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Abstract

An experimental investigation of the flow boiling heat transfer for eco-friendly pure refrigerant (R600a) and
guasi-azeotropic mixture (R410A) has been presented. The test section is a smooth horizontal tube (7 mm ID)
uniformly heated by the resistance heating effect. The flow boiling characteristics of the refrigerant fluids are
evaluated varying the refrigerant mass flux within the range of 100-400 kg/m?s, the heat fluxes within the range
3.0-10.0 kW/m?; inlet temperatures to the evaporator are maintained within 5°C-9°C. In this study, the effect of
vapor quality, mass flux, imposed heat flux and fluid thermo-physical properties of the heat transfer coefficient
and two-phase pressure drop are examined. Moreover, an assessment of predictive methods is provided for
local heat transfer coefficients; also a comparison of flow regimes visualizations for R600a and R410A with a

flow pattern map available in the literature is presented.
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NOMENCLATURE

AN  active nucleation sites (K-N-m/J/kg-kg/m3)
Cr specific heat at constant pressure (J/kg-K)
D diameter (m)

G mass flux (kg/m?s)

h heat transfer coefficient (W/mK)

M molecular weight (dimensionless)

heu,calculated _hev,experimental)

MBE mean bias error (== ™

n

q heat flux (kW/m?)
Res liquid Reynolds number (=

hev,experimental

G(1-x)D . .
(M—x), dimensionless)
1

RMSE root mean square error

2
(_ 1vn [hev,calculated_hev,experimental )
= |=Xie
n Rev,experimental

T temperature (°C)
X vapor quality (dimensionless)

Greek letters

u dynamic viscosity (Pa-s)
p density (kg/m?3)

o surface tension (N/m)
A differential

Subscripts

avg average

C critical

ev evaporative

f frictional

fg latent quantity
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g vapor phase

i inlet

I liquid phase

o] exit

IA intermittent to annular flow transition

Sat  saturation
TP two phase
w wall

Introduction

Environmental issues associated with the enormous
use of refrigerants in refrigeration, air conditioning
and heat pump industries are now the most woeful
thought to the researchers to deal with new fluids to
replace the highly used hydroclorofluorocarbons such
as R22 due to the proscription imposed by the
international amendments and protocols [1,2].
Besides a very interactive thermodynamic qualities,
R22 has a large pressure drop in the evaporator and
condenser [3] and cause greenhouse gas emissions,
which in turn, contribute significantly to the Total
Equivalent Warming Impact [TEWI]. One effective
solution to reduce this type of greenhouse gas
emissions is using eco-friendly and energy efficient
refrigerants [4]; isobutane (R600a) as a pure
refrigerant, and R410A as a quasi-azeotropic blend
(general properties of these refrigerants have been
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shown in Table 1 [5]) are those belonging to the first
rate choices according to the Atmospheric Research
and Environment Program (AREP). With a temp-
erature glide, the concentration gradient near the
liquid-vapor inter phase causes heat transfer
degradation for refrigerant mixture [6]; but the cycle
efficiency can be improved [7] by lessening the mean
temperature differences between the refrigerant and
heat transfer fluid when the mixture is used as the
working fluid. Hydrocarbon (R600a), has flammability
problems[8], can be a comparable solution to R22
replacement in thermal performances [9] with great
environmental aspect. R410A is a near-azeotroic
blend, perform better in refrigerant cycle [10] than
R22 with a lower pressure loss in the heat exchanger
[11].

Two-phase flow heat transfer characteristics plays an
important role in designing highly efficient refri-
geration and air conditioning unit. The best way to
enhance the heat transfer coefficient inside a tube is
lowering the tube inner diameter; indeed, the
associated pressure drop may cause a larger initial
and running cost [12]. It is, thus, very important to
grow the accurate quantified knowledge of the heat
transfer characteristics and pressure drop variation in
a smooth horizontal small tube, even with the new
refrigerants and refrigerant mixtures replacement to
R22. Moreover, the flow pattern transition in an
evaporator tube is also an important factor as the
heat transfer phenomena keep changing with the
flow regimes along the evaporator tube [13]. A recent
review [4] sketched the different theoretical and
experimental studies carried out around the globe
with the environmentally friendly refrigerant and
refrigerant mixtures. Boiling flow characteristics of
different refrigerants and their mixtures in smooth
tubes have been experimentally investigated by
several researchers [6, 7, 9-11, 14-20] over the few
decades. But the comprehensive exposure on the
heat transfer coefficient and pressure drop with the
description of the flow pattern map over the mass
flux range for the refrigerants aforesaid, and their
performance comparison is really scarce.

