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Abstract

Two phase flow boiling heat transfer and pressure drop in the vertical
evaporator tube section of refrigeration system have been experimentally
investigated using refrigerant R134a as a working fluid. The objective of
the present work is to investigate experimentally the effect of heat flux,
mass flux, vapor quality and saturation temperature on refrigerant flow
boiling heat transfer characteristics in the evaporator of refrigeration
system. These investigated parameters have significant impacts to
enhance the thermal performance of the evaporator. The experimental
investigations were conducted in smooth copper tube with inner diameter
5.8 mm and 600 mm length under different test conditions. The test
conditions considered in this study were, for heat flux of 7.718-32.78
KW/m?, mass flux of 97.3-148.7 kg/m?s , saturation temperature of -
20.58 to -15.68 °C and vapor quality of 0.3-1. It can be concluded from
the results that, the average heat transfer coefficient at relatively greater
mass flux 148.7 kg/m2.s was higher in range of 21% compared to other
mass fluxes at constant test conditions. The relatively higher value of heat
transfer coefficient was observed at heat flux 32.78 kW/m? with average
increase of 19% compared to the relatively lower value 23.38 kW/m?. The
enhancement in local heat transfer coefficient at saturation temperature -
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15.68°C was higher by about 12% than that for the relatively lower
temperature -20.58°C. The effect of increase in mass flux and heat flux on
pressure drop in the evaporator tube was about 9% and 7.5% respectively.

Key Words: Heat transfer, Flow boiling, Pressure drop, Heat flux.
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1. Introduction

