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Abstract

Experiments were conducted to measure the heat transfer characteristics of non-boiling
two-phase segmented flow in two different miniature heat sinks. The heat sinks were
manufactured to have a square wave flow path (termed Square Sink) and a spiral flow

path (termed Spiral Sink).

The working fluids used in the experiments were water, canola oil and air. Single phase
water and oil were examined first, and the results were used as a basis for comparison of
the two-phase flow results. Two-phase flow experiments using water-air and oil-air were
then conducted. The flow rates of the water-air and oil-air phases were varied between a
range of values during each experiment and the system pressure and temperatures were

recorded at each combination of flow rates.

The experimental data was used to calculate the value of dimensionless heat transfer q*
and dimensionless length L*, which were used to compare the thermal performance from
each experiment. The two-phase flow experiments for the square heat sink resulted in a
dimensionless heat transfer enhancement of 24% for water-air containing long liquid
slugs, 39.5% for water-air containing short liquid slugs and 1% for oil-air. The two-phase
flow experiments for the spiral heat sink resulted in a dimensionless heat transfer

enhancement of 14% for water-air containing short slugs.

The effects of liquid slug length and void fraction were examined. The effect of liquid
slug length was shown to increase the dimensionless heat transfer as the slug length
decreased. The effect of void fraction was found to be a controlling factor due to its
impact on liquid slug length, which in turn affects dimensionless heat transfer. Finally the
efficiencies of the square sink and spiral sinks were compared and it was shown that the

spiral sink was most efficient when power requirements are considered.
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2
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Heat capacity, J/kg-K

Diameter, m

Hydraulic diameter, m

Pressure gradient, Pa/m

Fanning friction factor

Mass flux, kg/m*'s

Graetz number = (7/4) Re Pr (D/L)
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Flow rate, m*/s

Heat transfer rate, W

Dimensionless heat transfer
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electromechanical systems) and nanofluidic systems. A great deal of research has been
conducted over the past sixty years on two-phase flow. Initial research focused on macro-
scale flows while recent research focused on micro-scale and mini-scale flows. However,
almost always, the research on two-phase flow concentrated on classification of flow, via
flow patterns and flow mapping. correlations for frictional pressure drop. and correlations

for modes of transport (heat and mass).

Many models have been developed analytically and theoretically to predict the two-phase
frictional pressure drop and transport characteristics. These parameters are of importance
to engineers working with two-phase flow systems. The models for two-phase flow can
be classified into two separate categories: homogenous flow models and separated flow
models. The homogenous flow model uses effective fluid properties that are determined
from the properties of both phases in the flow. Properties such as viscosity and density
are determined through effective property models, then the frictional pressure drop and
transport characteristics are calculated using equations for single phase flow. Often times
the homogenous flow model is referred to as zero-slip flow model. The separated flow
model approach tries to account for the fact that both phases have different
thermophysical properties and flow with different velocities. Often the separated flow

model approach is termed the slip solution.

1.3 Flow Patterns and Flow Maps

Many tools have been developed through theory and experimental research to help with
the classification of two-phase flow. Flow patterns and flow maps are two fundamental
examples of such tools. A flow pattern is used to identify the state of a two-phase flow at
a given instant. Examples of different observed flow patterns are: bubbly flow, annular
flow. churn flow, plug flow (Taylor flow) and stratified flow. Each flow pattern visually
appears much different from the rest but the transition regions from one pattern to the
next are harder to identify. Several different flow patterns that occur during two-phase

flow are illustrated in Figure 1.1.
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examined plug flows from the perspective of understanding film thickness and deposition
at the wall. Traditionally, plug flow (Taylor flow) was the earliest form of the segmented
flow pattern, but due to surface tension being a non-dominant factor in macro-scale
studies at the time, it was near impossible to create a steady train of plugs with thin liquid
film. However, as research shifted focus towards micro-scale systems where surface
tension was a dominating factor, segmented flow became easy to produce and examine. A
two-phase segmented flow of water-oil is illustrated in Figure 1.2. The water phase is

dyed red to ease visual identification of each phase.

Figure 1.2 — Two-phase segmented flow of water-oil.

It has long been known that within liquid plugs of segmented flow. internal circulations
arise as a result of gas-liquid, solid-liquid or liquid-liquid interfaces. These internal
circulations are shown in Figure 1.3. It has been hypothesized that thermal enhancement
occurs in segmented flows due to two different mechanisms. One mechanism is the
internal circulations within the liquid plugs, while the other mechanism results from the
increased velocity that the liquid plugs experience as a result of reduced liquid fraction
for a constant mass flow rate. The latter was shown to be impossible by Muzychka et al.
(2009) using simple heat transfer theory. This leaves only the internal circulation

mechanism to explain the thermal enhancement resulting from segmented flow.









segmented flow and experimentation with the creation of segmented flow until the

process is understood and can be reliably re-created.

Another research objective is the conceptual design and fabrication of the two mini-
channel heat sinks. Since both heat sinks are to be compared considerations must be
made so that the comparison process is fairly easy. Design parameters such as channel
width and length are important factors as well as the material used. The exact way that

the heat sinks will generate heat is also a concern for this objective to be met.

1.7 Thesis Outline

This thesis contains five chapters. These are:

- Chapter 1 introduces the concept of using non-boiling two-phase segmented flow as a
working fluid in mini-channel heat sink, presents a background on two-phase flow, flow
patterns, flow m  ping, mini-channel heat sinks and describes the research objectives for

the present study.

- Chapter 2 provides a literature review of two-phase flow investigations spanning the

last sixty years, focusing primarily on segmented flow research.

- Chapter 3 describes the design and fabrication of two mini-channel heat sinks, details

the experimental setup and procedure, as well as calibration of equipment.

- Chapter 4 details the reduction of data into standard non-dimensional forms and
presents the experimental results for the use segmented flow in cooling two mini-channel

heat sinks.

- Chapter 5 summarizes the current study and presents recommendations for future work.
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Chapter — 2

Literature Review

2.1 Introduction

This chapter reviews the experimental and numerical research on general two-phase
flows and two-phase segmented flows. The improvements to frictional pressure drop and
transport correlations developed through research have been chronologically organized

and presented here.

2.2 Literature Review

Lockhart and Martinelli (1949) conducted two-phase flow experiments with air and
liquids flowing i ide pipes with varying diameters. The diameters ranged from 0.0586
inches to 1.017 inches and liquids including benzene. kerosene, water and various oils
were considered. Four types of isothermal two-phase, two-component flow were
identified, these were: turbulent liquid — turbulent gas, laminar liquid — turbulent gas,
turbulent liquid — laminar gas, and laminar liquid — laminar gas. Lockhart and Martinelli
(1949) correlate the two-phase pressure drop resulting from these four flow mechanisms

to the Martinelli parameter X given in Eq. (2.1):

XP=o= (2.1)
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Eq. (2.1) related the Martinelli parameter X to the ratio of both single phase pressure

drops as if they were flowing in the pipe alone. Lockhart and Martinelli (1949) present
their correlation graphically for all four of the flow mechanisms identified. Knowing the
value of the Martinelli Parameter X, the Lockhart-Martinellj plots can be used to
determine the two-phase flow multipliers for liquid and gas phases given by Eq. (2.2) and
(2.3):

(2.2)

2 —
9, = ( E) (2.3)
L o

When the flow multiplier for either phase is determined, then the two-phase frictional
pressure drop can be calculated using either Eq. (2.2) or (2.3), respectively. Additionally,
Lockhart and Martinelli (1949) showed that the liquid fraction a; and void fraction 0, are
also correlated to the Martinelli parameter X. It should be noted that no design equations
for predicting two-phase pressure drop were developed, only the graphical correlation

was given.

Taylor (1961) conducted experiments examining plug flow from the perspective of
understanding film thickness or fluid deposition at the wall of a tube. Fluids used
consisted of Glycerine and strong sucrose solution (golden syrup) diluted with water till
its viscosity was 28 poise at 20°C. Glass tubes with 2 mm and 3 mm internal diameter
having lengths of 4 feet were used as test sections. A gas bubble was released into the test
section and the amount of film left after the bubble had translated down the tube was

measured.

Taylor’s (1961) results were presented graphically by plotting parameter m (the liquid

left in the tube) versus Capillary number. The experiments were conducted over a wide
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range of Capillary number being 0 < Ca <2.0. It was clearly shown that as the Capillary
number increased. so does the liquid film. The relationship is not linear and at higher
values of Capillary number (Ca > 0.56) the parameter m reaches a limiting value (m =
0.5). Since Taylor's (1961) study, many researchers have referred to segmented gas-liquid
flow as Taylor plug flow. An important characteristic identified by Taylor (1961) is the
presence of a pair of circulation zones within liquid plugs. These zones result from the
presence of the liquid/gas or liquid/liquid interface. The circulations affect the flow in a
manner which promotes radial transport of heat and mass in addition to boundary layer

renewal, since fresh fluid is constantly being transported to the leading edge of the liquid

plug.

Oliver and Wright (1964) conducted a series of measurements to investigate the effect of
plug flow on heat transfer and friction in laminar flow. They surmised that the internal
circulation would increase the heat transfer coefficient significantly and therefore the
Graetz-Leveque theory, Shah and London (1978), could not be applied to plug flow. The
experiments consisted of single and two-phase flow within 0.25 inch test sections with
lengths of 3 and 4 feet. The liquids used are 56.5% glycerol in water, 88% glycerol in
water, 0.75% sodium carboxymethylcellulose (SCMC) in water, 1.5% SCMC in water,
0.5% Polyox in water and 2.0% Celacol solution. The gas used was air. The results are
presented graphically as plots of Nusselt number versus Graetz number and the ratio of
two-phase flow to single phase flow Nusselt number versus void fraction. Oliver and
Wright (1964) concluded that the effect due to void fraction is independent of plug length
but that circulation effects would be strongest for shorter plugs. It should be noted that
Oliver and Wright (1964) attributed the increase in heat transfer coefficient to both the
effects of internal circulations and increased liquid velocity. A simple model for two-
phase plug flow heat transfer coefficient based upon experimental data and a

modification of the Graetz-Leveque model was developed and given by Eq. (2.4):

1.20 @J (2.4)

R 036 R

L L

Nup, = Nusp[
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Hughmark (1965) developed a correlation for the estimation of hold-up (void fraction) in

horizontal slug flow. This correlation was based on the relationship of bubble velocity
and liquid slug Reynolds number. The bubble velocity during slug flow is reported by
Hughmark (1965) as Eq. (2.5):

u, = Kz(Q‘ ;Qg] (2.5)

Where the variable K; is a function of liquid Reynolds number and is reported to be
constant with a value of 0.22 when the Reynolds number is greater than 400,000. Note
that this would be well within the turbulent regime for the liquid phase. Hughmark (1965)
gives the liquid Reynolds number as Eq. (2.6):

+

Re, = (MJ P 2.6)
A Ky

In addition to the correlation for void fraction in horizontal slug flow, Hughmark (1965)

developed a simple model for slug flow heat transfer based upon the momentum-heat

transfer analogy for turbulent flow and the Graetz-Leveque equation for laminar flow.

The simple model developed is shown by Eq. (2.7):

= 0.14
le.ﬁ & ’ il (2.7
k, RikL) (n,

Hughmark (1965) compared the model given by Eq. (2.7) to the experimental data of
Oliver and Wright (1964) and the average absolute deviation between experimental data

and the model was found to be 8.4%.
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Eighteen years after Lockhart and Martinelli's (1949) ground breaking correlation,

Chisholm (1967) developed an equation for predicting two-phase frictional pressure drop.

This is given by Eq. (2.8):
¢I~ :l+—+X— (28)

Eq. (2.8) relates the two-phase multiplier for liquid to the Martinelli parameter, the mass
quality and the constant C. The value of constant C depends on the type of flow and is

summarized in Table 2.1.

Table 2.1 — Values of Chisholm Constant C.

Turbulent — Turbulent Flow C=20
Laminar — Turbulent Flow C=12
Turbulent — Laminar Flow C=10
Laminar — Laminar Flow C=5

Oliver and Young Hoon (1968) tested isothermal flow of Newtonian and non-Newtonian
pseudoplastic fluids during slug flow. It is stated that circulation or streamline deflection
exists inside the liquid slugs depending on the liquid film thickness around a bubble
being greater or less than 0.294 R. where R is the radius of the pipe. Oliver and Young
Hoon (1968) experimented by using 85% glycerol in water as Newtonian and 1.5%
SCMC and 1.3% Polyox WSR 301 in water as two non-Newtonian fluids.

Slug flow and annular flow were developed in a 0.25 inch glass test section. To measure
void fraction, quick-close valves were placed before and after this test section. These
valves where simultaneously closed and the fraction of the tube occupied by trapped
liquid after it had drained in the vertical position was measured. A camera was mounted

on a movable platform so that slugs could be photographed. Graphite particles were
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introduced as tracer particles. Oliver and Young Hoon (1968) report that the streamline

pattern in Newtonian slug flow is characterized by a circulation while only streamline
deflections occur in the non-Newtonian slug flows. The data obtained were compared to
Lockhart and Martinelli's (1949) plots and satisfactory correlation was found for
Newtonian fluids, but the two non-Newtonian cases fell well below the calculated values.
Oliver and Young Hoon (1968) conducted several heat transfer experiments utilizing
Newtonian and non-Newtonian fluids in slug flow and annular flow. Using the same
fluids as previously mentioned, they were run through a heat exchanger test section with
0.25 inch 1D. Qutlet and inlet temperatures were measured, as well as six surface
temperatures along the heat exchanger. Oliver and Young Hoon (1968) plotted the results
as Graetz number versus Nusselt number. The definition for Graetz number and two-

phase flow Reynolds number used are given by equations (2.9) and (2.10).