Present study analyzes the experimental results of
flow boiling heat transfer coefficient and two-phase
pressure drop gradient of R600a and R410A inside a
smooth circular copper tube of inside diameter 7 mm
varying the heat flux in the range of 3-10 kW/m?
mass flux within the range of 100-400 kg/m?s; the
inlet temperature of the evaporator within the range
of 5°C-9°C. The objectives of the present study are to
develop an accurate flow boiling heat transfer and
pressure drop database for important new
refrigerants and to provide data to the refrigeration
industry for the design of highly efficient evaporators,
and to investigate the influence of imposing heat flux,
refrigerant mass flux, and vapor quality on the flow
boiling characteristics.

1.EXERIMENTAL APPARATUS

PROCEDURE:

AND TEST

Figure 1 shows the simplified schematic diagram of
the experimental facility to provide the two phase
heat transfer phenomena during flow boiling of the
test refrigerants under different ranges of test
parameters described in Table 2. The test arran-
gement and test procedure were same as that of the
previous work of the author [21].

The test section of 1.2 m effective length was
prepared of the smooth copper tube with inner
diameter of 7 mm and outside diameter 9.52 mm.
The photographic view of the present test section has
been depicted in Figure 2. The outside tube wall
temperatures were measured by T-type copper-
constantan thermocouples at five axial positions,
including inlet and exit to the test evaporator tube. At
each section, the temperatures were measured at the
top, two sides of the middle and bottom of the tube.
The average of these temperatures indicates the local
wall temperatures. The local saturation pressures at
the inlet and outlet of the test evaporator were
measured by piezoelectric pressure transducers. The
average of these two pressures indicates the
saturation pressure at test section and the difference
specifies the corresponding pressure drop. The test
evaporator tube was heated by flexible Nichrome

Table 1: General properties of refrigerants.

Refrigerant Constituents Pc(kPa) | Safety | ODP* | GWP* | Life (yr.) M
R22 Chlorodifluoromethane CHCIF, 4990 Al 0.05 | 1810 12 86.466
R600a Isobutane CH(CHs)2CHs 3648 A3 0 4 1243 58.123
R410A Puron CH3F, /CoHFs (1:1) 4860 Al 0 2088 16.95 72.58

*QOzone Depletion Potential; *Global Warming Potential.

© 2017 IJETCR. All Rights Reserved.
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Figure 1: Schematic of test arrangement.

(Nickel-Chromium 80-20 percent by weight) heater
wire (3.2 kW capacity at 8m length, with calibrated
accuracy of 2W) wrapped over the full test length.

Heat flow to the heater was determined by the
current flow and voltage drop across the heater
measured by standard clamp meter. The refrigerant
flow patterns were observed through the sight
glasses installed before the evaporator and captured
through a view section with high speed camera
installed after the evaporator. To calculate the
enthalpy at the entry to pre-heater, another pressure
transducer and T-type thermocouples were fitted at a
section just prior to the pre-heater. The evaporator
tube and heaters were well insulated with glass wool
from outside to ensure adiabatic condition. Table 3
shows the features of the plant instrumentation. The
temperature and pressure measurement were

recorded through a data acquisition system (sampling
rate of 0.1-0.2 Hz; 250 kS/s) to store acquired test
data to a personal computer. For proper
measurement and data acquisition, the test section
was connected to earth.

2. DATA ACQUISITION AND DATA REDUCTION:

The ‘quasi-local’ heat transfer coefficient was
calculated by using following Equation (1):

-1
= rtDiL(TW(; — Tsat) B % (ln[DZ/Di])] )

This is simply based on heat generation by electrical
resistance heating of heater wire outside evaporator
tube wall and conduction heat flow through the tube
wall to the refrigerant flowing inside at steady state
condition. The assumptions behind the calculation of

Table 2: Range of test parameters.