Boiling is the process of a substance phase change from liquid into vapor
by the increase of heat. Due to its ability to transfer heat at a very low
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temperature, boiling heat transfer is vital in many industrial applications
such as, power stations, refrigeration and air conditioning systems,
cooling of lasers, cooling of electronics, nuclear reactors and other high
heat flux applications [1]. Dissimilar types of boiling can be classified
according to the geometric situation and to the mechanism in process. [2].
Boiling can be classified into, pool boiling and flow boiling. Boiling is
called pool boiling in the lack of bulk fluid flow. Boiling is called flow
boiling in the presence of bulk fluid flow [3]. The flow boiling heat
transfer process was investigated by many researchers in many thermal
components and energy systems. Chen et al. [4], studied the two-phase
flow patterns in vertical small diameter tubes 1.10, 2.01, 2.88 and 4.26
mm with refrigerant R134a as the working fluid. Various flow pattern
maps were presented at different pressures. The results showed that the
Churn-annular and slug churn boundaries depend on diameter and
pressure, while the dispersed bubble-churn and bubbly-slug were less
affected by diameter and pressure. Xiaorong et al. [5], investigated
experimentally the boiling heat transfer in two stainless steel tubes with
diameter 4.26 mm and 2.01 mm respectively using refrigerant R-134a.
The range of mass flux 100 — 500 kg/m?.s, pressure 8 — 14 bar, quality up
to 0.9 and heat flux 13 — 150 kW/m?2.The results showed that for the 4.26
mm tube when the vapor quality was less than about 40% to 50%, the
heat transfer coefficient increases with heat flux and system pressure but
did not change with vapor quality. Mahmoud et al. [6], conducted a
comparison between experimental flow boiling heat transfer results
obtained using two different tubes of 150mm length, a seamless cold
drew stainless steel tube of 1.1 mm inner diameter and 1.16 mm inner
diameter welded stainless steel tube, with vertically upwards flow
direction. The operating conditions considered were, for a mass flux of
300 kg/m?.s, system pressure 8 bar, inlet sub-cooling 5K and up to 0.9
exit quality. The results presented the variation of local heat transfer
coefficient with local quality at different conditions and investigated the
effect of tube inner surface roughness on the heat transfer characteristics.
Ali et al. [7], studied experimentally the flow boiling heat transfer in a
stainless steel mini channel of 1.70 mm internal diameter and a heated
length of 220 mm using R134a as a working fluid. The test conditions
3
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were for saturation temperatures of 27°C and 32°C, mass flux from 50
kg/m? s to 600 kg/m?s, and heat flux ranged from 2 kW/m? to 156
KW/m?. The results show that the heat transfer coefficient increases with
the increase of wall heat flux, while mass flux and vapor quality have no
significant effects. Increasing the system pressure enhanced the heat
transfer coefficient, and the heat transfer coefficient is reduced as dry out
is reached. Emily et. al. [8], conducted experiments to compare the flow
boiling heat transfer and pressure drop results between the refrigerant
R134a and refrigerant R245fa, in a vertical stainless steel tube with an
inner diameter of 1.1 mm and a heated length of 150 mm. The results
show that the pressure drop of R245fa is higher by up to 300% compared
to that of R134a at similar conditions. While the effect of mass flux and
heat flux on the local flow boiling heat transfer coefficient was different.
Heat transfer coefficients of R245fa showed a greater dependence on
vapor quality. Fang [9], proposed a new correlation to predict the R134a
two-phase flow boiling heat transfer based on the experimental data from
19 published papers. The new correlation takes advantage of the newly
defined dimensionless number (Fa) proposed by Fang which is highly
related to flow boiling heat transfer. The new correlation also shows high
prediction accuracy for other refrigerants such as CO2, R22, R410a and
R236fa. Mancin et al. [10], investigated the flow boiling heat transfer
and pressure drop for refrigerant R134a inside a small micro-fin tube with
an internal diameter of 3.4 mm. The experimental facility is developed to
study both single and two-phase heat transfer processes. The experimental
measurements were carried out at different test conditions. The results
show that the flow boiling heat transfer is controlled by the two well-
known phase change heat transfer mechanisms, nucleate boiling and two-
phase forced convection. At a heat flux of 10 kW/m?, the dry out
phenomenon doesn’t occur at any mass velocity. The results also show
the effects of the vapor quality and mass velocity on the frictional
pressure gradients. Wei Li et al. [11], conducted the saturated flow
boiling experiments to investigate the influence of surface wettability on
the hydraulic and thermal transport performance in a rectangular micro
channel with deionized water as the working fluid. Parametric
experimental studies were carried out with the inlet vapor quality varied
4
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from 0.03 to 0.1 and the wall heat fluxes from 4 to 20 W/cm? and mass
fluxes ranging from 120 to 360 kg/m?s. Results indicated that, a
reduction in heat transfer was observed for the bared silicon wafer surface
with increased inlet vapor quality and heat flux. The objective of the
present work is to investigate experimentally the effect of heat flux, mass
flux, vapor quality and saturation temperature on flow boiling heat
transfer coefficient and pressure drop of refrigerant R-134a in the
evaporator vertical test section. These investigated parameters have
significant impacts to enhance the thermal performance of the evaporator
in the refrigeration system.

2. Experimental Setup

The experimental setup is consisting of hermetic compressor with 125W
capacity, water-cooled condenser, refrigerant flow meter, capillary tube,
pre-heater, post-heater and test section which simulates the evaporator of
the refrigeration system. Two visualization sections are installed at inlet
and outlet of the test section with 150 mm length glass tube of the same
internal diameter of the test section as shown in Fig.1 and Fig.2. The
evaporator section in the test rig system is represent a vertical smooth
copper tube with an inside diameter of 5.8 mm, wall thickness of 1.05
mm and 600 mm length. Electrical heater is used to simulate the thermal
load applied on the evaporator section using a 350 W heating wire with
length of 2.5 m. The thermocouples are fixed with equal distance on the
test section and the tube was wrapped with insulation material to
minimize the heat loss caused by convection and radiation heat transfer to
the ambient. The heat flux was regulated by varying the input electrical
power using variable power supply (variac). The inlet and outlet of the
evaporator tube are connected with two transparent tubes of 5.8 mm inner
diameter and 150 mm length to visualize the flow pattern as shown in
Fig.3.
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Fig 1. Test Rig.

