analyses on this
matter, further studies are required to generate a sufficient body of knowledge of the
transport mechanism responsible for the variation of the flow structure and heat
transfer in microchannels [15].

A review which critically evaluates experimental setups and data acquisition
techniques was written and various aspects such as entrance region effects, channel
dimension effects, boundary conditions etc was reviewed .

In an experiments on the heat exchanger which was manufactured using additive
manufacturing method, they designed air passages as tapered manifolds so as to force
the inlet air through the microchannels and collect the air at the outlet. With this, they
aimed to cool down cross flowing water [17]

As in the other heat transfer devices, there are some factor that effects the
efficiency of the device in negative ways. One of the most crucial of them is the case
when the fluid is not evenly distributed to the channels. This phenomenon is called
maldistribution. Maldistribution means that the heat transfer is not evenly done by all
channels. The importance of this problem has led researchers to study the effect of the
maldistribution and led them to seek alternative manifold designs and flow medium
improvements.

For example, according to an experimental analysis on flow maldistribution in
microchannels with 25 channel using different type of manifold design, it was

concluded that trapezoidal header gives less flow maldistribution.



In an experimental analysis inwhich basic parameters in microchannels such as
number of channels, area of cross section of the manifold, channel hydraulic diameter,
and Reynolds numbervaries. It is resulted that reducing hydraulic diameter in micro
channels considerably reduces flow maldistribution. They also pointed out that the
change in Reynold number doesn’t have great importance on maldistribution. They
also found with the increasing number of channels the flow maldistribution also
increases [25].

Double inlet header design is proposed to reduce effect of flow maldistribution
by mitigating it. The flow rate maldistribution is reduced by about
68.5% and micro channel efficiency is improved by 7.7% [28].

Numerical simulations was made to study flow maldistribution in a U-type micro
channel. They showed that increase in flow resistance by decrease in channel depth,
width or number of channels or increase in channel length, results in a more uniform
distribution. they also showed that Mal-distribution increases at high flow rate or low
viscosity due to the dominance of inertial effects [23].

All these studies that are about maldistribution and other topics which needs
CFD were made using conventional CFD codes. Even it is possible, meshing and
computing whole 3D model using these codes costs lots of computational power and
time. Also, these methods are usually applied to a small part of the model and are hard
to apply to complex models. This is not a realistic approach to problems.

In the middle of the 80’s, microchannel heat exchanger was modelled the as
porous medium using Darcy law [2]. They created a physical model that the micro
channel domain is substituted by a porous domain and they assumed heat flux is
removed by a passing coolant at a flow rate through the porous medium material in the
channel. their main purpose is to calculate temperature distribution in porous material
(microstructures) and the coolant. This method later was applied [29] and velocity and
temperature distributions through microchannel heat sinks was presented by modeling
the microchannel heat sink as a fluid-saturated porous medium. They extended this
method by using volume averaging approach for the velocity and temperature

distribution in microchannel [4].



1.2 Outline of the Study

CFD analysis of flow maldistribution in micro channels takes a lot of time since
3D model contains lots of elements. With this fact in mind, a micro channel is modelled
as porous approximated model and different type of flow maldistribution scenarios are
created to examine the effects of flow maldistributions in micro channels. the input
velocity profiles for each scenario are defined by particular mathematical models that
are highly possible to occur in real cases. As previously stated, to reduce computation
time and load, models are analyzed by using porous medium approach.

Before using porous medium approach in maldistribution analysis, validation of
this method was made. Also, the usage limits of the method are calculated. To do that,
heat gradients on 3D modelled 6 heat exchangers which are modelled with 6 different
channel number are compared with their porous domain matches and acquired results
are presented and interpreted.

The dimensions of the models are taken from the model which is previously used
in a study [17]. After validating the porous media approximation, the method is used
to simulate the flow maldistribution across a microchannel with 60 um channel width.

Acquired results are interpreted and used for giving some sdesign advices.

2. VALIDATION OF POROUS MEDIA
APPROXIMATION

2.1 Description of Problem

In this study, a micro channel heat exchanger is used to cool down a heat source.
Water is used as cooling fluid and it passes through the microchannels. The heat which
is intented to be taken away presented as a constant heat flux just underneath the
exchanger. The amount of heat to dissipate is 1W/mm?. Outer dimensions and channel
dimensions are taken from the model which is previously used in a study [17]. The
dimensions, images and whole model image can be seen in Figure 2.1. Also, a detailed
view of the 3D model can be seen in Figure 2.2

Half of the whole geometry is used in analysis so as to simplify the analysis. To

do that, a symmetry boundary condition is used on the upper surface of the model. By



using symmetries in a model, its size can be reduced by one-half or more, making this
an efficient tool for solving large problems. This applies to the cases where the
geometries and modeling assumptions include symmetries.

