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Abstract

A Study on Two-Phase Flow Characteristics in Cross-Linked
Microchannel Heat Sinks

Minh Nhat Dang

Thermal management for high performance of miniaturized electronic devices using
microchannel heat sinks has recently become of interest to researchers and industry.
Obtaining heat sink designs with uniform flow distribution is strongly desired. Mal-
distribution in a standard straight microchannel heat sink has become a problematic issue
in this research area. A cross-linking scheme, introduced in the channel core promises an
appropriate solution to this problem due to flow sharing through the cross-links. In the
present thesis, a number of experimental and numerical studies have been conducted to
seek appropriate designs for microchannel heat sinks. The effects of cross links,
introduced in the chbannel core of an array of parallel scaled microchannels, are
investigated, by comparing the flow distribution and pressure drop in six different multi-
channel coriﬁgurations. A standard straight channel test section and five cross-linked test
sections are experimentally investigated. All test sections have 45 parallel rectangular
channels, with a hydraulic diameter of 1.59 mm. The flow distribution is monitored at
four selected channels. The working mixture is air and water with superficial velocities
ranging from 0.03 to 9.93 m/s, and 0.04 to 0.83 m/s, respectively. The results show that
the cross-linked designs improve the flow distribution between channels compared to the

standard straight channel configuration. Flow patterns obtained from flow visualization
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are presented in terms of fractional time function and a flow pattern map was developed.
Compared with a single chaﬁnel flow regime map, the expected intermittent flow regime
is observed 84% to 90 % of the time for the cross-linked designs, but only 65% to 80% of
that for the straight channel design. A new cross-linked microchannel heat sink is
proposed with the support of numerical investigations. The new design shows a
significant improvement, up to 55%, on flow distribution when compared to the standard

straight channel configuration without a penalty in pressure drop.
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Chapter 1

Introduction

1.1 Motivation

In recent years, the electronics industry has been producing micro-chips with increased
circuitry and decreased size in order to meet the demands of high performance
miniaturized electronic devices. However, such electronic circuits typically generate high
heat fluxes which can cause damage to their components if not appropriately dissipated.
A prime contender for thermal management of these electronic devices is the two-phase
microchannel heat sinks. In the early 1980s, the first microchannel heat sink was
introduced by Tuckerman and Pease (1981). This heat sink consisted of long micro-
“channels that ran in one direction and parallel to the heat sink base. They succeeded in
dissipating a heat flux of 790 W/cm®, and maintained the chip’s surface temperature
under 120°C. Since their pioneering work, many studies have been conducted to
investigate heat transfer characteristics of microchannel heat sinks. These studies
included investigations of flow distribution, two-phase adiabatic flow pattern and flow
boiling, involving microchannel heat sinks. The goal has been to develop reliable and
predictive tools for pressure drop and heat transfer evaluation in microchannel heat sinks.
Such studies resulted in a significant number of two-phase flow patterns maps and two-
phase pressure drop models for a single channel with a large scale channel size. However,
there is a lack of studies dealing with multiple channels. Moreover, mal-distributed flow

in an array of parallel channels has required further investigation. Currently, designs of



microchannel heat sinks are ever evolving as new technologies develop. One of the
promising solutions to mal-distribution is introducing cross-links to the channel core.

This allows flow communication between channels improving the flow distribution.

1.2 Objectives and Organization

The objectives of this work are:
e To provide new experimental data for channel array configurations
e To investigate the effects of cross-links on:
- Two-phase flow distribution
- Two-phase flow patterns
- Two-phase pressure drop
e To develop a multi-channel flow pattern map
e To propose and evaluate an appropriate design for a two-phase cross-linked

microchanne] heat sinks, with improved flow distribution.

A comprehensive review of the literature is presented in Chapter 2. Chapter 3 introduces
a description of the experimental investigation. Chapter 4 presents the experimental
results of cross-linked scaled-up microchannel heat sinks, under adiabatic two-phase flow
conditions. A numerical investigation, in continuation of this work, is discussed in
Chapter 5. Finally, Chapters 6 and 7 summarize the results generated in this work, and

give suggestions for future research.



Chapter 2

Literature Review

2.1 Flow Distribution

‘Unequal flow distribution among channels in microchannel heat sinks will cause non-
uniform temperature distribution. This leads to a poor cooling performance of the
microchannel heat sink. Improving flow distribution is necessary, in an array of parallel
channels, since mal-distribution among channels will lead to poor cooling performance.
This is particularly true for non-uniform temperature distributions on the surfaces of heat
sinks. A number of studies have been conducted to investigate flow distribution in
parallel multi-channel configurations. Some studies focused on the modification of

header designs, whereas some introduced cross-links into the channel core.

2.1.1 Effects of Header Design

One of the studies done to improve flow distribution through header modifications for
conventional two-phase heat exchangers was that of Samson et al. (1987). The aim of this
study was to examine the flow distn"bution in three different header designs which were:
the inlet header with four outlet tubes, the spreader header with five outlet tubes, and the
symmetrical headers with six outlet tubes. An air/water mixture was used for adiabatic
- two-phase flow into the headers. The flow distribution was found to be unequal in the in-
line header design. However the flow distribution was better than that in the spreader

header but only for flow qualities below SO%. The symmetrical header was much better



than the previous two headers. However, this type of header is difficult to build in a
compact design because the exit tubes radiate in all directions. For this reason, the half-
symmetrical header was recommended by the authors. However, the flow distribution

was not satisfactory with flow qualities exceeding 50%.

Osakabe et al. (1999) conducted an experiment to examine the distribution behavior of
water, with or without a gas-phase, in a horizontal header. The cross-section and the
diameter of the header and four vertical branch pipes were 40mm X 40 mm, and 10 mm,
respectively. Their resﬁlts showed that flow distribution was approximately equal when
the Reynolds number (Re) was larger than 1500, and it was unequal with a lower Re for
single-phase flow. This result was considered to be due to the flow instability in the
distribution system. For two-phase flow, the contamination of a small amount of bubbles
significantly affected the flow distribution behavior in the header. It was concluded that a
larger pipe length could ensure a uniform distribution in a single phase flow. However,
for two-phase flow, a non-uniform flow distribution would be promoted in a header

contaminated with a small amount of bubbles.

Kim et al. (2003) listed the geometrical factors that affected flow distribution. The
factors they listed were the cross-sectional area of the branéh as a fraction of the
tank/header/distributor cross sectional area, thé tube spacing, and the orientation of the
branch. vThe other factors included the total mass flow rate, the vapor quality in the tank,

and the heating load on the branch. Since there are currently no tools available to



determine the flow distribution in headers, both single and two-phase flow studies need to

be conducted in a variety of header designs

Hrnjak (2004) presented an overview of the issue. This showed the basic options for
uniformly distributing single phase as well as two-phase flow in a horizontal header. The
paper included a description of a method to determine mal-distribution.v It was stated that
the reason for the mal-distribution was the differences in pressure drop along the
channels for both single-phase and multi-phase flow. One approach to overcome this,
specifically for single phase flows, was the use of a branching network. In this case, a
single header branches into a number of channels sequentially by first passing through a
lesser number of channels. The main disadvantage of this approach is the space
requirement for the branching network. According to Hrnjak, flow distribution is more
complex for two phases due to the differences in the thermo-physical properties of each
phase, for example, density, viscosity, and surface tension. Tﬁese affect the intensity of
inertia, gravitation, shear, and capillary forces on each of the phases. In thé paper, three
approaches were designed to improve two-phase flow distribution. They were the
homogenous zone, separation of the phases with separate distribution, and mist
generation. These types of headers are difficult to manufacture and also have large space
requirements. For mini and microchannels, fabrication of these designs may not be

feasible.



2.1.2 Effects of Channel Core Geometry

Flow distribution can also be improved through modification of the channel core. Some
recent studies have considered modification of the channel core through introduction of

cross-linked channels.

- Jiang et al. (2002) compared two configurations of microchannel heat sinks of 18 stream-
wise channels with a cross—sectibn of 700pm wide and 300 um deep. One differs from
the other by 5 cross-linked channels of 100 pm and 300 pm deep. The comparison was
made by applying hotspots, which is defined as a partially non-uniform heat flux, on the
microchannel heat sink surface. They found that the cross-linked microchannel improved
in distribution uniformity at a low flow rate of 1 ml/min. They suggested that the result
was due to lateral fluid transport through the cross-link channels. However, the effect of
cross-linked cha-nnels was reduced with increasing temperature of the heater, since only
one cross-linked channel was within the hotspot region in their experiment. They
thérefore recommended that more cross-linked channels should be incorporated in the
hotspot region. In addition, the cross-linked dimensions should be optimized to improve

their effectiveness.

Following the same trend as Jiang et al. (2002) in improving flow distribution, Cho et al.
(2003) compared the performancé of two cross-linked microchannel heat siﬁks and
regular parallel microchannel heat sinks. They examined two different hotspot
configurations, called 1D and 2D, which were classified by their thermal boundary

condition of heat flux. With a 20 ml/min water flow rate, the result was that a cross-



linked microchannel heat sink had better cooling performance for the 1D hotspot when
compared to regular microchannel heat sinks. They recommended microchannel heat sink
configurations should be optimized in order to be applied for different cooling demands,

targeting heat flux, flow rate, and hotspot configuration.

2.2 Two-Phase Flow Visualization

Flow patterns play an important role in microchannel heat sinks due to their direct effect
on the pressure drop and heat transfer characteristics. Thus, knowledge of flow pattern
and flow pattern transitions is essential to develop a reliable predictive tool for pressure

drop and heat transfer in two phase microchannel heat sinks.

2.2.1 Flow Visualization in Single Channel

Flow patterns have been investigated. through adiabatic two-phase ﬂow experiments.
Much single channel research has been conducted for different shapes, sizes, and working
fluids. From these studies, different flow patterns have been observed and generally
defined as bubbly flow, stratified flow, plug flow, slug flow, churn flow, and annular

flow. A significant number of single channel flow pattern maps have been constructed for

a large range of channel sizes.

Xu et al. (1999) conducted an experimental investigation for adiabatic vertical two-phase
flow of air and water in rectangular channels (12 mm wide X 260 mm long) with narrow
gaps of 0.3, 0.6-1.0 mm. The cross sections of channels in three test models were 12mm

x 0.3mm, 12mm x 0.6mm, 12Zmm x Imm respectively. Flow regimes were observed by
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using a CCD (Charge Coupled Device) camera, and were identified by examining the
video images. They found that the flow regimes for gaps of 1.0 and 0.6 mm were similar
to those in the existing literature. They were classified into bubbly flow, slug flow, churn
- turbulent flow and annular flow. With the decrease of the channel gap,rthe transition
from one flow regime to another occurs at smaller gas flow rates. However, the flow
regimes for micro-gaps of 0.3 mm or less were quite different from the previous studies
since bubbly flow was never observed, even at very low gas flow rates. They found that
the liquid droplets adhered to the wall surface and were pushed by the gas phase due to
the increased influence of the surface tension force and the frictional shear stress in
channels with a micro-gap. Flow regimes as observed in these micfo—gaps were classified

into cap bubbly flow, slug droplet flow, churn flow and annular droplet flow.

Triplett et al. (1999) conducted a study on two-phase flow of air and water in circular
microchannels with 1.1 and 1.45 mm inner diameters, and in microchannels with semi-
triangular (triangular with one comer smoothed) cross- sections with hydraulic diameters
1.09 and 1.49 mm. The gas and liquid superficial velocity ranges were 0.02-80 and 0.02-
8 m/s, respectively. Five major flow patterns such as bubbly, slug, churn, slug-annualr
and annular were observed for all test éections in this work. However, neither of the test
sections supported stratiﬁed flow. .Overall, the experimental results showed that the flow
regime maps obtained for semi-trianglular and the circular test sections were similar to
one another and were‘ mostly covered by the slug and slug-annular flow patterns.
Therefore, it was concluded that the effect of geometry was not very significant under the

tested flow conditions.



Coleman et al. (1999) conducted experiments on two-phase flow patterns with different
test section configurations ranging from 5.5 to 1.3 mm in hydraulic diameter. Circular
and rectangular shapes were examined in their work. A mixture of water and air was used
as a two-phase working fluid. Bubble, dispersed, elongated bubble, slug, stratified, wavy,
annular-wavy, and annular flow patterns were observed. The results of their experiments
showed that the effect of diameter and surface tension might be negligible, as in previous
studies, in terms of determining flow regimes for pipe diameters in the order of 10mm or
larger. However, they play a vital role in determining flow patterns and transition in
smaller tube diameters. The authors found th;t the transition to the dispersed flow regime
at a higher liquid superficial velocity, and the stratified flow regime occurred at a lower

gas superficial velocity in a rectangular tube. However, they stated that more

investigations of the effect of tube shapes on flow patterns were needed.

