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1. Introduction

Global awareness of climate change has been raised in recent decades; many countries
proposed to reduce carbon emissions and to control refrigerants based on the Montreal
protocol. The ozone layer has become a concern for many researchers, focusing on reducing
depletion. Refrigerant has been used for a long time and is still used as the principle
material in refrigeration systems. The demand for new methods of refrigeration and air
conditioning has promoted more effective and efficient refrigeration systems. Small
refrigeration systems might be one of the solutions to reduce depletion of ozone layer
indirectly.

Several studies and experimental results have been issued that discussed flow patterns in
horizontal tubes, two-phase flow boiling heat transfer and pressure drop using refrigerant
as the observed fluid. Two-phase flow boiling heat transfer pressure drop of refrigerants in
minichannels has been researched for several decades. Only a few studies in the literature
report on the two-phase flow heat transfer and pressure drop of refrigerants in
minichannels. Compared with pure refrigerants in conventional channels, the flow boiling
of refrigerants in minichannels has discrete characteristics due to the physical and chemical
properties of the refrigerants and the dimensions of the minichannels.

The greatest advantages of the minichannels are their high heat transfer coefficients,
significant decreases in the size of compact heat exchangers, and lower required fluid mass.
A higher heat transfer in minichannels is due to large ratios of heat transfer surface to fluid
flow volume and its properties. The decreasing size also allows heat exchangers to achieve
significant weight reductions, lower fluid inventories, low capital and installation costs, and
energy savings. Despite those advantages, pressure drop within minichannels is higher than
that of conventional tube because of the increase of wall friction.

Chisholm (1967) proposed a theoretical basis for the Lockhart-Martinelli correlation for two-
phase flow. The Friedel (1979) correlation was obtained by optimizing an equation for the
two-phase frictional multiplier using a large measurement database. Many studies have
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developed pressure drop correlations on the basis of the Chisholm (1967) and Friedel (1979)
correlations. Mishima and Hibiki (1996), Yu et al.(2002), and Kawahara et al. (2002)
developed pressure drop correlations on the basis of the Chisholm (1967) correlation.

Chang et al. (2000), Chen et al. (2001), and Zhang and Webb (2001) developed pressure drop
correlations on the basis of the Friedel (1979) correlation. Tran et al. (2000) measured the
two-phase flow pressure drop with refrigerants R-134a, R-12, and R-113 in small round and
rectangular channels. They modified Chisholm’s (1983) correlation and proposed a new
correlation.

This chapter reports on a study whose goals were to present pressure drop experimental
data for the refrigerant R-22, and its alternatives, R-134a, R-410A, R-290, R-717 (NH3) and R-
744 (CO») which were measured in horizontal and local heat transfers during evaporation in
smooth minichannels to establish a new correlation for heat exchangers with minichannel
designs. The present experimental data for pressure drop were obtained by the previous
experiments compared with existing two-phase pressure drop prediction methods, namely
Beattie and Whalley (1982), Cicchitti et al (1960), McAdams (1954), Chang et al. (2000),
Dukler et al. (1964), Friedel (1979), Chisholm (1983), Tran et al. (2000), Zhang and Webb
(2001), Mishima and Hibiki (1996), Lockhart and Martinelli (1949), Shah (1988), Tran et al.
(1996), Jung at al. (1989), Gungor and Winterton (1987), Takamatsu et al (1993), Kandlikar
and Stainke (2003), Wattelet et al (1994), Chen (1966), Zhang et al. (2004), Chang and Ro
(1996), Yu et al. (2002), Friedel (1979), Kawahara et al. (2002), Mishima (1983), Chisholm et
al. (2000), Tran et al. (2000), Chen (2001), and Yoon et al. (2004). A new correlation for two-
phase frictional pressure drop was developed on the basis of the Lockhart-Martinelli
method using the present experimental data. In the present paper, heat fluxes to make the
flow boiling heat transfer coefficients were electrically heated. The experimental results
were compared with the predictions of seven existing heat transfer correlations, namely
those reported by Mishima and Hibiki (1996), Friedel (1979), Chang at al. (2000), Lockhart
and Martinelli (1949), Chisholm (1983), Zhang and Webb (2001), Chen (1966), Chen et al.
(2001), Kawahara et al. (2002), Tran et al. (1996), Tran et al. (2000), Wattelet et al. (1993),
Wattelet et al. (1994), Gungore-Winterton (1986), Gungore-Winterton (1989), Zhang et al
(2004), Kandlikare-Steinke (1996), Kandlikare-Steinke (2003), Jung et al.(1989), Jung et al.
(2004), Shah (1988), Gungore-Winterton (1987), Zhang et al (1987), and Takamatsu et al.
(2003) was and were developed in this study based on superposition, due to the limitations
in the correlation for forced convective boiling of refrigerants in small channels.

Compared with conventional channels, evaporation in small channels may provide a higher
heat transfer coefficient due to their higher contact area per unit volume of fluid. In
evaporation within small channels, as reported by Bao et al. (2000), Zhang et al. (2004),
Kandlikare-Steinke (2003), Tran et al. (2000), Pettersen (2004), Park and Hrnjak (2007), Zhao
et al. [7], Yun et al. (2005), Yoon et al. (2004), Pamitran et al. (2008), and K.-I. Choi (2009), the
contribution of nucleate boiling is predominant and laminar flow appears.

The study that was done by A.S. Pamitran et al (2007) and 2/PK.-1.Choi et al. (2007), yielded a
basic understanding about predicting pressure drop and heat transfer coefficients during
refrigerants evaporation in minichannels. The studies have also developed correlations and
have been compared with other experimental correlations reported in much available
literatures in the area of two-phase boiling heat transfer. The methods of creating
correlations have good agreements with the experiment data gathered by using refrigerants
as the working fluids.
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2. Experimental aspects

2.1 Experimental apparatus and method
Experimental facility for inner diameter 3 and 1.5 mm

The experimental facilities are schematically shown in Fig. 1(a) and (b). The test facilities
were constructed by A.S. Pamitran et al. (2007) and K.-I. Choi et al (2007) and consisted of a
condenser, a subcooler, a receiver, a refrigerant pump, a mass flow meter, a preheater, and
test sections. For the test with 3.0 and 1.5mm inner diameter tubes, a variable AC output
motor controller was used to control the flow rate of the refrigerant. A Coriolis-type mass
flow meter was installed in a horizontal layout for the test with 1.5 and 3.0mm inner
diameter tubes. A preheater or a cooler was installed to control the vapor quality of the
refrigerant by heating or condensing the refrigerant before it entered the test section. For
evaporation at the test section, a pre-determined heat flux was applied from a variable
A.C voltage controller. The vapor refrigerant from the test section was then condensed in
the condenser and subcooler, and then the condensed refrigerant was supplied to the
receiver.

The test section was made of stainless steel circular smooth tubes with inner tube diameters
of 3.0 and, 1.5 mm. The rate of input electric potential E and current I were adjusted in order
to control the input power and to determine the applied heat flux, which was measured by a
standard multimeter. The test sections were uniformly and constantly heated by applying
the electric current directly to their tube walls. The test sections were well insulated with
foam and rubber; therefore, heating loss was ignored in the present study. The local
saturation pressure of the refrigerant, which was used to determine the saturation
temperature, was measured using bourdon tube type pressure gauges with a 0.005 MPa
scale at the inlet and at the outlet of the test sections. Differential pressure was measured by
the bourdon tube type pressure gauges and a differential pressure transducer. Circular sight
glasses with the same inner tube diameter as the test section were installed at the inlet and
outlet of the test section to visualize the flow. Each sight glass was held by flanges on both
sides, as described in Fig. 1.

The temperature and flow rate measurements were recorded using the Darwin DAQ32 Plus
logger R9.01 software program and version 2.41 of the Micro Motion ProLink Software
package, respectively. The physical properties of the refrigerants were obtained from the
REFPROP 8.0.

Experimental facility for inner diameter 0.5 mm

Another experimental facility was made for 0.5 mm inner diameter tubes; this facility is an
open-loop system. This system allows the refrigerant flow from higher pressure containers
to refrigerant receivers. This system used a needle valve to the control flow rate before
entering the test section which is made of stainless steel. A weighing balance was used for
the test with the 0.5 mm inner diameter tube to measure the refrigerant flow rate. Heating
and measurements were similar to those on Fig. 1.

