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AN EXPERIMENTAL STUDY OF FLOW BOILING HEAT
TRANSFER ENHANCEMENT IN MINICHANNELS
WITH POROUS MESH HEATING WALL
1

INTRODUCTION

As one of the most efficient modes of heat transfer, flow boiling is an

important process in many industries such as refrigeration, high heat-flux
electronics cooling and power generation. Thus it has been intensively studied for
more than 40 years. However due to the extremely complex phenomenon, designs

of boiling systems are still largely depending on empirical correlations.
Correlations and experiments normally focused on steam tube boilers before
1 960s. The average heat transfer coefficient and pressure drop over the length of

the evaporating section were of primary interest. With the strong emergence of
small refrigeration units, tubes of small diameters less than 3 mm were widely
used. Therefore flow boiling of conventional refrigerants in small tubes has been
studied extensively. In order to increase the efficiency of flow boiling in compact

heat exchangers, research has been performed involving modification of the flow
passage surface geometry.

One example of this type of study was done by Carey et al. {1J on offset
strip fins and ribbed channels. It basically falls into the category of flow boiling
enhancement using extended surfaces. Normally, these extended surfaces or fins
are between 0.1 mm and 8 mm. They provided boiling enhancement by increasing

2

the boiling heat transfer area and by breaking up the developing boundary layer
on the channel heating walls. However, results from the study indicated that these

modifications of heating surfaces can lead to a substantial increase in pressure
drop and suppression of nucleate boiling. Other examples are by Nakayama et al.
[2] and Thome et al. [3] on re-entrant grooved enhanced structures. These, on the

other hand, fall into the category of flow boiling enhancement using enhanced
surfaces. Instead of using more surface area to enhance flow boiling heat transfer,

flow boiling enhancement is largely achieved by the introduced cavities such as

the re-entrant grooves. The more the cavities with desired size introduced, the

greater the nucleate boiling contribution is achieved. Normally, the enhanced
surfaces have cavity size at least an order of magnitude smaller than the height of
an extended surface. Both studies show that the heat transfer coefficients achieved

with these re-entrant type enhanced structures are much greater than those
obtained with smooth surfaces because of enhanced nucleate boiling.

As flow boiling heat transfer phenomena in microscale and macroscale

show distinct differences, several classifications for the transition from
macroscale to microscale heat transfer have been proposed. They all are based on
hydraulic diameter for non-circular channels. Mehendal et al. [4] recommended a
size classification as follows:

Microchannels: 1

.

100 tm

Mesochannels: 100 tm

1 mm

3

Macrochannels: 1

6 mm

Conventional Channels: > 6mm

As recommended by Kandlikar [5], a microchannel is defined as a channel
hydraulic diameter between 50 tm and 600 .tm; a minichannel is defined as a

channel hydraulic diameter between 600 m and 3 mm; and a conventional
channel is defined as a channel hydraulic diameter greater than 3 mm. During
2002, however, Kandlikar [6] proposed a modified size classification as follows:

Microchannels: 10 200 .im
Minichannels: 200 .tm

3 mm

Conventional Channels: > 3 mm

Such transition criteria are arbitrary and do not reflect the influence of
channel size on the physical mechanisms. A more general definition of macro-to-

micro transition criterion might be related to the bubble departure diameter. As a

consequence, Kew and Cornwell [7] recommended using a confinement number

Co as a criterion to differentiate between macroscale and microscale two-phase
flow and heat transfer, where the confinement number Co is defined as:

Co=[

a

1/2

1

Lg(PL p)DJ

El

During the current study, the size classification by Kandlikar in 2002 is used.
Based on this classification scheme, the channels fall into the minichannel range.

1.1

Motivations

With great potential to dissipate large amounts of heat from small, high

heat-flux devices in a variety of computer and aerospace applications, flow
boiling in minichannels and microchannels has attracted much attention in the
electronics cooling community over the past ten years. Most of the studies were
focused on the fundamental phenomena of flow boiling in mini or microchannels,

as well as the differences between microscale boiling and macroscale boiling.
Although significant progress has been made over the ensuing years, there are still
many issues remaining to be resolved and explored.

Flow boiling enhancement in minichannels and microchannels holds
promise due to its potential of reducing the amount of wall superheat, increasing

the nucleate boiling heat transfer and increasing the critical heat flux (CHF),
especially when there is a simple way to modify the heating surface in order to
promote nucleate boiling. Obtaining a deeper understanding of the actual physical
mechanisms of flow boiling and enhancement in minichannels and microchannels

has become important with the fact that many components involve phase change
processes. With the anticipated boiling heat transfer enhancement brought about
by incorporating porous mesh surfaces, two-phase heat transport devices can be
made smaller and lighter. This is a very important factor for portable applications.

By investigating previous work involving flow boiling in minichannels and
microchannels, it Was found that there were many contradictions between similar

studies. This makes designing of boiling systems difficult. Moreover, there is no

flow boiling study using HFE 7000, which is a potential working fluid for
portable heat-activated cooling system now under study [8, 9, and 10]. As the
boiling process is fluid dependent, an experimental study of flow boiling of HFE
7000 inside minichannels and microchannels, as well as the boiling enhancement
mechanisms using mesh structures, seems necessary. According to the function of

the fine mesh used in the current study, as well as the fine mesh sizes used, this

flow boiling enhancement study fall into the category of flow boiling
enhancement using surface enhancement techniques.

1.2

1.2.1

Applications

Cooling of high heat-flux electronics
With continuous pursuit of denser circuits, it has brought about significant

improvements in the performance of micro-electronic devices during the past
decades. With these improvements, however, there has been a steady increase in
heat generation at the component, module and system levels. This demands more

efficient electronic cooling technologies to ensure device performance and
reliability. In addition, this challenge is exacerbated by additional important

factors such as the non-uniformity of on-die power distribution [11]. With

increasing performance, non-uniformity also increases. The regions having high

heat-flux densities are commonly referred to as hot spots. Various innovative
cooling schemes have been developed to meet this demand. Microchannel and

minichannel heat sinks with their extremely low thermal resistance have been
shown as a potential technology for the next generation high performance cooling

systems [12], especially incorporating the phase change process. It not only
greatly enhances the overall heat transfer coefficient and reduces the liquid flow

rate and inventory, but it also provides more uniform stream-wise temperature

distributions due to phase change. Currently, highly efficient heat spreading
schemes are needed to even out the local hot spots in microchips such as in
microprocessors. With microchannel and minichannel cooling schemes, the heat

spreading devices may not be needed. This could be achieved by arranging the
nucleate flow boiling regime on top of the designed hot spots. Since the nucleate

boiling heat transfer is typically heat flux dependent, higher boiling heat transfer

coefficients would be expected to dissipate the extra amount of heat without
necessarily increasing the local chip temperature.

1.2.2

Making of efficient heat transport devices

With the energy demand ever increasing and energy sources rapidly
decreasing, highly efficient energy conversion and transport systems become

more and more attractive. As the heat and mass transport length are largely
decreased in mini & microchannels, the heat transfer coefficient and mass transfer
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coefficient in mini & microchannels are much higher than those in macrochannels

[13]. This makes microchannel and minichannel technology very attractive to
those applications where system size and weight are very sensitive.

Improving the heat transfer in pooi boiling by employing enhanced surfaces

is very popular due to the fact of increased nucleate boiling sites. However, those

surface enhancement techniques are less popular in flow boiling. This could be
either due to the higher pressure drop penalty or higher manufacturing costs. In
addition, some studies [14, 15] have shown that the annular flow is the dominant

flow boiling regime in microchannels. This means that convective evaporation
dominates nucleate boiling as the primary flow boiling heat transfer mechanism.

On the other hand, according to some previous studies such as Kandlikar [6]
which will be described in detail in the next chapter, the nucleate boiling still
exists in the annular flow regime. That means that sustaining nucleate boiling in

this regime using mesh structures becomes very attractive, especially if the
enhanced boiling heat transfer is accompanied with little pressure drop penalty.

As a developing technology, small-scale heat-activated cooling system will

definitely find large application in portable and distributed cooling, vehicle airconditioning, and waste heat utilization. Inside the actual heat-activated cooling
systems, flow boiling is one of the most fundamental phenomena.

1.3 Objectives
This research will mainly concentrate on flow boiling in minichaimels with
diffusion-bonded layers of commercially available mesh onto the channel heating

wall. In addition, a curved channel will be explored for possible flow boiling
enhancement due to the curvature-induced centripetal force on vapor bubbles.
Although nucleate boiling regimes may exist, the dominant flow regime will be
mostly annular flow. Identical bare straight channels will be studied as well for a
comparison base. The summary of the objectives are listed below.

Perform global measurements of pressure drop and flow boiling heat
transfer as a function of inlet mass flux and applied heat flux for a given
mesh configuration

Investigate the effects of mesh size and material on the flow patterns,
pressure drop, wall superheat, flow boiling heat transfer coefficient and
critical heat flux. Compare results with that of the bare channels

Identify the flow regimes as well as the associated dominant flow boiling
heat transfer mechanisms (nucleate boiling, forced convection evaporation)

as a function of mass flux, heat flux, and mesh sizes. Discuss the flow
boiling heat transfer enhancement mechanisms

.

Conduct a flow boiling visualization using a high-speed camera to help
understand the experimental results and enhancement mechanisms

.

Investigate the channel curvature effects on the bubble distributions and
the resulting two-phase heat transfer coefficient

1.4 Onset of Nucleate Boiling

This section provides an introduction to the mechanisms that affect a
nucleation process. A semi-theoretical model proposed by Hsu [16] shed some
lights on how to predict active nucleation sites on a heated surface. It provided

considerable insight into the effects of non-uniform liquid superheat resulting
from transient conduction in the liquid during bubble growth and release process.

It was concluded that the range of active nucleation sites was a function of the
superheated thermal boundary layer thickness, the thermophysical properties of

the liquid, liquid subcooling level, and wall superheat. Furthermore, a certain
value of wall superheat must be attained before any site on the heated surface

becomes active. Although this model is approximate with some assumptions,
qualitatively it agrees with some trends observed in many boiling systems.

In the model, Hsu assumed a superheated thermal boundary layer with a

thickness of 6. For y is less than 6, the heat transfer occurs by pure conduction;
whereas for y is greater than 8, vigorous turbulent mixing results in a uniform
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liquid temperature of T. As a result, heat transfer inside the superheated thermal

boundary layer was modeled as one-dimensional transient conduction. The
governing equation for this 1-D transient conduction was provided as:

=a
80

820

(1)

8t

where 9 = T

.

The appropriate boundary and initial conditions were

0=0 at t=0; 0=0 at

y=51

fort>0,0=0=TT aty=0

(2)

(3)

By using separation of variables technique, the analytical solution for this 1 -D

transient conduction is

9
w

8 y+
2
8t

cosnr
n=1

sin nn
.

St _Y]e_n22ait/oi)

(4)

[

It indicates that the liquid temperature profile inside the superheat thermal
boundary layer reaches a linear profile between the wall andy = S, when steady
state is obtained.

According to the Clausius-C lapeyron equation [16] and the Young-Laplace
equation [16] (both shown below as Eqs (5) & (6), respectively)
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dP_

h1,

h,

dT

at

(I )v

(5)

'at (I )v

sat('
the equilibrium superheat

(6)
re

(1) and the bubble radius i can be derived as

7

(F1) =

27Icat(P)

(7)

Pvhiv1e

In Hsu's model, he also assumed some simple relations among the mouth
radius of the cavity

r,

the radius of the bubble embryo

re,

and the height of the

embryo bubble b:

b

Therefore, the equilibrium superheat requirement at y

I
where
o
ow

b = TY=b

T and O = T

(8)

2r = 1 .6r

= b

can be represented as:

3.2OTsat(Pi)

(9)

ph18O(l 2r /)

T. This expression shows that, if the value of

2r

at
St

9
= i- during the transient conduction exceeds the value of h-,
cavities

S

with dimensions of r and

ow

b

will become active.
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During the transient conduction, the highest temperature at any given
location inside the superheated thermal boundary layer should be the value
obtained at the steady state, whose temperature profile is linear as:

8

81y

9

(10)

Si

By substituting this linear temperature profile into the equilibrium superheat

requirement (Eq. (9)) and solving for r, two real solutions then can be obtained
corresponding to

and rcmax

2

Lrcm

J

4[

1+1 hi
-j

°sat

-J

12.8aTsa,(Pi)l

ph181O

(11)

J

According to Hsu, when the mouth radius of a cavity is greater than

rcmax,

it does not form an active nucleation site. This is because the embryo bubble at
this cavity is big enough to expose its upper part beyond the superheated thermal

boundary layer and reach the subcooled liquid. In this case, vapor condensation
starts to occur and bubble growth stops. On the other hand, for a cavity with the

mouth radius smaller than r, the corresponding embryo bubble is then so
small that the required large amount of equilibrium superheat cannot be provided
by the wall. Therefore it is also not an active site.
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In order to get a reasonable estimation of the active cavity sizes, the
superheated thermal boundary layer thickness 8, must be estimated appropriately.

In Hsu's model, 8, is equal to

where k is the fluid conductivity and h is the

convective heat transfer coefficient. The estimated active cavity sizes for the HFE

7000 flow boiling tests are shown in Fig. 1.1., where h was assumed 450 W/m2K

according to the convective heat transfer coefficient measured in single phase
tests. Also indicated in the model is the enhancement of convective heat transfer

(thereby reducing 8, ). This will suppress the nucleation process due to the
reduced wall superheat. Analysis of this type is the basis for many flow boiling
heat transfer correlations.
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Figure 1.1: Estimated Active Cavity Size Range Using Hsu' s Model
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LITERATURE REVIEW

Continuous development of microscale devices is pressing a need for a
better understanding of microscale heat and mass transport phenomena. This is

causing a transition of research and development in transport phenomena from
macroscale to microscale. This transition notably started with the pioneering work

by Tuckerman and Pease [13] in the early 1980s, and has been on going for about

twenty years. Their work spawned unprecedented interest in the use of
microchannel heat sinks as a means for dissipating large amounts of heat from
small, high heat-flux devices in a variety of computer and aerospace applications.

While Tuckerman and Pease's work was focused on single-phase heat sinks,
recent research efforts have shifted to two-phase heat sinks. This is because the

significant advantages of two-phase processes over single-phase processes in
transferring heat: higher heat transfer coefficients inside the heat sink and more
uniform stream-wise wall temperature results. Plus, a two-phase process inside a
heat

sink

needs much less fluid inventory due to large latent heat. Although

relatively little work has been done in this area, according to Bergies [17],
significant

differences

in transport phenomena have

been reported

in

microchannels, as compared to the macrochannels.
Kandlikar [18] conducted a comprehensive review of literature on

evaporation in small diameter passages along with some results obtained by the
author for water evaporating in 1 mm hydraulic diameter multi-channel passages.

L
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The review concluded that three flow patterns are commonly encountered during

flow boiling in minichannels: isolated bubble, confined bubble or plug/slug, and

annular. The visual studies available in the literature have been generally
conducted for low mass flux values in tubes of 1 mm or larger hydraulic
diameters. Large pressure drop fluctuations were noted in multi-channel
evaporators. Flow pattern observations revealed a flow reversal in some channels

with expanding bubbles pushing the liquid-vapor interface in both upstream and
downstream directions. Heat transfer studies in the microchannels indicated that,

as a first order estimate, heat transfer may be predicted using the flow boiling
correlations developed for large diameter tubes.

Thome [19] reviewed some recent research on boiling in microchannels.
The review addresses the topics of macroscale versus microscale heat transfer,
two-phase flow regimes, flow boiling heat transfer results for microchannels, heat
transfer mechanisms in microchannels and flow boiling models for microchannels.

In microchannels, the most dominant flow regime appears to be the elongated

bubble mode that can persist up to vapor qualities as high as 60-70% in
microchannels, followed by annular flow. Flow boiling heat transfer coefficients

have been shown experimentally to be dependent on heat flux and saturation
pressure while only slightly dependent on mass velocity and vapor quality. Hence,

these studies have concluded that nucleate boiling controls evaporation in

microchannels. Instead, a recent analytical study has shown that transient
evaporation of the thin liquid films surrounding elongated bubbles is the dominant
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heat transfer mechanism as opposed to nucleate boiling and is able to predict
these trends in the experimental data. Newer experimental studies have further
shown that there is in fact a significant effect of mass velocity and vapor quality

on heat transfer when covering a broader range of conditions, including a sharp
peak at low vapor qualities at high heat fluxes. Furthermore, it is concluded that

macroscale models are not realistic for predicting flow boiling coefficients in
microchannels as the controlling mechanism is not nucleate boiling nor turbulent
convection but is transient thin film evaporation.

The following three sections provide more detailed review of some of the
past flow boiling studies in straight small-scale channels, on enhanced surfaces,
and in curved channels

2.1 Flow Boiling in Straight Small-Scale channels
Qu and Mudawar [20] investigated transport phenomena in a two-phase
microchannel heat sink using de-ionized water as the coolant. The oxygen-free
copper heat sink had a plane form of 10 mm (width) by 44.8 mm (length) and 21

equidistant rectangular micro-slots, 23lt.tm wide and 712i.m deep. The average
surface roughness was estimated to be on the order of 1 pm. Three thin slots were

cut to reduce axial conduction within the heat sink and provide a more uniform

heat flux distribution. Each plenum had a deep portion leading to a shallow

portion to ensure even flow distribution between all channels. Two type-K
thermocouples were inserted into inlet and outlet plenums to measure the inlet and
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outlet fluid temperatures. Four additional type-K thermocouples were inserted

into the heat sink to measure the channel wall temperature distribution. Two
absolute pressure transducers were used to measure fluid pressures in the deep
portions of the inlet and outlet plenums, respectively. After the test module was
assembled, multiple layers of ceramic

fiber were wrapped around the

microchannel heat sink to reduce heat loss. The water in the reservoir was
deaerated by vigorous boiling for about one hour to remove any dissolved gases.

The local heat transfer coefficient was averaged over the heated perimeter

of the microchannel and evaluated at four stream-wise locations where the
thermocouple measurements were made. In order to calculate the average heat

transfer coefficient, the fin analysis method was used where the solid walls
separating microchannels were modeled as thin fins. In total, five widely used

two-phase heat transfer coefficient correlations, Chen [21, 22], Shah [23, 24],

Kandlikar [25], Liu-Winterton [26], and Steiner-Taborek [27], were used to
predict the saturated convective boiling heat transfer coefficient at the

thermocouple location closest to the channel exit. A large deviation was observed

between the predictions of all five correlations and the present experimental
results. Linear interpolation was used to determine the pressure at the

thermocouple locations, therefore the corresponding fluid saturation temperature,
based on the inlet and outlet pressure measurements. It was justified by the author

that a relatively small pressure drop (< 0.2 Bar) was associated with the
experiments. As observed in the experiment, bubbly flow regime was difficult to
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sustain which was mainly due to the relatively large surface tension and contact
angle of water. This caused vapor bubbles to depart at a diameter on the order of
the channel characteristic dimension. As a result, transition to the slug and annular

flow regimes occurred shortly after incipient boiling. For the tested mass fluxes
and heat fluxes, the boiling number Bo ranged from 2.2 x iO to 7.8 x iO4, which

was significantly lower than some other studies. The identified dominant flow

regime was annular flow and the heat transfer coefficient decreased with
increasing quality. This trend was explained by the authors as the unique behavior

of annular flow in microchannels and an annular flow model was proposed based
on their postulation. In annular flow, the vapor flows along the core of the channel,

while liquid is composed of two portions: the annular film along the channel wall

and droplets that are entrained in the vapor core. It was thought possible that a
large amount of liquid droplets were broken off into the vapor core at the onset of
annular flow development. The deposition of droplets upon the annular liquid film

increased the liquid film thickness in the stream-wise direction, resulting in the
observed trend

of decreasing

heat transfer coefficient with increasing quality.