Parameters Range
Refrigerant mass flux 100-400 kg/m?s
Heat flux 3-10 kW/m?
Vapor quality 0.1-0.9
Inlet temperature 5°C to 9°C

© 2017 IJETCR. All Rights Reserved.
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the heat transfer coefficients are same as considered
by Copetti et al. [21]. The outside tube wall
temperature, T, , is the mean of outside wall
temperature at the top, two sides of the middle and
bottom of the tube at each section in the test
evaporator as:

Two — Tt(Z) + Tsl(z) :Tsr(z) + Tb (Z) (2)

Tsq: is the saturation temperature for the pressure
readings of the mean of the dew and bubble point
temperature for refrigerant mixtures. To evaluate the
heat loss to the ambient in the test section and pre-
heater, single phase tests were carried out to find the
heating coefficient, n defined as the ratio between
the output power and input power.n (typically
around 0.935) was experimentally determined using
the method proposed by Copetti et al. [21].

The resistance heat flow, Q to the refrigerant from
outside of the tube (pre-heater and test section) has
been calculated by using following Equation (3):

Q=n-V-I (3)

Average vapor quality is calculated by following
Equation (4):

Xavg = (xi + xo)/z (4)

where, x;, is the inlet dryness fraction of refrigerant
to the test section, which is calculated by following
Equation (5):

h; — hg; (5)
Xj = ——

hfg,i

h;, is the specific enthalpy of the refrigerant at the
entry to the test section and the outlet of the pre-
heater, which is determined by Equation (6) applying

an energy balance on the pre-heater:

hj=h; + QPH/rh (6)

Enthalpy hy is found with respect to the measured
temperature and pressure at the entry to the pre-
heater and hg, is the latent heat of vaporization of
the refrigerant. x, is the exit dryness fraction of
refrigerant from test section can be determined from
Equation (7):
X, = hg - hf,o (7)
hfg,o

hout is the exit enthalpy of the refrigerant is
determined by applying an energy balance on the
test section as:

ho — hi + QTS/rh (8)

The thermodynamic properties of refrigerants were
found from REFPROP version 8.0 [22].

The Pressure drop gradient has been calculated from
direct difference in pressure readings in the pressure
transducers fitted at the inlet and exit of the test
evaporator, assuming the pressure drop from the
saturation point to the outlet of the test evaporator is
a linear function of the tube effective length [21].

The error in measurement depends on the operating
conditions and mostly on the accuracy of the wall
temperature difference. The experimental
uncertainty analysis was done by following Equation
(9) proposed by Moffat [23]:

Up = 5N (Ruy,) ©)

Where Ug is the estimated uncertainty in calculating
the value of desired variable R, due to the
independent uncertainty Uy, in the primary
measurement of N number of variables V;, affecting
the result. To evaluate the heat loss to the ambient in
the test section and pre-heater, single phase tests
were carried out to find the heating coefficient, n
defined as the ratio between the output power and
input power. n (typically around 0.928, shown in

Table 3: Instruments and appliances.

Quantity Apparatus Range Accuracy
Temperature T-type thermocouple -50°C to 250°C 10.2°C

Pressure Piezoelectric transducers 0 to 20 bar +0.5% F.S.

Mass flow rate Coriolis effect mass flow meter 0 to 200 kg/hr +0.2%

Voltage AC variable voltage controller 0to220V +0.5%

Current Clamp meter 0to 100 A +1.0% F.S.t5digits

© 2017 IJETCR. All Rights Reserved.
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Figure 2: Photographic view of the test section.

Table 4) was experimentally determined using the
method proposed by Copetti et al. [22].

The thermodynamic properties of refrigerants were
found from REFPROP version 8.0 [23]. The two-phase
pressure drop gradient has been calculated from
direct difference in pressure readings in the pressure
transducers fitted at the inlet and exit of the test
evaporator, assuming the pressure drop from the
saturation point to the outlet of the test evaporator is
a linear function of the tube effective length [22].For
evaluating two-phase friction friction factor, the
process discussed in our previous paper [24] has been
followed.

3. EXPERIMENTAL RESULTS:

In the present paper, the heat transfer coefficients
for flow boiling through a horizontal smooth tube are
evaluated for two refrigerants; pure fluid R600a, and
near-azeotropic blend R410A, by varying the heat flux
with different evaporating pressures and mass fluxes
while maintaining the refrigerant inlet temperature
to the test evaporator between 5°C to 9°C. The
experimental conditions are summarized in Table 5. A
detailed discussion of the dependence on each

operating parameter has been presented in the
following subsections.

