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ABSTRACT

The characteristics of R134a heat transfer coefficients and wall temperature distribution were investi-
gated under low mass flux and low pressure conditions in a helically coiled tube with heated length
of 7070 mm, outer diameter of 10 mm, inner diameter of 7.6 mm, coil diameter of 300 mm and helical
pitch of 40 mm. System pressures, mass fluxes and inlet qualities range from 0.20 to 0.75MPa, 50 to
260kg/m? s and —0.18 to 0.40, respectively. It was found that the wall temperatures in descending seg-
ments of coiled tube were higher than those of climbing ones, while the heat transfer coefficients varied
inversely. Around the section circumference, the outside temperature was lower than the inside one; this
is more apparent at very low mass flux and pressure conditions. The heat transfer coefficient increases
with increasing mass flux, vapor quality and heat flux. However, the pressure has an indeterminate effect.
New heat transfer coefficient correlations for current conditions were developed comparing with existing

Low mass flux and low pressure correlations.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Refrigerants from the group of CFCs have a destructive influ-
ence on the ozone layer. Global environmental concerns require
the use of the environmental-benign refrigerants to replace ozone-
depletion refrigerants [1]. Among the alternatives, R134a seems to
be similar to R12 in the aspect of thermo-physical properties. How-
ever, R134a cannot be directly applied to those systems that use
R12 due to the lower thermodynamic efficiency and incompatibil-
ity. One alternative way to improve the heat exchanger efficiency
with new refrigerant is to redesign the heat exchanger coils of sys-
tem. The helically coiled tubes, which have a high efficiency in heat
transfer rate and compact structure in volume, have been exten-
sively used in engineering applications, including petrochemical,
power engineering and chemical engineering, etc. [2-4]. Compared
to straight tube, helically coiled tube has higher heat transfer effi-
ciency and compact structure. It has a greater heat transfer area
than a straight tube in the same amount of space. This is especially
true for applications in aircrafts and submarines, which both need
narrow space to operate and the tube should be placed horizontally
with a lower gravity center. The advantages of choosing helically
coiled tubes over straight tubes make it of practical importance
to use helically coiled heat exchangers in heat transfer equipment
with R134a as working fluid. Therefore, it is essential that the flow
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boiling thermo-chemical characteristics of R134a are studied in
helically coiled tubes in order to achieve the optimal design and
operating performance of the helically coiled heat exchangers.
Since the beginning of last century, laminar and turbulent flow
heat transfer in curved or helically coiled tubes has attracted a great
interest of researchers due to its enhancement in heat transfer
coefficient [5-9]. There were also many experimental investiga-
tions performed to study two-phase flow heat transfer in helically
coiled heat exchangers, but most of them were conducted using
water-vapor flow in vertical helically coiled tubes under medium
or high pressure conditions. Owhadi et al. [10] studied heat trans-
fer of water boiling in electrically heated helically coiled pipes
and found that the wetting of tube wall at higher qualities was
attributed to the secondary flow which forced liquid to the sur-
face closest to helix axis. They developed heat transfer coefficient
correlations as functions of Lockhart-Martinelli parameter. Kozeki
et al. [11] investigated the heat transfer characteristics of helically
coiled tube once-through steam generator. They indicated that the
local heat transfer coefficients had little dependence on the system
parameters and the locations of coiled tube section. Chen and Zhou
[12] observed and explained the mechanism of secondary flow in
helically coiled tubes and illustrated the feasibility for correlating
experimental data with the Lockhart-Martinelli parameter. Guo
et al. [13,14] carried out a series of experimental studies on boiling
heat transfer and its instabilities in horizontal helically coiled tubes.
It was found that the wall temperature located inner side of one sec-
tion was higher than that located outer side, and the average heat
transfer coefficients in climbing segments were higher than those
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Nomenclature

Ae heated area of the test section (m?)