Recently, Lee and Mudawar [28] conducted a study of two-phase flow in a
high heat flux microchannel heat sink. The boiling heat transfer coefficients were
measured by controlling heat flux (q"

= 0.26

15.9

93.8 WIcm2) and vapor quality (Xe

0.87) over a broad range of mass velocity. Results show that nucleate

boiling occurs only at low qualities

(Xe

< 0.05) corresponding to very low heat

fluxes, and high heat fluxes produce medium quality (0.05 <Xe < 0.55) or high
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quality

(Xe>

0.55) flows dominated by annular film evaporation. Because of the

large differences in the heat transfer mechanism between the three quality regions,

it was suggested that better predictions are possible by dividing the quality range
into smaller ranges corresponding to these flow transitions.

In Lee and Mudawar's study, the microchannel heat sink was made out of
copper and had 53 parallel microchannels each 231 tm wide and 713 tm deep. A
transparent cover plate was used as the top insulating surface and provided visual

access to the two-phase flow phenomena inside the microchannels. R134a was
used as the working fluid. Data showed the variation of the measured heat transfer

coefficient at z = L/2 with quality at the same stream-wise location for different
values of heat flux. This quality was varied experimentally by reducing the mass

flow rate while maintaining a constant heat flux. It was found that the heat
transfer coefficient decreased with increasing vapor quality, a basic feature of
annular evaporative boiling. However, it needs to be noted that the dramatic drop
of the heat transfer coefficient with quality was also related to the decrease of the

mass flow rate. A large magnitude heat transfer coefficient (20,000

50,000

W/m2K) was attained. According to the flow visualization, bubbly and slug flow

regions were observed. This is due to the small bubble sizes resulting from the
low surface tension of Ri 34a. A new correlation was proposed based on three
regions mentioned before. The heat transfer coefficient in both the first and third

regions is solely based on the Martinelli Parameter, while the heat transfer
coefficient in the second region includes the effects of Bo and We0 as well.
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Kandlikar [29] developed a flow boiling map in 1998 to depict the variation

of the heat transfer coefficient with vapor quality. The liquid-to-vapor density
ratio and boiling number were used as parameters. For high density ratio fluids,

the convective effects dominate as quality increases and lead to an increasing
trend in heat transfer coefficient with quality. On the other hand, a high boiling

number results in a higher nucleate boiling contribution, which tends to lower
heat transfer coefficient as the vapor quality increases. It results in a decreasing
trend in heat transfer coefficient with increasing quality. As an example, the high-

pressure water data exhibits a decreasing trend in heat transfr coefficient with
quality, while the low-pressure water data display an increasing trend in heat

transfer coefficient with quality. In contrast, refrigerants with a low value of
liquid to vapor density ratio at normal operating conditions exhibit a decreasing
trend of heat transfer coefficient with quality. This map was developed based on
the trends seen in conventional channels, but it was also verified in minichannels
which have a hydraulic diameter from 200 im to 3 mm.

Kandlikar [6] demonstrated the presence of nucleate bubbles under highly
sheared flow conditions in a rectangular channel. As the flow velocity increased,

the flow changed from laminar to transition conditions with a correspondingly
increase in the single phase heat transfer coefficient. It allowed the bubbles to
grow much faster, reaching a departure condition in about 25 ms at Re = 2280, as

opposed to 300 ms at Re = 1267. The departure bubble diameter was also
influenced by the flow. As the flow velocity increased, the bubbles departed at
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smaller diameters due to increased drag. The wall temperature conditions on the
bubble growth rates were also investigated. It was found that, as wall temperature
was increased, the bubbles grew faster and reached the departure conditions much

sooner. However, the bubble departure size was observed to be more dependent
on the

flow

velocity. According to the observations in the study, it was concluded

that the nucleate bubbles were still present in

flow

boiling under high shear

conditions. This confirmed that nucleation can occur in annular flow as well.
Under those conditions, the nucleate bubble size decreases, and bubble departure
frequency increases. They finally concluded that a high speed camera is essential
in clearly observing the nucleation phenomenon in small diameter tubes.

Balasubramanian and Kandlikar [30] conducted an experimental study of

flow patterns, pressure drops, and

flow

instabilities in parallel rectangular

minichannels. Their experimental setup consisted of six parallel rectangular
minichaimels measuring 900 im in width and 207 tm in depth with a total length

of 63.5 mm. Degassed water was used for the experiment. According to the
images acquired using a high speed camera at frame rates between 4000 and
15,000, it was concluded that bubble growth and its transition to slug flow was
clearly observed. In addition, there was a thin liquid film covering the walls of the

channel. Nucleation in the thin liquid film was identified at a higher frequency

compared to a single nucleating bubble in the channel. The velocity of the
bubble/slug growth in a single channel from a set of parallel minichannels was
calculated based on the visualization study. The observed highest velocity was 3.5
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rn/s. As the dominant frequency of the pressure drop fluctuation increased with

the increase in the surface temperature, it indicated an increase in bubble
nucleation frequency. A decreasing trend of frequency for surface temperature

higher than 109 °C was mainly due to the slug formation compared to bubble
nucleation. Nucleate boiling was observed in both the bulk liquid flow and in the

thin liquid film. This confirms that nucleate boiling heat transfer is the dominant
heat transfer mechanism as reported by earlier investigators.

Steinke and Kandlikar [31] conducted an experimental investigation of flow

boiling characteristics of water in parallel microcharmels. Two different test
sections were studied. One was used for flow visualization with three heating
walls, and the other was used for heat transfer analysis with four heating walls.

There were six parallel microchannels machined into a copper substrate. The

average channel dimensions were 214 tm wide by 200 m deep and 57.15 mm
long. A linear pressure variation was assumed in the channel to determine the
local fluid saturation temperature. The local two-phase heat transfer coefficients

were calculated along the flow length. For all mass flux investigated from 157
kglm2s to 1782 kglm2s, the heat transfer coefficients decreased as the local vapor

quality was increased. The heat transfer coefficients were very high in the low
vapor quality region and sharply deceased until vapor quality reached 0.2. After
that, the heat transfer coefficient decreased at a slower rate. It was explained that

the decreasing trend of heat transfer coefficient was due to the rapid growth of
bubbles with generated annular slugs and the reduced space for convective flow to
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develop in the microchannels. It was concluded that the trend for the heat transfer
coefficient matched with those found in a nucleate boiling dominated flow.

Yu and France [32] conducted a flow boiling study of water in a small

horizontal tube of 2.98 mm iimer diameter and 0.91 m of heated length.
Experiments were performed at a system pressure of 200 kPa, mass fluxes of 50-

200 kglm2s, and inlet temperatures from ambient to 80 °C. The boiling curves
showed a typical nucleate type boiling with wall superheat below 8 °C. At higher

wall superheats, the wall temperature showed oscillations indicative of transition

boiling. The highest superheat point in the boiling curve corresponded to the
critical heat flux (CHF). The boiling heat transfer in this study was found to be

heat flux dependent but essentially mass flux independent. This trend was
consistent with refrigerant boiling in small channels but significantly different

from larger channel boiling, where the mass flux effect may dominate. This

indicates that the translation to dominance of the nucleation heat transfer
mechanism over the convective mechanism happened in small channels, and it
persisted to high qualities, i.e. above 0.5. It was also found that the CHF occurred

at relatively high qualities between 0.5 and 1.0 for water in this study. Such
qualities are higher than those found in large tubes.

Lee and Lee [33] conducted an experimental study of the heat transfer
coefficients of boiling flows through horizontal rectangular channels with low
aspect ratios. The gap between the upper and lower plates of each channel ranged
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from 0.4 to 2 mm while the channel width was fixed to 20 mm. R113 was used as

the test fluid. The mass flux ranged from 50 to 200 kglm2s and the channel walls

were uniformly heated up to 15 kW/m2. The quality range covered from 0.15 to

0.75 and the flow patterns appeared to be annular. Results showed that the heat
transfer coefficients increased with the mass flux and the local quality; however

the effect of the heat flux appeared to be small. At the low mass flux condition,
the heat transfer rate was primarily controlled by the liquid film thickness.

Kandlikar and Cartwright [341 conducted experimental work to gain further

understanding of the boiling nucleation and bubble growth characteristics under

subcooled flow boiling conditions. A horizontal, rectangular flow channel with
cross-section of 3 mm by 40 mm was used in the study and the working fluid was
water. A Kodak Ektapro video camera able to capture images at frame rates of up

to 6000 fps was used to resolve the small time scale associated with bubble
nucleation. As indicated, nucleation in flow boiling is primarily dependent on
wall superheat, liquid subcooling, and flow rate. As the subcooling was reduced,

while keeping the flow rate and the wall temperature constant, the minimum
cavity radius decreased slightly, but the maximum cavity radius and the range of

active cavities increased substantially. On the other hand, as the flow rate was

increased, the thermal boundary layer thickness decreased. This caused the
minimum and maximum cavity radii and the range of active cavities to decrease.
At very high flow rates, the boundary layer thickness was believed to become so

small that essentially no cavities are active unless substantially higher wall
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temperatures were applied. It was concluded that the effect of increasing the wall

temperature would cause the minimum cavity radius to decrease slightly and the

maximum cavity radius to increase. During the experiment, as the superheat
increased above a certain value, the heat transfer coefficient started to rise with

wall superheat as more cavities were activated. Another interesting fact was
observed in some cases that no bubbles were visually detected with the video

camera but the heat transfer coefficient plot indicating a significant nucleate
boiling. In order to explore this fact further, the author did a series of tests. The
test started with a low heat flux, a single nucleating cavity was observed with the
video camera frame rate set at 30 fps. With increasing of heat flux, no nucleation
was observed. However, after the video camera was set to 500 fs, bubble activity

was once again observed at a faster rate. As further increasing in heat flux, it
caused the bubbles to disappear again. But they were observed again at higher
camera speeds. After further increased in heat flux, the bubble activity could no

longer be seen even at the highest camera speed of 6000 fps. Therefore, it was
concluded that complete suppression of nucleation in the subcooled flow can only

be determined through the heat transfer coefficient measurement in the absence of

a higher speed camera. In terms of the bubble growth rate, it was found that
bubble growth rate increased dramatically with wall temperature. With only 1 C

change in the wall superheat, the bubble growth time decreased by an order of
magnitude. At high subcooling, the bubble growth rate was slow. With higher
bulk temperatures, the bubble growth rate was high and the departure bubble sizes

26

were smaller. By increasing the flow rate, the growth time for the bubbles were

shorten and also the bubble departure sizes was smaller. By comparing these
results with pool boiling results, bubble growth rate curves were significantly

retarded by several orders of magnitude for a given size of cavity and wall

superheat under subcooled flow boiling conditions. However, the departure
bubble diameter became smaller as flow velocity increased.

Greco and Vanoli [35] recently conducted a flow boiling study of HFC
mixtures in a smooth horizontal tube. The heat transfer characteristics of R4 1 OA

and R404A were experimentally investigated and analyzed as a function of
evaporating pressure, heat flux and mass flux. The test section was a smooth,
horizontal, stainless steel tube uniformly heated with 6 mm ID and 6 m length.
The evaporating pressure ranged from 3 to 12 bar, the mass flux ranged from 290
to 1100 kg/m2s, and the heat flux ranged from 11 to 39 kW/m2, respectively.

It was observed that heat flux increased with increasing evaporation
pressure, however a different influence of the vapor quality on the heat transfer

coefficients was observed. At lower evaporation pressures, the heat transfer

coefficients increased with increasing vapor quality. At higher evaporation
pressures, the heat transfer coefficients first decreased with increasing vapor

quality and then increased again. This is due to the fact that the heat transfer
coefficient in flow boiling results from the interaction between two heat transfer
mechanisms: nucleate boiling and convective evaporation.

The relative
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importance of these two different flow boiling mechanisms varies with vapor
quality and strongly depends on flow conditions. At high heat fluxes and high

evaporation pressures, the heat transfer is predominantly influenced by the
nucleate boiling mechanism. The convective evaporation dominates at low heat
fluxes and low evaporating pressures.

During the experimental tests where convective evaporation was the main

heat transfer mechanism, the flow regime was mostly annular flow with the
convective evaporation occurring at the liquid-vapor interface. As vaporization
proceeded, the thickness of the liquid film at the tube wall decreased together with
its thermal resistance, thereby enhancing the heat transfer coefficient and reducing

the wall superheat. This evaporation process tends to diminish nucleate boiling,
but it does not imply that nucleate boiling was fully suppressed.

During the experimental tests corresponding to higher heat fluxes and higher

evaporation pressures, two distinct heat transfer regions were observed. In the
first region, which occurred at low vapor qualities, nucleate boiling was dominant.

The heat transfer coefficients decreased as the effect of nucleate boiling

diminished due to reduced active nucleation sites for bubble formation. In
addition, the wall shear stress tends to cause the bubbles to depart early from the

wall with smaller bubble size in flow boiling as compared in pooi boiling. Both
effects lead to a reduction in the effectiveness of nucleate boiling with increasing

vapor quality. The second region was called convective evaporation dominant
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regime, which was characterized by the increase of the heat transfer coefficient

with increasing vapor quality. This increase proceeded until the liquid film
disappeared.

As the vapor density increased with pressure while the surface tension
decreased with pressure, it resulted in a reduced wall superheat necessary for a
stable nucleus, thereby increasing the nucleate boiling contribution to the heat
transfer coefficients at elevated pressure.

2.2 Boiling on Enhanced Surfaces
Ghiu and Joshi [36] recently conducted a study of pool boiling performance

of single-layer enhanced structures. The single layer structures were fabricated
using copper which had an overall size of 1 0mm long by 10mm wide by 1mm
thick. A row of parallel microchannels was cut on the bottom surface with the top
surface having parallel microchannels aligned 90° to those on the bottom surface.

Since the depth of the microchannels was 0.6mm which exceeded half the
thickness of the structure, an array of pores were generated at the intersections.

Wire EDM was used to fabricate the structures, and then the external surfaces
were mirror-polished with fine sand paper. A dielectric and inert liquid, PF 5060,

was used as the working fluid. Its thermophysical properties closely match those

of FC-72. It was maintained at saturation temperature (56°C) throughout the
experiments. As the channel pitch was maintained at 0.7mm, it was evident from
the boiling curves that the enhanced structures were highly efficient in promoting

boiling heat transfer, especially in the low heat flux range (q" < 8 W/cm2). The
superheat required to transfer a certain heat flux was reduced to nearly one fifth

with a channel width of 105 m. Since the wetted area was increased by only a
factor of 3.26, this enhancement was not thought as the increase in wetted surface

area alone. The highest attained heat flux was 34.8 W/cm2 for the enhanced
structure, as opposed to 15.4 W/cm2 for the plain structure. It was concluded that

the performance of the enhanced structure increased with the increase of the
channel width. This effect was more pronounced in the low to intermediate heat
flux range (1 10 WIcm2). At higher heat flux levels (more than 15 WIcm2) the

effect diminished. The channel pitch had a large influence on the boiling
performance of the enhanced structures. For the channel with the width of 65 tm,
the performance improved at all heat fluxes as pitch was reduced. For the 105 tm
channel width, the improvement was significant oniy beyond 25 W/cm2.

Liu and Lee [37] conducted a pooi boiling study of methanol and HFE-7 100

on a heated surface covered with a layer of SS304 mesh. The finest mesh used

was mesh 50, whose wire diameter d was 0.338 mm and the distance between
adjacent wires h was 0.17 mm. Methanol and HFE-7l00 were not degassed prior

to use and the testing pressure was atmospheric pressure. Both working fluids
provided similar results. First, with a fine mesh layer, the heat transfer coefficient

was enhanced in nucleate boiling at the low superheat (AT < 10 K) regime;
however it became worse at high superheat (AT> 10 K). With a coarse mesh, on
the other hand, the heat transfer coefficient in nucleate boiling regime was always
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less than that on a smooth surface. Second, the values of both the critical heat flux

(CHF) and the minimum heat flux (MHF) decreased markedly when the mesh
was present. Moreover, it was found that the decrease in CHF and MHF became

more apparent when a fine mesh was present. Third, the presence of the mesh
reduced the film boiling heat transfer coefficient. Visual observations revealed
that the meshes retarded the removal of vapor bubbles from the heating surface,
thus yielding a thick vapor film and a poor film boiling mode. In addition, it was
observed that liquid subcooling would yield high CHF, MHF, and hence a more

efficient film boiling mode. Nevertheless, the spans of heat flux and wall
superheat for HFE-7 100 were largely shrunk as compared with those for methanol.

Such an occurrence could be largely attributed to the rather low surface tension
(0.0136 N/rn at 25 °C) and latent heat (132 kJ/kg at 25 °C) for the HFE-7100.

Ammerman and You [38] investigated small channel convective boiling
performance using a microporous surface coating. A single channel with 100 tm

thick microporous coating was tested with flow boiling of FC-87. The channel
cross section was 2 mm by 2 mm with the channel length of 8 cm. Results showed
that the microporous coating produced considerable heat transfer enhancement for

nearly all conditions tested. It basically enhanced the flow boiling process with

indications of the initiation of boiling at lower wall superheats, increased heat
transfer coefficients (1.5 time to 2 times), and elevated CHF levels (14% to 36%).

The mechanism of enhancement was mainly attributed to the increase in the
number of nucleate sites and bubble departure frequency. The coated channels
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showed a much less sensitivity to velocity and subcooling effects. This indicates
that the heat transfer performance is primarily boiling dominated. For a given heat

flux, the coated channels had a fixed wall superheat regardless of velocity;
however the wall superheat for the uncoated channel decreased with velocity.
Moreover, the microporous coating layer became an added conductive resistance
in the heat path with an effective thermal conductivity of approximately 1 w/m-K.

Brautsch and Kew [39] examined and visualized the heat transfer process
during evaporation of water in capillary porous structures. The heat flux, mesh

size and number of layers were investigated and the maximum heat flux was
about 40 W/cm2. The stainless steel (304L) mesh wick was only clamped, instead

of physically bonded, on the heater surface. A coarse stainless steel mesh with a

gap size of 4 mm was placed between the wick and the clamp. Four mesh sizes

were investigated. For the finest mesh number 200, it corresponds to wire
diameter of 0.040 mm and the aperture between wires of 0.087 mm with open
area of 46.9%. With a single layer of mesh, the enhanced surface improved for
small values of superheat when compared to the bare surface results. At higher

superheats, this effect diminished. As the thermal resistance of the porous
structure increased by adding multiple layers of mesh, it resulted in a reduction in
the heat transfer coefficient. Some of the video records showed that trapped vapor

in the mesh wicks was also responsible for increasing the thermal resistance of
multi-layer wicks. In summary, for heat fluxes up to the dryout heat flux, the heat

transfer coefficient increased with heat flux. For a given heat flux, the heat

32

transfer coefficient increased with mesh number and decreased with increasing
number of mesh layers.

The effect of surface characteristics on flow boiling heat transfer was
evaluated experimentally by Kandlikar and Spiesman [40] with a subcooled flow

of water at atmospheric pressure. Four surfaces of different average surface

roughness were tested. A variation in the range of 0% to 30% in the wall
superheat for a given heat flux was observed for the four surfaces tested. The
results of the study showed that simple surface treatments such as sandpaper or

other polishing techniques were not adequate to provide any significant
enhancement in flow boiling heat transfer. A 3 mm thick sintered surface was also

tested by soldering it onto the top of the heater. Results showed that the sintered
surface clearly outperformed the simple roughened surfaces. However there was
significant hysteresis observed with this method and results were inconclusive.