3. Theoretical Analysis

The heat transfer rates supplied by the electric coil to the outside wall
surface of the copper tube in the evaporator section and preheater
(Qevs Qpre) are calculated by:

Qev =V-I-q
(1)
Where (n) is the heating coefficient that reflects the efficiency of the heat

transfer process in the test section which is based on the electrical power
input (P,; ;) to the heater coil and determined by the following equation:

(2)

The heat flux supplied from the inside wall surface of the evaporator tube
(gev) to the refrigerant is calculated by:

. _ Qev

qu - m-di- L¢s

The local heat transfer coefficient of the refrigerant flow boiling in the
test section (evaporator tube) is calculated by [2]:

q
hz — ev
Tw.i—Tre f

(4)
Ty.i - Trep: Inner wall and refrigerant saturation temperatures at each axial
position (z) along the test section tube (°C).

For each axial location (z) along the test section tube, the external wall
temperature T,,, was assumed to be the average of measured temperatures
around the tube cross section and calculated by:
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()

Twe,Twp - The external wall temperatures at the top and bottom of the
test section tube respectively (°C).

The mean inner wall temperature at each position (z) (T,,; ) is calculated
using one dimensional heat conduction across tube wall by:

Tyiz =Tyo— Qev " Ry,
(6)

Thermal resistance R,, of the test section tube is calculated by:

)
Ry = Zn-kC{il-Lz
(7)

The local saturation temperature Ty,;, at each position (z) along the test
section tube is calculated based on local saturation pressure Pg,;, Which

is expressed by:
Ly

Psatz = Piey —Ap - L_ts
(8)
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Fig 2. Schematic diagram of the test rig.
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Fig 3. Schematic diagram of the test section (evaporator tube).

Where: P, ., is the refrigerant pressure at inlet of the test section, Ap is
the refrigerant pressure difference between inlet and outlet of the test
section.

The vapor quality at the inlet of the test section tube (x;) is expressed in
term of the local enthalpy as follows [13]:

_ hi—hy

x .
b hpga

©)

The specific enthalpy of the refrigerant at the inlet of the test section
h; +s represents the specific enthalpy of the refrigerant at the outlet of

10


https://jutq.utq.edu.iq/index.php/main

University of Thi-Qar Journal Vol.14 No.3 SEP 2019
Web Site: https://jutg.utg.edu.ig/index.php/main
Email: uti@utq.edu.iq

preheater, which can be determined by applying an energy balance on
the preheater as follows:

Q
hits = hi.pr + =

(10)

Vapor quality (dryness fraction) of the refrigerant at each position (x,) is
calculated by using a linear relation along test section length:

X, =x;+Ax - L,
(11)
Vapor quality difference Ax of the refrigerant between inlet and outlet of
the evaporator tube can be expressed by:
Xo — Xi
Ax = I
(12)
Outlet vapor quality of the refrigerant in the test section tube is calculated
by:

— Ro.ts = Rio

X
0 hfg.o

(13)

Outlet specific enthalpy of the refrigerant in the test section tube h, ., is
determined by applying an energy balance on the test section:

hots = hies + %
(14)

Total pressure gradient in the test section tube is calculated by [1]:

_9 _ _Ap
dz Lts
(15)
Ap = Apsr + Apm + Apst
(16)

11
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Where:

Ap: Total pressure drop of the refrigerant flow in the test section tube
(kPa) which is determined experimentally using the following equation:.

Ap = Po.ev - Pi.ev
(17)

Apy, @ Frictional pressure drop of the refrigerant flow due to shear at the
tube surface and at the vapor-liquid interface in the test section (kPa).

Apm: Momentum pressure drop due to the acceleration of the two-phase
refrigerant flow in the test section (kPa).

Aps: Pressure drop of the refrigerant flow due to the static pressure
change in the test section tube (kPa) and can be calculated by [12]:

Aps=[ap, + (1 — a)p]gsind
(18)

Where: @ is the angle of the evaporator tube with horizontal plane (90°),
and «a is the void fraction which can be determined as per homogenous
model [12] as follow:

o=+ (2)@)"]
(19)

Momentum pressure drop Apm is determined by:

o [vprx? | vi(1—x)?
G [ a (1-a)

Apm=
(20)

Frictional pressure drop of the refrigerant flow Apy is determined by:

Apr = Ap - Apm - Apst
(21)

4. Results and Discussions
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The experimental investigations of the refrigerant R134a flow boiling
heat transfer coefficient and pressure drop in the evaporator test section
are conducted within test conditions in the range of (7.718— 32.78) kW/m?
for heat flux, (97.3 -148.7) kg/m? .s for mass flux, vapor quality (0.3 — 1)
and saturation temperature (-20 to -15) °C as shown in the Table 1.

