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ABSTRACT

Until now, no study that systematically investigates the influence of low mass fluxes and temperature
differences on condensation heat transfer coefficients has been conducted. Thus, the purpose of this
study was to measure condensing heat transfer coefficients at low mass fluxes in a smooth horizontal
tube at different temperature differences. Experiments were conducted by condensing R134a in a
smooth horizontal tube with an internal diameter of 8.38 mm and a length of 1.5 m. Experiments were
conducted at a saturation temperature of 40°C at different qualities, and at low refrigerant mass fluxes
that ranged from 50-200 kg/m?. The experiments were also conducted at different wall and
saturation temperature differences varying between 3-10°C. The flow patterns were recorded with a
high speed video camera at the inlet and outlet of the test section through sight glasses. An uncertainty
analysis showed that the maximum uncertainty of the heat transfer coefficients and vapour qualities of
the data presented in this study were 12% and 5%, respectively. Results showed that the flow patterns
during condensation were predominantly stratified and stratified wavy. It was also found that the heat
transfer coefficients were dependent on the temperature difference between the temperature of the
wall on which condensation occurs and the temperature of the condensing refrigerant. Furthermore, it
was found that the heat transfer coefficient decreased with an increase in this temperature difference.
When comparing the results of this study at low mass fluxes to the literature, it was found that the
absolute mean deviation varied up to 38%. An amendment was suggested in a stratified heat transfer
coefficient term from literature. It has been found that, with this amendment, the heat transfer

coefficients of low mass fluxes could be estimated with errors of + 5%.
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Nomenclature

area
specific heat

diameter

energy balance

function

gravitational acceleration

mass flux

enthalpy

dimensionless gas velocity
transition dimensionless gas velocity
thermal conductivity

length of test section

mass flow rate

Prandtl number

heat transfer rate

thermal resistance

Reynolds number

temperature

vapour quality

axial direction

Greek symbols

o

u

P

heat transfer coefficient
dynamic viscosity

density



Subscripts

A AT independent annular flow regime
Cu copper

cs Cross section

D AT dependent flow regime/total heat transfer coefficient
H,O  water

i inner

in inlet

i measurement location

I liquid

lo liquid phase with total flow

m mean

0 outer

out outlet

post  post-condenser

pre pre-condenser

r refrigerant

sat saturation

strat  fully stratified regime

test test-condenser

tot total
v vapour
W water, wall



1. Introduction

Proper prediction of heat transfer coefficients is key to the design and optimisation of condensers.
Therefore, several studies have been carried out on condensation heat transfer inside smooth
horizontal tubes. Reviews of these works in both macro- and micro-channels are available in [1-44].
The state of the art is that several reliable correlations [25, 41, 45-48] were developed based on flow
regimes, and for that reason, new flow regime maps [30, 49] were developed. However, in general,
most of the above works were conducted at mass fluxes varying from approximately 200—

1 000 kg/m?s.

Some of these and other studies [18-20, 26, 28, 34, 50, 51] found that the temperature difference
between the wall on which condensation occurs and the saturation temperature (hereafter referred to
in this paper as the “temperature difference”) had a negligible influence on the heat transfer
coefficients. The results were, in general, dependent on mass flux and quality. The results generated at
low mass fluxes were generally secondary data and not part of the foci of previous works.
Furthermore, Thome [52] pointed out that, as opposed to external condensation, the heat transfer
coefficients during in-tube condensation were independent of temperature difference, except at low

mass fluxes.

Aprea et al. [37] measured the local heat transfer coefficients during the condensation of R22 and
R407C in a 20 mm diameter, horizontal smooth tube at saturation temperatures varying between 37°C
and 40°C. They conducted experiments at mass fluxes of 45-120 kg/m’s. They found that their
experimental points at low mass fluxes fell into the stratified wavy flow regime. They compared the
results of their experiments with some correlations [53-56] and found that the correlation of Dobson
and Chato [57] predicted their results to within an accuracy of 13%. However, they did not study the

effect of temperature difference on the heat transfer coefficients.



Suliman et al. [30] performed heat transfer experiments at mass fluxes ranging between 75-300
kg/m’s during the in-tube condensation of R134a in a smooth horizontal tube with an inner diameter
of 8.38 mm at a nominal saturation temperature of 40°C. They found that at low mass fluxes, the heat
transfer coefficients were dependent on temperature differences. They also presented an improved
flow pattern map, which was a slight modification of the map proposed by El-Hajal et al. [49].

However, they only acquired two data points for the lowest mass flux of 75 kg/m?s.

Arslan and Eskin [23] experimentally measured the heat transfer coefficients during the in-tube
condensation of R134a in a vertical smooth tube. This study is one of a few that addressed the effect
of temperatute difference, although the flow was in a vertical downward tube. They considered only
downward flows within a low mass flux range of 20—75 kg/m?s. Their condensation experiments were
conducted at relatively low saturation temperatures ranging from 20-30°C. They concluded that the
heat transfer coefficients decreased with an increase in saturation temperature, and that, at such low
mass fluxes, the heat transfer coefficients were dependent on the temperature difference. They also
found that their experimental heat transfer coefficients increased as mass flux increased. Their
findings were in agreement with those of Meyer et al. [20] and several others. They found that the
correlation of Akers et al. [58] best predicted their results with a deviation of 23%; however, they did
not present data as a function of vapour quality. Furthermore, they did not consider a horizontal tube

orientation.

Lee and Son [24] presented the results of their experiments during the condensation of R134a, R290a,
R600a, and R22 in different smooth horizontal tubes at a saturation temperature of 40°C. Their lowest
mass flux was 35.5 kg/m?s, while their maximum was 210.4 kg/m?. Their work was more of a
comparative study between the heat transfer characteristics of the different refrigerants in the search
for replacement refrigerants. They did not study the effect of the temperature difference on the heat
transfer coefficients. However, just as other researchers, they found that the heat transfer coefficients

increased with increasing quality and mass flux. Comparing the results of their experiments with



correlations, they found that the Haraguchi et al. [59] correlation was the most reliable for predicting

the range of their experimental data.

It can therefore be concluded from previous studies that insufficient work has been conducted at low
mass fluxes, specifically to determine the heat transfer coefficients and capture the flow regimes as
functions of temperature differences and vapour quality. Therefore, it was the purpose of this study to
experimentally determine the heat transfer coefficients in a smooth horizontal tube at low mass fluxes
and different quality values. During experimentation, the flow regimes were also captured at the inlet
and outlet of the test section, and these results are also presented here. The experimental data was also
compared to literature, and existing literature was modified to generate an equation that could be used

to more accurately estimate the heat transfer coefficients at low mass fluxes.

