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Abstract. In commercial, domestic and industrial refrigeration applications the largest amount of mass inside the
system is verified at the condenser. Therefore, attention should be given to the optimization of such component focusing
on the reduction of the refrigerant load associated to the increase of the system efficiency. Such optimization is
achieved using accurate prediction methods for the heat transfer coefficient, which development rely in extensive
databases due to their semi-empirical nature. In the present study, experiments for the convective condensation heat
transfer coefficient were performed in a 9.43 mm inner diameter channel for the R134a. Data was obtained at a
saturation temperature of 35°C with mass velocity varying from 100 to 400 kg/m?s, heat fluxes from 10 to 40 kW/m?
and vapor qualities up to the unity. In general, the heat transfer coefficient increases with increasing mass velocity and
vapor quality (except for G=100 kg/m?s). A negligible effect of heat flux was verified for all mass velocities. The results
were compared against prediction methods available in the literature, showing reasonable agreement.
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1. INTRODUCTION

In refrigeration systems the correct design of heat exchangers is essential to increase its efficiency and reduce
refrigerant charge (Khuen, 1998). As the largest amount of fluid in the circuit is present in the condenser, focus should
be given to it. To optimize this component, accurate and reliable prediction methods for the heat transfer coefficient
(HTC) and pressure drop are necessary, which development depends on data for a broad range of experimental
conditions.

Recently, due to the phase-out of HFCs and HCFCs set to occur in 2045 for countries under development, such as
Brazil, by the Kigali amendment (2016) to the Montreal Protocol, studies have focused on evaluating the convective
condensation performance of low GWP (Global Warming Potential) and null ODP (Ozone Depletion Potential) fluids,
such as HFOs and hydrocarbons (Macdonald and Garimella 2016a; Sempertégui-Tapia and Ribatski, 2017; Longo et
al., 2017; Fries et al, 2018, Longo et al., 2019). However, the use of fluids like R134a will remain for more than two
and half decades. With the aim to reduce their impact on the environment during this period, optimized systems are
required to minimize the use (charge) of such refrigerant. Therefore, the experimental evaluation of the convective
condensation heat transfer coefficient and the performance of prediction methods is still necessary.

In this context, the present paper concerns an experimental evaluation of the heat transfer coefficient during
convective condensation of R134a in a horizontal tube. The experiments were conducted for mass velocities ranging
from 100 to 400 kg/m?s, heat fluxes from 10 to 40 kW/m?s and vapor qualities up to the unity. The data were compared
against twenty prediction methods from literature.

2. EXPERIMENTAL RIG

The experimental rig, schematically illustrated in Fig. 1, was built to perform experiments for flow boiling and
convective condensation using a secondary fluid, and for flow boiling using electric heaters. Since the present study
concerns an investigation on condensation, the components of the test-loop associated to evaporation tests using electric
heating are not used and, therefore, not described in this text. For further details of them, the following references are
recommended Kanizawa (2011), Mogaji (2014) and Ayub et al. (2017).
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In the facility, the fluid is driven through the circuit by a gear oil-free micropump (A for high mass fluxes,
micropump GD 223/56C, and B for low mass fluxes, micropump GC M23 JKS5). Upstream the micropumps there are
the condenser and the filter-dryer. A Coriolis type mass flow meter located just downstream the micropumps is used to
evaluate the refrigerant mass flow rate. Between the mass flow meter and the pre-heater, the test fluid flows through a
tube-in-tube sub-cooler to ascertain the absence of vapor bubbles within the refrigerant. Thereby, the thermodynamic
state of the refrigerant at the pre-heater inlet can be evaluated based on the temperature and pressure measurements, see
Fig. 1. The sub-cooler is supplied by a cooling water+EG secondary circuit.

Posterior to the sub-cooler, by manipulating ball valves just downstream a T-junction (see Fig. 1), the operating
circuit is set either electric heating or counter-current water as heat transfer source. According to the last mode, for
water as heat transfer source, the valves arrangement to operate are the following (see Fig. 1): (i) opened: 4 (or 5) 6, 10,
11, 13 and 14; (ii) closed: 2, 3, 7, 8, 9, 15, 16, 17 and 18; and (iii) partially opened: 12 and 19. All the valves in the
circuit are ball valves (diameter of %4”) manufactured by Swagelok Co., except for valve 19, which is a needle type
produced by the same company. Valves 12 and 19 operates partially opened and are used to help to control the pressure
and, consequently, the temperature of the working fluid at the test section.