A. VALIDATION:

In order to establish the integrity of the experimental
set-up and verify the temperature and pressure
measurements in the present test arrangement,
preliminary tests have been performed with R410A,in
the single (liquid) phase with the turbulent flow
regime. The liquid phase heat transfer coefficients
are evaluated and compared with those obtained
with the renowned Dittus-Boelter correlations [25].
The experimental heat transfer coefficients show a
maximum mean deviation (MD) of 9% (Figure 3).The
two-phase flow heat transfer results of the flow
boiling of refrigerants through the test evaporator
tube are compared with the predicted values by the
Liu and Winterton [26], Gungor and Winterton [27],
Kandlikar [28], Fang [29] and Mahmoud and
Karayiannis [30] correlations has been depicted in
Figure 4 and 5.

This confirms that the experimental results on two-
phase flow and flow evaporation using the test
facility and measurement systems are reliable. The

Table 4: Values of heat coefficient.

Power; (W) 24.9 73.6 167.2 278.7 328.1 541.8 733.7
Power, (W) 23.4 66.9 152.5 256.8 309.0 507.1 690.5
N (%) 93.9 90.8 91.2 92.1 94.1 93.6 94.1

© 2017 IJETCR. All Rights Reserved.
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Table 5. Operating test conditions.

Fluid G q Ax Fluid G q Ax
.| 99.6 | 3.10 | 0.819-0.138 o 100.1 3.06 0.879-0.140
8] 1004 | 451 | 0.833-0.128 -: 101.0 4.48 0.843-0.126
g 101.0 | 6.01 | 0.863-0.140 2 100.8 6.10 0.863-0.138
"' 98.8 | 8.23 | 0.849-0.127 | 99.2 7.78 | 0.845-0.135
e | 100.2 | 9.87 | 0.852-0.138 a1 100.9 10.0 0.828-0.133
5 199.3 | 2.97 | 0.875-0.134 s 201.1 2.98 0.893-0.148
ﬁ 202.1 | 4.60 | 0.871-0.129 -g 200.5 4.97 0.804-0.133
9; 198.5 | 5.99 | 0.889-0.135 2 200.2 5.89 0.848-0.140
IL | 201.8 | 8.01 | 0.864-0.140 L] 198.9 8.11 0.924-0.144
g a1 197.8 | 9.72 | 0.888-0.128 8| | 198.8 10.2 0.874-0.135
= S
oA P 300.6 | 3.21 | 0.906-0.149 o o 299.6 3.01 0.883-0.136
g 301.0 | 4.50 | 0.876-0.136 ﬁ 301.3 4.90 0.889-0.130
9; 298.5 | 6.08 | 0.846-0.136 : 300.2 6.11 0.888-0.121
IL | 301.8 | 8.13 | 0.900-0.150 L] 302.8 7.93 0.904-0.140
o | 299.9 | 10.1 | 0.898-0.128 a1 298.9 9.91 0.887-0.132
5 400.1 | 3.01 | 0.887-0.132 = 400.5 3.10 0.895-0.133
g 401.0 | 4.48 | 0.889-0.130 ‘,\3 399.2 5.08 0.868-0.129
:i 398.3 | 6.13 | 0.896-0.122 : 400.1 6.23 0.896-0.122
IL | 400.8 | 7.99 | 0.874-0.135 L] 398.8 8.09 0.866-0.134
a1 399.5 | 10.2 | 0.878-0.130 a1 398.5 9.89 0.881-0.129
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section integrated just after the test evaporator tube.
All experiments were executed by altering the
imposed heat flux and average vapor quality, while
refrigerant mass flux, inlet temperature and inlet
pressure were held constant. Several such testings
were performed successively varying the mass flux,
and pressure.

(@)

®)

(O]

(@

O

(€3]

Figure 6: Photographs of flow patterns observed: (a) Slug;
(b) Slug to Intermittent; (c) Intermittent; (d) Annular; (e)
Stratified-Wavy; (f) Annular with partial Dry-out.

Flow patterns were supervised with a high speed
video camera and some stills were captured using a
flash synchronized digital camera under steady state
conditions. The categorization of flow patterns in
circular channels is not yet uni-versally agreed.
Nevertheless, the researchers seem to concur to
assort their explanation of basic five main flow
patterns:  bubbly/stratified flow, slug flow,
intermittent flow, annular flow and mist flow and
each class would be separated into sub-classes. In the
present study, the distinct flow patterns identified
from the experimental flow visualizations under the
test parametric observations were slug flow, inter-
mittent flow, slug to intermittent flow, stratified-
wavy flow, annular flow and annular with partial dry-
out (Figure 6).These patterns correspond to the more
commonly detected flow patterns for the exacting
test parameters. However, more than a single type of
the flow patterns proceeded intermittently in several
cases.