2.3 Flow Boiling in Curved Channels

Gu and Chow [41] carried out an experimental investigation of flow boiling

in a curved channel to determine the effects of centrifugal force on the heat
transfer effectiveness. The channel had a rectangular cross-section with a gap of
5.6 mm and a width of 27 mm. The investigated curvature at the inner radius was
50.8 mm. FC-72 was used as the test fluid and the flow velocity ranged from 1 to

4 mIs. The subcooling ranged from 0.5 to 38 °C. It was found that, for the same

flow velocity and subcooling, both the CHF and heat transfer coefficient were
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higher in the curved channel than in the straight channel. For both low subcooling
such as 0.5 °C and moderate subcooling such as 20 °C, the increase in CHF due to

the centripetal force was shown more than 40% at a flow velocity of 4 mIs. In
contrast, the increase in Cl-IF with a flow velocity of 1 mIs was rather small.

Later, Leland and Chow [42] investigated the channel height and curvature

effects on flow boiling while keeping the channel width of 27 mm. During the
study, four channel heights (6.35 mm, 5.56 mm, 3.18 mm and 1.14 mm), two radii

of curvature (28.6 mm and 56.4 mm), three levels of subcooling (5 °C, 20 °C and
35 °C) and flow velocities (1-7 mIs), were examined. The working fluid was also

FC-72. The entrance length was designed to be greater than 20 hydraulic
diameters in all cases to ensure fully developed flow. The curved section heater
was placed 135 deg from the bend entrance where the secondary flow was agreed
to be fully developed. Results showed that channel curvature had a positive effect
on CHF, but it diminished with increasing subcooling due to the decreased bubble

departure sizes. Three enhancement mechanisms were identified: 1) increased
buoyancy forces; 2) induced secondary flow; and 3) increased wall shear stresses
on the outer wall which created a higher fluid velocity gradient near the wall. The

vapor can escape from the heated surface more rapidly with increased buoyancy

forces, which made it more accessible for the liquid to wet the surface. The
secondary flow also drove the high velocity, large momentum fluid in the core

radially toward the heated surface. As a conclusion of the study, in order to
increase buoyant forces, secondary flow, or the velocity gradient near the outer
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wall, either the hydraulic diameter must be increased or the radius of the curvature
must be decreased.

Sturgis and Mudawar [43,44] assessed the CHF enhancement mechanisms
in a curved rectangular channel subjected to concave heating. The 180° U-shaped

channel with dimensions of 5 mm wide and 2.5 mm high was made of opaque,
high temperature, low thermal conductivity (k = 0.26 W/m-K) G-10 fiberglass.
The curved section was 101.6 mm long with a 32.3 mm radius and it followed a

hydrodynamic entry section with the length of 106 hydraulic diameters. The
working fluid was degassed FC-72 and the inlet subcooling varied from 3 to 29

°C. As the results indicate, CHF increased with increasing velocity and
subcooling in both straight and curved channels. The lowest subcooling, 3 °C,
offered the largest enhancement rate with the CHF enhancement rate decreasing
with increasing subcooling. For U> 2 mIs, the enhancement rate was between 60

and 70 percent. The curvature induced radial pressure gradients and provided

three mechanisms for CHF enhancement: 1) buoyancy forces; 2) additional

pressure on liquid-vapor interface; and 3) increases in the wall subcooling.
According to the visualization study, the buoyancy force seemed to pinch off a

portion of the vapor mass that had formed along the concave wall and pulled it
into the bulk. The increase in pressure at the concave wall also allowed the liquid-

vapor interface to withstand a greater vapor momentum. This delayed the
interface lift-off to higher fluxes, thus increasing CHF. In addition, the radial
pressure gradient increased the local pressure and consequently the saturation
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temperature of the fluid at the concave wall. This was thought as a local increase
in subcooling which helped enhance CHF as well.

As a summary of the literature review section, some basic information is
tabulated below on the various studies conducted in mini & microchannels.

Table 2-1: Summary of Flow Boiling in Mini and Microchannels
Study

Qu and
Mudawar
[17]

Lee and
Mudawar
[25]

Balasubrama
nian and
Kandlikar
[27]

Steinke and
Kandlikar
[28]

Yu and
France [29]

Lee and Lee
[30]

Fluid

Channel size
and number

Water

231 p.m (wide)
712 p.m (deep)
21 parallel
channels

R134a

231 p.m (wide)
713 p.m (deep)
53 parallel
channels

Degassed
water

900 p.m (wide)
207 p.m (deep)
six parallel
channels

Water

214 p.m (wide)
200 p.m (deep)
six parallel
channels

Water

Single tube with
d = 2.98 mm

Ri 13

20 mm (wide)
0.4 2 mm
(deep) single
channel

Ranges of
parameters

Study results

Fast transition to
Bo = 2.2 x 1 0
annular flow and
7.8 x 1 0
large deviation
from correlations
Different heat
G = 127 654
transfer
kg/m2s
mechanisms
q" = 31.6
associated with
93.8 W/cm2
different quality
High speed
Highest
camera study
velocity was
(4000 15000
frames/second)
The heat transfer
G = 157
coefficients
1782 kg/m2s
decreased with
q" = 0.5 93
increasing vapor
W/cm2
qualities
Boiling heat
G = 50 200
transfer was heat
kg/m2s
flux dependent,
q" = 5 30
mass flux
W/cm2
independent
Boiling heat
G = 50 200
transfer was G
kg!m2s
and x dependent,
q" is up to 1.5
W/cm2

q independent
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Greco and
Vanoli [32]

Ghiu and
Joshi [33]

Liu and Lee
[34]

Ammerman
and You [35]

Gu and
Chow [38]

Single tube with
d = 6 mm

G = 290
1100 kglm2s
qt' = 1.1 3.9
WIcm2

PF 5060

Pool boiling
with a layer of
enhanced
copper structure

Highest q" =
34.8 W/cm2

Methanol
HFE 7100

Pool boiling
with a layer of
SS304 wire
mesh

FC 87

2 mm (wide)
2 mm (deep)
single channel
100 tm coating

FC 72

27 mm (wide)
5.6 mm (deep)
single channel
with curvature
of 50.8 mm

R4 1 OA

R404A

27 mm (wide)

6.35mm,5.56

Leland and
Chow [39]

Sturgis and
Mudawar
[40, 41]

FC 72

FC 72

mm, 3.18 mm,
1.14 mm (deep)
single channel
with curvatures
of 28.6 mm and
56.4 mm
5 mm (wide)
2.5 mm (deep)
single channel
with curvature
of 32.6 mm

CHF =24

50 WI cm2
(Methanol)
CHF = 8 26
WI cm2 (HFE
7100)
G = 500,

2000, 5000

kg/m2s q" <
70 WIcm2
V = 1 4 mIs

subcooling

0.5-38°C

q" was up to

140 W/cm2
for v = 4 mIs

V=1-7mIs

subcooling 5,
20, 35 °C q"

was u to 150
W/cm for v =
5 mIs

V = 0.25
mIs

subcooling

10
3

29 °C q">
100 W/cm2

Heat transfer
coefficients
increased with
vapor quality,
however pressure
played a role
Significant
enhancement in
the low-tointermediate heat
flux
Higher heat
transfer
coefficients with
a fine mesh at
low wall
superheat
Higher h and
CHF, lower wall
superheat with
coated channel
Higher h and
CHF for low
subcooling due
to the centripetal
force
Channel
curvature had
positive effect on
CHF, but
diminished with
increasing
subcooling

For U >2 mIs,
the CHF
enhancement
ratio was 60
70%, decreasing
with increasing
subcooling
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In addition, some of the thermodynamic and transport properties of the
fluids used in flow boiling studies are summarized in Table 2-2.

Table 2-2: Thermophysic Properties of HFE 7000 vs. Common Test Fluids
HFE
7000

HFE
7100

FC 72

FC 87

R134a

Water

Boiling Point
°C at 1 atm

34

61

56

30

-26

100

Specific Heat
kJlkg-K

1.3

1.18

1.1

1.1

1.28

4.18

Heat of
Vaporization
kJ/kg

142

112

88

103

217

2450

1400

1510

1680

1650

1377

1000

3.2x10

3.8x10

3.8x10

2.8x10

2.7x10

106

Thermal
Conductivity
W/rn-K

0.075

0.069

0.057

0.056

0.105

0.605

Surface
Tension N/rn

0.0124

0.0136

0.01

0.009

0.012

0.073

Density
kg/rn3

Kinematic
Viscosity
m2/s
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3 EXPERIMENTAL SETUP
The primary goal of this study is to experimentally characterize the flow

boiling enhancement in minichannels using a unique surface enhancement
technique. Specifically, commercially available highly-conductive fine wire mesh

was selected as a porous layer on the channel heating walls to increase nucleate
boiling. Most importantly, this surface enhancement technique can be achieved

easily during the channel assembly process. This could lead to potential
improvements for making more efficient two-phase heat transport devices, if the

expected flow boiling enhancement is indeed significant. This is very desirable
for portable applications.

A series of measurement techniques were established in order to get local
quantities such as local heat fluxes and local heat transfer coefficients. Instead of

assuming constant heat flux into the channels by taking the total heat input
divided by the channels wetted area, as some other researchers [10, 17] did, the

current study measured local heat fluxes directly. Essentially, thirteen pairs of

thermocouples were used to measure thirteen local heat fluxes. Each pair of
thermocouples was separated by a known distance to get the flux term (see the
Measurement Techniques section for details). In addition, the fluid temperatures
were also measured using 50 .xm wire thermocouples directly, whose advantages

are also stated in the Measurement Techniques section. This fluid temperature
measurement scheme is relatively accurate in the current channel size and it also

39

accommodates the laboratory capabilities. In order to keep the experimental

results consistent, all the measurement schemes were maintained consistent
throughout the study. Although the primary goal of this study was to investigate
the flow boiling enhancement characteristics associated with wire mesh-enhanced

minichannels, flow boilings in bare and curved minichannels were also studied.
The results obtained for the bare minichannel cases functioned as the comparison
bases.

3.1 Test Channel Section Design and Fabrication
3.1.1

Test section design
The test section was designed with a multi-layer structure, as shown in Fig.

3.1 with layer material and thickness. It allowed different channel sizes and
geometry, mesh sizes and material to be investigated easily. The channel layer,

spacer layers, thermocouple (TC) layers, and stainless steel (SS) layer were
initially plated with 2.54 tm thick silver, and then stacked together and clamped

before placed in a reducing atmosphere furnace for bonding. The resulting
structure was a block of material making up the heating and channel regions of
the test section. A separate copper heater block housing two cartridge heaters was

then mated to this bonded channel section to provide heating (a schematic of the
assembly is shown in the Measurement Techniques section).
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Channel Layer,
255 jim, Copper

Spacer Layer,
156 j.tm, Copper

TC Layer 1,

550 m, Copper
SS Layer 2,
2.54
, SS304
TC Layer 2,

550 m, Copper
Spacer Layer,

156 m, Copper

Figure 3.1: Schematic of Channel Section Configuration

Two channel layers were designed for the current study. One is the straight

channel layer for making the bare and mesh channel test sections. It is shown in
Fig. 3.2. The other is the curved channel layer for making the curved channel test
section. It is shown in Fig. 3.3. Both channel layers were made of copper and each

had four minichannels with a fixed individual channel width of 1 mm. The
individual channel length in the straight and curved channel layer was 57.15 mm

and 114.3 mm, respectively. The actual channel depth can be controlled by the
channel layer thickness and number of layers. During the current study, two 255

j.tm thick straight channel layers were used for making all the bare and mesh
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channel test sections. This allowed easier fluid temperature measurement inside

one of the minichaimels using 50 .im wire thermocouples. As a result, the
individual minichannel for all the bare and mesh channel test sections was 1000

tm wide by 510 m deep. This corresponds to a hydraulic diameter of 675 pm.
The same size of individual minichannels (1000 tm by 510 tm) for the curved
channel test section was made for comparison. All the channel test sections share
the same channel inlet plenum, which is shown in Fig. 3.6.

Figure 3.2: Schematic of the Straight Channel Layer (in scale)

Figure 3.3: Schematic of The Curved Channel Layer (in scale)
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In order to make the mesh channel test sections, a wire mesh layer was
assembled immediately underneath the straight channel layer as shown in Fig. 3.1.

This makes the mesh layer as part of the channel bottom wall. Fig. 3.4 provides a
schematic graph of the commercially available wire mesh. Both the wire diameter

and the distance between two wires determine the mesh number. Normally the

mesh number is the opening numbers per unit length. The higher the mesh
number, the finer the mesh. During the current study, both fine copper and bronze

meshes were used due to their high thermal conductivity and ease for diffusion
bonding. Table 3.1 shows the actual wire meshes used in the current study.

Area
___Open

Figure 3.4: Schematic of Commercial Wire Mesh

Although the dimensions, such as the mesh opening size shown in the table,

are significantly bigger than the cavity size that would be expected by Hsu's
model, it is one of the objectives of this study to determine the functionality of
mesh openings and the desired mesh opening sizes for flow boiling enhancement.

Also, the cavity size produced by the mesh may not be simply the open area, but

may also correlate to small crevice sizes produced by bonding the mesh contact
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points to the channel bottom walls. As will be shown in later sections, the 100
mesh channels actually outperformed the 200 mesh channels. However, as the

mesh gets finer, this trend could change due to where the majority of nucleate
boiling occurs.

Table 3.1: Mesh Sizes and Materials under the Current Study (unit: jim)
Mesh

Opening size

100 x 100 (Copper)

152

102

30.3

100 x 100 (Bronze)

152

102

30.3

74

54

33.6

200

x

200 (Bronze)

Wire diameter

Open Area (%)

Underneath the mesh are layers for local temperature and heat flux
measurements. This will be described in detail in the following Measurement
Techniques section. In addition to the layered channel section, there are other

components in the integrated test section such as the heating block, heaters,
insulation block, insulation cover, Lexan visualization window and clamping
plates which are shown in Fig. 3.5. The heater block was made of copper and was

located inside the lower insulation block made of Ultem 1000 (Polyetherimide)

with the thermal conductivity of 0.22 W/m-K. The thickness of the insulation
block varied from 6.45 mm to 11.45 mm. The heater block housed two cartridge

heaters to supply heat to the fluid. To visually inspect the flow boiling process
inside the channels, part of the stainless steel channel top wall was replaced with a

rectangular Lexan window. Four holes were drilled into the Lexan window for the

access of four
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im wire thermocouples (see the Measurement Techniques

section for detais about their size and locations).

Insulation cover

Thermocouple

Lexan window

Top
clamping
plate

Thermocouples

Channel
section

Heater

Bottom clamping
plate
Figure

3.5:

Insulation block

Heaters block

Schematic of Integrated Test Section (not in scale)
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Two clamping plates made of stainless steel were used to clamp the channel

section, heater block, insulation block and Lexan window together. Sufficient
pressure was provided to ensure no fluid leaks. In addition, the top clamping plate
featured the channel inlet plenum and recesses for the Lexan window along with a

gasket. Fig. 3.6 shows the assembly of the top clamping plate and the channel
layer. Fluid entered the inlet plenum which was a small rectangular slot, and then

the fluid was distributed into the four parallel minichannels. The hole on top of

the inlet plenum was designed to be small (1.4 mm) to effectively prevent flow

boiling oscillation encountered by some previous studies. The channel outlet
plenum was designed on the channel layer. It is the large square at the other end
of the minichannels. Two 250 jim diameter K-type thermocouples were inserted
into the inlet and outlet plenums, respectively. They measured the actual channel
inlet and outlet fluid temperatures.

During experiment, it was noticed that the flow through the four
minichannels were not uniform, as some channels started to have bubbles earlier

than the others. This was believed to be a combination of inlet plenum design,

intrusion temperature measurement in the inlet plenum and uneven heat
distribution. As the inlet was a thin slot, it could end up with less flow for the
outer channels. As a 250 tm thermocouple was embedded in the inlet plenum, it

can also cause
uniform

flow

flow

disturbance due to

flow

separation. In addition, the non-

distribution coupled with a slightly uneven of heat distribution

could make things even worse.

Inlet Plenum (1.37 mm wide by
1.52 nm deep by 22.86mm long)

Outlet Plenum (5.08 mm wide by
0.51 mm deep by 24.03 mm long)

Figure 3.6: Schematic of the Top Clamping Plate (in scale)
3.1.2

Test section fabrication
The copper and stainless steel plates were sent out for chemical etching first

according to the designs shown in Fig. 3.1; then the etched plates were sent out
for silver- plating. In this case, the thin silver layer functioned as an interlayer to

aid the bonding process. Without the silver interlayer, diffusion bonding copper
and stainless steel is difficult to achieve partially due to material oxidization at the

elevated bonding temperatures. A number of silver thicknesses were tested to

obtain desired bonding result. It was found that a silver thickness of 2.5tm
provided the best diffusion bonding results. Below are the general descriptions of
diffusion bonding and the equipment and process used for making the test channel
sections.
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3.1.2.1 Diffusion Bonding

Diffusion bonding is a method of creating a joint between similar or
dissimilar metals, alloys and ceramics. It is a solid phase process achieved via

atomic migration between surfaces and it is a clean bonding process with no
macro-scale deformation of the components. In some sense, it is very similar to

the sintering process. It is usually conducted in a protective atmosphere or
vacuum in order to reduce detrimental oxidation of the metal surfaces. In most
metals, the presence of oxide layers at the bonding surfaces will affect the ease of
diffusion bonding. However, for some metals and alloys such as silver and copper,

their oxide films either dissolve in the bulk of the metal or decompose at the
bonding temperature. This allows metal-to-metal contact to be readily established
at the interface and forms high quality bonds.

A number of parameters play a role in the diffusion bonding process such as

the bonding temperature, the applied bonding pressure and the bonding residence

time. Elevated temperature assists inter-diffusion of atoms across surfaces and

typically ranges from 0.5 to 0.8 of the melting temperature of the interlayer.
Applying pressure creates close contact between surfaces and deforms surface

asperities to fill voids. A sufficient residence time is needed to allow enough
atomic migration, however the residence time needs to be kept short to prevent

deformations and chemical changes. In general, the lower the bonding
temperature, the longer the bonding residence time needs to be. The properties of
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parent materials are generally unchanged after diffusion bonding and the joints
formed are of very high quality. In addition, the process naturally lends itself to
automation.

3.1.2.2 Diffusion Bonding Procedures and Equipment

The diffusion bonding of all test channel sections was performed in the
MECS lab at Oregon State University. The process started with the preparation of

the individual channel section layers. Acetone was used to clean each layer
surfaces followed by de-ionized water rinse. When all layers were dry, they were
stacked between two clamping plates made of Hastealloy X. Four alignment pins

(3 mm in diameter) were used to ensure that all layers were correctly aligned.
Then 12 stainless steel size 6-32 screws were used to tighten the two clamping
plates. The torque applied to each screw was measured by a torque wrench and it
was normally around 12 lb-in.

After the assembly process described above, the clamped channel section

was inserted into a 70 mm O.D. quartz tube for vacuum and purging cycles.
Normally, three purge/evacuation cycles were performed with 10 percent
hydrogen and 90 percent argon as the purging mixture. Before the purging cycle

started, the temperature of the tube furnace was set at 900 °C. When this
temperature was reached and the purging cycle was completed, the quartz tube

was quickly slid into the tubular furnace (Thermcraft model no: SST-3-O-18-1CD2155-P) using a rail apparatus.