Bo boiling number, B, = qe/Gy

G thermal capacity (Jkg=1 K1)

D¢ coil diameter (m)

d; inner diameter of the test tube (m)

do outer diameter of the test tube (m)

G mass flux (kgm=2s-1)

hy local heat transfer coefficient (W m—2K-1)

) liquid-phase flow heat transfer coefficient
(Wm—2K-1)

hm average heat transfer coefficient (Wm=2K-1)

hep two-phase flow heat transfer coefficient
(Wm—2K-1)

I current (A)

L valid heated length (m)

L local tube length from inlet of test section (m)

Ny Nusselt number, Ny = hpd;/k

P pressure (MPa)

Pr Prandtl number, Pr=uCp/k

Py helical pitch (m)

Qe power supplies for test section (W)

Q power supplies for preheated section (W)

Qe heat flux of test section (W m~2)

Re Reynolds number, Re=GD/u

S section symbol of the test tube

Tim local average inner wall temperature (°C)

Ty local saturation temperature of the fluid (°C)

Tsm average saturation temperature of the fluid (°C)

Twm average inner wall temperature of test section (°C)

t time

U voltage (V)

Xt Lockhart—Martinelli parameter

X; inlet quality

X local quality

Greek symbols

y latent heat of evaporation (Jkg~1)

At subcooled temperature (°C)

n thermal efficiency

A thermal conductivity coefficient (Wm~1K-1)

" dynamic viscosity (Pas)

0 density (kgm~3)

Subscripts

g gas phase

1 liquid phase

in descending segments. For the instabilities in heat transfer, three
kinds of oscillation were reported: density wave, pressure drop
excursion and thermal fluctuation. In their further work later [15],
they investigated the heat transfer and dry-out characteristics in
coils with different axis orientations. They divided the boiling flow
into three regions: nucleate boiling region, force convection region
and post dry-out region, and proposed methods for determining
the transition boundary conditions. Zhao et al. [16] conducted a
research on heat transfer and pressure drop in a small horizontal
helically coiled tubing once-through steam generator. They found
that the boiling heat transfer was dependent on both mass flux and
heat flux, which implied that it was different from in lager scale
tubes where the convection dominated at typical quality regions.
Besides water-vapor flow in helically coiled tubes, there were
also many researches available concerning two-phase flow of low

latent heat substance (e.g., R134a) in coils. Kang et al. [17] stud-
ied the condensation heat transfer and pressure drop of R134a in
helically coiled tubes. It was found that the overall condensing heat
transfer coefficients of R134a increased with the increase of mass
flux, and slowly the pressure drops also increased. They also indi-
cated that helically coiled tube had advantages over straight tube
in heat transfer enhancement. Han et al. [ 18] derived the consistent
results with Kang et al. from their experimental investigation under
the conditions of different saturated temperatures and found that
the saturated temperature had a positive influence on heat trans-
fer coefficients. Wongwises and Polsongkram [19,20] performed
evaporation and condensation experiments for R134a two-phase
flow heat transfer characteristics in a helically coiled concentric
tube-in-tube heat exchanger, respectively. They reported that the
heat transfer coefficients in helically coiled heat exchanger were
enhanced by 30-37% for evaporation condition and 33-53% for con-
densation condition, respectively, compared to those in straight
tube exchangers. Cui et al. [21] carried out an experimental inves-
tigation on R134a two-phase flow heat transfer in both smooth
and micro-finned helically coiled tubes. They indicated the same
significance of both nucleate boiling and convective boiling in con-
vective boiling in helically coiled tubes, and developed a new heat
transfer correlation by introducing Dean number considering the
curvature effect of coils. In their further study [22], they conducted
the flow pattern and pressure drop experiments in micro-finned
helically coiled tubes. Flow patterns and the transition conditions
were determined by flow map, and also the pressure drop data were
correlated by Lockhart-Martinelli parameter. Lin and Ebadian [23]
investigated the condensation heat transfer and pressure drop of
R134a in helically coiled concentric tube-in-tube heat exchangers,
mainly concerning the effect of the different axis orientations. It
was found that the axis orientation had much effect on heat transfer
coefficient but less on pressure drop, and the percentage increase
of R134a Nusselt number from 0° to 45° was twice than that from
45° to 90° of the axis orientation. In addition, R134a and its mix-
tures with other refrigerants have been widely used as working
fluid for heat transfer investigation [24-28]. Table 1 lists a sum-
mary of main literature work related to water or R134a two-phase
flow in helically coiled tubes.