Hibiki and Mishima (2001) 'conducted an experiment for air—water flows in narrow
rectangular channels with gaps of 0.3-17 mm. The data in this experiment showed
satisfactory agreement with the data in the experiment done by Xu et al. (1999). The flow
regime was classified by four basic patterns: bubbly, slug, churn, and annular flows. The
authors stated that present flow regime transition criteria could be applied over wide
ranges of parameters, as well as to boiling flow. However, in order to apply these criteria
to gaps narrower than 1 mm, they suggested that a new model may be needed for the

prediction of the distribution parameter for very narrow rectangular channels.

Chung et al. (2004a) conducted an experiment on the effect of channel diameter on
adiabatic two-phase flow characteristics in microchannels. The experiment was

9



performed with a mixture of nitrogen gas and water in circular channels of 530, 250, 100,
and 50um diameters. The flow patterns were observed in the channels of Dy =250 and
530 um consistent with those »appearing in minichannels of Dy, -1 mm, namely: bubbly,
slug, churn, slug—annular and annular flow. The flow patterns in channels of Dy, = 50 and
100 pm, were only slug flow under the flow conditions investigated. The absence of
bubbly, churn, slug—annular and annular flow in channels of D;, <100 um was attributed
to the greater viscdus and sufface tension effects on the liquid flow. The experimental
results clearly revealed a channel diameter effect on two-phase flow. However, according
to them, the applicability of the present findings should be limited to similar gas-liquid |
flow, sipce little is yet known about the effects of surface tension and liquid property on

“adiabatic two-phase flow in microchannels.

Chung et al. (2004b) also conducted an experiment to investigate the effect of channe] ~
geometry on two-phase flow characteristics in horizontal square microchannels.
Adiabatic two-phase flow of a water-nitrogen mixture was pumped through a 96 Qm
square microchannel and the resulting flow pattern, void fractiqn, and frictional pressure
drop data were compared with those previously reported by the authors for a 100 um
circular microchannel. The results showed that the pressure drop data were best estimated
using a separated-flow model and the void fraction increased non-linearly with
volumetric quality, regardless of the channel shape. However, the flow maps exhibited
transition boqndaries that were shifted depending on the channel shape. Only slug flow
was identified in both of the microchannels. Bubbly, churn, and annular flow were not

observed for the testing flow conditions. They concluded that the absence of the bubbly
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and churn flow patterns were attributed to the laminar nature of liquid flow in the
microchannels. An inspection of the liquid film structure in the slug flow pattern revealed
a gas core flow with a smooth or ring-shaped liquid film and a serpentine-liké gas core
flow surrounded by é deformed liquid film. They also defined four new flow patterns on
the probability of the interfacial structure appearing, namely, slug-ring flow, ring-slug
flow, semi-annular flow and multiple flows. They based definitions of these new flow
pattemns in the slug flow region to develop the flow pattern maps for both channels, and

to compare them with each other.

Qu et al. (2004) performed a study involving rectangular microéhannels having a
0.406mm x 2.032 mm cross-section, and superficial velocities of nitrogen and water
ranging from 0.08 to 81.92 m/s and 0.04 to 10.24 m/s, respectively. Compared to the
results in macrochannels from previous studies, the flow patterns in microchannels
deviate significantly. Slug and annular flow constitute dominant flow patterns in
microchannels, and transition to annular flow occurs at lower values of superficial gas
velocity than in macrochannels. Bubbly flow occurred only occasionally, stratified and
churn flow were never observed in this experiment. The authors employed the
experimental data of this study to validate an annular two-phase flow boiling model that
was previously developed by the present authors to describe pressure drop and heat
transfer characteristics. The previous model w'as‘ modified based on the new findings
from the adiabatic two-phase flow study which predicted the transition between annular
flow and other flow patterns. Good agreement was achieved between the modified

annular flow boiling model predictions and the experimental data for both pressure drop
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and the saturated flow boiling heat transfer coefficient in water-cooled two-phase

microchannel heat sinks.

Hassan et al. (2005) extended the range of the existing flow regime data by
experimenting with three different circular test sections with hydraulic diameters of 3mm,
Imm, and 0.8 mm. Each test section was made of borosilicate glass tubing 200mm in
length. Pressure differences were applied over the range 0-500kpa, and the range of
superficial velocities of water and air were 0.02-1m/s and 10-100mV/s, respectively.
Bubbly, dispersed, stratified, slug, annular, and churn flows were observed in a horizontal
channel with large hydraulic diameters. However, stratified flow has not been seen in any
microchannel experiment. This was explained by the suppression of buoyancy in a
microchannel. Surface tension effects were muéh more significant than in macrochannels.
Surface tension and the effects of inertia have to be taken into account when classifying
the flow regimes observed in microchannels. The effects of surface tension resulted in
flow regimes characterized by large and elongated gas bubbles such as the bubbly, plug,
and slug flows, whereas the effect of inertia resulted in the annular and dispersed flows.
Four general flow regimes were defined to create a simplified flow map. Bubbly,
intermittent, churn, and annular were separated into surface-tension-dominated and
inertia-dominated regimes. In summary, they found that the universal transition line gave
a good approximation of the regime transitions for all studies made so far. However,
there is a lack of data pertaining to two-phase flow inside microchannels, barticularly in

microchannels with hydraulic diameters of less than 0.5mm.
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2.2.2 Flow Visualization in Multiple Channels

There have been limited studies to investigate the features in channel array
configurations. Recent studies have shown that many flow configurations can occur in
multi-channels, under fixed ﬂovs} Conditions and with a common entrance or manifold.
Thus, universal flow maps for a single channel may not be appropriate for two-phase

multi-port microchannel heat sinks.

Nino et al. (2003) conducted two-phase flow visualization experiments using R134A in a
6 port rectangular micro-channel with 1.'59 mm hydraulic diameter tubes. They defined
the fractional time function, or the probability, that a flow pattern may exist in a
particular flow condition. They used this to construct a qualitative flow map for an array
of parallel microchannel heat sinks. The fractional time function values were defined as
the number of observations of a flow conﬁgufation divided by the total number of
observations under a particular flow condition. The stratified flow regime, dispersed flow
regime, and the annular mist flow patterns of annular flow regime were not observed. In
this work, the results showed that the refrigerant flow was distributed evenly throughout
the ports for high mass flux, and quality cpnditions where annular flow was a dominant
flow regime. The authors recommended that different wofking fluids should be

investigated in order to analyze the variation of fractional time function.

In addition, there are some studies investigating flow visualization on flow boiling in
parallel microchannels. Steinke and Kandlikar (2004) conducted experiments on flow

boiling characteristics of water in six parallel horizontal microchannels with a hydraulic
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diameter of 207 um. Nucleate boiling, bubbly flow, slug flow, annular flow, annular flow
with nucleation in the thin film, churn flow, and dry out were observed. They found that
the bubbly flow was very intermittent. The most observed flows were the annular-slug
flow and slug flow. Théy also encountered the phenomenon of flow reversal as observed
in some previous studies. They stated that such a phenomenon is caused by the presence
of the parallel channels, which allow a path of lower resistance during éxplosiVe growth
of nucleating bubbles. The local dry-out phenomenon was also observed in the

experiment.

Recently, Kandlikar (2006) found that 'ﬂow patterns strongly influence heat transfer
during flow boiling in minichannels and microchannels. One of the most influential flow
patterns in this regard is the expanding bubble flow pattern which is identified as a
nucleating bubble growing rapidly and occupying the entire channel. This flow pattern
traps a liquid film which evaporates into the core and dries out until the slug comes to re-
wet the channel walls. The rapid expansion of the bubbles is considered a cause of flow

reversal during flow boiling in minichannels and microchannels.

2.3 Pressure Drop in Two-Phase Flow

Two-phase pressure drop experiments have been increasingly studied to seek appropriate
models. A number of studies have been conducted to investigate two-phase préssure drop
in mini- and microchannels. The results of two-phase pressure drop experiments wefe
compared with some widely used models, namely, the homogeneous model, the

Chisholm (1967) model, and the Friedel (1979) model.
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The homogenous model is one of the simplest models defined for two-phase pressure
drop calculations. This model considers the two phases as a single phase, and assumes

that the two phases form a homogeneous mixture.

AP, = fy, % pTP2U2 2.1
where f,, and p,, are given by:
Sp =57/Re,, (Laminar) 2.1.1
frp =0.3164Re>? (Turbulent) 2.1.2
Re,, = 2D 2.13
Hp

A separated flow model is found from the work of Chisholm (1967), whose correlation

can be expressed as:

-2, =ole) 22
dz 7P Hodz L

where:
C 1
D? =1+ (=) + (=) 2.2.1
L (K) (K)
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——== , Lockhart et al. (1949) 222

The (— gg) represents the single phase frictional drop in pure liquid, where a mass
v4
fL

flux of G (1-x) flows in the channel and X represents the Martinelli factor, where C may
have values in a range of 5 to 20. Based on the Reynolds number of gas and liquid (Rer
and Reg), the given constant values of C are: C = 20 for turbulent-turbulent, C = 12 for
laminar-turbulent, C = 10 for turbulent-laminar, while C = 5 for laminar-laminar. In

these cases, the Reynolds number was calculated as:

Re, = 510D 223
193

Reg = Gx)D 2.2.4
Ha

Reg, = b 22.5
He

Re,, =32 2.2.6
He

Whalley (1987) suggested that the Chisholm (1967) correlations should be mostly used

for u, / u; >1000 and G > 100 kg/m’s.
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Another separated flow model can be found from the work of Friedel (1979) who
proposed a correlation, based on a wide range of experimental data. This model is

suggested to be used for 4, /u, <<1000 (Whalley, 1987). The correlation can be

expressed in terms of multiplier as following:

d d
(_ .B) — o2, (_ _P_j 23
dz 7P dz 710
where:
(_ @) = ..2fLO _g_f_ 2.3.1
dz 710 D 2p,

For horizontal and vertical upward flow configurations, Friedel (1979) suggested the

following,
0.91 0.19 0.7
q)io = A+3.24x°"(1- X)o.24(P_LJ [H_G) (1 _EQJ Fr 00454 W 20038 230
Pa He He e
where;
A=(1-%+x°p, foo(Pasfio)™ 233
G
FI'TP = 234
gDp 1
2
D
We, = G 2.3.5
PO
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Some studies showed that these models could fairly predict their results, as seen in the
work of Triplett et al. (2004), and Pehlivan et al. (2006) whose results agreed with those
from the homogenous model and the Chisholm (1967) model. However, some other
studies showed that these models failed to predict the pressure drop for channels with a
smaller hydraulic diameter, as shown in the work of Chen et al. (2001), when they
investigated the pressure drop for two-phase flow in the round copper channel having an
inner diameter of 1.02, 3.17, 5.05, énd 7.02mm. Furthermore, Chung et al. (2004) showed
that the homogeneous model cannot effectively predict their results of pressure drop in

- channels with hydraulic diameters of 96 um and 100 pm.

2.4 Numerical Literatlire Review

With the advantage of both hardware and software today, CFD (computational fluid
dynamics) software can be used to simulate two-phase flow in multi-channel system.
Compared to experimental data of two-phase flow investigations, numerical studies are
found to be lacking in the literature. A number of studies have been carried out for two-
phase flow in single channels, tubes, tube bends, and T-junctions., by using different

methods such as VOF (Volume of Fluid), Mixture, and Eulerian.

Qian and Lawal (2006) studied slug Taylbr flow at a T-junction in a single microchannel,
using Fluent’s VOF method. They compared the slug length to those in other experiments
and the results showed good agreement. Correlations were also made to predict the gas
and liquid slug lengths. Yang et al. (2001) studied bubbly two-phase flow in a narrow

channel, using the Lattice-Boltzamann method. Their results showed that the average
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film thickness of the liquid fluid between the Taylor bubble and the channel wall agreed

well with classical analytical correlation developed by Bretherton (1960).

Other studies used two fluids other than gas and liquid to study the blocking length in the
pipe when fluid and solid were incorporated into the two-phase pipe flow (Conde et al.,
-2'004). Shepel and Smith (2006) used a new level set method for modeling two-phase
incompressible flows with moving boundaries, and the method was implemented in the
code CFX-4. Amornkul et al. (2005) used the Eulerian method to study threé dimensional
two-phase flow in pipe bends. The results showed that modeling can well predict the
experimental pressure drop for single phase. However, it did not predict well the

experimental data for two-phase pressure drop in their studied range.

