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ABSTRACT

Flow pattern, heat transfer, and pressure drop characteristics for different flow
orientations were presented in this study. The results were obtained based on flow
boiling experiments with R-134a flow through a 1 mm diameter channel which was
aligned in different orientations, i.e. horizontal flow, vertical upward flow, and vertical
downward flow. A constant surface heat flux condition was performed under a
saturation pressure of 8 bar, a heat flux range of 1-60 kW/m?, and a mass flux range of
250-820 kg/m?s. The flow visualization results showed five different flow patterns
including slug flow, throat-annular flow, churn flow, annular flow, and annular-rivulet
flow. The experimental results showed the importance of the change in the flow
direction. The shape of the gas slug during horizontal flow did not look the same as in
the vertical orientations. The flow patterns for all three orientations were found to
have strong influence on the heat transfer coefficients. The heat transfer coefficient
increased with increasing heat flux but was mostly independent of vapour quality and
mass flux. The pressure drop tented to increase with increasing heat flux and mass
flux. Moreover, heat transfer coefficient became increased when the refrigerant flowed
in the vertical upward direction. In addition, the experimental data was also compared

with the existing prediction methods.
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Chapter 1
Introduction

1.1 Background

The fluidic devices have been down- sized during recent years. The
miniaturization utilizing micro-channels can solve the problems based on heat transfer
in the limited space in which ordinarily sized channels cannot be satisfied. Moreover,
the heat transfer coefficient can be increased by reducing the channel size as reported
by Tuckermen and Pease [1]. According to the literature [2-4], the reduction of the
hydraulic diameter caused the changes in two- phase flow and heat transfer
mechanisms. As the channel becomes smaller to a micro-scale threshold value,
capillary force is likely to induce the flow phenomena which are different from those
taking place in ordinarily sized channels. The discrepancies between macro-scale and
micro-scale flows for single- phase fluids were discussed in Dixit and Ghosh [5], and

those for two-phase flow were reported in the literature [6-10].

Mehendale et al. [11] and Kandlikar [ 12] used only seometric definition for
determining the transition to micro- channel. The former considered the micro-
channels as the flow passages having hydraulic diameters ranging from 1 um to 100

um while the latter defined the channels with hydraulic diameters of less than 200L]

pm as micro-channels.

Criteria- pertaining to the threshold value for micro- scale flow were also
proposed based on dimensionless parameters. Kew and Cornwell [13], for instance,
recommended confinement number to define the micro-scale flow. The confinement

number, C,, was presented by

lo/90p - py))* (1)

o
(0] Dh

where D, represents hydraulic diameter, o Ll stands for surface tension, g s
gravitational acceleration, pyand p;are liquid and gas densities, respectively. They

suggested that the confinement number values greater than 0.5 resulted in micro-

scale flow behaviors.



According to Ong and Thome [9], Edtvds number, related to Bond number

was considered to identify the threshold value and given by

_ D.?2
EO:E:M (1.2)
8 8o

The E6tvds number values of around 0.2 caused the flow to be experienced
the transition region. They also suggested that the term “mini-channel” was associated
with the flow phenomena taking place at the transition from macro-scale flow to

micro-scale flow.

Two-phase flow in micro-channels can be applied for many engineering devices
such as refrigeration system, micro heat exchanger, micro fuel cell, and micro reactor.
Referring to Mudawar [ 14], for cooling purposes, the two-phase micro-channel flow
has been considered as one of the effective methods for dissipating heat. The
advantages of applying flow boiling in micro-channels provide such benefits as high
heat transfer coefficient with low amount of working fluid occupied in the system

having limited space.

1.2 Objectives

1. To investigate flow pattern, heat transfer coefficient, and pressure drop
in 1 mm diameter circular channel, which is aligned in different orientations,
i.e. horizontal flow, vertical upward flow, and vertical downward flow.

2. To explore the influence of channel orientations on mini-channel flow
boiling.

3. To compare the experimental results with the existing correlations.

1.3 Scopes

1. The test section is a stainless steel tube of 1 mm in diameter and 500 mm
in length.
R-134a refrigerant is used as a working fluid.
The orientations are carried out under three different flow directions

including horizontal flow, vertical upward flow and vertical downward flow.



Chapter 2
Literature Review

The flow boiling studies focusing on flow pattern, heat transfer, and pressure

drop in mini- and micro-channels were carried out by various researchers as follows.

2.1 Flow boiling patterns characteristics in small channel

Two-phase flow pattern observed in small channels was investigated by several
investigators. For example, Arcanjo et al. [15] conducted flow visualization study for
flow boiling of R-134a as well as R-245fa in a 2.32 mm horizontal tube. The observed
flow patterns included bubbly flow, slug flow, churn flow, and annular flow. For a
horizontal channel with a diameter of 1.75 mm, Saisorn et al. [16] observed slug flow,

throat-annular flow, churn flow, annular flow, and annular-rivulet flow.

> < frapeniz ' | ﬁ“ S ' B ‘1\ ‘ r?-

Dispersed (bubbly) — R134a, Tsa,—31°C G—SOOk m’s x=0.006

Intermittent (Slug) R’>45fa Tm—”’”C G—IOO kg/m2s 3=0.015

- — ~ — Y —— Y — R R g r ot —tetn
= Intermlttent selongated bubblex = R134ai T o —°”°C G—300 /1 nQS, x=0 05

o . x

- P Lt 1-4—-—.‘

Intermittent chum —R134a. T =31°C, G—6001gg/m?sgr—0 06

- P S 2 . -

Annular (annular) - R245fa, To=41°C, G=100 kg/m?s, x=0.25

Fig. 2.1 Flow pattemn visulizations in a 2.32 mm horizontal tube [15].



R-134a Tube surface

Slug flow

(G = 246 kg/m?®s, q = 2.62 kW/m?, x = 0.12)

Liquid
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Gas-liquid interface

Throat-annular flow

(G =246 kg/m?s, q = 5.76 kW/m? x = 0.22)
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Gas core
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Gas-liquid interface

Gas core
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Gas-liquid interface

Liquid stream

o~ 274 Annular-rivulet flow

- AN
(G = 494 kg/m?s, q = 50.85 kW/m?, x = 0.84)

Fig. 2.2 Flow pattern visulizations in a 1.75 mm horizontal tube [16].

Vertical circular tubes having four different channel diameters, i.e. 4.26, 2.88,
2.01 and 1.1 mm, were used by Chen et al. [17] for flow boiling of R-134a. They
observed dispersed bubble flow, bubbly flow, confined bubble flow, slug flow, churn
flow, annular flow, and mist flow. Similar observations were reported, based on R-134a
in a vertical quartz glass tube having a diameter of 1.33 mm, by Martin-Callizo et al.
[18].

In addition, Revellin and Thome [19], Ong and Thome [20], and Ong and Thome
[9] presented the flow patterns including isolated bubble (IB) regime, coalescing

bubble (CB) regime and annular regime, and subsequently proposed correlations for

the relevant transition zones.
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Fig. 2.3 Flow pattern visulizations in (a) 4.26 mm, (b) 2.88 mm, (c) 2.01 mm, and
(d) 1.1 mm vertical tube [17].
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Fig. 2.4 Flow pattern visulizations in a 1.33 mm vertical tube [18].
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Fig. 2.5 Flow pattern visulizations in a 0.5 mm horizontal tube: (a) Bubbly flow,
(b) Bubbly/slug flow, (c) Slug flow, (d) Slug/semi-annular flow, (e) Semi-annular flow,
(f) Wavy annular flow, and (g) Smooth annular flow [19].

2.2 Flow boiling heat transfer and pressure drop characteristics in small
channel

The followings are briefly discussions for the micro-scale heat transfer studies.

Lin et al. [21] studied the flow boiling heat transfer of R141b refrigerant in a
vertical tube of 1 mm in diameter. They found that the heat transfer phenomena were
governed by nucleate boiling in low vapour quality region and by convective boiling
in high vapour quality region.

Owhaib et al. [22] carried out flow boiling of R-134a in vertical mini-channels
with dimeters of 1.7, 1.224, and 0.826 mm. The results indicated a strong influence of

heat flux on heat transfer characteristics when vapour quality was less than 0.6.



Similar results were presented by Huo et al. [23] and Shiferaw et al. [24], for
flow boiling heat transfer of R-134a in vertical circular tubes having diameters of 4.26,
2.01 and 1.1 mm. Huo et al. [23] also reported that the heat transfer coefficient tended

to increase with the decrease in channel diameter.

The flow boiling of R-134a in horizontal circular channels with diameters ranging
from 0.5 to 1.6 mm was carried out by Basu et al. [25]. They indicated that the heat
transfer phenomena were controlled by nucleate boiling mechanism because their

heat transfer results were dependent on heat flux.

Anwar et al. [26] studied heat transfer characteristics of R-152a refrigerant during
flow boiling in a vertical mini-channel having a diameter of 1.6 mm. Their results

showed the strong dependence of heat transfer coefficient on heat flux.

Recently, Olivaira et al. [27] investigated flow boiling heat transfer of R-600a in
a horizontal tube having a diameter of 1 mm. They indicated that the heat transfer
coefficients were substantially affected by heat flux, especially at low vapour quality.
However, the dominance of nucleate boiling became decreased when vapour quality

was increased.

Ong and Thome [ 28] reported heat transfer phenomena for different
refrigerants flowing in different channel diameters, i.e. 1.03, 2.20, and 3.04 mm. The
smaller channel tended to give heat transfer coefficient with lower dependency on
heat flux. Different refriserants seemed to cause different heat transfer mechanisms.
The heat transfer coefficient for R-134a showed the highest dependence on heat flux.
However, the heat transfer coefficient for R-245fa yielded the lowest heat flux
dependency while R-236fa was positioned in between the other two refrigerants.

Convective boiling was also reported as dominant mechanism governing the

heat transfer phenomena which were presented in Lee and Lee [29], Sumith et al.
[30], and Qu and Mudawar [31].

Flow boiling pressure drop characteristics in small channels were reported by

several researchers.

Owhaib et al. [32], Tibirica et al. [33], Magbool et al. [34], and Keepaiboon et
al. [35] concluded that the frictional pressure drop increased with increasing mass flux.
Magbool et al. [34] also found from their results, based on two-phase pressure
drop of vertical circular channels with diameters of 1.7 and 1.224 mm, that the pressure

drop increased with decreasing saturation pressure as well as channel diameter.



Keepaiboon et al. [35] studied the two-phase pressure drop in a rectangular
micro-channel having a hydraulic diameter of 0.68 mm. The higher the saturation

pressure, the lower was the pressure drop.

A number of experimental studies such as Kandlikar and Balasubramanian [36],
Zhang et al. [37], Wang et al. [38], Lee et al. [39], and Leao et al. [40] reported the

influence of orientations on the performance of multiport rectangular micro-channels.

Kandlikar and Balasubramanian [36], and Zhang et al. [37] showed that amongst
different flow orientations carried out under the same experimental conditions, the
vertical upward flow gave the best performance, i.e. high heat transfer coefficient with

low pressure drop.

Wang et al. [38] studied heat transfer performance in a multiport rectangular
micro-channels with a hydraulic diameter of 0.825 mm and the inclination angle
ranging from -90° (vertical downward) to 90° (vertical upward). They reported that
horizontal flow and vertical upward flow tended to give the similar performance while

poor heat transfer results were obtained for downward flow arrangement.