An overview of the previous work indicates that few publica-
tions concerned the conditions of horizontal axis orientation and
the LMLP (low mass flux and low pressure) at the same time for
R134a boiling flow in helically coiled tubes. However, the hor-
izontal helically coiled tubes have an extensive application as
mentioned above. Also, the LMLP conditions in R134a are very
important for fluid modeling of water-vapor, which are equivalent
to the medium or high mass flux and pressure conditions in water-
vapor. Therefore, the objective of this paper is to experimentally
study the R134a boiling flow in a horizontal helically coiled tube
at LMLP. The variation of wall temperatures and heat transfer coef-
ficients along the heated length and the circumference of tubes at
different positions and the effect of pressure, mass flux, vapor qual-
ities and heat flux on heat transfer coefficients were analyzed and
discussed. A new heat transfer coefficient correlation was devel-
oped for applications under the present experimental conditions.

2. Experimental system and procedure
2.1. Experimental set-up

The experimental set-up consists of two circle loops: the work-
ing loop (R134a) and the cooling loop (30% CaCl,-water), as shown
in Fig. 1. It includes the following components: motor pump, Cori-
olis mass flowmeter, preheated/test sections, precision DC power
supplies, condenser, refrigeration chilling unit, N»-gas accumula-



Table 1

C.-N. Chen et al. / Thermochimica Acta 512 (2011) 163-169 165

Summary of main literature work related to current investigation.

Author/year Ranges of parameters Working fluid Orientation of coil axis Boiling/condensation
Owhadi et al./1968 [10] P=0.10MPa; G=80-315kgm 25! Water Vertical Boiling
Kozeki et al./1970 [11] P=0.50-2.1 MPa; G=161-486kgm=2s~! Water Vertical Boiling

Chen and Zhou/1986 [12] P=0.50-3.5MPa; G=200-2400kgm=2s! Water Vertical Boiling

Guo et al./1996 [13] P=0.5-3.5MPa; G=300-1760kgm~2s~"! Water Horizontal Boiling

Bai and Guo/1997 [14] P=0.50-3.0MPa; G=200-2500kgm~2s~! Water Horizontal Boiling

Guo et al./1998 [15] P=0.40-3.0MPa; G=100-2400kgm2s~! Water Variable Boiling

Kang et al./2000 [17] G=100-420kgm=2s1; T=33°C R134a Vertical Condensation
Zhao et al.[2003 [16] P=0.5-3.5MPa; G=236-943kgm 25! Water Horizontal Boiling

Han et al./2005 [18] G=100-420kgm2s~'; T=35°C, 40°C, 46°C R134a Vertical Condensation
Wongwises and Polsongkram/2006 G=400-800kgm~2s~!; T=10-20°C R134a Vertical Boiling
[19,20] T=40-50°C R134a Vertical Condensation
Cui et al./2006 [21] P=0.50-0.58 MPa; G=65-320kgm~2s~! R134a Vertical Boiling

Lin and Ebadian/2007 [23] G=60-200kgm—2s~'; T=30°C, 35°C R134a Variable Condensation
Cui et al./2008 [22] P=0.49-0.58 MPa; G=70-380kgm~2s~" R134a Vertical Boiling

tor and data acquisition system. The working loop is designed for
pressure of 1.6 MPa and temperature of 200°C; preheated section
power supply of 24V x 300A; and test section power supply of
60V x 500 A. The refrigeration chilling unit has a maximum output
of 50 kW.

2.2. Test section and installation

The test section is made of stainless steel tube (SUS304), struc-
ture parameter ranges of which are shown in Table 2. The test

section was directly heated by high current DC power supplies to
generate constant heat flux (ignoring resistance variety of metal
material).