The material which is used as solid domain material is stainless steel and fluid

domain material is water. In Table 2.1, the properties of the materials used in the study

can be seen.
Table 2.1: Properties of materials used.
Name of the Thermal Density Heat
materials Conductivity (Kg/m~3) capacity at
(W/m.K) constant
pressure
(J/kg.K)
Stainless Steel 15 7800 420
Water 0.606 1000 4180

1250

4430 5000 um

Figure 2.1: Half and full view of microchannel heat exchanger used in numerical
analysis.
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Figure 2.2 Microchannel dimensions.

To validate that desired results are not changing when geometric parameters
change, different types of microchannel models with different size of channel widths
are used and analysed. Similarly, porous media approximated matches of the
considered 3D models are also analysed. 6 different type of channel size are used.
Channel width of these models are defined as to be 20, 30, 40, 60, 90, 180um. The
outer dimensions of all models, as seen in Figure 1 and 2, kept same for all models. As
a result of this, with the changing channel sizes, the number of the channel is also
changed. The number of channels corresponding to channel sizes are presented in
Table 2.2.

Table 2.2: Channel widths and number of channels of the models.

Channel Width Number of Channel
(Wchn(um)) (n)
20 38
30 35
40 33
60 28
90 24
180 16

Here, water is assumed to be incompressible fluid. Also, it is assumed to fully
developed and single-phased. Steady state governing equations are;
Mass:

pV.(u)=0 (2.1)



Momentum:

p(uV)u= V.[-p1+K]+F (2.2)

K= p(Vu+(Vu)T) (2.3)
Energy:

pcpu.VT+V.q=Q (2.4)

g=-kVT (2.5)

These equations for 3D models are solved using COMSOL Multiphysics software
which uses finite elements method.

Similarly, for the porous model, equations below are solved,;

Mass:

pV.(u)=Qm (2.6)
Momentum:

LouVu== V[—p1+ ui(Vu + (Vu)?) — Zux(w. u)1] - <|J_K_1 + Brlul +
&p &p &p 3" &

Q—;") u+F 2.7)
&p
Energy:
pcpu.VT+V.q=Q (2.8)
q=-kvT (2.9)

The boundary conditions are listed in Table 2.3 below.

Table 2.3: Boundary condition values of the models.

Tinput(K) minput(kg/S) Qheat(W/m m2)
300 5e-5 1

To make an approximation for a 3D model, there must be some other equations which
defines a relation between the geometric parameters of 3D models and porous medium
properties of the porous models. These porous medium properties are porosity and
permeability which are ratio of volume of gaps to whole volume and ability to transmit
fluid through the porous domain respectively. At this point, a set of special equations
2.10 and 2.11 which is proposed before is used [4]. These are;



Wchn

B Wchn + Wfin (2'10)
& W?

K = chn (2.11)
12

According to the equations proposed [4], porosity is a function of channel width
and fin width. Similarly, permeability is a function of the porosity which is obtained
and channel width. With the help of these equations, porosity and permeability values
for each size of models are calculated. Porosity and permeability values corresponding

to the channel sizes are listed in Table 2.4.

Table 2.4: Porosity and permeability values of porous models.

Channel Porosity (g) | Permeability
Widths (um) (9]
20 0.18 6.06e-12
30 0.25 1.87e-11
40 0.31 4.1e-11
60 0.4 1.2e-10
90 0.5 3.375e-10
180 0.66 1.8e-9

In the light of these information porosity and permeability values listed are used

as a material property values for porous domain.

2.2 Porous Model

The outer dimensions of the porous models are kept same with 3D models. In
porous models, the area of the channels in 3D models are described as a single porous
domain in porous models. An image which shows porous model is shown in Figure 3.
The porosity and permeability values of this domain is assigned according to the values
in Table 2.4. Thus, for each different type of 3D models, there created a porous model

with different porosity and permeability values.

10



Figure 2.3: Porous model.

2.3 Anisotropic Permeability

Anisotropy means that some properties of the porous medium do not have the
same value in different directions. In an anisotropic porous medium, the permeability,
formation resistivity factor, and breakthrough capillary pressure depend on the
direction. In the most general case these properties are function of both location in the
medium and orientation. Thus the probability density function for each property can
be described with five independent variables (x, y, z) for location and (0,9) for
orientation. If the probability density distribution is independent of the angular
coordinates, the medium is isotropic, otherwise it is anisotropic.

The porous domain created can be expressed with tensors. In other words,
permeability has a direction feature. With the help of this feature, the direction of the
flow in 3D model can be mimicked by using tensor feature of the permeability property
of porous domain. The tensor is regarded as diagonal and permeability values in the
directions except the direction which the fluid flow toward is entered a value which is
close to zero. By doing this, fluid flow to the other directions except the direction the

fluid flows through is blocked. In conclusion, 3D models are fully represented as
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porous medium which has a flow direction. In 2.12, tensor input for channel of size 20

um can be seen.