Lee et al. [39] conducted flow boiling experiments with FC-72 flow through
horizontal and vertical rectangular micro-channels. Their results showed that vertical
downward flow provided the highest heat transfer coefficient, especially at low mass
flux.

Leao et al. [40] experimentally investigated flow boiling heat transfer and
pressure drop of R-245fa in rectangular micro-channels. They reported that the flow
boiling in a horizontal orientation gave the highest heat transfer coefficient. The results

also showed the vertical upward flow providing the lowest pressure drop.

As previously discussed above, the recent works on flow boiling mainly
discussed the heat transfer and pressure drop results in mini-and micro-channels with
various working fluids and channel diameters. Parameters such as heat flux and mass
flux affecting the flow boiling phenomena have been presented in several publications.
However, the important information regarding the gravitational aspect on flow pattern,
heat transfer, and pressure drop characteristics is still limited and, moreover, there
have been inconsistencies in the existing data. The difference in the results may be
due to the presence of the channel corner in the rectangular micro-channels. The aim
of this work is therefore to explore the influence of channel orientations on mini-
channel flow boiling without the corner effect. Flow pattern, heat transfer coefficient,
and pressure drop results for a 1 mm diameter circular channel, which was aligned in
different orientations, i.e. horizontal flow, vertical upward flow, and vertical downward

flow, were presented in this study.



Chapter 3
Theory

3.1 Classifications of channels

Many studies on criteria for the classification of channels have been conducted

by different researchers, which are divided into 2 groups:

The first group has proposed criteria for different channel size with the
hydraulic diameter, D,, as shown in Table 3.1. Mehendale et al. [11] proposed
classification of channels for heat exchangers. The criteria for classification of different
small channels using widely for engineering applications have been proposed by
Kandlikar [12].

The second group proposed macro-scale to micro-scale transition criteria for
different dimensionless parameter, which was presented in the literature [41], such as
Kew and Cornwell [13], Ullman and Brauner [42], Harirchian and Garimella [43] and

Ong and Thome [9] as the following classification in Table 3.2.

Table 3.1 Classification of channels based on hydraulic diameter.

D, (mm)
Mehendale et al. [11]
- Micro-heat exchanger 0.001-0.1
- Meso-heat exchanger 0.1-1
- Compact heat exchanger 1-6
- Conventional heat exchanger > 6
Kandlikar [12]
- Micro-channel 0.01-0.2
- Mini-channel 0.2-3

- Conventional channel >3
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Table 3.2 Classification for different dimensionless parameter.

Dimensionless Parameter Micro-scale flow Macro-scale flow

Kew and Cornwell [13]

- Confinement number: C, Co 205 C, <05
Ullman and Brauner [42]

- E6tvos number: Eo Eo<0.2 Eo>0.2
Harirchian and Garimella [43]

- Convective confinement number:  Bd%® xRe <160 Bd%® x Re >160
Bd°° x Re

Ong and Thome [9]
- Confinement number: C, Co~1 C,=0.3-0.4

where C, is given by Eq. (1.1),
Eo is determined by Eq. (1.2),
Bd is the Bond number and is calculated as: Bd = gth(pI =2, )/0'.

3.2 Flow boiling heat transfer

3.2.1 Heat transfer coefficient

The local heat transfer coefficient is calculated by

N
h o 3.1
o (2) T in (2) = Tiig (2) G-U

where ' is the heat flux of the channel wall, Tauia (2) is the local temperature of the

fluid and T,,;,(2) is the local temperature of the inner wall surface.

The heat transfer characteristics are also presented based on average heat
transfer coefficient, which can be determined by

q

h,,=——"—— (3.2)
’ (Twall _Tﬂuid)

where Tg,q is the average temperature of the fluid and T, is the average

temperature of the inner wall surface.
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The Local Nusselt number, Nu,,. (z), is expressed by

h D
Nu,,.(2) = —'°°£Z) (3.3)
|

where K, is the liquid thermal conductivity.

3.2.1.1 Heat flux
g refers to heat flux transferred to the test section and is

estimated by the following equation.

q =9 Joss (3.4)
wDL

where D is channel diameter, L is length of channel, Q is heat transfer rate
generated by joule heating method and {;,¢s denotes rate of heat loss which can be

estimated by applying energy balance and thermal resistance concept. The rate of

heat loss is dependent on the flow condition and estimated up to 30% for this work.

3.2.1.2 Temperature
In Eq. (3.1), Ta,q(2) represents the local temperature of the
refrigerant and the average temperature of the refrigerant, T,,,, in Eq. (3.2) can be

calculated from an energy balance and is given by Eq. (3.5).

"tDz
Thia(2) = Tia,in + q— (3.5)

mc,

where Tguqin is the fluid inlet temperature, Zis the axial distance, mis the mass flow

rate, and C,is the liquid specific heat.
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Fig. 3.1 Variation of tube surface and the average fluid temperatures along the tube in

the case of constant surface heat flux [44].

The local temperature of the inner wall surface, T.

wall,in

(z), can be
determined from Eq. (3.6). For each position, it should be noted that the inner wall
temperature can be obtained based on steady state one-dimensional heat conduction
through the tube wall with internal heat generation.

9

) r
Twall,in(z) = Twall,out(z) T E (rout2 T rin2) " 8 ;ik (routz) In ;_UI (3.6)

in

where T, ..(2) is the local measured outer wall surface, ¢ is the volumetric heat
generation, k is the thermal conductivity of material, r,, is outer radius of the tube,

and I, is inner radius of the tube.

Channel
”

V LInsulatlon

Fig. 3.2 Schematic diagram of one-dimensional radial condition [45].
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3.2.2 Local Vapour quality

The Local vapour quality of fluid is calculated based on thermodynamic

properties as follows.

1(z)-1,(2)

D=0

(3.7)

From an energy balance, the local enthalpy i(z) at position z can be calculated from
Eq. (3.8). The local enthalpy of saturated liquid, 1,(z), and the local latent heat of

vapourization, i|g(Z) , are determined based on the local temperature.

n

y Dz .
I(2) = q—_+ et (3.8)
m

where the inlet enthalpy, lie, is estimated using the measured inlet temperature of

refrigerant across the test section.

3.3 Flow boiling pressure drop

3.3.1 Single-phase pressure drop

In the analysis of single-phase flow, the pressure drop is expressed based
on fully developed flow for all type, i.e. circular or non-circular channels, horizontal
or inclined channels, laminar or turbulent flows, and smooth or rough surfaces. The

single-phase pressure drop is calculated from:

L G?
AP = fg, BZ (3.9)

The Darcy friction factor, fg, is introduced to calculate the single-phase

friction factor as:

_ 2AP;pD

fop = 1
SP LGZ (3 O)

The single- phase friction factor, fg, for fully developed laminar or

turbulent flows in a smooth tube can be used by Eq. (3.11)
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(3.11)
0.316Re™®* for Re > 2300

. {64 Re™ for Re < 2300
In Eq. (3.11), Re represents the Reynolds number, which is used for

internal flow and is presented by

Re = @ (3.12)

Y7,

where G is the mass flux, p is the density of liquid, u is the dynamic viscosity, L is

the pressure drop length, and D is the channel diameter.

3.3.2 Two-phase pressure drop

The two- phase pressure drop for horizontal flow and vertical flow
consists of frictional, accelerational, and gravitational terms.

AP,

total

=AR, AR aFAR (3.13)

The frictional pressure drop, AP, , is calculated by subtracting the

gravitational term, and accelerational term from the measured value of total pressure

drop. The gravitational pressure dropis neglected for horizontal flow.

AP

AP, = AP  —AP. (3.14)

otal

The components based on acceleration and gravitation are respectively
given by Egs. (3.15) and (3.16).

The accelerational term can be expressed by

AP, =G* e oy S 0. (3.15)
Py (1_a)’0| outlet Py (1—05)p| inlet

where G is the mass flux, X is the vapour quality, o is the void fraction, Py is the

vapour density, and p, is the liquid density.

The gravitational term is presented as follow

AP, = gLsindlap, +(1-a)p,) (3.16)
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where L is channel length and o is the tube angle.

The void fraction shown in Egs. (3.15) and (3.16) can be estimated by

using Zivi correlation [46] which is given by

1 21371
= 1+[1j(&J (3.17)
X A P

Two-phase flow models used to predict two-phase pressure drop are
introduced. The two-phase flow models are divided into two methods as follows:
1. Homogenous flow model (HFM): this model is assumed that the

liquid and vapour phases are homogeneous and flow with the same velocity.

2. Separated flow model (SFM): the two phases flow separately with
different velocities.

3.3.2.1 Homogenous flow model (HFM)

In homogenous two-phase flow model, the basic assumption of
homogenous two- phase are well mixed as the single-phase flowing with a single
velocity. Therefore, the frictional pressure drop and the two-phase density are defined
by using the homogenous flow model (HFM) method, which are respectively given by
Egs. (3.18) and (3.19).

K &
AP, =AP, =f,——— (3.18)
D 2p;,
1 -1
- [i+;x} 3.1
pg pl

where f., is two-phase friction factor, which can be defined from Eq. (3.11) with two-

phase Reynold number, Re;; as:

Re; = &b (3.20)

P

The two-phase viscosity, t4p, in Eq. (3.20) was proposed by different researchers and

is presented in section 5.4.3
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3.3.2.2 Separated flow model (SFM)

The two- phase flow based on the separated flow model (SFM)
is defined that liquid and vapour phases are considered to flow separately in the tube
with different in such a way the phase velocities. The two- phase frictional pressure
drop based on the Lockhart-Martinelli method [47] can be determined by

(dPF) :¢,2[dﬁj (3.21)
dz ). dz ),

The two-phase frictional multiplier, ¢,2, is calculated by

1
¢’ =l+9+—2 (3.22)
XX

The C parameter represents the level of interactions between the two phases. The

Martinelli parameter, 4, is expressed by

1
» (dP. /dz), |2 523
(dP- /dz),

where (dP; /dz), denotes the single-phase liquid pressure gradient and (dP- /dz)g is the

single-phase gas pressure gradient.

For macro-scale flow and micro-scale flow, there have been several existing

correlations proposed for the value of the C parameter which is given in section 5.4.3.



Chapter 4
Methodology

4.1 Experimental apparatus and procedure

The experimental apparatus of this study was designed and constructed for flow
boiling of R-134a in a circular mini-channel with different orientations as shown in Fig.
4.1. The schematic diagram of the experimental system is shown in Fig. 4.2. It mainly

consists of R-134a refrigerant loop and a data acquisition system.

4.1.1 Refrigerant loop

In the refrigerant loop, starting from receiver tank, the R- 134a refricerant
flowed respectively through filter/ drier, rotameter, pre-heater, sight glass tube, and
entered the test section. Water tanks together with condensing units and a heater were
used to allow the refrigerant vapour condensing into the subcooled liquid refrigerant
which was subsequently collected in a receiver tank to finish a cycle. The flow rate
was able to be adjusted by changing the speed of gear pump. There were two DC
power supplies. One was applied for pre-heater to control vapour quality before
entering the test section. The other was connected to the test section, which was
based on constant surface heat flux condition. ~ Transparent tubes were installed at
the inlet and outlet of test section in order to allow visual observations. The two-
phase flow with different directions, e.g. horizontal flow, vertical upward flow, and
vertical downward flow was feasible by installing the test section on an adjustable
platform. During the experiments, all relevant instruments for each position were
installed to monitor the state of the refrigerant. The rotameter for R- 134a was
calibrated in the range of 0.006-0.044 LPM by manufacturer. All thermocouples as well
as pressure transducers were well calibrated and the signals were recorded by the

data acquisition system.