The temperatures of the R134a flow at the inlets and outlets of
the preheated and test sections are measured with 0.3 mm T-type
sheathed thermocouples. And the precision pressure sensors are set
at the same positions as thermocouples in order to measure pres-
sures accurately. The temperatures of outside wall are measured by
0.2 mm T-type thermocouples set along the test tube. Eight sym-
metrical positions of each coil of the helically coiled tube, as s1-s8
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Fig. 1. Schematic diagram of the experimental circle loop. (1) motor pump, (2) Coriolis mass flowmeter, (3) preheated section, (4) test section, (5) flow pattern observing
section, (6) sight glass, (7) visual section, (8) differential pressure gage, (9) condenser, (10) receiver tank, (11) dry-strainer, (12) accumulator, (13) N, gas tank, (14) vacuum
pump, (15) buffer tank, (16) refrigerant pump, (17) refrigerant tank, (18) chilling unit, (19) cooling tower, (20) halogens leak detector and (21) DC power supply.
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Table 2
Geometrical parameters of the test section.

Material of tube Outer diameter, d, (mm) Inner diameter, d; (mm)

Coil diameter, D, (mm) Valid heated length, L (mm) Helical pitch, P, (mm)

SUS304 stainless steel 10 7.6

300 7070 40

90° 270°

180°

Fig. 2. Schematic diagram of the installation of thermocouples.

Table 3
Experimental condition ranges.

Pressure (MPa)
0.20-0.75

Mass flux (kgm=2s-1)  Inlet quality  Heated power (W)

50-260 —0.18-0.40 115-2100

indicated in Fig. 2, are selected as measuring sections where four
thermocouples are set evenly around the circumferences, as 0°, 90°,
180° and 270° indicated in Fig. 2. A total of 228 thermocouples are
set with 32 in every coil. The test tube was wrapped with 20 mm
thick PEF (Polyethylene chemical bridging highly foamed materi-
als) for heat preservation, and metal clamps were installed to stop
from distortion of the coiled tube.

2.3. Experimental conditions and procedure

Experimental conditions are listed in Table 3. The helically coiled
tube was placed horizontally and connected to the system with
flange insulated. Before each single experiment under different
conditions, heat balance testing was conducted and the testing
results showed that the average heat loss was no more than 5%.
The refrigerant R134a is pumped from the receiver tank through
a filter-dryer and a mass flow meter to the electrical pre-heater
to achieve the set vapor quality at the inlet of the test section.
The refrigerant enters the test section and is heated directly by
the DC power supply connected to the test section. After leaving
the test section, the refrigerant condenses and is collected in the
receiver tank. The mass flux can be controlled by adjusting the
speed of pump motor and control valves at bypass. The pressure
is controlled by adjusting mass flux of cooling loop, power supply
of preheated section and N,-gas accumulator. The heat power is
controlled by the precision DC power supplies automatically. All
the experimental signals are transmitted to Agilent 34980A data
acquisition system for processing.

3. Experimental results and discussion
3.1. Data reduction

The thermo-physical properties of working fluid R134a are
obtained from REFPROP Version 8.0 [29]. The heat input from the
DC power supply to the test section can be calculated from the mea-
sured voltage and current, considering the average heat loss of 5%.

Cui et al. [21] employed the same correction for data process to
obtain accurate results.

Q. =0.95U -1 (M
The average boiling heat transfer coefficient is defined as:
e
hp = —"—+— 2
™" Twm — Tom @

where Ty, and Ty, are derived from the measured outer wall tem-
perature by considering one-dimensional heat conduction through
the wall and the average value of the temperatures at the inlet and
outlet, respectively; g, can be calculated as follows:

_Q
e = A (3)

The local boiling heat transfer coefficient is defined as:

e

h=—— 4
: Tlm_ sl ( )
d’t  1dt  1da/de)?
o 1d 1ddyt o )
dr2  rdr Axdt\dr Al

where Ty, and Ty are derived from the average of the reading
of the four thermocouples at the four positions (0-270°) by one-
dimensional heat conduction equation through the wall Eq. (5) and
a linearly interpolating method of the inlet and outlet temperature
of the fluid, respectively.