Figure 3.7: Diffusion Bonding Setup in MECS Lab at OSU

During the entire bonding process, a low flow of mixture was maintained

and the temperature of the top clamping plate was monitored using a type-K
thermocouple embedded into the upper hastealloy clamping plate. This provided

an approximate bonding temperature of the stack. As soon as the temperature
reached 720 °C which is about 75 percent of the melting point of silver, the quartz

tube was pulled out for cooling. Through trial and error, this was found to be the

best bonding temperature for silver with a desired overall bonding quality and
surface finish. One thing needs to be mentioned is that the purging gas flow rate
needs to be increased before pulling the tube out of the furnace, this prevents air

50

from being sucked into the tube due to sudden temperature drop causing gas
contraction. Normally, it takes only about seven minutes to complete the diffusion

bonding process. However, it takes quite a while for the channel section to cool
down to near room temperature. The actual diffusion bonding setup is shown in

Fig. 3.7, not including the furnace controller (Thermcraft model no: 1-1-20-23Yl 1SK-C2278-D).

3.2 Flow Testing Loop and Thermal Measurements
3.2.1

Flow Testing Loop

An environment-friendly heat transfer fluid, HFE 7000, was used for the
flow boiling test. It is one of the Novec Engineered Fluids from 3M and has many

desired properties such as low-toxicity, non-flammablity, and non-corrosiveness.

According to 3M, it also has much lower global warming potential (GWP)
compared to some other popular fluids such as FC 72 and R134a; and zero ozone

depletion potential (ODP). Its 40 kV dielectric property makes it very attractive
for cooling of electronics in terms of less concern for leaking. Compared to most

refrigerants, it has relatively low vapor pressure and is under partial vacuum at
room temperature. In fact, HFE 7000 is considered as a substitute for R-123 by
3M. Other properties are given in Table 2-2.
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Test Module

Figure 3.8: Schematic Diagram of the Flow Boiling Loop

A schematic diagram of the flow boiling test ioop is shown in Fig. 3.8. It
captures key features for a typical flow boiling test loop, such as 1) a needle valve
upstream of the channel test section to prevent oscillation caused by fluid boiling;

2) two type-K thermocouples were placed into the channel inlet and outlet

plenums to ensure the measurements of the channel inlet and outlet fluid
temperatures (see Fig. 3.6 for details about the plenums); in order to minimize

interference with the fluid, a 250 tm (0.0 10 inch) in diameter type-K
thermocouple was used to embed in both channel plenum slots; 3) two pressure

transducers (PX302 from Omega) were used to measure the channel inlet and
outlet pressures; the difference between these two pressure transducers provides
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the global pressure drop across the channel test section. During experiments, the

channel outlet pressure was carefully monitored and maintained at a constant

value for all the testing cases using a downstream pressure regulator (see the
Experiment Procedures section for details). In addition, the flow boiling test loop
incorporated unique features associated with HFE 7000, such as:

Figure 3.9: The Actual Flow Boiling Testing Loop

.

Gear Pump Head Cooling: This is an issue associated with pumping near

saturation for fluids with relatively low latent heats. Any pressure drop
at the pump inlet, and heat generation in the pump head, could vaporize
some of the liquid. This causes pump cavitation. When this happens, the
flow rate drops suddenly and is accompanied by a significant increase in

pump noise. It also causes extra wear to the gear set in the pump head
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due to the slip of the vapor bubbles. By subcooling the fiuid passing into
the pump, it suppresses the vaporization process and thus prevents pump

cavitation. Essentially, a cold plate mated to the pump head was used
and ice water circulated through the cold plate as the coolant.

Hermetically Sealed Fluid Reservoir: This is very important to prevent

air from leaking into the system over time. Otherwise, when air
dissolves into the fluid, it could effect the boiling characteristics over
time. Therefore, the fluid was returned to the reservoir after each test.

The fluid was brought back into the reservoir by cooling the reservoir
using ice water circulation. This reduced the vapor pressure of the fluid

in the reservoir, which caused the fluid in the testing loop to be drawn
into the reservoir. However, this process is slow and usually takes more
than an hour to fully evaporate fluid trapped in the flow ioop and return
it into the reservoir. In addition, the reservoir also has heating capability

which allows a degassing process to be performed before each test. The
heating source is just hot tap water in the lab.

Downstream Pressure Regulator (Airgas 4804021-Ol-TF4): This device

allows regulating the test channel boiling pressure. Regulation not only
provides the capability to investigate the pressure effects on flow boiling

characteristics, but also allows a constant boiling pressure to be
maintained inside the channel as the vapor quality increases with heat
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flux. Before the vapor condenser was added to the flow loop, only the
reservoir functioned as a vapor condenser. Adding the pressure regulator

solved the problem associated with direct connection between the test

channel section and the reservoir. The problem included increasing
channel boiling pressure over time due to increased fluid temperature in
the reservoir.

3.2.2

Instrumentations
Coroilis Mass Flow Meter

Instead of using a conventional rotameter, a highly accurate Brooks
QUANTIM mass flow meter model 003K with maximum flow rate of 3
kg/hr was used to measure the mass flow rate through the flow boiling test

section. It uses a proven direct mass flow measurement technology to
provide precise flow measurement of HFE 7000. It measures the mass
flow rate, fluid density and temperature simultaneously. It has an accuracy

of 0.5% of the measured flow rate and a repeatability of 0.05% of the
measured flow rate.

Pressure Transducers

Two general purpose 100 millivolt output Omega PX302 pressure
transducers were mounted at the test section inlet and outlet. Their
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readings were used to quantify the pressure drop across the test section, as

well as to monitor the channel boiling pressure. Since the accuracy of the
pressure transducers is 0.25% of full scale, both pressure transducers were

chosen at full scale of 30 psia for the sake of higher accuracy. This
corresponds to an uncertainty of 0.53 kPa.

Thermocouples

There were two types of thermocouples used in the experiment. One was a

type T thermocouple, and the other was a type K thermocouple. Type T

thermocouples were used to measure test section wall temperature and
type K thermocouples were used to measure fluid temperatures. In order to
minimize the flow interference associated with this direct fluid

temperature measurement scheme, very fine gage unsheathed wire
thermocouples were used with a diameter of 50 tim. Originally type T fine
gage thermocouples were used. It soon became apparent that practical use

of 50 tm copper wire was problematic. As a result, stronger type K fine

gage thermocouples were selected. All thermocouples were calibrated
against an RTD which was pre-calibrated against a NIST standard. The
RTD has a maximum uncertainty 0.3 °C in the range of -25 °C to 500 °C.

As both the local heat flux and heat transfer coefficient depend on
temperature differences, the corresponding local thermocouple pairs at
each stream-wise location were further calibrated together to reduce the
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uncertainty of the temperature difference. During the calibration, all pairs
of thermocouples were brought into close proximity to each other in order
to minimize temperature variations (see Appendix A for details).

Multimeter

A Fluke
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dual display multimeter was used to measure both the voltage

and current into the cartridge heaters. Based on the voltage and current

readings, the heat input from the heaters to the test section were
determined. The voltage reading has an accuracy of 0.5% and the current
reading has an accuracy of 1%.

.

Data Acquisition System

A National Instrument PCI-6221 M series multifunction DAQ was

selected to acquire experimental data. In order to accommodate the
temperature measurements, a National Instrument SCXI-1 102 32-channel
thermocouple input module was used to acquire and condition the signals.
Although both the PCI-6221 and SCXI-1 102 have high absolute accuracy,

they were calibrated with the thermocouples to further reduce the
uncertainties of local heat fluxes and heat transfer coefficients. A
schematic diagram of the data acquisition system is shown in Fig. 3.10.
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Flow Meter

NI SCXI-1102
Thermocouple Input
Module

NI PCI-6221
Multifunction DAQ

H
N26

Coroilis Mass Flow Meter

Li

Test Module

Figure 3.10: Schematic Diagram of the Data Acquisition System

3.3 Measurement Techniques
As the intent of this study is to obtain local quantities such as local heat

fluxes and flow boiling heat transfer coefficients, two unique measurement
schemes were developed based on the laboratory capability. Although there are

assumptions associated with these measurement techniques, they provide very
consistent and valuable information for the study.

3.3.1

Local Heat Flux

Instead of assuming uniform heat flux distribution across the testing

channels as many other past studies did, this investigation developed a
temperature measurement scheme using 13 pairs of thermocouples to obtain both
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local

heat fluxes and

channel wall temperatures

simultaneously. This

measurement scheme relies on two layers of thermocouples separated by a known

distance and material, as well as the assumption of 1 -D heat conduction. By
incorporating a less thermally conductive material between the two layers of
thermocouples, this not only validates the 1 -D conduction assumption due to
minimized axial conduction, but also reduces the uncertainty of local heat fluxes.

Channel layer

Mesh layer
TC Layer 1

SS304 layer

TC Layer 2

Heater block

Two-layer
thermocouples

Heater

Fig. 3.11: Test Section Cross-Sectional View with Temperature Measurements

A schematic diagram of the cross-sectional view of the integrated channel
test section is shown in Fig. 3.11. It illustrates how a pair of thermocouples was
placed, as well as a 50 tm wire thermocouple in the fluid channel. As mentioned,
there are a total of 13 thermocouple pairs to measure local heat fluxes and channel

wall temperatures. They were placed either directly underneath a channel or
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between channels as shown in Fig. 3.12. Among the 13 local heat flux
measurements, six of them were conducted along channel no.2. In addition, four

local heat transfer coefficients were calculated at the four inner points along
channel no.2 with knowledge of their local fluid temperatures measured by the
four
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tm wire thermocouples. In order to determine the actually local heat

fluxes in the channels, the above mentioned local heat fluxes were corrected by an

area ratio. The area ratio was defined as the test section heating area divided by
the total channel fluid flow area.

TC insert h

IC location

Channel no.2

Channel
Outlet

Figure 3.12: Placements of 13 Pairs of Thermocouples underneath of Channel
Layer (in scale)

In order to obtain local wall superheats and heat transfer coefficients, the
actual channel wall temperature needs to be determined. By assuming 1-D heat
conduction through the channel bottom wall, local channel wall temperatures can

easily be extrapolated based on the calculated local heat fluxes and the top-layer

thermocouple measurements. This is similar to the procedure used by Qu and
Mudawar [20] in past work on channel flow boiling. In fact, the channel wall
temperatures were almost identical to the top-layer thermocouple readings based
on some calculations.

3.3.2

Fluid Temperature

As mentioned above, to construct the local flow boiling heat transfer
coefficients, local fluid temperatures need to be determined. Many past studies

relied on obtaining local saturation pressure first, and then calculated the local
fluid temperatures based on these local saturation pressures. The local pressure
calculation was either based on two-phase pressure drop correlations or based on

assumptions such as linear pressure drop across the flow boiling channel. These

estimations of local fluid pressure inside a channel apparently had certain
disadvantages. For example, pressure drop cannot be linear across different flow
boiling regimes; two-phase pressure drop correlations are not very accurate and

fluid sensitive. As a result, a direct fluid temperature measurement scheme was
used in this work to resolve this issue. Although one past study [38] used similar

direct measurement scheme to obtain fluid temperature inside a channel, the
thermocouples used in the current study were significantly smaller (50 im vs. 1
mm). This minimized the thermocouple influence on the flow.
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First

Second

Figure 3.13: Four 50 tm Wire Thermocouples

On the other hand, as the bead size of the thermocouple becomes smaller,

the fluid convective cooling effect on the thermocouple bead becomes more
significant. This cooling effect was identified initially by less precise placement

of the thermocouple beads into the flow stream. The beads which were placed
further into the stream provided lower readings, even though they were further
downstream and should have read higher temperatures. As a result, steps were
taken to better control the locations of the wire thermocouples. First of all, the
bead size was carefully selected to make sure the four thermocouples had similar
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bead size. Second, their placements into the channel were carefully controlled to
obtain similar depths of 250 j.tm from the channel top wall. Fig. 3.13 shows the

actual placements of the four 50 tm wire thermocouples. Their bead sizes were

about the same (approximately 100 tm in diameter), as were their vertical
positions inside the channel.

Figure 3.14: Placement of Wire Thermocouples on Channel No.2

Preparing the 50 .tm wire thermocouple assemblies was very delicate work.

The difficulty came from precisely locating the thermocouple beads without
breaking the wires, especially when the test channels needed to be switched
frequently. In doing that, a ceramic sleeve with two 125 tm through holes was

used to carry each wire of a thermocouple. In addition, the two holes in the
ceramic sleeve separated the two 50 m wires of the thermocouple to prevent
faulty temperature readings. When the four wire thermocouples were ready, they
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were inserted into the channel from the top window, where four 0.8 mm holes had

been pre-drilled. After that, a high performance vacuum seal epoxy, Torr Seal,
was used to seal the holes. Fig. 3.14 shows the relative locations of the four wire

thermocouples stream-wise along channel No. 2. Their stream-wise locations
matched those of the four local heat fluxes along channel No. 2.

3.4 Experiment Procedure
As was mentioned earlier, the working fluid HFE 7000 needed to be
returned to the reservoir each time after the flow boiling test in order to eliminate

air absorbed by the fluid. However, there was a slight chance for air to leak into
the system and to be absorbed by the fluid during an experiment. To mitigate this

problem, prior to each experiment the reservoir was heated by circulating hot
water to let the fluid boil for five minutes. This removed most of the dissolved air
out of the system. In the meantime, the flow ioop was pumped down to get ready

for the degassed fluid to enter the flow loop. After degassing, the valves on the
reservoir were opened allowing the pressure difference between the storage tank
and flow ioop to drive the fluid into the flow loop. After the working fluid entered
the loop, flow of ice water circulated through the cold plate which was mated onto

the gear pump head to actively cool the pump to prevent cavitation. Shortly after

that, the gear pump was turned on and fluid started to circulate fluid around the
loop. The same procedure was followed for every test to ensure consistent results.

The first step of each experiment was to run single phase tests to quantify
the amount of heat loss to the environment. Both the upstream and downstream
pressure regulators were adjusted to get the channel pressure and fluid mass flow

rate in the desired range. In order to maintain the working fluid at single-phase
conditions with enough heat input, higher channel pressure was maintained during

the single-phase tests than during later two-phase flow boiling tests. The needle
valve upstream of the test channels was varied to get the exact mass flow rate. At

the same time, the two cartridge heaters were turned on to supply heat to each
channel. As the fluid heated up, both the fluid density and viscosity decreased.
Therefore the channel downstream pressure regulator and the needle valve were

further adjusted to maintain the desired channel pressure and mass flow rate.

After the system reached steady state, where both the changes of fluid and
channel wall temperature were within 0.1 °C over five minutes, data was recorded

by a LabView program. The heat input was then increased to the second point.

Slight adjustments were needed to maintain the constant mass flow rate and
channel pressure. Enough time (approximately 10 minutes) was allowed for the
system to reach steady state before recording the data again. By further increasing

the heat input, a total of four single-phase cases were conducted to determine
system heat loss.

Flow boiling experiments followed the single-phase experiments. First, the

heat input was reduced and the downstream pressure regulator was opened to
reduce channel pressure. The highest mass flux, 257.2 kg/m2s, was achieved to

begin the flow boiling experiment. The heat input was gradually increased until it
slightly passed the channel critical heat flux (CHF). In order to maintain constant

mass flux throughout all the heat input cases, the pressure regulator and needle
valve were carefully controlled. In addition, as the flow boiling went along with
increased heat inputs, the two-phase flow regime was changed gradually and the

channel pressure drop became larger. To maintain a constant boiling pressure

inside the channels, the downstream pressure regulator had to be constantly
monitored and controlled. For all the heat input cases, the channel outlet pressure
was kept the same. This means that the channel inlet pressure was increased as the

heat input was increased. It is important that this strategy was kept similar for all

the tested channels. At each heat input case, enough time was given to allow the

system to reach steady state before recording data. When enough cases were
performed at a particular mass flux, the heater power was shut down and the mass

flux was brought down to 128.6 kglm2s using the methods mentioned above. As

the mass flux dropped, the pressure drop across the downstream pressure
regulator was reduced correspondingly. The downstream pressure regulator was

partially closed to obtain the same channel boiling pressure as the higher mass
flux case. In the meantime, the heaters were turned on with lower heat inputs than

at the higher mass flux. Similar procedures were used to obtain the flow boiling
data at this mass flux. When all the cases were done for this lower mass flux, the

system was set to the lowest mass flux 64.3 kglm2s. The same procedures were

repeated again to obtain the flow boiling data at this mass flux. After the

experiment, the fluid in the flow ioop was retuned to the reservoir by circulating

ice water through the coil inside the reservoir. The vapor pressure inside the
reservoir dropped rapidly once the ice water flowed through the coil. Most of the

working fluid returned to the tank in the liquid state in about 20 minutes.
However it took a while to get the tank fluid cool enough, or pressure low enough,
to fully vaporize the trapped liquid in the flow loop and returned to the reservoir.

The same procedures were followed for the rest of the test channels.
However, it was very delicate work to switch between test channels because of
the wire thermocouples. Fortunately, the wire thermocouples stayed intact during

all flow boiling experiments. Therefore, the fluid temperature measurements
maintained consistency for all of the test channels. One thing that needs to be
emphasized is that the mass fluxes, heat inputs and channel boiling pressure were

all kept the same for all of the test channels in order to ensure consistent results.
For the high speed camera visualization study, the same mass fluxes, heat inputs
and channel boiling pressure were also maintained.
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4 DATA REDUCTION AND ANALYSIS

4.1 Heat Loss Quantification
Although the test section was insulated using a low thermal conductivity
plastic (Ultem 1000, k = 0.22 W/m-K), there was still heat loss through both the
plastic surfaces and the thermocouple probes. As the heat loss is a function of the

ambient temperature, the test section temperature and the air flow around the test
section, it is important to quantify the heat loss on a daily basis.

Before flow boiling tests, a series of single phase tests were conducted to

construct the daily heat loss curve. The downstream pressure regulator was
adjusted to suppress any boiling process. For each heat input, enough time was
given to allow the test section to reach thermal equilibrium (approximately ± 0.05

°C). Normally it took approximately 20 minutes for thermal equilibrium to be
achieved. After thermal equilibrium was established, both the channel inlet and

outlet temperatures were recorded, as well as the mass flow rate and heat input
from the cartridge heaters. The mass flow rate was adjusted around 2 kg/h or a
mass flux of 257.2 kg/m2s, and the heat input was increased from 4.5 W to 17.2
W. The difference between the fluid enthalpy change and the heat input was the

heat loss. Meanwhile, a thermocouple mounted on the plastic insulation surface
measured the insulation surface temperature which was directly related to the test

section temperature. With the above information, a plot of the heat loss vs. the

insulation surface temperature was generated. A typical heat loss as a function of
the insulation surface temperature is shown in Fig. 4.1.

Subsequently, a linear curve fitting of the heat loss data was conducted to

generate an equation for subsequent tests with two-phase flow boiling. As the
insulation surface temperatures were recorded during the flow boiling tests, the
heat losses for the flow boiling cases were calculated based on the obtained curve
fitting equation.
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Figure 4.1: Test Section Heat Loss vs. Insulation Surface Temperature

4.2 Heat Transfer Coefficient
One of the objectives of this study is to obtain local flow boiling heat
transfer coefficients. As mentioned in the measurement section, both the local

heat fluxes and channel wall temperatures were obtained at the same time by
using a two-layer thermocouple arrangement. In addition, fluid temperatures were

measured directly using 50 tm unsheathed type-K wire thermocouples. Because
the channel layers were made of highly conductive copper, the channel side wall

temperatures were assumed to be the same temperature as the channel bottom

wall temperature. An ANSYS model was built to verify this assumption (see
Section 4.4.2 Channel Wall Temperature Distribution for details).