2. Experimental apparatus and procedure

The test bench used for this investigation is well established and has previously been used for
condensation studies [6, 18, 20, 29, 30, 35, 51, 60-64]. Slight modifications were, however, made to
accommodate the low mass flux requirements of this project. The experimental test rig (Figure 1)
consisted of a vapour compression refrigerant cycle (red lines in figure) and several water cycles (blue

lines in figure).

The vapour compression cycle consisted of the test section line and the bypass line, which are both
high pressure lines, and a low pressure line through which the R134a was pumped using a hermetic
scroll compressor with a nominal capacity of 10 kW. Each of the lines had electronic expansion
valves which controlled the mass flow rate of the refrigerant. The expansion valve in the test section
line that was used in all previous work was replaced with an electronic expansion valve with a smaller

valve port.
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Figure 1. Schematic of the experimental set-up and test section.

The test line had three condensers: the pre-condenser, the test condenser containing the test section,
and the post-condenser. The pre-condenser was used to control the inlet vapour quality into the test
section where the actual measurements and experiments were conducted. The post-condenser was
used to ensure that complete condensation and sub cooling occurred to ensure that only liquid flowed
through the refrigerant mass flow meter. The bypass line had a bypass condenser that controlled the
pressure, temperature, and mass flow rate of the refrigerant flowing into and through the test line. The
majority of the refrigerant flowed through the bypass line with a smaller fraction through the test
section line. The refrigerant from the two high pressure lines was throttled in the electronic expansion
valves into the low pressure line, consisting of a water heated evaporator, suction accumulator, and a

scroll compressor.

The water that was used for the pre-condenser, post-condenser, and evaporator was stored and

supplied from two storage tanks with capacities of 500 litre each. These tanks were kept at pre-



selected temperatures and were thermostatically controlled to approximately 15°C and 40°C,
respectively. These tanks were maintained at these constant temperatures because they were
connected to a dual-function heat pump. The colder storage tank was connected to the pre- and post-
condenser, and the warmer storage tank to the evaporator. A 1.5 kW thermal bath, with a 20 litre
storage tank, was connected to the annulus of the test section. This thermal bath had a built-in pump
and was operated with water inlet temperatures varying from 10°C to 20°C, depending on the required

condensation experiments required in the test section.

The test section was a smooth copper tube that was assembled to correspond to a tube-in-tube heat
exchanger configuration. The inner tube formed the test section in which the refrigerant flowed. The
flow of water in the annulus was in a counter direction to that of the refrigerant. The water in the
annulus was always operated at a temperature lower than that of the refrigerant gas, and therefore,

condensation occurred on the inside of the test section tube.

The rate of condensation in the test section tube was manipulated with the refrigerant and/or water
mass flow rates streams. The refrigerant stream was controlled by changing its mass flow rate,
saturation temperature, and inlet quality. The refrigerant mass flow rate was controlled by opening the
test section expansion valve. This also influenced the saturation temperature and pressure of the test
section which was controlled with the opening or closing of the expansion valve of the bypass line
and the water mass flow rate through the bypass condenser. It was found that the saturation values
were more sensitive to water mass flow rate changes than changing the opening of the electronic
expansion valve. Therefore, the water mass flow rate changes were mostly used to manipulate the
saturation values close to the required values, while the expansion valve was used for precision

control.

The vapour quality of the refrigerant before and after the test section was carefully controlled, as the
overall test quality was defined as the average quality between the inlet and outlet qualities of the test

section. This required quality was controlled with the water inlet temperatures and mass flow rates



flowing through the annulus of the test section and flowing through the pre-condenser of the test

section.

In the water stream through the test section, the mass flow rate and water inlet temperature were
controlled. The mass flow rate of the water was controlled by two means. The first was adjusting the
pump setting of the thermal bath while the other was the use of servo-actuated values to control the
flow through the test section while the remaining flow was bypassed to the bypass heat exchanger and
immediately entered the return line back to the reservoirs. The water inlet temperature was set by
changing the set point of the thermal bath. The refrigerant and water mass flow rates through the three
condensers were measured with a Coriolis mass flow meter that could measure both the refrigerant

and water mass flow rates with errors of less than 0.05%

The test section inner tube was 1.5 m in length, with a measured inner diameter of 8.38 mm and an
outer diameter of 9.54 mm. The annulus outer tube had an inner diameter of 14.5 mm and an outer
diameter of 15.88 mm. The test section, pre-condenser, post-condenser, bypass-condenser, evaporator,
and all refrigerant and water lines were insulated with 60 mm of a closed cell elastometric nitrile
rubber that had a thermal conductivity of 0.039 W/mK in order to minimise heat losses to and from

the environment.

Two sight glasses were installed at the inlet and outlet of the test section. The sight glasses had the
same inner diameter as the test section and were made from borosilicate. The purposes of the sight
glasses were twofold. First, they were used to prevent axial conduction from the test section inner
tube to the connecting tubes at the inlet and outlet, as the thermal conductivities (1.2 W/mK) of the
sight glasses were much lower than those of the copper tubes in the test section line. Second, they
were used for visual observations, and to capture the flow patterns with video cameras. Videos were
taken in grey levels. However, it was found that without a light emitting diode (LED), the flow could

not be visualised properly as evidenced by a black cloud seen around the glass tube. Hence, to
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improve the image quality and ensure uniformity in the distribution of the light, a uniform (LED)
backlight was used. This LED backlight was a 98.7% uniform, 50 by 50 mm red light. Furthermore, it
was chosen to have a low energy output so that it did not thermally affect the passing flow. The flow
regimes were captured with two different cameras. The camera at the inlet could capture videos at 200
frames per second, while the camera at the outlet was limited to 100 frames per second. Owing to the
frames per second limitation of the video camera at the outlet, the quality of the outlet videos was not

as good as that of the inlet.

To ensure that the flow through the test condenser was fully developed, a straight calming section,
500 mm in length, and of the same diameter as the test section, was positioned upstream of the
entrance to the test section (after the sight glasses). Another calming section which was 400 mm long
and of the same diameter as the test section was positioned at the exit of the test condenser to

minimise the disturbance at the exit sight glass.