The local vapor quality for the test section can be calculated by
Egs. (6) and (7).

4 C, At
xi=— G (6)
nd: Gy 14
4L
X=X+ Gd’f’; (7)
1

3.2. Results and discussion

The wall temperature distribution in horizontal helically coiled
tubes is shown in Fig. 3(a)-(d). The average wall temperatures of
sections decrease along the heated tubes at fixed conditions of
pressure and mass flux, as shown in Fig. 3(a). Actually, the vari-
ation of temperatures changes very little. Those temperatures in
descending sections of coiled tube are higher than those of climb-
ing sections, which may suggest a difference in the heat transfer
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Fig. 3. (a) Characteristics of wall temperature distribution with tube length (general situations). (b) Characteristics of wall temperature distribution with tube length (under
very low mass flux and pressure conditions). (c) Characteristics of wall temperature distribution around section circumference (general situations). (d) Characteristics of wall
temperature distribution around section circumference (under very low mass flux conditions).

coefficients of the two sections. However, the variation of the tem-
peratures along tube length dramatically changes at very low mass
flux and pressure conditions, as shown in Fig. 3(b). It might be
caused by the instability of two-phase flow boiling. Guo et al. [13]
observed the similar thermal oscillation accompanied by density
wave oscillation, which is caused by lower mass flux and relative
higher heat flux or wall temperature. The average temperatures
at the fourth section of descending section of horizontal helically
coiled tube (e.g., s8 indicated in Fig. 2) are usually much higher than
other neighboring ones, and a periodic trend is shown in Fig. 3(b).
The variation of temperatures at the four positions around one sec-
tion (0-270°) has been shown in Fig. 3(c) and (d). The temperatures
at the undersides (180°) are usually highest, while those at the
upsides (0°) are lowest. Those at fronts and offsides (270° and 90°)
are intervenient. This situation appears very clearly at lower mass
flux. As shown in Fig. 3(d), the temperatures at the undersides are
much higher than the others at mass flux of 60 kg/m? s and pressure
of 0.36 MPa.

The average boiling heat transfer coefficients as a function of
R134a mass flux at different pressures for the horizontal helically
coiled section are shown in Fig. 4(a). It can be seen that the aver-
age boiling heat transfer coefficients increase approximate linearly
with increasing the mass flux of R134a. Fig. 4(b) illustrates the vari-
ation of the local boiling heat transfer coefficient with the vapor
quality at different mass fluxes of R134a. The results show that the

local heat transfer coefficients increase with increasing the vapor
qualities; the mass flux has a strong effect on the local boiling
heat transfer coefficients, especially at high qualities. This may be
explained that not only the interfacial gas-liquid shear stress and
the degree of turbulence of the fluid, but also the intensity of the
secondary flow are increased with the high velocity due to increase
of mass flux. The effect of heat flux on the local boiling heat trans-
fer coefficients at different vapor qualities is shown in Fig. 4(c). It
can be noted that the local heat transfer coefficients monotonously
increased with the vapor quality at low heat flux. When the heat
fluxes increase to a higher level, the heat transfer coefficients reach
maximum at a vapor quality of about 0.70, then decrease slightly
with the vapor quality. The similar result was obtained by Boissieux
et al. [30] but for a straight tube. At LMLP conditions, the effect of
the pressure is more complex. In general, at relative high mass flux
heat transfer coefficients minutely increase with the increasing of
pressure, as indicated in Fig. 4(a), but at very low mass flux, it has an
indeterminate effect. Furthermore, the pressure has the least sig-
nificant effect among all the above system parameters under the
present conditions.