The pre-heater consists of a tube-in-tube heat exchanger, with the inner tube made of stainless steel and the outer of
chlorinated polyvinyl chloride (CPVC). The internal diameters of the inner and outer tubes are 11.3 and 23.7 mm,
respectively, and their total lengths are 8 m. The refrigerant flows inside the inner tube and hot water flows counter-
currently to the refrigerant in the annuli. Temperature and pressure measurements are performed at the inlet and outlet
of the refrigerant side, and water temperature is evaluated at the pre-heater inlet and outlet sections. A flow calming
section is located downstream the pre-heater designed to guarantee hydraulic developed flow at the test section
entrance.
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Figure 1. In-tube refrigerant loop schematic

The test section is comprised of two stainless steel tubes assembled one inside the other. The inner tube is 9.43 mm
ID and 13.63 mm OD, and the outer is 18 mm ID and 22.14 mm OD. Figure 2 illustrates a schematic of test section. As
it can be seen, water temperature measurements are performed through thermistors from Fluke Corp. with high
accuracy (smaller than 0.01°C) at the inlet and outlet, and by thermocouples in 4 cross-sections equally spaced along
the tube. At each cross-section four water temperature measurements are performed in order to reduce the uncertainty of
the measurements. In each measurement section, besides the water temperature, data are acquired for the temperature of
the refrigerant and for the inner tube wall, as illustrated in Fig. 2. In this figure it is possible to observe the disposition
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of the thermocouples in each measurement section. The pressure drop across the test section length is measured through
one of the three differential pressure transducers (see Fig. 1). Three differential pressure transducers with measurement
ranges of 0-3, 0-10 and 0-300 kPa are used to minimize the uncertainty of the pressure drop measurements.
Temperature measurements along the loop made through thermocouples uses K-type ones with hot junction diameter of
0.254 mm from Omega Inc. A condenser is located downstream the test section to condense the remaining vapor from
the test section and sub-cool the test fluid. It consists of a shell-and-tube heat exchanger with the refrigerant flowing at
the shell side and the anti-freezing solution (same of the sub-cooler) in the tubes side. To record the data and to monitor
and control the experimental apparatus, a National Instruments data acquisition system (chassis SCXI-1000 associated
to the modules SCXI-1303, SCXI1-1302 and SCXI-1112) with a LabView program were used.

Refrigerant

403.5 mm

803.5 mm
1203.5 mm

1603.5 mm

2007 mm

Axial view
of the measurement section

Figure 2. Test section schematic
2.1 Data regression procedure

The mass velocity of the refrigerant inside the test section is calculated as the ratio between the mass flow rate,
evaluated through the Coriolis mass flow meter, and the inner cross-sectional area of the test section. The
thermodynamic condition of the fluid at the inlet of the test section is determined based on an energy balance over the
pre-heater, discounting the heat losses to the environment. To estimate the heat losses along the pre-heater, tests were
performed for hot water flowing in the annuli region with vacuum condition stablished in the inner tube (refrigerant
side). Then, based on the inlet and outlet water temperatures and water mass flow rate, evaluated by a magnetic flow
meter (Rosemount, model 8711), the heat losses were estimated through energy balances over the pre-heater and
correlated to the difference among the average water temperature and environmental one. For the heat losses (or heat
gains, depending on the difference between the temperature of the water and environment) at the test section, similar
procedure than the one used for the pre-heater was adopted, once that inlet and outlet temperatures are known through
the thermistors and the water mass flow rate evaluated in a similar magnetic flow meter.

It is worth to highlight that the magnetic flow meters positioned on the heating/cooling and heating water circuits
evaluate only the volumetric flow rate. To obtain the water mass flow rate in each circuit, the value measured through
the magnetic flow meters is multiplied by the local density of the water. In the heating water circuit, the magnetic flow
meter is positioned downstream the pre-heater, and in the heating/cooling water circuit downstream the test section.
Therefore, the temperature used to evaluate the density of the water at the magnetic flow meters are the ones
corresponding to the outlet of the pre-heater for the heating water circuit, and outlet of the test section for the
heating/cooling water circuit.

The vapor quality at each measurement section and at the outlet of the test tube were estimated based on local
energy balances discounting the heat losses to the environment from the total heat transferred to both water and
environment. The heat losses between the measurement sections were calculated as a ponderation considering the total
heat loss and test section length.