K 0 0
0 10e-—23 0 (2.12)
0 0 10e — 23

The boundary condition which is applied to the porous model is exactly same as 3D
models. Thus, both type of model is investigated under equal circumstances. As in 3D

models, symmetry boundary condition is applied to porous models.

2.4 Structure of the Mesh

To obtain proper results in fluid dynamic problems, it is advisable to use quad
meshes. In both types of models, porous and 3D, the input side surfaces of the models
are quad mapped and that mapped surfaces are swept along the model length. That
procedure created a uniform layer of quadratic meshes. Mesh structures of both porous
and 3D models can be seen In Figure 2.4 and 2.5.

Figure 2.4: Mesh structures of porous and 3D models.

To see the velocity gradient and effects of no slip conditions across the boundaries,

boundary layers are applied, Figure 2.5.
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Figure 2.5: Mesh structure showing boundary layers.

Coarser mesh is used at the areas other than the fluid domains since these solid areas

don’t need fine meshes.

Therefore, the number of elements that are used in 3D and porous models are listed in
Table 2.5.

Table 2.5: Number of elements used in 3D and porous models.

Channel Width 3D Model Porous Model
(um)

1131600 110200
30 978000 112450
40 897840 107450
60 756480 112450
90 644960 111800
180 575840 111800

2.5 Mesh Dependency

The term mesh dependency is an important factor when solving CFD problems.
Mesh structures need to be developed to eradicate mesh dependency without
compromising the finite computing resource and/or incurring large computational
expense. In deciding upon an acceptable mesh structure, a compromise should be
sought between high computational accuracy, short solution-time and cost-effective
utilization of the finite computer-resource. Mesh structures should not be excessively
expensive to employ or exhaust the finite computing-resource and yet ensure that the
user has confidence in the predictions. In summary, too coarse a grid leads to flow
details not being captured (i.e. missed) and the conclusions from the numerical

procedure not adequately representing the physics contained in the full partial
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differential equations (PDEs) of the continuity, momentum, energy and species
equations. Too fine, and the computing cost becomes too high.

Before attempting to solve the problems, it is needed to validate that the obtained
results don’t change with the level of unacceptable percentages when the quality and
density of the mesh is changed. In other words, it is needed to validate the results are
not highly mesh dependent. A mesh dependent model is

The validation is done with a single 3D model. 4 different type of mesh quality
is used. The number of elements for each mesh quality is assigned as they are linearly
increased as possible. The outlet temperature values for each element numbers are
given in Table 2.6.

Table 2.6: Change in the outlet temperatures with respect to change in number of
elements in a single model.

Number of elements | Outlet Temperature
1507284 306,32
750957 306,28
378061 306,29
233565 306,3

According to obtained results, the model is not highly mesh dependent and highest

error is calculated as %0.006.

3. VALIDATION RESULTS

6 different 3D models and porous models were calculated separately. 3D models
and porous models are compared in terms of temperature gradients across the fluid
directions and pressure drops.

The temperature data are taken from same locations from both types of models,
porous and 3D. Therefore, in each type of model, data probes are located right in the
middle of the channels and porous domain. The image shows the location of the line

probe is shown in Figure 3.1.
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Figure 3.1: Data line probe for acquiring temperature data from the location of the
line.

3.1 Comparisons of Temperature Changes Across a Single Channel

After placing data probes to each type of models, computational analysis is made
using COMSOL software. All data probes give data to create a temperature plot for
the corresponding models. These temperature plots were compared with their
respective matches. The temperature plots for each channel sizes are shown in Figure
3.2t03.4.

Temperature
Temperature

] 500 1000 1500 2000 2500 3000 3500 4000 4500 [ 500 1000 1500 2000 2500 3000 3500 4000 4500
Channel Lenght Channel Lenght

Figure 3.2: from left to right 20 and 30 um 3D and porous model temperature curves
taken from data line in Figure 6.
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Figure 3.3: from left to right 40 and 60 um 3D and porous model temperature curves
taken from data line in Figure 6.
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Figure 3.4: from left to right 90 and 180 um 3D and porous model temperature
curves taken from data line in Figure 6.

As seen from the tables, temperature graphs for six different models are created
using the data that is taken from data probes that are placed to 3D and porous
approximated models. Temperature data from 3D and porous models of each sizes are
compared with each other and represented on the plots above. Also, an overall
temperature plots for porous and 3D models are shown in Table 3.5 and 3.6
respectively.
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Figure 3.5 :Overall temperature curves for porous models.
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Figure 3.6: Overall temperature curves for 3D models.
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Figure 3.7: Total view of temperature curves of 3D and porous models.