According to the test channel design, four parallel minichannels were
equally spaced. During the current study, the focus of the work was channel No.2.

All presented measurements and results pertain to this interior channel. There
were a total of six measurement points stream-wise along channel No.2. The local

heat flux and channel wall temperature were obtained at each of the six points

(See Fig. 3.12 for the placements of measurements). Four fluid temperature
measurements were conducted from the top window at stream-wise locations z 1,

z2, z3 and z4 which were corresponding to the four interior measurement points.
The most upstream location was zi while the last downstream location was z4. As

mentioned, these four fluid temperatures were measured at the same stream-wise
locations as the four interior heat flux and channel wall temperature
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measurements. Therefore, a total of four local heat transfer coefficients can be
determined.

It should be noted that the local heat fluxes obtained from the two-layer
thermocouple readings were not the heat fluxes into the channels. Appropriate

corrections were done to accommodate the area change associated with the
channel. According to Fig. 4.2, the obtained heat flux based on the two-layer
thermocouple measurements is

4',

however, the actual heat flux into the channel

wall is 4" . According to the dimensions, the ratio of 4" and 4

4"

5.64

4

1+2x0.51

is

=2.82

(12)

5.64mm
1mm
I

fr4+l
1'
I

1

0.51mm

1'

,Y'

'10

Figure 4.2: Single. Channel Section Heat Flux Correction (Bare Channel)
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In this study, the local flow boiling heat transfer coefficient at each streamwise location is defined based on the measured quantities:

h=

T

T

(13)

where T is the channel wall temperature an Tf is the measured fluid temperature.

4.3

Local Vapor Quality

As the two-phase flow regimes are greatly affected by local vapor quality, it
is very important to obtain local quality data along with the local flow boiling heat

transfer coefficient. Globally, vapor qualities can be obtained from the energy
balance. Locally, however, it is very difficult to accurately determine them. In the
current test setup, the local heat flux measurements assist in obtaining local vapor

qualities. First of all, a global energy balance, which takes into account the heat
loss, was performed to obtain the channel outlet vapor quality. Second, the local

heat flux data was used to calculate the sectional heat inputs between
measurement points. This allowed the local fluid enthalpy at each stream-wise

location to be found. Pressure drops, which were assumed linear along the
channels, were also taken into account from upstream to downstream locations.

The obtained local fluid pressure and enthalpy data were then used in an EES
(Engineering Equation Solver) program to calculate the local vapor qualities.
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Uncertainties may exist in this method to obtain local vapor quality. For
example, there is no direct heat flux measurement in the outlet plenum; instead of

assumed linear profile along the channels, the pressure drop is much more
complex during

flow

boiling and it is normally

nonlinear. In addition, linear heat

flux

flow

regime dependent and

distributions were also assumed between

two stream-wise measurement points because there were only six measurement
points along channel No. 2. In the meantime, steps were taken to try to minimize
the uncertainties of local heat transfer coefficients. For example, heat input to the

outlet plenum was minimized by modifying the original design (refer to Section

4.5 Heat Input at Channel Outlet Plenum for details). Although the local heat

fluxes varied greatly along channel No. 2, the local heat fluxes for the four
interior measurement points did not change significantly based on the recorded
data. Thus, the assumed linear heat flux profile between two measurement points

should be reasonable, especially when the two measurement points are in close
proximity. Most importantly, this method was implemented for all the bare and
mesh channel sections investigated. Therefore, the results for each channel should
be consistent.

4.4 Mesh-Induced Thermal Resistance
Although enhanced nucleate boiling was anticipated by incorporating fine

conductive mesh onto the channel heating wall, the relatively small effective
thermal conductivity of the mesh layer required quantification. After obtaining the
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effective thermal conductivity of a particular mesh, the thermal resistance of the
mesh layer was obtained and compared with other thermal resistance such as the

fluid convective/boiling resistance. In addition, an ANSYS model was built to
estimate the temperature distribution on the channel walls with a given heat flux

and flow boiling heat transfer coefficient as the boundary conditions. Both the

simplified geometry with effective thermal conductivity and the actual mesh
configuration were used in two separate models.

4.4.1

Effective Thermal Conductivity
For a square mesh screen illustrated in Fig. 4.3, Armour and Cannon (1968)

presented the following equation for porosity

,rAB

2(l+A)
Where A

= d / W

and B

= d / t.

1,Jl+(

A

1+A

2

(14)

The number of openings per unit length is called

mesh number N, and it is given by

N=1/(d+W)

(15)

The conduction of heat through the mesh layer is a combination of
conduction through the solid metal wire and conduction through the trapped fluid

within the mesh openings. A parallel arrangement, which is based on the fraction
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of cross sectional area responsible for the heat conduction, was used to estimate
the effective thermal conductivity of meshes. The equation is given by

(16)

keff = cok + (1 q)k

where

kf

is the fluid thermal conductivity and

conductivity. For HFE 7000,

k

is

is the mesh wire thermal

equal to 0.075 W/m-K. The thermal

conductivities for copper and bronze are 400 and 80 W/m-K, respectively.

t

Figure 4.3: Schematic of Wire Mesh Screen

Therefore, in the case of 100 mesh copper whose porosity is 0.634, the
effective thermal conductivity is 146 W/m-K. For 100 mesh bronze, its effective
thermal conductivity is 29 W/m-K. A schematic diagram of a single chaimel with
a mesh layer underneath is shown in Fig. 4.4.
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t

q0

Figure 4.4: Schematic of Single Channel Section with Mesh

In comparison of thermal resistances between the heat conduction through

the mesh layer and the heat convectionlboiling through the channel walls, a

reasonable flow boiling heat transfer coefficient of h = 20,000 W/m2K was
assumed for comparison purposes only. Thus, the thermal resistance due to fluid

boiling is equal to

5 x i0

m2KIW. In contrast, the conduction thermal
t

resistance of a 100 mesh copper layer is equal to

keff

a 100 mesh bronze layer is equal to

t
keff

=

2.5x104

29

=

2.5x1O
146

= 8.6 x 1 06.

= 1.7 x 1 0_6 and

Both the 100

mesh copper and bronze used in this study have an order of magnitude lower
thermal resistance than the fluid boiling thermal resistance. This implies that the
amount of thermal resistance that a mesh layer introduces can be neglected. Two

ANSYS models were also developed to help verify this result and will be
described in the following section.
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4.4.2

Channel Wall Temperature Distribution
A 2-D ANSYS model was built to estimate the channel wall temperature

distribution with the addition of a mesh layer. The mesh layer was modeled as a

solid layer with the same thickness as the mesh layer. The effective thermal
conductivities obtained above were used for the modeled solid layer. A given heat

flux of 22,727 W/m2 was applied from the bottom of the channel. section. It
simulated a typical heat flux input from the two cartridge heaters. An insulated

boundary condition was used for both the right and left sides of the channel
section due to symmetry. Also, for where the top of the channel sections were in

contact with the Lexan window, an insulation boundary condition was applied.

Inside the channel where the channel walls were in contact with the fluid, a
convective boundary condition was used. The assumed flow boiling heat transfer
coefficient was h = 20,000 W/m2K and the fluid saturation temperature was 42 °C.

The following two figures provide the cross-section view of a single channel

section with typical results for the temperature distribution. Figure 4.5 illustrates

the channel cross-sectional temperature distribution using 100 mesh copper.
Figure 4.6 shows the channel cross-sectional temperature distribution using 100
mesh bronze. Although the effective thermal conductivity decreases greatly from
copper mesh to bronze mesh, the temperature distributions remain approximately

the same due to the fact that the mesh layer is very thin and the applied heat flux
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is relatively low. This is also identified in the previous section that the additional
thermal resistance of a mesh layer can be neglected.
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Figure 4.5: Temperature Distribution for 100 Mesh Copper Channel Section
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Figure 4.6: Temperature Distribution for 100 Mesh Bronze Channel Section
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Another 2-D ANSYS model was developed using Link32 elements to model

the actual mesh wires. The wire cross sectional area was set through the Real
Constant feature in ANSYS. All boundary conditions such as the heat flux and the

channel flow boiling heat transfer coefficient were kept the same as in the
previous model. The channel cross-sectional temperature distribution is shown in
Fig. 4.7. As can be observed, the result agrees very well with the previous model
using effective thermal conductivity.
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Figure 4.7: Temperature Distribution for 100 Mesh Copper Channel Section
Using Link32
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4.5 Heat Input at Channel Outlet Plenum
According to single phase experimental data collected using a first
generation heater block design (which had the same length as the channel section),

a significant amount of heat went into the working fluid in the inlet and outlet

plenums. This not only reduced the amount of heat available to go into the
channels, but it also increased the uncertainties of local vapor qualities due to lack

of heat flux data in the channel outlet plenum. In order to minimize heat inputs to

the fluid in both channel inlet and outlet plenums, a modified shorter copper
heater block replaced the original one as illustrated in Fig. 4.8. It only covered the

channels, not the inlet and outlet plenums. As mentioned in the Experimental
Setup section, both the TC layer 1 and TC layer 2 were made of copper (see Fig.
3.1 for details). Since TC layer 1 was in direct contact with the heater block and

copper is very good for heat spreading, a significant amount of heat was still
expected to add to the fluid in the inlet and outlet plenums. In order to quantify

the amount of heat going into the fluid in the channel outlet plenum, as it is
important to calculate local vapor qualities, a 2-D ANSYS model was developed
to estimate the amount of heat being added to the fluid at this location.

The model only included the two thermocouple layers (TC layer 1 and TC
layer 2) and the stainless steel separator in the channel section (heater block and
channel layer not included). The same heat flux boundary condition was applied

from the heater block to the bottom of the channel section. Since the channel
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section and heater block were put inside an Ultem insulation block, insulation
boundary conditions were applied to the remaining surfaces of the model except
on the top surface which was assigned a constant temperature boundary condition

at 45 C. The obtained temperature distribution in the channel section at the given
boundary conditions is shown in Fig. 4.9.

Stream-wise direction of channel

Inlet
Plenum

Heater Block

Outlet
Plenur

5.51 cm (new length of block)

Figure 4.8: 2-D Model of the Channel Section with a Short Heater Block
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Figure 4.9: Temperature Distribution in the Channel Section with TC Layer 1

A path was defined close to the channel outlet plenum on the model top
surface where it was not covered by the heater block. The heat flux distribution

along the defined path is shown in Fig. 4.10. The highest heat flux was 11,583
W/m2 which occurred at the edge of the heater block. It corresponded to about
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half of the heat flux input through the heater block. The lowest heat flux was 5418
W/m2 which occurred at the edge of the test section. By integrating the heat flux

along the defined path, a total of approximately 3.1 W of heat entered into the
fluid through the outlet plenum.
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Figure 4.10: Heat Flux Distribution along the Defined Path with TC Layer 1
The significant amount of heat entering the outlet plenum was mainly due to

the conductive TC layer 1 in contact with the heater block. In order to minimize

the amount of heat spreading into the channel outlet plenum, both ends of TC
layer 1, which were not covered by the heating block, were trimmed off to reduce

heat spreading. A similar 2-D ANSYS model was built to estimate the reduced

heat input to the channel outlet plenum. The temperature distribution in the
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channel section is shown in Fig. 4.11 and the heat flux distribution along the same
defined path is shown in Fig. 4.12.
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Figure 4.11: Temperature Distribution in the Channel Section without TC Layer 1
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Figure 4.12: Heat Flux Distribution along the Defined Path without TC Layer 1
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As can be observed, the highest heat flux on the defined path is about the
same. However, the lowest heat flux for this case shown in Fig. 4.12 is only 180
W/m2. This is an order of magnitude smaller than that of the case shown in Fig.

4.10. As a result, the total heat input into the outlet plenum was greatly reduced

from 3.1 W to 1.3 W. This greatly reduced the uncertainties of local vapor

qualities, as the amount of heat input to the fluid in the outlet plenum was
neglected during data reduction. Therefore, TC layer 1 for all the channel sections

were trimmed off for the sake of lower heat input in the outlet plenum. This
essentially lowered the uncertainties of local vapor qualities. All the experimental
data presented in the next chapter were based on trimmed channel sections.

5 EXPERIMENTAL RESULTS

5.1 Single-Phase Validation

Bare and Mesh Channels

Before moving into flow boiling and two-phase flow studies, a series of
single-phase flow tests were conducted to verify the test setup and measurement

techniques. According to the tested mass

flow

rate of 2 kg/h, the corresponding

Reynolds number was 414 for the test channels. Therefore the flow was assumed

to be laminar. Both the hydrodynamic and thermal entry lengths have been
calculated using the equations:

Hydrodynamic Entry Length: L = 0.O6ReDh = 16.55mm

(17)

Thermal Entry Length:

(18)

Lfh

= 0.O6ReDhPr = 128.6mm

where the Prandtl number for 1-IFE 7000 is 7.77 and

Dh

for the channels is 675

tm. According to the tested channel length, most of the measurement points were
in hydrodynamically developed but thermally developing

flow

regimes. A classic

solution for this regime using a finite difference method developed by
Montgomery and Wibulswas (1966) was used for comparison. Both the constant
heat

flux

and constant wall temperature boundary conditions of convective

laminar flow in rectangular channels were applied. The Nusselt numbers for the
constant heat

flux,

constant wall temperature and the experimental data are shown
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in Fig. 5.1. The plotted experimental data is for the stream-wise location z3,
where the flow is hydrodynamically developed but thermally still developing. The

Nusselt number shows that the single-phase flow agrees more with the constant
wall temperature boundary condition and the Nusselt number varies very slightly

with heat flux. Table 5.1 shows the wall temperature data at zi, z2 z3 and z4 for
one of the heat inputs (q = 15.37 W) in single-phase flow.

Table 5.1: Wall Temperatures at the Four Stream-wise Locations
Location

Zi

Z2

Z3

Z4

Wall T (°C)

47.58

48.41

48.99

49.22
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Figure 5.1: Experimental Nu of Bare Channel vs. Classic Models
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Furthermore, the single-phase heat transfer coefficients at stream-wise
location z3 for all the tested channels were compared and shown in Fig. 5.2. The
single-phase heat transfer coefficient was defined the same as the two-phase heat
transfer coefficient in Chapter 4. This not only allows observation of the trend of

the single-phase heat transfer coefficient as a function of channel heat input, but

also it provides information about the heat transfer enhancement in single phase
flows mainly due to the increase of heat transfer area for the mesh channels. As
can be concluded from Fig. 5.2, copper mesh performed better than bronze mesh

due to its higher thermal conductivity. Also, the heat transfer coefficient for the
100 mesh copper channel was about twice that for the bare channel. This means

that more than double the heat transfer coefficient for the mesh channels was
expected for the flow boiling and two-phase flow cases.
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Figure 5.2: Single-Phase Heat Transfer Coefficient for the Tested Channels
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5.2 Flow Boiling Correlations - Bare Channel
There are a number of correlations available in the literature for predicting

flow boiling heat transfer coefficients inside a channel. Two widely used
empirical correlations for saturated flow boiling heat transfer in macro channels
were selected here to compare with the experimental data of the bare channel: the
Shah Correlation (1982) and the Kandlikar Correlation (1990). Basically for both
correlations, the ratio of the saturation flow boiling heat transfer coefficient h4, and

single phase liquid only heat transfer coefficient

is a function of Convection

Number Co , Boiling Number Bo, and Froude Number Frie.

f(CO,BO,F1e)

Co

(lX)08(PV)05
x

p1

(19)

(20)

(21)

Erie =

G2

p gD

= 0.023(_L)Re8 Pr104

Re1 =

G(1

x)Dh
Ia1

(22)

(23)

(24)

It is widely accepted that saturated flow boiling in channels is governed by two
mechanisms: nucleate boiling and convective evaporation. Both correlations take

the maximum of two equations: one equation for nucleate boiling dominant flow
and one equation for convective dominant flow.

.

The Shah Correlation

The Shah Correlation was originally in graphical form. Recently, Shah [21]
has recommended the following computational representation of his correlation. It

results in a mean deviation of 17.9 percent with water data and 25.8 percent with
all refrigerant data combined.

(25)

=

N = Co

0.04

(26)

for Fr1 <0.04

(27)

for Frie

N = 0.38Fç°3Co
= 14.7

for Bo11x104

(28)

F=15.4

for Bo<11x104

(29)

cb =

1.8N°8

(30)

for Bo>0.3x104

(31)

For N >1.0:
nb

=23OBo°5

89
nb

for Bo

= 1 + 46Bo°5

kIfs = the larger of

nb

(32)

0.3 x 10

(33)

and WCb

For N 1.0:
bs = FBo°'5

bs

exp(2.74N°')

for 0.1 <N

= FBo°'5 exp(2.47N°'5)

= the larger of

bs

for N

1.0

0.1

and 'YCb

(34)

(35)
(36)

The Kandlikar Correlation [22]

The Kandlikar Correlation is based on 5246 data points from 24
experimental investigations with ten fluids. It results in a mean deviation of 15.9

percent with water data and 18.8 percent with all refrigerant data combined. It
agrees with the trends of h versus x as seen from the experimental data.

= MAX(E,S)h

= 0.023(--)Re

(37)

Pr104

E = 0.6683Co°2f(Frf) + 1058Bo°7
S

f(Frf) = l(Fr

1.136Co°9f(Fr)+667.2Bo°7
0.04) or f(Frf) = (25Frf)°3(Frf <0.04)

(38)

(39)
(40)
(41)

Originally, both correlations were developed based on macrochannel flow
boiling data. Thus, the Dittus-Boelter equation (Eq. (23)) was used for the single

phase liquid-only heat transfer coefficient due to mostly turbulent flow in
macrochannels.

accommodate

Recently,

flow

phase liquid-only

the

Kandlikar

Correlation

was

modified

to

boiling in minichannels and microchannels since the single

flows

are generally laminar. As a result, the Dittus-Boelter

equation was replaced with constant Nusselt Numbers for fully developed singlephase laminar flows, such as the following equations for circular channels:

NuH = 4.36 (Constant heat

flux

B.C.)

NUT = 3.66 (Constant wall temperature B.C.)

(42)
(43)

As results from past studies have shown, the modified Kandlikar Correlation

agrees with a number of microchannel and minichannel

flow

boiling data very

well. The modified Kandlikar Correlation was used during the current study and
compared with the

flow

boiling data of the bare channel. Instead of using one of

the default Nusselt Numbers in the correlation, a Nusselt Number of 4.28 was
used as it was actually obtained from the single phase experiment of this work.
Similarly, the Dittus-Boelter equation in the Shah Correlation was also replaced
with this experimentally-obtained Nusselt Number 4.28.
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Figure 5.3: Comparison of Flow Boiling h with Correlations for Bare Channel

The two correlation predictions and the experimental data for the flow
boiling heat transfer coefficient as a function of the vapor quality are shown in Fig.

5.3. For vapor quality less than 0.4, the experimental data and. correlation
predictions agree very well. Both exhibit an increasing flow boiling heat transfer

coefficient with vapor quality. When the vapor quality reaches 0.5, the
experimental data starts to diverge from the correlations. This might indicate the

channel starts to encounter local dryout. All in all, the flow boiling heat transfer

data for bare channels looks reasonable when comparisons are made with past
published work.