T D
Gz=—Re...,Pr— 2.9
g ey (2.9)
+
Re,, = M % (2.10)
A H

One important aspect of Oliver and Young Hoon's (1968) experiment is that the liquid
slug length was varied. Several liquid slug lengths were used for a given set of liquid and
gas flow rates. The results show that for 85% glycerol solutions (i.e. Newtonian fluids)
the heat transfer coefficient for short slugs was over 2.5 times higher than those obtained
using long slugs. Therefore it was concluded that liquid slug length is a variable in

controlling heat transfer in two-phase slug flow.

Horvath et al. (1973) conducted experiments measuring the radial transport in
homogenous flow and two-phase slug flow. An open tubular heterogeneous enzyme
reactor 60 cm long having a 2.32 mm internal diameter was utilized and a substrate
solution was used as a working fluid. The length to diameter aspect ratio of this setup was

L/D = 260. Homogenous flow experiments were conducted to measure the radial mass
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transport to the substrate solution. Then an average Nusselt number for the single phase

flow was calculated according to Eq. (2.11):

J=nNuD=Lec, Q2.11)

In Eq. (2.11), J is the overall rate of reaction, Nu is the average Nusselt number, D is the

tube diameter, L is the tube length, and ¢, is the logarithmic mean concentration of the

reactant which is given by Eq. (2.12):

(2.12)

After the homogenous flow experiments, Horvath et al. (1973) tested two-phase plug
flows and measured the radial mass transport again. The average Nusselt number for the
two-phase plug flow was calculated using a modified version of Eq. (2.11), given by Eq.
(2.13):

J=NuDznL(1-¢)c, (2.13)

The variable introduced in Eq. (2.13) is the void fraction which Horvath et al. (1973)
denotes as ¢ (normally denoted o, in a two-phase flow). It was found that when
comparing the radial transport in plug flow to single phase flow for small values of
Reynolds number, Schmidt number and dimensionless tube length, that the Nusselt
number significantly increased. For 30 < Re < 250, the Nusselt number in single phase
flow is between 10 and 20. However, in plug flow with relatively long slugs the Nusselt
number is 2 to 3 times higher than that of single phase flow. For slug flow with short
slugs the Nusselt number was much higher reaching a value of 150 in the same range of
Reynolds numbers. Horvath et al. (1973) compared the slug flow results to previous

studies on turbulent flow conducted by Bennett and Myers (1962). The Nusselt number in

24



turbulent flow when Reynolds number had a value of 3000 was 100. Therefore the results

indicate that radial mixing generated in plug flow approach those usually obtained only in

turbulent flow.

In addition to the straight tube reactor experiments, Horvath et al. (1973) conducted
experiments with homogenous and two-phase slug flow in a coiled reactor. The overall
rate of reaction was measured, then a average Nusselt number was calculated, but for the
coiled reactor the Nusselt number was also dependent upon the ratio of the tube diameter

to the coiled diameter given by Eq. (2.14):

R¥= 2 (2.14)

D,
In Eq. (2.14), the variable D, is the tube diameter., D, is the coil diameter, and R* is the
coiled aspect ratio. Horvath et al. (1973) found that coiling the tube greatly increases the
radial transport due to the presence of a secondary flow in the cross-sectional plane
generated by centrifugal forces. Furthermore, it is reported that for plug flow in coiled
tubes the two secondary flows (circulation within liquid plugs and circulation in the
cross-sectional plane) act together synergetically. Due to the super-positioning of both

flow patterns a double helical circulation results.

Horvath et al. (1973) reports that for relatively low Reynolds number and void fraction,
coiling can yield 80-100% increase in average Nusselt number. The data are presented in
a plot of average Nusselt number versus dimensionless plug length for both non-coiled
and coiled experiments. It can be seen that for a dimensionless plug length value of 10, a
straight tube reactor resulted in a average Nusselt number of 34, while the coiled tube

reactor with a coiled aspect ratio of 0.012 resulted in a average Nusselt number of 64.

Vrentas et al. (1978) studied the characteristics of a plug flow field induced by solid
spheres in a tube of liquid. This experimental study was among the first published

detailing solid-liquid slug flow. Vrentas et al. (1978) states the principal disadvantage of
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gas-liquid slug flows is that the plug flow field depends on the properties of both fluids
and on other experimental variables. It becomes hard to create steady plug flows which
fill up the entire cross-section of a tube, leaving a thin liquid film. Alternatively. the film
thickness for solid-liquid slug flow can be controlled independently by choosing an
appropriate sphere size in relation to the tube diameter. This is the major advantage of

solid-liquid slug flow over gas-liquid plug flow.

The major disadvantages of solid-liquid plug flow are also reported by Vrentas et al.
(1978). First, the increased pressure drop across the tube for liquid slugs of all sizes
results in a increased power requirement. Therefore liquid film thickness and slug length
must be chosen to optimize such a solid-liquid slug flow system. Second, provisions for
recycling and maintenance of the spheres must be made where this is not a concern for

gas-liquid systems.

Several theoretical assumptions are made by Vrentas et al. (1978) so that the analysis of
the solid-liquid slug flow is equivalent to the calculation of the velocity and temperature
fields in a cylindrical cavity with a uniformly translating wall. The Nusselt number is

then defined for an ideal heat exchanger, as Eq. (2.15):

_ (h,),D _ PeT,r

N =
T TLe-T)

2.15)

In Eq. (2.15), T, is the dimensionless average fluid temperature. Vrentas et al. (1978)
utilized a horizontal heat exchanger, which was fed by a gear pump for experiments. The
length to diameter aspect ratio of the setup was L/D = 128. Dow Corning 210 silicone oil
was used as the working fluid. Two grades with 100 ¢St and 1000 ¢St viscosities were
chosen. Stainless steel spheres were introduced after the pump at regulated intervals. The
spheres and fluid flowed in a 0.95 cm ID tube and the spheres were sized so that there
was less than a 0.0025 cm clearance between sphere and tube wall. A reciprocating piston
was used to transfer the spheres between the exit and the entrance of the heat exchanger.

Freon TF (CCl>,F-CCIF,) vapour was utilized to maintain a constant wall temperature as
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it condensed. The exit temperature of the fluid was not reliable when data were collected
so all heat transfer coefficients reported by Vrentas et al. (1978) are based on heat flows

deduced from measured condensation rates.

Vrentas et al. (1978) presents the experimental results graphically. Peclet number is
plotted versus Nusselt number for a range of dimensionless plug lengths. The single
phase flow of silicone oil is also plotted on this graph and the Nusselt number used for

this flow was given by Eq. (2.16):

1

D)3
Nu=1.62(PeE) (2.16)

The plot ranges from 4 < Pe < 18 and 3 values for dimensionless slug length are shown,
these values being 21. 77 and 122. For a value of Peclet number equal to 10. the single
phase flow results in a Nusselt number of 6.90. For the same value of Peclet number the
Nusselt numbers for 21, 77, and 122 dimensionless plug length values are 14.2, 17.0, and
19.9 respectively. It is clearly seen from the results that as dimensionless plug length
decreases (i.e. making the liquid slugs shorter) the Nusselt number increases. Another
interesting note is that for single phase flow the Nusselt number is a non-linear function
of Peclet number, but for plug flows in this experiment, the Nusselt number had almost

near linear relationship with Peclet number.

Muzychka and Yovanovich (2004) developed a general model for predicting the heat
transfer coefficient in the combined entry region of non-circular ducts. The model was
developed by combining the solution for a flat plate with a model developed for the
Graetz flow problem. The model developed for the Graetz flow problem was developed
by combining a model for fully developed flow with the Leveque approximation. The

fully developed flow model is given in Eq. (2.17):
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fRe
Nuﬂzc,( JXJ (2.17)

8Jm s

In Eq. (2.17), ¢; = 3.24 for uniform wall temperature (UWT) boundary condition and ¢, =
3.86 for uniform wall flux (UWF) boundary condition. The parameter v is chosen based
on the channel geometry, although upper and lower bounds of this parameter are fixed at
values of 1/10 and -3/10. The fully developed flow model predicted available data within
a +10%. The Leveque approximation which is valid where the thermal boundary layer
develops in the region near the wall where the velocity profile is linear is given by Eq.
(2.18):

fRegjé
2.18)

Nu, =czc{—,—
z

The model given by Eq. (2.18) predicts both average Nusselt and local Nusselt numbers.
The value of ¢, is 1 for local conditions and 3/2 for average conditions. The symbol &
indicates the dimensionless parameters are based on some arbitrary length scale. The
value of ¢ is 0.427 for UWT condition and 0.517 for UWF condition. Muzychka and
Yovanovich (2004) combine Eq. (2.17) and (2.18) using the Churchill and Usagi (1972)
asymptotic correlation method. This method resulted in a model predicting the Graetz

flow problem and is given by Eq. (2.19):

5 5

1 5
f Re 3 f Re
Nu~ =||ec.c AT JA 2.19
Ja 2 3( 7 J (Cl(gﬁgy ]J ( )

The values for all constants that appear in Eq. (2.19) are summarized in a table presented

by Muzychka and Yovanovich (2004). The general model for predicting the heat transfer
coefficient for the combined entry region is then developed by combining Eq. (2.19) with
the solution for a flat plate. Applying the same asymptotic correlation as before, the

general model is presented in Eq. (2.20):
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The parameter m. in Eq. (2.20) is a function of Prandtl number and is given by Eq. (2.21).

m =227 +.65Pr* (2.21)

The general model developed and given by Eq. (2.20) is valid for 0.1 <Pr <o, 0 <z* <
oo, both uniform wall temperature (UWT) and uniform wall flux (UWF). and for local
and average Nusselt numbers. Muzychka and Yovanovich (2004) compared the model to

available data and the model agreed within £15% for most non-circular ducts.

Kreutzer et al. (2005) aimed to develop a pressure drop model for segmented flow
(Taylor Flow) in capillaries that takes the plug and bubble length into account and allows
the plug length to be determined from experimental pressure drop data. Experiments were
conducted in a capillary tube with 2.3 mm internal diameter. A special inlet was
constructed from a tapered channel and hypodermic needle which allowed the liquid plug
and bubble lengths to be varied. Segmented flows consisting of air-water, air-decane, and
air-tetradecane were examined. The gas and liquid superficial velocities were varied from
0.04 m/s to 0.3 m/s. Kreutzer et al. (2005) found numerically and experimentally that for
plug flow with Re >> 1, the extra pressure terms may be taken into account using the
ratio of Capillary number to Reynolds number given as (Ca/Re). The model developed is

given in Eq. (2.22):

Re

H

0.33
f=—1—6—(1+0.17Ll, (g) J (2.22)

Additionally. Kreutzer et al. (2005) also modelled the plug flow numerically using the
CFD code FIDAP. When numerical data was compared to the experimental data a

correlation was constructed by replacing the 0.17 in Eq. (2.22) with 0.07. The difference
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in experimental and numerical data is not attributed to experimental error, but is

explained by the Marangoni effect which deals with impurities in the experimental fluids.
Note that when Eq. (2.22) is used to model single phase flow, the L*; is equal to infinity
and the right term in the brackets approaches zero. The model then becomes the Hagen -

Poiseuille flow solution for laminar flow in a pipe given by Eq. (2.23):

_16

f=
Re

(2.23)

Lakehal et al. (2006) conducted computational microfluidics flow simulations to examine
heat transfer in small tubes. The simulations were performed using the CMFD code
TransAT® developed at ASCOMP. Three flow patterns where studied at various flow
rates in a | mm internal diameter pipe, there were identified as: bubbly flow, slug flow,
and bubbly-train slug. The wall condition was taken to be uniform wall temperature
(UWT) and the flow pattern effects on heat transfer were studied. The wall temperature

was set to 340 K and the inflow temperature was set to 300 K.