An overall temperature gradient comparison graph of 3D and porous models in Figure
12 shows that the porous approximations begin to fail after 90 um channel width since
the temperature curves begin to separate. This can be regarded as a limitation of the

porous approach.

3.2 Heat Gradients Over Whole Body

The results above is comparisons of the data obtained from a heat probe that is
placed along a single channel. To obtain more satisfying results and make a general
comparison, it is needed to use more powerful probes that can collect more heat data
than a single line probe. Thus, more realistic comparisons can be made. Within this
scope, two planar heat probes are placed two different locations on the microchannel.
Unlike line heat probes, planar heat probes provide data of a heat gradients of a
selected plane. This data when visualized presents more broad heat distribution results.

The results obtained from these two different planar heat probes are visualized
as heat contours. Heat contours are indicator of identical heat distributions across a
surface. Namely, the similar heat levels are shown as colored ribbons. If there is a

different level of heat then the color of the ribbon changes. Heat contours provides a
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more abroad view of how heat is distributed and enable us to see the heat gradient
differences between 3D and porous models.

Probes are placed two different locations. One of them is placed right to the
symmetry plane and other is placed so as to cut microchannel heat exchanger vertically
in two. The images that shows the locations of the data planes which is located to
symmetry plane and cut plane respectively are shown in Figure 3.8. During the post

process, heat data are visualized by using the data obtained from these planes.

Figure 3.8: Symmetry and vertical data planes which supply temperature data for
heat gradients on symmetry plane.

3.3 Symmetry Plane Heat Gradients

One of the planes described before was the one that is placed right to the
symmetry plane. The symmetry plane is the location that cut the microchannel in half
and is an important location since the fluid flow is flowing through here. With the data
obtained from here, effect of no slip conditions on channels, heat gradient of fluid flow
on porous and 3D models can be examined.

On Figure 3.9, heat gradient contours on the symmetry plane of the 20um
microchannel is shown. 3D model and porous model is shown on the figures from left
to right respectively. The patterns of contours are greatly similar. But the maximum

heat level on porous model differ from 3D model by %0.5.
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Figure 3.9: 20 um micro channel heat gradient of 3D and porous models on
symmetry plane.

On Figure 3.10, heat gradient contours on the symmetry plane of the 30um
microchannel is shown. The patterns of contours are greatly similar. But the maximum

heat level on porous model differ from 3D model by %o0.6.
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Figure 3.10: 30 um micro channel heat gradient of 3D and porous models on
symmetry plane.

On Figure 3.11, heat gradient contours on the symmetry plane of the 40um
microchannel is shown. The patterns of contours are greatly similar. But the maximum
heat level on porous model differ from 3D model by %0.36. From this point on, the
effect of no slip condition on heat gradients can be seen distinctively.
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Figure 3.11: 40 um micro channel heat gradient of 3D and porous models on
symmetry plane.

On Figure 3.12, heat gradient contours on the symmetry plane of the 60um
microchannel is shown. The patterns of contours are greatly similar. But the maximum
heat level on porous model differ from 3D model by %0.97. Again, the effect of no
slip conditions decreased since the channel width is increases. Namely, No-slip
condition can no longer hold the flow and let the flow at the center of the channels go

faster than from the walls and make a distinct parabolic flow pattern.
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Figure 3.12: 60 um micro channel heat gradient of 3D and porous models on
symmetry plane.

On Figure 3.13, heat gradient contours on the symmetry plane of the 90um
microchannel is shown. The patterns of contours are greatly similar. But the maximum

heat level on porous model differ from 3D model by %0.79.
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Figure 3.13: 90 um micro channel heat gradient of 3D and porous models on
symmetry plane.

On Figure 3.14, heat gradient contours on the symmetry plane of the 180um
microchannel is shown. The patterns of contours are greatly similar. But the maximum
heat level on porous model differ from 3D model by %2.4. Effect of increase in

channel width increased on 180um model.
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Figure 3.14: 180 um micro channel heat gradient of 3D and porous models on
symmetry plane.

3.4 Vertical plane heat gradients

As explained before a vertical plane is put in the middle of the whole model
cutting the model vertically in half. From data taken from this plane, the temperature
gradient on solid and fluid domain can be seen. 3D model and porous model is shown
on the figures from left to right respectively.

On the models with 20um channel width as seen from the Figure 3.9, the heat
gradient contours show great similarities. The maximum and minimum heat levels are

nearly same. But in 3D model as seen in the Figure 3.15 on the left side, as in symmetry
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plane, effects of no-slip condition show itself as a small diffraction on the line that

represents bottom surface of single channel.
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Figure 3.15:20 um micro channel heat gradient of 3D and porous models on vertical
plane.