The absolute pressures at the inlet and outlet of the test sections were measured with absolute pressure
transducers that were connected to pressure taps at the inlet and outlet of the test section. The
inaccuracies of the absolute pressure measurements were = 2 kPa. The pressure drop over the test
section was measured with a calibrated differential pressure drop transducer, which was also

connected to two different pressure taps at the inlet and outlet of the test section.

On the outside surface of the test section tube, 28 shallow holes were drilled at seven stations marked
A to G, as shown in Figure 1. The first station at A was at a distance of 70 mm from the inlet, and the
subsequent spacing between all the other stations was 225 mm. Each station had four shallow drilled
holes at equal distances around the circumference. In each hole, a 1.3 mm diameter, T-type
thermocouple used for outside wall temperature measurements was attached by soldering. The cooling
water inlet and outlet temperatures were also measured as the average of three thermocouples

mounted on the wall of the inlet and outlet of the annulus that surrounded the test section tube. The
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same was done with the average inlet and outlet water temperatures at the pre- and post-condensers.
Care was taken to ensure that the mass flow rates of all cooling water channels were operated in the
turbulent flow regime to ensure that the wall temperature measurement represented the average water

temperatures. Fig. 2 shows a schematic of the measurement points in the test section.
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Figure 2. Schematic of the measurement points in the test section

The refrigerant temperatures were measured at four stations on the outside walls of the tubes. These
were at the inlet and outlet of the test section, and at the inlet of the pre-condenser and outlet of the
post condenser. These measurements were continuously correlated with the saturation temperatures
indirectly obtained from the pressure measurements of the two absolute pressure transducers. These
differences were never more than 0.1°C. All the thermocouples used were calibrated before the start

of the experimental programme against a calibrated PT100 to an accuracy of + 0.1°C.

The refrigerant pressure at the inlet to the test condenser was measured with a strain gauge pressure

transducer to an accuracy of + 2 kPa for mass fluxes between 50-100 kg/m’s. To determine its

accuracy, the measured pressure value was cross-checked with the corresponding saturation
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temperature on the condensation saturation curve provided by REFPROP [65]. The pressure drop
across the test condenser was measured with a differential pressure transducer calibrated to an

accuracy of £ 9 Pa.

All measurements of temperatures, pressures, and mass flow rates were taken at steady state
conditions. These measurements were taken when no more fluctuations of these measured values
occurred for a period of five minutes, and the energy balance (EB), as determined in Section 3, was
less than 5% and also constant for a period of five minutes. A summary of the operating conditions
and average energy balances of all experiments are shown in Table 1. The energy balances of all
experiments varied between a minimum of 0.2% and a maximum of 5.2%. The average energy

balance was 2.1% with a standard deviation of 1.2%.

Table 1. Operating conditions and average energy balances for the experimental matrix

Parameter Average Minimum Maximum Standard deviation
Condensation temperature 40.0°C 39.6 °C 40.5°C 0.28°C

Saturation pressure 1 052 kPa 1031 kPa 1074 kPa 9.8 kPa

Energy balance 2.1% 0.2% 5.2% 1.2%

All measurements were collected with a data acquisition arrangement which comprised of a desktop
computer with LabVIEW software. Furthermore, embedded in the data acquisition system were
terminal blocks, channel multiplexers, termination units, transducer multiplexers, an interface card,
and signal-conditioning extensions for instrumentation. The readings were captured for 360 s (201
points) at 0.56 Hz, and the averages of all 201 measurements were used. The standard deviations of

the 201 points were monitored continuously.

At low refrigerant mass fluxes, the heat transfer rates were very low, and it was, therefore, very

challenging to take a large number of measurements, as it took at least 90 minutes before steady state
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conditions were reached once a small adjustment was made to obtain data at another experimental
point. Furthermore, the required temperature differences between the condensing wall and
refrigeration saturation temperature that varied between 3-10°C, was carefully adjusted with errors of
less than + 0.1°C. The required inlet qualities were also carefully adjusted so that the errors in inlet
qualities were less than 5%. When the system was shut down and restarted, it took approximately two
hours before steady state conditions were reached for the first time and the first experiment of the day

could be conducted.

The oil concentration in the refrigerant was measured by Suliman et al. [30] in a previous study using
the ASHRAE Standard [66] and was determined as 1.8% on average. The maximum measured was
2.3% and only occurred at much higher mass fluxes of 700 kg/m%s, which was much higher than the
range considered in this study. In these studies, it was shown that the of presence oil had a negligible

effect on the results presented.

3. Data reduction

The heat transfer rate, Qr,pre, of the condensing refrigerant was assumed to be equal to the water side
heat transfer rate, Q'W,pre (Eq. (1)). It was determined from the measured water mass flow rate,
My, pre, through the pre-condenser and the measured average water inlet, T,, ,.e—in, and outlet

temperatures, T, »re—out:

Qw,pre = Qr,pre = mw,pre Cp,w (Tw,pre—out - Tw,pre—in) (1)

The specific heat values of the water, C,,,,, were obtained from REFPROP [65] using the average of

the measured inlet- and outlet water temperatures through the pre-condenser. The heat transfer rates

through the test section and post-condensers were determined similarly:
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Qw,test = Qr,test = mw,testh,w (Tw,test—out - Tw,test—in) (2)

and

Qw,post = Qr,post = mw,postcp,w (Tw,post—out - Tw,post—in) @)

The enthalpy value of the refrigerant at the outlet of the pre-condenser, h;. ;r¢—oy:, Was determined as

Qw,pre = mr.pre (hr,pre—in - hr,pre—out) (4)

The value of hy, .oy Could be determined from Eg. (4), as lepre was determined from Eq. (1).
M, e Was the measured mass flow rate of the refrigerant through the pre-condenser, and h;. pre—in

was the specific enthalpy of the refrigerant at the inlet to the pre-condenser (acquired from REFPROP

[65] using the measured temperature and pressure conditions at the inlet to the pre-condenser).

The enthalpy values of the refrigerant at the outlet of the test-condenser, h, ¢ost—oue, and outlet of

post-condenser, hy. ,ost—out, Were determined similarly:

Qw,test = mr,test (hr,test—in - hr,test—out) (5)
and
Qw,post = mr,post (hr,post—in - hr,post—out) (6)
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As the post condenser was always operated to ensure fully condensed liquid at its outlet, the outlet
enthalpy values, Ay post—oue, determined from Eq. (6) were cross-checked with enthalpy values
obtained from REFPROP [65] using the measured refrigerant pressure and temperatures values at the

exit of the pre-condenser.