The experimental conditions used in the studies of A.S Pamitran et al and K.-I. Choi et al.
are listed in Table 1. Five refrigerants are use as the working fluid in the experiments; the
studies express the effects of dimensional factors that are represented by the inner diameter
of the tubes. The mass flux effect was observed by configuring the velocity of the fluids and
heat flux control by regulating the electrical heating.
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Fig. 1. Experimental test facility: (a) for test section with inner tube diameter of D;=3.0mm
and D;=1.5 mm
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Fig. 2. For test section with inner tube diameter of D; =0.5 mm
. Inner Tube
Test Ol Working T Mass flux | Heat flux | Inlet Tsat
g . 28 2 ©
section refrigerant i) ) (kg/(m2-s)) | (kW/m?) (°C)
R0 3.0 2000 400 - 600 20 - 40 10

1.5 2000 300 - 600 10 -20 10
n
2 3.0 2000 200 - 600 10 - 40 10
5
= R-134a 1.5 2000 200 - 400 10 10
<
& 0.5 330 100 5-20 | 6-10
7§ 3.0 3000 300 - 600 10-40 | 10-15
S o
£ T R-410A 1.5 1500 300 - 600 10-30 | 10-15
k= "é 0.5 330 70 - 400 5-20 1-11
=
= 3.0 2000 50 - 240 5-25 0-11
9 CsHg
= 1.5 2000 100 - 400 5-20 0-12
c
S 3.0 2000 200 - 600 20-30 1-10
B CO,
é 1.5 2000 300 - 600 10 - 30 0-11

3.0 2000 100 - 800 10-70 0-10

NH3
1.5 2000 100 - 500 10-35 0-10

Table 1. Experiment conditions
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The experimental uncertainty associated with all the parameters is tabulated in Table 2. The
uncertainties were obtained using both random and systematic errors, and these uncertainty
values changed according to the flow conditions; their minimum to maximum ranges are

shown.

Uncertainty (%)
Parameters
COy CsHs R-410A R-134a R-22

Twi (%) | £2.10 to £4.56 | £0.18 to £5.58 | +0.23 to +6.53 | +£0.29 to £3.92 | +0.44 to £3.90

P (kPa) +2.5 kPa +2.5 kPa +2.5 kPa +2.5 kPa +2.5 kPa
G(%) +1.85t0+£9.48 | £3.24 to £9.78 | +1.84 to £9.48 | £1.85 to £3.80 | £1.84 to +£3.16
q(%) 1£1.67 to £2.70 | £2.07 to £3.58 | +1.67 to £3.20 | £1.79 to £2.59 | £1.78 to £2.26
x(%) +1.79 to £9.71 | £4.27 t0 £9.82 | +1.78 to £9.85 | £2.23 to +4.19 | £1.88 to £3.39
h(%) +4.46 to £8.23 | £1.78 to £9.89 | £2.59 to £10.33 | £2.75 to £9.24 | £2.74 to £9.07

Table 2. Summary of estimated uncertainty

3. Data reduction

3.1 Pressure drop

The saturation pressure at the initial point of saturation was determined by interpolating the
measured pressure and the subcooled length. The experimental two-phase frictional
pressure drop can be obtained by subtracting the calculated acceleration pressure drop from
the measured pressure drop.

@)=+ (@) + (&) 0
_%a) _ e % <x:;g N (1(:13@«) )

()

The equation for the friction pressure gradient for horizontal tubes should be reduced to the
static head factor, therefore the equation is

2 2
(@)= (@) -G = @ -z raan) @
dz dz dz dz dz\ap, (1—a)ps
The predicted void fraction with Steiner (1993), CISE (Premoli et al., 1971) and Chisholm
(1972) are compared in the present study, as is shown in Fig. 3. The absolute deviations of
the Steiner (1993), CISE (Premoli et al., 1971) and Chisholm (1972) void fractions from the
homogenous void fraction are 7.11%, 3.72% and 11.49%, respectively. The predicted
pressure drop for the present experimental data using some previous pressure drop
correlations with the Steiner (1993) void fraction showed a better prediction than that using
the CISE (Premoli et al., 1971) and Chisholm (1972) void fractions. Therefore, the void
fraction in the present study was obtained from the Steiner (1993) void fraction.

— (Ez> =gsin6 [ng +7pg] = gsm@[a’pg + (1 - a)pf]
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(1-x)\ /(1.18\ /(1 —x) 25!
@ = % (1+0.12(1—x) <% + pfx ) + ( T ) ( p}).sx > (go(py + py)) ] (5)

The friction factor was determined from the measured pressure drop for a given mass flux
by using the Fanning equation

Dp dp
S o Ll Bt 6
Jep ZGZ< sz> (©)
where the average density is calculated with the following equation:

p=apy,+ (1+a)pf (7)

In order to obtain the two-phase frictional multiplier based on the pressure drop for the total
flow assumed for the liquid, ¢f, the calculated two-phase frictional pressure drop is
divided by the calculated frictional two-phase pressure drop assuming the total flow to be
liquid, as shown by

bfo = = 3 8)
' (_d_pF)fo (_ 2/c F)

= Homogeneous
O Stemner(1993)
a Chlusholm (1972)

¢ Premolietal (1971)
{0

£
peliction

(1.4

(.2

{ 0.2 0.4 LR LI |

LT TR TR T

Fig. 3. Void fraction comparison

3.2 Heat transfer coefficient

The inside tube wall temperature, T.; was the average temperature of the top, both right and
left sides, and bottom wall temperatures, and was determined using steady-state one-
dimensional radial conduction heat transfer through the wall with internal heat generation.
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The quality, x, at the measurement locations, z, were determined based on the
thermodynamic properties, namely,

s ©)

‘g
The refrigerant flow at the inlet of the test section was not completely saturated. Even
though it was just short of being completely saturated, it was necessary to determine the
subcooled length to ensure reduction data accuracy. The subcooled length was calculated
using the following equation to determine the initial point of saturation.

b=t _ o b~
Zge =L — = 10
The outlet mass quality was then determined using the following equation:
Al +ipy — i
x=—-t0 7 (11)
'fg

4. Results and discussion

The flow with heat addition, or adiabatic flow, is a coupled thermodynamic problem. On the
one hand, heat transfer leads to a phase change, which leads to the change of phase
distribution and flow pattern; on the other hand, it causes a change in the hydrodynamics,
such as the pressure drop along the flow path, which affects the heat transfer characteristics.
Furthermore, a single-component, two-phase flow in a tube can hardly become fully
developed at low pressure because of the shape change in large bubbles and the inherent
pressure change along the tube, which continually changes the state of the fluid and thereby
changes the phase distribution and flow pattern. The current study presents the
characteristics of a two-phase flow pattern and pressure drop in small tubes for some
refrigerants.

4.1 Flow pattern

The hydrodynamic characteristic of two-phase flows, such as the pressure drop, void
fraction, or velocity distribution, varies systematically with the observed flow pattern, just
as in the case of a single-phase flow, whose behavior depends on whether the flow is in the
laminar or turbulent regime. However, in contrast to a single-phase flow, liquid-vapor
flows are difficult to describe by general principles, which could serve as a framework for
solving practical work. The identification of a flow regime provides a picture of the phase
boundaries.

The present experimental results were mapped on Wang et al. (1997) and Woijtan et al.
(2005) flow pattern maps, which were developed for diabatic two-phase flows. The Wang et
al. (1997) flow pattern map is a modified Baker (1954) map, developed using R-22, R-134a,
and R-407C inside a 6.5mm horizontal smooth tube. Therefore, they claim that their flow
pattern map is better for prediction of flow patterns in small tubes. The Wang et al. (1997)
study showed that the flow transition for a mixture refrigerant showed a considerable delay
compared with that of pure refrigerants. For R-410A, at the initial stage of evaporation, R-32
evaporated faster than R- 125. Therefore, R-32 increased the concentration of the vapor
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phase, and R-125 increased the concentration of the liquid phase throughout the evaporation
process at the liquid-vapor interface. This resulted in a higher mean vapor velocity and a
lower mean liquid velocity during evaporation. For the other working refrigerants, the
physical properties of the refrigerant such as density, viscosity and surface tension have a
strong effect on the flow pattern.

The predicted flow pattern for the selected current experimental data according to the
existing flow pattern maps of Wojtan et al. (2005) and Wang et al. (1997) can be seen in Figs.
4(a) - (f) and 5(a) - (f), respectively. The Wang et al. (1997) map showed a better prediction
of the flow pattern of the current experimental data for the beginning of annular flow than
the Wojtan et al. (2005) map; however, the Wang et al. (1997) map could not show the
prediction for dry-out conditions. The flow pattern prediction of the current test results for
the all test conditions with the Wang et al. (1997) flow pattern map was for the intermittent,
stratified wavy and annular flow. The stratified wavy flow appeared earlier for higher mass
fluxes and its regime was longer for the low mass flux condition. The annular flow appeared
earlier for higher mass fluxes.