Table 4.1 Experimental conditions.

Refrigerant R-134a
Diameter (mm) 1
Length (mm) 500
Mass flux (kg/m?s) 250-820
Heat flux (kw/m?) 1-60
Saturation pressure (bar) 8

Test section material Stainless steel
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Fig. 4.1 Experimental facility.
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Fig. 4.2 Schematic diagram of experimental system.
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4.1.2 Test section

The schematic diagram of the test section, as illustrated in Fig. 4.3,
consisted of a stainless streel tube with inner diameter of 1 mm and length of 500
mm. The outside of the test section was insulated by rubber foam installation. The DC
power supply (120 A, 15 V) was connected to the test section to meet the constant
surface heat flux condition. The multi-meter (Fluke 375 model), which has uncertainty
of 2% for current and +1% for voltage, was employed to measure the electric
current and voltage values. T-type thermocouples were installed to measure the inlet
and oulet temperatures of refrigerant across the test section. Another 12 T-type
thermocouples were installed along the channel length to obtain the outer surface
temperatures of the tube. Such 12 thermocouples were firmly attached on the tube
surface by using a set of shrink sleeves and cable ties. Transparent tubes used for flow
visualization with inner diameter of 1 mm were connected to the test section. The
images of flow pattern were captured by a camera having shutter speeds of 1/15-
1/10,000 s. An-adjustable LED light source was used as illumination system which was

aligned perpendicular to the viewing section.

4.1.3 Data acquisition

Each flow boiling experiment was commenced by keeping the
saturation pressure, flow rate, and inlet vapour quality in the test section constant at
the desired value, and then varying the heat applied to the tube. The experimental
system was allowed to approach a steady state before recording the data
corresponding to flow pattern, heat transfer rate, flow rate, temperature, and pressure.
The present experimental conditions and the uncertainties of the relevant parameters

are respectively presented in Table 4.1 and 4.2.

Table 4.2 Uncertainties of measured quantities and calculated parameters.

Parameter Uncertainty
Channel diameter +0.05 (mm)
Temperature +0.3 (°0)
Heat transfer coefficient +7.4%

Pressure drop +12.3%




Chapter 5
Results and Discussions

In this chapter, the single- phase flow experiments are needed to validate the
experimental setup, and hence, should be the first to be carried out before flow boiling
process. The two-phase flow results for flow pattern, heat transfer, and pressure drop
characteristics in three orientation are presented and discussed in this study. This
chapter is divided into four main parts including single-phase flow, flow boiling pattern,

flow boiling heat transfer and flow boiling pressure drop.

5.1 Single-phase flow

The single- phase flow experiments are the first to be conducted to check the
validity of the system. As presented in Fig. 5.1, the heat loss to the surroundings can
be obtained based on the energy balance between the heat applied to test section
(0, = IV) and that to the fluid (0, =MC, (T, e =~ Tinier)) - With the thermal resistance

concept, Fig. 5.2, the rate of heat loss is estimated by Eq. (5.1).

qloss = O'357(-|-wall,out _TRoom) (5-1)

where T, is the measured outer wall surface, and T is the ambient

wall, out Room

temperature.

The single- phase flow data was compared with the prediction for fully

developed laminar flow in a circular tube under constant surface heat flux condition:
Nu =4.36 (5.2)

Well-known correlations for turbulent flow proposed by Dittus-Boelter [48]

and Gnielinski [49] are also used to compare the data.

Dittus-Boelter [48]:
Nu =0.023Re"® Pr®* (5.3)

Gnielinski [49]:

(f /8)(Re—1000)Pr

- (5.4)
1+12.7(f /8)°3 (Pr?’3-1)
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where f =(0.79InRe—1.64)72 (5.5)

The heat transfer data showed good agreement with the predicted value, as
illustrated in Figs. 5.3 and 5.4.

In addition, the friction factor for laminar flow theory, and Blasius correlation
[50] are defined by Eq. (5.6) and (5.7) respectively. The single-phase friction factor data

tended to comply with the predictions, as seen in Fig. 5.5.

Laminar flow theory:

64
f=— (5.6)
Re
Blasius equation [50]:
f =0.316Re > (5.7)
12 | '] l ! 4 L] i i F i } L] % - T ¥ L] A N = 1 L] n | | Al . T N L ’ 3
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Fig. 5.1 Energy balance between the heat applied to test section and that to the
fluid.
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Fig. 5.3 Comparison between the single-phase flow data and the prediction for fully

developed laminar flow.
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5.2 Flow boiling pattern

Flow patterns and flow regime maps for horizontal and vertical orientations are
presented in this section. The development of a specific flow pattern in vertical micro-
scale channel may be contributed by gravitational force in addition to the others such

as surface tension force, inertia force and viscous shear force.

5.2.1 Flow pattern

The visual observations of two-phase flow entering and leaving the 1 mm
diameter tube were conducted through transparent tubes which were installed to
match up with the test section. The observations were carried out using a camera
having shutter speed of 1/15-1/10,000 s together with an adjustable LED light source.
In this work, flow boiling experiments were handled in such a way that the heat applied
to the test section was varied in small increments, while saturation pressure, inlet
vapour quality and refrigerant flow rate were kept constant at the desired value.
Regarding the flow visualization, Figs. 5.6, shows photographs of flow pattern during
horizontal, vertical upward, and vertical downward flows, observed from viewing
window which was the transparent tube located downstream of the test section. The
followings are the descriptions for the observed flow patterns.

Slug flow: elongated bubbles become lager in length than the channel
diameter.

Throat-annular flow: the two consecutive vapour slugs, expanding along
the axial direction, tend to penetrate the liquid bridge and coalesce into a throat-like
gas core. This flow pattern has also been called by other names such as liquid ring
flow [51], and slug-annular flow [7].

Churn flow: the appearance of disruptive region due to the distortion of
the elongated bubble flowing at sufficiently high flow rate.

Annular flow: continuous vapour flow surrounded by continuous liquid
film flowing on the tube wall.

Annular-rivulet flow: annular flow is observed alternately with rivulet
flow. The latter, characterized by the flowing of a rivulet-like liquid stream on the tube
surface, was first reported by Barajas and Panton [52].

According to the flow visualization, it was found that slug flow, throat-
annular flow, churn flow, annular flow, and annular-rivulet flow were observed from
all three channel orientations, i.e. horizontal flow, vertical upward flow, and vertical
downward flow. Note that, however, the effect of channel orientation on the flow
pattern was detected especially in slug flow and churn flow regimes. There was the
difference in the shape of the interfacial surface between the slug flow patterns

observed in horizontal flow and vertical flow. The typical bullet-shaped gas slugs took
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place in the horizontal flow but it was replaced by the non-bullet-shaped gas slugs
when the tube was oriented in vertical direction. In vertical flow, the ends of the gas
slug became contorted, as seen in Fig. 5.6(a), due to the interactions between the
buoyancy force and the flow inertia. For churn flow, as presented in Fig. 5.6(c), the
observations indicated that the disruptive region developed in vertical downward flow
was the largest in comparison to that in the other flow directions. The large disruptive
region during vertical downward flow may be caused by the vigorous agitation resulted

from the buoyancy force becoming against the flow inertia.
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1 q’= 1.4-2.2 kW/m?
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Fig. 5.6 Flow patterns for different orientations: (a) Slug flow, (b) Throat-annular flow,

() Churn flow, (d) Annular flow and (e) Annular-rivulet flow.



30

5.3.2 Flow regime map

The flow pattern data for the three channel orientations is illustrated in
Fig. 5.6, which is the flow regime map established with the coordinates of mass flux,
G, and vapour quality, x. The solid lines together with the flow regime names in the
figure refer to the boundaries of the flow patterns and transitions from one flow
pattern to another. As presented in Fig. 5.7 and 5.8, the flow pattern map for horizontal
flow is in fair agreement with transition lines for vertical flows except in the annular
flow regime. In comparison to horizontal flow case, the presence of buoyancy force in
the vertical channel tended to sustain the annular flow regime to higher vapour
quality. However, there was no significant difference in the results between vertical

upward flow and vertical downward flow as illustrated in Fig. 5.9.

2000_""I""I""l'"'I""l'"'I""I""I""I""
1800 F — Horizontal flow Vertical upward flow
: D=1mm,P_.=8bar D=1mm,P=8bar ]
1600 F ® Slug flow ]
s @  Throat-annular flow
% o . ¢ Churn flow ]
< 1200 F A Annular flow ]
e i v Annular-rivulet flow
S 1000 F ]
> i ]
O 800 F ® & o A A v ]
i A A A ]
600 F * o < v ]
[ l Annular flow (Annular-rivulet flow |3
400 F B
i = = A A \ A A ]
a - = N ]
200 [ | Slug flow, } Throat-annular flowj ]
O'....|....|....|....|....|....|....|....|....|....
00 01 02 03 04 05 06 07 08 09 1.0

X

Fig. 5.7 Flow regime map between horizontal flow and vertical upward flow.
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Fig. 5.8 Flow regime map between horizontal flow and vertical downward flow.
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Fig. 5.9 Flow regime map between vertical upward flow and vertical downward flow.
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5.3.3 Comparison of observed flow pattern with the transition lines

The present results were also compared with the macro-micro-scale flow
pattern maps developed by Ong and Thome [9]. Their transition lines were proposed
for flow boiling in channels having hydraulic diameters ranging from 0.5 to 3 mm, and
corresponded to dimensionless numbers accounting for different effects such as

surface tension, inertia, and gravity. The flow pattern transition lines were proposed as

follow.
Isolated bubble /coalescing bubble ( IB/CB ) is expressed as
0.65 0.9
X /e = 0.36C00.2[ﬂj (/39} Reg00.75 Boo.zswelofo.m (5.8)
Hy P
Coalescing bubble/annular (CB/ A) is presented by
0.7 0.6
Xeo = 0.047c0°'°5(f’i] [&J Re,,"*We,, *" (5.9)
H vy
Plug-slug/coalescing bubble (S -P/CB) for Xs_p,cg < Xeg,aand Co < 0.34
is given by
0.9
Xs_p/cs = 9C00'2(£’g*j Frlo_L2 Reloa1 (5.9)
P

Plug-slug/annular (S-P/A) for Xs_p,ca > Xcg,aand Co < 0.34 is written by
Xs-pia = Xcaia (5.10)

Referring to Egs. (5.8)-(5.10), Bo represents boiling number, Re,is all-
vapour Reynolds number, Reyis all-liquid Reynolds number, g, is vapour viscosity,
4y is liquid viscosity, We , is all- vapour Weber number, We,, is all-liquid Weber
number, and Fr,, denotes all-liquid Froude number.

The results of the comparisons showed that their method well predicted

the present data as depicted in Fig. 5.10.
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Fig. 5.10 Comparison of the observed flow patterns with the transition lines by Ong

and Thome correlation [9].
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5.3 Flow boiling heat transfer

This section presents and discusses the heat transfer results for the three
channel orientations. The local heat transfer coefficients are presented at first. The
average heat transfer coefficients are subsequently presented, and the corresponding
comparison between the experimental heat transfer data and the prediction methods

come in last.