The total water side heat transfer rate, Qw,wt, was determined as

Qw,tot = Qw,pre + Qw,test + Qw,post (7)

while the total condensing refrigerant heat transfer rate, Qr,tot, was determined as

Qr,tot =m, (hr,pre—in_ hr,post—out) 8)

In Eq. (8), ri1,. was the measured refrigerant mass flow rate through the test line, which was the same

refrigerant mass flow rate through the pre-condenser as well as through the post-condenser; thus,

My = My pre = My test = My post

The relative differences in heat transfer rates between the water and refrigerant sides were then

compared in the format of an energy balance (EB) as follows:

EB = |Qr,tot - Qw,totl (9)

r,tot

The inlet vapour qualities, x;,,, of the refrigerant at the test section inlet were determined as
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hr,test—in - hl (10)

T T R~y

The saturated vapour and liquid values of the specific enthalpies, h,, and h;, respectively, were
obtained from REFPROP using the average of the measured test section inlet and outlet refrigerant
temperatures, and/or average of the measured inlet and outlet refrigerant absolute pressures. It was
found that the values obtained from either the measured pressures and temperatures correlated to

saturation temperature differences of less than 0.1° C from each other.

The outlet vapour qualities, x,,,;, of the refrigerant at the test section outlet were determined similarly

as

_ hr,test—out —h (11)
xout - h _ hl
v

With the inlet and outlet qualities of the test section known, the mean qualities, x,,, were taken as the

average between the inlet and outlet qualities:

Xout T Xin (12)
T

For all experiments, while the enthalpies and qualities were determined, the outside wall
temperatures, T,,,, Were determined as the average measured wall temperatures obtained from the
trapezium integration technique of the 28 thermocouple measurements at seven different stations

(Fig. 2) on the outside of the tube.
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. 1 7 ' . (13)
Tuo =7 2 [(Tho + T (711 = 2)]
j=1

At each of the seven stations, the average station temperatures were taken as the average of the four

thermocouple measurements around the perimeter of the test section tube.

The average temperatures on the inside of the test section wall, T,, ;, were determined by using the
outside wall tube temperature measurements, T,,, ,, and taking into consideration the heat transfer rate

through the wall, Qw_test, and the thermal wall resistance, R,,, of the wall:

Tw,i = 7_Ww,o + |Qw,testRw| (14)

The thermal wall resistance was determined as

_ In(d,/dy) (15)
W 2mke,L

where d, and d; were respectively the measured outside and inside diameters of the test section, k.,
was the thermal conductivity of the test section which was made from copper, and the measured

length, L, of the test section tube.

It was found that the wall thermal resistances were negligible in all cases, as the differences between
the inside and outside tube walls were all less than the errors (0.1° C) of the temperature
measurements. Therefore, it was found that the average wall temperature measurements in Eq. (13) on

the outside of the wall were equal to the inside wall temperatures required in Eq. (14).
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The “temperature differences” referred to in this paper used for the heat transfer coefficient

calculations were

AT = Ty — Ty (16)

They referred to the temperature difference between the refrigerant saturation temperatures, Ts,;, and
average wall inner temperatures, Tw_i, of the test section determined by Eq. (14). The saturation
temperatures were taken as the average between the measured inlet, T,;, and outlet refrigerant
temperature T,o, measurements of the test section (Fig. 2). This saturation temperature also
corresponded to within 0.1°C of the saturation temperature that was implicitly determined from
REFPROP when the measured absolute saturation pressure measurements taken from the average of

the inlet and outlet test section pressure measurements were used.

With the heat transfer rates known, the average heat transfer coefficients, a, of the condensing

refrigerant in the test section were determined as

o = Qw,test (17)
A;AT

The heat transfer rates, Q'W,test, of the water side of the test section were used to determine the heat
transfer coefficients, not the refrigerant heat transfer rates, Qr,test. The uncertainties of the refrigerant
rate depended on the uncertainties of the inlet and outlet enthalpies whose uncertainties further
depended on the uncertainties of the inlet and outlet vapour qualities which were approximately 5%.
However, the uncertainties of the heat transfer rate on the water side, letest, was 3%. The internal

surface area ( A; = md;L) of the test section of the heat transfer tube was determined from the
measured tube inlet diameter d;, which was 8.38 mm, and measured test section length over which

heat transfer occurred, L, which was 1.5 m.
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Lastly, since the heat transfer coefficients were mass flux dependant, the corresponding mass fluxes

were determined as

_ My test (18)

where the test section cross sectional area was determined as A, = (r/4)d?.

4. Uncertainty analysis and repeatability

An uncertainty analysis was conducted as prescribed by Dunn [67], based on the experimental
parameters and uncertainties given in Table 2. The results showed that, in the range over which
experiments were conducted, the uncertainties were 1%, 5%, and 10% for the mass fluxes, qualities,
and heat transfer coefficients, respectively, at a specific mean quality. Two challenges were
encountered during the generation of results. First, because of the low mass fluxes, the heat transfer
rates in the test section were low, and varied as low as 170 W. Second, in many cases, the changes in
quality values from the inlet to outlet were significant. This can be solved by using a shorter test
section length. However, then the heat transfer rates decrease even further and the uncertainties would
increase significantly. For example, decreasing the test section length by 50%, would have increased

the uncertainties of the heat transfer coefficients to 18%.

Table 2. Experimental parameters, ranges, and uncertainties

Parameter Range Uncertainties
T sat 40°C +0.1°C

G 50-200 kg/m?s +1%

Xon 0.1-0.9 + 5%

o 1 300-2 200 W/m°K +11%

Ou 170-600 W +1%
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The repeatability of the measured results of the condensation heat transfer coefficients was established
by repeating a selection of approximately 60% of the results three months later. The maximum
percentage differences of the heat transfer coefficients and qualities when the experiments were

repeated was about 2%. This maximum difference was found at vapour qualities below 0.25.

5. Validation of experimental set-up

A validation study was carried out to confirm the functionality and accuracy of the experimental set-
up and the data generated from it. A summary of the validation test matrix is shown in Table 3, and it
identifies the 25 different conditions that were used for experimental comparison purposes. The
validation experiments were conducted at a saturation temperature of 40°C over a mass flux range of
100-400 kg/m?s at qualities of 0.1-0.9. It was found that, for all these experiments, the heat transfer
coefficients compared well to literature: the average deviation of the 25 heat transfer coefficients with
the literature was 8%, the maximum deviation was 15%, and a minimum deviation was 1%. The

results of a part of the validation experiments are summarised in Figure 3.