Numerical investigation of two-phase flow in multiple parallel channels is rare in the
literature. Some can be found in single phase flow to optimize the geometrical design of
parallel multi-channel configurations of heat sinks (Jayanti and Deshpande, 2005;
Tonomura et al., 2003; Lu and Wang, 2006). Unlike single phase flow, two-phase flow
behavior in an array of parallel channels is very complex. Thus, simulation of two-phase
flow in multiple channels should be expected to cause some issues because of time
cohsumption for convergence, or insufficient memory of available computer resources.
Due to such possible problems, computational domains as well as simulation methods are
being carefully considered. Moreover, since a universal two phase model is not yet

available, various two phase models are still being developed.
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2.5 Overview of Current Study

In developing cross-linked microchannel heat sinks, a number of unknown parameters
exist. These include the cross-link width and the number of cross-link paths. The role of
these pararheters plays on two-phase flow characteristics and heat transfer is not yet clear.
Ideally, heat transfer investigations could be carried out to scale on each of the possible
configurations. This, however, is an expensive endeavor. The present work investigates
scaled microchannel heat sinks under adiabatic conditions. The aim is to provide an
initial iteration on the influence of cross-links under two-phase flow conditions. This is
part of a larger research program whereby the knowledge gained will be helpful in
identifying promising designs to be investigated under to;scale conditions with heat

transfer.

Experimental data is collected under adiabatic two-phase flow conditions to investigate
the effects of cross-links in six different channel core configurations for an array of
parallel scaled microchannels. One configuration is a standard straight parallel system,
whereas the other five have cross-links incorporated into the channel core. Six test
sections were designed to enable liquid flow rate measurements in select channels. The
fractional time function is used.in this paper to plot flow patterns versus flow conditions,
so as to-understand more about the mechanism of flow as well as flow distribution in

multichannel micro-heat sinks.

An extended study was conducted numerically to gain further insight into the effects of

cross-links, because continual experimental investigations are expensive. A 3D mixture
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model was used to simulate different cross-linked configurations using Fluent 6.3. The
results were compared to the experimental results, and a new cross-linked configuration

is proposed.
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Chapter 3

Experimental Investigation

3.1 Overview

To conduct experimentally two-phase flow in multiple channels requires a large amount
of effort to develop a test facility as well as to design test sections. Recently, Pehlivan
(2003) built an experimental test facility for his work on two-phase flow in single mini-
and micro-channels. The frame and the mixer from the Pehlivan (2003) design were used
in the present work, but with a significant number of modifications. The modifications
were in the major components, components such as flow meters, pump, test section
support, etc. A large range of flow meters was established for both water and air. A gear
pump replaced the recharged water tank used for two-phase flow in single channel. These
components were carcfully selected, consideration given to the requirements of this and

further experiments.

Test section design is the most challenging part of this study. The challenge is that four
channels are selected for flow measurement, while keeping the same pressure drop over
all parallel channels as well as the same channel lengths. Methods of flow measurements,

flow visualization, and pressure drop measurements were also challenging.
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3.2 Experimental Test Facility

Figure 3.1 shows a schematic drawing of the main components used in the closed loop
test facility. The adiabatic experiments are performed using air and Water as the two-
phase working fluid. A 40L tank contains distilled water. The water is driven through a
gear pump with an output of 2.8 I/min and a maximum pressure of 689.5 kPa (100 pst). A
ball valve and water filter are located on the suction line of the pump. Water is then
pumped to the delivery line, where two needle valves are installed. Initially, these two
valves are kept fully open. The first one is used to drain the water to the tank, whereas the
second is used to lead water to the test section. A pressure gauge is also installed on the
pressure line behind the second valve to observe the pressure of the liquid before it enters
| the test section. The flow rate for the water is controlled by slowly closing the first valve.
Water is then led to the mixer through the flow meters which have a full-scale range of
0.0242 to 7.57 /min. Aif is supplied with a constant pressure of 724 kPa (105 psi), and is
controlled by a pressure transducer and a flow meter, having a range of 0.012 to 87.95
I/min. The air passes through a check valve before entering the mixer, which is installed
vertically to assure the two-phase flow is well mixed prior to entering the test sectioﬁ.
The mixer (Figdre 3.2) is made of a cylindrically shaped acrylic shell with two circular
aluminum plates fastened to both ends. The bottom plate is designed for the entrance of
two-phase working fluids. There is a small circular bar located in the middle of this plate
with a hole drilled through its core to guide the air flow before it exits from an array of
small holes in a spray form. A second hole is located on the bottom plate to introduce the
liquid flow, whereas the top aluminum plate has only one hole in the middle, where the

two-phase flow exits the mixer. Each flow meter for water and air is also controlled by a

23



needle valve which remains fully open. After passing through the test section, the liquid
is drained back into the tank to complete the closed loop liquid circuit. A Sony DXC-
9000 3-V CCD camera is mounted on top of the test section to capture images of the flow
inside the channels. Images are captured at a rate of 30 frames per second, with the
shutter speed set to 1/10000. The lighting system consists df four halogen bulbs to evenly
light the region of interest. Image acquisition is performed using LabVIEWT™., A pressure
transducer (PX01), ranging from 0-75 psi, is also established between a line connecting
the mixer and the test section for pressure measurements. The output of pressure drop
measurements then is monitored through an automatic data acquisition system using

LabVIEWT™, These main components are listed in the Table 1.
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Table 3.1. Main components for test facility.

No Description Quantity Manufacture Part Number Range
1 Pressure Regulator 1 Parker 06E12A13A*SB 0-160 psi
(0-1103 kPa)
2 Needle Valve 4 Swagelok B-4IN
3 Air Flow Meter 2 Omega FL-113,FL-115 | 0.0242-7.57
I/m
4 Water Flow Meter 2 Omega FL-113, FL-115 { 0.012-87.95
Vm
5 Needle Valve (Gate 2 Parker N200S/N400S
Valve)
6 Cylindrical Tank 1 Cole Parmer C-06317-61 10 Gal.
7 Pressure Gauge 1 Omega PGS-251.-160 0-160 psi
(0-1103 kPa)
8 Test Section 6
0 Filter 1 Cole Parmer EW-2959-17, 55, 80 micron
73 and 89
10 Differential Pressure 1 Omega PX821-075DV 0-75 psi
' Transducer (0-517 kPa)
11 Check Valve 1 Parker
12 Mixer 1 Home-made
13 Pressure Gauge 1 Omega 0-100 psi
(0-689 kPa)
14 3-CCD i Sony DXC-9000 .
15 Computer 1 Dell
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3.3 Test Section

The test sections consist of four parts which are assembled (see Figure 3.3), and the
geometry of each part is provided in Appendix B. The parts are a cover plate, a channel
plate, a metering plate and a metering container in which six different designs of the

channel plate are investigated (Figure 3.4 and Table 3.2).

Each channel plate was glued with the cover plate to form a minichannel heat sink test
~ section. The test sections are a scale up of approximately 9 times the heat sinks used in
the work of Muwanga and Hassan (2006), so as to provide rapid and cost effective flow
visualization experiments. They are all made from transparent acrylic to facilitate visual
access of the flow characteristics. The channel plate consists of a horizontal header with a
cross sectional area of 9 mm by 1.59 mm, connected to 45 parallel channels whose cross
sections are 1.59 mm by 1.59 mm. Four channels, the 1%, the 15", the 30", and the 45™
having the same length of 131.3 mm to other 41 channels, are selected for flow
distribution tracking, as shown in Figure 3.4. At the exit of these four channels, the fluid

is diverted to metering containers through slots which are open to the atmosphere.

A metering plate is used to collect the liquid coming from the remaining channels, whose
exits are also open to the atmosphere, and drains the flow into the reservoir. The inlet
hole is located in the middle of the cover plate (Figure 3.3), guiding the two-phase flow

into the header of the channél plate.
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The difference between the six heat sink designs (Table 3.2) ié that the cross-links were
introduced to the channel core of the standard straight channel test section. The CR-2,
CR-2A and CR 2B test sections consist of two cross-links that were located at 1/3 and 2/3
of the channel length, and their width varied by one, two and three times the channel
width, respectively. The CR-4 and CR-6 test sections consist of four and six cross-links
divided along the channel length into five and seven equal sections, respectively, and

their width and height are the same as the channel width.
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3.4 Experimental Procedure

After installation of all components such as the pump, flow meters, test section support,
etc., the test section was mounted on the test rig. A bubble level was used to make sure
the test section was horizontal on the set-up. On first operating the gear pump, great care
was taken with the installation. The levél of water in the tank (Figure 3.1) was set high
enough to avoid pump cavitation. Attention was paid to the gears from the suction and
the pressure sides of the pump were wet for lubrication before operating. The flow was

run through the test section to test for water and air leaks in the system.

After testing for leaks in the system, a desired flow rate was set. The system was put in
operation for 5 to 10 minutes in order to achieve an approximate steady flow before any
data was taken. A description of the procedure for taking data from flow measurements,
flow observation, and pressure drop measurement will be found in the following section

on methodology.

3.5 Methodology

As this work was carried out in a scaled-up configuration, under adiabatic conditions with
an air-water mixture, the applicability of the results to microscale systems needs some
special consideration. A number of non-dimensional groups which are relevant to two-
phase flow studies in microchannels are listed in the work of Kandlikar (2004). Relevant
to the present system is the Weber number (We), which represents the ratio of inertia to

surface tension forces. The Weber number is considered a useful dimensionless
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parameter to analyze fluid flows where there is an interface between two different fluids.

It may be defined with respect to the hydraulic diameter as in Equation 3.1.

3.1

Considering the scaling of a system, whereby the two-phase mixture and system
temperature remain constant, the density and the surface tension, which are fluid
properties, would remain constant. For a fixed Weber number, then, reducing thé
diameter by nine times in relation to the present work, the mass flux should be increased
three times. Given the mass flux range examined in the current work (41 kg/m?s — 834
kg/m?) and for a fixed Weber number, the results will be applicable in microscale
systems of similar two-phase mixture for a mass flux range of 124 kg/m3 to 2503
kg/m?s. It is noted that mass fluxes, over 1000 kg/m?s, have been used in microsystems,

as in the work of Steinke and Kandlikar (2004).

3.5.1 Flow Measurement
After flowing through the test section, the liquid is collected in a graduated cylinder
(Figure 3.1) from one of the four selected channels, while the elapsed time is recorded.

This procedure is repeated for each of the four selected channels.

Before taking measurements, the calibration chart provided for the flow meters from the
manufacturers should be verified. To do so, water is used to verify the calibration charts.

If it shows good agreement for water, flow meters which are used for the air flow can be
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trusted to adequately measure the flow. After performing calibration for all flow meters,
the flow measurements in the 4 selected channels were taken. Before a desired flow
condition was set to take measurements, flow was run through the test section with a high
water flow rate in order to purge the air inside the channels. When the flow condition was
set, the system was operated for about 5 minutes prior to taking measurements in order to

have the flow as steady as possible.

A graduated cylinder was put under the metering container (Figure 3.1) to collect liquid
flow in the four selected channels. Flow measurement was taken separately for each of
the four selected channels, while the time was recorded simultaneously with a stop watch.
The recording time was from 2- 5 minutes depending on the flow rates. After recording
the flow rates for each of the 4 selected channels, the data was input into the computer

and a plot was constructed for flow distribution.

3.5.2 Flow Visualization

The images are taken from the central region of the test sections, as shown in Figure 3.4.
Since an image of all four selected channels does not provide a high enough resolution of
the flow patterns, images of channels 1 and 2 were taken separately from channel 3 and 4.
Flow patterns are analyzed for each of the four selected channels from these. images.
These flow patterns are then plotted for Vaﬁoué flow qualities (Eq. 3.2) in terms of a
fractional time function (f) which is defined as the number of flow patterns (&V;) divided

by the total number of observation (7) at a particular flow condition (Eq. 3.3).
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Before taking images, a trial was carried out in order to optimize image quality by
adjusting the light and the height of the camera from the region of interest. As mentioned
earlier, to improve the quality of the images, three sets of images were taken separately
for channels 1 and 2, channels 2 and 3, and channels 3 and 4. The zoom of the camera
was sét as close to the region of interest as possible, while uniform lighting in this region
was required. Images are captured at a rate of 30 frames per second. Image acquisition
was performed using LabVIEW™. The speed was also set to 1/10000 in order to freeze
the frame for analyzing flow ﬁatterns, as described in the following section. Based on
these flow patterns, flow configurations were plotted in terms of fractional time function

(Eq. 3.3).

3.5.3 Two-Phase Pressure Drop

Three sets of 400 data points were taken in two seconds to measure pressure drop for a
particular flow condition. The mean of these three measured sets was calculated for the
pressure drop of the test section, including the pressure loss from the tube connecting to
the test section inlet. The same procedure was then repeafed for the tube only. The
pressure drop for the test section is the differences of the means of the above pressure

drop measurements.
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The pressure drop measurements for test sections and for the tube were taken separately.
The tube should be set up carefully. The end of the tube should be mounted in the same
position as it is connected to the test section. The fitting should be connected to the tube
end and it should be firmly fixed when flow is run through. This prevents vibration and
shifting of the position. Préssure drop data of the six test sections are then taken
afterwards, whereas the pressure drop outputs of these two measurements are monitored

through an automatic data acquisition system using LabVIEW™,

3.6 Experimental Uncertainty

An uncertainty of less than 5 % is estimated for flow measurements, based on the
uncertainties in the measurement instrumentation, including the timer, flow meters, and
graduated cylinders. The uncertainty for flow measurement can be calculated by using

the Equation 3.4, where it is the sum of the uncertainties in the above instrumentation.