5.3.1 Local heat transfer coefficient

The local heat transfer results based on flow pattern data for the three
channel orientations is presented in Fig. 5.11. It can be seen from the figure that the
flow patterns are found to have strong influence on the heat transfer coefficients. The
results also indicated that gas-core flow such as annular flow and annular-rivulet flow
appears with the high heat transfer coefficient in comparison to the other flow regimes.
On the other hand, Slug flow sives the lowest values of heat transfer coefficient.
Throat-annular flow, churn flow and annular flow resulted in moderate values of heat
transfer coefficient, which are interested for designing of cooling system because this
may be a good choice for using mini-channel.

In addition, the influence of channel orientation, heat flux, mass flux, and
vapour quality on heat transfer characteristics are also addressed follows.

The variation of the local heat transfer coefficient with vapour quality for
different heat flux values are presented in Fig. 5.12. For all channel orientations at
mass flux of 665 kg/m?s as shown in Figure, the local heat transfer results increase with
increasing heat flux and are less affected by vapour quality.

Fig. 5.13 and 5. 14, presents the variation of the heat transfer coefficient
with vapour quality for heat flux at 7.4-14.6 kW/m? and at 45-48.1 kW/m? respectively.
The heat transfer coefficient is depicted with various values of mass flux. The figure
reveals an insignificant effect of mass flux on the local heat transfer coefficient.

The mechanisms of heat transfer during flow boiling in mini-channel,
presented in Fig. 5.12-5.14, seem to be nucleate boiling contribution. Also, the similar
observations were reported by Saitoh et al. [53], Shiferaw et al. [54], Basu et al. [25]
and Anwar et al. [26]. The behaviors during flow boiling in three channel orientations
show the independence of heat transfer coefficient on mass flux. As a result, the speed

controller may not be needed for cooling system.
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Fig. 5.11 Local heat transfer coefficient data for various flow patterns.
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Fig. 5.12 Local vapour quality versus local heat transfer coefficient for various heat

flux values.
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Fig. 5.13 Local vapour quality versus local heat transfer coefficient for various mass

flux values at low heat flux.
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Fig. 5.14 Local vapour quality versus local heat transfer coefficient for various mass

flux values at high heat flux.
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The influence of channel orientation on the heat transfer coefficient for
G=252 kg/m?s, G=655 kg/m?s, and G=820 kg/m?s is shown in Fig. 5.15-5.17. The effect
of channel orientation on heat transfer coefficient for mass flux of 252 kg/ m?s is seen
in Fig. 5.15. Without corner effect, the heat transfer coefficient is less affected by the
orientation.

In addition, the increment of mass flux, with increasing heat flux are
observed in Fig. 5.16 and 5.17. The figure indicated that the behaviors during flow
boiling at low vapour quality are the dependence of heat transfer coefficient on the
flow direction. Also, the comparison of heat transfer results obtained from horizontal
flow and vertical flow directions shows that the vertical downward flow yields higher
heat transfer coefficient than horizontal flow, especially at low vapour quality. As a
consequence, the flow boiling process in vertical downward orientation can increase
heat transfer around 30% over horizontal direction. On the contrary, the results based
on rectangular channel were reported by Kandlikar and Balasubramanian [36], and
Wang et al. [38]. Their results showed the downward flow arrangement gave relatively
low heat transfer performance when compared to the other flow directions. This may
be due to the difference in the rectangular and circular channel. However, Lee et al.
[39] found that at low mass flux, the vertical downward flow provided the highest heat
transfer coefficient. The influence of the corner effect on the heat transfer
characteristics may induce the inconsistencies obtained from circular and non-circular
channels. The effect of channel orientation, heat flux, and mass flux on heat transfer
characteristics are also presented based on average heat transfer coefficients in the

coming section.
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Fig. 5.15 Local vapour quality versus local heat transfer coefficients for different
orientations at mass flux of 252 kg/m?s.
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Fig. 5.16 Local vapour quality versus local heat transfer coefficients for different
orientations at mass flux of 665 kg/m?s.
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Fig. 5.17 Local vapour quality versus local heat transfer coefficients for different

orientations at mass flux of 820 kg/m?s.
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5.3.3 Average heat transfer coefficient

The heat transfer coefficient is presented as a function of heat flux at
different mass flux values, as illustrated in Fig. 5.18. The results indicated that for all
three channel orientations carried out in this work, the heat transfer coefficient was
strongly dependent on heat flux. Nevertheless, the effect of mass flux on the heat
transfer coefficient was not obviously detected for both horizontal and vertical
orientations. The mechanism behind this observed trend can be possibly explained
based on nucleate boiling which is dominant over forced convective contribution. The
nucleate boiling during horizontal flow was also reported as dominant mechanism by
different researchers such as Lazarek and black [55], Tran et al. [56], Choi et al. [57],
Saisorn et al. [16], and Basu et al. [25]. In this work, it seemed that the interactions
induced by the flow inertia and the buoyancy force in vertical upward flow as well as
in vertical downward flow were not strong enough to impose the convective
contribution on the flow mechanisms.

Fig. 5.19 compares the heat transfer coefficients, associated with various
flow regimes, in three channel orientations. For a prescribed mass flux of 252 kg/ m?s
as seen in Fig. 5.19(a), the heat transfer coefficient seemed to be unchanged regardless
of a change in the channel arrangement. As mass flux increases, however, there was a
dependence of the heat transfer characteristics on the flow arrangement as shown in
Fig. 5.19(b) and (c). Vertical flow, especially the downward arrangement, gave better
results when compared to the horizontal flow. The buoyancy force was parallel to the
flow inertia during upward arrangement. On the contrary, the buoyancy force tended
to become against the flow inertia when the channel was arranged in downward
direction. The latter case is likely to encourage the agitation near the channel wall to
some extent, causing the vertical downward flow better than the others. It should be
noted that for rectangular channels, Lee et al. [39] indicated the vertical downward
flow vyielding the highest heat transfer coefficient whereas Zhang et al. [37], and
Kandlikar and Balasubramanian [36] obtained the good results during vertical upward
flow. The inconsistencies in the results based on rectangular channels might be due
to the corner effect. The present heat transfer results, presented in Fig. 5. 19,
corresponding to the confinement number of around 0.87, may be compatible with
mini-channel behavior according to the macro-microscale transition proposed by Ong
and Thome [9]. The figure also indicates the gas core flow such as annular flow pattern,
which may be a good choice for cooling purpose based on phase-change process. For
non-boiling gas-liquid flow, however, the slug flow instead of gas core flow tends to
give high heat transfer performance as discussed in Howard et al. [58], and Saisorn et
al. [59].



(8 12000 ————————————————————T T
Horizontal flow
| R-1343,D=1mm ]
10000 r Psat: 8 bar 7
8000 1
2 [
e I [ ]
= 6000 | L] 1
2 I
= L ol °
4000 F = ]
[ [}
I aad 2 ° Mass flux (kg/m’s)
2000 f o A 2%
A" B 665
[ a e 320
O U T S S S T 1 ) WU SN T S [ S TR SO T [ SN N S S [ S S S
0 10 20 30 40 50 60 70
g (KW/m?)
(b) 12000 ——m™M@——————F—————————————]
[ Vertical upward flow 1
[ R-134a,D =1 mm ]
10000 | Pgy =8 bar 1
A ]
8000 | 1
] [ g 1
3 )
§ 6000 | e b ]
< L ] ]
& 3 m e 1
4000 A 1
[ . 1‘3 Mass flux (kg/m?’s) ]
- "] A 252
2000 A
3 = 665
Lo A ® 3820
0 L h T L™ W S ST L S T L D SR T I
0 10 20 30 40 50 60 70
q" (kW/m?)
() 12000 ————F————F———T———T———T
I Vertical downward flow
[ R-134a, D=1mm 1
10000 r Pgat = 8 bar 7
L 4
[ ]
8000 r ° 1
— [ =
<< - 2
S L ]
s 600y e "
= [ .'
4000 | % ¢ 1
[ 2 ,
[ AR Mass flux (kg/m“s)
2000f ™ A 22
[ a B 665
[ e 320
0 -An i A A ]
0 10 20 30 40 50 60 70
q" (kw/m?

Fig. 5.18 Heat flux versus heat transfer coefficient for different mass flux values.
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Fig. 5.19 Heat transfer coefficients for different orientations.
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5.3.4 Comparison between the experimental heat transfer data and the
prediction methods

Due to the nucleate boiling behavior which was detected in this work,
the correlations, which were developed based on nucleate boiling dominant region,
and those, dealing with the contributions of nucleate boiling and forced convective

mechanisms, were used to examine the present heat transfer data.

For nucleate boiling dominant mechanism, the correlations proposed by

Cooper [60], and Tran et al. [56] were used to compare the experimental data.

Although Cooper correlation [60] was developed from nucleate pool
boiling phenomena, several recent researchers such as Mahmoud and Karayiannis [61],
Bertsch et al. [62], and Bertsch et al. [63] recommended the method of Cooper [60]
for predicting heat transfer coefficient during nucleate flow boiling. The prediction is

expressed as

= 55|::,Ro.lz (~0.4343In PR)_o.ss M—o.s(q--)o.67 (5.11)

where P, is reduced pressure and M is molecular weight.
Tran et al. [56] developed the prediction method by modifying the
correlation proposed by Lazarek and Black [55]. Their correlation corresponds to

nucleate flow boiling in mini-channel and is presented by the following equation

-0.4
A 84x104(BOWe,O)°-3£ﬂJ (5.12)
Yo

g

where B is boiling number and We,, is all-liquid weber number.
Regarding the flow phenomena dominated by the contributions of
nucleate boiling and forced convective mechanisms, Bersch et al. correlation [63] and

Shah correlation [64] were employed to examine the present results.

Bertsch et al. [63] developed the micro-channel correlation based on an
additive concept for nucleate boiling and forced convective contributions, and the
corresponding database covered different flow directions. Their proposed correlation
is expressed as

h=Sh, + Fh, (5.13)

where S is a suppression factor which is presented as
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S=@1-x) (5.14)

The enhancement factor, F, is calculated as
F =1+80(x* —x°)exp(-0.6-C,) (5.15)

C, in Eq. (5.15) represents the confinement number.
h,, is calculated by using Cooper correlation [60] as seen in Eq. (5.13), and hy is

determined by
hcb "~ hcb,lo (l_ X) + hcb,go X (516)

hy.oand hy , are given by Egs. (5.17) and (5.18), respectively.

cb,lo

0.0668% Re,, Pr,

ki (5.17)
D 2/3 D
1+ O'O{L Re,, Pr,oj

Ny 1o =1 3.66+

cb,lo

D
0.0668 —Re , Pr
— 366+ ke 72 241 "% (5.18)

cb,go
D

h 2/3 D
1+ 0.04[ Re_ Pr, ]
L go go

The correlation proposed by Shah [64] was developed, based on Shah
correlation [65, 66], to predict heat transfer coefficient for both macro-scale and micro-
scale channels. The correlation corresponds to horizontal and vertical channels having
hydraulic diameters ranging from 0.38 mm to 27.1 mm. The prediction method is
based on the larger of nucleate boiling contribution and forced convective
contribution. The correlation can be expressed as shown below.

h=Fh,, (5.19)

The factor, F, is calculated as

F=21-0.008We, —110B, (5.20)
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If F calculated in Eq. (5.20) is less than 1, use F=1. If Fr_ <0.01 during horizontal
flow, use F=1.
The heat transfer coefficient, h,,, is given by