Table 3. Summary of validation heat transfer coefficient experiments conducted at different qualities

G [kg/m?s] Xml-1  Xm[-] Xm[-]  Xml[-] Xm[-]1  Xm[-] Xm[-]  Number of data points

100 0.1 02 035 05 0.62 0.75 0.9 7 points

200 0.1 0.2 - 0.5 0.62 0.75 0.9 6 points
300 0.1 0.2 - 0.5 0.62 0.75 0.9 6 points
400 0.1 0.2 - 0.5 0.62 0.75 0.9 6 points

Total= 25 points

In Figure 3, the results are given at a mass flux of 300 kg/m?, and were compared to the
measurements of Cavallini et al. [34], Jung et al. [21], Kim and Shin [22], Lips and Meyer [18],
Meyer et al. [20], Suliman et al. [30], and Van Rooyen et al. [25]. In general, the measurements
compared well to measurements from literature. The measurements were lower than the

measurements of Cavallini et al., Van Rooyen et al., Jung et al., and Kim and Shin, but higher than
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those of Suliman et al. The mean deviations were 16% lower than the values of Cavallini et al., and

11% higher than those of Suliman et al.
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Figure 3. Validation results of experimental heat transfer coefficients as functions of quality at a mass

flux of 300 kg.m?/s compared to experimental data at a saturation temperature of 40°C.

A verification at mass fluxes lower than 100 kg/m’s, which would have been desirable, was not
possible, and for that reason, verifications were conducted in this section on mass fluxes of only 100—
400 kg/m?s. Specific verifications against the work of others at low mass fluxes were not possible
because of differences in refrigerants [4, 9-11], tube diameter [37], tube shape [13], orientation
(vertical and not horizontal) [23, 26], and temperature differences not specified [30]. Moreover, the
other studies [1-3, 5, 6, 15, 26, 28, 35, 68] were general reviews with no experimental results to show.
The only direct comparison that could have been possible against previous work was with the work of

Suliman et al. [30], in which two heat transfer coefficients at a heat flux of 75 kg/m?s were

22



determined; however, the temperature differences at which the measurements were made were not

specified.

Figure 4 summarises the only two flow patterns observed in the study. These flow patterns, which
were stratified (S) flow and stratified wavy (SW) flow, were adopted using the definitions and
descriptions of flow regimes prescribed by Thome [7]. All the experimental data points summarized
in Table 3 were also compared to the Thome [49] flow regime map. It was found that the observed

flow regimes were in all cases correctly predicted.

| Stratified flow (S) | Stratified wavy flow (SW)

[ e ——me— = — P o

= - e — - =

Figure 4. General description of flow patterns found in the study at mass fluxes of 50, 75, and
100 kg.m?/s

In general, although extensive verification experiments at mass fluxes lower than 100 kg/m?s were not
possible (results at a mass flux of 100 kg/m?s are presented in the following section), the agreement of
heat transfer coefficients and flow regime observations at mass fluxes from 100-400 kg/m?s were
satisfactory, and at least verifications were conducted at a mass flux of 100 kg/m?s, which was on the

upper boundary of the range of mass fluxes considered in the following section.
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Table 4. Summary of experimental test points at different operating conditions of mass flux,

temperature difference, and quality

G = 150 and 200 kg/m’s
Mean vapour quality AT=3°C AT=5°C AT=8°C AT=10°C

Xm 0.1 0.1 0.1 0.1
Xm 0.25 0.25 0.25 0.25
Xm 0.5 0.5 0.5 0.5
Xm 0.62 0.62 0.62 0.62
Xm 0.75 0.75 0.75 0.75
Xm 0.9 0.9 0.9 0.9

Sub-total= 48 points
G = 100kg/m?s
Mean vapour quality AT=3°C  AT=5°C AT=8°C AT=10°C

Xm 0.1 0.15 0.25 0.3
Xm 0.17 0.22 0.3 0.4
Xm 0.25 0.25 0.35 0.45
X 0.41 0.3 0.41 0.52
Xm 0.45 0.35 0.43 0.62
Xm 0.60 0.38 0.5
Xm 0.75 0.41 0.55
Xm 0.82 05 0.62
0.55
0.6
Sub-total=31 points
G = 75kg/m?’s
Mean vapour quality AT=3°C AT=5°C AT=8°C
Xm 0.25 0.25 0.3
X 0.3 0.5 0.5
Xm 0.43 0.62 0.62
Xm 0.5
Xm 0.62
Sub-total=11 points
G = 50kg/m?’s
Mean vapour quality AT=3°C  AT=5°C
Xm 0.25 0.35
X 0.35 0.5
Xm 0.62 0.62
Xm 0.75
Sub-total=7 points
Total= 97 points
6. Results

Table 4 shows the test matrix of the experiments that were carried out at mass fluxes of 200, 150, 100,

75 and 50 kg/m’s at different temperature differences, AT, and average qualities, x,,. A total of 97

24



experimental data points were produced. The average saturation temperature of all the measurements
conducted was at a condensing temperature of 40°C, with a standard deviation of just less than

approximately 0.3°C.

At a mass flux of 200 kg/m®s, 24 measurements were taken at six different qualities of 0.10, 0.25,
0.50, 0.62, 0.75, and 0.9, and at four different temperature differences of 3, 5, 8, and 10°C. At a mass
flux of 150 kg/m?’s, 24 measurements were taken at the same experimental conditions as those taken at
200 kg/m?s. At mass fluxes of 100 kg/m?s, 75 kg/m?s, and 50 kg/m?s, the number of experimental
conditions at which experiments were conducted was 31, 11, and 7, respectively. The experimental
conditions at which experiments could be conducted therefore decreased with mass flux. This was
because the changes in quality from the test section inlet to outlet increased. To prevent this from
occurring, the mass flow rate through the water in the annulus and/or water inlet temperature to the
annulus can be altered. However, it has been found that the heat transfer rates became too low, and the

uncertainties of the heat transfer coefficients became too high.