92

5.3 Flow Boiling Curves

For any boiling enhancement study, the boiling curve remains the classic
way to present data. It can clearly show the difference between a bare surface and

an enhanced surface as their wall superheats can be significantly different for a

given heat flux. In the current study, three different meshes were used on the
channel bottom walls to enhance the flow boiling, particularly the nucleate boiling
process. They were 100 mesh copper, 100 mesh bronze and 200 mesh bronze.

In a boiling curve, the wall superheat is normally plotted on the horizontal

axis and the heat flux is plotted on the vertical axis. It shows how the wall
superheat changes with increasing the heat flux. As shown in the flow boiling
curves from Fig.

5.4

to Fig.

5.7,

the mesh effects are very distinctive at all the

stream-wise locations. All four figures share the same mass flux

G = 257.2

They correspond to the four stream-wise locations with the Fig.
5.5

for z3, Fig.

5.6

for

z2

and Fig.

5.7

5.4

for

kg/m2s.

z4,

Fig.

for zi. All mesh channels reduce the

amount of wall superheat dramatically for the same amount of heat flux compared

to the bare channel. This is largely due to the enhanced nucleate boiling
associated with mesh openings. As indicated in the boiling curves, the boiling
curve slopes for all the mesh channels remain about the same as that for the bare
channel, it shows that the mesh-induced conductive resistance is negligible in this
study.
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Although the amount of wall superheat is greatly reduced for all the mesh

channels at all four stream-wise locations, there are noticeable differences
between the four locations. As shown in Fig.

5.4

which is plotted for location z4,

the critical heat flux (CHF) is only slightly increased for mesh channels. This is

mainly because the flow enters the high vapor quality regime at z4 and a slight

increase of heat flux could cause a local dryout. The amount of wall superheat
may also play a role with the lowest wall superheat occurring at z4. This could
reduce the number of nucleation sites in the mesh openings compared to upstream

locations. For further upstream locations (z3, z2 and zi), the critical heat flux
(CHF) keeps increasing until it doubles at z2. In the meantime, the amount of wall
superheat is increased as expected.

Another interesting point is that all three mesh channels perform about the
same at z4. Then, a divergence begins at z3 with the 100 mesh copper performing

the best, followed by the 200 mesh bronze. However, the 100 mesh bronze starts
to out-perform the 200 mesh bronze at z2. It markedly outperforms the 200 mesh

bronze at zl. This observation could be explained by the higher surface tension

forces associated with the finer mesh but less vapor bubble removal restriction
associated with the coarser mesh. At downstream points such as z4 and z3, the
liquid layer close to the channel wall gets thinner. Any local dryout will greatly

reduce the critical heat flux (CHF). The finer 200 mesh apparently has higher
capillary pumping due to smaller pore size. However, at upstream points such as

zi and z2, nucleate boiling still provides a big contribution to the overall heat
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transfer. Therefore, any mesh with more nucleation sites and faster bubble
removal rate will perform better. During tests using a high-speed camera, flow

visualization showed that both the 100 mesh copper and 100 mesh bronze had
faster vapor removal rates than 200 mesh bronze.
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Figure 5.4: Flow Boiling Curves at z4 with Mass Flux G = 257.2 kglm2s
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Figure 5.5: Flow Boiling Curves at z3 with Mass Flux G = 257.2 kglm2s
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Figure 5.6: Flow Boiling Curves at z2 with Mass Flux G = 257.2 kglm2s
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Figure 5.7: Flow Boiling Curves at zi with Mass Flux G 257.2 kglm2s

Similar trends can be observed for mass fluxes of 128.6 kg!m2s and 64.3
kglm2s whose boiling curves are shown in Appendix B. As the 100 mesh copper

performs the best amongthe three mesh channels, its flow boiling curves for the
three mass fluxes are shown in Figs. 5.8, 5.9 and 5.10, respectively. Higher heat
flux can be put into a channel with higher mass flux. The critical heat flux (CHF)

is doubled for a mass flux of 257.2 kglm2s compared to a mass flux of 128.6
kg!m2s. Higher critical heat flux is achieved for more upstream points, with CHF

for zi doubling compared to the CHF for z4. According to the boiling curves on

Fig. 5.8, the fluid does not reach saturation temperature until z4 for the lowest
heat flux case. This means, for the lowest heat flux, the flow boiling at z 1, z2 and
z3 are subcooled boiling.
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Figure 5.8: Flow Boiling Curves of 100 Mesh copper Channel G 257.2 kg!m2s
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Figure 5.9: Flow Boiling Curves of 100 Mesh copper Channel G = 128.6 kglm2s
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Figure 5.10: Flow Boiling Curves of 100 Mesh copper Channel G = 64.3 kg/m2s

5.4 Flow Boiling Heat Transfer Coefficients
It is the intent of this study to explore the local flow boiling heat transfer

coefficient as a function of heat flux, mass flux and vapor quality, as some
previous studies have shown conflicting trends. According to some studies of
flow

boiling in microchannels, the

flow

boiling heat transfer coefficient is mainly

heat flux dependent and decreases as the vapor quality increases; mass

flux,

on

the other hand, only plays a minor role. When this happens, it is normally claimed

that nucleate boiling is the dominant heat transfer mechanism. In contrast, some
other studies have shown that the flow boiling heat transfer coefficient is mainly

mass flux dependent and increases with vapor quality, which means the flow is
mainly in an annular flow regime and convective evaporation is the dominant heat

transfer mechanism. In an annular flow regime, the liquid layer trapped between
the vapor core and channel walls gets thinner as the fluid gradually evaporates at

the liquid-vapor interface. This is a typical trend for flow boiling heat transfer in
macrochannels. However, there are always exceptions. One past study also had a
decreasing heat transfer coefficient, although the flow was mainly in annular flow

regime [17]. It was claimed that this was due to large amounts of liquid entrained

in the vapor core; its deposition onto the annular liquid film increased the film
thickness, which caused decreasing heat transfer coefficients.

As heat flux and vapor quality increase simultaneously at specific
downstream locations, it is difficult to separate their effects on local heat transfer

coefficients during flow boiling. In the following figures, the local flow boiling
heat transfer coefficient is plotted against the local vapor quality as many studies

have presented results in the past. However, the trends in the figures here may

also include the local heat flux effects. In order to isolate the effects of vapor
quality on the heat transfer coefficient and provide more insight into the nucleate
boiling and convective boiling regimes, additional figures are plotted at the end of

this section (4.5) to illustrate vapor quality-only effects on the heat transfer
coefficient.

The flow boiling heat transfer coefficients for mass flux G = 257.2 kglm2s

are shown in the Fig. 5.11 and Fig. 5.12. The channel boiling pressure was
controlled at 148 kPa absolute. As it is shown in the graphs, the heat transfer
coefficients for the mesh channels are significantly higher than that for the bare
channel with the 100 mesh copper performing the best. This could be explained

by the significant increase of nucleation sites for the mesh channels. This was

confirmed later by visualization using a high-speed camera. As shown in the
graphs, the heat transfer coefficient increases very suddenly for the mesh channels,

especially for the 100 mesh channels. This indicates a sudden increase of the
nucleate boiling heat transfer. After that the flow boiling heat transfer stays nearly
flat with increasing vapor quality.

Another interesting point shown in Fig. 5.11 and Fig. 5.12 is that the 100
mesh bronze out-performed the 200 mesh bronze for most of the vapor qualities.
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As it was explained in the earlier section, this might indicate that the smaller
openings on 200 mesh tend to retard the bubble removal from the mesh screen,
which will decrease the bubble generation rate. As a result, the 200 mesh bronze

cannot remove the same amount of heat as fast as the 100 mesh, causing higher
channel wall temperature. Also noticed in both graphs, for vapor quality less than

0.4, the 100 mesh copper and the 100 mesh bronze do not show significant
differences. This means, at lower vapor quality, the mesh size is dominant and the

mesh material has only minor effects. However, as the vapor quality increases, a

difference finally appears with the heat transfer coefficient of 100 mesh bronze
decreasing. This shows that the thermal resistance of the mesh layer starts to play

a role in high vapor quality flow due to the liquid layer thinning out and possible

drying out locally. In this case, copper is the much better conductor with bronze
showing its higher conductive thermal resistance.
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Figure 5.11: Heat Transfer Coefficient vs. Vapor Quality at z4 for G = 257.2
kglm2s
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Figure 5.12: Heat Transfer Coefficient vs. Vapor Quality at z3 for G = 257.2
kglm2s

Similar trends were observed for lower mass flux, with the data for the mass

flux G = 128.6 kglm2s is shown in Fig. 5.13 and 5.14. (Data for mass flux of G =

64.3 kg/m2s is shown in the Appendix C). As shown in both figures, instead of

holding flat as seen for higher mass flux, the heat transfer coefficient for 100
mesh copper dropped rapidly once the vapor quality passed 0.4. This may indicate

local dryout starts to occur if vapor bubbles are not removed promptly. Because
higher fluid velocity can help remove vapor bubbles away from the mesh screen

quickly, the heat transfer coefficient at higher mass fluxes remains high for a

wider range of vapor quality than that of lower mass fluxes. The same thing
happens to the 200 mesh bronze at this reduced mass flux. According to Fig. 5.13
and 5.14 at lower mass flux, the gap of the heat transfer coefficients between 100
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and 200 mesh bronze are increasing while the heat transfer coefficients for 100
mesh bronze stay the same as those at the higher mass flux. This means that the
performance of the 200 mesh bronze degraded at reduced mass flow rate and may

also indicate that vapor bubbles did get trapped on the 200 mesh screen. Fluid
motion helped vapor bubble removal. On the other hand, the 100 mesh bronze did
not degrade at a reduced mass flow rate. This may indicate that the vapor bubbles

did not get trapped on the 100 mesh screen. However, this should only be
associated with HFE 7000 and it could change with the working fluid as the
bubble departure size is a function of surface tension force and surface wettability.
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Figure 5.13: Flow Boiling Heat Transfer Coefficient vs. Vapor Quality at z4 for
Mass Flux G = 128.6 kg/m2s
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Figure 5.14: Flow Boiling Heat Transfer Coefficient vs. Vapor Quality at z3 for
Mass Flux G = 128.6 kg/m2s

As the 100 mesh copper performs the best among the three mesh channels,
its heat transfer coefficients at stream-wise locations

z3

and z4 are shown in Fig.

5.15 and Fig. 5.16, respectively. Apparently in both figures, the cases with the

highest mass flux performed the best, particularly in the higher vapor quality
region. The reason has been described earlier which is simply due to faster vapor

removal associated with higher flow rate. However, in the low vapor quality
region x < 0.4, the mass flux only affected the flow boiling heat transfer slightly
and did not seem to play a major role as long as the mass flux was above a certain

value. As shown in the figures, the heat transfer coefficient for a mass flux of
128.6 kg!m2s performed just as well as the one of 257.2 kglm2s. This indicates
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that the flow boiling heat transfer for a 100 mesh copper channel is mainly
nucleate boiling dominated for the mass flux above 128.6 kglm2s. Although it is

not a substantial drop, the case for a mass flux of 64.3 kg/m2s started to have a

lower heat transfer coefficient than those of 128.6 and 257.2 kg/m2s. This
indicates that convective effects also play a role in the overall flow boiling heat
transfer when the flow rate is relatively low. Those trends were also observed for
100 mesh bronze channel, which is illustrated in Appendix C.
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Figure 5.15: Heat Transfer Coefficients of 100 Mesh Copper Channel at z4
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Figure 5.16: Heat Transfer Coefficients of 100 Mesh Copper Channel at z3

For the 200 mesh bronze channel, there are a couple of noticeable
differences compared to the 100 mesh channels. As shown in Fig. 5.17 and Fig.
5.18, the flow boiling heat transfer coefficient for G = 257.2 kglm2s is higher than

that for G = 128.6 kglm2s. This again can be explained from the bubble removal
standpoint that bubbles generated in the 200 mesh screen need fast fluid velocity

for prompt removal, which is not the case for 100 mesh. The faster the vapor
bubbles can be removed from the mesh screen, the more bubbles can be generated

during a certain time and the flow boiling heat transfer is increased. The other
noticeable difference is, for the same mass flow rate, the overall flow boiling heat
transfer coefficient for the 100 mesh copper channel clearly out-performs the 200

mesh bronze channel. There is some contribution due to higher thermal
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conductivity for copper. Most importantly, it is because bubbles are generated at a

much faster rate in 100 mesh screen than in 200 mesh screen. In addition, the
bubbles on 100 mesh screen combine to form slug and annular flows much faster

as well. All these findings in the experiments were confirmed during the
visualization study using a high-speed camera.

For the bare channel, the flow boiling heat transfer coefficients at z3 and z4

are shown in Fig. 5.19 and 5.20, respectively. The trends is very similar to 100
mesh channels, except it has a much lower flow boiling heat transfer coefficient,
which is why mesh is introduced to enhance the nucleate boiling component.
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Figure 5.17: Heat Transfer Coefficients of 200 Mesh Bronze Channel at z4
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Figure 5.18: Heat Transfer Coefficients of 200 Mesh Bronze Channel at z3
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Figure 5.19: Heat Transfer Coefficient of Bare Channel at z4
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Figure 5.20: Heat Transfer Coefficient of Bare Channel at z3

As mentioned earlier in this section, heat flux and vapor quality are usually

coupled. In order to capture the vapor-quality-only effects on the heat transfer
coefficient, a long channel with more stream-wise measurement points are needed.

In addition, relatively constant heat fluxes are required. During the current study,
however, there were only four stream-wise measurement points zi, z2, z3, and z4,

although local heat flux at z2, z3 and z4 were normally close. Hence, at a certain

heat flux, only a short range of vapor quality can be resolved with the current

setup. Two mesh channels, 100 mesh copper channel and 200 mesh bronze
channel, are chosen to provide some insights of different flow boiling regimes:

nucleate boiling and convective boiling. According to the graphs, both the
nucleate boiling dominant and convective boiling dominant regimes can be
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identified. Although the nucleate boiling dominant regime was much shorter, it
has higher heat transfer coefficients than the convective boiling dominant regime.
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Figure 5.21: 100 Copper Mesh Channel with G = 257.2

kglm2s

Figure 5.21 shows the heat transfer coefficient as a function of vapor quality

only for the 100 mesh copper channel with a mass flux of 257.2 kglm2s. Each
curve represents the trends of heat transfer coefficient at a certain heat flux, which

is an average value of the local heat fluxes at the four stream-wise locations. The

four points on each curve are corresponding to the four stream-wise locations.
According to the data for heat flux values of q" = 4.07, 5.13 and 6.05 W/cm2, the
heat transfer coefficients increased suddenly and reached a peak value from zi to

z2. This indicates a significant increase of nucleate boiling from zi to z2, and the

highest local flow boiling heat transfer coefficient occurred in this nucleate
boiling dominant regime. As the fluid moved from z2 to z3, the heat transfer
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coefficient deceased as the vapor quality increased. This might be due to the
change of flow regimes from bubbly flows to slug/annular flows, indicating the
dominant flow boiling heat transfer mechanism changed. However, as the vapor
quality further increased from z3 to z4, the heat transfer coefficient started to rise.

This should mainly be caused by the liquid layer between the channel walls and
the vapor becoming thinner, which is a trend observed by many other studies.
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Figure 5.22: 100 Copper Mesh Channel with G = 128.6

kg/m2s

As also shown in Fig. 5.22, similar trends are observed for the 100 mesh
copper channel with a lower mass flux of 128.6 kg/m2s. Since the vapor qualities

were higher in this mass flux regime, the peak value of the heat transfer
coefficient started to drop after q" = 2.49 W/cm2. However, for the higher mass
flux of 257.2 kg/m2s, the peak value of heat transfer coefficient kept rising with
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increasing heat flux. In addition, a significant drop in the heat transfer coefficient
occurred when q" = 3.63 W/cm2. This may indicate lOcal dryout was taking place.

Figures 5.23 and 5.24 show the heat transfer coefficient as a function of
vapor quality for the 200 mesh bronze channel with a mass flux of 257.2 kglm2s
and 128.6 kglm2s, respectively. Although the general trends agreed very well with

the 100 mesh copper channel, the values of heat transfer coefficient were lower.
The possible reasons of causing this have been presented in the previous section.

In addition, following the peak value in the nucleate boiling regime, the heat
transfer coefficients for the 200 mesh bronze channel did not drop as much as that
for the 100 mesh copper channel. This could be explained by the reduced nucleate
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Figure 5.23: 200 Bronze Mesh Channel with G = 257.2 kglm2s
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Figure 5.24: 200 Bronze Mesh Channel with 0= 128.6 kg/m2s

5.5 Channel Global Pressure Drops
As a complete

flow

boiling enhancement study, heat transfer enhancement

is not only the primary goal, but also less pressure drop as a penalty should be
pursued. Many surface enhancement techniques have great boiling enhancement

potential, however the substantial increase of pressure drop makes them less
practical. During this study, the global

flow

boiling pressure drops for each type

of channel have been measured at different mass flow rates. As a practical matter,

the pressure difference between the channel inlet and channel outlet was
measured. No attempts have been made to separate the single-phase pressure drop

and the

flow

boiling two-phase pressure drop, as the study was focused on

flow
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boiling heat transfer enhancement. As the inlet and outlet plenums stay the same

for all four tested channels, the single-phase pressure drop should be very small
compared to the two-phase pressure drop. Therefore the global channel pressure

drop should be a good representation of the channel flow boiling two-phase
pressure drop.

Fig. 5.25 shows the global pressure drops across the four tested channels at

the mass flux equal to 257.2 kglm2s. As can be noticed, the four pressure drop
curves overlap for most of heat inputs which means almost no pressure penalty is

associated with this flow boiling enhancement technique. For the highest heat
input case, the pressure drop of the bare channel is shown to be greater than that

of the 100 mesh bronze. This difference might be due to the pressure drop
uncertainty of 0.75 kPa, however it is not clear at this point.

Initially as the heat input increased, the pressure drop was actually
decreasing slightly; then as the heat input further increased, the pressure drop
increased almost linearly except at very high heat inputs where the pressure drop

started to increase a bit more. Only a small pressure drop penalty was expected
because the introduced mesh layer did not reduce the channel cross-sectional area.

The slightly higher pressure drop for 100 mesh copper channel might be due to

the higher vapor quality at the channel outlet. The slightly decreased pressure
drop at the lower end of heat input for all the four channels has to do with the
change of properties of the fluid. According to 3M, the density and kinematic
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viscosity of HFE 7000 decrease linearly with temperature. As the majority of the

fluid was still liquid at the lower end of the heat input scale, the decrease in

kinematic viscosity also decreased the friction factor of the fluid inside the
channel. As the decreased friction factor combined with the decreased fluid
density, significant reduction of pressure drop should be expected. However, as

the heat input was further increased, more of the fluid turned to vapor which
greatly increased the bulk fluid velocity. As the channel fluid velocity increased,

the frictional pressure drop increased as well as the boiling-induced acceleration

pressure drop which is strongly related to vapor quality. As vapor quality
increases, the two-phase pressure drop due to acceleration increases dramatically.
This explains the higher pressure drop associated with 100 mesh copper channel.
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Figure 5.25: Global Pressure Drop vs. Heat Input for G = 257.2 kglm2s
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Similar trends are noticed for all the tested channels at a lower mass flux.
Fig. 5.26 shows the global pressure drops for all tested channels at the mass flux
of 128.6 kglm2s. Clearly, the mesh in the channels does not introduce much extra
pressure drop. The global pressure drop for the mass flux of 128.6 kg/m2s is much

lower than that of 257.2 kglm2s. Since the pressure drops between mesh and bare

channels are within 1 kPa for most of the heat input cases, no attempt was made

to construct the figure of merit which is the ratio of enhanced heat transfer and
increased pressure drop. Based on the qualitative comparison of the heat transfer

and pressure drop, however, introducing conductive fine mesh into the channels
for promoting nucleate boiling clearly provides an advantage.
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Figure 5.26: Global Pressure Drop vs. Heat Input for 0= 128.6 kglm2s
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5.6 Flow Boiling Visualization
As concluded from past studies, nucleation can occur in annular flow with
thin liquid films. Under these conditions, nucleate bubble size decreases but the

bubble departure frequency increases. To further help understand flow boiling
phenomenon in minichannels, particularly the bubble nucleation process and flow

patterns in different channels, a high speed camera was used to observe bubble

activities under different conditions. As a matter of fact, use of high speed
photography is considered by many researchers in this field the essential way to
clearly observe the nucleation phenomenon and flow patterns in small channels.