TP

h
h,, = larger of {h"b (5.21)

cb

For nucleate boiling contribution, h, is given by Egs. (5.22)-(5.24)

h, |230B,° B, >0.3x10"*

—nb - . for J >1 (5.22)

hy |(1+46B,”°) B, <0.3x10"

% = EB,”” exp(2.743 °?) for 0.1<J <1 (5.23)
|

% = EB,”* exp(2.74] %) for J <1 (5.24)

where E in Egs. (5.23) and (5.24) is presented by

(147 B,>00011 (5.25)
11543 B, <0.0011

The parameter J is given by
3 =(0:38Fr, > c,, (5.26)

where Fr,, is Froude number, n can be given by Eq. (5.27), and C., is convection

number expressed in Eq. (5.28)

1  for horizontal tube with Fr,, < 0.04
n=<0 for horizontal tube with Fr,, > 0.04 (5.27)
0 for vertical tube at all Froude number

08 05
Ce, = (1_—’() Dy (5.28)
X P
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The liquid-phase heat transfer coefficient, h,, is determined by

h, =0.023Re,*® Prl"""% (5.29)

For convective boiling regime, hy, is calculated by

hcb

=1.8]7°8 (5.30)

Fig. 5.20, shows the comparisons between the present data and the predictions.
The results with different channel orientations were examined by the heat transfer

prediction methods as presented in Table 5.1. The mean absolute error (MAE) and the

percentage of data (}) predicted within +30% error band were used for the evaluation
as shown in the table. For all channel orientations carried out in this work, the
comparison results revealed that nucleate boiling mechanism was likely to play
dominant role in the present set of experimental conditions. The nucleate boiling flow
behavior in mini-channel with different flow directions was well predicted by Tran et
al. correlation [56] and even by Cooper correlation [60] which was developed for pure
nucleate boiling.  The two methods, corresponding to nucleate boiling dominant
mechanism, were able to capture more than 95% of the data within £ 30% error band
(MAE of less than 12%). It can be indicated from Fig. 5.20(a) and (b) that the method
by Tran et al. [56] is a little bit better than the Cooper correlation [60]. This may be
explained based on the observed trend indicating the heat transfer coefficient which
was a strong function of heat flux but insignificant affected by mass flux. The trend
was similar to that reported by Tran et al. [56].

Fig. 5.20(c) and (d) compares the heat transfer data with predictions considering
nucleate boiling mechanism as well as convective boiling contribution. The
correlations of Bertsch et al. [63] and Shah [64] yielded approximately similar
performance. The correlations predicted about 70% of all data within +30% error
band and gave MAE of around 23%. They are good choices for predicting the present
data although their performances are the second best following the method based on
nucleate boiling dominant mechanism. The present heat transfer data corresponds
well with nucleate boiling behavior as previously discussed in Figs. 5.18 and, hence,
the correlations of Bertsch et al. [63] and Shah [64] should be considered by looking
at their nucleate boiling contribution terms. Their good predictions may be attributed
to the following reasons. Bertsch et al. [63] employed the Cooper correlation [60] in

their nucleate boiling term. For Shah correlation [64], however, the boiling number
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was selected to correlate the nucleate boiling term. When there is no substantial effect
of mass flux on the heat transfer coefficient for a given saturation pressure (or a
constant latent heat of vapourization), the nucleate boiling term is consequently
governed by heat flux. It is obviously depicted by Fig. 5.20 that the present heat
transfer characteristics, strongly dependent on heat flux for horizontal and vertical flow

arrangements, can be compatible with nucleate boiling behavior.

Table 5.1 Comparison of the heat transfer prediction with the present heat transfer

data for different orientations.

Vertical Vertical

References Horizontal upward Jownward Average
MAE vy MAE MAE -y MAE vy
(%) (%) (%) (%) (%) (%) (%) (%)
Cooper [60] 16.4 100 134 87 4.1 100 11.3 957

Tran et al. [56] 8.9 100 11.4 AL 10.4 100 10.2 97.2
Bertsch et al. [63] 24 A6 18.9 ¥ 2002 U860\ B 70.6

Shah [64] 32.6 38.1 23.7 /7! 13.0 95.7 231 70.7
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Fig. 5.20 Comparison between experimental data and calculated heat transfer coeffi-
cient using different correlations: (a) Cooper [60], (b) Tran et al. [56], (c) Bertsch et al.
[63] and (d) Shah [64].

5.4 Flow boiling pressure drop

Flow pattern and heat transfer characteristics, which are important for
understanding the flow boiling process were discussed in the previous sections.

Another key parameter affecting the process is two-phase pressure drop.

5.4.1 Pressure drop component

In this section, the total pressure drop, which was directly measured
across the test section by the differential pressure transducer, included frictional
pressure drop, accelerational pressure drop, and gravitational pressure drop which was
neglected for horizontal flow. The pressure drop components for all three channel
orientations, based on friction, acceleration and gravitation, were presented in the
section 3.3.2. The experimental data of pressure drop components were presented as
a function of heat flux at the mass of 655 kg/m?”s and the saturation pressure was kept
constant at 8 bar. It can be seen from Fig. 5.21 that the result of pressure drops is

dominance of frictional pressure drop for all conditions.
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Fig. 5.21 Pressure drop components as a function heat flux for different orientations.
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5.4.2 Frictional pressure drop

By knowing the total pressure drop and the other components, the
frictional pressure drop can be obtained and is subsequently presented in Figs. 5.22
and 5.23. The results illustrated that with increasing heat flux or mass flux, the pressure
drop was increased. The increment of heat flux during the phase-change process may
enhance the vapour velocity, leading to the increased pressure drop. The shear
developed at the tube wall, and that at the vapour-liquid interface may also be
enhanced due to the increase in mass flux.

The variation of the frictional pressure drop, displayed together with the
flow pattern data for the three flow arrangements, with heat flux is illustrated in Fig.
5.23. For each mass flux, in general, the pressure drop tended to increase with heat
flux, which may be resulted from the two-phase flow experiencing higher velocity as
previously discussed. As seen in Fig. 5.23, the gas core flow such as annular flow
seemed to possess high shear stress at vapour-liquid and liquid-wall interfaces in
comparison to the other flow regimes. The figure also shows that in this study, the
vertical downward flow gave the highest pressure drop, followed by horizontal flow
and vertical upward flow, respectively. The difference in pressure drop between these
three flow directions may be attributed to the chaotic flow due to liquid-vapour
interactions. For vertical upward flow, the buoyancy force tended to aid the vapour
phase. The buoyancy and inertia forces were in parallel, which was believed to cause
relatively low level of interactions. On the contrary, the highest pressure drop during
vertical downward arrangement may be the result of the opposing buoyancy force
counteracting the vapour phase, which leads to the vigorous interactions. It should be
noted that these results can also be interpreted based on the Lockhart-Martinelli
method which represents the C parameter as the level of interactions between the
two phases. For this study, the values of C parameter for vertical upward flow,
horizontal flow, and vertical downward flow were respectively equal to 7, 11, and 13.
Interestingly, it seemed that there was no influence of the corner effect on the
pressure drop characteristics because the previous works, based on rectangular
channels, such as Zhang et al. [37], and Kandlikar and Balasubramanian [36] reported

the results similar to the present ones associated with circular channel.
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5.4.3 Comparison between the frictional pressure drop data and the

prediction methods

In this section, the frictional pressure drop data are compared with two
existing models, i.e. the homogenous flow model and the separated flow model.

For homogenous flow model, the assumption of homogenous two-
phase flow as well as the pressure drop calculations based on homogenous flow
model were presented in section 3.3.2.1. The two-phase viscosity models given by
Egs. (5.31)-(5.38), with different researchers were used for comparison in this study as
shown in Fig. 5.24 and Table 5.2.

The two- phase viscosity presented in Eq. (5.31) was proposed by
McAdams et al. [67]. The viscosities of each phase are weighted by their corresponding

mass quality.

\ n D ANE < dad (5.31)
e Mg A

Cicchitti et al. [68] proposed the two-phase viscosity expressed in Eq.

(5.32), in which the mass quality is an important parameter for the calculation.
e = Xpty + (L= X) 14 (5.32)

Owens [69] proposed the two-phase viscosity was assumed to be

equal to the liquid viscosity as given in Eqg. (5.33).
Hrp = 1 (5.33)
The two-phase viscosity models based on volumetric quality ([J) was

obtained by Dukler et al. [70] and Beattie and Whalley [71] as shown in Egs. (5.34) and
(5.35), respectively.

Dukler et al. [70]
e = By + (L= By (5.34)

Beattie and Whalley [71]
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e = Py + A= B)A+258) 1 (5.35)
Xv
and p=—-—— (5.36)
Vi + XV

where g is the volumetric quality as shown in Eq. (5.36), v,andv, are liquid and gas

specific volumes, respectively, and v, is determined as v, =v, —v;.

Lin et al. [72] proposed the two-phase viscosity obtained from R-12 during vaporization

in a capillary tube as follow.

lullug
hrp = (5.37)
N lug it Xl‘4 (lul “/Jg)
Awad and Muzychka [73]
20 4+ 1 —2(u, —1)L—X)
/JTP \ /ug Iul (lug lul) (538)

2:ug +/J| +2(1ug _lul)(l_x)

The comparison results indicated that the homogenous flow model

were in fair agreement with the data for three flow arrangements.

Table 5.2 Comparison of the homogeneous flow model with the present pressure
drop data for different orientations.

References Vertical Vertical

Horizontal Average

upward downward

MAE vy MAE Y MAE vy MAE Y

(%) (%) (%) (%) (%) (%) (%) (%)
Mc Adams et al. [67] by LY 293 409 524 0.0 41.8 16.8
Cicchitti et al. [68] 29.6 66.7 141 955 38.7 50.0 274 707
Owens [69] 25.1 66.7 120 955 34.3 54.2 238 721
Dukler et al. [70] 48.4 0.0 344 273 56.3 0.0 46.4 9.1
Beattie and whalley [71]  36.6 429 239 713 46.4 8.3 35,6 4238
Lin et al. [72] 38.1 333 248 636 484 8.3 37.1 35.1
Awad and Muzychka [73] 36.6 47.6 224 864 46.8 4.2 353 46.0
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Fig. 5.24 Comparison between experimental data and calculated frictional pressure
drop with correlation proposed by (a) Mc Adam et al. [67], (b) Cicchitti et al. [68], (c)
Owens [69], (d) Dukler et al. [70], (e) Beattie and Whalley [71], (f) Lin et al. [72], and (g)
Awad and Muzychka [73].

For the separated flow model, as discussed in section 5.4.2, C
parameter appearing in the Lockhart- Martinelli method [47] was likely to play
important role on the pressure drop characteristics. In this section, therefore, the
present pressure drop data was compared with the calculated values obtained based
on C parameter predicted by different correlations.

For macro-scale flow, C parameter proposed by Chisholm [74] can be

given as follows.

5  forlaminar liquid-laminar gas flow
o 10 forturbulent liquid - laminar gas flow (5.39)
12 forlaminar liquid - turbulent gas flow

20  for turbulent liquid - turbulent gas flow

For micro-scale flow, there have been several existing correlations
proposed for the value of the C parameter. The correlations, accounting for possible
dominant parameters extracted from the consolidated database, were recently given
by English and Kandlikar [75], Li and Wu [76], Kim and Mudawar [77], and Huang and
Thome [78].
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English and Kandlikar [75] modified the Mishima and Hibiki correlation

[79], and showed that the C parameter was dependent on the hydraulic diameter for
laminar liquid — laminar gas flow as follow.