3.3. Comparison with prediction results

For the purpose of correlating experimental data, the
Lockhart-Martinelli parameter method [11,14,31,32] is feasible
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Fig. 4. (a) Average boiling heat transfer coefficients vs mass flux. (b) Local heat
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and easily to use for heat transfer coefficient correlations. It is
expressed as:

hep ( 1 )CZ
2L (= 8
o~ '\ Xe (8)

where cq and c; are derived from experimental data, respectively.
Kozeki [11] and Bai [14] correlations are based on the
Lockhart-Martinelli parameter method, the specific expressions of

o Experimental data
Kozeki (1970) correlation
Bai (1997) correlation

o
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h /h
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17X
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m]
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(4]
1

Experimental h,_/h

Fig. 5. (a) Comparison of experimental data with Bai [14] and Kozeki [11] correla-
tions. (b) Comparison of experimental data with new correlation.

which are given in Eqgs. (9) and (10). Current experimental data
were compared with Kozeki and Bai correlations at the same con-
ditions, as shown in Fig. 5(a). It shows that the calculated values
from Kozeki correlation are more dispersed than the experimen-
tal data. Though Bai’s correlation has a better result, most of the
predicted data are higher than experimental ones.

hep ( 1 )0.75

— =2.5( — 9

hyo Xt ©)
0.3

hﬂ:1+2.21<l) s L<1.2

hio Xt Xt (10)

hﬂ—306(i)0'47 1o

ho 7 Xt X T

A new heat transfer coefficient correlation for current experi-
mental conditions was developed based on the Lockhart-Martinelli
parameter method with an error of +15%, as indicated in Fig. 5(b).

hep

1 0.27
£ = 2.84(—) +(46162B}-1°> - 0.88)
) Xt

. (] 7x)0.9(&>0.5 u 0.1
“Tx o1 Ig

where hy, and hyg can be derived from experimental data and single-

phase heat transfer correlations Eq. (12) proposed by Seban [8],

(11)
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respectively.

Ny = 0.023Re®®5 Pro4 (d;/D; ) ™'

Nyh (12)
d;

hjo =

4. Experimental uncertainties

The directly measured parameters in experiments include
length, temperature, pressure, mass flux, voltage and current. Based
on the instructions from experimental equipment and verified
data sheet, the maximum uncertainties in measuring length and
inner diameter of test section are +0.014% and 40.27%, respec-
tively; the maximum uncertainty in measuring temperature is
+3.6%; the maximum uncertainty in measuring pressure is +2%;
the maximum uncertainty in measuring mass flux is £2.1%; the
maximum uncertainties in measuring voltage and current are
+2% and +3.8%, respectively. The uncertainty analysis results
indicate that the maximum uncertainties in measuring the aver-
age and local heat transfer coefficients are +8.5% and +11.3%,
respectively, according to Moffat’s experimental error transfer
procedure [33].

5. Conclusions

Characteristics of R134a flow boiling heat transfer in a horizon-
tal helically coiled tube were investigated under low mass flux and
low pressure conditions. From the analysis of wall temperature dis-
tribution and the boiling heat transfer coefficient, conclusions can
be drawn as follows.

(1) Under very low mass flux and pressure conditions, the aver-
age wall temperatures of sections decrease along the heated
coiled tube at fixed conditions of pressure and mass flux, and
the variation of the temperatures greatly changes owing to the
instability of two phase flow boiling.

(2) The average temperatures at the fourth section of descending
sections of horizontal helically coiled tube are usually much
higher than other sections. Around the circumference, the tem-
peratures at the undersides (180°) are usually highest, while
those at the upsides (0°) are lowest. Those at fronts and off-
sides (270° and 90°) are intervenient. It is more apparent with
very low mass flux.

(3) In general, the heat transfer coefficients increase with increas-
ing mass flux, heat flux, vapor quality and pressure. Mass flux
has much effect on heat transfer coefficients, while pressure
has little.

(4) A new heat transfer coefficient correlation for present exper-
imental conditions was developed for applications based on
Lockhart-Martinelli parameter with an error of +15%.
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