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ABSTRACT

This paper describes the effect of lubricating oil on the heat transfer performance of spray evaporators for air
conditioning and refrigeration systems. The literature on low-GWP refrigerants and oil mixtures is limited for these
types of heat exchangers. The present paper provides new heat transfer coefficient data for tube bundles that adopted
enhanced outer tube surfaces. The experiments were carried out for refrigerant and lubricant mixtures of R134a (HFC)
and R1234ze(E) (HFO) with synthetic polyester (POE) and polyether (PE) lubricants. The effects of heat flux, oil
viscosity, oil circulation ratio (OCR), and saturation temperature were presented. The saturation temperature ranged
from -9°C to 10°C (16°F to 50°F), and the heat flux varied between 3 kW/m? and 20 kW/m?. The results indicated a
slight decrease of the tube bundle heat transfer coefficient for OCRs of less than 1%. In some testing conditions, the
small amount of lubricant in the spray enhanced the tube bundle heat transfer coefficient by as much as 10 percent.
However, if the OCRs were higher than 1%, marked penalizations of the heat transfer coefficient were measured,
particularly at low saturation evaporation temperature.

1. INTRODUCTION

Greenhouse gas emissions from refrigeration systems can be classified into direct and indirect. Indirect emission
comes from the powering of the system. Direct emissions are due to refrigerants leaked into the environment during
the production process from refrigerant banks and during the end-of-life disposal of appliances. Direct emissions can
be controlled by producing a small amount of refrigerant and using alternative low global warming potential (GWP)
refrigerants that still provide similar system efficiency as conventional type refrigerants. Hydrofluoroolefins (HFOs)
are Low GWP refrigerants that will break down in a matter of days during their stay in the environment. To reduce
refrigerant usage and promote efficiency, flooded-type evaporators can be replaced with spray-type evaporators. Thus,
using low-GWP refrigerants with spray evaporators in refrigeration systems mitigates the adverse effect of current
cooling fluids on global warming.

Spray evaporators are widely used in desalination, refrigeration, petroleum refining, chemical industries, etc. Several
experimental investigations on falling film evaporation on horizontal single tube and tube bundles had been conducted
in the past. A comprehensive review by Ribatski and Jacobi (2005) touched on most of the design and thermal aspects
of falling film evaporation. Recent experimental studies investigated the falling film heat transfer performance of
different enhanced tubes using refrigerants as working fluid. Ji et al. (2019) reported that at lower heat fluxes, less
than 30 kw/m?, falling film heat transfer coefficient is higher than that of pool boiling HTC, however, at higher heat
flux opposite trend is observed.

R1234ze(E) is an alternative refrigerant proposed to replace R134a at medium and high-pressure applications. Several
recent studies have experimentally investigated the pool boiling heat transfer characteristics of R1234ze(E). Rooyen
and Thome (2013) studied the pool boiling heat transfer performance of two enhanced surfaces using R134a, R236fa,
and R1234ze(E). Nagata et al. (2016) experimentally investigated the pool boiling heat transfer characteristics of
R1234ze(E), R1234ze(Z), and R1233zd(E) on plain horizontal tubes. It is reported that the heat transfer coefficient of
R1234ze(E) is slightly lower than that of R134a. Byun et al. (2017) conducted an experimental study to evaluate the
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pool boiling heat transfer characteristics of R1234ze(E) and R1233zd(E) on enhanced tubes as well as on plain tubes.
Reported a lower heat transfer coefficient for both refrigerants compared to R134a. Another experimental study
conducted by Chen et al. (2021) investigated the pool boiling HTC of R1234ze(E) and R1233zd(E) on two typical
reentrant cavity tubes. It is reported that R1234ze(E) and R134a exhibited equivalent pool boiling HTC.