C=5(1-e) (5.40)

Li and Wu [76] identified Bond number and liquid Reynolds number

as the influential parameters. The adiabatic database was used to develop their
correlation. The Li and Wu correlation [76] can be given by

C_ 11.9Bd** forBd <1.5
109.4(Bd Re,*°) % ~ for1.5<Bd <11

(5.41)
Bd in Eq. (5.41) represents the Bond number.
Kim and Mudawar [77] developed flow boiling correlation by modifying

their previous method [80] which was available for non-boiling flow. The modification

was done by using Weber number and Boiling number. Kim and Mudawar correlation
[77] was proposed as shown below.

0.48 1.09
3.5x10°Re " Sugoo's['o'] {1+ 530We,0°‘52(Bo By ] 1
Py

P
0.36
0.0015Re,,”* 5ug0°~19(”'] {u 530We,, "%
C=

0.14
8.7x10*Re, " SuQOO-S[”'J {u 60We,,

0.35
0.39Re, % Sugoo'l[’O'J {u 60We|0°‘32(80
Py

for laminar liquid — laminar gas flow

R

1.09
BOE*J } for laminar liquid — turbulent gas flow
=

7~

0.78
BOEHJ } for turbulent liquid — laminar gas flow
F

oo

0.78
J } for turbulent liquid — turbulent gas flow

(5.42)
where B, is heated perimeter of channel, P. is wetted perimeter of channel, and
Su

g0 1S all-vapour Suratman number.

Huang and Thome [78] proposed flow boiling correlation especially
for high mass flux. Their correlation can be given by

. 0.0037Re,"" Re,, ** for Re, <2000, Re, <2000
~ |09Re, " Re,,*?

(5.43)
for Re, <2000, Re, >2000
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Fig. 5.25 and Table 5.3 show the comparison of the predicted values

based on the pressure drop correlations with the experimental data for horizontal and

vertical orientations. The mean absolute error (MAE) and the percentage of data ()
predicted within = 30% error band were used to represent the predictive accuracy of
the corresponding methods. It was found from this study that the macro-scale based
method was not able to capture the influence of micro-scale flow as indicated in Fig.
5.25(a). Fig. 5.25(b) and (c) illustrates that the correlations of English and Kandlikar [75],
and Li and Wu [76], which were developed based on adiabatic flow, did not work well
with the present flow boiling pressure drop data. Instead, the flow boiling correlations
developed by Kim and Mudawar [77], and Huang and Thome [78] provided good
predictions for all three flow arrangements. These two methods approximately
predicted 70% of all data within +30% error band, corresponding to MAE of about
25% as presented in Fig. 5.25(d) and (c). The Huang and Thome correlation [ 78]
seemed to be a good choice because of its easy use. Although the Huang and Thome
correlation [ 78] was developed from flow boiling pressure drop database associated
with square channels, the prediction method was in good agreement with the present
results. This may implicitly indicate that the corner effect induced in a square cross
section tends to have less influence on flow boiling pressure drop in the square
channel with hydraulic diameter of around 1 mm.

Table 5.3 Comparison of the pressure drop prediction with the present pressure drop

data for different orientations.

Vertical Vertical
References Horizontal Average
upward downward
MAE vy MAE vy MAE vy MAE vy

(%) (%) (%) (%) (%) (%) (%) (%)

Lockhart-Martinelli {471~ 933 14.3 1225 182 785 83 981 136
English and Kandlikar [75} 668 0.0 56.9 0.0 711 00 649 00
Li and Wu [76] 415 333 797 9.1 358 333 523 253
Kim and Mudawar [77] 21 61.9 253 72.7 214 667 225 671

Huang and Thome [78] 28  46.7 145 955 36.8 54.2 264 721
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Fig. 5.25 Comparison between experimental data and calculated frictional pressure
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[75], (c) Li and Wu [76], (d) Kim and Mudawar [77], and (e) Huang and Thome [78].



Chapter 6

Conclusions and Suggestions

6.1 Conclusions

This study investigated the effect of channel orientations on flow boiling behaviors
in a circular mini-channel having a diameter of 1 mm. Flow pattern, heat transfer, and
pressure drop characteristics of horizontal, vertical upward, and vertical downward
flows were presented and discussed in this paper. The change in flow direction was
found to affect the flow pattern, heat transfer coefficient, and pressure drop. The main

conclusions from the present study can be drawn as follows.

6.1.1 Flow pattern

1. Slug flow, throat-annular flow, churn flow, annular flow, and annular-
rivulet flow were observed from all three orientations.

2. Slug flow pattern and churn flow pattern observed in horizontal
orientation were not completely compatible with those in vertical orientations.

3. The macro-micro-scale flow pattern maps developed by Ong and

Thome correlation [9] showed a good agreement with the data.

6.1.2 Flow boiling heat transfer

1. Flow pattern had significant influence on heat transfer characteristics.

2. The heat transfer coefficient increased with increasing heat flux but
was less dependent on mass flux as well as vapour quality.

3. The dominance of nucleate boiling was observed for all channel
orientations. Vertical flow can resulted in higher heat transfer coefficients in
comparison to horizontal flow.

4. The nucleate boiling mechanisms was detected in this study.

6.1.3 Flow boiling pressure drop

1. The pressure drop increased with increasing heat flux or mass flux.
2. The vertical downward flow tended to give the highest pressure drop.
3. Kim and Mudawar [77], and Huang and Thome [ 78], the flow boiling

correlations such as provided a good predictions for all channel orientations.

For all three flow directions, vertical downward flow yielded good heat transfer
results but induced the highest pressure drop. Based on the present flow conditions,
the flow boiling during vertical upward flow in a 1 mm diameter channel resulted in

moderate values of heat transfer coefficient with the lowest pressure drop. As a
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consequence, the vertical upward flow arrangement seemed to be a good choice for

the cooling devices.

6.2 Suggestions for future work

In this section, suggestions for future investigation for flow boiling in mini and
micro channels are presented. The following future works require further investigations
as follows.

1. The effect of channel orientation on flow phenomena in micro-channels
with smaller diameters

2. Flow pattern, heat transfer and pressure drop characteristics in a micro-
channel heat sink with different orientations

3. The effect of refrigerant on flow boiling behaviors in micro-channel
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Abstract
Two-phase flow boiling experiment of R-134a refrigerant in a vertical upward circular mini-channel was

conducted to investigate flow visualization and heat transfer phenomena. The test section is a stainless steel tube
with a diameter of 1 mm and a length of 500 mm. Flow pattern and heat transfer coefficient data were obtained for a
mass flux range of 250-820 kg/m?s, a heat flux range of 1-57 kW/m? and a saturation pressure range of 8-10 bar.
The results indicated five different flow patterns including slug flow, throat-annular flow, churn flow, annular flow
and annular-rivulet flow. The flow patterns were found to have strong influence on the heat transfer coefficients.
The heat transfer coefficient at low heat flux tends to be independent of mass flux and vapour quality. Increasing of
saturation pressure tends to decrease the heat transfer coefficient. In addition, the comparisons of the experimental
results with heat transfer prediction methods for small channels were carried out.

Keywords: Flow boiling, Mini-channel, Flow pattern, Heat transfer

1. Introduction refrigerant in a vertical tube with a diameter of | mm
and reported that the heat transfer mechanisms were
dominated by nucleate boiling at low vapour quality
while convective boiling contribution was dominant at
high vapour quality. Moreover, the heat transfer
coefficient can be improved by reducing the channel
diameter [6, 7]. Saisorn et al. [9] experimentally
studied boiling heat transfer of R-134a flowing in 1.75
mm diameter channel placed in different orientations.
The results indicated that vertical flow gave better heat
transfer performance in comparison to the horizontal
flow. The buoyancy effect was also addressed by
Saisorn and Wongwises [10], Kandlikar and
Balasubramanian [11], and Wang et al. [12].

Regarding the literature survey, therefore, the aim
of this work is to investigate flow visualization and
heat transfer phenomena for flow boiling of R134a in a
vertical channel having a diameter of 1 mm. The
effects of various conditions on two-phase heat
transfer phenomena are reported in this work, which
has never been seen before.

The flow boiling heat transfer in small passages
has been rapidly developed for many engineering
applications, and hence, research on two-phase flow
boiling in micro-scale channel has been needed during
the past years. The small passages can be applied to
energy and process systems including high-flux
compact heat exchangers and cooling devices of
equipment such as high-powered lasers, high-
performance electronic devices. In micro-channel,
surface tension is likely to play an important role for
flow boiling mechanisms. In this regard, the flow
phenomena of R-134a inside micro-scale channel are
significantly different from behaviors taking place in
conventional channels. The literature [1-4] indicated
discrepancy between micro-scale and macro-scale
flows.

The flow boiling experiment in micro-scale channel
channel have been mainly reported for horizontal flow
as discussed in Kanizawa et al. [5]. However, the flow
boiling of R-134a flowing in vertical channel is still
needed. The flow boiling in vertical circular mini-
channel has been studied by different researchers in
literature. For example, Owhaib et al. [6] carried out B = boiling number, B, =¢"/Gi,
flow boiling of R-134a in vertical circular tubes having D _
G
h

2. Nomenclature

diameter (m)

= mass flux (kg/m?s)

= heat transfer coefficient (W/m°K)
i = specific enthalpy (J/kg)

= latent heat of vapourization (J/kg)

diameters of 1.7, 1.224 and 0.826 mm. The heat
transfer coefficient increased with heat flux value and
saturation pressure but was less dependent on mass
flux or vapour quality. Similar results were reported by

Huo et al. [7] which corresponded to the experiment v
with R-134a flowing in vertical tube with larger L = channel length (m)
diameters (2.01 and 4.26 mm). Lin et al. [8] studied MAE = mean absolute error,

the boiling heat transfer behaviors of R141b
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3. Experimental Apparatus and Procedure

In this study, the experimental apparatus was
designed to investigate flow boiling of R-134a flowing
in a vertical mini-channel with a diameter of 1 mm.
The main components of the system include a test
section, refrigerant loop, sub-cooling loop and a data
acquisition system.

Fig.l shows the schematic diagram of flow
boiling apparatus. Liquid refrigerant is pumped by a
gear pump which can be regulated by means of an
inverter. The refrigerant flows into a filter/dryer and
then passes a series of a rotameter, pre-heater, sight
glass tube and enters the test section, respectively. The
test section is mounted on a platform oriented in
vertical direction. Vapour quality before entering the
test section is controlled by the pre-heater with a DC
power supply (120A, 15V). The test section in this
work is a stainless steel tube to which the DC power
supply is attached in order to generate a constant
surface heat flux condition. Leaving the test section,
the refrigerant is then condensed in a water tank 1 with
a condensing units 1. The temperature of system is
controlled by a water tank 2 with a heater and a
condensing unit 2 and then is collected in a receiver
tank. The liquid refrigerant returns to the refrigerant
pump to complete the cycle. T-type thermocouples are
installed at the inlet and outlet of the test section to
measure the fluid temperatures. The 12 thermocouples
are installed on the top and bottom sides along the tube
to measure the wall temperature. The test section is
well insulated with rubber foam. A R-134a refrigerant
rotameter is installed near the pre-heater and is
specially calibrated in the range 0.02 to 0.2 LPM by

Throat annular flow
G =252 kg/m’s
q =102 kW/m?