On the models with 30um channel width as seen from the Figure 3.16, the heat

gradient contours show great similarities. The maximum heat levels are nearly same.
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Figure 3.16: 30 um micro channel heat gradient of 3D and porous models on vertical
plane.

On the models with 40um channel width as seen from the Figure 3.17, the heat

gradient contours show great similarities. The maximum heat levels are nearly same.
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Figure 3.17: 40 um micro channel heat gradient of 3D and porous models on vertical
plane.

On the models with 60um channel width as seen from the Figure 3.18, the heat

gradient contours show great similarities. The maximum heat levels are nearly same.
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Figure 3.18:60 um micro channel heat gradient of 3D and porous models on vertical
plane.

On the models with 90um channel width as seen from the Figure 3.19, the heat
gradient contours of the porous model slightly differ from the 3D model. This is the
beginning of the limit of porous medium approach. Maximum heat level across the
porous model is %2 lower than 3D model.
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Figure 3.19: 90 um micro channel heat gradient of 3D and porous models on vertical
plane.

On the models with 180 um channel width as seen from the Figure 3.20,
difference in the heat gradient contours between the models is higher that 90 um

model.
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Figure 3.20:180 um micro channel heat gradient of 3D and porous models on vertical
plane.

3.5 Pressure Drop

Another comparison between 3D and porous approximated models are made in
terms of pressure drops across the fluid domains. Pressure drop is an important

indicator to measure the how proper the approximation is.
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Figure 3.21: Pressure drops across the data line shown in Figure 6.

As seen from the Figure 3.21, pressure drop measurement for 3D and porous models

show great similarities.

3.6 Computation Time

Reducing calculation time is the most important aim in this study. All channels
in a 3D model can be reduced to a single domain using the porous media approach
described above. This is the main principle behind the struggle of reducing
computation times. Thus, more complex channel geometries can be reduced to a group
of porous domains so is computation time.

To see how porous approach spends the least time for the analysis, there

presented a comparison chart between porous and 3D model analyses in Table 3.1.

26



Table 3.1: Computation times of 3D and porous models.

Channel Size 3D Porous
20 2h 55 m 17 m
30 2h 20 m 21 m
40 2h 22 m 17m
60 1h 19m
90 1h21m 19 m
180 1h18m 33m

According to the Table 3.2, porous approach spends up to 7 times lesser time
than 3D analysis. This provides great flexibility in numerical analysis since most of
the time, analyzer realizes if there is a mistake or not after the end of the analysis. This
causes analyzer to lose too much time in case of a failure.

Moreover, the porous approach provides lesser computational load to the
computer that makes the analysis. The Table 2.5 also shows the total amount of
elements used in porous and 3D analyses. The more element means more
computational loads. Sometimes when using a regular computer, the computational
loads exceed the maximum memory and processing capacity of the hardware. This is

often frustrating and limiting researcher from doing simulations.

4. MALDISTRIBUTION

Flow maldistribution is a particular concern in compact heat exchangers as they
are typically comprised of many small channels while maldistribution of flow is a
primary reason for poor heat transfer performance. The term maldistribution can be
described as flow irregularities on channels resulting from channel clogs, manifold
related flow irregularities etc. Maldistributions prevents microchannels from
dissipating heat that is required to taken away. from the heat source.

In real life problems, flow maldistributions occur generally in complex structure.
It is really hard process to simulate and analyze this type of problems. On the other
hand, maldistribution scenarios can be created using some mathematical models to
simulate real life problems. But these scenarios can never reflect the true mechanism

of the maldistribution but can give an approximate result. By using these mathematical
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assumptions, heat transfer and fluid flow analyses for maldistribution can be made.
Results obtained gives a general idea how the heat transfer performance of a
microchannel is being affected. Also, these results shade a light into finding proper
designs for manifolds and channel structures.

As stated before, it is a hard task to simulate maldistribution problems but they
can be modelled by some mathematical models. Nevertheless, solving these
mathematical problems by using 3D models is time consuming and costs high amount
of computer loads. Right at this point, porous media approximation method helps
greatly. Using this approximation and mathematical models, maldistribution problems
can be solved in short computer times.

In this scope, maldistribution analyses are made using some mathematical models
on the geometrical models that was used in validation processes before. Below, results

obtained from the analyses are presented.

4.1 Mathematical Models

5 different maldistribution scenarios are identified. 3 of these flow
maldistribution scenarios is manifold related, other two is assumed to happen by
environmental conditions. The boundary conditions of these scenarios were kept same
with the previous 60um porous medium analysis. Accordingly, the water is flowing
through the channels and it is used to cool a heat load of 1 W/mm?. The descriptions
of the scenarios are listed below;

Scenario 1: The manifold that distributes fluid has a linearly narrowing structure. Flow
direction can be seen in Figure 4.1.