In contrast to pool boiling experiments, there have been few studies on the falling film evaporation of Low-GWP
refrigerants. Jige et al. (2019) conducted an experimental study of falling film evaporation of R1234ze(E) and R245fa
on horizontal smooth tubes. It is reported that the heat transfer coefficient of R1234ze(E) is higher than that of R245fa
at higher heat flux, however, there is no significant difference in heat transfer coefficient at lower heat flux. Sun et al.
(2021) experimentally investigated the falling film evaporation of R1234ze(E) on two kinds of enhanced tubes and
reported a heat transfer enhancement factor of about 2.5 compared to smooth tubes. Ubara et al. (2021) experimentally
investigated the falling film heat transfer characteristics of R1233zd(E) and R134a on a thermal spray coated single
horizontal tube. Reported a lower heat transfer coefficient for R1233zd(E) compared to R134a and a heat transfer
enhancement factor of 2.1 to 4.8 using thermal spray coated tubes. Hassani and Kothukamal (2020) numerically
investigated the heat transfer characteristics of R1233zd(E) and R245fa. A 2D laminar unsteady model with VOF
scheme for interface tracking is developed. Successfully implemented and validated the mass transfer model up to a
wall superheat of 7 K.

Oil is often used in vapor compression systems for lubricating the moving parts in the compressor. If not removed
completely, the oil will flow through the heat exchangers and other components of the system. In heat exchangers,
this will affect the flow pattern and both the heat transfer and pressure drop depending on the concentration. In general,
oil circulation in the system can vary from 0.1% to 8% (Bandarra et al., 2009, Bolaji and Huan, 2013). Gibb et al.
(2003) reported that proper lubrication can bring down the energy consumption of the compressor by 15%. Chien et
al. (2019) conducted experimental studies to investigate the effects of lubricating oil on falling film evaporation of
R245fa/oil mixtures. An experimental study by Minxia et al. (2021) investigated the falling film heat transfer
coefficient of R134a/oil mixture on three different tubes. There is no published literature on falling film evaporation
with low-GWP refrigerants/oil mixtures. Considering the recent rise in popularity of low-GWP refrigerants and the
inescapable influence of lubricating oil, the present study focuses on the effect of lubricating oil on the low-GWP
refrigerant heat transfer performance during spray evaporation. Spray evaporation on tube bundle experiments was
carried out for refrigerant and lubricant mixtures of R134a (HFC) and R1234ze (HFO) with synthetic polyester (POE)
and polyether (PE) lubricants.

2. EXPERIMENTAL STUDY

Test conditions are listed in Table 1. The working fluid is either oil-free R134a and R1234ze or the mixtures with
POE and PE lubricants. OCR varied from 1% to 3%. The properties of the lubricants are listed in Table 2.

Table 1: Test parameters.

OCR 1-3%

Saturation temperature 16, 36, 50°F (-9, 2, 10°C)

Mass flow rate 300 — 750 Ibm/hr (0.037 - 0.094 kg/s)
Heat flux 317 kW/m2

Subcooling <1.1°C (2°F)

Table 2: Properties of the lubricants.

Lubricant Name Type Density Viscosity
Zerol Ester 68 POE (Polyester) | 0.964 g/cm®at 15°C | 68 mm?/s at 40°C
2 0
Zerol Ester 220 POE (Polyester) 0.968 g/cm? at 15°C 220 mm’s at 40°C

19 mm?/s at 100°C
104.1 mm?/s at 40°C
18.7 mm?/s at 20°C

Zerol PE 100-x PE (Polyether) 1.01 g/cm? at 20°C

19t International Refrigeration and Air Conditioning Conference at Purdue, July 10 - 14, 2022



2195, Page 3

2.1 Test Facility

Figure 1 shows the experimental apparatus which consists of refrigerant, EGW, and Syltherm loops. EGW solution,
cooled by a low-temperature chiller, acts as a heating medium in tube-in-tube and brazed plate preheaters whereas in
small and large condensers it acts as a cooling medium. Liquid enters the test section with three full cone nozzles
installed above the tube bundles. Refrigerant gets heated and partially evaporated inside the test section and the vapor
goes into the condensers. Liquid refrigerant from condensers and at the bottom of the test section is collected in the
receiver. From the receiver, the liquid refrigerant is pumped back into the test section using a variable speed gear
pump. Before entering the test box liquid refrigerant passes through a Coriolis mass flow meter and a series of
preheaters to achieve the target temperature. The oil is pumped into the preheater inlet using a syringe pump. The
separation of oil from the system is achieved by a two-stage oil separation process. A portion of the refrigerant/oil
mixture is collected in the primary and secondary separator where it is heated to remove the refrigerant. Oil
concentration is measured using the weight sampling method (Peuker and Hrnjak, 2010).