The latest version of the flow pattern map of Wojtan
et al. [31, 32] is used for the evaluation of two phase
flow regimes. Since, the heat transfer process
depends upon the flow pattern; one must distinguish
the flow pattern regimes during the flow boiling
experiments as shown in Figure 7 and 8 for the

© 2017 IJETCR. All Rights Reserved.

present study with different test fluids. The flow
regimes’ identification criteria are the same as used
in Mastrullo et al. [33]. These maps provide the
transition boundaries (calculated from their under-
lying transition equations, as described in Appendix
A) on a linear relationship of mass flux versus vapor
quality for the particular refrigerant.With increasing
gas void fraction, the propinquity of the vapor bub-
bles is very close to one another such that bubbles
collide and conflate together to form larger bubbles,
which are similar to the tube inner diameter and
surrounded by a large amplitude liquid wave
between them and the tube wall, at the initial stage
of the evaporation inside the evaporator tube,
recognized as the slug flow regime. The intermittent
flow regime is characterized by a large amplitude
liguid wave intermittently washing the top of the
tube with less amplitude waves in between. Large
amplitude liquid contains dispersed small vapor
bubbles uniformly with more turbulent vapor-liquid
interface than in the slug flow regime, causing strong
interaction between the two phases. A stratified
wavy flow regime exists, in which the amplitude of
the liquid waves is distinguished, but their crests do
not reach the top of the tube; only climb up the side
wall, leaving thin films of liquid on the tube wall. At a
higher gas flow rate, in the annular flow regime, the
vapor phase flows in the center of the channel, while
the liquid forms a continuous annular film
surrounding of the vapor core around the tube
perimeter. The dry-out region is severed by a sharp
drop in the heat transfer coefficient at a higher vapor
quality after it reaches a maximum in the annular
zone.Mist flow and stratified flow regimes were not

400 ; ; ; T
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Figure 7: Flow pattern map for R410A.
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ascertained within the present range of experiments.
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Figure 8: Flow pattern map for R600a.

The effect of heat flux has been shown on each plot
by distinct continuous curve; whereas the broken line
shows the distinguished flow pattern zones. The
boundary between the annular and stratified-wavy
flow regime is dependent on heat flux for R600a
(Figure 8); the same for R410Aisto some extent
independent of heat flux for x < 0.7 (Figure 7), which
agrees with the remarks given by Colombo et al. [13].
Intermittent to annular flow pattern transition for
R410A has much delayed (with a larger vapor quality)
and the transition from annular to wavy flow at
respectively lower mass velocities than R600a for
nearly the same saturation temperature, as can be
seen from these plots. Transition from stratified to
wavy region is independent of heat flux, as revealed
from the maps.
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Figure 9: Heat transfer coefficients at nearly constant mass
flux of 100 kg/m2s and heat flux of 3 kW/m2.
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(depending on mass flux) until the occurrence of dry-
out. In all cases, the heat transfer coefficients
suddenly drop when the liquid film disappears (for
high vapor qualities), leaving the tube wall partially or
totally dry. The heat transfer coefficients in flow
evaporation consequence from the interaction
between nucleate boiling and liquid convection. At
vapor qualities lower than 0.25, where the slug flow
regime has been found, the local heat transfer
coefficients of R600a are generally quite sharply
increasing, suggesting that at low vapor qualities the
nucleate boiling contribution is not negligible for
R600a. In the experimental tests where liquid
convection is the main mechanism, the heat transfer
coefficient increases with quality. Indeed, as the flow
proceeds downstream and vaporization takes place,
the void fraction increases, thus decreasing the

8000 T T T T T T T T T
B R600a G = 201.1 kg/m?s q = 2.98 kW/m?
7000 | ®  R410A G = 199.3 kg/im®s q = 2.97 kW/m? .
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| ) g ®
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[ ]
3000 | | e i
.
2000 S9! .
1000 T T T T T T T T T