Scenario 2 :The manifold that distributes the fluid has a parabolic narrowing structure.

Flow direction can be seen in Figure 4.3.

Scenario 3: The flow is sent to the channels directly and the velocity curve is assumed
to draw a parabola that its center is aligned to the center of channel domain. Flow
direction can be seen in Figure 4.5.

Scenario 4: Center of the channels are clogged and flow is flowing through the

channels near the walls. It is assumed there is no manifold related interactions here.
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Scenario 5: Channels are clogged randomly. It is assumed, as in Scenario 4, there is
no manifold related interactions here.

These 5 cases are modelled not by 3D geometries but by mathematical models
of inlet velocity profiles to provide simplicity. The mathematical models of the inlet
velocity profiles are constructed assumingly. The mathematical models of all these
scenarios are created so as they all have same mean. The mean of the equations is

calculated using the equation 4.13.
= 1 b
fO) ==, f()dx (4.13)

All these mathematical models are actually velocity equations and to make a
proper comparison between the nominal condition and maldistributed, the mean of
each equations must be kept same.

The equation form of each model is listed below.
Scenario 1

f1=3*(y)/(2*10"5)+0.0011049

Scenario 2

f2=(y"2)/(2*1078)+0.0014

Scenario 3

£3=-((y-2215)"2)/10"8+0.04719

Scenario 4
f4=(3*((4*y-2*4430)"2)/10"8+0.01)/20.952
Scenario 5

f5=abs(sin(y/25))/19.7266
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4.2 Manifold Related Flow Maldistribution Scenarios

4.2.1 Scenariol

T |

Figure 4.1: Scenario 1 header model and flow direction.

In scenario 1, it is assumed that the manifold that distributes the flow has a
linearly narrowing structure as seen on the Figure 4.1. Therefore, the velocity profile
at the input side of the microchannel model is modelled mathematically as linearly

changing as shown on the Figure 4.2. The average fluid flow is kept same with

previous
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Figure 4.2: Velocity curve at the inlet for scenario 1.

4.2.2 Scenario 2

In this scenario, unlike scenario 1, manifold structure at the inlet is not changing
linearly but changing by a curve as in Figure 4.3 and it is assumed that the velocity

distribution profile at the inlet is parabolic.

Figure 4.3: Scenario 2 header model and flow direction.

According to this assumption, the graph of the mathematical model is shown in the
Figure 4.4.

31



0.085 g
0.08r E
0.075r B
0.07F R
0.065F A
0.06- R
0.055F E
0.051 E
0.045 -
0.04r A
0.0351 R
0.03r- E
0.025r B
0.02- b
0.015F E
0.01F 1

0.005 1
1 1 I I 1

| | 1
500 1000 1500 2000 | 2500 3000 3500 4000
Channel Width (um)

3 (m/s)

Figure 4.4: Velocity curve at the inlet for scenario 2.
4.2.3 Scenario 3
In this scenario, fluid distribution is assumed to be provided by a manifold that

sends the fluid in the direction of the channels. the assumed manifold design and the
direction of the fluid is shown in Figure 4.5.

Figure 4.5: Scenario 3 header model and flow direction.

This scenario tells that the flow is distributed parabolically across the entrance
and the fluid velocity drops near the outer channels. the graphical interpretation of the

mathematical model of the velocity profile is shown in Figure 4.6.
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Figure 4.6: Velocity curve at the inlet for scenario 3.

4.3 Flow Medium Related Maldistribution Scenarios

Sometimes maldistributions can emerge from the environmental factors such as
dirt and foreign particles coming from fluid. Because of the narrow structure of
microchannels, these factors can be quite important to consider. A researcher wants
likely to know how a microchannel get affected by these unwanted events. Under this

header, maldistributions assumed to be occurred by clogged channels.

4.3.1 Scenario 4

In this scenario, Channels located in the middle of the channel group are blocked
by dirt and fluid flow can’t be provided. Some of the channels near the clogged
channels have a slow fluid flow. In this scenario, it is assumed that fluid is sent to
channels as evenly distributed and maldistribution is occurred because of dirt.

Graphical interpretation of the mathematical model of this assumption is shown

in Figure 4.7 below.
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Figure 4.7: Velocity curve at the inlet for scenario 4.

As seen from the figure, the central part of the channels has a slow inlet velocity

because of channel blockage. Outer side of the whole channel structure is open.

4.3.2 Scenario b

In this scenario, channels are blocked partially by foreign particles from the
fluid flow. Aim is to see how dirt and other foreign particles effect the heat transfer
in microchannels. Graphical view of the mathematical model is created using

absolute Sin waves. and shown in Figure 4.8.
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Figure 4.8: Velocity curve at the inlet for scenario 5.