Xgn=0.5

the manufacturer. The signals from all the
thermocouples and pressure transducers are collected
and recorded by the data acquisition system.

The thermocouples and pressure transducers as
well as all relevant instruments installed in flow
boiling apparatus were well calibrated. The two-phase
flow experiments were conducted after the validation
based on the single-phase flow results which were
fairly agree with the fully developed laminar flow
theory.

4. Data reduction

The local heat transfer coefficient, hi., at a given
distance is determined by:

g

h.= - (1)
(Tuull.in(:) = uid(2) )

The inner wall temperature of the tube can be
determined using the equation for steady-state one-
dimensional heat conduction.

The local fluid temperatures, Tpua (2), of two-
phase region can be obtained based on the assumption
corresponding to a linear variation of the fluid
temperature along the test section.

The average heat transfer coefficient for the test
section is obtained as seen in Eq. (2)

= h 1))

h =
hve
(T‘.“u,,n,mg a/ uid.ave )

where Tyainave 1S the average value of the inner wall
surface temperatures in the test section. The average

Annular flow
G = 665 kg/m’s )

q" = 36.63 kW/m?
X ow =038

v

Slug flow

G =252 kg/m’s

q = 1.45 kW/n? :
X o= 0.13

Churn flow
G =252 kg/m’s
g =8.14 kW/m?
X o = 041

Annular-rivulet flow
G = 820 kg/m’s
g =48.15 kW/m?
X o = 0.84

Fig. 2 Flow patterns for vertical upward flow (8 bar).
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temperature of R-134a refrigerant, Tpugae, can be
obtained from measurements between thermocouples
installed at the inlet and outlet of the test section.

Heat flux, q", transferred to the test section can be

calculated from
" 4 —
aDL

where ¢ is heat transfer rate based on joule heating
method. Heat loss, (¢, ). can be estimated based on

q (3)

energy balance and thermal resistance concept

Finally, the local vapour quality of the refrigerant
R-134a is determined based on thermodynamic
properties as follow

(4

where 4, is the specific enthalpy of the saturated liquid,
i,, represent the latent heat of vaporization and i is
the local fluid enthalpy. The range of experimental
condition is shown in Table 1.

Table 1 Experimental conditions.

Parameter Range
Diameter (mm) 1

Length (mm) 500

Mass flux (kg/m’s) 250-820

Heat flux (kW/m?) 1-57
Saturation pressure (bar) 8-10

Vapor quality 0.1-0.98

Test section material Stainless steel

5. Results and Discussion

5.1 Flow pattern

The observed flow patterns n fig. 2 include slug
flow, throat-annular flow, churn flow, annular flow,
and annular-rivulet flow. The descriptions of different
flow patterns were similar to vertical upward flow
results reported in Saisorn et al. [9].

Slug flow is characterized by elongated bubbles
that are larger and longer than the tube diameter.

Throat-annular  flow occurs collision of two
consecutive elongated bubbles, which coalesce a
throat-like gas core.

Chumn flow is observed distortion of the elongated
bubbles.

Annular flow is formed by liquid film at the tube
wall and vapour flow in region of the tube core.

Annular-rivulet flow is characterized the flowing
of a rivulet-like liquid stream on the tube wall.

The results were similar to those reported by
Martin-Callizo et al. [13]. The different flow patterns
are due to the interactions of flow inertia, buoyancy,
gravitational force and surface tension.

5.2 Heat Transfer

The experiments of two-phase heat transfer are
presented for R-134a during flow boiling in a vertical
upward flow.

16000 - r T T r T T
Vertical upward flow Flow pattern: q"(kW/m’), Glkg/m’s)
14000 R-134a, D = 1 nun ID ®  Slug flow: 1.6, 252
Psgp = 8 bar B Throat-annular flow: 10, 252
12000 F A Chum flow: 8.2, 665
¥ Annular flow 7. 665
< 10000 7 Annular-rivulet flow : 31.1, 820
] E
= &,
o= 0 F v ]
600 ) v v
¥ Yy
awo0f. ¥ ¥ ]
Aﬂ |
2000 TS 8 g e 1° 4 ]
0 -l L , R . i L
0.0 0.1 02 0.3 0.4 0.3 0.6 07 08

Local vapour quality

Fig. 3 Local heat transfer coefficient data for various
flow patterns.

In Fig. 3, the local heat transfer coefficients for
different flow pattern data are presented. It is found
that gas-core flows such as annular flow and annular-
rivulet flow appear with the high heat transfer
coefficient. The experimental results also show that
heat transfer coefficient increases with increasing heat
flux but is less affected by vapour quality. In addition,
the effects of such parameters as heat flux, mass flux,
and saturation pressure on the average heat transfer
coefficient are illustrated as follows.

120007 - . - : -
Vertical upward flow
Re134a, )~ | mm 11}
10000 F P, = & bar ]
8000 F 4
R
s B e
E 6000 | - 4
£ L]
= me
= a0 | s " p
a® Mass flux (ke/m’s)
L] -
w0 Na & 252
B 665
a2 ® 520
0 10 20 30 40 50 60 70
q" (KW/m")

Fig. 4 Heat flux versus heat transter coefficient for
different mass flux values.

In fig. 4, the average heat transfer coefficient
increases with increasing heat flux but is less
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dependent on mass flux. The two-phase heat transfer
mechanisms seem to be nucleate boiling contribution.
Similar observations were also reported by Owhaib et
al. [6] and Huo et al. [7].

Fig. 5 shows the effect of saturation pressure on
the heat transfer coefficient. Based on uncertainty
analysis under the saturation pressures ranging from 8
to 10 bar, the heat transfer coefficient tends to decrease
with increasing the saturation pressure. This may be
attributed to the fact that, when the saturation pressure
is increased (the latent heat of vapourization is
reduced), which causes lower liquid viscosity, the
liquid film on the tube wall tends to break easier than
the film flowing at lower saturation pressure region.
This result also agrees with previous researchers such
as Choi et al. [14], Kaew-on and Wongwises [15], and
Saisorn et al. [9].

12000 " T T T 1 T
Saturation pressure (bar) Vertical upward flow
A 38 R-1342. D=1 mmID
10000 m 9 G =665 kg/m’s 1
® 0
8000.
5o a
5 L] J
Z 6000 2
=0 A
= Ag
4000 " ‘ppt p
A
Ag®
2000 s
L3
0 . L . L s "
0 10 20 30 40 50 60 70
ol
q" (kW/m™)

Fig. 5 Heat flux versus heat transfer coefficient for
different saturation pressures.

12000 T
T'ran et al. (1996) /
MAE= 114 % 120%
10000 / q
7/ b
74 % !
< ar
8000 > ». ]
* -
& 7 - 220%
s -
= 6000 /'/ 1
= 6000 F
% £ _ 297
£ % ¥
- 4000 F ; //
4 ; -
2, 7 A
2000 b Vela Vertical upward flow ]
Y /44 R-134a,D = | mm ID
z Py =8 bar
0 L L
0 2000 4000 6000 8000 10000 12000
hxp (W/m'K)

exp

Fig. 6 Comparison between measured and calculated
heat transfer coefficient using Tran et al.
correlation [16].

The experimental results are also compared with
the existing correlations. Only the best prediction
method is illustrated in this paper.

Tran et al. [16] modified the correlation suggested
by Lazarek and Black [17] which associated with flow

boiling in circular and rectangular mini-channels. The
prediction method was developed based on the
nucleate boiling mechanisms. The heat transfer
coefficient can be predicted by

-04
h=(8.4x10° )(Bjn'e)“‘(ﬂ) )

v

h

|

MAE =13 x100 (0

N h

exp

where B is Boiling number, e is Weber number, p,
is density of liquid, p, is density of vapour, and MAE

1s mean absolute error.

In fig. 6, the comparison results are presented
regarding the average heat transfer coefficient data.
The mean absolute errors (MAE) calculated using eq.
(6) is 11.4%. The predicted data fall within & 20%
error band. As a consequence of the comparisons, the
correlation proposed by Tran et al. [16] can well
predict the experimental data. This implies that the
heat transfer phenomena in a 1| mm diameter tube
during vertical upward flow are governed by nucleate
boiling contribution.

6. Conclusion

In this work, the flow boiling experiment of R-
134a in a vertical upward flow was carried out in a |
mm diameter tube. The test section was a stainless
steel tube. Flow visualization and heat transfer
behaviors were reported and the conclusions can be
drawn as follows:

1. The observed flow patterns include slug flow,
throat-annular flow, churn flow, annular flow and
annular-rivulet flow.

2. The heat transfer coefficient increases with
increasing heat flux but is less dependent on mass flux
as well as vapour quality.

3. The increase in saturation pressure may reduce
the heat transfer coefficient.

4. The comparisons with the prediction methods
indicate the nucleate boiling mechanisms which are
dominant over the entire range of the operating
conditions.

5. The present data can be used to develop the
thermal device using micro-scale channel, especially
oriented in vertical direction.
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TWO-PHASE HEAT TRANSFER BEHAVIORS OF R-134A REFRIGERANT AND
AIR-WATER MIXTURE IN A1 MM INTERNAL DIAMETER TUBE
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ABSTRACT

Flow boiling of R-134a refrigerant was experimentally
conducted in a test section which is a stainless steel tube having
internal diameter of 1 mm. The DC power supply was
connected to the test section to provide constant surface heat
flux conditions. Flow pattern and heat transfer data were
obtained for a mass flux range of 252-820 kg/m’s, a heat flux
range of 1-21 kW/m® and a saturation pressure of § bar. The
flow visualization results showed four different flow patterns
including slug flow, throat-annular flow, churn flow, and
annular flow. The flow boiling heat transfer behaviors were also
compared with those based on non-boiling two-phase air-water
flow in the same test section under constant surface heat flux
conditions. For non-boiling two-phase flow experiment, an air-
water T-shaped mixer was served to introduce fluids smoothly
along the test section. The results indicated that based on the
same gas and liquid Reynolds numbers, flow boiling tends to
have Nusselt number higher than that for non-boiling gas-liquid
flow.

INTRODUCTION

Two-phase flow researches have been carried out
extensively over the years. The microtechnology dealing with
two-phase flow has been rapidly developed for many
engineering applications, such as micro-channel heat sinks [1],
microreactors [2], micro fuel-cells [3], micro heat-exchangers
[4], and so on. The understanding of the trends and parameters
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Ladkrabang, Prince of Chumphon
Campus
Chumphon, Thailand

Somchai Wongwises
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Faculty of Engineering
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dominating two-phase flow behaviors in micro-channels is
essential for optimum design and process control of miniature
systems. In micro-channels, capillary force is likely to play an
important role for two-phase flow mechanisms, resulting in a
flow phenomenon that is significantly different from those
observed in ordinary-sized channels. The discrepancies between
micro-scale and macro-scale flows were reported in the
literature [5-8]. Moreover, it seems that the two-phase micro-
scale flow mechanisms existing in non-boiling flow and those in
phase-change process may lead to the results which are different
in various aspects.

The adiabatic two-phase gas-liquid flow in micro-channels
has been studied by different researchers. The relevant works
are discussed as follows. The flow distribution in parallel
upward channels was studied by Marchitto et al. [9]. They
reported that the phase distribution was improved by using a
special fitting, acting as distributor, which was installed inside
the header. Chai et al. [4] performed flow visualization study for
micro-channels with variable cross-sections. The developments
of different flow patterns along the flow direction were
observed. For circular channel, Zeguai et al. [10] studied the
flow pattern evolution along the flow direction. The flow
pattern map near mixing zone and that near test section outlet
were significantly different due to stress changes. The buoyancy
effect due to channel orientation for adiabatic two-phase flow in
a 0.53 mm diameter channel was addressed by Saisorn and
Wongwises [11].