6.1. Flow patterns
In Figs. 5 to 7, the captured flow patterns at the test section inlet and outlet at different mean qualities
(average between the inlet and outlet qualities) are given at three different mass fluxes 100 kg/m?s

(Fig. 5), 75 kg/m’s (Fig. 6), and 50 kg/m’s (Fig. 6).

In Fig. 5, at a mass flux of 100 kg/m?s, a mean vapour quality of 0.15, and temperature difference of
3°C, the inlet vapour quality was 0.27 and the outlet vapour quality was 0.03. The flow pattern
visualisation showed that, at the test section inlet, the flow pattern was stratified wavy (SW), and at
the tests section outlet, the flow pattern was stratified (S). As the flow pattern changed from the test
section inlet to outlet, an “averaged” phenomenon that corresponds to an average quality of 0.15 was
observed (hereafter referred to in this paper as a “SW-S” flow pattern). Although this SW-S flow
pattern occurred only at an average quality of 0.15 for a 3°C temperature difference, it also occurred

at temperature differences of 5°C, 8°C, and 10°C. Moreover, it was not only observed at an average
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Flow regimes at different temperature differences and vapour qualities at a mass flux of 100 kg.m?/s.
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Figure 6.

Flow regimes at different temperature differences and vapour qualities at a mass flux of 75 kg/m?’s.
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quality of 0.15, but also at average qualities of 0.25 and 0.35. Except for the SW-S flow patterns that

were identified, all the other flow patterns in Fig. 5 at a mass flux of 100 kg/m’s were stratified wavy.

At a lower mass flux of 75 kg/m?s (Fig. 6), stratified flow occurred at both the inlet and outlet for the
case of a temperature difference of 3°C and an average quality of 0.15, while all the other flow
regimes were stratified wavy. The exceptions were SW-S regimes that occurred at the following
temperatures and average qualities: (a) a temperature difference of 3°C and average qualities of 0.25
and 0.35; (b) a temperature difference of 5°C and average qualities of 0.15 and 0.25; and (c) a

temperature difference of 8°C and average qualities of 0.15, 0.25, and 0.35.

In Fig. 7, at a mass flux of 50 kg/mzs, all the flow regimes for temperature differences of 1°C, 3°C,
and 5°C were found to be in general SW-S. The exceptions were at qualities of 0.25 and 0.35, where
the flow regimes were stratified. A debatable point occurred at 1°C at an inlet quality of 0.30.
Although it was observed to be closer to stratified than stratified wavy, the general tendency of results

indicates that it should be stratified.

The different flow regimes observed at the determined inlet and outlet qualities were plotted onto the
relevant part of the El-Hajal et al. map [49], as shown in Fig. 8. The effects of temperature differences
are also shown. This excludes the SW-S points, as the “averaging” of these points that specifically
correspond to the average qualities listed in Figs. 5-7 are not accurate. The reason is that the transition
from the stratified wavy regimes to the stratified regimes could have occurred anywhere between the

inlet and outlet quality values.

For mass fluxes of 50 kg/m?s, 75 kg/m?s, and 100 kg/m?s, the map predicts that the transition vapour

quality from stratified to stratified wavy flow should be 0.29, 0.17, and 0.11, respectively. At a mass

flux of 100 kg/m?s, all the flow regimes were predicted correctly.
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Figure 8. Verification experimental data points generated in this study plotted on the El Hajal et al. [49]
map.

However, at a mass flux of 75 kg/m?s, two points were incorrectly predicted. The first was at a

temperature difference of 3°C and inlet vapour quality of 0.25. According to the flow pattern map, the

flow regime should have been stratified wavy flow; however, stratified flow was observed. Secondly,

at a temperature difference of 8°C and outlet vapour quality of 0.17, stratified flow was observed

although the flow regime predicted stratified wavy flow.
At a mass flux of 50 kg/m?s, the flow regimes of 4 points were incorrectly predicted in Fig. 8. At a

temperature difference of 1°C and a quality of 0.58, the flow regime was observed to be stratified,

although the map predicted stratified wavy. At a temperature difference of 5°C and qualities of 0.28,
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0.31, and 0.4, the flow regimes were observed to be stratified wavy, although the map predicted that

the flow regimes should be stratified flow.

In general, if all three mass fluxes of 100 kg/m?’s, 75 kg/m?s, and 50 kg/m?s are considered, the map
predicted 85% of the experimental data points correctly. In general, it seems as if the map
inaccurately predicted the flow regimes as the mass flux decreased and the temperature differences

increased.

6.2. Heat transfer coefficients

The heat transfer coefficients at mass fluxes of 200, 150, 100, 75, and 50 kg/m’s at different mean
qualities are given in Figs. 9-13 for the different temperature differences. The heat transfer
coefficients are the average heat transfer coefficients over the test section lengths and the mean

quality values were the average qualities between the inlet and outlet qualities are given in Figs. 5-7.

The results show the expected trend of heat transfer coefficients as a function of vapour qualities that
has been shown in previous work. Thus, the heat transfer coefficients increase with increasing values

of mean vapour quality and mass flux.

Fig. 9 shows the effect of temperature difference at a mass flux of 200 kg/m?s. The heat transfer
coefficients at different temperature differences were all within the uncertainties of the measurements.
It was, therefore, concluded that the heat transfer coefficients at a mass flux of 200 kg/mzs were

independent of temperature difference.

31



2800 .

I T T T T T T T
_ | = AT=3°C
v _Eo ]
<= 2600 - AT=5°C .
£ A AT=8°C I i
= 1 * AT=10°C ¥
£ 2400 - N ]
(5]
S %
= -
L 2200
(&)
— - T -
(<)
‘2 2000 4 2
< 1 .
3 1800 - i '
T
(«B)
o - 1 _
o
< 1600 - 1
< ] -
1400 T T T T T T T T T
0.0 0.2 0.4 0.6 0.8
Mean vapour quality [-]
Figure 9. Heat transfer coefficients as function of different wall and refrigerant saturation temperature

differences, AT, at different mean qualities during condensation at a mass flux of 200 kg/m?s.

At a mass flux of 150 kg/m?s (Fig. 10), the effect of temperature difference was only detected
noticeably at a low vapour quality of 0.1, which was observed to be stratified flow, while all the other
flow regimes were stratified wavy flow. The percentage difference between the measured heat
transfer coefficients for the extremes of temperature differences (3 and 10 °C) at a quality of 0.1 was
12%. However, at vapour qualities greater than 0.25, the temperature difference had a negligible

effect on the value of the heat transfer coefficients.
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Figure 10. Heat transfer coefficients as function of different wall and refrigerant saturation temperature

differences, AT, at different mean qualities during condensation at a mass flux of 150 kg/m?s.