All these scenarios are created intending to simulate assumed events on
microchannels. Also, it is intented to use previously validated porous media
approximation in solving a real-life problem. By doing this, it is also intented to shown

how fast the solution to these problems are obtained.

4.4 Analysis Results

CFD analyses of a 60um microchannel is conducted. Porous media
approximated model is used. Boundary conditions are kept same with the previous
validation analyses. Below, heat gradients and velocity gradients across the symmetry
plane is showed. Also, thermal performances are criticized according to maximum heat
that is reached on models. For all models, average input velocity is same no matter

what mathematical model is used. Thus, for all channels mass flow rate is same.

441 Scenariol

According to the results obtained from the analysis, maximum temperature
reached in microchannel is 531K. This is %13 higher than the nominal situation. the

nominal situation here is all fluid flow entrance velocity is assumed evenly distributed
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across the channels. The average outlet temperate increases %4. The thermal
effectiveness of the system is decreased.
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Figure 4.9: Overall temperature gradient of the scenario 1 and velocity distribution
across the symmetry plane.
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Figure 4.10. Outlet temperature of the model in scenario 1.
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Table 4.1: Output values of the model in scenario 1.

Scenario 1 Model Nominal Model
Outlet Temperature (K) 4215 404,5
Maximum Temperature (K) 531 469
Thermal Effectiveness (K) 0.69 0,7189

4.4.2 Scenario 2

According to the results obtained from the analysis, maximum temperature
reached in the microchannel is 557K. This is %19 higher than the nominal situation.
General heat gradient of this scenario is similar to scenario 1 but results shows that
heat dissipation rates is lower than scenario 1. The average outlet temperature is
increased by %6. Termal effectiveness of the microchannel increased. That means this
setup is increasing thermal performance of the microchannel.
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Figure 4.11: Overall temperature gradient of the scenario 2 and velocity distribution
across the symmetry plane.
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Figure 4.12. Outlet temperature of the model in scenario 2.

Table 4.2: Output values of the model in scenario 2.

Scenario 2 Model

Nominal Model

Outlet Temperature (K) 426,66 404,5
Maximum Temperature (K) 557 469
Thermal Effectiveness 0,7258 0,7189

4.4.3 Scenario 3

According to the results obtained from the analysis, maximum temperature

reached in the microchannel is 484K. This is %3.2 higher than the nominal situation.

The average outlet temperature is increased by %2. similar to scenario 2 this setup

results performance rise in microchannel system.
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Figure 4.13: Overall temperature gradient of the scenario 3 and velocity distribution

across the symmetry plane.
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Figure 4.14. Outlet temperature of the model in scenario 3.
Table 4.3: Output values of the model in scenario 3.
Scenario 3 Model Nominal Model
Outlet Temperature (K) 4111 404,5
Maximum Temperature (K) 484 469
Thermal Effectiveness 0,7205 0,7189
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4.4.4 Scenario 4

According to the results obtained from the analysis, maximum temperature
reached in the microchannel is 501K. This is %6,8 higher than the nominal situation.
Average outlet temperature is increased by %2. But unlike the scenario 2 and 3, this

maldistribution problem causes a performance loss on the system.

Figure 4.15: Overall temperature gradient of the scenario 4 and velocity distribution
across the symmetry plane.
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Figure 4.16. Outlet temperature of the model in scenario 4.
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Table 4.4: Output values of the model in scenario 4.

Scenario 4 Model Nominal Model
Outlet Temperature (K) 426 404,5
Maximum Temperature (K) 501 469
Thermal Effectiveness 0.7109 0.7189

445 Scenariob

According to the results obtained from the analysis, maximum temperature

reached in the microchannel is 474K. This is % 1.1 higher than the nominal situation.

Average outlet temperature is increased by %0.7. similar to scenario 4, this

maldistribution problem causes a performance drop in the system.
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Figure 4.17: Overall temperature gradient of the scenario 5 and velocity distribution

across the symmetry plane.
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Figure 4.18. Outlet temperature of the model in scenario 5.

Table 4.5: Output values of the model in scenario 5.