The Wojtan et al. (2005) flow pattern map is a modified Kattan et al. (1998) map, developed
using R-22 and R-410A inside a 13.6mm horizontal smooth tube. Kattan et al. (1998) used
five refrigerants R-134a, R-123, R-402A, R-404A, and R-502 inside 12mm and 10.92mm (only
for R-134a) tubes, which were heated by hot water flowing counter-currently to develop
their flow pattern maps on the basis of the Steiner (1993) flow pattern map. The flow pattern
prediction of the experimental results for all the test conditions with the Wojtan et al. (2005)
flow pattern map was on intermittent, annular, dry-out, and mist flows. The flow pattern
prediction, as shown in Fig. 4(b)-(c), showed that the mass flux, heat flux and inner
diameter had an effect on the flow-pattern. Since the Wojtan et al. (2005) map was
developed using a conventional tube, the flow pattern transition of the present experimental
data showed a delay on this map. However, the Woijtan et al. (2005) map could predict the
dry-out condition. The Wojtan et al. (2005) map predicts the dry-out condition of the R-410A
experimental data better than those of the other working refrigerants. Overall, the Wang et
al. (1997) flow pattern map provides a better flow pattern prediction for the current
experimental results than the Wojtan et al. (2005) flow pattern map.

Fig. 4. (a) Present experimental results mapped on Wojtan et al. (2005) flow pattern map for

1000
| R-22 The current experimental data:
g=10kW/m? | === Intermittent to Annular
800 F —1&%mm I Annular to Dry-out
D;=1.5mm Y
~ [ Tsat = lﬂ\cc
N; 600 soooooooooésczooo 00 .
ED -AAAAAAAAAAAZ&\: 28BDA T, Dry-out
E’J/ 400 -ooooooooooo&zoooob..o
-DI:IDEIDDEIDDD\G\EIDE'I.'J.:IDEID
200 e Intermittent Annular\\
" Slug + Str.Wavy Str.Wavy
O Ste 2 A A " r r A\
0 0.2 0.4 0.6 0.8
b

R-22 at g =10 kW/m?2, D; = 1.5 mm, T, = 10°C
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800
R-134a The current experimental data:
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0 0.2 0.4 0.6 0.8 1

X

Fig. 4. (b) Present experimental results mapped on Woijtan et al. (2005) flow pattern map for
R-134a at ¢ =10 kW/m?2, D; = 1.5 mm, T, = 10°C
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Fig. 4. (c) Present experimental results mapped on Wojtan et al. (2005) flow pattern map for
R-134a at g = 20 kW /m2, D; = 3.0 mm, Tsa = 10°C
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Fig. 4. (d) Present experimental results mapped on Wojtan et al. (2005) flow pattern map for
R-410A at g =20 kW/m?2, D; = 3.0 mm, T, = 10°C
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Fig. 4. (e) Present experimental results mapped on Wojtan et al. (2005) flow pattern map for
GsHg at g =15 kW /m?, D; = 3.0 mm, T, = 10°C
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Fig. 4. (f) Present experimental results mapped on Wojtan et al. (2005) flow pattern map for
COzat g =30 kW/m2, D; = 3.0 mm, T = 3°C

100
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5 o,
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T,=10°C === The current experimental data
transition to annular flow
0.1 L i
0.1 1 10 100 1000

(1-x)Ay’/x

Fig. 5. (a) Present experimental results mapped on Wang et al. (1997) flow pattern map for
R-22 at g =10 kW/m?2, D; = 1.5 mm, T, = 10°C
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Fig. 5. (b) Present experimental results mapped on Wang et al. (1997) flow pattern map for
R-134a at ¢ =10 kW/m?2, D; = 1.5 mm, T, = 10°C

100
0O op DDQ%
" Annular
Str.Wavy
10
~ Str. & Intermittent
R-134a G (kg/m?s) A
VE g=20kw/me  © 300
D;=3.0 mm © 400
oo, A 500
T=10C === The current experimental data
01 {ransition to annylar flow
0.1 1 10 100 1000
(1-x)Ay’/x

Fig. 5. (c) Present experimental results mapped on Wang et al. (1997) flow pattern map for
R-134a at g = 20 kW/m2, D; = 3.0 mm, T = 10°C
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Fig. 5. (d) Present experimental results mapped on Wang et al. (1997) flow pattern map for
R-410A at g =20 kW/m2, D; = 3.0 mm, T, = 10°C
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Fig. 5. (e) Present experimental results mapped on Wang et al. (1997) flow pattern map for
GsHg at g =15 kW /m2, D; = 3.0 mm, T, = 10°C
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Fig. 5. (f) Present experimental results mapped on Wang et al. (1997) flow pattern map for
COz at g =30 kW/m2, D; = 3.0 mm, Ty =3°C

4.2 Pressure drop

Fig. 6(a)-(f) shows that mass flux has a strong effect on the pressure drop. An increase in the
mass flux results in a higher flow velocity, which increases the friction and acceleration
pressure drops. This similar trend is shown by Zhao et al. (2000), Yoon et al. (2004), Park
and Hrnjak (2007), Oh et al. (2008) and Cho and Kim (2007). Fig. 6 also illustrates that the
pressure drop increases as the heat flux increases. It is presumed that the increasing heat
flux results in a higher vaporization, which increases the average fluid vapor quality and
flow velocity; this trend is similar to that shown by Zhao et al. (2000). The effect of the inner
tube diameter on the pressure drop is also illustrated in Fig. 6(a)-(f). The pressure gradient
in the 1.5 mm tube is higher than that in the 3.0mm tube. The explanation for this is that the
smaller inner tube diameter results in a higher wall shear stress, wherein for a given
temperature condition it results in a higher friction factor and flow velocity, and then results
in both higher frictional and acceleration pressure drops.
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(b) Effect of mass flux, heat flux and inner tube diameter on pressure drop for R-22 at
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(c) Effect of mass flux, heat flux and inner tube diameter on pressure drop for R-134a at
Tsat = 10°C
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(d) Effect of mass flux, heat flux and inner tube diameter on pressure drop for R-410A at
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Fig. 6. (a)-(f) The effects of mass flux, heat flux, inner tube diameter, and saturation

temperature on pressure drop
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Fig. 6 also depicts the effect of saturation temperature on pressure drop, where a lower
saturation temperature results in a higher pressure drop. This can be explained by the effect
of the physical properties of density and viscosity on the pressure drop at different
temperatures. The liquid density, pr, and liquid viscosity, ys, increase as the temperature
decreases, whereas the vapor density, p;, and vapor viscosity, p, decrease as the
temperature decreases. As the temperature decreases for a constant mass flux condition, the
increasing liquid density and liquid viscosity result in a lower liquid velocity, whereas the
decreasing vapor density and vapor viscosity are the result in a higher vapor velocity. It is
clear that the pressure drop increases during evaporation, and this increasing of the
pressure drop is higher when the saturation temperature is lower.
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(a) Pressure drop comparison of the present working refrigerants at g = 20 kW/m?2,
Di = 3.0 mm, Tsat = 10°C
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(b) Pressure drop comparison of the present working refrigerants at g = 30 kW/m?,
D; =3.0 mm, Tsyt = 10°C

Fig. 7. Pressure drop comparison of the present working refrigerants
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The pressure drop of the present working refrigerants is compared under several of the
same experimental conditions. The pressure drop comparisons are illustrated in Fig. 7. The
order of the pressure drop from the highest to the lowest is R-134a, R-22, NH3, C3Hs, R-
410A, and CO,. The pressure drop is strongly affected by the physical properties of the
working fluid such as density, viscosity, surface tension and pressure. As shown in Table 3,
the working refrigerant with a higher pressure drop has a higher density ratio p¢/pg,
viscosity ratio yg/pg surface tension, and a lower pressure, generally. Therefore, it is clear
that in the present comparison that CO; has the lowest pressure drop, making CO, an
effective future environmental friendly refrigerant