U:‘M:U;L+UT2'+U(2JC 34

The uncertainties in the flow meter (Ury) and in the graduated cylinder (Ugc) take into
account the accuracy and the reading uncertainty. For example, the accuracy of the flow
meter provided by the manufacturer is typically about + 2%. Uncertainty of reading the
scale is -estimated as the ratio of the half grade value and the maximum value, yielding
0.3 %. The stop watch is used for time recording. Hence, the uncertainty of the timer (Uy)

takes into account the uncertainty of time recording and the accuracy of the stop watch.
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The uncertainty of the time recording is estimated as the difference between the recorded
time and the appearing time when the time is stopped. The difference is considered very
small, less than 0.05% of error. The accuracy of the stop watch can be estimated as 1.5

second per day.

Surface roughness is not measured prior to sealing the channels. However, based on The
Machinery’s Hand Book, Oberg et al. (2000), the surface roughness is expected to be in
the range of 6.3 to 1.6 um. The lower range is expected due to the low feed rates used

when machining acrylic material.

Images are taken from the region of the test sections as shown in Figure 3.4. Since the
region where images are taken is about 2/3 of the channel length, the observed flow
patterns can be considered as dominant flow patterns in a whole length of channels. For
the pressure drop measurements, the estimated uncertainty is 0.45 kPa (0.065 psi), based

on instrument specifications.
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Chapter 4

Experimental Results and Discussion

4.1 Overview

In this chapter, experimental results are presented in terms of flow distribution, flow
visualization and two-phase pressure drop for six different configurations. Results of flow
distribution are generated by measuring liquid in the four selected channels for six test
sections. The results are then plotted and compared between the test sections. The results
of flow observation are presented in terms of flow patterns in the four selected channels.
The two-phase pressure drops of all test sections are measured and compared with each
other as well as with some widely used two-phase pressure drop models. The influence of
cross-links and tWo-phase flow characteristics in the array of parallel channels are then

discussed.

4.2 Two-Phase Flow Measurements

Two-phase flow measurements were carried out by monitoring the liquid flow from four
channels. Six cases (Table 4.1) were examined in the present work, based on the
simplified flow fnap presented by Hassan et al. (2005) (Figure 4.1), in three different
regions, namely bubbly, intermittent, and annular ﬂov&; regimes. The purpose of choosing
these cases is to cover a range of potential flow patterns and to compare flow

characteristics within the six test sections presented in this study.
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4.2.1 Flow Distribution Comparison

Figure 4.2 presents the mass flow rate percentage of the four selected channels. The mass
flow rate percentage (O) is the ratio of the measured flow in the four selected channels to
the total liquid flow rate, whereas the ideal mass flow rate percentage is the ratio of ideal
flow, assuming equally distributed flow in all channels. The results vary from 5% to 17%
of the total flow, compared to the ideél case of 8.8 %. Figures 4.3 and 4.4 present flow
distribution in terms of the total deviations percentage (W) in the four sélected channels
due to the effects of the number of cross-links and the cross links width, respectively. The
deviation percentage is defined as the absolute values of the difference in the measured to
the ideal flow rate with respect to the ideal flow rate. By definition, the flow distribution
would approach a uniform distribution throughout the channels if W moved toward zero.
The results show that W is very large and there is no discernible trends betweeﬁ the test
sections. The highest deviation that occurred for all test sections is for Case 4 (x=
0.0371), where the gas flow was significantly increased while the liquid flow remained
constant from Case 3 (Table 4.1). However, the results show lower deviations for the CR-
4, CR-6, CR-2A, and CR-2B test sections for Case 4, in which less than 390% of the
deviation for the CR-4, CR-6, CR-2A, and CR-2B test sections compared to over 450%

of the deviation in the STR and CR-2 test sections.

4.2.2 The Effects of Cross-Links on Flow Distribution

Figure 4.5 presents flow distribution in terms of deviation percentage (R), which is
defined in the previous paragraph, from Case 1 to Case 6. From Cases 1-4, high liquid

was observed in channels 1 and 4, which is likely accounted for by the two other
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channels, 2 and 3, having an opposing trend. Hence, channels 2 and 3 have lower liquid
flow in such cases. However, the results show that liquid flow increases in these channels
for the cross-linked test sections, compared to that for the straight test section. It is
interesting to note that liquid flow is significantly increased in channels 2 and 3 for the
CR-2A, CR-2B, and CR-6 test sections which considerably provide more space for flow
sharing along the cross-links. Cases 5 and 6 (Figurés 4.5 d and e) show that liquid flow
increases in channels 2 and 3, whereas it starts decreasing in channels 1 and 4 for all test
sections. It is possibly due to high gas and low liquid flows taken in these two cases
(Table 4.1) in which low liquid flow is preferably driven (by air) to channels closed to the
inlet. In these cases, the cross-linked test sections overall show better flow distribution
compared to the straight test section. These cases, however, contain high gas and low
liquid flows. Working under these flow conditions is not recommended if heat is applied

to the surface of the heat sinks because hotspots could occur.

Although the cross-link configurations studied in the current work did not significantly
improve the mal-distribution caused by the inlet configuration, the influence of cross-
links on the results of two-phase flow distribution is helpful in seeking promising designs
to overcome the entrance effects. As a result, it is proposed that the more cross-links
which are added to the channel core the better the flow communicated between channels.
The larger the width of cross-links, the larger the available space in which fluids can
communicate between channels. Moreover, the CR-2A test section which has two Cross-
links whose width is two-times larger the channel width, in overall, shows better flow

distribution in the four selected channels.

43



Ge

~ "]ouuRYyO Pajoalss anoj ul 9Fejuassod moyy oseyd om], 7'y 2InSig

o 20

4%

X ‘Aend)

GLo

10

G000

0

.

eepl — —

| YD —a—

Vi-dD) —v—
94D —m—
V-d) —e—
dD —o—

LS —«—

01
A

(%) O

145

0¢



Y,

"SYUI[-SSOJO JO I9qUINU JO }03]J9 91} 0} 9NP S)USWIDINSLIW MO[J 9seyd-0m], €'y 9InSig

(x) LipenQy
GZo ¢0 GL0 10 GO0 0




9%

YIPIM SYUI-SSOID 3Y) JO 10919 SY) 0] ONP SHUSUAINSLIW MO[J aseyd-om], ‘' oInSig

(%) Agrend
SZ'0 20 510 10 S00 0
- a YOO
<4—
|>?
dz-¥0 —o—
| VZ- 40 —v—
4D —e—
ULS —<—




100 v
—»— Casel-STR
80 —&— Casel-CR-2 +
—e— Casel-(_)R-4
60 , —#— Casel-CR-6 )
4 —4— Casel-CR-2A _
QY 40 —%— Casel-CR-2B 1
=4 20 J
0
20 )
40 R . R . L
1 2 3 4
4 Selected Channels
a) Case 1 (x = 0.0000348)
150
—»— Case3-STR
—¢— Case3-CR-2
100 —&— Case3-CR-4
E —®— Case3-CR-6
—&— Case3-CR-2A
S —v— Case3-CR-2B
~
0
-50 - .
1 2 3 4
4 Selected Channels
¢) Case 3 (x = 0.0032)
200
' —»— Case5-STR
—— Case5-CR-2
150 ~—@— Case5-CR4

—®#— Case5-CR-6
—a— Case5-CR-2A
—%— Case5-CR-2B

100

S
=4
50 3
1 X
0 V
) ' 2 ' s 2
4 Selected Channels

d) Case 5 (x =0.1311)

R (%)

R (%)

R (%)

100

—»— Case2-STR

80 —&— Case2-CR-2 /
y —e— Case2-CR-4 3
60} —®— Case2-CR-6 ]
—4— Case2-CR-2A
40 —9— Case2-CR-2B
20
0 P
-20
40 . . . " R
1 2 3 4
4 Selected Channels
b) Case 2 (x = 0.0016)
250 v ]
) —»— Cased4-STR
200 ~—&— Case4-CR-2
y —@— Cased-CR-4
150 —®— Case4-CR-6 3
—#— Case4-CR-2A
—%— Case4-CR-2B
100
50
0
-50 . . . =
1 2 3 4
4 Selected Channels
d) Case 4 (x = 0.0371)
250
—»— Case6-STR
200} ~—&— Case6-CR-2 .
—®— Case6-CR-4
150 —#—Case6-CR-6 ||
—4&— Case6-CR-2A
100 —%— Case6-CR-2B
50 1

2 3 4

4 Selected Channels

e) Case 6 (x = 0. 2454)

Figure 4.5. Flow Distribution in four selected channels for each studied cases.
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4.3 Two-Phase Flow Visualization

Experimental data for two-phase flow patterns in multiple channels in this work will
provide new data in this research field. The results also lead to further insight into the
effects of cross-links incorporated into the channel core as well as lead to better

understanding of two-phase flow distribution in parallel multi-channel systems.

4.3.1 Flow Pattern Determination

Three flow regimes, which are the dispersed flow regime, the intermittent flow regime,
and the annular flow regime, are observed in the present work and are discussed in the

following paragraphs.

Dispersed Flow Regime

The dispersed flow regime (Figure 4.6a) is defined as a combination of bubbly flow and
the dispersed bubble flow. It is seen for a high flow rate of liquid when small bubbles are
dispersed in turbulent liquid flow. The bubbly flow pattern is defined as gas phase
distributed as small bubbles through the turbulent liquid phase. Dispersed flow pattern is
observed when the flow rate of gas is increased. The bubbles start to decrease in size and

disperse into the liquid flow.

Intermittent Flow Regime
The intermittent flow regime (Figure 4.6b) is defined as a regime consisting of
discontinuous flow in the liquid and gas flows. In this regime, the plug flow, elongated

bubble flow, and interspersed bubble within elongated bubble flow are observed. Since
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the flow measurement was examined, plug flow can be qualitatively defined as small
plugs of bubbles, like bullets, flowing uniformly in the liquid flow. Elongated bubble
flow consists of long bubbles and some shorter bubbles interspersed between them,
whereas interspersed elongated bubble flow consists of tiny bubbles interspersed within

the elongated bubble flow. Both are however considered as the elongated bubble flow.

Annular Flow Regime

The annular flow regime (Figure 4.6¢) is defined as the separated flow of liquid and gas,
with a gas core flow in the middle of the channels and liquid flow along the walls. In this
flow regime, the top and the side annular flow are observed. The top annular flow pattern
is the annular flow in which the liquid is observed from the top of the test section,

whereas liquid is on the side walls of the channels defines the side annular flow pattern.

4.3.2 Discussion on Flow Visualization

This section will discuss two-phase flow observations in a multi-channel syétem by
comparing flow patterns observed in six test sections. Figure 4.7 shows different flow
patterns observed in multiple channels for a particular flow condition. .Figures 4.8 and 4.9
show samples of the dominant flow patterns that appeared in the selected channels for

Some cascs.

As discussed earlier, more liquid was collected in channels 2 and 3 for the CR-4, the CR-
6, the CR-2A, and the CR-2B test sections, than the STR and the CR-2 test sections. This

can be illustrated in Figure 4.8, which shows that the dominant flow pattern in channel 3
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is the elongated bubble flow for the STR and the CR-2 test sections, whereby plug flow
dominates in the same channel for the remaining test sections. On the other hand for
channel 4, elongated bubble and annular flow are observed for the CR-4, the CR-6, the
CR-2A, and the CR-2B tesbt sections, while the plug flow was observed in this channel for
the STR and the CR-2 test sections (Figure 4.9). Hence, less liquid was collected in
channel 4 from the CR-4, the CR-6, the CR-2A, and the CR-2B test sections than that
from the STR and the CR-2 test sections. Such results also lead to different flow
deviations for all test sections, as discussed in the earlier section (4.2.1), when the cross-

links are incorporated in the channel core.

4.3.2 The Effects of Cross-Links on Flow Visualization

The effect of cross-links on flow characteristics can be seen in Figure 4.10, which shows
flow communicating between channels through the cross-links. The cross-links can be
considered as outlet headers, where the exit flow in channels can be freely expanded.
Hence, flow may be shared with neighboring channels. It was observed that bubbles got
trapped between two channels which have similar strength of flow field. It was observed
that bubbles got trapped between two channels which have similar strength of flow field.
They were observed circulating in between channels, espgcially between two high flow

channels.
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Bubble flow pattern (x=0.0000348) Dispersed flow pattern (x=0.0016)

a) Dispersed flow regime.