Results from Lakehal et al. (2006) show that the overall heat removal rate in two-phase
flow is higher than in single phase flow. A simple model for two-phase slug flow heat

transfer is presented and given by Eq. (2.24):

q4
Nu~ Nu, + CPr*‘Re, 5 (2.24)

The Nuy in Eq. (2.24) is the fully developed single phase Nusselt number which is 3.67
for uniform wall temperature (UWT) condition and 4.36 for uniform wall flux (UWF)
condition. C in Eq. (2.24) is a model constant and has a value of 0.022. The model is
valid for segmented flow in micro-scale devices where L ~ 0 mm and Pr > | liquids.
Lakehal et al. (2006) describes the model in Eq. (2.24) as being a guideline to be used by

engineers for design purposes.
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Yu et al. (2007) conducted experiments and numerical simulations to examine bubble
shape. size and formation mechanisms during segmented flow in micro-channels. These
mechanisms were investigated for different flow rates. different mixer geometries. and
varying Capillary numbers. Yu et al. (2007) examined two different mixer geometries.
One was a cross-shaped mixer with liquid channels perpendicular to the main channel,
while the other was a converging mixer, where liquid inlets were 45° to the main channel.
All channels were square cross-section, with a 125 pm and 250 um side length. The
fluids used were air. sucrose solution with viscosity of 30 cP. glucose solution with
viscosity of 60 cP, and mineral oil with a viscosity of 75 cP. Simulations were conducted
using Lattice Boltzmann method (LBM). One advantage of this method is that for two-
phase flows, the phase separation took place spontaneously in non-ideal fluid or between
two immiscible fluid components, without the need to track the interface. The simulations
were carried out in most cases using 600 grid points over the channel length, however to
reduce simulation time 300 grid points were used for short channels. Yu et al. (2007)
presented experimental and LBM simulation results visually as pictures for several
combinations of flow rate and Capillary number. The combinations used were: Ca =
0.007 with Qg:Q) = 1:1, Ca = 0.017 with Qg:Q = [:2, and Ca = 0.035 with Q.:Q, = 1:4.
The differences between the two mixer geometries are also shown visually as pictures. It
is reported that larger gas to liquid flow rate ratio lead to longer gas bubbles. Maintaining
the same flow rate ratio, but decreasing the Capillary number by changing fluids yielded
a longer gas bubble. The mixer geometry had some effects on bubble length and spacing
between bubbles. The converging channel geometry lead to longer liquid plugs between
bubbles at Ca = 0.035 with Qg:Q; = 1:4 but the bubble size was similar in both cases.
However, for the other two combinations of Capillary number and flow rate ratio, the
converging channel mixer lead to longer gas bubbles and longer liquid plugs. Yu et al.
(2007) states that the LBM simulation had discrepancies in the results when compared to
experimental data investigating the mixer geometry. This was explained by the
simulation being unable to completely capture the wetting conditions between the fluid

and channel wall and the flow in narrow liquid film between the bubble and channel wall.
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Mohseni and Baird (2007) investigated the use of electrowetting on dielectric (EWOD) as
a driving force for a new method of cooling micro-devices that is termed digitized heat
transfer (DHT). EWOD is used for transporting droplets of electrically conductive liquid
metal alloys by the application of an electric ficld normal to the direction of flow. The
EWOD force is generated by lining a micro-channel with electrodes and sequentially
firing them such that a slugs leading edge is continually between grounded electrodes.
Mohseni and Baird (2007) state this is a excellent way to generate two-phase segmented
flow of liquid metal alloys which typically have orders of magnitude higher thermal
conductivities than non-metallic liquids such as water and oils. The liquid metal alloy of
Galinstan is suggested as an excellent candidate for a EWOD micro-cooling device since
it is inexpensive, non-toxic, readily available, and has 65 times less thermal resistance
than water. Mohseni and Baird (2007) derive simple equations for EWOD applications.
One such simple equation is for EWOD droplet velocity given by Eq. (2.25):

T (2.25)
PTap L

In Eq. (2.25), ugrop is the average bulk velocity of a droplet, ¢ is the capacitance per unit
area of the dielectric layers, V is the applied voltage, H is the height of the channel and L
is the length of the channel. Simple expressions for heat transfer characteristics for
uniform wall temperature (UWT) and uniform wall flux (UWF) conditions are also
presented. For the UWT condition the expression for overall heat transfer is given by Eq.
(2.26):

q=p,nVHWc(T, -T,) (2.26)

In Eq. (2.26), n is the droplet ratio, W is the channel width, and pi is the liquid metal
alloys density. For the UWF condition an expression for outlet temperature is given by
Eq. (2.27):

=——x LT 2.27)
pnVHWc
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Awad and Muzychka (2007) developed simple expressions for the upper and lower
bounds for two-phase frictional pressure gradient in mini-channels and micro-channels.
The lower bound is based on Ali et al. (1993) correlation for laminar-laminar flow which

is given by Eq. (2.28):

(@) _32G( -x, ]+[ X )& e (2.28)
dZ /¢ ower D’p, =x AP A1 |

The upper bound is based on the Chisholm correlation for laminar-laminar flow and is

given by Eq. (2.29):

0.5 05 0.5
(d—pj _ 3260 —x)u 1+5[ X ) Ll (ij +( X j L8 (“—&J (2.29)
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Awad and Muzychka (2007) then develop a average or mean bound based on the

arithmetic mean of the lower bound and upper bound, this mean bound is given by

equation (2.30).

(&) 260k 1+25(L)“&0'5h°'5+(ij& b | 2.0y
dz J, .. D’p, “l=-x P, i, I=xp, \n )

Note that the mean model given by Eq. (2.30) is equivalent to the Chisholm correlation
with a value of C = 2.5. The mean model is then compared to published data graphically
by plotting the two-phase flow multiplier for liquid versus the Martinellj parameter. Data
published by Lee and Lee (2001), Chung and Kawaji (2004) and Kawaji et al. (2005) are
plotted and the mean bound predicts the data with a root mean square (RMS) error of

17.91%, 19.29%, and 10.49%, respectively.
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Fries et al. (2008) examined segmented flow in a rectangular micro-channel using Laser
Induced Fluorescence (LIF) and confocal Laser Scanning Microscopy (LSM). The
microfluidic channel used had a length of 2 m and a height equal to the width of 200 = 2
pm. As fluids, ethanol, water, glycerol in aqueous solution at different concentrations and
nitrogen were used. Fries et al. (2008) varied the flow rates from 20 - 60 pL/min for the
liquid phase and 30 — 100 pL/min for the gas phase. The corresponding superficial
velocities for these flow rates are 0.008 — 0.025 m/s for the liquid phase and 0.013 —
0.042 m/s for the gas phase. The liquid plug length. gas bubble length, pressure drop, and

film thickness over the range of superficial velocities were examined.

Fries et al. (2008) reports that in analyzing the liquid plug lengths over the complete
channel length resulted in constant plug length. except for ethanol. It was found that in
general, the plug length increases with increasing superficial liquid velocity at a constant
gas flow rate. When the gas bubble length was examined there was elongation of the
bubbles due to the pressure drop in the channel. The gas bubble length is plotted
graphically versus the reactor length for ethanol-nitrogen. It is shown that the gas bubble
length depends on the pressure and for a constant superficial gas velocity of 0.042 m/s,
on the superficial liquid velocity: an increase in the liquid flow rate results in a decrease
of the gas bubble length. The gas bubble elongation is caused only by the pressure drop,

no coalescence was observed in any experiment.

The pressure drop results are shown graphically as a plot of pressure drop versus the
squared sum of superficial velocities. Increasing the velocity leads to an enhanced
pressure drop, this increase in pressure drop is linear to the square of the sum of the
superficial velocities. It is also shown that less viscous fluids give smaller pressure drop
values that fluids with higher viscosity, which is to be expected. Fries et al. (2008)
compares the measured pressure drop to six different models. The first three models are:
homogenous model with fanning friction factor f = 16/Re, the Bretherton (1961) model
and the Kreutzer et al. (2005) model which include correction factors for the extra
pressure in plug flow. The homogenous model was shown to drastically under-predict the

data while the Bretherton (1961) model was shown to describe the results best.
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The Kreutzer et al. (2005) model under-predicted the data as well but the reason for this
was Kreutzer et al. (2005) examined circular channels whereas the current study
examined rectangular channels. In addition to these first three models. Fries et al. (2008)
further compares pressure drop data to three models based on Lockhart and Martinelli
(1949) theory. These three models are the Chisholm (1967) model, the Lee and Lee
(2001) model and the Mishima (1996) model. It is shown that good agreements are made
with models based on micro-channels whereas the models developed for macro-scale

over-predict the pressure drop measurements.

Fries et al. (2008) measured the film thickness using LSM. The results for the film
thickness measurements are compared graphically with correlations from literature
including those proposed by Kreutzer et al (2005), Bretherton (1961) and Kolb and Cerro
(1991). 1t was found that at higher Capillary number the gas bubbles elongate and the
measurements are more comparable to literature. For smaller Capillary number (Ca <
0.001) the corner film thickness is nearly independent from Capillary number. It was
confirmed that for Ca < 0.01 no significant change in film thickness occurred for
reducing the Capillary number. This agreed with the measurements done by Kolb and

Cerro (1991).

Narayanan and Lakehal (2008) examined the Nusselt number and pressure drop for
bubble and plug flow through simulations conducted using the CMFD code TransAT"
developed at ASCOMP. Simulations were performed under axisymmetric conditions for
single and two-phase flows for zero-gravity, down-flow and up-flow configurations. The
simulations were compared to experimental data produced by Chen et al. (2002) who
investigated air-water two-phase flow at various flow speeds in a closed loop pipe having

1 mm and 1.5 mm internal diameter.

Narayanan and Lakehal (2008) report that for bubbly flow the average Nusselt number of
10.7 is obtained for all three cases with different orientations with respect to gravity. For

plug flows. the average Nusselt number of 15 is obtained, however a discernible trend is
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present with respect to gravity orientation. The down-flow case has a 4% higher average
Nusselt number as compared to the zero-gravity case. The results are presented
graphically by plotting local Nusselt number versus dimensionless channel length. For
bubbly flow, the local Nusselt number smoothly goes through a maximum at the center of
the bubble where the liquid layer is squeezed. For the plug flow, the maximum value of
local Nusselt number occurs at the rear end of the plug where the gap between the
interface and the wall is very small. Orientation with respect to gravity plays a role in
shifting the location of breakup upstream for the up-flow case, which results in larger
breakup frequency. However, the Nusselt numbers obtained are of similiar magnitudes to
those obtained by Monde and Mitsutake (1995) and Ua-Arayaporn et al. (2005). Overall
the average Nusselt numbers from Narayanan and Lakehal (2008) simulations transport 3
to 4 times more heat than single phase flows. Furthermore, Narayanan and Lakehal
(2008) propose a simple model for Nusselt number for practical applications. This model

is given by Eq. (2.31):

4
Nu = Nu CPr’“Re 5 (2.31)

In Eq. (2.31). Nuy is the Nusselt number for fully developed single phase flow having a
value of 3.67 for uniform wall temperature (UWT) and 4.36 for uniform wall flux
(UWF), C is a model constant that was computed for best fit with data and has a value of
0.022. Note that the Reynolds number is based on the liquid plug length. This model can
be used to determine the Nusselt number in similar situations involving well defined gas
inclusions such as bubbles and slugs evolving in microfluidic devices, where L > 1 mm
and Pr > | liquids. The model was shown to fit remarkably well with the simulated
Nusselt data. Additionally, Narayanan and Lakehal (2008) examine the pressure drop and
results are plotted graphically as pressure drop versus local channel position. The
pressure drop was found to be higher in the case of up-flow as compared to zero-gravity
and down-flow cases in that order. Bubbly flow was observed to have a lower pressure
drop than single phase flow (except the up-flow case) and slug flow has a 14 - 15 %

larger pressure drop than the single phase flow.
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Muzychka and Awad (2008) present three different methods for two-phase flow

modelling in mini-channels and micro-channels. The first method is a series of effective
property models for homogenous flows that consist of models for viscosity, density,
fanning friction factor, and Reynolds number. The second method was a new asymptotic
model for the two-phase frictional multipliers. This is developed using the asymptotic

analysis method introduced by Churchill and Usagi (1972). This asymptotic model is

given by Eq. (2.32) and (2.33):
. LY
4 _[1 +(—X2) } (2.32)

5= +(x2)”F (2.33)

The parameter p that appears in Eq. (2.32) and (2.33) has a value chosen which
minimizes the root mean square (RMS) error between the model predictions and
published data. The third method presented by Muzychka and Awad (2008) for
modelling two-phase flow in mini-channels and micro-channels is a rational bounds
model for two-phase frictional pressure gradient. This model was developed by Awad
and Muzychka (2007) and was detailed previously in this literature review. The effective
property models for viscosity are compared to published data from Ungar and Cornwell
(1992), Tran et al. (2000), Cavallini et al. (2005) and Field and Hrnjak (2007). The
effective viscosity model that best predicted the experimental data was the Maxwell
Eucken II model. This model has the lowest RMS error of 16.47% and is given by Eq.
(2.34):

= 2“2 T _2(ug _HIX]—X)
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The asymptotic models and mean bounds model developed by Muzychka and Awad
(2008) given by Eq. (2.32), (2.33) and (2.30) are compared to published data graphically
by plotting the two-phase flow multipliers versus the Martinelli parameter X. The fitting

parameter p was chosen to be 0.5 for comparison with data. The published data used in
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comparing Eq. (2.32) was Lee and Lee (2001) data, Chung and Kawaji (2004) data and
Kawaji et al. (2005) data. The published data used in comparing Eq. (2.33) was Kawaji et
al. (2005) data and Ohtake et al. (2005) data. The mean bounds model given by Eq.

(2.30) was compared to all five data sets. The asymptotic model predicted liquid two-
phase flow multiplier with RMS errors of 14.07%, 16.09% and 11.34%., while the mean
bounds model predicted the data with a RMS error of 17.91%, 19.29%, and 10.49%
respectively. The asymptotic model predicted gas two-phase flow multiplier with RMS
error of 17.36% and 24.16%, while the mean bounds model had RMS errors of 14.87%
and 28.04% respectively. The asymptotic models overall show best prediction of data

when compared to the performance of the mean bounds model.

Muzychka et al. (2009) reviewed classic Graetz flow problems and heat transfer
characteristics. Two models were developed using the asymptotic characteristics of plug
and poiseulle flows for the constant wall boundary condition. These models were created
using the Churchill-Usagi asymptotic correlation method for thermally developing Graetz
flow. For slug flow the model for dimensionless heat transfer is given by Eq. (2.35) and

the poiseulle flow model for dimensionless heat transfer is given by Eq. (2.36):
1
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In Eq. (2.35) and (2.36), g* is the dimensionless heat transfer and L* is the dimensionless
length. Muzychka et al. (2009) use the models in Eq. (2.35) and (2.36) and simple heat
transfer theory to prove that the only way thermal enhancement can be achieved is if and
only if a change in local velocity profile can be induced through segmentation. Thus
clearly showing that the circulations present in liquid plugs during plug flow are the only

mechanism that leads to heat transfer enhancement. The dimensionless heat transfer and
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dimensionless length are then redefined to take into account the plug length and void

fraction, these definitions are given by Eq. (2.37) and (2.38):

. q/(arA) D,
) (2.37)
L = (L./D) (2.38)
Pe,

Muzychka et al. (2009) then compare these new definitions of dimensionless heat transfer
and dimensionless length given by Eq. (2.37) and (2.38) to published data. The
comparison is made graphically by plotting dimensionless heat transfer versus
dimensionless length. The data used were produced by Oliver and Young Hoon (1968),
Horvath (1973), Vrentas (1978), Narayanan and Lakehal (2008), and Prothero and Burton
(1961). These plots clearly indicate that better scaling of the dimensionless data is
obtained when true wetted surface area and plug length are considered. Furthermore,
Muzychka et al. (2009) proposes a model for predicting heat transfer for laminar gas-

liquid segmented flow based on the wetted surface area given by Eq. (2.39):

3
3
0 - 1.6114 +( 1*J (239)

Where Ls* is the dimensionless plug length given by Eq. (2.40):
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Walsh et al. (2009) conducted a investigation of segmented flow under uniform wall heat

flux (UWF) condition. Experiments consisted of testing segmented flow in a heated

section of stainless steel tube that was 2 m in length having a 1.5 mm internal diameter.