The heat transfer coefficient, HTC, is calculated according to the Newton’s cooling law considering the effects of
radial conduction through the test tube wall, as it follows:
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where k; is the thermal conductivity of the test tube wall, Twan,i the inner tube wall temperature, T the working fluid
temperature (directly measured by positioning a thermocouple in a bulb within the flow), dix: and dex: the internal and
external diameters of the inner tube, respectively, e, the deepness of the hole used to assemble the thermocouple in the
test tube (1.7 mm) and quocal the local heat flux, estimated by the following:

local = ﬂ_"d—fllu(ﬂj 2

dz fz=z,

where my, Tw and cpw are the water mass flow rate, temperature and specific heat, respectively, z the length along the
test tube according to the axial direction and z; an specific location along it. The water temperature at each measurement
cross-section is given as the arithmetic average of the four thermocouples positioned within the water flow (see Fig. 2).
In order to account for the heat losses on the calculus of the heat flux, the amount of heat lost estimated according to
procedure previously mentioned in this section was pondered according to the distance from the outlet of the test
section (the water flows counter-current to the fluid) and discounted from the water temperature measurements through
energy balances. A second order polynomial as function of the distance along the test section was then adjusted to
obtain the derivative of the water temperature profile, dTw/dz, using procedure employed by Del Col et al. (2011)
(weighted least square regression method).

2.2 Uncertainty evaluation

Temperature measurements performed through the thermocouples, except for the ones assembled to the test section,
were calibrated using a thermal bath (Haake AC200-A40) associated with a precision thermometer (FLUKE-1523-P1
reference thermometer, probe 5616 PRT, uncertainty of 0.011°C). The calibration of the thermocouples fixed along the
test section was performed in loco by flowing water, which temperature was controlled through the same thermal bath
above-mentioned, in the annuli at high Reynolds numbers using a centrifugal pump (Mark NXDP-2, 0.5 cv). In this
case, the reference temperature was assumed as the average among the values measured at the inlet and outlet of the test
section through the thermistors (the difference between these measurements was always below 0.02°C). In both
thermocouples’ calibration setups, the uncertainties were evaluated according to the procedure suggested by Abernethy
and Thompson (1973). Similar calibration procedures were adopted for the absolute and differential pressure
transducers, using as reference a pressure indicator model CPG 2500 from WIKA (0-2000 kPa, accuracy of 0.08 kPa.
The uncertainty of the measurements provided by the manufacturer were adopted for the magnetic flow meters, Coriolis
mass flowmeter and the thermistors. The uncertainty propagation procedure presented Taylor and Kuyatt (1994) was
used to estimate the heat transfer coefficient uncertainty, which showed a mean value of 6% of the measured value. The
procedure suggested by Del Col et al. (2011) was adopted to account for the uncertainty in the estimative of dTu/dz.

2.3 Validation

To validate the experimental rig and the data regression procedure, single-phase flow experiments for the heat
transfer coefficient were performed and the results compared against the prediction methods by Gnielinki (1976) and
Dittus and Boelter (1930). Figure 3 illustrates the comparison between the experimental data and the values predicted
by these methods with varying Reynolds number. As noted in this figure, a reasonable agreement was obtained,
validating the experimental rig and data regression procedures.

3. RESULTS

Convective condensation experiments were performed for R134a at a saturation temperature of 35+1°C, mass
velocities ranging from 100 to 400 kg/m?, heat fluxes from 10 to 40 kW/m? and vapor qualities up to the unity. Figure 4
illustrates the behavior of the heat transfer coefficient with varying vapor quality at G=100 kg/m?s and G=325 kg/m?s at
various heat fluxes.

Figure 4 illustrates that the effect of reducing vapor quality on the heat transfer coefficient depends on mass
velocity. For G=100 kg/m?s (see Fig. 4-a)) there is a negligible effect of decreasing x on the HTC, whereas for G=325
kg/m?s (see Fig. 4-b)) a, apparently linear, reduction of the heat transfer coefficient with decreasing vapor quality is
observed. Such behavior is related to a balance between gravitational and shear effects on the heat transfer coefficient,
as similarly observed by Longo et al. (2019). At higher mass velocities the heat transfer is dominated by shear effects,
being the heat transfer coefficient dependent on flow velocity. Therefore, associated with the reduction of vapor quality
and, consequently, void fraction there is a decrease in the heat transfer coefficient, as noticed in Fig. 4-b). At low mass
velocities the heat transfer is dominated by gravitational effects. Under these conditions, the HTC is unaffected by
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changes in flow velocity, being independent of quality, as verified in Fig. 4-a) for G=100 kg/m?s. Figure 4 also displays
a negligible effect of heat flux on the heat transfer coefficient regardless of mass velocity and vapor quality.
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Figure 3. Experimental and predicted single-phase flow heat transfer coefficients with varying Reynolds number
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Figure 4. HTC with varying vapor quality for a) G=100 kg/m?s and b) G=325 kg/m?s at various heat fluxes.