Elongated bubble flow pattern  Interspersed bubbles within elongated
(x=0.0032) " bubble flow pattern (x = 0.0032)
b) Intermittent flow regime.

Annular flow pattern (x =0.0371) Annular flow pattern (x = 0.1311)
(Liquid from the top- wall) (Liquid from the side-walls)

c) Annular flow regime.

Figure 4.6. Samples of flow patterns
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For the CR-2 test section, these observed bubbles have almost the same size as the size of
the cross links (Figure 4.10a), this results in less liquid sharing between channel flow
paths. There will be more space fot flow communication as the width of cross-links is
increased (Figures 4.10b, and 4.10c). As a result, more liquid is transferred to some
channels such as channels 2 and 3 from the CR-2A and CR-2B test sections than the
remaining test sections (Figure 4.5). However, bigger bubbles were observed to be
trapped between channels which have similar high flow, and more of that is observed
from the CR-2B test section (Figure 4.10c). This leads to more liquid collected in
channels 2 and 3 from the CR-2A than CR-2B test sections in some particular cases. It
can be proposed that increasing the width of cross-links would give more benefit to flow
sharing than increasing the number of cross-links, which have the same width as the
channel width. However, too large a width of the cross-links might not be effective, as in

the case of the CR-2B test section.

- 4.3.3 Flow Pattern Comparison in terms of Fractional Time Function

Flow distribution can be better understood when discussing flow patterns in terms of
fractional time function. Based on the observed dominant flow patterns, the fractional
time functions were constructed for Cases 1-4 as shown in Figure 4.11. Cases 5-6 are not
presented because of the difficulty in distihguishing the gas flow and the annular flow
patterns at these high flow qualities. High liquid flow, which was measured in channels 1
and 4, can be explained based on observed flow patterns. Figures 4.11c and 4.11d show
that no annular flow regime was observed in channels 1 and 4 at Case 3 (x = 0.0032), and

no intermittent flow patterns were observed in channels 2 and 3 at Case 4 (x = 0.0371),
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the highest deviation case. It was noted that there was no bubbly flow observed in four
selected channels for these cases. Intermittent flows are lower quality flow patterns than
annular flow, and hence more liquid passes when they are present compared to when
there is annular flow. It is also seen that more intermittent and less annular flows are
observed in channels 2 and 3 from the cross-linked test sections compared to those in the
straight test section. As a result, more liquid was collected in these channels from the |

cross-linked test sections.

4.3.4 Flow Pattern Analysis

Two-phase flow patterns can also be analyzed based on the effects of surface ténsion and
inertia (Hassan et al. 2005). Based on this, the results in channels 1 and 4 for Case 2, 3,
and 4 are then due to the effects of surface tension in which the plug and elongated
bubbles dominate. Whereas, thé results in channels 2 and 3 are due to effects of both
inertia and surface tension for the same cases, in which elongated and annular flow
dominate. Moreover, the results in channels 1 and 4 are due to the effects of inertia for
Case 1, whereas the results in channels 2 and 3 are due to the effects of surface tension.
Combining the results from flow distribution and flow visualization, the air superficial
velocity at the inlet of the four selected channels can be estimated based on thé flow

patterns and the ratio of gas inertia to liquid inertia (slip ratio, see Eq. 4.2).

s=Je | (4.2)
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Neglecting the viscosity along the channel walls, the superficial velocity of the water can
be calculated from flow distribution, whereas the superficial velocity of the gas can be
~ estimated based on flow patterns appearing in the channels. For example, annular or
dispersed flow patterns are due to the effects of inertia, hence the slip ratio can be
estimated to be greater than or less than one, respectively. On the other hand, plug or
elongated bubble flow patterns will have a slip ratio of approximately one, due to the
effects of surface tension. However, how close the slip ratio is to one depends on the
specific characteristics of the intermittent flow patterns; for example, the elongated
bubble flow pattern will have a slip ratio closer to one than the plug flow pattern.
Considering this approach, it is conjectured that liquid and gas flows should be present in
Case 1 and Case 4 respectively. Figure 4.12 presents the measured superficial velocity of
liquid in the four selected channels and the ideal superficial velocity of gas, assuming
equally distributed gas flow in all channels. Considering Case 1 in this figure, the ideal
gas superficial velocity 1s very low compared to the liquid superficial velocity for
channels 2 and 3. As plug flow dominates in these channels, which is a surface tension
effect, the gas sﬁperﬁcial velocity in these channels is expected to approach the liquid
superficial velocity. This, in turn, will produce a gas superficial velocity in other channels
close to zero, due to mass conservation and consequently should produce instances of all
liquid flow. Conversely, the same argument may be used for the existence of all gas flow
during Case 4. The all liquid or gas flow patterns were not observed in the selected
channels, nor in the other 41 channels over the 30 frames captured at a given time instant.
They are therefore expected to occur at different time instances. These occurrences,

however, are not expected to influence the dominant flow patterns determined due to the
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similarity in characteristics bétween symmetry channels (e.g. channels 1 and 4) and the

similarity between test sections, all of which are taken at different time.

4.3.5 Comparison Flow Patterns to Single Channel Flow Map

“ Since there are no appropriate flow maps constructed for multi-channel configurations,
dominant flow patterns are compared to flow pattern for single channels. Figure 4.13
presents the flow regime in terms of the fractional time function for the six test sections,
assuming the four selected channels represent the entire test section. The fractional time

. from these figures is calculated by dividing the number of observations of flow

configurations by 120 (30 images x 4 channels). If the fractional time is equal to 1 at a

particular flow condition, it is assumed that the flow is distributed uniformly throughout

the channels. Figure 4.13b shows that the intermittent flow regime for all test sections
dominates in Case 2 (x = 0.0016) and in Case 3 (x = 0.0032). In these cases, the cross-

linked test sections have a higher number of occurrences for this flow regime, from 70%

to 90% compared to 65% to 80% of such observations for the straight design. For other

flow regimes, there were less than 50% of bubbly flow and over 58% of annular flow

observatioﬁs for all test secﬁon at Case 1(x = 0.0000348) and Case 4 (x = 0.0371),

respectively (Figure 4.13a and c). Both flow regimes, dispersed and intermittent, are

therefore considered as dominant flow regimes in Case 1, whereas intermittent and

annular are dominant flow regimes in Case 4.
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Figure 4.11. Flow patterns plotted in terms of fractional time function.
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Three single flow maps, one of Coleman and Garimella (1999) and two of Triplett et al.
(1999) with comparable hydraulic diameters to the present study, are considered as
typical single channel flow maps to be compared with dominant flow patterns observed
in the above four cases. Figures 4.14a - ¢ show the locations of the examined cases in
these single channel flow maps. From these figures, the results show good agreement in
Case 2 and 3 with the above three flow maps. Also note that the slug flow pattern,
defined in the work of Triplett et al. (1999), are similar to plug and elongated bubble flow
patterns defined in the present work. In addition, dominant flow patterns for Case 4
compare favorably with those in the flow maps of Triplett et al. (1999). This implies that-
a single channel flow pattern map, such as the ones of Triplett et al. (1999), may be a
practical guide for multi-channel arrangements at some particular flow conditions, such

as in Cases 2, 3, and 4 in this work.

Adapting the single channel flow pattern map of Triplett et al. (1999), a flow pattern map
was sketched (Figure 4.15) to predict the dominant flow patterns which would occur for
two-phase flow in the present multi-channel systems. It is probable that the four selected
channels in the present work might represent the entire test section, and single flow maps
such as the ones of Triplett et al. (1999) may be used as a predictive tool for dominant
flow patterns when investigating two-phase flow pattérns in mulﬁple channels. However,
more data should be gathered to determine whether or not this is a proper assumption for

other flow regimes and to ascertain where transitions occur.
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4.4 Pressure Drop

4.4.1 Overview

In this study, pressure drop is measured and compared for six test sections in order to
acquire further insight into the effects of cross-links. Single-phase frictional pressure drop
is also measured to calibrate the system before acquiring data for two-phase pressure
drop. The single-phase pressure drop is measured with the same method as the two-phase
pressure drop measurements. Figﬁre 4.16 shows the sample of the frictional pressure drop
for single phase. From this figure, the results of the pressure drop for the STR test section

are compared with the theoretical results (obtained from Eq. 4.1) which conventionally

accounts for laminar flow (f = 56.916/Re) and turbulent flow (f =0.3164Re %,

Blasisus correlation).

(4.1)

The results are satisfactory, whereas the average deviation is 19%. The pressure drop is
observed to vary significantly from the cross-linked test section, when the Reynolds
number is increased. The pressure drop increases with an increasing number of cross-
links as well as with an increasing width of cross-links. As a result, the CR-2B and CR-6
test sections have the highest pressure drop. This result is possibly due to the pressure
drop for the re-developing flow in the test sections which incorporate cross-links,

whereas fully-developed flow is assumed throughout the straight test section. The results
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of single-phase pressure drop therefore verify the method for two-phase pressure

measurements.

4.4.2 Two-Phase Pressure Drop Comparison between Test Sections

The two-phase pressure drop, accounting for the pressure loss from the inlet tube which
causes fluctuations in two-phase pressure drop measurement (Figure 4.17), is presented
in terms of mean values as shown in Figure 4.18. Figure 4.18 presents the effect of the
number of the cross-links on the pressure drop, whereas the effect of the cross-links
width is presented in Figure 4.19. From these figures, the trend of two-phase pressure
drop is not discernible for 22 pressure drop measurements, including the six cases studied
(Figure 4.1). The trend varies irregularly, from one test section to the other, within 0 to 3
psi. The two-phase pressure drop was compared between the test sections in terms of the
average deviation percentage. The average deviation percentage is defined as the average
value of deviations, accounting for all studied cases. The deviation is the difference of
values of two-phase pressure drop from two test sections for a particular case. Compared .
to the straight test section, the average deviations are 41 %, 45%, 65 %, 24%, and 49 %
for CR-2, CR-4, CR-6, CR-2A, and CR-2B, respectively. The lowest average deviation is
for the CR-2A test section. In addition, the CR-2A test seétion 1s considered as a better
design in terms of flow distribution due to the effectiveness of flow sharing from high
flow channels to low flow channels, as discussed earlier. Hence, this design can be
considered as an approach design for further investigation into the effects of cross-links.

For example, it would be possible to change the position of the cross-links or to incline
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the cross-links with respect to the channel core, while maintaining the same width of the

cross-links.

4.4.2 Two-Phase Pressure Drop Comparison with Models

Since there is no appropriate experimental work to be compared with, the present data of
two-phase pressure drop of the straight test section is compared with those calculated
from the homogeneous model, the Friedel (1979) model, and the Chisholm (1967) model,
as seen in Figure 4.20. The average deviation percentages of the pressure drop of the
straight test section and the models of homogeneous, the Friedel (1979), and the
Chisholm (1967) are observed as 436.18%, 100.7%, and 600.36%, respectively. The
homogeneous model and the Chisholm model under-predict the present data for the
whole studied range in the present work. The Friedel model under-predicts for the quality
range from Case 1 to Case 2, which are in a very low range of quality. In these cases, the
bubbly and the plug flows are expected to be minor and major flow patterns, respectively.
However, the Friedel model fairly predicts fhe present data in the range from the point
located just below Case 2 to the point which is identical to Case 6 (Figure 4.1). This
studied range covers flow patterns such as plug, elongated bubble, and annular, as
“discussed earlier. For this range, the average deviation of the present data is observed as
29.25% compared to the Friedel model, whereas an average deviation of 432.43% and
685.18% is observed, when compared to the homogeneous model and the Chisholm

(1967) model, respectively.
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4.5 Summary

The results of two-phase flow distribution and visualization for six test configurations are
presented in this chapter. One is a straight standard microchannel heat sink, whereas five
others include cross connections between the channels. The results show that six test
sections exhibited non-uniform flow distribution. However, the introduction of cross-

links to the channel core significantly influences flow distribution in multiple channels.

The influence of cross-link conﬁgurations improves flow distribution compared to the
standard straight cﬁannel configuration. This is due to flow sharing along the cross-links.
The six cross-linked (CR-6), the two-time larger cross-linked (CR-2A), and the three-
time larger cross-linked (CR-2B) test sections produced better results due to more paths
énd larger available space for flow in communication. Moreover, the CR-2A test section -
is considered as an appropriate design for flow efficiently communicating through cross-

links.

The dispersed, intermittent (plug, elongated bubble flows), and annular flow regimes
were all observed in six test sections. More instances of intermittent flow patterns are
observed in the cross-linked test séctions, whereby about 90% of intermittent flow
patterns were observed in the two-time and three-time larger cross-linked test sections.
The dominant flow patterns in an array of parallel channéls in this study can be compared
with flow patterns from single channel flow pattern maps, which may be a practical guide
for two phase flow in an array of parallel channels. Also, four selected channels, which

are approximately 1/10 of the total channels evenly spaced, might represent the entire test
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~ section, and so a dominant flow pattern map for a multi-channel configuration can be
compiled. More data, however, should be studied to determine the limits of these

assumptions.