00 0.1 0.2 03 04 05 06 07 08 09 1
X
avg

Figure 10: Heat transfer coefficients at nearly constant mass
flux of 200 kg/m2s and heat flux of 3 kW/m2,

density of the liquid-vapor mixture. As a result, the
flow accelerates enhancing convective transport from
the heated wall of the tube. The consequent increase
in heat transfer coefficient proceeds until the liquid
film disappears, leaving the tube wall partially or
totally dry. In this region, the heat transfer coefficient
decreases because of the low thermal conductivity of
the vapor. In the evaporation process where liquid
convection is the main mechanism, convective
evaporation being predominant does not implicate
that nucleate boiling is entirely inhibited. Under these
conditions, the heat transfer coefficient increases
with vapor quality as explained by Greco and Vanoli
[16]. The present study also provides the same
occurrence as shown in Figures. (9-11); the increment
with respect to that at the inlet of the test evaporator
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for R600a and R410A is quite high as up to 105% and
123%, respectively, more with respect to the heat
transfer coefficient at very low vapor qualities in the
range of 0.1 to 0.3 depending on heat fluxes.Due to a
temperature glide and variation of the properties of
the different constituents inside the near-azeotropic
refrigerant mixture R410A (mixture of R32 and R125)
make the propagation of the boiling phenomena
different from that of the single component
refrigerant R600a. Wang and Chiang [20] described
the phenomena as at the lower quality region (early
stage of vaporization), more volatile component
evaporated faster as p; and p;for R32 are lower than
R125 at the corresponding saturation temperature;
but all have very much higher liquid and vapor phase
density than those of R600a. Therefore, the lower
mean vapor and liquid phase flux for R410A than
R600a may cause a sharp delay in flow pattern
transition (can be seen byxx from Figure 7 and 8);
and thus, lower heat transfer coefficientsfor R410A
than those of R600a till the refrigerant leaves the
evaporator tube.
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Figure 11: Heat transfer coefficients at nearly constant mass
flux of 100 kg/m2s and heat flux of 8 kW/m2.

D. EFFECT OF HEAT FLUX ON HEAT TRANSFER
COEFFICIENT:

At high heat fluxes, heat transfer is mostly disposed
by the nucleate boiling mechanism and the
convective contribution to heat transfer predomi-
nates at low heat fluxes [15]. The liquid convection
contribution can be described by the property
combination { (shown in Equation 10, according to
the Dittus-Boelter [25], single-phase forced
convection correlation).
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A comprehensive exploration of convective boiling
contribution for the test refrigerants reveals that the
value of  is higher for R600a than R410A at the
nearly same saturation temperature. Because of that
the heat transfer coefficients of R600a are higher
than those of R410A (from Figure 10). From Figure 11
it is clear that when heat flux increases to a high
value of 8 kW/m?, for the same mass flux, initial
difference in the heat transfer coefficients of R600a
and R410A decreases; but through the progression of
the heat transfer downstream of the evaporator
tube, the difference increases by the disposition of
the nucleate boiling contribution of the refrigerants.
The comparison of average heat transfer coefficients
for different test fluids varying the imposed heat flux
has been shown in Figure 12. Average heat transfer
coefficient, in general, is defined as the mean of local
heat transfer coefficients at different vapor qualities
for a given imposed heat flux and constant mass flux.

The average heat transfer coefficient trends are
depicted by different types of straight lines
depending on mass velocities. It is evident from the
figure that average heat transfer coefficients increase
with the increase in heat fluxes. The increments are
more severe at high mass velocities. Also, for each
refrigerant, the slope of the line exposes that with
increase in heat fluxes, the difference of mean
growth increases for the same mass flux condition
because of the relative contribution of the nucleate
boiling and liquid convection boiling of pure and
mixed test fluids in the progression of the boiling
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Figure 12: Comparison of average heat transfer coefficients
varving heat flux at nearlv constant mass velocities.
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phenomena through the evaporator tube length. For
increases in heat flux from 3 kW/m?to 10 kW/m?, the
average heat transfer coefficients of R600a increases
in the range of 8-29%; for R410A, it is 10-48%,
depending on mass velocities. The average heat
transfer coefficients of R600a are about 17-49% more
than R410A, depending on mass velocities and heat
fluxes; the difference decreases with the increase in
mass velocities and heat fluxes.
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Figure 13: Effect of mass flux on heat transfer coefficients
varying vapor quality for R600a.
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Figure 14: Comparison of heat transfer coefficients varying
mass flux at nearly constant heat flux of 10 kW/m?2.