The temperature measurements were taken using four k-type thermocouples and a FLIR
Systems (IR) camera. Walsh et al. (2009) presents a plot of time averaged mean wall
temperature rise versus distance from the entrance of the tube for single phase flow and
three segmented flows with slug length to diameter ratios of 1.6, 5.7 and 14.3. The
general trends observed are that: shorter slugs provide augmented heat transfer over the
entire test section; moderate length slugs can result in a degradation of heat transfer rates
within early entrance region but augment in fully developed regions; and long length
slugs can result in a degradation of heat transfer rates throughout the system. This is the
first time that heat transfer rates for segmented flows with entrance region details were

published.

Furthermore, Walsh et al. (2009) present a plot of local Nusselt number normalized by
the liquid wetted region versus the inverse Graetz parameter x*. This plot clearly shows
that slug flow can degrade heat transfer within the entrance region but will typically
augment heat transfer within the fully developed region. It was found that in transitioning
from the entrance region to the fully developed region, the local Nusselt number
oscillated about the fully developed limit with a period equal to the length of one internal
liquid plug circulation. The maximum augmentation shown in this plot is a 700%
enhancement over the fully developed continuous Graetz flow limit, this was for the
shorter slugs with slug length to diameter ratio 1.6. Walsh et al. (2009) develops a model
to predict local Nusselt number in segmented flows which consisted of deriving
expressions for both the developing and fully developed regions. The entrance region
asymptote was derived by taking the mean between the plug flow and poiseulle flow

limits and is given by Eq. (2.41):

D
Nux(s.Ent) = Nux(P.Enl) + L_ [Nu(pl.Em) - Nu(p.Ent)] (241 )

s
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The fully developed flow limit is derived by adding the enhancement due to slug flow to

the poiseulle flow limit and is given by Eq. (2.42):

1

D \2
Nux(s.Dev) = Nux(p,De\') + 3 1 5 (L—] (242)

S

Walsh et al. (2009) then combine the two asymptotic limits in Eq. (2.41) and (2.42) using
the Churchill-Usagi asymptotic correlation method. The final model created is given by
Eq. (2.43):

1

Nu‘((s) = {(Nux(s‘Ent) )% + (Nux(s.De\'));} (2'43)

The blending parameter n in Eq. (2.43) was given a value of 10 and the model showed
excellent agreement with experimental data when presented graphically. Overall, Walsh

et al.'s (2009) findings provide greater understanding of the physics of segmented flow.
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Chapter — 3

Experimental Methods

3.1 Introduction

This chapter details the design of two miniature heat sinks as well as the experimental
setup used for measuring the heat transfer characteristics of a two-phase segmented flow
in these sinks. First, experimental objectives will be discussed, followed by a detailed
description of the conceptual design and fabrication of the two heat sinks. The
experimental apparatus, assembly, operation, and procedures will then be presented.
Experiments carried out to calibrate the equipment will also be included. Finally, a

discussion on experimental uncertainty will be addressed.

3.2 Experimental Objectives

The main objectives of the experiment are to measure and determine the heat transfer
characteristics of two-phase flow in a miniature heat transfer system. The focus will be
on the comparison of single phase flow to two-phase flow, in particular segmented two
phase flow. Attention will also be given to how results vary according to changes in flow
path geometry. Hence. it was decided that two distinct test units would be conceived. For
the purpose of this experiment the most suitable design would be two miniature heat
sinks. These designs would have varying flow path geometries, while maintaining the
same cross-sectional area and total path length, which is beneficial when conducting a

comparison of both heat sinks.
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temperature. The fifth thermocouple is located at the center of each cover plate, used to

measure center temperature. The technical drawings for both sinks are provided in

Appendix A.

3.4 Experimental Apparatus, Assembly and Operation

3.4.1 Introduction

This section will examine the apparatus, assembly and operation of the experimental
setup utilized to measure the heat transfer characteristics and the pressure drop across the
heat sinks. First, details will be given about each individual component of the system,
including its particular role and technical aspects. Next, the complete construction of
custom-made apparatus as well as experimental assembly will be reviewed. Last, the

operation of the experimental setup will be discussed.

3.4.2 Experimental Apparatus
3.4.2.1 Pumps

Two identical pumps are used for the single and two-phase flow experiments. These are
HARVARD Syringe Pump Model 33. These pumps are dual (or twin) syringe pump
models meaning they can be equipped with two syringes. The HARVARD Syringe Pump
Model 33 is illustrated in Figure 3.4. The pump operates off 115 VAC supply and can
deliver up to 53.346 ml/min with a 50 ml syringe, is capable of pressures up to 99.5 psi
with a 20 ml syringe with an accuracy of +1.0%. The pump operates in one of two
modes, proportional or continuous. In proportional mode the syringes may have different
diameters and rates while in continuous mode both syringes use the same diameter and

rate.
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3.4.2.9 Fluids

The working fluids used in all experiments were water, canola oil, and air. The properties

for water were calculated using the following expressions,

Prner = -342.584+164.103T%°-5.01225T

3

c =3805070-1028080 T**+111160T - 6005.26 T'E +162.081T*-1.7482 T

Pvater

2w

Koo =-2.76131+0.3401 8 T** -0.00838245 T

By = (31.6371-6.37804 T +0.485827 T-0.016519 T2 +0.000211278 T2 )

The benchmarking of single phase water using the above expressions for the properties in
the reduction of data led to excellent agreement between experimental measurements and
theory (shown in Chapter 4). The properties for canola oil were taken from Przybylski
(2000). The density was measured at room temperature to be 902.3 kg/m’ and found to
agree very well with the reported value at 25 C of 910 kg/m’. Similarly, a simple
capillary tube test was undertaken to test the viscosity at room temperature at several
flow rates. and near room temperature values typical of the experiment. At 25 C, the
viscosity was found to be 0.053 Pa‘s. Again, this single point was in excellent agreement
with the reported data of 0.059 Pa's. The mean reported value of specific heat, 1913
J/kgK was also used for reduction of data. However, the thermal conductivity based on
experiments was found to be much lower than the reported value given by Przybylski
(2000). Since the benchmarking with water was found to provide very good results when
compared to theory, the thermal conductivity of the oil was found by minimizing the
error between the present single phase measurements and the Graetz theory. This yielded
a value of 0,089 W/mK, which was about one half the value reported by Przybylski
(2000).
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capacity allows for longer experimental studies at higher flow rates. The syringe pumps
were each charged with two 60 ml syringes. During single phase flow experiments both
syringe pumps contain the same fluid. However, during two-phase flow experiments each
syringe pump contains a different fluid (ie water, oil, or air). When the experiment is
initiated the syringe pumps transfer the fluid into a 1/16 inch tube. The fluid travels along
the tube. passing through check valves installed along the line. Upon clearing the check
valves. the two fluids proceed to meet at a T-junction. For two-phase flow experiments
this T-junction has a small orifice to ensure proper segmented flow maturity. The fluid
continues through a flow visualization and measurement section. A camera records
images of the flow within this section, which are processed after each experimental run.
Pressure transducer and thermocouple junctions precede the fluid’s entrance into the heat
sink. Upon entry, the fluid is forced to conform to the distinct flow path of that particular
sink. Upon exit, the fluid encounters another set of pressure transducer and thermocouple
junctions. After passing completely through the system, the fluid is discharged into a

container.

During operation the system is allowed to come to a steady state condition with regards
to center surface temperature of the sink being constant. When this steady state condition
is achieved, the CPU connected to the DAQ is used to record 10 discrete data readings
over a 10 second interval. With the pressure and temperature readings recorded for the
experimental run. the dimensionless heat transfer characteristics and pressure drop can

hence be calculated and compared to theory.

3.5 Experimental Procedure

The experimental procedure began with the testing of the Square Sink. First, single phase
water was tested by running 17 different flow rates ranging from 2.50 ml/min to 120
ml/min. For each flow rate the system was provided with 10.0 Watts of power and the
center temperature (channel 2 on the DAQ) was allowed to reach a steady state condition.
Typically this took 2 to 3 minutes per run. Once steady state was achieved the DAQ

collected 10 data readings from each sensor over a period of 10 seconds.
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Second, single phase canola oil was tested. The same procedure previously described was

applied for single phase oil but because of the high viscosity and Prandt] number of the
fluid, the power input and flow rates were reduced. The oil was instead tested at 12
different flow rates ranging from 1.0 ml/min to 20.0 ml/min with a power input of 2.5
Watts. Thirdly, the two-phase segmented flow of oil-air was tested over 15 runs using the
0.020 inch T-junction. The oil flow rate ranged from 2.0 ml/min to 4.0 ml/min while the
air flow rate ranged from 0.0 ml/min to 4.0 ml/min. The power was set for 2.5 Watts for
the oil-air runs. Finally, water-air two-phase segmented flow was tested over 11 runs
using the 0.020 inch T-junction. The water flow rate ranged from 2 ml/min to 4 ml/min
and the air flow rate ranged from 0.0 mi/min to 4.0 ml/min. The power input was 2.5

Watts for the water-air runs.

Additionally, a T-junction with an orifice size of 0.0625 inches that allowed for the
creation of shorter slugs was obtained. The Square Sink was again tested with two-phase
segmented flow of water-air over 23 runs. The water flow rate ranged from 3.0 ml/min to
10.0 ml/min and the air flow rate ranged from 0.0 ml/min to 10.0 ml/min. The power
input for these series of tests was 2.5 Watts. It should be noted that for all the Square Sink

experiments the PX81D0-050DI model pressure transducer was used.

After the Square Sink was tested, the Spiral Sink was installed in the system. The PX409-
005SDWUSYV pressure transducer was available at this time and it was much better suited
for the application so it was also installed and the PX81D0-050DI model was taken out.
The 0.0625 inch T-junction was used for all experimental runs with the Spiral Sink since
it lead to the creation of shorter slug lengths. Single phase flow of water was tested first
over 17 runs with the flow entering the middle of the spiral and exiting on the side of the
sink. The water flow rate ranged from 2.50 ml/min to 120.0 ml/min. Secondly, single
phase water was repeated but this time the flow entered the side of the sink and exited in
the middle. The same flow rates were used and the power input for both single phase tests

was 7.5 Watts. Finally, two-phase segmented flow of water-air was tested over 23 runs,
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again for both directions. The water flow rate ranged from 3.0 ml/min to 10.0 ml/min and
the air flow rate ranged from 0.0 ml/min to 10.0 ml/min. The power input to the Spiral

Sink for the two-phase segmented flow runs was 2.5 Watts.

3.6 Sensor Calibration

3.6.1 Thermocouple Calibration

The seven thermocouples for each heat sink were calibrated using a constant temperature
bath of ice and water. The results of this calibration are shown in Table 3.1 for both heat
sink thermocouples. While in the ice bath, the data acquisition unit was programmed to

adjust the seven thermocouples for each heat sink to 0 °C in order to calibrate them.

Table 3.1

Ice bath thermocouple calibration results.

DAQ Channel # | Square Sink ' Spiral Sink ‘

2(center) | 0.00°C | 005°C
l 3 (quadrant) 005°C | 0.00°C
| 4 (quadrant) 000°C | 0.10°C
|5 (quadrant) 0.10°C | 0.00°C
6 (quadrant) 0.00 °C 0.00 °C
7 (inlet) 0.00 °C % 0.00 °C

8 (outlet) 0.00 °C | 0.00 °C

3.6.2 Pressure Transducer Calibration

The PX81D0-050DI model pressure transducer operated with a non-linear trend in the
range of pressures experienced during testing. Therefore it was necessary to create a
calibration curve for this range of pressure. A 1.0 m length of tubing with 1/16 inch

internal diameter was placed between both high and low junctions of the pressure
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transducer. The pressure drop over this length of tubing for laminar flow can be

calculated using Eq. (3.2):

L1
AP =4f =—py? 3.2
sz (3.2)

where the fanning friction factor f is given by Eq. (3.3):

_ 16
Re b,

f

(3.3)

Single phase water was pumped through the tube at different flow rates ranging from 0
ml/min to 120 ml/min. The current output from the PX81D0-050DI pressure transducer
was recorded then the pressure calculated using the equation above was used to create a

calibration curve. This calibration curve is given by the following expression,

AP=-4x10° 1" +53506 [-146.11

where 1 is the current output from the pressure transducer in milliamps and AP is the
differential pressure drop corresponding to that current output in kPa. The manufacturer
did not list the accuracy of the PX81D0-050DI pressure transducer in this non-linear

range, so it was taken to be the same as in the linear range, being 1 %.