The two-phase pressure drop for the cross-linked test sections deviate irregularly when
compared with that for the straight test section. However, the lowest average deviation is
observed from the two-time larger cross-linked test section (CR-2A). The pressure drop
modd of Friedel (1976) fairly predicts the present data from the straight test section
(STR) 1n a range that covers plug, elongated bubble, and annular flow patterns, whereas
the homogeneous and the Chisholm (1967) models under- predict for the whole studied

range.
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Chapter S

Numerical Investigation

5.1 Motivation

This chapter presents a numerical study that investigates the effects of cross-links in
scaled microchannel heat sinks. The results were compared with experimental data
obtained from the experiments presented in the previous chapter. The experimental
resulté showed that there was a significant impact on flow distribution due to the effect of
cross-links incorporated in the channel core. However, additional investigations of the
effects of cross-links should be carried out since their impact cannot overcome the mal-
distribution due to the entrance effect. There are several approaches suggested, based on
the experience gained from the experimental work. For example, an increased number of
cross-links, with two- times larger width of channel width, should be incorporated. As
well, inclined angles between cross-links and channels should be studied. These
approaches are suggested based on the fact that flow could be easily shared along bthe
cross-links from high flow channels to low flow channels. However, experimentally
investigating these approaches could be an expensive endeavor, so a numerical study is .a

practical approach for seeking the optimal designs.

5.2 Numerical Simulation

Three dimensional simulation of two-phase flow in multiple channels is not an easy task

at this time. It should be expected that some challenges would be encountered. Therefore,
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computational domains, test models, and simulation methods were carefully considered

in order to study the effects of cross-links in parallel multi- channel heat sinks.

5.2.1 Test Models and Proposed Design

From the experimental results, the CR-2A test section was considered as an appropriate
design for flow communication between channels through the cross-links. To understand
more the effects of cross-links from this design, a model, having the same geometry of
the CR-2A test section, was simulated in this numerical work. In addition, models of the
STR and the CR-2 test sections were also simulated for comparison. The computational
domain is shown in Figure 5.1. The origin is located at the center of the bottom surface of
the inlet hole. The computational results of three models are validated by comparing them
with those from experimental data. Such results then lead to the proposal of a new design,
which was also simulated and shown in Figure 5.2. The difference between the proposed
design and the test models is the geometry of cross-links which are inclined to the

channels.

5.2;2 3D Two-Phase Simulation Model

The commercial CFD code, Fluent 6.3, is used to simulate the 3D two-phase flow for the
same range of experimental flow conditions (see Table 5.1), except Cases 5 and 6 due to
the insufﬁcient.memory of available computer resources. For the three dimensional two-
phase flow models, there are several available models in Fluent, models such as Volume
of Fluid (VOF), discrete phase, mixture, and Eulerian. However, each model can be used

depending on particular interest of researchers.
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For example, the VOF, free surface flow model, is used most often to simulate two-phase
flow pattern. However, this model cannot allow two-phase flow to be interpenetrating. It
1s therefore used for particular flow patterns, for example, plug, bubble flow, without

dispersed phases.

The mixture model is a simplified multiphase flow model, and it is less computationally
expensive. It allows phases to interpenetrate and to move with different velocities. It is
also used as a homogeneous two-phase model when phases move at the same velocity.
The volume fractions of phases can vary from 0 to 1 for a control volume. The mixture
model is therefore used as a suitable two-phase model to seek appropriate designs for
microchannel heat sinks in terms of flow distribution. The governing equations of the

mixture formulations on multi-phase flow can be expressed as following.

Cbntinuity equation
0 - y '
E(Pm)JfV'(Pm"m):M 5.1

N
where, the mass average velocity, v, is:

Zﬁkpki;k .
v o= (m/s) : . 5.1.1

m
m

and, M is mass transfer due to cavitation (kg/s)

and, g, is volume fraction of phase k

81



Momentum equation

f;(p,.mm(mmvm) = VP4V -[u, (V¥, + VL) +

. 5.2
Pu€+F+V- (Zﬂkpki;dk,kﬁdk,k)
k=1
where, the drift velocity for secondary phase k, v, is:
Vi =V =V, 5.2.1
and, the dynamic viscosity of the mixture, 4, , is:
u, = Zﬂk,uk (N.s/m?) 522
k=1 .
and, the mixture density, p,, , 1s:
P = . Bupy (kg/m) 523
k=1
Volume fraction equation
d R ~ .
”a‘t’(ﬂkpk)‘*‘v'(ﬁkpkvm):’V'(ﬂkpkvdk,k) 5.3

Assumptions
The twd-phase flow is considered as incompreséible for a studied flow range. The steady
state is also assumed in this study, while the standard k-¢ turbﬁlent model is taken into
account. The cavitation model is not considered in this study. Moreover, since the
hydraulic diameter of the channel is small, the effect of gravity can be neglected. The

governing equations can be rewritten as following.
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Continuity equation
V.-v,)=0 54
Momentum equation

V- (PuFnP) = ~VP+V 11, (V5,, + VFL)]+

- " L 55
F+V- (Z BiPi¥as sV aick)
k=1
Volume fraction equation
V'(i;m)z_v'(i;dk,k) 5.6

Inlet and Outlet Boundary Conditions

For the inlet boundary condition, the two-phase flow mixture is assumed as homogeneous
flow. Moreover, the above assumptions lead to detérmirﬁng the volume fraction and the
mixture velocity for the inlet flow boundary condition from the Equations 5.7 and 5.8.
From the Equation 5.7, the volume fraction is determined as same as the volume quality,
which is the ratio of the volume flow rates of a gas and a mixture. They are therefore
considered as the same based on the assumptions stated in this study. The boundary

conditions at the channel outlets are set as a pressure outlet, with absolute gauge pressure.

ﬂc =_Q_g_ ’ 5.7
Q.

. _Jg

Im T 5.8
Be .
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5.3 Results and Discussion

5.3.1 Mesh Independence

Mesh independence is studied for the STR model, using four mesh types, namely coarse
ﬁlesh, base mesh, fine mesh and finer mesh (Table 5.2). A structured mesh is used for the
header, the channels and the cross-links, while an unstructured mesh is used for the inlet
tube, as illustrated in Figure 5.3. The V- velocity profiles along a line in the header and at
the channel outlets are tested for mesh independence, as shown in Figure 5.4. The results,
from Figures 5.4 and 5.5, show that almost the same velocity profiles are observed when
using the fine and the finer mesh types. Moreover, using these mesh types, the V-velocity
profiles at the comer of the header are reasonable. The flow gradually reduces near the
end wall of the header and ends up at zero velocity when they reach the wall. This cannot
be seen when using the coarse and the base mesh types since the grid size from these
meshes is too large. It is interesting to note that the finer mesh has almost double the
number of cells as the fine mesh system. To conserve computational time, the fine mesh
was used. This selected mesh type was also used in the remaining cases. The results

converge in a range of 3500 to 4500 iterations with 10°® residuals.

5.3.2 Validation

To validate the CFD results, the mass flow rates of water in four channels, 1, 2, 3, and 4,
corresponding to the 1%, the 15™, the 30™, and the 45™ channels of the 45 channels

(Figure 5.2), are compared with experimental data, as shown in Figures 5.6, 5.7, and 5.8.
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Header Inlet hole

(Structured mesh) (unstructured mesh)
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nYABY
e
R
Channels
(Structured mesh)
a) Mesh for header and channels
Channels
(Structured mesh)
T i At : Cross-link
sitat 2 R (Structured mesh)
H EeEa: HEEH

b) Mesh for channels and cross-links

Figure 5.3. Sample of chosen mesh.
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The results show that both numerical and experimental data have the same trend of flow
distribution in the four selected channels. The results, however, show that the CFD
models under-predict the expeﬁmeﬁtal data for all cases. The flow distribution is fairly
symmetrical from the CFD results, whereas it is not from the experimental results.
Differences between numerical and experimental data are less for channels 1 and 2, when

compared to those for channels 3 and 4. Differences exist because of the CFD assumption

but also due to the experimental uncertainty.

5.3.3 Flow Distribution

The CFD study enables us to easily gain further insight into flow distribution throughout
the entire 45 channels, whereas it is difficult with experimentation. Figures 5.9 to 5.12
present the flow distribution comparison between the test models at the channel outlets,
from Case 1 to Case 4. The results of flow distribution show that high flow occurs at
some central chanhcls and some outermost channels for all test models. The results show
almost symmetrical flow distribution throughout 45 channels for all test models. For
simplification, a flow distribution profile can be divided into three regions with respect to
bthe ideal flow distribution. The highest flow region is from the 21* to 23" channels, the
high flow region is from the 1% to 9™ channels, and the low flow region is from the 10" to
20™ channels (Figure 5.2). These flow regions are considered to be the same as flow
distribution in the other side (24™ to 45" channels), assuming symmetrical flow
distribution as discussed earlier. In the low flow region, mass flow rate is observed lower
than ideal mass flow rate for all test models. However, the deviation between the

measured flow rate and the ideal flow rate tends to decrease close to the ideal line, when
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the cross-links are incorporated. It is also observed in the same results from other flow
regions. Figure 5.13 presents comparisons of flow distribution between test models in

terms of the standard deviation calculated from Equation 5.6.

. 1 N - '
STDEV = |—— x, —x)* 5.6
S -

The results show that the standard deviation decreases from Case 1 to Case 3, but it starts
to increase at Case 4 for all tesf models. The lowest standard deviation was observed at
Case 3. It is good to note that intermittent flow patterns (plug and elongated bubble flow
patterns) are experimentally observed as dominant flow patterns in the straight and the
cross-linked models in this case. However, more data between these studied cases shouid
be investigated to see what flow conditions will result in uniform flow distribution.
C'o.mpared to the standard straight model (STR), the cross-linked and the proposed
models have lower standard deviations in which the standard deviations are improved up
to 25%, 40%, and 55% for the CR-2, the CR-2A, and the proposed models, respectively,

* in the flow range studied.

5.3.4 Velocity Flow Field |

The header plays an important role in the flow distribution for an array of parallel
multiple channels. To understand the physical flow behavior inside the header, Figure
5.14 presents velocity fields of two-phase flow near the inlet tube of the header (Figure

5.14a), and at the corner end of the header (Figure 5.14b).
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From these figures, circulation regions are observed at the comers of the header due to
flow impinging on the walls of the header. It is also observed that circulation regions
occurred at the inlet of channels. Small circulations are observed at the high and highest
flow regions, whereas larger circulations are observed in the low flow region (Figure
5.2). Less flow will enter the channels where large circulations are present. Circulations
at the channel inlet are possibly due to the cross flow effects, such as a high momentum
cross flow passing by the cavity which in this case is the entrance of channels, as seen in
Figure 5.14 c. No cross flow is observed at the inlet of the central channel which is in line
with the flow inlet. As a result, the highest flow is observed in the central channel for all
studied cases. It is suggested that rounding the inlets of channels will lessen the cross

flow effect at the channel inlets.

Introducing cross-links into the channel core allows flow sharing from high flow
channels to low flow channels. This can be seen in Figure 5.15, which presents the
velocity field at cross-links of Case 1. The two-phase mixture velocities show that they
traverse from high flow channels to low flow channels along the cross-links, as supported
by the images shown in Figure 5.15a. Although the bubbles cannot be seen in the CFD
results, it can be shown that the circulation is present in the cross-links and the channels.
It is observed that the larger cross-links permit more flow sharing compared to smaller
cross-links as seen in Figure 5.15 a and b. The cross-links are considered as additional
inlets and exits along channels. Circulations are also observed in the cross-links between
channels as well as> in fhe channels, after flow goes through the cross-links. This prevents

parts of flow sharing among channels through the cross-links. Figure 5.15 b also presents
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the volume fraction of air in the channels. This figure shows that some regions having
high volume fraction of air among the channels and the cross-links, for example a value
of 0.032 can mean the possibility of bubbles. Figure 5.16 shows more two-phase flow
sharing between channels due to less circulation observed in the inclined cross-links. As a
result, the proposed design improves flow sharing from high flow channels to low flow

channels.