Table 1 Test conditions considered in the present study

No ?f(glsrsnz.s) Flux Heat Flux (KW/m?)
1 97.3 7.718|11.75 |16.48 |23.38 |32.78
2 112.5 7.718|11.75 |16.48 |23.38 |32.78
3 148.7 7.718|11.75 |16.48 |23.38 |32.78
Range of vapor quality: X=0.3-1
Rang of evaporating temperature: -20.58 to -15.68

4.1 Characteristics of Refrigerant Flow Boiling

The variation of heat flux with wall-refrigerant temperature difference of
flow boiling for several mass fluxes 97.3, 112.5 and 148.7 kg/m®s is
shown in Fig 4. It can be seen for the range of (15 - 33) °C temperature
difference, the dominance of nucleate and forced convective contributions
of flow boiling heat transfer was evident. The observed large heat fluxes
in this region are attributed to the combined effect of liquid entrainment
and evaporation. The variation of the vapor quality during refrigerant
flow boiling process along the test section tube is shown in the Fig 5 with
fixed mass flux 112.5 kg/m?.s and different heat fluxes. It can be observed
that the vapor quality increases with the normalized tube length as a result
of the phase change from liquid into vapor. The higher vapor quality was
observed at relatively higher heat flux 32.78 kW/m>.
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Fig 4. Variation of heat flux with wall-refrigerant temperature difference
for various mass fluxes 97.3, 112.5 and 148.7 kg/m?.s.
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Fig 5. Refrigerant vapor quality as a function of the normalized length of
the test section tube at G= 112.5kg/m?.s and different heat fluxes.
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4.2 Effect of Heat Flux on Heat Transfer

The effect of heat flux measured in the range of 7.718 to 32.78 kW/m? on
flow boiling local heat transfer coefficient at fixed mass fluxes 97.3 and
148.7 kg/m?.s is shown in Fig 6 and Fig 7. It can be noticed that the heat
transfer coefficient is higher at the low vapor quality and continuously
decreases with vapor quality for all the values of heat flux due to the
nucleate and convective boiling contributions at this ranges of vapor
quality and difference of wall-refrigerant temperature. The heat transfer
coefficient was directly proportional to heat flux and relatively higher
value of heat transfer coefficient was observed at heat flux 32.78 kW/m?.
According to Newton’s law of convection heat transfer, the increase in
heat flux at constant tube surface-refrigerant temperature difference will
enhance the value of heat transfer coefficient. A similar behavior of heat
transfer coefficient can be observed for mass flux 148.7 kg/m?.s in Fig 7.

1600 . T T T v T ' !
i G=97.3 kp/m' s i i
1400 = —h— =7 718 kwm
— G=11.7% kwim
1200 = + 4=16 48 kwm i
‘ [ | —— q=23.38 kwim 7
,:: 1000 b= ¥ B =327% kwm ) \
E w0} \
< 800 |- i
\-...
400 |-
200 |-
! I 1 .
] 02 0.4 06 08
Xlocal
Fig 6. Effect of heat flux on local heat transfer coefficient for G= 97.3
kg/m®.s.

4.3 Effect of Mass Flux on Heat Transfer

The variations of the flow boiling local heat transfer coefficient with
vapor quality at fixed heat flux 11.85 kW/m? and various mass fluxes
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97.3, 112.5 and 148.7 kg/m?.s are shown in Fig. 8 and Fig.9 .The higher
values of heat transfer coefficient can be observed at relatively greater
mass flux 148.7 kg/m?.s due to the heat transfer contribution of forced
convective evaporation which depends on refrigerant mass flow rate. The
same behavior of the heat transfer coefficient can be observed for heat
flux 32.78kW/m?in Fig.9.
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Fig 7. Effect of heat flux on the local heat transfer coefficient for G=
148.7 kg/m?.s.
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4.4 Effect of Inlet Vapor Quality and Saturation Temperature on
Heat Transfer