The high speed motion camera used in this study was a MotionScope M3 from

Redlake. A frame rate of 1000 fps was used to capture bubble activity on the
order of 1 ms and it was kept the same for all the tested channels. The camera

resolution at this frame rate was 640

x

512. The camera came with a 50 mm

optical lens and a few extension tubes to bring the camera closer to the channels.
The camera also came with a 1000 W incandescent light source to illuminate the
channels.

The flow boiling processes inside the three mesh channels and the bare
channel have been qualitatively investigated using this high speed camera. The

camera was placed at the equivalent stream-wise location for all four channel

types studied. For convenience and better visual access, the four 50 tm wire
thermocouples were removed for all the flow boiling visualization tests. As a
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result, what were seen in the flow boiling visualization tests may not be the same

as those for the local variable measurement tests. This is mainly because flow
disturbances the four 50 tm wire thermocouples introduced. The mass flux was

kept the same for all channels at 128.6 kg/m2s and the channel downstream
pressure was kept the same as well. The four heat input cases were the same as

the ones for local variable measurements investigated for the four channels.
According to the recorded pictures, all the flow regimes normally associated with

microchannel flow boiling were observed. At lower heat input, the flow started

out with bubbly flow when the nucleation process started. Slug flow followed
after small bubbles combined to form larger vapor regions. As the heat input was
further increased, those slugs joined each other to form very long bubbles. Under

this flow regime, the term "annular flow" applies well. Due to the flow regime
being exclusively annular flow for the two higher heat input cases, only the two

lower heat input cases are presented in detail here. We restrict the visual record
discussion here to concentrate on the nucleate boiling process in bare and mesh
channels.

Fig. 5.27 shows the typical flow boiling pictures of the four tested channels

at the heat input of 14.5 W. A significant difference was observed between the
bare and mesh channels that no bubble was generated on the bottom wall of the

bare channel and only tiny bubbles were generated on the channel side wall. In
contrast, a large amount of bubbles were generated on the mesh openings for the

mesh channels. The bubbles started to merge with each other immediately after
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departure from the mesh openings, ultimately forming slug flow. Compared to

100 mesh channels, the bubble size on the 200 mesh bronze channel was
noticeably smaller due to smaller mesh openings and slower bubble generation

rate. This also tends to retard bubble removal from the mesh and therefore
decrease the bubble generation rate.

Bare Channel

100 Bronze Channel

200 Bronze Channel
Figure 5.27: Flow Boiling Pictures at G = 128.6 kg/m2s and Heat Input of 14.5 W
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Bare Channel

100 Copper Channel

100 Bronze Channel

200 Bronze Channel
Figure 5.28: Flow Boiling Pictures at G = 128.6 kglm2s and Heat Input of 19.8 W

Similar trends were observed for the higher heat input of 19.8 W, results of
which are shown in Fig. 5.28. For the bare channel, more and larger bubbles were

seen in this case but they all appeared to be generated on the side walls. This
might be due to the fact that the channel bottom wall was smoother than the side

walls because of the fabrication process. In contrast, bubbles were generated
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simultaneously everywhere on the mesh screen for the mesh channels. The videos

also showed that bubbles were generated and departed faster in this higher heat
input case.

There were also some other interesting phenomena observed during the high

speed camera visualization study. No flow reversal was observed for mesh
channels when sudden bubble expansion occurred. The bubble generation rate
appeared to be very sensitive to local pressure. When the high bubble generation
rate occurred upstream with subsequent combination downstream, the result was

long bubbles approaching slug flow. This raised the upstream fluid pressure
temporarily. In the meantime, no bubbles were generated on the mesh openings
upstream where generation used to be. As soon as the long bubbles were out of

the camera's view, the high local pressure released and bubble generation again
commenced.

A sequence of flow boiling pictures for the 100 mesh copper channel is
shown in Fig. 5.29. It basically shows where bubbles are generated and how fast
they are generated. According to the pictures, the first bubble initially emerged on
a mesh opening and grew slightly before departing from the opening. Its departure
seems to be assisted by the push from a second bubble, because the second bubble

emerged on the same opening immediately after the first bubble departed. This
may indicate that the bubble generation rate in the mesh opening was higher than

the bubble departure rate from the mesh opening. The bubble generation rate
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inside the mesh opening strongly depends on local heat flux; however the bubble

departure rate is a function of mass flow rate, mesh size and local heat flux as
well. Larger mesh openings do not retard bubble departure from the mesh opening,

which should display faster bubble removal. Higher mass flow rate also helps
bubble removal. In addition, the higher rate of bubble generation associated with
higher local heat flux promotes earlier bubble removal as observed in the pictures.

Since each picture was 1 ms apart, the bubble departure frequency can be
determined based on several continuous pictures. The time for the first bubble
departure from the mesh opening is about 5 ms, however it takes only about 3 ms
for the second bubble to depart starting from the moment it appears on the picture.

The reason for this might be due to the finding that it was in the mesh opening

before the first bubble departed. Shortly after the departures, bubbles start to
merge to form bigger bubbles as shown in the pictures. The time frame for bubble
merging is on the order of 3 ms.
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First bubble stays (1 ms)

First bubble grows (3 ms)

First bubble grows (4 ms)

First bubble departs (5 ms)

Second bubble emerges (6 ms)
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Second bubble stays (7 ms)

Second bubble departs (8 ms)

Third bubble emerges (9 ms)

The second bubble catches ur (11 ms

The First and second starts to niere (12 ms'
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Continue to merge (13 ms

Stay as a bigger bubble (15 ms)

Figure 5.29: Sequence of Bubbles Activities for 100 Mesh copper Channel
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These results are also consistent with the hypothesis that a single mesh
opening may have several nucleation sites near the bottom where the mesh is
diffusion-bonded to the channel bottom wall. If this were the case, new bubble
formation and growth could occur while a "mature" bubble was being pushed out

and departing. This conceivably would lead to enhanced heat transfer from the
surface as observed in this study.

5.7 Flow Boiling Enhancement in Curved Minichannels
As an additional flow boiling enhancement study, a channel layer with four
curved minichannels (see Fig. 5.30) replaced the channel layer with four parallel

minichannels (see Fig. 5.31) to investigate channel curvature effects. No mesh

enhancements were used in the curved channel tests. The same measurement
techniques used for the bare and mesh channel sections were used. Both the flow

boiling curves and the local flow boiling heat transfer coefficients of the curved
minichannels are compared with those of the straight bare minichannels.

Figure 5.30: Picture of Curved Minichannels with Wire Thermocouples
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Figure 5.31: Picture of Mesh Minichannels with Wire Thermocouples

5.7.1

Flow Boiling Curves
For mass flux G = 257.2 kglm2s, the flow boiling curves at the four stream-

wise locations are illustrated in Fig. 5.32 through Fig. 5.35. In general, the local
heat fluxes between the straight and curved minichannels (no enhancement with
mesh) are very similar, except at z4. This indicates that no significant flow boiling
enhancement is associated with the current design of the curved minichannels.

According to Figs. 5.30 and 5.31, the wire thermocouples have fixed
distance between each other regardless of the type of minichannels. Thus a longer

fluid heating path is associated with the curved minichannels between any two
stream-wise locations where the wire thermocouples were taking fluid

temperature measurements. Therefore, the lower wall superheat does not
necessarily indicate enhanced flow boiling; rather, it is the result of the longer
fluid heating path for the curved minichannels.
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Figure 5.32: Flow Boiling Curves at z4 with G = 257.2 kglm2s
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Figure 5.33: Flow Boiling Curves at z3 with G = 257.2 kg/m2s
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Figure 5.34: Flow Boiling Curves at z2 with G = 257.2 kg/m2s
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Figure 5.35: Flow Boiling Curves at zi with G = 257.2 kglm2s

129

As lower thermal resistance is associated with a longer fluid heating path,
the channel wall temperature is reduced for the same amount of heat input, as well

as more heat is carried away by the fluid. This allows the saturated flow boiling to

occur earlier for the curved minichaimels. On the other hand, the vapor quality is

higher for the curved minichannels at any measurement point and it may cause
local dryout as the fluid approaches the channel exit. As shown in Fig. 5.32, the
local heat fluxes for the curved minichannel drop suddenly at the last two points.
This could be considered a sign of local dryout. In addition, the fluid may even be

superheated at z4 for the lower mass flux G = 128.6 kglm2s, because both the
local heat flux and wall superheat were decreasing. See Appendix D for details.

5.7.2

Flow Boiling Heat Transfer Coefficients

To further understand flow boiling phenomena in the current curved
minichannels, the local flow boiling heat transfer coefficients are plotted as a
function of local vapor qualities as shown from Fig. 5.36 to 5.39 for a mass flux
of G = 257.2 kg/m2s.

As can be observed, the trends of the heat transfer coefficients for both the

curved minichannels and straight minichannels are about the same. The only
difference is that the curved minichannels have higher local heat transfer

coefficients than the straight minichannels. This may indicate some degree of
flow boiling enhancement due to curvature-induced centripetal forces as expected.
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However, it should be mentioned that the plotted local flow boiling heat transfer

coefficients for the curved minichannels were based on the same planar area as
that for the straight minichannels. Therefore, the enhancement of the heat transfer

coefficients should be only attributed to the increased heating area, not to the
channel curvature, as the curved minichannels were twice as longer as the straight

minichannels. There is not much difference between the two channels at the
location z4 as shown in Fig. 5.36. This may have something to do with the local

dryout, as the vapor quality does increase at this location for the curved
minichannels. Similar trends are also observed at a lower mass flow rate of G =
128.6 kg!m2s, which is shown in Appendix E.
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Figure 5.36: Flow Boiling Heat Transfer Coefficients at z4 with G = 257.2 kglm2s

131

8000

6000

I,

N
4000

+

+

2000

A Straight

U Curve
0

I

0

0.2

0.4

0.6

0.8

Vapor quality, x

Figure 5.37: Flow Boiling Heat Transfer Coefficients at z3 with G = 257.2 kglm2s
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Figure 5.38: Flow Boiling Heat Transfer Coefficients at z2 with G = 257.2 kglm2s

132
8000

6000
+

4000

+
1

2000

A Straight

UCurve

I

0

:
I

0

0.2

0.4

I

0.6

0.8

Vapor quality, x

Figure 5.39: Flow Boiling Heat Transfer Coefficients at zi with G = 257.2 kg/m2s

5.7.3

Channel Global Pressure Drop
In order to compare the global pressure drops of the curved minichannels

with those of the straight minichannels, the global pressure drops as plotted
against the total heat input from the heaters are shown in Figs. 5.40 and 5.41.

Unlike the mesh minichannels shown previously, the curved minichannels

have significantly higher pressure drops than the straight minichannels for both

mass fluxes of 257.2 kg!m2s and 128.6 kglm2s. This is not unexpected and is
mainly due to the channel curvature and length. The longer channel length for the
curved minichannels not only contributes to the higher pressure drop, but also the
numerous turns for the curved minichannels introduce additional pressure drop.
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Figure 5.40: Global Pressure Drop Comparison for G = 257.2 kg/m2s

Figure 5.41: Global Pressure Drop Comparison for G = 128.6 kglm2s
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5.7.4

Flow Boiling Visualization in the Curved Minichannels
For the current heating arrangement with three heating walls, the channel

curvature does not provide significant flow boiling enhancement inside the curved

minichannels. This is because no enhancement of the critical heat fluxes (CHF)
and flow boiling heat transfer coefficients were identified. However, the channel

curvature does have some interesting effects on the distribution and behavior of
bubbles, especially around the channel turns. A sequence of high speed pictures
showing bubble behaviors around the turns are shown in Fig.5.42. As expected,

the centripetal force around the turns pulls vapor bubbles closer to the convex

channel walls (indicated on the pictures). This allows more liquid to come in
contact with the concave channel wall. Therefore, if only the concave channel
walls are considered as heating walls, as several previous curved channel flow
boiling studies have done, the centripetal force does help pull vapor bubbles away

from and wet the heating walls. This can potentially increase the critical heat flux

(CHF) of the curved channel. In the current study with three-wall heating,
however, the centripetal force moving vapor bubbles away from the concave
walls does not provide increased CHF. This should be mainly because the convex

walls are also heated. According to the pictures with a total heat input of 19.8 W,
all the vapor bubbles were generated on the channel side walls. This is similar to

what was observed for the bare minichannels. From the pictures, various sizes of
vapor bubbles were generated on the channel side walls. Bubble size was mainly

determined by the cavity sizes on the side walls. The smallest vapor bubble

135

identified was on the order of 50 tim. After departure from the walls, bubbles
quickly combined and formed larger bubbles downstream.
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t = 14 ms
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Figure 5.42: Sequence of Bubble Activities in the Curved Minichannels
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6 CONCLUSIONS AND RECOMMENDATIONS
6.1

Conclusions
Flow boiling in microchannels or minicharinels has been an intensive

research area for the last two decades due to its potential wide applications in high

heat-flux electronics cooling systems, small-scale energy conversion systems and

refrigeration systems. As most of the past studies were focused on the
fundamentals, this study concentrated on flow boiling enhancement in

minichannels using channel surface enhancement techniques. Both qualitative

flow boiling visualization using a high-speed camera and quantitative local
variables measurement techniques were carried out in this study. Very good
agreement has been obtained from the qualitative and quantitative results. The

unique local variable measurement techniques of this study have provided
information such as local channel wall temperature, local fluid temperature and
local channel heat flux, which allows a calculation of the local flow boiling heat
transfer coefficient for the channels tested.

After validation of single-phase flow in the current test setup, two-phase
flow boiling tests for bare channels have been carried out. Results were used as

the basis for comparison with mesh channels. Reasonable agreement has been
obtained with two classic saturation flow boiling correlations, particularly in the

low vapor quality region. A unique channel surface enhancement technique via
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conductive fine wire meshes was used for flow boiling enhancement, particularly

the nucleation process. In total, two mesh numbers and two mesh materials were
investigated. They were 100 mesh copper, 100 mesh bronze and 200 mesh bronze.

In the current study, only one layer of each mesh was incorporated into the
channels. This study also presents a way to incorporate mesh into minichannel
geometry. This is accomplished by designing the test channel with multiple layers;
then using high temperature diffusion bonding to permanently bond the mesh onto

the channel bottom heating wall. Overall, three mesh channels have been studied
and compared with the bare channel.

According to the flow boiling curves for each channel, the amount of wall
superheat was greatly reduced for all of the mesh channels at all four stream-wise

locations. As the amount of wall superheat required for boiling increased with
decreasing nucleus size, this study indicates that boiling for channels with mesh

structures occurred at significant lower wall temperature due to the increased
nucleus size that the mesh introduced. In addition, the critical heat fluxes (CHF)
of mesh channels were significantly higher than those of bare channel in the low
vapor quality region. This is another sign of significant flow boiling enhancement
with mesh channels.

The local flow boiling heat transfer coefficient was determined and then
plotted as a function of local vapor quality. An overall increasing trend of the heat

transfer coefficient with vapor quality was observed for all the tested channels
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until the vapor quality reached approximately 0.4. However, the meshed channels

have shown much higher values than the bare channel, with the 100 mesh copper

performing the best. This was attributed to the significant increase of nucleation

sites for the mesh channels which has been confirmed in later studies by
visualization using high-speed camera. Also noticed in the study was that the heat

transfer coefficient increased very suddenly for the mesh channels and stayed
relatively flat, especially for the 100 mesh channels. This indicated more nucleate

boiling contribution to the overall heat transfer coefficient for mesh channels.
Another interesting point observed was that the 100 mesh bronze out-performed
the 200 mesh bronze for most of the vapor qualities, which was unexpected at the
beginning of the test. Instead of functioning as boiling cavities, the mesh openings

on finer mesh (such as 200 mesh bronze) were actually working as vapor traps.
Therefore, the bubble departure was both delayed and at a reduced size. With the
high speed camera, the hypothesis became clear as a result of observing that the

smaller openings on 200 mesh bronze tended to retard the bubble removal from
the mesh screen. Thus, the bubble generation and departure rates were slowed for

200 mesh bronze. According to the data, the 100 mesh copper and the 100 mesh
bronze did not significantly differ until the vapor quality reached approximately

0.4. This indicates the mesh size is dominant at lower vapor quality and the
thermal resistance of the mesh layer starts to play a role only in the high vapor
quality section.
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High speed camera visualization was successfully used to help interpret
some experimental data and to validate the hypothesis. According to the recorded

pictures, it became clear that large flow boiling enhancement associated with the

mesh channels was achieved by the significant enhancement of nucleate boiling
process. Instead of vapor bubble generation on mesh openings, bubbles appeared
to be generated inside the mesh openings. This explains why the 100 mesh bronze

out-performed the 200 mesh bronze. Therefore, an optimal mesh size should exist
for HFE 7000 as well as other fluids.

6.2 Recommendations

In order to further investigate this flow boiling enhancement technique,
different working fluids should be tested. Water would be a good choice since it

has a much higher surface tension and heat of vaporization than HFE 7000.
Essentially the bubble departure diameter for water could change greatly from the

HFE 7000, as it is the net effect of forces acting on the bubble that determines

departure rate. As channel gets smaller, the surface tension force could play a
major role on bubble dynamics. Compared to water, HFE 7000 is a highly wetting

fluid and tends to "flood" surfaces. This might deactivate some nucleation sites
and requires very high superheat to initiate nucleate boiling. However, once the
nucleate boiling starts, it normally needs less wall superheat to sustain. Therefore,
it would be interesting to find out the differences and which fluid is more efficient
in terms of nucleate boiling enhancement.
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According to the results, there is apparently an optimal mesh size for
maximum flow boiling enhancement. Although an optimal size for the mesh
could change with fluid, it is worthwhile to determine what the optimal mesh size
is for current flow boiling study. Bronze or copper with a 150 mesh size should be

the next one to explore, followed by coarser mesh such as 75 by 75. As Hsu's
model suggested, a much finer mesh on the order of 400 should be explored to
find out if the tiny mesh openings function directly as nucleation sites. If that is
the case, the flow boiling enhancement will be more predictable.

As the flow boiling characteristics change dramatically as channel size is
reduced, it certainly would be an interesting study to know how the mesh-induced

nucleate boiling enhancement changes with channel dimensions. Currently the
channel width is 1 mm and each channel has approximately six mesh openings. If
the channel width is reduced to one mesh opening, the bubble dynamics and flow
regimes might be quite different from the current case.