Figure 5 depicts that the heat transfer coefficient increases with increasing mass velocity, behavior more pronounced
as vapor quality increases. Indeed, at low qualities, x<0.2, the effect of mass velocity becomes practically negligible.
Such behavior is also related to the balance between gravitational and shear effects. At G=100 kg/m?s, the heat transfer
is gravity-controlled, as above-mentioned, however, as mass velocity increases an increment of the relevance of shear
effects relative to gravitational ones occurs, causing the increment of the heat transfer coefficient with increasing G
verified in Fig. 5. With the increase of shear effects as mass velocity increases, changes in flow velocity affects more
hardly the heat transfer coefficient, causing the HTC increment with G to reduce as x diminishes.

The experimental data was compared against twenty prediction methods from literature. Table 1 indicates statistical
parameters (y, mean absolute deviation; yo, percentage of data predicted within an error band of £20%) resulted from
such comparison. As noticed in Tab. 1, in general, reasonable predictions of the heat transfer coefficient were obtained.
The methods of Cavallini and Zecchin (1974), Shah (1979), Haraguchi et al. (1994), Tandon et al. (1995), Moser et al.
(1998), Thome et al. (2003), Cavallini et al. (2006) and Shah et al. (2009) predicted the database with y<20% and
720%>70%. Based on these results, although the most accurate predictions were obtained by the method of Cavallini and
Zechin (1974), a strictly empirical one, flow pattern-based methods provided the best overall results.

Figure 6 illustrates the comparison among the trend of experimental HTC as function of vapor quality and prediction
methods that showed w<20% and y200,>70%. In this figure it is observed that methods underpredicted the data for the
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highest mass velocity and x>0.5. Figure 6 also presents the flow pattern-based prediction method by Thome et al.
(2003) as the one with the best overall results considering all mass velocities. The methods of Cavallini and Zechin
(1974) and Tandon et al. (1995) presented also reasonable predictions of the HTC trends with varying vapor quality. For
the method of Cavalini and Zechin (1974) the only exception is for G=100 kg/m?s and low vapor qualities. It is worth to
highlight that this method is strictly empirical and developed for shear-dominated convective condensation, while in
such conditions (G=100 kg/m?s) the flow is gravity-driven, as discussed previously. The flow pattern-based method by
Tandon et al. (1995) overpredicted the data for G=100 kg/m?s and x>0.6 and underpredicted for the other mass

velocities at vapor qualities lower than 0.2.
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Table 1. Statistical parameters resulting from comparisons of the heat transfer coefficient and prediction methods.
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Figure 5. Effect of mass velocity on the HTC.

Prediction method Y (%) | y20% (%0)
Akers et al. (1959) 26.5 41.9
Soliman et al. (1968) 17.3 64.8
Traviss et al. (1973) 27.1 63.5
Cavallini and Zecchin (1974) 11.9 85.2
Jaster and Kosky (1976) 34.4 24.2
Shah (1979) 14 78.4
Haraguchi et al. (1994) 14 82.3
Tandon et al. (1995) 18.1 70
Moser et al. (1998) 15.1 74.2
Dobson and Chato (1998) 18 59.4
Chang et al. (2000) 29.3 14.8
Zhang and Webb (2001) 30.7 12.2
Wang et al. (2002) 47.3 5.7
Jung et al. (2003) 50 33.6
Koyama et al. (2003) 51.8 22.4
Thome et al. (2003) 13.5 82.3
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Figure 6. Comparison among the experimental and predicted HTC trend with varying vapor quality.
4. CONCLUSIONS

Experiments for the convective condensation heat transfer coefficient of R134a inside a horizontal tube were
performed for mass velocities ranging from 100 to 400 kg/m?s, heat fluxes from 10 to 40 kW/m? and vapor qualities up
to unity. The results indicated an increase of the heat transfer coefficient with increasing mass velocity, behavior more
pronounced as the vapor quality, i. e. shear effects, increases. Except for G=100 kg/m?s, the HTC reduces as vapor
quality diminishes for all mass velocities. At the lowest mass velocity, the heat transfer is gravity-controlled regardless
of vapor quality, therefore, the HTC is unaffected by changes in x. The experimental data were compared against twenty
prediction methods. Reasonable agreement (w<20% and y20%>70%) between the experimental and predicted HTCs was
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obtained for eight of them, with the best statistical results being given by the method of Cavallini and Zecchin (1974)
and the most consistent trends with varying vapor quality by the method of Thome et al. (2003).
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