Copyright © 2016 by ASME



The heat transfer of an air-water flow in parallel micro-
channels of 0.1 mm in hydraulic diameter was experimentally
investigated by Hetsroni et al. [12]. Their results showed a
decrease in the Nusselt number with an increasing gas flow rate,
which was opposite to the results obtained by Bao et al. [13].
The improved heat transfer performance due to segmented flow
was reported by Betz and Attinger [14]. They indicated that
segmented flow resulted in the heat transfer enhancement up to
140% in a micro-channel heat sink when compared with single-
phase liquid flow. Choo and Kim [15] investigated heat transfer
characteristics of a non-boiling gas-liquid flow in micro-
channels. They found that different diameters caused the
discrepancy in heat transfer phenomena. Saisorn et al. [16]
reported the effects of the mixing methods on heat transfer
characteristics of air-water mixture in micro-channels.

The above discussions including fluid flow and heat
transfer characteristics are based on two-phase gas-liquid flow
induced by different mixing method.

For flow boiling studies, databases as well as the effects of
important parameters on flow boiling phenomena were
reviewed in Ribatski [17].

Arcanjo et al. [18] obtained flow visualization data for flow
boiling of R-134a and R-245fa in a horizontal tube having a
diameter of 2.32 mm. Slug flow, churn flow and annular flow
were observed. According to their report, the flow pattern
transitions were affected by working fluid and saturation
temperature. Soupremanien et al. [ 19] conducted flow boiling in
rectangular channels with different aspect ratios (the channels
had the same hydraulic diameter of 1.4 mm). The Forane®365
HX was used as working fluid. They detected instabilities in the
test sections. The heat transfer coefficient for the aspect ratio of
0.143 was higher than that for the aspect ratio of 0.43 under low
heat flux conditions. The opposite trend was found at high heat
flux conditions. Wang et al. [20] studied heat transfer
performance for flow boiling of dielectric fluid HFE-7100 in a
multiport micro-channel having a hydraulic diameter of 0.825
mm. They reported that the downward flow arrangement gave
relatively low heat transfer performance when compared to the
other flow directions. The effects of channel orientation on
micro-scale heat transfer were also reported by Saisorn et al.
[21]. Keepaiboon and Wongwises [22] presented a technique to
avoid leakage of refrigerant during flow boiling in rectangular
micro-channel. Flow patterns and the effects of parameters on
heat transfer characteristics were discussed.

As seen in the literature, the experimental data for non-
boiling two-phase flow condition and the results based on flow
boiling condition were separately reported. Our review of
micro-scale flow shows that there is no experimental work
presenting the comparison of the flow and heat transfer
phenomena between the two conditions. The aim of this work is
therefore to study two-phase heat transfer during non-boiling
and flow boiling conditions. Flow patterns and heat transfer

86

results obtained from a 1 mm diameter tube are presented in this
paper.

NOMENCLATURE
D = diameter (m)
G = mass flux (kg/m2 s)
h = heat transfer coefficient (W/m2 K)
L = channel length (m)
Nu,. = local Nusselt number
q = heat transfer rate (W)
q" = heat flux (W/m?)
Reg = superficial Reynolds number of gas,
Reg = GDx/pg
Re; = superficial Reynolds number of liquid,
= Rep =GD(1-x)/pu.
Thuia = fluid temperature (K)
Tywanin = inner wall temperature (K)
X = gas quality
z = axial length (m)

Greek symbol
UG —
Hr =

dynamic viscosity of gas (N s/m?)
dynamic viscosity of liquid (N s/m?)

EXPERIMENTAL APPARATUS AND PROCEDURE

In this study, experimental works based on both flow
boiling and non-boiling two-phase flow conditions were carried
out to investigate heat transfer phenomena in mini-channel
having a diameter of 1mm.

The flow boiling experiments associated with a saturation
pressure of 8 bar were carried out using the apparatus and
instruments shown in Fig. 1. For the refrigerant circulating loop,
as seen in Fig. 1, liquid refrigerant is pumped by a variable
speed gear pump. The refrigerant then passes in series through a
filter/dryer, a refrigerant flow meter, pre-heater, sight glass tube,
and enters the | mm diameter tube attached to a DC power
supply (120 A, 15 V) providing the constant surface heat flux.
The inlet quality before entering the test section is controlled by
the pre-heater with a DC power supply used to apply heat.
Leaving the test section, the refrigerant vapour subsequently
condenses in condensing units and then is collected in a
receiver and returns to the refrigerant pump to complete the
cycle. T-type thermocouples are installed at the inlet and outlet
of the test section as well as on the top and bottom sides along
the tube to measure the wall temperature. A variable area type
flow meter is specially calibrated in the range of 0.02-0.2 LPM
for R-134a by the manufacturer. Instrumentation is installed at
various positions to monitor the state of the refrigerant. All the
signals from the thermocouples and pressure transducers are
recorded by the data acquisition system.
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Fig. 2 Schematic diagram of non-boiling two-phase flow apparatus.
For non-boiling two-phase flow experiment, the apparatus instruments. Fig. 2 shows a schematic diagram of the
includes the water flow loop, air-flow supply, and measuring experimental apparatus. A peristaltic pump with adjustable flow
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rate is used to supply liquid flow through the test section. The
liquid mass flow rates are obtained by using an electronic
balance (320 + 0.001 g) to measure weight of the liquid flowing
from the test section outlet over a sufficient time, whereas the
flow rates of gas are measured by four rotameters within the
range of 5-50 scem, 0.05-0.5, 0.2-2.0, and 1-10 SCFH,
respectively. Cross-junction mixing chamber is used to allow
the air-water mixture to flow along the tube. The mixture flows
freely from the channel outlet. The test section employed in this
work is a stainless steel tube with inner diameter of 1 mm. The
gas-liquid flow in the test section was carried out under constant
surface heat flux provided by DC power supply (120 A, 15 V).
T-type thermocouples are used to measure tube surface and
fluid temperatures, and the signals from the relevant instruments
are recorded by the data acquisition system.

All relevant instruments including the thermocouples and
pressure transducers were well calibrated.

The single-phase flow experiments were the first to be
performed and the results were fairly agreed with the theory
based on laminar fully developed flow with uniform surface
heat flux condition. Following this, the two-phase flow
experiments were conducted and the system was allowed to
approach steady conditions before the temperatures and
relevant data were recorded.

DATA REDUCTION
For all experiments, the local heat transfer coefficient, h,.,
at a given distance is determined as shown below.

qll
hiye =7 )
O (T gin (2) = Toa2)

Heat flux,q", transferred to the test section can be
calculated as seen in Eq.(2)

1 —Qios
= oS 2
K e (2)

where q is heat transfer rate provided by joule heating method
(the regulated DC power supply generating 120 A at 15 V).
The total thermal resistance can be estimated based on single-
phase flow experiment. - With the known thermal resistances in
radial system, as a consequence, heat loss (qis) can be
obtained.

T-type thermocouples are installed at the inlet and outlet of
the test section to measure the fluid temperatures. Regarding the
assumption of a linear variation of the fluid temperature along
the tube, the local temperatures, Tyq (), can subsequently be
obtained.

The local temperature on the inner wall at a given distance,
Taiin (2), corresponds to the average temperature of the inner
wall at the top and bottom sides. It is noted that equations for
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steady-state one-dimensional heat conduction through the tube
wall with internal heat generation are needed for obtaining each
inner wall temperature.

R-134a

Slug flow
(G =665 kg/m’s, x = 0.06)

Throat-annular flow
- (G =252 kg/m’s, x = 0.14)

—~ S = Churn flow
el (G = 520 ke/m’s, x = 0.07)

Annular flow
(G =665 kg/m’s, x=0.33)

Fig. 3 Flow patterns during flow boiling.

Air-water mixture

—

Bubbly flow
Slug flow
(G =730 kg/m’s, x = 0.019)
Churn flow
(G = 746 kg."m:& x=0.04)

Fig. 4 Flow patterns during non-boiling air-water flow.

RESULTS AND DISCUSSION

During the experiments, gas-liquid system and flow boiling
system correspond to Bond number values of around 0.15 and
1.32, respectively. Flow patterns and heat transfer results which
are presented based on local Nusselt number are discussed in
the following section.

Flow pattern

Flow visualization during two-phase flow in a single
horizontal channel can provide a good understanding of the heat
transfer mechanisms. Visual observation, as seen in Fig. 3, for
flow boiling of R-134a in a 1 mm diameter channel shows
different flow patterns including slug flow, throat-annular flow,
churn flow, and annular flow. With the same channel size,
bubbly flow, slug flow, and churn flow are presented in Fig. 4
for non-boiling air-water flow. It was also found from the result
that the present flow pattern map established from two-phase
air-water flow is not compatible with that from flow boiling.
Such inconsistencies were also reported by Martin-Callizo et al.
[23] who conducted the visualization of R-134a during flow
boiling in a vertical tube with a diameter of 1.33 mm. Their test
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section is made from a quartz glass tube coated externally by
Indium Tin Oxide (ITO) which is served as the resistive coating
over which a potential difference generated by a DC power
supply is applied. Their flow pattern data were also compared
with the transition lines of Triplett et al. [24], indicating that the
agreement is not satisfactory. For flow boiling phenomena, the
development of flow patterns in the channel corresponds to
phase change process. However, flow patterns generated by an
air-water flow system are strongly dependent on hydrodynamics
of the upstream gas-liquid mixture.
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Fig. 5 Local Nusselt numbers for different flow
conditions.

Heat transfer

For a given range of superficial Reynolds numbers, the
comparisons of heat transfer results obtained from flow boiling
of R-134a and those from non-boiling air-water flow are
presented in Fig. 5. The heat transfer mechanism during non-
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boiling air-water flow may be mainly due to agitation of the
gas-liquid interface in small channel as discussed in Chung and
Kawaji [25]. In the case of flow boiling in a 1 mm diameter
tube, nevertheless, an additive concept for nucleate boiling and
forced convective mechanisms may be used for explanation.
For gas and liquid superficial Reynolds numbers ranging,
respectively, from 1920 to 2116 and from 1252 to 1376, as
illustrated in Fig. 5a, it was found that slug flow during the flow
boiling process gives results similar to those for churn flow
induced from air-water mixture. As gas superficial Reynolds
number increases, Fig. 5b shows that the churn flow continues
to exist in the air-water flow whereas slug flow undergoes a
change to throat-annular flow during flow boiling. The
distribution of phases corresponding to churn flow for air-water
mixture tends to cause low Nusselt numbers when compared
with the force convective contribution existing in the throat-
annular flow generated by flow boiling process.

CONCLUSION

In this work, flow boiling of R-134a and non-boiling air-
water flow experiments were carried out in a 1 mm diameter
tube across which the DC power supply was connected to
provide  constant surface heat flux conditions. Both
visualization and heat transfer studies were conducted to obtain
flow patterns and corresponding Nusselts numbers. The results
for flow boiling process were compared with the data obtained
from air-water mixture. The comparisons, based on a given
range of superficial Reynolds number, indicated that the
Nusselts number tends to be higher for flow boiling phenomena
than for non-boiling two-phase flow system.
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Abstract
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