The PX409-00SDWUS5V pressure transducer came with a pre-existing calibration chart

that was verified to be correct. The calibration chart is given in Table 3.2.
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Table 3.2
PX409-005SDWUSYV pressure transducer calibration worksheet.
Pressure PSID | OUTPUT VDC
0.0 -0.004
2.5 2.500
5.0 5.002
2.5 2.500
0.0 -0.003

3.6.3 Thermal Resistance Check

Two experiments were conducted using each heat sink to test the thermal resistance from
the sink to the surroundings. These experiments consisted of setting the power input to a
given sink at a fixed value. then measuring the steady state heat sink temperature
corresponding to that power input. The power inputs tested were 0.5 Watts and 1.0 Watts.
When the steady state sink temperature was obtained the room temperature was recorded

and the thermal resistance to surroundings could be calculated using Eq. (3.4):

R = Tﬂ\'f — TSlII' (3‘4)

sur Q.
where Ty, is the room temperature, Q;, is the power input and T,y is the average sink
temperature. For the Square Sink when the power input was 0.5 Watts the thermal
resistance was calculated to be 22.7 K/W and when the power input was 1.0 Watts the
thermal resistance was calculated to be 23.3 K/W. For the purposes of calculating bulk
heat transfer to working fluid through a system energy balance the thermal resistance will
be taken as approximately 23.0 K/W for the Square Sink. For the Spiral Sink when the
power input was 0.5 Watts the thermal resistance was calculated to be 19.9 K/W and
when the power input was 1.0 Watts the thermal resistance was calculated to be 20.1
K/W. For the purposes of calculating bulk heat transfer to working fluid through a system
energy balance the thermal resistance will be taken as approximately 20.0 K/W for the

Spiral Sink.
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3.7 Experimental Uncertainty

The experimental uncertainty in the dimensionless heat transfer q*, Nusselt number,
Reynolds number, Prandtl number, Peclet number, differential pressure and
dimensionless length L* depends on the uncertainty in the experimental measurement of
temperature, flow rate, pressure and system tolerance. The uncertainty in experimental

measurements are given in Table 3.3.

Table 3.3

Uncertainty in Experimental Measurements.

Measurement Uncertainty
Temperature - [°C] +0.1°C
Differential Pressure - [Pa] t1%
Flow Rate - T'ml/min] 1%
Dimension Tolerance [mm] +0.02 mm
Fluid Properties +0.5%
Measurement of Images [mm| +0.2 mm

The experimental uncertainties for this experiment were determined using the root sum
square method outline by Kline and McClintock (1953). The uncertainty analysis is
carried out at two different AT values. This temperature difference is across the outlet and
inlet of the system. Since both heat sinks used have the same overall channel length and
all other features are similar, only one need be used for calculation of uncertainty. The
two-phase segmented flow of water will be used in uncertainty analysis and the two
values of temperature difference used will be AT = 3.12 °C and AT = 8.11 °C. The root
sum square method assumes a calculated result R is a given function of independent

measured variables x;, x5, x3, ...x,, which is shown in Eq. (3.5):

R =R(x,X,,X5p000.X,) (3.5)
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From Eq. (3.5), the total uncertainty in the result R is given by wg and the uncertainties in

the independent measured variables are given by wy, wi, ws,.... w, and the relationship

between these is given by Eq. (3.6):

Applying this method to each of the parameters above, expressions for the uncertainty

due to experimental measurements can be calculated. The overall uncertainty in Reynolds

number is determined from Eq. (3.7):
1
SR. 2 2 n. 2 2 2 21>
i”_= @ + 6_“ + _8 + B_Q +(6_(1) +2(6_D) (37)
Re, p il D, Q a D
The overall uncertainty in Prandtl number is determined from Eq. (3.8):
sPr[(8¢,) (su) (oY
STl | 4| 21 4 (—) (3.8)
Pr c, n k

The overall uncertainty in temperature difference is determined from Eq. (3.9):

o | —

(3.9)
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The overall uncertainty in the average surface temperature is determined from Eq. (3.10):

D |

— 2 2 2 2 1s
S;TS — [STCH3J +(8TCH4J +(6TCHS\J +(6TCH6] (3]0)
TS TCH3 TCH4 TCHS TCH6

The overall uncertainty in the void fraction (and liquid fraction) is determined from Eq.

(3.11)
1
2 213
5L SL
da _ s | 4| T (3.11)
o I"l‘s Lgs

The overall uncertainty in the bulk heat transfer to the liquid is determined from Eq.

(3.12):
6Quuc _ 8Q 2 +(6A_Tj2+ 8& 2.4. op i (3.12)
Q.. |LQ AT c) p '

The overall uncertainty in the dimensionless heat transfer is determined from Eq. (3.13):

(kY (sT.Y (8T (8D,
) U ) Ul ) Tl
59 _ S ! : (3.13)

q 2 2 2 2
(G () BV (%)
i Qpun o D L/

The overall uncertainty in the AT yp is determined from Eq. (3.14):

2 2 = \2
SAT v _ ﬂ + 8T, + S_TS (3.14)
AT v T To T
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The overall uncertainty in the Nusselt number is determined from Eq. (3.15):

2 2 2
(%j + [8ATLMTD j + (SDH j
SONu _ k ATLM'[D D H

N 2 2 2 2
R SRCRT
Qpui o D L

| —

(3.15)

The overall uncertainty in the Peclet number is determined from Eq. (3.16):

&:[(&)' o(2) } 019
Pe Re Pr

The overall uncertainty in the dimensionless length is determined from Eq. (3.17):

1
SL*:[(&);[LL);(@)‘] 617
L* Pe L D

Applying each of the above equations to the two data sets for AT = 3.12 °C and AT = 8.11

1o | —

°C. the uncertainties for important parameters are given in Table 3.4. All parameters
change between the two data sets with the exception of Prandtl number and differential
pressure drop whose uncertainties do not vary between the data sets. It is shown in Table
3.4 that the uncertainties for all important parameters are lower when AT = 8.11 °C than

when AT = 3.12 °C.
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Table 3.4

Calculated Uncertainty in Parameters.

Parameter | Uncertainty at AT=3.12 °C| Uncertainty at AT=8.11 °C
Re 7.28% 5.64%
B Pr 0.87% 0.87%
q* 7.91% 6.36%
L* 7.60% 6.04%
Nu 7.92% 6.43%
AP 1.00% 1.00%

3.8 Summary

This chapter presented details of the design and fabrication of two minichannel heat
sinks, the experimental apparatus. assembly, operation and procedure and the calibration
of the thermocouples and pressure transducers. A discussion on experimental uncertainty

has also been addressed relating to the parameters used in data reduction in the next

chapter.
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Chapter — 4

Experimental Results

4.1 Introduction

This chapter will discuss the thermal performance results from the conducted
experiments on single and two-phase flow. The data reduction procedures to determine
the dimensionless heat transfer q* and dimensionless length L* will be detailed. The
results for the Square Sink will be discussed followed by the results for the Spiral Sink
and both heat sink thermal performances will be compared. The pressure drop over the
Square Sink will also be compared to the pressure drop over the Spiral Sink during two-
phase segmented flow. The effect of slug length, void fraction and liquid film on heat
transfer enhancement will be discussed. All experimental data are presented graphically

with respect to the dimensionless groups mentioned in Appendix B.

4.2 Data Reduction

This section will detail the reduction of experimental data into dimensionless groups so
that thermal performances can be analyzed. The main dimensionless groups used in the
comparison of thermal performances will be the dimensionless heat transfer given as q*
and the dimensionless length given as L*. The results are available in Appendix B. The

dimensionless heat transfer is given by Eq. (4.1):

q ulK
( Bulk ]Dh
As al

kl (Ts —Ti) (4‘1)

q*=
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where q* is the dimensionless heat transfer, gguy is the total heat transfer to the working

fluid, As is the total inside surface area of the heat sink, o, is the liquid fraction, Dy, is the
hydraulic diameter of the channel, k; is the liquid phase thermal conductivity, T is the
average surface temperature of the heat sink and T; is the inlet temperature of the coolant.

The hydraulic diameter is given by Eq. (4.2):
D, =— (4.2)

where A is the cross-sectional area and P is the perimeter of the cross-sectional area. Note
that for a square shaped cross-sectional area, the hydraulic diameter simply becomes the
side length of the square. This is the case for both the Square and Spiral Sinks since both
cross-sections are the same size and shape. The bulk heat transfer to the working fluid is
calculated one of two ways. The first method is calculating the heat transferred to the

working fluid using Eq. (4.3):

9pu = rhcp (To _T.') 4.3)

where ¢, is the specific heat of the working fluid, T, is the outlet temperature of the

working fluid and mis the mass flow rate of the working fluid calculated by Eq. (4.4):

m =p,Q, (4.4)

where Q is the volumetric flow rate of liquid and pj is the liquid density. The second way
of calculating qpux would be to calculate the heat lost to the surroundings then subtract

the losses from the power input to the heat sink. This would be expressed as Eq. (4.5):

TS - TSUr
Qux = Qin _[ R J (4.5)

sur
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where q;, is the power input to the heat sink, Ty, is the room temperature and Ry, is the
thermal resistance to the surroundings calculated through experiments detailed in Chapter
3. The comparison of both bulk heat transfers to the working fluid is important and will
be made by comparing Eq. (4.3) to Eq. (4.5) for each set of experimental data. The
reduction using Eq. (4.3) should be accurate for single phase flows since the
thermocouples taking the temperature measurements are completely immersed in the
working fluid at all times whereas the reduction using Eq. (4.5) should be more accurate
for segmented flows since the thermocouples taking the temperature measurements are
alternating between liquid slug and gas slug and therefore obtaining an average

temperature.

The average surface temperature of each heat sink is taken from four thermocouple
measurements. Each thermocouple is located in the center of each of the four quadrants
on the cover plate of the heat sink. The average surface temperature of the heat sink is
given as Eq. (4.6):

T — TCH3 + TCH4 + TCHS + TCHé
S
4

(4.6)

where the subscript notation indicates the respective channel that each thermocouple was
interfaced to on the data acquisition unit. The liquid fraction is calculated from the digital
photographs taken of segmented two-phase flow during experiments. The photographs
were analyzed and the length of liquid and gas slugs in the segmented flow was

measured. The liquid fraction was calculated using Eq. (4.7):

4.7

where L) and L, are the lengths of the liquid and gas slugs.

The dimensionless length L* is a measure of how thermally developed the flow is. Large

values of dimensionless length correspond to the fluid being fully thermally developed,
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thus the capacity for heat transfer is low. Small values of dimensionless length

correspond to the fluid thermally developing, therefore the capacity for heat transfer is

higher. The dimensionless length is defined as Eq. (4.8):

(4.8)

where L is the total channel length and Pe is the Peclet number defined to be the ratio of
the rate of advection of a physical quantity by the flow to the rate of diffusion of the same

quantity driven by an appropriate gradient. The Peclet number is given by Eq. (4.9):

Pe=Re; Pr (4.9)

where Repy, is the Reynolds number (using the hydraulic diameter as its length scale) and
Pr is the Prandtl number. The Reynolds number represents the ratio of viscous forces to

that of inertial forces and is given by Eq. (4.10):

D
Re, =210 (4.10)
Ly

where u; is the liquid velocity and p is the liquid viscosity. The liquid velocity is
calculated using Eq. (4.11):
Q
u, =— 4.11
' Aq, (10

The Prandtl number is defined as the ratio of momentum diffusivity and thermal

diffusivity and is given by Eq. (4.12):

(4.12)




The Nusselt number is defined as the overall dimensionless heat transfer coefficient and

is based on the log mean temperature difference (LMTD). The expression for Nusselt

number is given by Eq. (4.13):

q Bulk ] D .

Ao,
Nu=-~ 4.13)
kl A rLMTD
where the log mean temperature difference (LMTD) is defined by Eq. (4.14):
-T )-(T. -T
AT _ (Ts To) ( S 1) (4.14)

LMTD — T =T
In| = —2
T,-T

During gas-liquid or liquid-liquid two-phase segmented flow a liquid film surrounds the
gas or immiscible liquid phase. The dimensionless group termed the Capillary number
controls the film thickness. This has been studied and verified by Taylor (1961), Yu et al.
(2007) and Fries et al. (2008). The film thickness will be compared to the thermal
boundary layer thickness for certain segmented flow experimental results. The Taylor
model proposed for calculating the film thickness as a function of Capillary number is
given by Eq. (4.15):

]. 4 2/3
b _ T34CaT (4.15)

r 1+335Ca?

eq

where & is the film thickness, e, is the equivalent radius and Ca is the Capillary number
that is defined as the relative effect of viscous forces versus surface tension acting across
an interface between a liquid and a gas, or between two immiscible liquids. The Capillary

number is defined by Eq. (4.16):

Ca =t (4.16)
(22
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where ¢ is the surface tension of the liquid. The model in Eq. (4.16) is valid for a range

of Capillary numbers given as 10~ < Ca < 1.4. The equivalent radius appearing in Eq.

(4.15) is calculated for a square channel cross-sectional area using Eq. (4.17):

(4.17)

P2
eq \/;
where a is the side length of the square. An approximation for the thermal boundary layer
thickness can be derived through the use of scaling analysis (order of magnitude analysis)

presented by Bejan (2005). Given that the coefficient of heat transfer is proportional to

ratio of conductivity to thermal boundary layer thickness, one can write the following:

But substitution of the latter two expressions and the fully developed limit for Nusselt
number, the approximation for thermal boundary layer thickness is obtained and is given
by Eq. (4.18):

%3
8, = D;‘ 1;5 (4.18)

where &, is the thickness of the thermal boundary layer at a given value of dimensionless
length L*. Analysis of the film thickness and thermal boundary layer thickness is

important for viscous fluids such as oil and will be detailed later in this chapter.