Refrigerant|T (°C) (10—3(1j\1/m) M/ 1g (1o-g Pas) (10-6V1f)a o) P/P8 (kgf;gm3) (kgljfm3) (Ml;a)
R22 1022 |1636] 1196 | 1957 |43.27| 2882 | 1247 |0.681
R-134a 1014 |2142| 1115 | 2388 |6233| 2023 | 1261 |0415
R410A | [ 716 [1136] 1291 | 1466 |27.07| 4174 | 1130 | 1085
CoHs 885 |1396| 815 | 1138 |3732| 138 | 515 |0636
CO, 277 | 559 | 1546 | 8637 | 641 | 1344 | 8617 |4.497
NH; 2959 | 1635 936 | 153.03 |12832] 489 | 623.64 | 0.615
R22 1095 |17.62]| 1173 | 2067 |50.99| 2479 | 1264 |0.584
R-134a 1084 |2325| 1094 | 2544 |7461] 1713 | 1278 | 035
R410A 79 |1238] 126 156 |3221] 3573 | 1151 | 0934
GHs | > | 948 |1503| 797 | 1198 |4357| 1198 | 522 |0551
O, 364 | 646 | 1483 | 9584 | 7.85 | 1141 | 8967 |3.965
NH; 3124 |1751] 921 | 16123 |153.52] 4.115 | 631.66 | 0.515

Table 3. Physical properties of R-22, R-134a, R-410A, C3Hg, CO,and NHj3 at 10 and 5°C
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Fig. 8. Variation of the two-phase frictional multiplier data with the Lockhart-Martinelli
parameter., (a) Propane, (b) R-410A and (c) CO.

Fig. 8 (a)-(c) shows a comparison of the two-phase frictional multiplier data with the values
predicted by the Lockhart-Martinelli correlation with C= 5 and C= 20, where the Cs are
taken from Chisholm (1967). The figure shows that the present data are at the upper the
baseline of C = 20, between the baseline of C = 20 and C = 5, and under the baseline of C =5,
which means that laminar, turbulent and the co-current laminar-turbulent flows exist in the
present data.
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Previous correlations Mean Average
deviation(%)|deviation(%o)
A.S. Pamitran et |Beattie and Whalley (1982) 23.35 15.91
al. (2010) Cicchitti et al (1960) 23.51 2.9
McAdams (1954) 25.25 21.75
Chang et al. (2000) 26.41 22.65
Dukler et al. (1964) 27.03 25.37
Friedel (1979) 28.87 16.44
Chisholm (1983) 34.65 3.89
Tran et al. (2000) 42.48 33.05
Zhang and Webb (2001) 49.04 224
Mishima and Hibiki (1996) 50.71 39.89
Lockhart and Martinelli (1949) 107 97.69
K.-I. Choi et al. Mishima and Hibiki (1996) 35.37 25.08
(2009) Friedel (1979) 38.79 21.91
Chang at al. (2000) 38.86 21.99
Lockhart and Martinelli (1949) 41.36 3.46
Chisholm (1983) 45.24 18
Zhang and Webb (2001) 46.82 7.58
Chen et al. (2001) 63.67 63.6
Kawahara et al. (2002) 73.04 72.92
Tran et al. (2000) 77.99 35.6
Homogeneous (Cicchitti et al., 1960) 48.67 -40.27
Homogeneous (Beattie and Whalley, 1982) 54.68 -51.69
Homogeneous (Mc Adam, 1954) 56.07 -53.73
Homogeneous ((Dukler et al., 1964) 58.75 -57.32
K.-I. Choi et al. Chang and Ro (1996) 19.57 7.43
(2008) Homogeneous (Beattie and Whalley, 1982) 20.04 7.73
Homogeneous (Mc Adam, 1954) 20.08 13.31
Homogeneous (Cicchitti et al., 1960) 20.12 8.11
Homogeneous ((Dukler et al., 1964) 21.87 18.08
Yu et al. (2002) 27.14 17.88
Chen et al(2001) 29.85 7.25
*Chen et al(2001) 14.4 1.43
Zhang and Webb (2001) 30.82 30.77
Friedel (1979) 39.21 39.18
Chang et al. (2000) 39.43 39.41
Kawahara et al. (2002) 44.63 44.63
Mishima (1983) 67.81 66.11
Chisholm et al. (2000) 98.54 97.25
Tran et al. (2000) 133.97 133.97
Lockhart and Martinelli (1949) 145.44 144.58
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Previous correlations Mean Average
deviation(%)|deviation(%o)
A.S. Pamitran et |Homogeneous (Dukler et al. (1964)) 18.14 1.63
al. (2007) Homogeneous (McAdams (1954)) 18.33 0.53
Homogeneous (Beattie and Whalley, 1982) 21.16 12.83
Homogeneous (Cicchitti et al., 1960) 24.82 14.78
Kawahara et al. (2002) 30.8 30.43
Zhang and Webb (2001) 34.3 21.28
Yu et al. (2002) 48.23 4.33
Friedel (1979) 68.56 67.89
Chang et al. (2000) 68.72 68.06
Yoon et al. (2004) 101.18 93.59
Chisholm (1983) 101.55 100.24
Chen et al. (2001) 122.13 122.13
Tran et al. (2000) 179.57 179.57

Table 4. Deviation of the pressure drop comparison with some existing correlations.

The current experimental two-phase pressure drop data were compared with the
predictions from eleven existing correlations. The deviations from the correlation results
from the previous experimental data are listed in Table 4, and the selected comparison
figures are shown in figures 9(a)-(j). The pressure drop homogenous model of Beattie and
Whalley (1982) provided the best prediction in the A.S. Pamitran et al. (2010) study among
the other methods, yielding a mean deviation of around 23%. Mishima and Hibiki (1996) is
the best correlation to predict the pressure drop in K.-I Choi et al. (2009) with a mean
deviation about 35%. The other presented homogenous models also provided relatively
good predictions.

5
, | Friedel (1979)
| MD =33.65%, AD =-5.00%
E’ 3 o 00?0 °
Qq: o° :°°°° ° (] °
g ° ogebes
S 01
0
_1 L '] '] L
0 0.2 04 0.6 0.8 1
X

Fig. 9. (a) Comparison between the experimental data and the prediction pressure drop with
Fridel (1979) correlation
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Fig. 9. (b) Comparison between the experimental data and the prediction pressure drop with
Cicchitti et al (1960) correlation
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Fig. 9. (c) Comparison between the experimental data and the prediction pressure drop with
Zang-Webb (2001) correlation
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Fig. 9. (d) Comparison between the experimental data and the prediction pressure drop with
Chisholm (1983) correlation
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Fig. 9. (e) Comparison between the experimental data and the prediction pressure drop with
Beattie-Whalley (1982) correlation
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Fig. 9. (f) Comparison between the experimental data and the prediction pressure drop with
Chang-Ro (1996) correlation
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Fig. 9. (g) Comparison between the experimental data and the prediction pressure drop with
Dukler et al. (1964) correlation
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Fig. 9. (h) Comparison between the experimental data and the prediction pressure drop with
Trans et al. (2000) correlation
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Fig. 9. (i) Comparison between the experimental data and the prediction pressure drop with
Mishima - Hibiki (1996) correlation
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Fig. 9. (j) Comparison between the experimental data and the prediction pressure drop with
Lochart-Martinelli (1949) correlation
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The pressure drop homogenous model of Beattie and Whalley (1982) provided the best
prediction in the A.S. Pamitran et al. (2010) study among the other methods, yielding a
mean deviation of around 23%. Mishima and Hibiki (1996) is the best correlation to predict
the pressure drop in K.-I Choi et al. (2009) with a mean deviation about 35%. The other
presented homogenous models also provided relatively good predictions. The homogenous
model assumes that vapor and liquid velocities are equal. The McAdams et al. (1954)
correlation was developed based on a homogeneous model. The homogeneous model is a
simplification model; therefore, the model is not an empirical model. For some conditions,
the homogeneous model can predict the pressure drop well, but not for other conditions; it
depends on how close the conditions are to the assumptions of the homogenous model. In
this study we develop a new correlation based on the present experimental data. The
prediction by the Chang et al.’s (2000) and Friedel’s (1979) models yielded a deviation of
lower than 28% in every study. The Chang et al. (2000) model was developed with R-410A
and air-water in a 5 mm smooth tube. Friedel’s (1979) model was developed using a large
database; it was valid for horizontal flow and vertical upward flow. The prediction with the
Chisholm (1983) method showed a fair result with a mean deviation of lower than 40%. The
remaining predictions of Tran et al. (2000), Zhang and Webb (2001), Lockhart and Martinelli
(1949) provided a large mean deviation of more than 40% in every study as mentioned in
Table 4. The correlations have failed to predict the experimental data of A.S Pamitran et al.
(2010) and (2007) and K.-I. Choi et al. (2009) and (2008). Table 5 shows the previous
correlations as comparisons, predicting the pressure drop by using the experimental data.