E. EFFECT OF MASS FLUX ON HEAT TRANSFER
COEFFICIENT:

At low mass velocities, major contribution to the heat
transfer mechanism is the nucleate boiling. As the
mass flux increases, the mass transfer resistance to
the convective boiling is reduced by the contribution
of the more volatile heat transfer coefficient and a
higher mass flux induces liquid entrainment to agitate
the mass transfer resistance [20]. At the initial stage
of the boiling,due to larger contribution of the
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nucleate boiling part, the heat transfer coefficient
increases with enhancing the mass flux for all the
refrigerants which can be seen from Figure 13 and 14.

Local boiling heat transfer coefficients of R600a are
reported in Figure 13 in order to epitomize the
influence of mass flux on heat transfer with a nearly
constant heat flux of 6 kW/m?2. In Figure 14, the data
compared for all test refrigerants corresponds to an
almost constant heat flux of 10kW/m? varying the
mass flux. The experimental data clearly show that
the heat transfer coefficients increase with increasing
the refrigerant mass flux. Indeed, increasing the
refrigerant mass flux increase the fluid flux, thus
enhancing convective boiling. For this eason, as the
mass flux increases from 100 to 400 kg/m?s, for the
same heat flux applied, heat transfer coefficients of
R600a increased far above than those of R410A
because of the higher value of property combination
 with a quite higher active nucleation sites (AN)
explaining the nucleate boiling contribution [34]
given by Equation 11.

_ 2Tsator

AN
hfgpg

(11)

Here Tsi is the bubble point temperature of
refrigerant on corresponding evaporating pressure
expressed in Kelvin. In a very low quality region,
corresponding to slug flow regimes, where nucleate
boiling is dominant, the influence of the refrigerant
mass flux is weak and the heat transfer coefficients
tend to come together for all the test fluids. The
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Figure 15: Comparison of pressure drop gradient.

interfacial shear stress is increased by increasing the
mass flux, and the bubbles on the heated surface are
carried forward from the tube wall under the
influence of shear stress and do not attain the larger
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diameters as seen in pool boiling. This effect results
in a reduction in the nucleate boiling component with
increasing shear stress, which can be seen from these
figures. In these figures, the dependence of the heat
transfer coefficients of mass flux is clearly shown.
Due to mass transfer resistance, nucleate boiling heat
transfer coefficient for refrigerant mixtures with
temperature glide are considerably lower than pure
refrigerants. From Figure 13, the present study
ensures that for increase in mass flux from nearly 100
to 400 kg/m?s, the local heat transfer coefficient of
R600a with the heat flux of 6 kW/m? increases
around 12%-51% before the dry-out starts occurring.
About 19%-35% increase in the local heat transfer of
R600a occurs for the increment in mass flux from 200
to 400 kg/m?s with heat flux of 10 kW/m?; and the
mass flux increase from 100 to 300 kg/m?s of R410A,
hev increases about 62-97% before the inception of
dry-out as can be seen from Figure 14.
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Figure 16: Variation of frictional pressure drop.

F. EFFECT ON PRESSURE DROP:

A highly dependence of the two-phase pressure drop
gradient of the refrigerant mass flux and mean vapor
quality can be observed in Figure 15. Almost same
behavior of the pressure drop variation is present for
both the test refrigerants. Indeed, at the low reduced
pressures (Preduced | Reooa = 0.0526-0.0680; Preduced | ra10a
= 0.1954-0.2469) the lower p;/pgratio causes a
stronger variation of the two-phase density and thus,
a large dependence on the mass flux [35] which can
be seen from Figure 15. It can be seen that the
pressure gradients of all refrigerants confront with
the typical acclivity with vapor quality due to the
liberal increase of the two-phase mixture flux; then
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those reach a crest at high vapor qualities and finally
fall for each mass flux.

In general, the two-phase pressure drop is primarily
sourced by the frictional pressure drop for the
horizontal condition of the tube. The variation of
two-phase frictional pressure drops of the test
refrigerants has been depicted in Figure 16 as a
function of liquid Reynolds number. The frictional
pressure drop is a change of pressure ensuing from
the energy dissipated in the flow by friction, eddying
etc. [36]. As the flow goes downstream and
vaporization takes place, the density of the liquid-
vapor mixture decreases. As a result, the flow
accelerates much more and the frictional pressure
drops increases. Two-phase frictional pressure drops
of R600a are very much higher than those of
R410A.The difference increases with the increase in
mass flux due to the growth and transition of flow
patterns. Considering all the experiments conducted,
it can be observed that for the variation of the mass
flux from 100 to 300 kg/m?s, the R410A two-phase
pressure drops lower by a factor ranging from152%-
240%, with respect to those for R600a; where the
R600a frictional pressure drops are more than those
of R410A in the range of 155%-290% for a change in
the mass flux from 200 to 400 kg/m?s.