71




4.3 Experimental Results

4.3.1 Introduction

This section will detail all the experimental results from single and two-phase flow
experiments. The results will be presented graphically and conclusions will be drawn on
the thermal performances. The results for the Square Sink will be presented followed by
the results for the Spiral Sink. A discussion on the effect of slug length and void fraction
will be presented followed by the comparison of overall efficiencies of the Square Sink
and Spiral Sink taking into account pressure drop. While only several graphical results

will be displayed in this chapter, all results can be found in Appendix B.

4.3.2 Square Sink Results

The first experiment run with the Square Sink was single phase flow of water. The flow
rate was varied through 17 different values ranging from 2.25 ml/min to 120 ml/min and
the liquid Reynolds numbers corresponding to this range of flow rates was 69.4 < Re <
2262. Note that only the very last flow rate of 120 ml/min lead to a turbulent flow
Reynolds number while all other 16 values were within the laminar flow regime. The
input power to the heat sink was set at approximately 10.0 Watts initially, but was
recorded at steady state condition for each flow rate due to a small drift in the initial
value. The dimensionless parameters were calculated for all 17 data sets then plots of g*
vs. L* and Nu vs. L* were created. The dimensionless heat transfer q* vs. dimensionless
length L* is shown in Figure 4.1. The solid line in Figure 4.1 corresponds to the model
presented by Muzychka et al. (2009) for a channel with square cross-sectional area given

by Eq. (4.19):

- 3
2 —_
q = [1'5]5J +(41L,) ’ (4.19)
L3
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The open circle data points correspond to using Eq. (4.3) for bulk heat transfer when

calculating the dimensionless heat transfer q* while the solid circle data points
correspond to using Eq. (4.5) for bulk heat transfer when calculating g*. As shown in
Figure 4.1, the experimental data points follow the model trend very well. For small
values of dimensionless length L* < 0.04 (corresponding to high flow rates and thermally
developing flow) the data points pull away from the model. This trend may be explained
by the fact that the mini-channel heat sink utilized had many bending channels with 90°
turns whereas the model proposed by Muzychka et al. (2009) was for a straight channel

with square cross-sectional area.

Muzychka et al. (2009)
O  Bulk based on Eq(4.3)
@ Bulk based on Eq(4.5)

10 -r\ ’
e e _ e +25% Error
8 088.,8 = L ~ - -26% Error

—_
I

Dimensionless Heat Transfer g*

0.1 : — = = : ——
0.01 0.1 1

Dimensionless Length L*

Figure 4.1 — Results for Single Phase Water in Square Sink.
For thermally developing flow perhaps the meandering channels affect the flow in such a

way that lower heat transfer results. The remaining data points for L* > 0.04 fit the model

nicely and large values of L* using Eq. (4.3) as bulk heat transfer (the open circles) fall
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directly on the model line (corresponding to low flow rates and thermally fully developed

flow). A larger plot of Figure 4.1 is available in Appendix B.

The single phase flow results shown in Figure 4.1 serve two purposes, first they act as a
means of comparison of two-phase segmented flow results to some relative base and
secondly they were used to give some idea of how the heat sink system was performing.
The fact that the open circle data points follow the model trend nicely for L* > 0.04 show
that the system is performing properly and that experimental readings are correct within
experimental uncertainty (discussed in Chapter 3). The open circle data based on data
reduction using Eq. (4.3) are the more accurate of the two sets of data for single phase
flow of water, since the inlet and outlet thermocouples are completely immersed at all
times by the flow at a constant temperature once steady state was achieved. Therefore it
is reasonable to assume the solid circle data based on Eq. (4.5) would over predict the
model for single phase flow and it is shown clearly in Figure 4.1 that this is indeed the

casc.

The second set of experiments conducted using the Square Sink was two-phase
segmented flow of water-air using the 0.020 inch T-junction for generating longer slug
tengths. The flow rates of water and air were varied and 8 different combinations of flow
rates were recorded. The water ranged from 2.0 ml/min to 4.0 ml/min and the air ranged
from 1.0 ml/min to 4.0 ml/min. The liquid Reynolds number corresponding to the flow
rates ranged from 61 < Re < 155 which was well within the laminar flow regime. These
low flow rates were chosen so that the photographs obtained of the liquid slugs would not
be blurred (as any higher flow rates would have lead to blurry images). Due to the lower
flow rates, the power input to the heat sink was subsequently decreased to an initial value
of 2.5 Watts and was recorded at each steady state condition for a given combination of
flow rates. This was done to ensure the heat sink would not reach high temperatures (i.c.
90-100 °C). The results from the 8 experimental runs are presented as a plot of g* vs. L*
in Figure 4.2. The open and solid circle data points again correspond to using Eq. (4.3) or

Eq. (4.5) when calculating bulk heat transfer during reduction of data. It is important to
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note that for two-phase segmented flow, the solid circle data points are more accurate of

the two data sets, due to the fact that the outlet thermocouple is reading an average

temperature of the slug flow rather than the actual constant temperature of the liquid

phase.

10 71

Muzychka et al. (2009)
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Figure 4.2 — Results for Two-Phase Water-Air (Long Slugs) in Square Sink.

As the slug of liquid passes over the thermocouple wire, the wire will increase in
temperature, as the slug of gas passes over the thermocouple wire, it will decrease in
temperature. Since the liquid phase is responsible for the heat transfer only the liquid
phase temperature is important. Unfortunately there was no accurate method to measure
the temperature of each liquid slug, therefore it was necessary to consider bulk heat
transfer two ways using Eq. (4.3) and Eq. (4.5). It is clearly shown that in Figure 4.2 if
the data points for either set of open or solid circles are considered; there is an
enhancement in the dimensionless heat transfer. If the open circle data is analyzed alone,

at high values of dimensionless length (L* > 0.4) it is shown that the segmented flow
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performs according to the model, but for lower values of dimensionless length (L* <0.4)

the experimental data rises and becomes approximately 21% higher than the model.

If the solid circle data is considered, enhancement is shown for all data points. The
highest level of enhancement shown for each set of data points is 21% for the open
circles and 35% for the solid circles. The average enhancement over the model for each
set of data is 11% for the open circles and 31% for the solid circles. As previously stated,
in the analysis of the experimental data for segmented flow, it is suspected that reduction
based on Eq. (4.5) is more accurate than reduction based on Eq. (4.3). In reality, the exact
value is somewhere between the two data sets. If an estimation based on a mean average
between the open and solid circle data was considered, then a mean average enhancement
of 21% occurs when using two-phase segmented flow of water-air in the Square Sink. A

larger plot of Figure 4.2 is available in Appendix B.

The third set of experiments conducted with the Square Sink was single phase flow of
canola oil. The flow rate of oil was varied 10 times resulting in a range of flow rates from
3.0 ml/min to 20.0 ml/min. The Reynolds numbers corresponding to this range of flow
rates are 0.8 < Re < 5.6 and are well within the laminar regime. The power input to the
system was initially set at 2.5 Watts and was recorded at each steady state condition. The
experimental results from the single phase oil are shown in Figure 4.3 as a plot of g* vs.
L*.

The open and closed circle data points correspond to the use of Eq. (4.3) and Eq. (4.5) in
the reduction of data. As with the single phase flow of water, the open circle data points
are most likely the more accurate prediction of actual performance, since the
thermocouples are completely immersed in the fluid at steady state. Analysis of the open
circle data points in Figure 4.3 show good agreement with the model proposed by

Muzychka et al. (2009) over most values of dimensionless length with the exception of
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the data point at L* = 0.04. At this value of dimensionless length the data point has a

dimensionless heat transfer value that is 11% higher than the model.

10 T

Muzychka et al. (2009)
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Figure 4.3 — Results for Single Phase Oil in Square Sink.

One reason for this difference may be due to the properties used for canola oil. The
thermophysical properties for canola oil taken from Przybylski (2000) were listed at room
temperature and no equations were given to calculate the properties given the temperature
of the canola oil, therefore the properties used for data reduction were constant values for
all data points. In reality the properties change slightly with the temperature and this
could account for the minor differences seen between the open circle data points and the
model. Overall the single phase canola oil results are in good agreement with the model
when based on Eq. (4.3). As expected when the data is reduced based on Eq. (4.5) the
model is over predicted, this was also seen with single phase flow of water. A larger plot

of Figure 4.3 can be found in Appendix B.
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The fourth set of experiments conducted on the Square Sink was two-phase segmented

flow of oil-air using the 0.020 inch T-junction for generating longer slug lengths. The oil
and air flow rates were varied to obtain 10 combinations of different flow rates. The oil
flow rate ranged from 3.0 ml/min to 4.0 ml/min and the air flow rate ranged from 0.5
ml/min to 4.0 ml/min. The liquid Reynolds number corresponding to this range of oil
flow rates was 0.97 < Re < 2.5 which was well within the laminar regime. Due to the
lower oil flow rates, the power input to the heat sink was set to an initial value of 2.5
Watts and was recorded at each steady state condition for each given combination of flow
rates. The results for the 10 experimental runs using oil-air are presented as a plot of q*

vs. L* in Figure 4.4.
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Figure 4.4 — Results for Two-Phase Oil-Air in Square Sink.

Again, the open and closed circle data in Figure 4.4 correspond to the use of Eq. (4.3) and
Eq. (4.5) in the reduction of data. As with the two-phase segmented flow of water-air, the
solid circle data points are likely the more accurate prediction of actual performance,

since the thermocouples in slug flow are not constantly immersed in the liquid phase.

78




However this may not be entirely accurate for the oil phase either, since the thermal

boundary layer is quite thin and may not penetrate through the liquid film surrounding the
gas slugs, this will be detailed later. With the assumption that the thermal boundary layer
is indeed thick enough to fully develop, then exact answer lies somewhere between the
open and closed circle data. It is clear that the open circle data point’s fall close to the
model proposed by Muzychka et al. (2009) with two exceptions, the two data points with
dimensionless length L* < 0.084 fall above the model and respectively give an
enhancement of 10% and 15%. Analysis of the solid circle data points results in
enhancement over all values of dimensionless length, the highest enhancement being
47% when L* = 0.074. The average enhancement over the model for each data set is 1%
for the open circles and 32% for the solid circles. As previously stated, the true
enhancement lies somewhere between, and the average mean enhancement when

combining both data sets is 17%. A larger plot of Figure 4.4 is available in Appendix B.

The final experiment conducted using the Square Sink was again two-phase flow of
water-air but this time the 0.0625 inch T-junction was used for creating shorter slug
lengths. Comparing the results from both two-phase segmented water-air flow
experiments (one using the 0.020 inch T-junction the other using the 0.0625 inch T-
Junction) will show the effect of slug length, this will be discussed later in this chapter.
The flow rates of water and air were varied leading to 18 combinations of flow rates. The
water flow rate ranged between 3.0 ml/min to 10.0 ml/min and the air flow rate ranged
from 1.0 ml/min to 10.0 ml/min. The liquid Reynolds number corresponding to the range
of water flow rates was 79 < Re < 363 which was within the laminar flow regime. The
power input to the heat sink was set initially at 2.5 Watts and was recorded at each steady

state condition. The results are presented as a plot of q* vs. L* given by Figure 4.5,
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4.3.3 Spiral Sink Results

The experimental results obtained from the testing of the spiral sink will be presented in
this section. All the results will be compared to the model proposed by Muzychka et al.
(2009) for dimensionless heat transfer in the channel with square cross-sectional area,
given by Eq. (4.18). Since the slug length was shown to be a controlling factor in the
dimensionless heat transfer enhancement due to segmented flow through experimentation
with the Square Sink, it was chosen to run the shorter slugs (higher thermal performance)
for all segmented flow tests with the Spiral Sink. However, single phase flow results are
still necessary as a baseline to compare the two-phase segmented flow results with.
Additionally, due to the poor performance of canola oil, it was left out of the testing of
the Spiral Sink. Instead, several new interests arose. First, what would be the result of
running the fluid both ways through the Spiral Sink. This required two sets of tests for
single phase water and two-phase segmented flow of water-air. The first set of tests
would run the working fluid through the Spiral Sink with the inlet being the middle port
of the spiral, and the working fluid would exit out the side port. This was termed running
the fluid forwards through the Spiral Sink. The second set of tests would run the working
fluid the opposite way, with the fluid entering the side port and leaving through the
middle port. This was termed running the fluid backwards through the Spiral Sink.

The first experiment conducted was single phase flow of water forwards through the
Spiral Sink (i.e. the middle port being the inlet and side port being the outlet). The flow
rate of water was varied 17 times between 2.5 ml/min to 120 ml/min and the Reynolds
numbers corresponding to this range of flow rates were 59 < Re < 2268. As with single
phase flow of water in the Square Sink, the last data point having a flow rate of 120
ml/min and a Reynolds number of 2268 was in the turbulent flow regime, while all other
16 data points were in the laminar flow regime. The power input to the Spiral Sink was
set 7.5 Watts and was recorded at each steady state condition due to a small drift in the

value. The experimental results are presented as a plot of g* vs. L* given by Figure 4.6.
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Figure 4.6 — Results for Single Phase Water in Spiral Sink (Forwards).