Previous Correlations

_ X Pt 2.5Xpg
Homogeneous [Beattie H=H (1 Cxpe+ (1— x)pg> <1 Cxpe+ (1— x)pg>
and Whalley (1982)] +u XpPs
gxpf + (1 - x)pg

Homogeneous

[Cicchitti et al (1960)] | ¥~ *Po + (1 — x)ps

Homogeneous _ [(x1-x 1>
[McAdams (1954)] P\
Chang et al. (2000) b5 = (1 — )% + x%[(pefp0)/ (Pefo)]

+ 3.244, A, Fr=0045\g=0035+

A2 — x0.78(1 _ x)0.224- ,
As = (pe/pg)" (/) 1 = (ug/ue)]””

Dj ref

D= e_(D—i)L log __ 350

Re o iz
We(Refofref)
Homogeneous [Dukler | _ _ 1— Xps + Xps
et al. (1964)] K=t xps+ (1 —x)pg He xps+ (1 =x)pgy

www.intechopen.com



Two-Phase Flow Boiling Heat Transfer for

Evaporative Refrigerants in Various Circular Minichannels 285
Previous Correlations
Friedel (1979) ¢f20 — (1 _ X)Z 4+ xz[(pffgo)/(pgﬁo)] + 3.24A2A3FF_0'045W8_0'035
A, = x078(1 — x)0224 |
0.91 0.19 0.7
As = (pe/pg)  (mg/me)  [1— (ug/u)]
Chisholm (1983) Pf =1+ (I? = 1)[Bx"¥75(1 — x)°875 + x1750],  where I?=
(dp/dz)go
(dp/dz)¢o
r G (kg m2st) B
< 500 4.8
<95 500 < G <1900 2400/G
> 1900 55/ G035
< 600 520/ (I'G%5)
95<TI <28 > 600 21T
> 28 - r2gos
Tran et al. (2000) ¢z = 1(4.3T% — 1)[Negnex %875 + x175]
0.5
L _ (dp/d2)g, RACCED)
(dp/dz)r, cont D
Zhang and  Webb Py7! Lot
Mishima and Hibiki | ,, 1— ¢ N 1
(1996) b =1-5+33
where X
— dp dp — -319x10°¢
_< dZF)f/( dZF)g and C=21(1—e )
Lockhart and Martinelli 6 =1 c e
(1949) 7\ X X&
1—x 0.9 0.5 0.1
X = ( ) <&> <ﬂ> and C(turbulent — turbulent)
x Pt Hg
= 20

Table 5. Some of previous correlations to predict pressure drop used by S. Pamitran et al.
(2010) and (2007) and K.-I. Choi et al. (2009) and (2008)

4.3 Heat transfer coefficient
Fig. 10(a) shows the effect of mass flux on heat transfer coefficient. Mass flux has an
insignificant effect on the heat transfer coefficient in the low quality region. The insignificant
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effect of mass flux on the heat transfer coefficient indicates that nucleate boiling heat transfer
is predominant. Several previous studies performed by Kew and Cornwell (1997), Lazarek
and Black (1982), Wambsganss et al. (1993), Tran et al. (1996) and Bao et al. (2000) used small
tubes and showed that, in small channels, nucleate boiling tends to be predominant. The
high amount of nucleate boiling heat transfer occurs because of the physical properties of
the refrigerants, namely their surface tension and pressure, and the geometric effect of small
channels. A higher mass flux corresponds to a higher heat transfer coefficient at moderate-
high vapor quality, due to an increase in the convective boiling heat transfer contribution.
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Fig. 10. (a) Effect of mass flux on heat transfer coefficient for R-22 at g = 10 kW /m?2,
D; = 1.5 mm, Ts = 10°C
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Fig. 10. (b) Effect of heat flux on heat transfer coefficient for C3Hg at G = 100 kg/ /(m?s),
D; = 3.0 mm, T = 10°C

www.intechopen.com



Two-Phase Flow Boiling Heat Transfer for
Evaporative Refrigerants in Various Circular Minichannels

287

30
25
20
15
10

iy (KW/m2K)

R-410A

G =300 kg/m?s
g =10 kW/m?
T, =10°C

sat m N

D; (mm)
m(0.5
A30

rr1rJrJrrrJrrrryrryryrr1 o1
|

Fig. 10. (c) Effect of inner tube diameter on heat transfer coefficient for R-410A at
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Fig. 10. (d) Effect of saturation temperature on heat transfer coefficient for NH; at

G=150kg//(m2s), g =

55 kW/m?2, D; = 3.0 mm

In the high quality region, a drop in the heat transfer coefficient occurs at lower qualities for
a relatively higher mass flux. The steep decreasing of the heat transfer coefficient at high
qualities is due to the effect of a small diameter tube on the boiling flow pattern because
dry-patch occurs more easily in smaller diameter tubes and at a higher mass flux.

Fig. 10(b). depicts the dependence of heat flux on heat transfer coefficients in the low-
moderate quality region. The large effect of heat flux on the heat transfer coefficient shows
the domination of the nucleate boiling heat transfer contribution. At the higher quality
region nucleate boiling is suppressed or convective heat transfer contribution is
predominant; this is indicated by a low effect of heat flux on heat transfer coefficient.
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Fig. 10 (c) shows that a smaller inner tube diameter has a higher heat transfer coefficient at
low quality regions. This is due to a more active nucleate boiling in a smaller diameter tube.
As the tube diameter gets smaller, the contact surface area for heat transfer increases. The
more active nucleate boiling causes dry-patches to appear earlier. The quality for a rapid
decrease in the heat transfer coefficient is lower for the smaller tube. It is supposed that the
annular flow appears at a lower quality in the smaller tube and therefore, the dry-out
quality is relatively lower for the smaller tube. The effect of saturation temperature on heat
transfer coefficient is depicted in Fig. 10 (d). The heat transfer coefficient increases with an
increase in saturation temperature, which is due to a larger effect from nucleate boiling. A
higher saturation temperature provides a lower surface tension and higher pressure. The
vapor formation in the boiling process explains that a lower surface tension and higher
pressure provides a higher heat transfer coefficient.

Previous Correlation Deviation
Mean (%) Average (%)
K.-I. Choi et | Shah (1988) 19.21 3.55
al. (2009) Tran et al. (1996) 21.18 -6.15
Jung at al. (1989) 26.05 23.38
Gungor and Winterton (1987) 28.44 23.78
Takamatsu et al (1993) 32.69 32.15
Kandlikar and Stainke (2003) 33.84 2441
Wattelet et al (1994) 48.28 48.28
Chen (1966) 50.82 18.74
Zhang et al. (2004) 79.21 77.89
K.-I. Choi et | Wattelet et al. 0.06 -3.03
al. (2007) Gungore-Winterton 17.48 1.59
Zhang et al 19.83 -13.35
Kandlikare-Steinke 21.12 -15.43
Tran et al. 22.31 -17.37
Jung et al. 29.1 -23.44
K.-I. Choi et | Wattelet et al. 19.09 12.22
al. (2007) Jung et al. 23.48 9.53
Kandlikare-Steinke 24.32 13.05
Tran et al. 24.81 -10.51
Shah 25.22 -12.29
Gungore-Winterton 25.26 2.39
Chen 36.13 -18.48
A.S. Pamitran | Zhang et al 27.45 -17.34
et al (2007) Gungore-Winterton 31.07 -12.65
Tran et al. 31.69 -28.52
Takamatsu et al. 33.22 -20.65
Jung et al. 33.39 -26.45
Kandlikare-Steinke 38.59 -18.39
Wattelet et al. 38.68 -31.48

Table 6. Mean deviation and average deviation calculated for the different pressure drop
prediction methods
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Fig. 11 (a) and 11 (b) show the comparisons of the heat transfer coefficients of R-22, R-134a,
R-410A, C3Hg and CO» at some experimental conditions. The mean heat transfer coefficient
ratio of R-22, R-134a, R-410A, CsHg and CO, was approximately 1.0 : 0.8 : 1.8 : 0.7 : 2.0.