The effect of R-134a inlet vapor quality on local heat transfer coefficient
inside the evaporator tube at a constant heat flux 32.78 kW/m? and mass
flux 112.5 kg/m?.s is depicted in Fig.10. Three different values of the
inlet vapor quality 0.3881, 0.3567, and 0.3357 were tested. It can be
observed that the local heat transfer coefficient increases with inlet vapor
quality along the evaporator tube due to the dominance of forced
convective boiling at relatively higher inlet vapor quality. The effect of
R-134a saturation temperature on local heat transfer coefficient at
constant heat flux 16.48 kW/m? is illustrated in Fig.11. Three different
values of saturation temperature -20.58°C, -17.31°C, and -15.68°C were
tested. The increase of saturation temperature leads to a significant
increase in local heat transfer coefficient as a result of decrease in wall-
refrigerant temperature difference at constant test conditions in
accordance with Newton law of cooling. The enhancement in local heat
transfer coefficient at temperature -15.68°C was 12% higher than the
relatively lower saturation temperature of -20.58°C.
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Fig 10. Variation of heat transfer coefficient with refrigerant inlet vapor
quality at = 32.78 kW/m? and G= 112.5 kg/m?.s.
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Fig 11. Effect of saturation temperature on local heat transfer coefficient
for = 16.48 kW/m?

4.5 Effect of Heat Flux and Mass Flux on Pressure Drop

The variations of pressure drop of the refrigerant flow boiling with vapor
quality in the evaporator tube can be attributed to three sources, friction of
fluid with tube surface, momentum change of the flow in the tube and
static pressure change. The experimental results of two-phase flow
boiling show that the frictional pressure drop increases with the increase
in mass flux as shown in Fig. 12 and with heat flux as shown in Fig. 13 at
constant test conditions. The increase in mass and heat fluxes enhance the
refrigerant flow velocity and then leads to rise in frictional pressure drop
along the evaporator tube.
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Fig. 12 Pressure drop variation as a function of vapor quality for q= 23.38
KW/m?,
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Fig 13. Pressure drop variation as a function of vapor quality for G=112.5
kg/m?.s.

The Comparison between the current work results and Ong [14] results
show a similar trend as illustrated in Fig. 14. The deviation in value of
heat transfer coefficient is resulted from the difference in tube dimensions

and operating conditions.
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Fig 14. Comparison between the current work results and Ong [14]
results.

. CONCLUSIONS

. The local heat transfer coefficient was directly proportional to the
refrigerant mass flux, where the average heat transfer coefficient at
relatively greater mass flux 148.7 kg/m?.s was 21% higher than other
mass fluxes at similar test conditions.

. The relatively higher value of heat transfer coefficient was observed at
heat flux 32.78 kW/m? with an average increase of 19 % compared to
the relatively lower value of heat flux 23.38 kW/m?.

. The enhancement in local heat transfer coefficient was about 6% for
inlet vapor quality 0.3881 compared to the relatively lower value
0.3357%.

. The enhancement in local heat transfer coefficient at temperature -
15.68°C was approximately 12% higher than that for the relatively
lower saturation temperature -20.58°C.

The effect of increase in mass flux and heat flux on pressure drop
was approximately 9% and 7.5% respectively.
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Diameter of the test section tube (m)
Mass flux (kg/m?.s)

Gravity acceleration m/s?

Specific enthalpy (kJ/kg)

Latent heat of vaporization (kJ/kg.h)

local heat transfer coefficient (W/m?.°C)

Current (A)

Kcu Thermal conductivity of tube (W/m."C)
L Length of the test section tube (m)

Lz Length of tube subsection (m)

m  Mass flow rate (kg/s)

p pressure (Pa)

) Heat transfer (W)
Heat flux (W/m?)
temperature (°C)

Q

q
T
Y

Voltage (V)

X Vapor quality, dimensionless
Subscripts:

b
ev
fr
i
L

pr
ref
sat

ts

Bottom
Evaporator
frictional
inlet
Liquid
Momentum
Outlet
Preheater
Refrigerant
Saturation
Top
Test section
Vapor
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