The experimental results in Figure 4.6 are surprising because published literature such as
Horvath et al. (1973) claimed that coiled or spiralling channels enhance heat transfer
above that of straight channels, but the experimental data points for both sets of data,
reduced using Eq. (4.3) and Eq. (4.5), fall below the model proposed by Muzychka et al,
(2009). Even the solid circle data which is considered an over prediction of the system for
single phase flows falls short of the model line. On a positive note the data for both open
and solid circles follows the same trend as the model line, and like the single phase flow
of water in the Square Sink, the Spiral Sink experimental results seem to pull away from
the model at lower values of dimensionless length, L* < 0.04. The reason why both data
sets pull away from the model over all values of dimensionless length cannot be due to
experimental error because the results from the single phase flow of water through the
Square Sink agreed too well with the model. The difference between the Spiral Sink

results is most likely due to system geometry. The Spiral Sink has completely different
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geometry and the fluid feels the effects of centrifugal forces as it flows around the spiral

channel, whereas the model proposed doesn’t account for this, in fact the only similarity
between the Spiral Sink and the model is that the cross-sectional area is square.
Therefore, these results for single phase water (forwards) through the Spiral Sink will act
as reference point to which two-phase segmented flow (forwards) through the Spiral Sink
will be compared with. The experimental results for the Spiral Sink on average under
predict the model by 22% for the open circle data and 15% for the solid circle data. A
larger plot of Figure 4.6 can be found in Appendix B.

The second set of experiments conducted using the Spiral Sink was single phase flow of
water backwards through the sink (i.e. the side port being the inlet and the middle port
being the outlet). The inlet tubing from the syringe pumps to the heat sink was switched
to the side port and the outlet tubing to the discharge tank was switched to the middle
port, thus reversing the flow direction. The flow rate of water was varied 17 times
ranging from 2.5 ml/min to 120 ml/min and the corresponding Reynolds numbers were
59 <Re <2120. As with the last set of experiments, only the flow rate of 120 ml/min was
within the turbulent flow regime and all other 16 points fell within the laminar flow
regime. The power input was again set initially at 7.5 Watts and recorded when the
steady state conditions were. The experimental results presented as a plot of q* vs. L* for
single phase flow of water through the Spiral Sink backwards are shown in Figure 4.7. As
with the experimental results for single phase flow of water (forwards), the experimental
results for single phase flow of water (backwards) through the Spiral Sink shown in

Figure 4.7 are just as surprising.
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Figure 4.7 — Results for Single Phase Water in Spiral Sink (Backwards).

Observing the open and solid circle data points it can be seen that both sets of data follow
the model closely until the dimensionless length becomes L* < 0.04 where both sets of
data pull away from the model. Again, this tread has been shown for all single phase flow
of water through both heat sink systems. The open circle data points on average under
predict the model by 10% whereas the solid circle data points predict the model with 0%
average difference. The most interesting feature to note is that the dimensionless heat
transfer obtained has a dependency on the direction of flow through the sink (i.e. being
forwards or backwards). This will be addressed later in this chapter. These results for
single phase flow of water (backwards) through the Spiral Sink will act as a reference
point to which the two-phase segmented flow (backwards) results will be compared too.

A larger plot of Figure 4.7 as can be found in Appendix B.
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baseline reference for comparison, since it has already been shown that single phase flow
through the Spiral Sink doesn’t fall on the model line well. Therefore, the comparison
between single phase flow and two-phase segmented flow for the Spiral Sink will be
conducted using the single phase experimental results as the baseline for comparison.
This comparison between single and two-phase flow will be conducted later in this
chapter. As previously mentioned the solid circle data points are the better predictor for
segmented flow since the open circle data points are based of experimental readings of
alternating slug temperatures. The actual true value lies somewhere between the open
circle data and solid circle data. If a mean average value is taken then the two-phase
segmented flow in the Spiral Sink (forwards) under predicts the model on average by 7%.

A larger plot of Figure 4.8 as well as a plot of Nu vs. L* can be found in Appendix B.

The final set of experimental runs conducted in the Spiral Sink was two-phase segmented
flow of water-air (backwards) using the 0.0625 inch T-junction for generating shorter
slug lengths. Again the inlet and outlet ports were switched on the Spiral Sink to allow
the flow to reverse directions through the sink. The flow rates of water and air were
varied for 18 combinations of flow rates. The water flow rate ranged from 3.0 ml/min to
10.0 ml/min and the air flow rate ranged from 1.0 ml/min to 10.0 ml/min. The liquid
Reynolds numbers corresponding to the combinations of flow rates ranged from 79 < Re
< 391 which is well within the laminar flow regime. The power input to the sink was
initially set at 2.5 Watts and was recorded at each steady state condition. The
experimental results presented as a plot of q* vs. L* for two-phase segmented flow of

water-air through the Spiral Sink (backwards) are shown in Figure 4.9.
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Figure 4.9 — Results for Two-Phase Water-Air in Spiral Sink (Backwards).

The experimental results clearly show that both sets of data, open and solid circles based
on the reduction of data using Eq. (4.3) and Eq. (4.5), follow the model trend well. Note
that in Figure 4.9 the model line is not a good baseline reference for the two-phase
segmented flow performance. As stated for the last experimental study, the two-phase
segmented flow of water-air (backwards) will instead be compared to the single phase
flow of water (backwards) through the Spiral Sink. This comparison will be conducted
later in this chapter. With respect to the model proposed by Muzychka et al. (2009) the
open circle data over predicts the model by 1% on average while the solid circle data over
predicts the model by 16% on average over all values of dimensionless length. Again, the
actual true value lies somewhere between the open and solid circle results and taking a

mean average value of the two data sets leads to an overall dimensionless heat transfer

87









As previously stated, when it comes to the analysis of segmented flow, the actual

enhancement lies somewhere between these values. By taking a mean average between
the results obtained using Eq. (4.3) and Eq. (4.5) one gets an average heat transfer
enhancement over the model of 29% for short slugs and 22% for long slugs for the five
data sets used in this comparison. Therefore it can be concluded that slug length is a
controlling factor in the dimensionless heat transfer enhancement due to segmented flow

and this agrees with the published literature.

4.3.5 Effect of Flow Direction in Spiral Sink

The effect of flow direction in the Spiral Sink will now be discussed. It was initially
theorized that the Spiral Sink would give better dimensionless heat transfer values when
run in the forward mode. This was due to the thought that the highest temperature of the
heat sink occurs at very center for the uniform wall flux boundary condition, therefore
putting the coolest fluid into the middle inlet (forwards) would lead to higher overall
thermal performance. The effect of flow direction in the Spiral Sink can be analyzed by
plotting the dimensionless data from the forwards and backwards experiments together
for comparison. This will be done for both single and two-phase flow. The single phase
and two-phase data for both flow directions are plotted as q* vs. L* and are shown in
Figure 4.11 and Figure 4.12, respectively. Regardless of whether the data is reduced
using Eq. (4.3) or Eq. (4.5), examination of Figure 4.11 and Figure 4.12 show clearly that
the Spiral Sink operates in the opposite fashion initially expected. If the open data (both
circles and triangles) or the solid data (both circles and triangles) are examined
individually all the triangles have higher dimensionless heat transfer than their
corresponding circles. The mean average enhancement of single phase flow (backwards)
when compared to single phase flow (forwards) is 10% for open data and 18% for solid

data.
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The mean average enhancement of two-phase segmented flow (backwards) when

compared with two-phase segmented flow (forwards) is 17% for open data and 12% for
solid data. Therefore the Spiral Sink shows thermal enhancement in backward mode
when compared to forward mode at equal flow rates for all values of dimensionless
length. This is true for both single and two-phase flows in the Spiral Sink. Detailed plots
of Figure 4.11 and Figure 4.12 can be found in Appendix B.

4.3.6 Comparison of Single and Two-Phase Flow

The comparison of dimensionless heat transfer between single and two-phase segmented
flow will be conducted and discussed in this section. The comparison will be presented in
graphical format by plotting the single and two-phase flow experimental data for the
Square Sink tests and the Spiral Sink tests separately. The single phase flow of water
compared to the two-phase flow of water-air (short slugs) in the Square Sink will be
analyzed first. The experimental results using Eq. (4.3) in the reduction of data are

plotted together as q* vs. L* and are shown in Figure 4.13.

Analysis of Figure 4.13 concludes that the two-phase segmented flow of water-air out
performs the single phase flow of water in the Square Sink. For similar values of
dimensionless length the dimensionless heat transfer values obtained when using two-
phase segmented flows are significantly higher. When comparing both data sets to the
model proposed by Muzychka et al. (2009) as a baseline comparison, the two-phase
segmented flow experimental data over predicts the model on average by 26% whereby
the single phase flow experimental data under predicts the model on average by 10%.
Therefore the two-phase segmented flow for this case on average shows a 40%
enhancement over the single phase flow. Similar comparisons can be made for the
following cases: single phase water and two-phase water-air in the Square Sink (long
slugs), single phase oil and two-phase oil-air in the Square Sink (long slugs), single phase
water and two-phase water-air in the Spiral Sink (short slugs & backwards), and single
phase water and two-phase water-air in the Spiral Sink (short slugs & forwards). Plots of

q* vs. L* for each of these cases based on data reduction using Eq. (4.3) and Eq. (4.5) are
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included in Appendix B. To summarize all cases Table 4.2 was constructed and shows

the average enhancement seen when comparing the dimensionless heat transfer from

single phase flow to that of two-phase segmented flow.
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Figure 4.13 — Comparison of Single and Two-Phase Flow in the Square Sink.

Table 4.2

Comparison of Single and Two-Phase Flow

Sink Comparison Average Enhancement
Eq(4.3) Eq(4.5)
Single Phase Water & Two-Phase Water-Air (Long Slugs) +23% +25%
Square Sink Single Phase Oil & Two-Phase Qil-Air (Long Slugs) +6% -4%
Single Phase Water & Two-Phnen hintar Air [Chad Clunc)l - + 40% +39%
Spiral Sink Single Phase Water & Two-Pnase vvater-Air (Forwaras) +12% +16%
Single Phase Water & Two-Phase Water-Air (Backwards) +12% +16%

93




Examination of Table 4.2 leads to several interesting conclusions. First, regardless of
how the data is reduced (either by Eq. (4.3) or Eq. (4.5)) the Square Sink shows greater
improvement in dimensionless heat transfer when segmenting the flow of water. The oil
results however do not show significant improvement when segmenting the oil in the
Square Sink and furthermore when the data reduction is conducted using Eq. (4.5) for
bulk heat transfer the segmented oil-air degrades the average dimensionless heat transfer
by 4% when compared to single phase oil. Additionally, segmenting the flow in the
Spiral Sink leads to enhancement in dimensionless heat transfer, but the enhancement is
not near as high as seen in the Square Sink. Again this must be the result of differences in
geometry between the Square Sink and the Spiral Sink. It is theorized that perhaps the
Square Sink having many 90° bends is affecting or disturbing the growth of the thermal
boundary layer whereas the Spiral Sink smoothly transitions and perhaps does not affect
the thermal boundary layer development. As stated previously, the true levels of
dimensionless heat transfer enhancement lic somewhere between the average values
predicted using Eq. (4.3) and Eq. (4.5) for segmented flow. If the mean average value is
taken from the tabulated values in Table 4.2. then the average dimensionless heat transfer
enhancement in the Square Sink over the entire range of dimensionless length is 24% for
water with long slugs, 39.5% for water with short slugs, and 1% for oil with long slugs.
Similarly the mean average dimensionless heat transfer enhancement in the Spiral Sink
over the entire range of dimensionless length is shown to be 14% for water with short
slugs in both the forward and backward directions. Note this does not mean the forward
and backward flow directions have the same thermal performance, it simply means when
comparing single phase to two-phase segmented flow in one direction. the increase in
dimensionless heat transfer through segmentation is the same for that direction as when
comparing the increase in the opposite direction. Again, this further shows that
segmentation leads to an increase in dimensionless heat transfer and that shorter slugs

show increased levels of enhancement.
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4.3.7 Effect of Void Fraction

The effect of void fraction on dimensionless heat transfer enhancement during segmented

flow will be discussed in this section. To analyze the effect of void fraction several flow
rates having the same void fraction but different combinations of flow will be examined.
A plot of dimensionless heat transfer versus liquid Reynolds number is constructed and
for each value of void fraction the data from the corresponding flow combinations will be
plotted. Analysis of the experimental results from two-phase segmented flow of water-air
with long slug lengths in the Square Sink will be analyzed. Examination of the void
fractions and flow rates indicate two void fraction values repeated for several
combinations of flow, these values were o, = 66% and o = 50%. The data from the flow
combinations at these values of void fraction was used in construction of the plot of q*
vs. Re and is shown in Figure 4.14. The single phase data obtained for the Square Sink is

also included as a reference line.
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Figure 4.14 — Effect of Void Fraction on Dimensionless Heat Transfer in Square Sink.
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From Figure 4.14 it is clearly shown that the dimensionless heat transfer is significantly
improved by increasing the void fraction. With increased void fraction, the liquid slug
length is decreased, resulting in a higher internal circulation speed. This would account
for increased dimensionless heat transfer results obtained as the void fraction was
increased. By considering a given flow rate of liquid phase and varying the gas flow rate
(thus varying the void fraction) another plot of dimensionless heat transfer versus void
fraction can be constructed. After reviewing the experimental data, the liquid flow rate
with the most variation in gas flow rate occurred at 4.0 ml/min of the liquid phase during
the two-phase segmented flow of water-air in the Square Sink using short slug lengths.

This data was used to plot q* vs. o, and is shown in Figure 4.15.
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Figure 4.15 — Effect of Void Fraction on a Constant Liquid Flow Rate in Square Sink.

It can be concluded from Figure 4.15 that void fraction is a controlling factor in the

dimensionless heat transfer due to segmented flow. This is ultimately due to the void
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fraction controlling the liquid slug length and as shown previously (Section 4.3.4) a
decrease in liquid slug length leads to an increase in enhancement of dimensionless heat
transfer. This agrees well with published literature where the void fraction and slug
length were studied. Such studies include the work of Horvath et al. (1973), Vrentas et al.
(1978), and Fries et al. (2008). Detailed plots of Figures 4.14 and 4.15 can be found in
Appendix B.