Finally, it would be very helpful to bring the camera closer to the mesh
screen and focus on one of the active mesh openings. In doing so, it should shed
more light on where the bubbles are generated, how they are generated, and how
big they are when departing from the opening. This would provide more valuable
information on the mesh-induced flow boiling enhancement mechanisms.
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APPENDIX A
Uncertainty Analysis
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In order to minimize the uncertainty associated with the thermocouples and

the data acquisition systems, all thermocouples and the data acquisition system

were carefully calibrated against an Omega Engineering Inc. certified RTD,
which has a maximum calibration uncertainty of 0.3 °C in the range of -25 °C to
500 °C. A cooler was used as the calibration bath with tap water. Before inserting

the calibrating thermocouples, the water was stirred thoroughly to minimize
temperature variation in the bath. Then the RTD was inserted to measure the
actual temperature variations inside the bath. If needed, more stir was provided to

lower the temperature variation inside the bath. When temperature variation
between two points about two inches apart was within 0.02 °C, all the 26 T-type

thermocouples were then inserted into the bath with the RTD in the middle.
During process, all thermocouples were kept within two inches of radius from the

RTD. When all thermocouples' readings became stable, the RTD reading was
typed in the calibration program in LabView and also immediately acquired all
the other thermocouples' readings. This was only the first point on the calibration
curve for each thermocouple. In total, three points were obtained to construct each

calibration curve. The second and the third ones followed the same procedures

except the bath temperature changed. The highest calibration bath temperature
was about 55 °C, which was the limit of the tap water. After calibrating the 26
type-T thermocouples, the four 50 im type-K thermocouples were calibrated also

following the same procedures. All the calibration curves were stored in the
Lab View calibration program for later temperature readings.
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After carefully inspecting the measurable quantities such as local heat fluxes

and heat transfer coefficients, both of them are oniy determined by temperature
differences. In order to further reduce the uncertainty of both local heat fluxes and

heat transfer coefficients, the corresponding heat flux and wall superheat
thermocouple pairs at each stream-wise location were further calibrated.

According to Fig. 3.11 on page 58, the temperature difference between the
thermocouples on TC layer 1 and TC layer 2 determines the local heat flux; and
the temperature difference between the

50

tm thermocouple and the

thermocouple on TC layer 1 determines the local wall superheat, essentially the
local heat transfer coefficient.

As each thermocouple had already been individually calibrated against the

Omega Engineering Inc. certified RTD, the temperature readings between each

pair of local thermocouples were expected to be close. Thus the certified RTD
was not used during the temperature difference calibration. Same procedures as
individual thermocouple calibration were followed during the calibration with one

pair at a time. In total, the three pairs of thermocouples calculating the local heat

fluxes at the three stream-wise locations z2, z3 and z4 on channel no.2 were
calibrated. It should be noted that in total six calibration points were performed

for each thermocouple pair. In order to minimize the uncertainty due to
temperature variation in the bath, each pair of thermocouples were brought very
close to each other. The following Table A. 1 shows the uncertainties of the three
local temperature differences at the stream-wise locations z2, z3 and z4.

152

Table A. 1: Uncertainties of Temperature Difference for Local Heat Flux

Temperature
Difference at

Measurement
Mean

Deviation a

Z2

0.023

0.014

0.06

Z3

0.033

0.023

0.09

Z4

0.05

0.03

0.13

Standard

Uncertainty

UT

Unit: °C

The equation used to calculate the temperature difference uncertainties is:
UAT

=B+P=B+t95a (95%)

Where B is called bias error or mean of the temperature
a pairdifference b

of thermocouples; P is called precision error related to the standard deviation of
the temperature difference, and t95 is equal to 2.57 1 for six time of measurements.

A single-sample uncertainty analysis was performed for the experiment
based on the method of Kline and McClintock. Since the equation for local heat

flux is"=
width,

DCh

('h

+

WCh)

(Wh+2DCh)

=

kS

is the channel depth,

ch

+ WC
(WCh+2DCh)

where

Wch

is the channel

is channel pitch and S is the stainless steel
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plate thickness. Therefore, the non-dimensional form of the local heat flux
uncertainty is

Uq

__ =
q

k

+ ()2 ()2 (_)2 +2 x (h)2 + 2 x (1h)2
AT

'ch

WCh

DCh

According to the heat inputs during the study, the temperature differences across

the stainless steel plate for measuring local heat fluxes were relatively small.
Therefore, the uncertainty of local heat flux was mainly caused by the uncertainty

of the temperature difference. The uncertainties associated with the conductivity

of stainless steel were very small and essentially were neglected during the
analysis. The uncertainties associated with the channel dimensions and the
stainless steel plate thickness were ± 0.01 using a precise caliper. As shown in the

Table A. 1, the uncertainty of local heat fluxes at z4 was the highest. Thus the

uncertainty of local heat flux was evaluated at stream-wise location z4. With
increasing the heat input, the temperature difference across the stainless steel plate

increased correspondingly. This resulted in lower uncertainty associated with
higher local heat flux. The experimental data for 100 mesh copper were used to
quantify the uncertainty range of the local heat flux. The resulting uncertainties of
local heat fluxes for flow boiling experiments were between 3.6% and 11.8%.

Same calibration process was performed for the thermocouple pairs for
measuring the channel wall superheat, essentially calculating local flow boiling
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heat transfer coefficient. Table A.2 shows the uncertainties of the three local wall
superheats at the stream-wise locations z2, z3 and z4.

Table A.2: Uncertainties of Temperature Difference for Local Wall Superheat

Temperature
Difference at

Measurement
Mean

Standard

Deviation a

Uncertainty

Z2

0.176

0.047

0.30

Z3

0.067

0.030

0.14

Z4

0.107

0.049

0.23

Unit: °C

The same single-sample uncertainty analysis was performed for the local

flow boiling heat transfer coefficient h based on the method of Kline and
McClintock. Since the equation for the local flow boiling heat transfer coefficient
is h

=

AT

the non-dimensional form of uncertainty for h is

Ui= /(1)2(UTW)2
h
AT

The same stream-wise location z4 was used to calculate the uncertainties of the

local flow boiling heat transfer coefficient. After flow boiling started, with
increasing local heat flux, the channel wall superheat gradually increased as well.
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This resulted in lower uncertainty of h associated with higher local heat flux. The

same experimental data for 100 mesh copper were used to quantify the
uncertainty range of h. The resulting uncertainties of local flow boiling heat
transfer coefficients were between 5.1% and 13.5%.
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APPENDIX B

Flow Boiling Curves
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Figure B. 1: Flow Boiling Curves at z4 with Mass Flux G = 128.6 kg!m2s
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Figure B.2: Flow Boiling Curves at z3 with Mass Flux G = 128.6 kg!m2s
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Figure B.3: Flow Boiling Curves at z2 with Mass Flux G = 128.6 kglm2s
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Figure B.4: Flow Boiling Curves at zi with Mass Flux G
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Figure B.5: Flow Boiling Curves at z4 with Mass Flux G = 64.3 kg!m2s
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Figure B.6: Flow Boiling Curves at z3 with Mass Flux G = 64.3 kglm2s
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Figure B.7: Flow Boiling Curves at z2 with Mass Flux G = 64.3 kglm2s
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Figure B.8: Flow Boiling Curves at zi with Mass Flux G = 64.3 kglm2s
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APPENDIX C
Flow Boiling Heat Transfer Coefficients
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Figure C.1: Heat Transfer Coefficient vs. Vapor Quality at z2 for G 257.2
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Figure C.2: Heat Transfer Coefficient vs. Vapor Quality at zi for G = 257.2
kglm2s
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Figure C.6: Heat Transfer Coefficient vs. Vapor Quality at z3 for 0 = 64.3 kg/m2s
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Figure C.7: Heat Transfer Coefficient vs. Vapor Quality at z2 for G = 64.3 kglm2s
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Figure C.8: Heat Transfer Coefficient vs. Vapor Quality at zi for G = 64.3 kglm2s
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APPENDIX D
Flow Boiling Curves (Curved Minichannels)
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Figure D.1: Flow Boiling Curves at z4 with G = 128.6 kglm2s
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Figure D.2: Flow Boiling Curves at z3 with G = 128.6 kg/m2s
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Figure D.3: Flow Boiling Curves at z2 with G = 128.6 kglm2s
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Figure D.4: Flow Boiling Curves at zi with G = 128.6 kglm2s
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APPENDIX E
Flow Boiling Heat Transfer Coefficients (Curved Minichannels)
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Figure E.1: Flow Boiling Heat Transfer Coefficients at z4 with G = 128.6 kglm2s
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Figure E.2: Flow Boiling Heat Transfer Coefficients at z3 with G = 128.6 kglm2s
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172

APPENDIX F
Local Vapor Quality Calculation (EES Program)
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{Assume the pressure drop only occurs in the channel; ignore pressure drop at the inlet
and outlet plenums}
{Case 5}
{Main Input Parameters)
m5=2003/1 000; T5 in=24.44; Q5 in=1 9.47/1000; Q5_loss=3.28/1 000
P5_in=21 .55*6.89; P5_out=21 .27*6.89
{Channel section heat input (unit: kW)}
q5_56=0.3764761 57/1000
q5_45=0.362261 382/1000
q5_34=0.369655936/i 000
q5_23=0.33577021 1/1 000
q5_1 2=0.446185987/1000
{Channel output parameters)
P5_6= P5_out; P5_i = P5_in

P5step=(P5in-P5_out)/5

P5_2=P5_1-P5_step; P5_3=P5_2-P5_step; P5_4=P5_3-P5_step; P5_5=P5_4-P5_step
h5_in=ENTHALPY(HFE7000T=T5_in, P=P5_in)
h5_out=h5_in+(Q5_in-Q5_Ioss)/(m5/3600)
x5_0utQUALITY(HFE7000,hh5_out, P=P5_out)
h5_6=h 5_out
x5_6=QUALITY(HFE7000, h=h5_6, P=P5_6)

{Local vapor quality calculation}
h5_5=h 5_6-q 5_56/(m5/4/3600)
x5_5=QUALITY(HFE7000, h=h5_5, P=P5_5)
h5_4=h5_5-q5_45/(m5/4/3600)
x5_4=QUALITY(HFE7000, h=h5_4, P=P5_4)
h5_3=h5_4-q5_34/(m5/4/3600)
x53=QUALITY(HFE7000, h=h5_3, P=P5_3)
h5_2=h5_3-q5_23/(m5/4/3600)
x5_2=QUALITY(HFE7000, h=h5_2, P=P5_2)
h5_1 =h5_2-q5_12/(m5/4/3600)
x51 =QUALITY(HFE7000,h=h5_1 ,P=P5_1)

{Case 6)
{Main Input Parameters)
m6=2007/1 000; T6_in=24.62; Q6_in=30.70/1 000; Q6_loss=3.51/1 000
P6_in=21 .57*6.89; P6_out=21 .30*6.89
{Channel section heat input (unit: kW)}
q6_56=0.6444031 24/i 000
q6_45=0.608148269/1 000
q6_34=0.652228429/1 000
q6_23=0.5902721 13/1 000
q6_1 2=0.601974175/1000

{Channel output parameters}

P6_6= P6_out; P6_i = P6_in
P6_step=( P6_in-P6_out)/5
P6_2=P6_1 -P6_step; P6_3=P6_2-P6_step; P6_4=P6_3-P6_step; P6_5= P6_4-P6_step
h6_in=ENTHALPY(HFE7000,T=T6_in, P=P6_in)

h6out=h6in+(Q6in-Q6loss)/(m6/3600)

x6_out=QUALITY(H FE7000, h=h6_out, P=P6_out)
h6_6=h6_out
x6_6=QUALITY(HFE7000, h=h6_6, P=P6_6)
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{Local vapor quality calculation)
h6_5=h6_6-q6_56/(m6/4/3600)
x6_5=QUALITY(HFE7000, h=h6_5, P=P6_5)
h6_4=h6_5-q6_45/(m6/4/3600)
x6_4=QUALITY(HFE7000, h=h6_4, P=P6_4)
h6_3=h6_4-q6_34/(m6/4/3600)
x6_3=QUALITY(HFE7000, h=h6_3, P=P6_3)
h6_2=h6_3-q6_23/(m6/4/3600)
x6_2=QUALITY(HFE7000, h=h6_2, P=P6_2)
h6_1 =h6_2-q6_1 2/(m6/4/3600)
x6_1 =QUALITY(HFE7000,h=h6_1 ,P=P6_1)
{Case 7)
{Main Input Parameters)
m7=2004/1 000; T7_in=24.66; Q7 in=41 .67/1000; 07 loss=3.65/1 000
P7_in=21 .64*6.89; P7_out=21 .30*6.89
{Channel section heat input (unit: kW)}
q7_56=0.90091 5197/1000
q7_45=0.835800041/1 000
q7_34=0.881 890372/1000
q7_23=0. 8290516 13/1000
q7_12=0.79932981 1/1000
{Channel output parameters)
P7_6=P7_out; P7_1=P7_in
P7_step=(P7_in-P7_out)/5
P7_2=P7_1-P7_step; P7_3=P7_2-P7_step; P7_4=P7_3-P7_step; P7_5=P7_4-P7_step
h7_in=ENTHALPY(HFE7000T=T7_in, P=P7_in)

h7out=h7in+(Q7in-Q7loss)/(m7/3600)

x7_out=QUALITY(HFE7000, h=h7_out, P=P7_out)
h7_6=h7_out
x7_6=QUALITY(HFE7000, h=h7_6, P=P7_6)
{Local vapor quality calculation}
h7_5=h7_6-q7_56/(m7/4/3600)
x7_5=QUALITY(H FE7000, h=h7_5, P=P7_5)
h7_4=h7_5-q7_45/(m7/4/3600)
x7_4=QUALITY(HFE7000, h=h7_4, P=P7_4)
h7_3= h7_4-q7_34/( m7/4/3600)
x7_3=QUALITY(HFE7000, h=h7_3, P=P7_3)
h7_2=h7_3-q7_23/(m7/4/3600)
x7_2=QUALITY(HFE7000, h=h7_2, P=P72)
h7_1 =h7_2-q7_1 2/(m7/4/3600)
x7_1=QUALITY(HFE7000h=h7_1 ,P=P7_1)

{Case 8)
{Main Input Parameters)
m8=1 997/1000; T8_in=24.72; Q8 in=50.69/1 000; 08 oss=3.78/1 000
P8_in=21 .66*6.89; P8_out=21 .15*6.89
{Channel section heat input (unit: kW)}
q8_56= 1.134023145/1000
q8_45=1 .064672274/1000
q8_34=1.1 10619021/1000
q8_23=1 .032724926/1000
q8_1 2=0.960215217/1000
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{Channel output parameters)

P8_6P8_out; P8_i =P8_in
P8_step=(P8_in-P8_out)/5
P8_2=P8_i-P8_step; P8_3=P8_2-P8_step; P8_4=P8_3-P8_step; P8_5=P8_4-P8_step
h8_in=ENTHALPY(HFE7000,T=T8_in, PP8_in)
h8_out=h8_in+(Q8_in-Q8_loss)/(m8/3600)
x8_out=QUALITY(HFE7000, hh8_out, P=P8_out)
h8_6=h8_out
x8_6=QUALITY(HFE7000, h=h8_6, P=P8_6)
{Local vapor quality calculation)
h8_5=h8_6-q8_56/(m814/3600)
x8_5=QUALITY(HFE7000, h=h8_5, P=P85)
h8_4=h8_5-q8_45/(m81413600)
x8_4=QUALITY(HFE7000, h=h8_4, P=P8_4)
h8_3h8_4-q8_34I(m8I4/36OO)
x8_3=QUALITY(HFE7000, h=h8_3, P=P8_3)
h8_2=h8_3-q8_23/(m814/3600)
x8_2=QUALITY(HFE7000, h=h8_2, P=P8_2)
h8_i =h8_2-q8_1 2/(m8/4/3600)

x8_i =QUALITY(HFE7000,h=h81 ,P=P8_i)

{Case 9)
{Main Input Parameters}
m9=1998/i 000; T9_in=24.80; 09 in=59.7511000; Q9_Ioss=3.92/i 000
P9_in=21 .84*6.89; P9_out=21 .20*6.89
{Channel section heat input (unit: kW)}
q9_56=1 .334465828/1000
q9_45=i .268704546/1000
q9_34=i .314005167/1 000
q9_23=1 .204020142/1000
q9_1 2=1.098055457/1000
{Channe! output parameters)
P9_6= P9_out; P9_i = P9_in

P9_step=( P9in-P9out)/5

P9_2=P9_1 -P9_step; P9_3=P9_2-P9_step; P9_4=P9_3-P9_step; P9_5=P9_4-P9_step
h9_in=ENTHALPY(HFE7000,T=T9_in, P=P9_in)
h9_out=h9_in+(Q9_in-Q9Ioss)/(m9/3600)
x9out=QUALITY(HFE7000,h=h9 out, P=P9_out)
h9_6=h9_out
x9_6=QUALITY(HFE7000, h=h9_6, P=P9_6)
{Local vapor quality calculation)
h9_5=h9_6-q9_56/(m9/4/3600)
x9_5=QUALITY(HFE7000, h=h9_5, P=P9_5)
h9_4=h9_5-q9_45/(m9/4/3600)
x9_4=QUALITY(HFE7000, h=h9_4, P=P9_4)
h9_3=h 9_4-q9_34/(m9/4/3600)
x9_3=QUALITY(HFE7000, h=h9_3,P=P9_3)
h9_2=h9_3-q9_23/(m9/4/3600)
x9_2=QUALITY(HFE7000, hh9_2, PP9_2)
h9_1 =h9_2-q9_12/(m9/4/3600)
x9_1 =QUALITY(HFE7000,h=h9_1 ,P=P9_1)
{Case 10)
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{Main Input Parameters)
ml 0=2000/1000; Ti Oin=24.88; Qi 0_in=72.52/i 000; Qi 0_loss=4.24/1 000

P10_in=2i.85*6.89; Pi0_out2O.95*6.89
{Channel section heat input (unit: kW)}
qi 0_56=i .603828631/1000
qiO_45=i .565850773/1000
qi 0_34=i .645826829/i 000
qi 0_23=i .499299782/i 000

qlO_12=i .31 7953716/i 000
{Channel output parameters)

PlO 6=PiO out; PiO_i=PlO_in
P1 0_step=(Pl 0_in-P 10_out)/5

PiO_2=PlO_l-Pl0_step; Pl0_3=P10_2-P10_step; P10_4=P10_3-P10_step;
P1 0_5=Pi 0_4-Pl 0_step

hloin=ENTHALPY(HFE7000,T=T10_in, P=P10_in)
hi Oout=h 1 Oin-'-(Ql Oin-Q1 Oloss)/(m 10/3600)
xi 0_out=QUALITY(HFE7000,h=hi 0_out, P=Pi 0_out)
hi 0_6=hl 0_out
xl 0_6=QUALITY(HFE7000,h=hl 06, P=Pi 06)
{Local vapor quality calculation)
hi 0_5=hi 0_6-qi 0_56/(mi 0/4/3600)
xi 0_5QUALITY(HFE7000,hhi 0_5, P=Pl 0_5)
hi 0_4=h 1 0_5-q 1 0_45/(m i 0/4/3600)

xl 0_4QUALITY(HFE7000,hhi 0_4, PP1 0_4)

hi 0_3=hi 0_4-qi 0_34/(mi 0/4/3600)
xi 0_3=QUALITY(HFE7000,h=hi 0_3, P=Pi 0_3)
hi 0_2=hl 0_3-ql 0_23/(ml 0/4/3600)
xl 0_2=QUALITY(HFE7000,h=hl 02, P=Pi 0_2)
hi 0_i =hi 0_2-q 10_i 2/(m i 0/4/3600)
xl 0_i =QUALITY(HFE7000,h=hl 0_i ,P=Pi 0_i)
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APPENDIX G

Lab View DAQ Program
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