Scenario 5 Model Nominal Model
Outlet Temperature (K) 407 404,5
Maximum Temperature (K) 474 469
Thermal Effectiveness 0,7155 0,7189

4.5 Discussion About Maldistribution

The flow maldistributions occurred in microchannels has two major cause; the
manifold design and environmental flow conditions or a combination of these two.
Whatever the cause is, if researcher wants to know what to do about design and other
problems, a general over view of the effects of certain designs should be seen by
numerical methods visually. These numerical methods sometimes require all models
to be modelled as 3D or they are approximated by certain mathematical models. In this
study, maldistribution analyses were conducted using some assumptions and
mathematical maldistribution models. Of course, there are other parameters that
should be taken into account like velocity vectors from other directions except x
direction that is used as a flow direction here. In real-life problems, the manifolds used
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to distribute fluid into the channels not only distribute it into one direction but also to
other two directions naturally. The other components of the flow vectors can change
the results obtained here dramatically. Of course, this is a further research topic. To
provide simplicity, the flow is assumed to be developed only one direction in the study.
Furthermore, an analysis of 3D models of the manifolds will surely give more accurate
results. However, struggle to reduce computation time and costs, all manifold designs
are represented as mathematical models instead of using 3D models. Each
mathematical model created represent an estimated velocity profile. These velocity
profiles are thought to be closest approximations to real models. The main parameters
that are used when creating these mathematical models are the geometry of the
manifold, the direction of the velocity vector and content of other scenarios.

These velocity profiles are assigned as input boundary conditions in all models.
This is done by a feature of the software used, the flow velocities can be directly
assigned to the boundary as a function.

The results obtained here shows how important factor a manifold design is in the
performance of the microchannel heat exchangers since different manifold models
shows different velocity and temperature outputs. Researcher can easily acquire a
general idea about what change should be made in design or method.

5. GENERAL DISCUSSION

The general intention of this study is to answer some important questions. These
are;
-Can 3D modelled microchannel designs be reduced to simpler models to reduce

computation time and costs?
-If yes, what are the limitations of the method?
-Within the usability limits of the method, can it be used in maldistribution problems?

-Can velocity profiles at inlet of the models that is used in maldistribution problems

be modelled as mathematical models?
-How these manifold models and other scenarios effect the microchannels?

Answering the questions above will also give a general overview of the study.
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1% question

When it is asked how to reduce complex problems like flow in microchannels to
simpler structures, the first idea that emerges in mind is using the porosity feature of
the materials to define structures such as microchannels. At first sight, the
microchannel structures and porous medium have something in common. Both
structures have a narrow flow passages which can be also called capillary. Another
similarity is both channel structure direct flow into a desired direction. In porous media
this can be done by using anisotropy feature. As described before, this property can be
described by a tensor. By using tensors, a porous medium can be directed to any
direction.

The porous medium idea needs more to complete to become a true
approximation for 3D structures. It is first needed to be validated with real models. For
validation, six microchannel models with six different channels sizes are created. They
are analysed with a CFD software. Data taken from different locations on porous and
3D models are compared among corresponding channel sizes. Results from both model
type showed great similarities in terms of temperature gradients and pressure drops.
2"d question

The results showed that when the channel size increases, error level also
increases. This can be seen apparently in analysis of 90um microchannel. As seen from
the temperature gradient graph of 90um porous and 3D models, results from porous
medium starts to deviate from the 3D modelled results. This means that results taken
from porous models with channels wider than 90um gives improper results. So, it can
be said that this approach doesn’t give desired results if model channel is wider that
90um. This can be regarded as the limitation this approach. Of course, this limitation
can be pulled to wider channel sizes adding more constraining equations between
porous media and 3D geometry.

3 Question

Within level of acceptable error limits, porous medium approach was used in a
row of maldistribution in microchannels analysis. A 60um microchannel is used in
different scenarios. Each scenario is based on different type of flow maldistributions.
3 of them is assumed to occur because of manifold design effects 2 of them is assumed
to be caused environmental conditions. 60um micro channel is modelled as porous

media and given boundary conditions which are used in previous analyses.
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4™ Question

Rather than modelling each scenario in 3D, they are modelled by mathematical
models. Actually, modelled part in computations is velocity profiles. A mathematical
model is created assumingly for each scenario and given as boundary condition. After
consecutive analyses, results are compared with the nominal results from which porous
model with no maldistribution.

In conclusion, most of the time when a researcher study on a computational
analysis of microchannels, it is often needed to solve a draft of the model which is full
of faults. During solving process, it is sometimes expected to take an error message
from the software or sometimes even the error message isn’t taken, researcher may not
be pleased with obtained results. Most of the time, especially in microchannel analysis,
this process takes a lot of time and at the end it can be a frustrating for the one who
directs the study. Using tetrahedral meshes solves this problem sometimes but tetra
meshed results can be misleading. Using porous media approximation is proved to
give up to 7 times faster results and closed to O error. This method is also use quad
mapped meshes which is more suitable for CFD analyses. Also, it is proven that
method can be used in maldistribution analysis in microchannels. Results obtained
give a general overview how manifold design and environmental problems effect the
heat exchanger efficiency.
5t Question

From the results as seen from the Tables 4.1 to 4.5, different type of manifolds
and other maldistribution results result in different effects in microchannel. From the
results, the scenario 1, 4, 5 have a performance lost and others are vice versa. The

highest performance lost occurred in scenario 1.
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