12—

W [=

1. Test section (square shell with evaporator tubes inside), 2. Liquid line booster pump, 3. Primary oil separator, 4.
Secondary oil separator, 5. Subcooler, 6. Variable speed gear pump, 7. Coriolis mass flow meter, 8. Receiver, 9.
Brazed plate preheater, 10. Large condenser, 11. Small condenser, 12. Tube in tube preheater, 13. Electric band

heater, 14. Oil syringe pump.
Figure 1: Schematic diagram of the experimental setup.

2.2 Test Procedure
The tests were carried out by using the following main steps:
1) Before the start of every series, an overnight leak-tight test is conducted.
2) Vacuum the system for about 7 — 8 hours.
3) Refrigerant is charged into the system.
4) Gear pump is turned on and runs the system bypassing the test section. The flow speed of the pump is adjusted
to achieve a steady flow rate. If the flow rate is not steady, repeat step 3 until a steady flow rate is achieved.
5) Open the test section and allowed the refrigerant to flow through it.
6) Turned on the tube heater and set the required heat flux.
7) Data is recorded after the system reaches a steady state.
8) Before oil injection, the test is recorded for at least 30 min.
9) Calculate the baseline heat transfer coefficient from pre-injection data.
2.3 Oil injection and recovery procedures
The following steps were carried out for the oil injection and recovery processes:
1) Estimate the required amount of oil and the oil volume flow rate from the desired OCR value.
2) Start the oil injection by setting the oil volume flow rate in the syringe pump.
3) Once the system reaches a steady state after oil injection record the data for 30 min.
4) After each oil injection test, collect the refrigerant/oil mixture in the primary oil separator.
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5) Heat the separator for approximately 20 min to remove refrigerant from it.

6) Collect the remaining refrigerant/oil mixture in the secondary separator by opening the drain valve on the
primary separator.

7) Heat the secondary separator to remove the remaining refrigerant from the mixture.

8) Record the data for 15 min.

9) Calculate the heat transfer coefficient from the data taken at step 8.

10) Compare it with the baseline heat transfer coefficient.

11) If the value is not in the limits repeat the process from steps 4 to 10.

2.4 Data Reduction and Uncertainty

The average heat transfer coefficient is calculated from the tube wall heat flux, q”, the average wall temperature, Ty,
and the reference temperature Ty as given in Equation (1). T is the average wall temperature measured by taking an
average of all the thermocouple reading on the tube surface and is given in Equation (2). n is the number of
thermocouple readings. Tt was calculated based on the procedures described in Equations (3) and (4). Trefees is the
reference temperature calculated using the thermodynamic properties in the Engineering Equation Solver (EES)
program. Heat transfer factor (HTF) is the ratio of the heat transfer coefficient calculated at oil injection test to the
heat transfer coefficient calculated at the baseline test and it is given in Equation(5). The oil circulation ratio (OCR)
is the ratio of oil flow rate to the total flow rate and is given in Equation (6). To verify the nominal OCR, weight
sampling method is used, and the measured OCR is given in Equation (7). Table 3 gives the uncertainty associated
with each measuring device. Uncertainty analysis of HTF is given by Equations (8)-(13). The uncertainty associated
with the weight sampling method and nominal OCR measurement is given by Equations (14)-(16) and Equation (17)
respectively.

q..
h=—>— 1
TW _Tref .
i=n T
T,=>" @)
i1 N
min(Tin’Tsat)if (Pbox 2 Pm)
o Tref ,eesif (Pbox < I:)in)and (Tin <Tsat) (3)
Tref ,ees = Tout
T — Tout :T @(hout' Pbox)
ref ,ees hout _ hin ( 4)
hin = h @(Tin’ Pln)
HTF = Moy ()
baseline
OCRnominal =" m.O“ (6)
moil + mrefrigerant
OCRmeasured — Woil — Woil+beaker _Wbeaker %
Wsample Wsample+cy|inder _chlinder
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Table 3: Uncertainty associated with measuring devices.