20
[ G =400 kg/m?s Refrigerants
16 F ¢=20kW/m? m R-22
g i D1:30mm A R-134a
T 12 [ T, =10°C ® R-410A
§ : L X4 ¢ C02
i [ ¢ ¢
R X Tt ST
~ 4 = L
4 :!l-lil.A.A.A.A.A.A-A.AA“AA ¢
0 i I I 1 1 I I 1 1 I I 1 1 I 1 1 1 I.‘I._
0 0.2 0.4 0.6 0.8 1

X

Fig. 11. (a) Heat transfer coefficient comparison of the present working refrigerants at
G=400kg//(m?2s), =20 kW/m?2, D; = 3.0 mm, Tsyx =10 °C

6
[ G =200 kg/m?s Refrigerants
5 [ ¢=10kW/m? m R-134a
o) D;=1.5mm A C;Hq
T o4 T, =10°C
= A A A |
E 3 :AAA * AAAAAAAA m B
& [ = R "A
X 5 - | g = AA
1 [ I 1 I 1 1 1 1 1 I 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1

X
Fig. 11. (b) Heat transfer coefficient comparison of the present working refrigerants at
G=200kg//(m?2s), g=10 kW/m?2, D; = 1.5 mm, Ts, = 10°C

The heat transfer coefficient of CO, was higher than that of the other working refrigerants
during evaporation under all test conditions. The higher heat transfer coefficient of CO; is
believed to be due to its high boiling nucleation. The CO, has much lower surface tension
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and applies much higher pressure than the other working refrigerants. The heat transfer
coefficients of R-22, R-134a and C3Hs are similar due to their similar physical properties. The
comparisons of the physical properties of the present working refrigerants are given in
Table 3. The CO, has a much lower viscosity ratio y¢/ g than the other working refrigerants,
which means that the liquid film of CO, can break more easily than those of the other
refrigerants. The CO; has also a much lower density ratio pf/ps than the other working
refrigerants, which leads to a lower vapor velocity, which in turn causes less suppression of
nucleate boiling, as shown.

The heat transfer coefficients of the present study are compared with the results given by
several correlations for boiling heat transfer coefficients as shown in Table 6. The Gungor-
Winterton (1987), Jung et al. (1989), Shah (1988) and Tran et al. (1996) correlations
provided better predictions, with mean deviations of lower than 30% in A.S. Pamitran et
al (2010), than the other correlations. Wattelet et al (1994) successively predict the
experiment data for 2PK.I. Choi et al (2007). The Gungor-Winterton (1987) correlation was
a modification of the superposition model; it was developed using fluids in several small
and conventional tubes under various test conditions. The Jung et al. (1989) correlation
was developed with pure and mixture refrigerants in conventional channels; its F factor
contributed a big calculation deviation with the current experimental data. The Shah (1988)
correlation was developed using a large data set for conventional tubes. The prediction
with the Shah (1988) correlation was fair under conditions at the low quality region. The
Tran et al. (1996) correlation was developed for R-12 and R-113 in small tubes. The
correlations of Chen (1966) and Wattelet et al. (1994), which were developed for large tubes,
have a high prediction deviation in KI Choi et al’s (2009) experimental data. The
correlations of Kandlikar (1990) and Zhang et al. (2004) were developed for small tubes;
however, the correlations could not predict well the present experimental data. The
correlations of Wattelet et al. (1994), Kandlikar (1990) and Zhang et al. (2004) showed a large
deviation in the prediction of the CO, data. The Kandlikar (1990) correlation failed to predict
the heat transfer coefficient at the high quality region.

Table 7 shows the previous correlation use by A.S. Pamitran et al. (2007) and K.I Choi (2009),
(2007)

5. Development of a new correlation

5.1 Pressure drop

In this section, the effort of A.S. Pamitran et al and Choi et al. in developing a pressure drop
correlation that is appropriate to use in specific refrigerants for the horizontal smooth
minichannel is highlighted. The area average-gas fraction or void fraction denoted with a is
defined as the ratio of gas phase cross-sectional area (Ag) to the total cross-sectional area.
A=Ag+ A

a= 7‘9 (12)

In boiling and condensation it is often convenient to use the fraction of the total mass flow

which is composed of vapor or liquid. The mass quality, x, is defined as

e W (13)
W, + W, W
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Gungor and Winterton (1987) hyp = E.hy +S. hpp

E = fn(Bo,X) and S = fn(Bo, X, Re;)

hy = Rpittus—Boelter hpb = hCooper
ung et al. (1989 N
J & ( ) htp S C_hun + Cmerhlo

un
N = fn(Xy, Bo) Cun = (X, Y, D, Pemve)
hih,

hyppy=——""->"7"-<,

(R Xy + hpXy)
hy and h, are hgq = hStephan—Abdesalam
Cme = fn(X, Y) ) Fp = fn(Xtt)

hio = Apittus—Boelter

Shah (1988) For horizontal tube, Frf >0.04
1 0.8

e~ @

hyp = max(hyp, he)

Tran et al. (1996) e\
hy, = 8.4 x 10%(Bo*Wep)*3 <p—)
g

Chen (1966) hip = S hop + F. Ry

hnb = REoster—zuber

hio = Apittus—Boelter
F =fn(Xy) and S = fn(Rey,)

Wattelet et al.(1994) hyp = [y, + hEG1Y2 . n=25

hyp = hCooper
heb = hpittus—Boelter X F X R
R =fn(X,) andR =fn(Fr))

Kandli i 2 h
andlikar and Steinke (2003) % = D,CoP*(1 — x)%%fn(Fry,)
!
+ D3BoP+(1 — x)%8Fn
fn(Fr,) =1
Zang et al. (2004) hyp =S.hpp + F.hgp

for horizontal circular channel

hnb = Rposter—zuber
hsp = max(hpjtrus—Boelter) »1f Rer < 2300

hsp = hpjttus—Boelter »if Rer = 2300
F =fn(¢s) and S = fn(Rey)

Table 7. Some of previous correlations to predict heat transfer coefficient used by .S
Pamitran et al. (2010) and (2007) and K.-I. Choi et al. (2009) and (2008)
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The rate of mass flow divided by the flow area is given in the name “mass velocity” and the
symbol G.

u
G p.u ” (14)
The mean velocity of the liquid phase is shown by

. G(1-x) (15)
W= pr.-(1—a)

The mean velocity of the gas phase is shown by

Gx (16)
Uy = ——
pg-a
The total pressure drop consists of friction, acceleration and static head components as
illustrated in the Equation below.

(G = (Gr) + (G o)+ ()

For flow boiling in a horizontal layout test section, the static head pressure drop is excluded.
Therefore, the experimental two-phase frictional pressure drop can be obtained by
subtracting the calculated acceleration pressure drop from the measured pressure drop, as
shown in Eq. (2), and may then be expressed in terms of the single-phase pressure drop for
the liquid phase, considered to exist in the tube, as below.

dp dp 2
(a:F) = (EF)f o7 17)
The liquid frictional pressure drop is calculated from the Fanning equation. The frictional
pressure drop can then be rewritten as Eq. (19) below.
d 2f;G*(1 — x)?
(_PF) _ 2,67 - %) 18)
dz /g psD

The friction factor in Eq. (7) was obtained by considering the flow conditions of laminar-
turbulent flows, where f = 16Re"! for Re < 2300 (laminar flow) and f = 0.079 Re-% for Re >
3000 (turbulent flow). The laminar-turbulent transition Reynolds number was obtained
from Yang and Lin (2007).

dp \ _ 2f;G*(1 — x)?
(E F) - [ psD ]d)’% (19)

A new modified pressure drop correlation was developed on the basis of the Lockhart-
Martinelli method. The two-phase pressure drop of Lockhart-Martinelli consists of the
following three terms: the liquid phase pressure drop, the interaction between the liquid
phase and the vapor phase, and the vapor phase pressure drop. The relationship among
these terms is expressed in Eq. (20).
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1/2
(&), = (C&n), +e|En, Can),| + (&), 2

The two-phase frictional multiplier based on the pressure gradient for liquid alone flow, ¢f,
is calculated by dividing Eq. (20) by the liquid phase pressure drop, as is shown in Eq. (21).

(&7, |20 2R, .