Fig. 11 shows the effect of temperature difference at a mass flux of 100 kg/m”. Except for the one
point at a quality of 0.15 which is in the stratified flow regime, all the other experimental conditions
were taken in the stratified wavy flow regime. The results show that, in general, the heat transfer
coefficients increase as the temperature difference decreases. The effect of the temperature difference
is more dominant at higher qualities. For example, if the heat transfer coefficients at temperature
differences of 3 and 10 °C are compared, the increase in the heat transfer coefficient is 10% at a

vapour quality of 0.25, while at a vapour quality of 0.62, the increase is 13%.
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Figure 11. Heat transfer coefficients as function of different wall and refrigerant saturation temperature
differences, AT, at different mean qualities during condensation at a mass flux of 100 kg/m?s.

At a mass flux of 75 kg/m’s (Fig. 12), the same conclusion can be made about the effect of
temperature difference: the heat transfer coefficients are dependent on temperature difference and

increase as the temperature difference decrease.
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Figure 12. Heat transfer coefficients as functions of different wall and refrigerant temperature

differences, AT, at different mean qualities during condensation at a mass flux of 75 kg/m?s.

Fig. 13 shows the effect of temperature difference at a mass flux of 50 kg/m’s. Again, the conclusion
about temperature difference made for mass fluxes of 150—75kg/m?s can be made for the mass flux of
50 kg/m?. However, the data points were not sufficient enough for any conclusions about the

influence of quality to be made.
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Figure 13. Heat transfer coefficients as functions of different wall and refrigerant temperature

differences, AT, at different mean qualities during condensation at a mass flux of 50 kg/m?s.

The general conclusions that can be made when comparing Figs. 9-13 were that at mass fluxes of 50—
100 kg/m?s, the condensing heat transfer coefficients were temperature dependent. The heat transfer
coefficients increased as the temperature differences decreased. The heat transfer coefficients
increased as the temperature differences decreased. It can thus be concluded that the effect of AT was
more significant at lower mass fluxes due to the existence of gravity-dominated flow like stratified or
stratified-wavy flow. In these types of flow patterns the conduction resistance through the liquid film
played a more significant role. With an increase in film thickness with AT the thermal resistance of
heat transfer increased and resulted in lower heat transfer coefficients. At higher mass fluxes the flow

regimes were almost annular and shear stresses played the main role in the total thermal resistance or
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heat transfer coefficients, therefore the increase in film thickness with respect to AT had a negligible

effect on the heat transfer coefficients.

Furthermore, at a mass flux of 100 kg/mzs, it was found that the effect of the temperature difference

was more dominant at higher qualities. This effect was only observed at this specific mass flow rate.

7. Comparison with literature

The results of this study at mass fluxes of 50, 75, and 100 kg/m’s are compared in Fig. 14 to the

theoretical models of Shah [39], Cavallini and Zecchin [69], Akers et al. [70], Cavallini et al. [46],

Haraguchi et al. [59], Dobson and Chato [57], and Shah [48]. The comparison was only conducted

with the mass fluxes that were found to be temperature dependent.
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Figure 14. Comparison of experimental data with several theoretical models from literature.
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The comparison shows that the experimental results of this study were lower than the predicted values
of Cavallini et al., Haraguchi et al., and Dobson and Chato, but higher than the predicted values of
Akers et al. and Cavallini and Zecchin. With respect to the newest model of Shah [48], some of the

results of our experiments were higher while others were lower.

The absolute mean deviations in comparison to the theoretical models of Shah, Cavallini and Zecchin,
Akers et al, Cavallini et al., Haraguchi et al., Dobson and Chato, and the newest method of Shah
correlations were 42%, 29%, 21%, 19%, 31%, 27%, and 25%, respectively. The maximum deviations
per data point were generally recorded at the lowest mass flux of 50 kg/m?s. This showed that the
theoretical models became error prone with decreasing mass fluxes. In general, it was also found that

as the temperature difference increased, the absolute mean deviation decreased.

With respect to the Cavallini et al. [46] correlation, the experimental results compared well only at
vapour qualities below 0.2. It was also found that, for the newest Shah [48] correlation, the
experimental data correlated to within 17% for mass fluxes of 75 and 100 kg/m”s. However, at a mass

flux of 50 kg/m?s, the absolute mean deviation was 54%.

Following the instructions of Shah, our data points at this mass flux fell on the “Shah Regime III”
(Shah), which represented stratified flows. In that regime, Shah neglected the heat transfer from the
condensate in the liquid pool at low mass velocities and this ultimately lowered the heat transfer
coefficients. If the “Shah Regime I1” equation (representing stratified wavy flow) had been used for
all the mass fluxes (50, 75, and 100 kg/m?s) at which experiments in this study were conducted, the
absolute mean deviation would have decreased from 17% to 12%. Although, this modification can be
considered for implementation, there is no theoretical justification for the model proposed by Shah
[48], as our experimental observations shows that only 65% of our measurements were conducted in

the stratified wavy flow regime.
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8. Revised theoretical model

From the previous section, it was deduced that the heat transfer models of Akers et al. [70] and
Cavallini et al. [46] predicted the results of our experiments with the lowest absolute mean deviations.
The Akers et al. model is a semi-empirical, two-phase multiplier-based correlation which defines the
all-liquid mass flow rate. It also provides the same heat transfer coefficient as for an annular
condensing flow. The general limitation of this correlation, and others of its type, is that it does not
include sufficient variables to accurately describe condensation in tube flow. On the other hand, the
Cavallini et al. model is based on the physical description of the actual flow structure, and it predicts
and identifies the local two-phase flow pattern based on localised flow conditions. This model also
requires a reliable two-phase flow pattern map. We have, therefore, selected the Cavallini et al.
correlation [46] for our revised model, which takes into consideration several heat transfer
coefficients that contribute to the total heat transfer coefficient. The total heat transfer coefficient is

given as

D= [aAUE/]v)O'S - strat](]u/]g) +  strat (19)

with a4, the annular flow heat transfer coefficient, given as

A= 1oL+ 112850517000,/ p,)0%5 (/)0 (1 =y /)14 Pri ] (20)

and the liquid only heat transfer coefficient, ,, given as

1o = 0.023ReXePr 4k, /d (21)