Device Accuracy
Box pressure transducer, APpox +0.0625 psig or 0.13% of FS (50 psig)
Nozzle inlet pressure transducer, APin | £0.55 psig or 0.11% of FS (500 psig)
Thermocouple, AT +0.2°F
Wattmeter, AQ +0.02 kW or 0.5% of FS (4kwW)
High-capacity refrigerant scale, AWhign | £0.5% of reading
Low-capacity scale, AW, ow +0.02 ¢
Coriolis mass flow meter, AMrefrigerant | £0.1% of reading
Oil syringe pump, AMyii +0.5% of setpoint
sh Y (sh _ Y ( on 2
oh=|| =—Aq | +| —AT, | + AT €))
5q 5Tw 5Tref
. AQ
oq =— )
A
AT
ol =—= (10)
Jn
SHTF . ) ( SHTF i
OHTF = A it | T —Ahbaseline (11)
5 oil 5hbaseline

ot if (Tref :Tin)
éTref = é“I-sat If (Tref :Tsat) (12)
5T : If (Tref = Tref ,ees)

ref ,ees
oT, =AT
oT,, =uncertainity(P,) (13)
OT o ces = Uncertainity(P,, T,., R,)
2 2
§OCRmeasured - Eé‘OCR AWOH j ’ @ AWS&”‘P'e (14)
éVvoil sample
2 2
éVVoiI = [ﬂ AWoil+bea ker J + [% A\Nbea ker ] (15)
oil+beaker évvbeaker
évvsample 2 évvsample 2
é\Nsample = é\N— AWsample+cylinder S B r— A\Ncylinder (16)
sample+cylinder cylinder
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2
5OCRno minal — ﬁi AI'f‘lrefrigerant + (

2
SOCR .0“} )

— Am
5moi|

refrigerant

The resulting uncertainty from the propagation of error analysis is 10% in the heat transfer coefficient and in HTF
for heat flux of 10 kW/m?. The uncertainty decreased to +6% percent for heat flux of 17 kW/m?2,

3. RESULTS AND DISCUSSION

A weight sampling method was used as a redundant independent way to measure the lubricant in circulation with the
refrigerant during the experiments. The weight sampling method provided a second measurement of the OCR and
allowed to verify the OCRs set during the experiments. Representative measurements of the OCRs and associated
experimental uncertainties are given in Table 4. The uncertainty associated with the nominal injected OCR are quite
low because of the high accuracy of the Coriolis flowmeter used for the refrigerant flow rate and of syringe pump
meter used for the lubricant. The weighted sample-based OCR had larger experimental uncertainty due to the precision
of the scale used for weighing the tare sampling cylinder. However, the two OCR measurements agreed with each
other, confirming that the lubricant pumped into the refrigerant loop remained in circulation during the entire period
of the test. Additional tests are planned in future work to confirm the repeatability of the experimental data in Table
4,

Table 4: Results of weight sampling method.

Nominal Injected Measured OCR (%) with weight sample
OCR (%) and measured using Eq. (6) method
0.8+0.004 1.6+x1.4
1.8+0.01 2.1+1.3
1.8+0.01 2.3+x1.4

The heat transfer coefficient is a function of saturation temperature, inlet subcooling, mass flow rate, and average wall
temperature. And it is important to track the change in the above parameters during an oil injection test. Figure 2
shows a variation of system parameters before and after the oil injection. Oil injection time, Atail injection, typically lasts
about 2 min. The instantaneous readings of the calculated heat transfer coefficient and measured wall temperature,
immediately after oil injection are indicated in Figure 2. Except for average wall temperature, the variations in the
other system quantities were small during an oil injection test.

HTF of POE68/R134a mixture at OCR of 2% at saturation temperatures of -6°C (20°F), 2°C (36°F), and 10°C (50°F),
is shown in Figure 3. HTF decreases with an increase in heat flux. This is because of partial dry out of tubes and an
increase of the oil-rich film around the tube wall, resulting in higher thermal resistance, when the heat flux increased.
A significant decrease in HTF is observed with the addition of oil at -6°C (20°F). Figure 4 shows the variation of HTF
of POE68/R1234ze(E) mixture at OCR of 1- 2% at saturation temperatures of -6°C (20°F), 2°C (36°F), and 10°C
(50°F). Compared to figure 3, a similar trend is observed. However, at a lower OCR of 1%, at higher heat flux and
increase in HTF is observed.