1/2

1
2\ S N\ 4+ 21
2 (—d—pF) + (—d—pF) +(—d—pF) +5+ 72 (21)
dZ f dZ f dZ f
The Martinelli parameter, X, is defined by the following equation:
dp 1/2
Mt [2062<1—x>2pg/D]”2 _ (f_f>”2(1—x> (p_g)”z @)
(_d_pp) 2f, G*x?py/D fq x J\ps
dz" Jg4

The friction factor in Eq. (22) was obtained by considering the flow conditions of laminar
(for Re <1000, f = 16Re") and turbulent (for Re > 2000, f = 0.079Re0-%).
The pressure drop prediction method can be summarized as follows:

(a2) = () + (G5e)

dp\ _ (2f;G*(1 —x)? d (x> (1—x)?
(E) B ( psD )(Z)? * GzE(apg * (1- a)pf>

dp\  (2f;G*(1 —x)* c 1 d (x> (1—x)?
(E)_< peD ><1+}+ﬁ)+G25<apg+(1—a)pf>

won | \
dy_(HEQN € 1
@-C N Tree gere) -

d { x> (1-x)?
+ G +

dz (apg (- a)pf>
The calculated factor C is obtained from Chisholm (1967). For the liquid-vapor flow
condition of turbulent-turbulent (tt), laminar-turbulent (vt), turbulent-laminar (tv) and
laminar-laminar (vv), the values of the Chisholm (1967) parameter, C, are 20, 12, 10, and 5,
respectively. The value of C in this thesis is obtained by considering the flow conditions of
laminar and turbulent with thresholds of Re=2300 and Re=3000 for the laminar and
turbulent flows, respectively. The laminar-turbulent transition Reynolds number was
obtained from Yang and Lin (2007). Fig. 12 shows a comparison of the two-phase frictional
multiplier data with the values predicted by the Lockhart-Martinelli correlation with C=5
and C=20. The figure shows that the present data are located at mostly between the baseline
of C=5 and C=20, which means that laminar, turbulent and the co-current laminar-turbulent
flows exist in the present data. For liquid-vapor flow conditions, the present experimental
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data shows 5.43% laminar-laminar, 28.46% laminar-turbulent, 3.78% turbulent-laminar, and
62.33% turbulent-turbulent.

10%
0  Experimental data
- — C=5
103
3
& 102 E
10
10° it

102 107! 10° 10
Lockhart-Martinelli parameter, X

Fig. 12. Variation of the two-phase frictional multiplier data with the Lockhart-Martinelli
parameter

The experimental result showed that the pressure drop is a function of mass flux, inner tube
diameter, surface tension, density and viscosity, therefore the factor C in Eq. (21) and (23)
will be developed as a function of the two-phase Weber number, Wey,, and the two-phase
Reynolds number, Rep.

1
C= ((p]% -1- p)X = fn(We,, Rey, ) (24)

Where Wey, and Rey, are defined as:

G?D

— 25

Wey, 5o (25)
GD

Rey, = — (26)

A new factor C was developed using the regression method, as is shown in the Equations in
the table below.

A new pressure drop correlation was developed on the basis of the Lockhart-Martinelli
method as a function of the Weber number, Wey, and the Reynolds number, Rey, by
considering the laminar-turbulent flow conditions. Using a regression method with 812 data

www.intechopen.com



Two-Phase Flow Boiling Heat Transfer for
Evaporative Refrigerants in Various Circular Minichannels 295

points, a new factor C was developed by A.S. Pamitran et al. (2010) with mean and average
deviations of 21.66% and -2.47%, respectively, based on comparison as shown in Fig. 13.

Correlation Deviation
e PSR
Ch"i'(;';g") gt al. C = 1732.953 x Re;,0323We; 024 I\AA]]DD :1185;)%
Ch"i'(i)'g)lé’) etal. C = 55564 x Rel2837We 0288 IXIS :_40'21%
Pam;tf?gb(%')s" et C = 1.2897 x 10° X Rel5S7*We ;33271 Z/I[[)) :904515//

Table 8. Equations developed by A.S. Pamitran et al. and K.I. Choi et al

This correlation will contribute to the design of heat exchangers with small tubes.

Fig. 14 illustrates the two-phase frictional multiplier comparison between the present
experimental data and the prediction with the newly developed correlation. The comparison
shows a mean deviation of 10.84% and an average deviation of 1.08%.

3000
2400
1so0f
ey

s |
120 X

600 MD = 21.66%

AD = -2.47%

[:l L i i i
0 600 1200 1800 2400 3000

“f pred
Fig. 13. Two-phase frictional multiplier comparison between the present experimental data

(¢?exp) and the prediction with the newly developed correlation (¢? pre 4 A.S. Pamitran et
al. (2010)
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Fig. 14. Comparison of the experimental and predicted heat transfer coefficients using the
new developed correlation. K.I. Choi et al (2009)

5.2 Heat transfer coefficient
It is well known that the flow boiling heat transfer is mainly governed by two important
mechanisms, namely nucleate boiling and forced convective heat transfer.

hip = hpp + he (27)

In two-phase flow boiling heat transfer, the nucleate boiling heat transfer contribution is
suppressed by the two-phase flow. Therefore, the nucleate boiling heat transfer contribution
may be correlated with a nucleate boiling suppression factor, S. Another contribution of
convective heat transfer may be correlated with a liquid single phase heat transfer. The F
factor is introduced as a convective two-phase multiplier to account for enhanced convective
properties due to co-current flow of liquid and vapor. A superposition model of heat
transfer coefficient may be written as follows:

htp = S hnbc + F. hf (28)

The appearance of convective heat transfer for boiling in small channels occurs later than it
does in large channels because of its high boiling nucleation.

The new heat transfer coefficient correlation in this study is developed by only using the
experimental data prior to the dry-out. Chen (1966) introduced a multiplier factor, F= fn(Xy),
to account for the increase in the convective turbulence that is due to the presence of the
vapor phase. The function should be physically evaluated again for flow boiling heat
transfer in a minichannel that has a laminar flow condition, which is due to the small
diameter effect. By considering the flow conditions (laminar or turbulent) in the Reynolds
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number factor, F, Zhang et al. (2004) introduced a relationship between the factor F and the
two-phase frictional multiplier that is based on the pressure gradient for liquid alone flow,
¢¢. This relationship is

F = fn(¢?) (29)

Where ¢7 is a general form for four conditions according to Chisholm (1967), as is shown in
Eq. (21). For the liquid-vapor flow condition of turbulent-turbulent (tt), laminar-turbulent
(vt), turbulent-laminar (tv) and laminar-laminar (vv), the values of the Chisholm
parameter, C, are 20, 12, 10, and 5, respectively. The value of C is found by an interpolation
of the Chisholm parameter with thresholds of Re = 1000 and Re = 2000 for the laminar and
turbulent flows, respectively.

The Martinelli parameter is defined as in equation (22) together with the Blasius equation of
friction factors, ff and f; ; the Martinelli parameter can be rewritten as

f 1/8 1 — /8 Py 1/2
7 )G ®

There is an important effect of quality, density ratio, pt/ ps, and the viscosity ratio, pg/ g, ON

heat transfer coefficient. The liquid heat transfer is defined by existing liquid heat transfer
coefficient correlations by considering flow conditions of laminar and turbulent. For laminar
flow, Ref < 2300, where

_G(A—-x)D

Hr
And the liquid heat transfer coefficient is obtained from the following correlation:
k
hy = 436 (32)

D

For flow with 3000 < Ref < 104, the liquid heat transfer coefficient is obtained from the
Gnielinski (1976) correlation:
ks
)(3)

05 (33)

(Re;—1000)Pry (7%

hy =

1+ 12.7(Prs?3 = 1) (}%)

where the friction factor is calculated from (for Re <1000, f = 16Re"!) and turbulent (for Re >
2000, f = 0.079Re*-%5). For flow with 2300 < Ref < 3000, the liquid heat transfer coefficient is
calculated by interpolation. For turbulent flow with 104 < Ref < 5x109¢, the liquid heat transfer
coefficient is obtained from the Petukhov and Popov (1963) correlation:

RefPry (é—f) (%)

1+ 12.7(Prs?3 = 1) (%f)

05 (34)

The Dittus Boelter (1930) correlation is used for turbulent flow with Ref > 5x10¢.
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k ke [G(1 —x)D]*® [Cppu 1™
_ f 5,08p,.04 _ f fef

D Ur (35)

The F factor in this study is developed as a function of ¢¢, F = fn(¢7), where ¢¢ is obtained
from Egs. (21) - (22). The liquid heat transfer is defined by the Dittus Boelter correlation and
a new factor F, as is shown in Fig. 15(a)-(d), is developed using a regression method.