5.3.5 Effects of Cross-links on Flow Profile

The effect of the cross-links on flow distribution will be more understood from flow
analysis through the Figures 5.17 to 5.19, which present the V-velocity distribution along
the center lines of the 1%, 15" and 23™ channels at Case 1. From these figures, two-flow
velocity is disturbed at the entrance of channels, especially from the 15" channel due to
the effect of cross flow (Figure 5.14). Two-phase flow then enters the channels and
develops along the channel. Fully developed flow is observed in the STR model results,
Wheree;.s it is developing in the CR-2, the CR-2A, and in the proposed design results.
Two-phase flow velocities are disturbed (as observed from the entrances bof channels)
when flow goes through the cross-links. This is due to cross flow sharing between
channels along the cross-links. The velocity profiles can explain how flow distribution
improves due to the effects of cross-links. Figure 5.17 shows that high velocity is
observed at the exit of the 1** channel for the CR-2 and the CR-2A models, but low
velocity is observed from the proposed design, when compared with the straight model.
The straight cross-links cannot be effective in this channel, whereas the inclined cross-

links can be. A difference of approximately 2.1% and -1.2% in velocity for the two cross-
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linked model and for the proposed design respectively, compared to the straight model
was found. The improvement is ob;erved in the 15™ channel. The V- velocity increases
38.4 % for the proposed model compared to that for the STR model, whereas 13.6 % and
30.8 % of that results observed for the CR-2 and the CR-2A models respectively (Figure
5.18). The improvement is also observed in the 23™ channel, where the V- velocity in this
channel decreases 24.4 % for the proposed model and 12.6 % and 19.3 % for the CR-2
and the CR-2A models respectﬁely (Figure 5.19). The pressure distribution along the
center of the 23™ channel is also presented in Figure 5.20. This figure shows that pressure
jumps up and down when the flow traverses the ‘cross-links. This result is due to flow
sharing along cross-links, as discussed earlier. However, the pressure drop along this
channel with respect to the outlet is lower for the cross-linked models compared to the
straight model, whereas the proposed model produces the lowest pressure drop. The
results overall show how flow distribution can be improved due to the effects of cross-
links and the inclined cross-link geometry is most effective to a}low flow sharing easily

among channels.

5.3.3 Two-Phase Pressure Drop

The two-phase pressure drop is calculated using the surface weight average from the
bottom surface of the inlet hole (Figure 5.2). The results are compared for all test models
as shown in Figure 5.21. The results; show that no significant differences ére observed
between the test models. The average deviation percentage is presented to compare the
two-phase pressure drop results. It is defined as the average of the two-phase pressure

drop deviations, accounted for in all cases studied. The deviation is the différence of the
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two-phase pressure drop between two test models. The pressure drop average deviation
for the CR-2 and the CR-2A are 0.5% and 1.2% higher when compared with the STR
models respectively. Whereas, the proposed design has a 0.48% lower pressure drop

average deviation than the STR.

Figure. 5.22 presents a comparison with the experimental pressure drop results. CFD
results over-predict the experimental pressure drop at Case 1, and under-predict Cases 2 -
4 for all three test model. The average deviations are 65.3%, 60.9%, and 42.3% compared
to the experimental results for the STR, the CR-2, and the CR-2A models, respectively.
There is a low deviation from Case 2 to Case 4, of 39.9%, 46 %, and 19.5% as average
deviation for the STR, CR-2, and CR-2A, respectively. As a result, the numerical results
can fairly predict the experimental pressure drop for the CR-2A model from Cases 2 to

Cased.

The pressure drop of the STR model is compared to those obtained from three widely
used two-phase pressure drop models. Figure 5.23 presents the comparison of the présent
data to the two-phase pressure drop models, the homogeneous model, the Friedel (1979)
model and the Chisholm (1967) model. The results show that the 'average deviation
percentages from the present data to the three models are 317.74%, 166.67 %, and
- 441.58%, respectively. Similar to the results compared with experimental results, the
present data over-predicts tWo-phase pressure drop from the three above models in Case
1. It is interesting to note that the present data fairly predicts the Friedel model from

Case 2 to-Case 4. In these cases, the average deviations from the present data are
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observed as 28.7%, 198.6%, and 350.5% compared to the Friedel, the homogeneous and
the Chisholm models, respectively. In this flow range, the Friedel model fairly predicts
the experimental data. However, more data should be numerically investigated to verify

this agreement.
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ii)

Central Channel
a) Samples of flow interaction- i) CR-2; ii) CR-2A, from experiment

(Direction of flow is from top to bottom)
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b) Samples of mixture velocity along the cross-links,
for Case 1 (B = 0.0286).

Figure 5.15. Sample of flow sharing along cross-links.
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Central Channel (Proposed Design)

b) 3.008-02

Central Channel (Proposed Design)

Figure 5.16. Samples of flow sharing along cross-links for the proposed design, images
taken from Case 1 (§ = 0.0286).
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5.3 Summary

Two-phase flow in the cross-linked microchannel heat sinks was numerically studied
under adiabatic flow conditions. The mixture and the standard k-¢ turbulent flow models
were used to simulate the three dimensional two-phase flow in three test geometries,
namely the STR, the CR-2, and the CR-2A. Mesh independence was accounted for, and
the fine structure mesh was chosen for the two-phase simulation. The results of flow
distribution were validated with experimental results, and the same trend of flow

distribution was observed between experimental and numerical results.

A new design was proposed and simulated with the three test models in this numerical
study. The results showed that the proposed design improves two-phase flow distribution,
up to 55% compared to the standard straight channel model. There are no significant
differences between the test models when they were compared for two-phase pressure
drop. The CR-2 and the CR-2A test models produced slightly higher pressure drop

compared to the STR test model, whereas the lowest case is from the proposed design.

The numerical twd-phase pressure dfop over-predicts the experimental results for Case 1.
However, the results from the CR-2A test model fairly predict the experimental results of
Case 2 and Case 4. Compared to two-phase pressure drop models, the Friedel model
fairly pfedicts the numerical pressure drop for the STR test model from Case 2 to Casce 4,
while the homogeneous model and the Chisholm model, under-predict the present data

for all studied cases.
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Chapter 6

Conclusions and Future Work

6.1 Conclusion

In this study, the effects of cross-links in scaled microchannel heat sinks were
experimentally and numerically investigated under adiabatic two-phase flow. The results
provide new data for the research of two-phase flow characteristics in multiple parallel
channels. Six different configurations were investigated experimentally. One is the
standard straight configuration, whereas the remaining five test sections incorporate the
cross-links into the channel core. Three of these were modeled and simulated through
CFD, using Fluent 6.3. The numerical results were validated by comparing them with

experimental data, and a new cross-linked configuration was proposed.

The experimental results show that six test sections exhibited non-uniform flow
distribution. However, the introduction of cross-links to the channel core significantly
influences flow distribution in multiple channels due to flow sharing through the cross-
links. It is proposed that a higher number of cross-links and a larger width of cross-link
will provide more paths and a larger space for fluid sharing between channels. Moreover,

a cross-link whose width is two-times larger than the channel width is preferable for flow

efficiently sharing through the cross-links.
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The dispersed, intermittent (plug, elongated bubble flows), and annular flow regimes
were all observed in six test sections. More instances of intermittent flow patterns are
observed in the cross-linked test sections. Such observations in the cross-linked test
sections occur from 70% to 90 %, compared to 65% to 80% in the straight design.
Intermittent flow patterns were observed to occur about 90% in the two-time and three-
time larger cross-linked test sections. The dominant flow patterns in the present study are
comparable with flow patterns from single channel flow pattern maps. Hence, dominant
flow patterns in four selected channels, which are approximately 1/10 of the total
channels evenly spaced, might represent the entire test section. This allows a dominant
flow pattern map for multi-channel configuration to be compiled. More data, however,

should be studied to determine the limits of these assumptions.

The single-phase pressure drop was measured to calibrate the system. The frictional
pressure drop results in the standard straight test section show good agreement with the
theoretical results. The results for the cross-linked test section increased with increasing
flow rate due to re-developed flow caused by the cross-links. Unlike single-phase
pressure drop, the two-phase pressure drop from the cross-linked test sections deviates
irregularly from the straight test section. The lowest average deviation is from the two-
time larger cross-linked test section (CR-2A). The pressure drop model of Friedel (1976)
fairly predicts the present data from the straight test section (STR) in a range that covers
plug, elongated bubble, and annular flow patterns, whereas the homogeneous and the

Chisholm models under- predict the pressure drop for the whole studied range.
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The numerical work attempts, in this study, to géin further insight into the effects of
cross-links in scaled microchannel heat sinks. The results are validated with experimental
data and they both show the same trend of two-phase flow distribution. A new
configuration of cross-linked design was proposed, and the results of flow distribution
from this new design shows significant improvement, up to 55%, compared to the

standard straight channel model.

Numerical results of two-phase pressure drop show no significant differences between
the test models. The CR-2 and the CR—ZA test models produce a slightly higher pressure
drop compared to the STR test model, and the lowest is from the proposed design.
Compared to experimental data, it over-predicts at Case 1 for all test models. However,
the results from the CR-2A fairly predict the experimental data from Case 2 to Case 4.
The results from the straight test models were compared to two-phase pressure drop
models. The Friedel model fairly predicts from Case 2 to Case 4, while the homogeneous

model and the Chisholm model under-predict the pressure drop for all studied cases.

Although the accuracy of the simulation of 3D two-phase flow using the CFD code,
Fluent 6.3, requires further investigations, the results from fhe present work provide
significant data for seeking appropriate designs of parallel multi-channel heat sinks in

terms of flow distribution.

117



6.2 Future Work

The results from the study on two-phase flow in the cross-liked microchannel heat sinks
provide new data in the research field of two-phase flow characteristics in multiple
channels. However, more studies should be further investigated to seek appropriate
designs for microchannel heat sinks, to construct a flow pattern map for multiple

channels, and to correlate two-phase pressure drop, based on flow patterns.

In terms of multiple channel flow pattern maps and two-phase pressure drop models,
further experimental investigations in the existing test sections should be carried out for a
wide range of flow conditions. Pressure drop measurements should be recorded from
inside the test section, using pressure taps to avoid high oscillations occurring from the
inlet tube which connects a two-phase flow mixer with the test section. More pressure
drop models, such as models based flow patterns, if available, should be studied, and the

effects of acceleration and wall friction should also be taken into account.

In terms of flow distribution, numerical studies are recommended before proceeding with
any further experimental investigations. This is suggested because of the cost
effectiveness of numerical studies. This study should focus on the same geometry of the
proposed design, with more cross-links incorporated into the channel core, while
rounding all sharp corners at the channel inlets to avoid stagnation points. Moreover,
various angles of the cross-links related to the channels should be taken into account as
well as locations of cross-links along the channels. An experimental investigation should

be followed with an appropriate design obtained from numerical work for validation.
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Such research will lead to investigation of two-phase flow characteristics in to-scale

microchannel heat sinks under heat transfer conditions.
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Appendix A

Experimental Data

The experimental study on two-phase flow characteristics in the cross-linked
microchannel heat sinks investigates the effects of cross-links on two-phase flow
distribution, visualization, and pressure drop. The results of two-phase flow distribution
in the four selected channels of the six test sections are tabulated in the Table A.1 for six
studied cases (Table 4.1). The data is tabulated in terms of volume flow rate (I/min).
Tabulated in Table A.2 is the number of flow pattern observations in terms of fractional
time function for six test section, assuming the four selected channels represent the entire
channels. The fractional time function is determined by dividing the number of
observations of flow configurations by 120 (30 images x 4 channels). The sum of
fractional time for all flow patterns should be one in a particular case. The single-phase
flow conditions and pressure drop results apd are tabulated in the Table A.3 and Table
A.4, respectively. Whereas, the two-phase flow conditions and pressure drop results are
tabulated in the Table A.5 and Table A.6, respectively. This section also provide the
Matlab code for the comparison of two-phase pressure drop for the STR test section with
those obtained from three two-phase pressure drop models, namely, the homogeneous

model, the Chisholm (1967) model, and the Friedel (1979) model.

126



Table A.1 Flow measurements in the four selected channels for 6 test section.

Volume Flow Rates in the Four Selected Channels

Sg:gl;d Test Sections (1/min)

Channel 1 Channel 2 Channel 3 Channel 4

STR 0.173 0.085 0.088 0.222

CR-2 0.190 0.088 0.100 0.190

) CR-4 0.185 0.110 0.103 0.182

CR-6 0.178 0.114 0.116 0.200

CR-2A 0.174 0.115 0.108 0.177

CR-2B 0.179 0.110 0.120 0.200

STR 0.060 0.028 0.030 0.075

CR-2 0.065 0.028 0.034 0.069

) CR-4 0.078 0.036 0.033 0.075

CR-6 0.079 0.034 0.039 0.082

CR-2A 0.069 0.040 0.041 0.070

CR-2B 0.067 0.033 0.037 0.076

STR 10.033 0.016 0.017 0.041

CR-2 ~ 0.039 0.015 0.018 0.042

3 CR-4 0.044 0.019 0.018 0.042

CR-6 0.048 0.019 0.021 0.049

CR-2A 0.040 0.021 0.023 0.040

CR-2B 0.040 0.018 0.020 0.043

STR 0.055 0.014 0.016 0.073

CR-2 0.058 0.014 0.018 0.070

4 CR-4 0.058 0.019 0.021 0.053

CR-6 0.055 0.020 0.023 0.059

. CR-2A 0.059 0.020 0.021 0.054

CR-2B 0.061 0.017 0.021 0.059

STR 0.010 0.005 0.006 0.010

CR-2 0.007 0.004 0.006 0.014

5 CR-4 0.012 0.008 0.007 0.007

- CR-6 0.006 0.007 0.008 0.008

CR-2A 0.007 0.007 0.008 0.008

CR-2B 0.006 0.006 0.008 0.007

STR 0.003 0.004 '0.004 0.002

CR-2 0.002 0.004 0.007 0.004

6 CR-4 0.006 0.008 0.008 0.002

CR-6 0.003 0.007 0.009 0.002

CR-2A 0.003 0.008 0.008 0.003

CR-2B 0.003 0.008 0.010 0.003
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Table A.2. Flow Patterns in terms of fractional time function, assuming four selected

channel represent the entire channels.