4.3.8 Effect of Liquid Film Thickness

The liquid film thickness surrounding the gas phase in two-phase segmented flow will be
discussed in this section. It is important to compare the liquid film thickness to the
thermal boundary layer thickness, especially for high Prandtl number fluids such as oil. If
the thermal boundary layer is significantly smaller than the liquid film thickness, then an
enhancement in dimensionless heat transfer may not occur due to the thermal boundary

layer not penetrating into the circulations present in liquid slugs.

Table 4.3
Liquid Film Thickness and Thermal Boundary Layer Thickness
for Oil-Air Segmented Flow in Square Sink.

Flow Rates Capillary Film Thermal Boundary
Q,i - Qair Number Thickness | Layer Thickness
(ml/min) Ca (mm) {mm)
30-05 0.09 0.091 0.369
30-10 0.11 0.097 0.350
30-20 0.14 0.107 0.320
3.0-3.0 0.17 0.113 0.302
3.0-4.0 0.14 0.108 0.317
40-05 0.12 0.101 0.339
40-1.0 0.13 0.105 0.325
40-20 0.16 0.113 0.303
40-3.0 0.20 0.121 0.283
40-4.0 0.23 0.126 0.271
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This analysis requires the calculation of Capillary number given by Eq. (4.16), liquid film

thickness given by Eq. (4.15) and thermal boundary layer thickness given by Eq. (4.18)
for each steady state set of experimental data. Then the comparison of thermal boundary
layer and liquid film can be made. The experimental data from the two-phase segmented
flow of oil-air and water-air (long slugs) in the Square Sink will be examined to address
this concern. The results for oil-air segmented flow are shown in Table 4.3 and the results

for water-air segmented flow are shown in Table 4.4.

Table 4.4
Liquid Film Thickness and Thermal Boundary Layer Thickness
for Water-Air Segmented Flow in Square Sink.

Flow Rates | Capillary Film Thermal Boundary

Quater - Qaic |  Number Thickness | Layer Thickness
(ml/min) Ca {mm) (mm)
3.0-1.0 0.0009 0.007 0.499
30-20 0.0010 0.008 0.472
3.0-30 0.0012 0.008 0.443
30-40 0.0015 0.009 0.411
3.0-6.0 0.0017 0.010 0.387
40-1.0 0.0010 0.007 0.468
40-2.0 0.0012 0.008 0.437
40-3.0 0.0015 0.009 0.413
40-4.0 0.0016 0.010 0.402
40-6.0 0.0021 0.012 0.370
40-8.0 0.0025 0.013 0.345
40-10.0 0.0029 0.015 0.328
50-50 0.0022 0.012 0.372
50-8.0 0.0028 0.014 0.343
5.0-10.0 0.0031 0.015 0.330
6.0-6.0 0.0026 0.013 0.350
6.0-8.0 0.0030 0.015 0.333
10.0-10.0 0.0044 0.019 0.295
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The reduced experimental data appearing in Table 4.3 and Table 4.4 show that over the
entire range of each experiment, the liquid film thickness is smaller than the thermal
boundary layer thickness, therefore the film and circulations in liquid slugs are playing a
role in the enhancement of the dimensionless heat transfer. Originally it was thought that
the poor performance of oil may be due to the liquid film thickness being much larger
than the thermal boundary layer thickness, but this is indeed not the case. In fact the
thermal boundary layer thickness isn’t far off that of water for the same combinations of
liquid-gas flow rate in a segmented flow. If the flow rate of 3.0 ml/min liquid and 3.0
ml/min gas is examined for each segmented flow case in Tables 4.3 and 4.4, the thermal
boundary layer thickness of oil is 0.302 mm and of water is 0.443 mm. Therefore the

poor performance of oil is due to properties other than large liquid film thickness.

4.3.9 Comparison of the Square Sink and Spiral Sink

This section will detail the comparison between heat sink efficiencies by comparing the
dimensionless heat transfer with the pressure drop for each heat sink. At this point it
would seem that the Square Sink is out-performing the Spiral Sink in terms of thermal
efficiency, but to conclude that the Square Sink is overall more efficient than the Spiral
Sink or vice versa the pressure drop (power requirements) must also be considered when

comparing the thermal performances. To conduct this analysis a normalized pressure will

be defined by Eq. (4.20):

Ap*= _dp_ (4.20)
dpn]ﬂx

By plotting q* vs. Ap* for the Square Sink and Spiral Sink (forwards and backwards)
then the system that is overall more efficient can be determined. For the comparison data
from the two-phase segmented flow of water-air in both Square and Spiral Sinks (using

Short Slugs) will be used. The plot of q* vs. Ap* is shown in Figure 4.16.
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Figure 4.16 — Efficiency of Square Sink vs. Spiral Sink.

In Figure 4.16 three sets of experimental data are presented and trend lines have been
added to each data set. The upper trend line passing through the Spiral Sink data belongs
to the forward tests while the lower trend line belongs to the backward tests. From Figure
4.16 several conclusions can be drawn, firstly the Spiral Sink in forward mode operates
with higher overall efficiency than in backward mode. This confirms the initial belief that
the Spiral Sink would be more efficient in forward mode with the cold fluid entering the
middle inlet where the heat sink was hottest. Secondly it is shown that for either direction
the Spiral Sink is operating in, it is more efficient than the Square Sink, for lower

normalized pressures the Spiral Sink gives higher dimensionless heat transfer values.
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This higher efficiency is obvious when the normalized pressure value of 0.7 is examined,
the Square Sink has a dimensionless heat transfer value of 0.5 while the Spiral Sink has a
dimensionless heat transfer value closer to 1.5. Therefore, while all experimental data
based on thermal performance pointed in the direction that the Square Sink was better,
once power requirements such as pressure were considered it turns out that the Spiral
Sink run in forward mode is overall more efficient. A larger plot of Figure 4.16 is

included in Appendix B.

4.4 Summary

In this chapter the reduction of experimental data into dimensionless groups was
discussed and the experimental results for the Square Sink and Spiral Sink were
presented. Results for the Square Sink on single phase water, single phase oil, two-phase
water-air (long slugs), two-phase oil-air (long slugs) and two-phase water-air (short
slugs) were presented. Then results for the Spiral Sink on single phase water and two-
phase water-air (short slugs) in both flow directions through the spiral were presented.
Following the presentation of experimental data, the effect of slug length and void
fraction was discussed. Then issues with liquid film thickness and thermal boundary layer
thickness were addressed followed by a comparison of the overall efficiencies of the
Square Sink and Spiral Sink. The Spiral Sink was found to operate with the greater

overall efficiency in forward mode once the pressure drop was considered.
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Chapter - S

Conclusion and Recommendations

5.1 Conclusion of Present Study

The present study examined the use of two-phase segmented flow as a working fluid in
the cooling of two mini-channel heat sinks. An introduction to two-phase flow was
presented with respect to flow patterns and flow maps followed by an introduction to
two-phase segmented flow. The use of mini-channel and micro-channel devices was
reviewed and applications were given. A literature review on two-phase segmented flow
was then presented with respect to published literature spanning the last sixty years. The
fabrication of two mini-channel heat sinks was detailed; these heat sinks were termed the
Square Sink and Spiral Sink. The experimental objectives, apparatus, setup, and
procedure then followed. Next an uncertainty analysis was conducted for the
dimensionless groups used in the reduction of data. Finally the reduction of data was

discussed and the experimental results were presented.

The results from single phase flow of fluids were compared to the two-phase segmented
flow results. For the Square Sink the mean average improvement in dimensionless heat
transfer when using two-phase segmented flow was reported as 24% for water-air with
long slugs, 39.5% for water-air with short slugs, and 1% for oil-air with long slugs. For
the Spiral Sink the mean average improvement in dimensionless heat transfer when using
two-phase segmented flow was reported as 14% for water-air with short slugs in both the
forward and backward flow directions. All experimental data was presented graphically

as plots of g* vs. L* and are also found in Appendix B.

102



A discussion on the effect of slug length was presented and it was shown that shorter

liquid slugs lead to higher dimensionless heat transfer values when compared to longer
liquid slugs at equivalent flow rates. The effect of void fraction was discussed and it was
shown that as the void fraction increased so did the dimensionless heat transfer due to the
decrease in liquid slug length. Finally the Square Sink and the Spiral Sink were compared
to determine which had the best overall efficiency. The normalized pressure drop was
considered along with the dimensionless heat transfer results and it was found that the

Spiral Sink run in the forwards flow direction had the best overall performance.

5.2 Recommendations for Future Work

This section will detail recommendations for future work with regards to using two-phase
segmented flow as a working fluid in cooling mini-channel heat sinks. The ideas detailed
here were inspired by literature review and experiences during the present study. These
are meant to be suggestions on how the experiments performed may be made easier and

how the analysis of data could differ.

The first recommendation would be the creation of a gas stabilizing entrance block for
the gas phase used in the segmented flow. This idea was taken from a paper published by
Fries et al. (2008). Essentially a series of meandering channels with small diameter are
used to increase the pressure drop and create a stable gas injection into the T-junction
where the segmented flow would mature. A simple sketch of such a device is shown in

Figure 5.1.

Gas Inlet
q

Gas Qutlet

Figure 5.1 — Conceptual Gas Stabilizing Block.
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The second recommendation would be to add a method for controlling the liquid slug
length. Through the use of a micro electronic valve and a compressed gas tank, the valve
could be set to different frequencies and the liquid slug length could be varied. Such
micro electronic values are available through CLIPPARD Inc. and are inexpensive. The
valve would have to be controlled through the use of a programmable logic controller

whereby the frequency of valve state could be programmed and adjusted.

The third recommendation would be the redesign of the heat sinks to include a bolt
pattern around the outside edge of each base plate and cover plate. In the current study a
clamp and glue were used to seal the base plate to the cover plate, this method was rather
crude and several heating strips were destroyed in the process of tightening the clamp.
With the addition of an outside bolt pattern, the need for clamping and glue would be
eliminated and the ease of assembling and de-assembling each heat sink would be greatly

improved.

The fourth recommendation would be to design a proper insulting compartment for the
heat sinks. As shown in the experimental data from the current study, the results obtained
by reducing the data based on bulk fluid temperature and losses to the environment
differed (this is referring to the use of Eq. (4.3) and Eq. (4.5) from Chapter 4 in the
reduction of data). For a completely insulted and controlled experiment the results from
the two methods of data reduction should be very close together, thus a proper insulting

compartment would reduce the error between both approaches.

The fifth recommendation would be a suggestion to get several heat sinks created so that
glass slides could be glued over duplicate heat sinks for flow visualization experiments
either with high-speed cameras or PIV analysis. This way the exact liquid slug lengths
occurring during experiments could be deduced from the images rather than by the ratio

of cross-sectional areas used in the current study.
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The sixth recommendation would be to design the new heat sinks with the liquid and gas
ports directly on the sinks themselves. This would ensure that segmented flows would
develop directly inside the heat sink rather than externally. In the present study, the two-
phase flow rates examined were picked because stable segmented flows that did not
break up occurred over the range used. However, several other flow rates leading to
excellent segmented flows could not be used because the slug trains would break up
when passing through thermocouple and pressure junctions. If the segmented flow was
created directly on the heat sink, this issue would be solved. Additionally, by pressure
fitting a syringe needle into the sink itself very small segmented flows could be created

with liquid slug lengths close to 2 mm long.

The seventh recommendation would be to measure the temperature of the segmented
flow at the outlet of the heat sink by some means other than a thermocouple junction. For
the segmented flow, the liquid slug passes over the thermocouple increasing the
temperature while the gas slug passes over the thermocouple decreasing the temperature
and therefore producing an overall average reading. This was ultimately the reason why
the data was reduced two different ways in Chapter 4. A better way to measure the liquid
temperature would be to somehow separate the two-phases quickly at the outlet and get a
measurement from the liquid phase by itself. A small gas-liquid separator could be
designed and put into place at the outlet of the heat sink and then the liquid phase alone

could run through a thermocouple junction giving the temperature measurement desired.
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Figure 4.1 — Results for Single Phase Water in Square Sink.
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Figure 4.2 — Results for Two-Phase Water-Air (Long Slugs) in Square Sink.
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Figure 4.3 — Results for Single Phase Oil in Square Sink.
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Figure 4.4 — Results for Twwo-Phase Oil-Air in Square Sink.
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Figure 4.5 — Results for Two-Phase Water-Air (Short Slugs) in Square Sink.
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Figure 4.6 — Results for Single Phase Water in Spiral Sink (Forvards).
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Figure 4.7 — Results for Single Phase Water in Spirval Sink (Backwards).
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Figure 4.8 — Results for Two-Phase Water-Air in Spiral Sink (Forwards).
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Figure 4.9 — Results for Two-Phase Water-Air in Spiral Sink (Backwards).
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Figure 4.10 — Comparison of Long Slugs and Short Slugs in Square Sink jising Two-Phase Water-Air Flow.
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Figure 4.11 — Comparison of Flow Direction in Spiral Sink for Single Phase Flow.
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Figure 4.12 — Comparison of Flow Direction in Spiral Sink for Two-Phase Flow.
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Figure 4.13 — Comparison of Single and Two-Phase Flow in the Square Sink.
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Figure 4.14 — Effect of Void Fraction on Dimensionless Heat Transfer in Square Sink.
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Figure 4.15 — Effect of Void Fraction on a Constant Liguid Flow Rate in Square Sink.
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Figure 4.16 — Efficiency of Square Sink vs. Spiral Sink.
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