HTF of POE220/R1234z¢e(E) and PE100/R1234ze(E) mixtures at OCR of 1-2% at a saturation temperature of 2°C
(36°F) is shown in Figure 5. As mentioned before, HTF decreases with an increase in heat flux at a higher OCR of 1.5
or 2%. However, at a lower OCR of 1%, for PE100, there is a slight increase in the HTF is observed at the highest
heat flux. Compared to polyester (POE) type oil, HTF of polyether (PE) is much lower at the same heat flux and OCR.
The viscosity and solubility characteristics of oil has a major role in HTF. Figure 6 shows the variation of HTF with
R1234ze(E)/oil mixtures having different viscosities. It is clear from the figure that PE-type oil has more damaging
effects on HTF compared to POE-type oil. Decrease in HTF for high viscosity PE-type oil may be due to its poor
solubility and a further investigation is required. An increase in HTF is observed with an increase in oil viscosity by
comparing the POE type oil. Higher viscosity of oil increases the surface tension of the refrigerant. Greater surface
tension would cause foaming which makes easier to wet the tube and the same is reported in Minxia et al. (2021).
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Figure 2: Variation of HTC, mass flow rate, inlet subcooling, box pressure and average wall temperature during an
oil injection test.
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Figure 3: Variation of HTF with heat flux of R134a/POE68 mixture.

Most of the new data measured in the present work were aligned with similar observations from the published literature
in that spray evaporation of R245fa/oil mixture by Chien et al. (2019), who reported a decrease in HTC with heat flux
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at OCR higher OCR of 4.8%. Similarly, in pool boiling experiments of R1234ze(E)/POE68 (Kumar and Wang, 2022)
a degradation in HTC was observed at 5% OCR while an enhancement in HTC was reported at 2% OCR. Some
discrepancies were observed between the present study and the study by Minxia et al. (2021) were they reported a
higher HTC at higher OCR of 5.1%. This may be due to the bundle effect in the present study and further investigation
is required in future work.

1.2 T T T v T
] [R1234ze(E) + POE 68
1.1 5 .
] ) ' ) ™
1.0 4 Baseline e
1. ... T A |
0.9 \-\_‘w"h“’""“"’“":f»’-'::.':::_':;_-;;t';.'»‘-"")"' ______
= osq| o L
Ll_L . . \_“‘
£ o074 i
0.6 + .
] %k
0.5 +
{ M- T, =50°F, OCR = 1% . 7]
0.4 A T_=36°F, OCR = 1% .
10 T.o™ 16°F, OCR = 1% ——
034 - 1_=50°F, OCR = 15% o
T®- T,=36F, OCR=2% 7]
0.2 e
10 11 12 13 14 15 16 17 18
Heat Flux [kW/m’]

Figure 4: Variation of HTF with heat flux of R1234ze(E)/POE68 mixture.
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Heat Flux [kW/m’]
Figure 5: Variation of HTF with heat flux of R1234ze(E)/POE220 and R1234ze(E)/PE100 mixtures.
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Figure 6: Variation of HTF with oil viscosity.

4. CONCLUSIONS

This paper describes an experimental investigation of the effect of lubricating oil on the heat transfer performance of
spray evaporators for air conditioning and refrigeration systems. The experiments were carried out for refrigerant and
lubricant mixtures of R134a and R1234ze(E) with synthetic polyester (POE) and polyether (PE) lubricants. The
saturation temperature ranged from -9°C to 10°C (16°F to 50°F), and the heat flux varied between 3 kW/m? and
20 kW/m? Most of the new data measured in the present work were aligned with similar observations from the
published literature. Some discrepancies were observed between the present study and one study published in the
literature and it may be due to the bundle effects occurring with the tube bundle setup of the present study. The specific
conclusions from the present study are as follows:

GWP
HFO
OCR
PE
POE
EGW
HTC

The effect of oil circulating with the refrigerant has a significant effect on the wall temperature of the
evaporator tubes.

At high OCRs of 1.5-2% the HTF decreases with an increase in heat flux for both R134a/POE68 and
R1234ze(E)/POE68 mixtures. However, at a lower OCR of 1%, an increase in HTF was observed at the
highest heat flux for the R123ze(E)/POE68 mixture.

HTF of R1234ze(E)/POEG68 mixture, at the same heat flux and OCR, decreases if the saturation temperature
is lowered.

Compared to POE/refrigerant mixture, at the same heat flux and OCR, the HTF is much lower in the
PE/refrigerant mixture. For the POE/refrigerant mixtures, the HTF increases with an increase in the viscosity
of the base lubricating oil.

NOMENCLATURE

global warming potential
hydrofluoro-olefins

oil circulation ratio
polyether

polyester

ethylene glycol water
heat transfer coefficient

W/m?K)

AAA/l\A/\/\
— N N N N N
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HTF heat transfer factor )
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