. Test Fractional Time Flow Patterns
Studied Cases .
Section Bubbly Plug Elongated Annular
STR 0.36 0.59 0.05 0
CR-2 0.35 0.64 0.01 0
) CR-4 0.45 0.55 0 0
CR-6 0.45 0.55 0 0
CR-2A 0.43 0.57 0 0
CR-2B 0.46 0.54 0 0
STR 0 0.51 0.27 0.22
CR-2 0 0.54 0.31 0.15
5 CR-4 0 0.63 0.2 0.17
CR-6 0 0.58 0.27 0.15
CR-2A 0 0.53 0.37 0.10
CR-2B 0 0.52 0.39 0.09
STR 0 0.46 0.22 0.32
CR-2 0 0.47 0.24 0.29
3 CR-4 0.02 0.50 0.28 0.20
CR-6 0 0.57 0.26 0.17
CR-2A 0 0.51 0.33 0.16
CR-2B 0 0.49 0.35 0.16
STR 0 10.23 0.13 0.64
CR-2 0 0.23 0.19 0.58
4 CR4 0 0.11 0.17 0.72
CR-6 0 0.17 0.07 0.76
CR-2A 0 0.07 0.24 0.69.
CR-2B 0 0.16 0.23 0.61

128




Table A.3. Studied cases for single-phase pressure drop measurements.

Data Points Volume Flow Rate (1/min) Re
1 1.641 341
2 1859 386
3 1.892 393
4 2.271 472
5 2.650 550
6 3.028 630
7 3.785 787
8 4.164 866
9 4.542 944

10 4.921 1023
11 5.299 1102
12 5.678 1180
13 6.056 1259
14 6.435 » 1338
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Table A.5. Studied cases for two-phase pressure drop measurements

Data Points jG L Quality (x)
1 (Case 1) 0.025 0.835 3.61E-05
2 0.102 0.835 1.5E-04
3 0.189 0.835 2.8E-04
4 0.378 0.835 5.5E-04
5 0.378 0.723 6.4E-04
6 0.378 0.556 8.3E-04
7 0.378 0.445 0.001
8 0.378 0.223 0.002
9 (Case 2) 0.378 0.273 0.002
10 (Case 3) 0.378 0.142 0.003
11 0.917 0.142 0.008
12 1.827 0.142 0.0106
13 2.863 0.142 0.024
14 4011 0.142 0.034
15 (Case 4) 4.604 0.142 0.038
16 4.604 0.109 0.049
17 4.604 0.078 0.068
18 (Case 5) 4.604 0.036 0.135
19 5.837 0.036 0.165
20 7.137 0.036 0.195
21 8.500 0.036 0.224
22 (Case 6) 9.926 0.036 0.245
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SRR E AR R L R R R R R e R L e et R e R R LR A R R L IR E R TR
%Comparison of pressure Drop for the STR with those obtained
$from the homogeneous model, Chisholm (1967) model, and the
$the Friedel (1979) model.

%$Author: Minh Nhat Dang

%¥Date: May, 2007 )

X R R R R R R R R R R R L R R PP PR IS R R P T

clear all
close all

// Reynold’s number

Re_L1=[1500 1182.678414 1182.678414 1182.678414 1024.987958 788.4522758
630.7618206 387.077387 315.3809103 200.5139987 201 201 200.5139987
200.5139987 200.5139987 154.706024 109.9391395 51.22164454 51.22164454
51.22164454 51.22164454 0];

Re L=[1182.678414 1182.678414 1182.678414 1182.678414 1024.987958
788.4522758 630.7618206 387.077387 315.3809103 200.5139987 201 201
200.5139987 200.5139987 200.5139987 154.706024 109.9391395 51.22164454
51.22164454 51.22164454 51.22164454 51.22164454];

% Flow quality

x1l= [0 0.000149304 0.000277181 0.000555072 0.000640413 0.000832377
0.001040255. 0.001694037 0.002078347 0.003265067 0.007889587 0.015596372
0.024227946 0.03361499 0.038400245 0.049210902 0.067889035 0.135191876
0.165407169 0.195039902 0.223964952 0.26];

x= [3.60876E-05 0.000149304 0.000277181 0.000555072 0.000640413
0.000832377 0.001040255 0.001694037 0.002078347 0.003265067 0.007889587
0.015596372 0.024227946 0.03361499 0.038400245 0.049210902 0.067889035
0.135191876 0.165407169 0.195039902 0.223964952 0.252057536];

% Experimental Two-phase pressure drop for the STR test section

Dp_exp= [0.661589436 0.875674573 1.843297274 1.52957892 1.383383896
1.403839462 1.016434302 0.809706128 0.344477161 0.313350341
0.523565498 0.422099269 1.300334348 1.26373803 2.009469908 1.028689458
'1.611474723 0.524205923 1.142316198 0.997173578 0.780782562
1.71648624}; :

% Flow conditions

Gflux = [833.1117149 833.2060506 833.3126283 833.5443269 722.4667736
555.8504436 444.7728903 273.1209622 222.6177837 141.7052422 142.3657723
143.4803379 144.7495494 146.1555836 146.8829047 114.615652 83.08174602

41.72099485 43.23144646 44.82291157 46.49358988 48.23988078} ;

Dh=0.0015875; // hydraulic diameter

sigma = 0.0728; // surface tension

gravity = 9.81; ) ,

rho_f = 999; // density of water

rho g = 1.23; // density of air
miu_g=1.79E-05; // dynamic viscosity of air
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miu f=1.12E-03; // dynamic viscosity of water
1=.131; , // channel length
N=22; // number of data points

% Homogeneous correlation

for i=1:N v
rho_tp(i)= (x(i)/rho_g + (1-x(i))/rho f)*-1;
miu_tp(i)= (x(i)/miu_g + (1-x(i))/miu_£)"-1;

Re_tp(i) = Gflux(i)*Dh/miu_tp(i);

end

for i=1:22

if Re tp(i)<2000
f tp(i)=57/Re tp(i);
else
f_tp(i)=0.316*(Re_tp(i)"-.25);
$f_tp=(1.82.*log(Re_tp))."-2;

end

end

for i=1:N
DP_hom(i) = f_tp(i)*1*Gflux(i)”2/(2*Dh* rho tp(i));
% Friedel Correlation

We (1) Gflux (i) "2*Dh/ (rho_tp (i) *sigma) ;

Fr(i) = Gflux(i)"2/(gravity*Dh*rho_tp(i)"2);
A3= ((rho_f/rho_g)AO.Sl)*((miu_g/miu_f)‘0.19)*((l-miu‘g/miuﬂf)A0.7);
A2(i)= (x(i)*0.78)* ((1-x(i))"0.224);

Re_fo(i) = Gflux(i)*Dh/miu_f;
end .
for i=1:N
if Re_fo(i)< 2000
f_fo(i)=57/Re_fol(i);

else

f fo(i)=0.316*Re_fo(i)*-.25;

% f_fo=(1.82.*log(Re_fo))."-2;
end
end

for i=1:22
Re_go(i)= Gflux(i)*Dh/miu_g;
end

for i=1:N
if Re_go (i)< 2000
f go(i)=57/Re_go(i);
else
f go(i)=0.316*Re_go(i)”*-.25;
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%f go=(1.82.*log(Re_go)) ."-2;
end
end
for i=1:N; .
Al(i) = (1-x(i))"2 + x(i)"2*((f_go(i)* rho_f)/(f_fo(i)*rho _qg));

phi2z fo(i) = A1(i)+((3.24*A2(1)*A3)/((Fr(i)”"0.045)*(We(i)”0.035)));

DP_fo(i) = f_fo(i)*1*(Gflux(i)”“2)/(2*Dh*rho_f);
end

% Chisholm Correlation

for i=1:N
Re_ f (i)
end
for i=1:N
if Re_f(i)<2000

f £(i)=57/Re_f(i);

else

f £(i)=0.316*(Re_f(i)™*-0.25);

$ £ f=(1.82.*log(Re_f))."-2;

Gflux (i) * (1-x(i)) *Dh/miu_f;

end

end

for i=1:N

Re_g= Gflux.*x.*Dh./miu_g;

end

for i=1:N

if Re_g(i) <2000
f g(i)=57/Re_g(i);
else
f_g(i)=0.316*(Re_g(i)"*-.25);
$ f_g=(1.82.*log(Re_g))."-2;

end

end

for i=1:N .

DP_f (i) = £ f(i)*1*Gflux(i)”2*(1-x(i))"2/(2*Dh* rheo f);
DP_g(i) = f_g(i)*1*Gflux(i)”*2*x(i)”"2/(2*Dh* rho_gq);

X2(i) = DP_£(i)/DP_g(i);
end

for i=1:N
if ({(Re_f(i) > 2000) & (Re_g(i) > 2000))
' PHI2_tt(i)= 1 + 1/X2(i) + 20/(X2(i)"0.5);
DP_Chisholm(i) = PHI2_tt(i)+*DP_f(i);
elseif ((Re_£f (i) > 2000) & (Re_g(i) < 2000))
PHI2 t1(i)= 1 + 1/X2(i) + 10/(X2(i)"0.5);
DP_Chisholm(i) = PHI2_ t1(i)*DP_f(i);
elseif ((Re_£f(i) < 2000) & (Re_g{(i) > 2000))
PHI2 1t(i)= 1 + 1/X2(i) + 12/(x2(i}"0.5);
DP_Chisholm(i} = PHI2_1t(i)*DP_f(i);
elseif ((Re_f (i) < 2000) & (Re_g(i) < 2000))
PHI2 11(i)= 1 + 1/X2(i) + 5/(X2(i)"0.5);
DP_Chisholm (i)= PHI2 11(i)*DP_f(i);
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end

end

for i=1:N
DP_Chisholm{(i) ;

Dp_Friedel(i) = DP_fo(i)*phi2_fo(i)*0.000145;

Dp_hom(i)= DP_hom(i)*0.000145;
Dp_Chis(i) = DP_Chisholm(i)*0.000145;

Comp_Frie(i) = Dp exp(i)/Dp Friedel(i);
Comp_Hom (i)= Dp_exp (i) /Dp_hom(i) ;
Comp_Chis(i) = Dp_exp(i)/Dp_Chis(i);
end

for i=1:N-8

% Brror

Error_Fr(i) = abs(Dp_exp(i+8)-Dp_Friedel(i+8))/Dp_Friedel (i+8);
Error_Hom (i)= abs(Dp_exp(i+8)-Dp_hom(i+8))/Dp_hom(i+8) ;
Error_Chis(i) = abs(Dp_exp(i+8)-Dp_Chis(i+8))/Dp Chis (i+8);

One=[1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1];

end

AVR= mean{(Error_Fr)

AVR= mean (Error_Hom )
AVR= mean(Error Chis)
symb = [|>t;ld|;vol;rsn;l
'*l;lxl,.!>|;ldl;l’l;|0l;l+l;

A

l,.lvl,.lpl’.'<ll.lhll.
A
t l;lxl};

figure(1); hold on;

plot (x, Comp_Hom, [ symb{(1)], 'MarkerFaceColor', 'k');
plot (x,Comp_Frie, [ symb(2)], 'MarkerFaceColor', 'm')

plot (x,Comp Chis, [symb(3)], 'MarkerFaceColor', 'g')

plot(x1,0ne, ['-']);

set(gca,'LineWiEtE'TZT'Eo;'T'on','FontSize',14); ————————
set (findobj ('Type', 'line'), 'LineWwidth’, 1, 'Color','k"');

hold off;

137



Appendix B

Test Sections Geometry

ii)

Figure B.1. Six configurations for channel plate,
1) STR, ii) CR-2, iii) CR-2A, iv) CR-2B, v) CR-4, vi) CR-6.
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19.05

4X 9.525 Holes

252
240

&

@ |/ 4 slots of 3.00 Wide X 19.05 Deep

O

Metering Plate

Dimensions in Milimeters

F igure B.5. The metering plate geometry.
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