8

M, (KWIMZ R}

()

0 I 2z 3 i 5 f 7 b

hﬂp_ IkW/imiK)

Fig. 15. (a) Comparison of the experimental and predicted heat transfer coefficients using
the new developed correlation. K.I. Choi et al. (2009)
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The new correlation
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Fig. 15. (b) Diagram of the ratio of the experimental heat transfer coefficient, /p exp, and the
predicted heat transfer coefficient, hi pred,vs. quality, x. aK.I. Choi et al. (2007)
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Fig. 15. (c) Diagram of the experimental heat transfer coefficient, /iexp., Vs prediction heat
transfer coefficient, hipreq. PK.I. Choi et al. (2007)
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Fig. 15. (d) Diagram of experimental heat transfer coefficient /iex, vs prediction heat transfer
coefficient fipreq. A.S. Pamitran et al (2007)

The prediction of the nucleate boiling heat transfer for the present experimental data used
Cooper (1984), which is a pool boiling correlation developed based on an extensive study.
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h = 55p212(—0.4343Inp,) "5 M~05q067 6)

Where the heat fluxes, g, is inWm-=2. Kew and Cornwell (1997) and Jung et al. (2003) showed
that the Cooper (1984) pool boiling correlation best predicted their experimental data. Chen
(1966) defined the nucleate boiling suppression factor, S, as a ratio of the mean superheat,
ATe, to the wall superheat, AT, Jung et al. (1989) proposed a convective boiling heat
transfer multiplier factor, N, as a function of quality, heat flux and mass flow rate
(represented by employing Xtt and Bo) to represent the strong effect of nucleate boiling in
flow boiling as it is compared with that in nucleate pool boiling, hnbe/hnp. The Martinelli
parameter, Xy, is replaced by a two-phase frictional multiplier, (;bfz, in order to consider
laminar flow in minichannels. By using the experimental data of this study, a new nucleate
boiling suppression factor, as a ratio of /inpe/ hnp, is proposed as showen in table 9.

A.S. Pamitran et al. and K.I. Choi et al have developed a correlation based on the Zhang et al
(2004) that modified the F factor and Chen (1966) introduced the suppression factor, S. The
new heat transfer coefficient correlation is developed using a regression method with 461
data points for CsHg in Choi, K.I et al (2009), 471 data points for CO; in 2K.-I. Choi et al
(2007), 681 data points for R-22, R-134a, and R-744 (CO,) in PK.I. Choi et al.(2007), and 217
data points for R-410A in A.S. Pamitran et al. (2007).

The comparison of the experimental heat transfer coefficient, /i exp, and the predicted heat
transfer coefficient, hi preq, for propane is illustrated in Fig. 15(a). The new correlation agrees
closely for the comparison with a mean deviation of 9.93% and an average deviation of
-2.42%. Fig. 15(b) illustrates CO, on the comparison with a mean deviation of 8.41% and an
average deviation of 0.37%.

The comparison of the experimental heat transfer coefficient, /iexp, and the prediction heat
transfer coefficient, /ipred, is shown in Fig. 15(c). The new correlation for three refrigerants R-
22, R-134a and R-744 (CO,) showed good agreement with a mean deviation of 11.21% and
an average deviation of -0.72%. Fig 14 (d), the new correlation for 410A also show a suitable
range of mean deviation, 11.20% and an average deviation 0.09%; Table 9 gives a summary
of the new correlation.

F factor Supression factor Deviation
;haoll (15(',3'9) F=MAX(0.5¢7,1) | S =181458(¢2)" """ Bo®®16 1\A/1]1)) :29 495’//
eIt<aII ((2188;) F=005¢7 +095 | §=72694(¢3)"""  Bo02814 X[[[)) 7 3 ;71//
th(all ((2:(})‘871) F =0.042¢7 +0.958 | S =469.1689(p2) """ 007402 I\O/Ivgfllllm%
AD = -0,72%
‘;'ii_lj(gg(‘)i;;an F=0062¢7 +0938 | S =9.4626(¢2) ~  Bo®1285 XI[[; _ 0%5202%

Table 9. Equations developed by A.S. Pamitran et al. and K.I. Choi et al

6. Concluding remarks

The pressure drop and heat transfer experiments in convective boiling performed with R-22,
R-134a, R-410A, R-744 (CO,), R-717 (NHs) and R-290 (CsHs) in horizontal smooth
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minichannels. It can be explained, that, the pressure drop is higher at the conditions of
higher mass and heat fluxes, and for the conditions of smaller inner tube diameter and
lower saturation temperature. The experimental results showed that pressure drop is a
function of mass flux, inner tube diameter, surface tension, density and viscosity. The new
pressure drop correlations were developed on the basis of the Lockhart-Martinelli method
as a function of the two-phase Reynolds number, Rey, and the two-phase Weber number,
Wep. The new factor C was developed using a regression method

Mass flux, heat flux, inner tube diameter and saturation temperature have an effect on the
heat transfer coefficient. The heat transfer coefficient increases with a decreased inner tube
diameter and with an increased saturation temperature. The geometric effect of the small
tube must be considered to develop a new heat transfer coefficient correlation.

The two-phase flow pattern was mapped in the Wang et al (1997) and the Wotjan et al.(2005)
flow pattern maps. The Wotjan et al. flow pattern map illustrates the formation of
intermittent, annular, dry-out, and mist flows until the dry-out. The Wang et al (1997) flow
pattern map illustrates the data start from annular flow, Str. wavy to intermittent flow.
Laminar flow appears for flow boiling in small channels, so the modified correlation of the
multiplier factor for the convective boiling contribution, F, and the nucleate boiling
suppression factor, S, is developed in the study using laminar and turbulent flows
consideration. The new boiling heat transfer coefficient correlations that are based on a
superposition model for refrigerants in minichannels were presented. The work of
developing the new correlations used 2288 data points.

The documentation contained in this manuscript endeavors to perceive the two-phase flow
boiling heat transfer and pressure drop in horizontal circular channels as the basic
understanding for application in refrigeration fields or any concern that is related to two-
phase flow. It is known that there is no single correlation that has the ability to predict
accurately the two-phase flow heat transfer and pressure drop. Every single or mixed
refrigerant could be had differently as a result of pressure drop correlation and heat transfer
correlation. Therefore, the modification of the previous correlations or a new development
in this matter is still open.

7. Nomenclature

A Cross section area

. 1)<
AD Average Deviation, AD :(;j;((dpp \o —dpexp)xloo / dp exp) for pressure drop or

1

AD = (;) Z::((hpred - hexp) x100 / hexp) for heat transfer coefficient

Boiling number, Bo = q/Gi;

Correction factor for two—piase pressure drop

Specific heat capacity at constant pressure (kJ/ (kg-K))
Diameter (m)

Electric potential (V)

Multiplier factor for convective heat transfer contribution
Friction factor

Mass flux (kg/(m? s))

Acceleration due to gravity (m/s?)

Heat transfer coefficient (kW /(m?2 K))

T QTN S 0P
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Lalahule

=

Pr

A" AR

R R

e

Electric current (A)

Enthalpy (kJ/ (kg K))

Thermal conductivity (kW/(m K))
Tube length (m)

Molecular weight of the liquid

Mean Deviation, MD = (%)Z::‘((dppred - dpexp) x100 / dPesp )‘ for pressure drop or

MD = (%]21: ((hpred ~Hesp ) X 100/hexp )‘ for heat transfer coefficient
Number of data

Pressure (N/m?)

Prandtl number, Pr=c,u / k
Electric power (kW)

Heat flux (kW/m?2)

Heat generation (kW/m3)
Electrical resistance (ohm)
Reynolds number, Re =GD/u
Surface roughness parameter (pm)
Suppression factor

Temperature (K)

Volume (m?3)

Mass flow rate (kg/s)

Webber number,
Lockhart-Martinelli parameter
Mass quality

Length (m)

Greek letters

g\‘S&QbTQN

Correction factor on Baker (1954) flow pattern map, 1 = [( Pg/Pa ) (o1/ Prve )}1/2
Void fraction

Viscosity (Pa s)

Density (kg/m?3)

Surface tension (N/m)

Two-phase frictional multiplier

Correction factor on Wang et al.(1997) flow pattern map,,, (o /o) [( s/ ) (o /e ]1/ ’

Gradients and differences

(dp/dz) Pressure gradient (N/m?2m)

(dp/dz F) Pressure gradient due to friction (N/m?2m)
(dp/dz a) Pressure gradient due to acceleration (N/m?2m)
(dp/dz z) Pressure gradient due to static head (IN/m2m)
Subscripts

A Air

c Convective

exp Experimental value

f Saturated liquid

g Saturated vapor
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i Inner tube

fo Liquid only

nb Nucleate boiling

nbc Nucleate boiling contribution

0 Outer tube

pb Pool boiling

pred  Predicted value
red Reduced

sat Saturation

sC Subcooled

t Turbulent flow
tp Two-phase

v Laminar flow
' Water

w Wall
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