where ¢4+ 1S the fully-stratified flow heat transfer coefficient. In the dimensionless vapour velocity

term, JT, a value of C;=2.6 was used as prescribed by Cavallini et al., as we have used R134a as

condensing fluid. An analysis of the Cavallini et al. equation showed that it has only the fully-
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stratified flow heat transfer coefficient term which is dependent on the temperature difference, AT
which drives the heat transfer at low mass fluxes. It then lent credence to the fact that the Cavallini et
al. model may not be predicting this parameter accurately as evidenced by the discrepancy noticed
during comparison where it over-predicted the measured heat transfer coefficients. This discrepancy
was attributed to the varying temperature differences. Having established that the ., component
of the total heat transfer component (o), was responsible for the over prediction of the Cavallini et al.
correlation by about 20%, a parametric study was done on the 4, to quantify the effects and
sensitivity of both the exponents of the temperature difference, AT and the vapour quality on its value.
It was then found that the exponent of AT (T;) was more sensitive to a change in the value of a4+ as
compared to a large change in the value of the exponent of vapour quality (x) (T,) on the liquid only
heat transfer coefficient term, (a;,) component of the (ag:-q¢). This then led to the modification of

the existing correlation as shown in Eq.22

serat = 0.725[1 + 0.741[(1 — x)/x]1°3321 "1 [k3p,(p; — pp) ghun/ (ud:AT)] " (22)

+ (1 - xTz)alo

In Eqg. (22), the exponents T, and T, proposed by Cavallini et al. were 0.25 and 0.087, respectively. It
has been found that, by using the values T;= 0.245 and T,=0.25 for low mass fluxes
(G <100 kg/m?.s), the mass fluxes can be estimated more accurately, as shown in Fig. 15. The
measured and predicted heat transfer coefficients with the original Cavallini et al. equation for
different mass fluxes are shown in Fig. 15a. The figure shows that 53% of the heat transfer
coefficients outside the +10% range were for mass fluxes lower than 100 kg/m’. In Fig. 15b, the
Cavallini et al. equation was used to determine the heat transfer coefficients, but with T; = 0.245, and
T,=0.25. These values were only used for mass fluxes lower or equal than 100 kg/m?s, while the
original proposed values of 0.25 and 0.087 were used for all the mass fluxes larger than 100 kg/m?s.

This adjustment resulted in 90% of the data at low mass fluxes (G < 100 kg/m?.s), with errors smaller
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than + 10%. The results show that, for the 48 experimental points at low mass fluxes

(G < 100 kg/m?.s), the average errors improved from 25% (Fig. 15a) to 5% (Fig. 15b).
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Figure 15. Measured heat transfer coefficients compared to the Cavallini et al. [48] equation as functions

of mass flux. (a) The original values of T,;and T, i.e., 0.25 and 0.087, respectively, were used
as proposed by Cavallini et al. [48]; (b) The revised values of T, and T, i.e., 0.245 and 0.25,
respectively, (which take into consideration the temperature differences at low mass fluxes) as
suggested in this paper for mass fluxes G < 100 kg/m?s were used.

As discontinuities in the T, and T, values as proposed by Cavalanni et al. occurred in this study, we
investigated several curve fittings techniques that would produce equations without discontinuities.
The equations were of the following format: T; = f;(G) and T, = f,(G); thus, two different functions
(f, and f, ) of mass flux, G, were obtained. At mass fluxes higher than 100 kg/mzs, the T, and T,
values should be 0.5 and 0.087, respectively. However, at mass fluxes lower than 100 kg/mzs, the T,
and T, values should be 0.245 and 0.25, respectively. The combination of the best and most simple
equations were the third order polynomial equationsT; = —1x107°G3 +4x1077G% — 6«

107G + 0.2449and T, = —1 107863 + 1« 107°G% — 0.0012G + 0.2698. However, both these
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equations show that the first three terms contribute very little to the values of T, and T,, and that the
last terms of 0.245 and 0.25 contribute the most. Thus, if the third order polynomial equations are
used rather than the values of 0.245 and 0.25, then it will have an insignificant effect on the results in

Fig.15b.

The proposed correlation may be used as a universal model because it is a modification of an already
existing universal flow pattern based heat transfer model. The experimental and test conditions
(besides the low mass fluxes) used in arriving at this modification were similar to many previous

studies.

9. Conclusions

There have been many experimental and theoretical studies on condensation inside smooth horizontal
tubes. However, limited studies have been conducted on the effect of the temperature difference
between the wall temperature on which the condensation occurred and the refrigerant saturation
temperature on the heat transfer coefficients. It was, therefore, the purpose of this study to investigate
the effect of this temperature difference on heat transfer coefficients at low mass fluxes during
condensation. This was done with experiments conducted at five different mass fluxes of 50, 75, 100,
150, and 200 kg/m?s during the convective condensation of R134a in a smooth horizontal tube with an
internal diameter of 8.38 mm. Experiments were conducted with temperature differences from 3°C to
10°C at a condensing temperature of 40°C. The inlet and outlet qualities of the condensing refrigerant

were determined, and videos of both the inlet and outlet flow regimes were captured.

The observed flow patterns were compared to a flow regime map, and it was found that the map
predicted most of the experimental data points correctly. In general, however, the map inaccurately
predicted the flow regimes as the mass flux decreased and the temperature differences increased. It
was found that the effect of temperature difference on the heat transfer coefficients began to show at a

mass flux of 150 kg/m?, but only at a vapour quality of 0.1. However, the dependency of heat
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transfer coefficients on temperature difference increased at all vapour qualities when the mass fluxes
were lower or equal to 100 kg/m’s. In all cases, for a specific mass flux lower than 100 kg/m®s and a
specific mean quality, the maximum heat transfer coefficients were found at the lowest temperature
difference, while the minimum heat transfer coefficients were found at the maximum temperature
difference. Finally, as the mass flux decreased, the heat transfer coefficients became more dependent

on the temperature difference.

The heat transfer coefficients from this study were also compared to six correlations from literature,
and it was found that the literature did not accurately predict the heat transfer coefficients at low mass
fluxes. In general, as the temperature difference increased, the errors between measurements and
predictions increased. Two minor revisions to one of these correlations were suggested in a term that
is influenced by temperature difference. It was found that, when these two revisions to the correlations

were introduced, the heat transfer coefficients could be predicted more accurately at low mass fluxes.
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