4. CONCLUSION:

A. Heat transfer coefficient of refrigerants increases
with vapor quality. As quality increases, the heat
transfer coefficients increase depending on heat flux
and mass flux for R600a and R410A up to 105% and
123%, respectively. The heat transfer coefficient then
decreases sharply because of dry-out.

B. Heat transfer coefficient of refrigerants depends
upon the imposed heat flux.For increase in heat flux
from 3 to 10 kW/m?, the average heat transfer
coefficients of R600a increases in the range of 8-29%;
for R410A, it is 10-48%, depending on mass velocities.

C. Heat transfer coefficients of pure and mixed
refrigerants always increase with mass flux. For the
increment in mass flux from 200 to 400 kg/m?s with
heat flux of 10 kW/m? the local heat transfer
coefficients of R600a increase about 19%-35%; and
with the mass flux increase from 100 to 300 kg/m?s of
R410A, the heat transfer coefficients increase about
62-97% before the inception of dry-out.

D. The average heat transfer coefficients of R600a
are about 17-49% more than R410A, depending on
mass velocities and heat fluxes; the difference
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decreases with the increase in mass flux and heat more than those of R410A in the range of 155%-
flux. 290%.

E. Two-phase pressure drop strongly depends on G. Intermittent to annular flow pattern transition for
mass flux and merely on imposing heat flux for all test R410A has much delayed and the transition from
fluids. For the variation of the mass flux from 200 annular to wavy flow occurs at respectively lower
to400 kg/m?s, R600a frictional pressure drops are mass velocities than R600a at nearly the same

saturation tem perature.

Appendix A
Fluid and Geometry Definition
Input: D;, Xavg, Tsat, G, q
Physical parameters from REFPROP: ps, pg, W, Ug, O, ki, kg
Flow Pattern Boundaries Calculation
Stratified to Stratified Wavy transition is calculated from:

1/3
(226.3)*AraAZ40, (07 — 0, ) 18
Gstratified = x2(1 — 0

Stratified Wavy to Intermittent /Annular boundary is calculated from:

1
G 16A3gngipfp n2 a e <We) F2(q) 1 /2 + 5o
Wavy =3 2n2(1 = (2Hgg — 1)2)°5 |25HZ Fr

Where
F1(q) = 646.0(q/qc)* + 64.8(q/qc); F,(q) = 18.8(q/qc) + 1.023

1/4
— 1/2 —
and q¢c = 0.16pg hgg [go (pf pg)]
Intermittent to Annular flow transition is calculated from:

Xip = {[0.2914 (pg/pf)—l/us (uf/ug)_lﬁ] . 1}_1

Annular to Dry-out boundary is calculated from:

[1 (058)+052] Di )
02351 " 7%\ op,

-0.37

1 <pg>—o.25 ( q )_0_70
gDio, (or — o) Pr 4

Dry-out to Mist is calculated from:

017 0.926

GDry—out =

—0.38 0.943

.4( 00058[111(06?:057]( ) ' 1
Newpm) 0707

Flow Pattern Classification

Stratified Flow Pattern G <Gstrat.

Stratified-wavy Flow Pattern G >Gwaw(xia) gives the Slug zone.
Gstrat< G <Gwawy(x1a) and x <xia give
the Slug/Stratified-Wavy zone.

X 2 xiagives the Stratified-Wavy zone.

Intermittent Flow Pattern Gwaw< G <Gdry-out and x<xia.
Annular Flow Pattern Gwaw< G <Gdry-out and x>Xia.
Dry-out Flow Pattern If Gstrat 2 Gdry-out, then Gary-out = Gstrat.

If Gwavy 2 Gdry»out/ then Gdry-out = Gwavy-

Mist Flow Pattern If Gstrat 2 Gmist, then Gmist = Gtrat.
If Gwavy Gmlst; then Gmlst - Gwavy
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(A1)

(A2)

(A3)

(A4)

(A5)
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