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MEASUREMENT AND CORRELATION OF FLOW BOILING HEAT TRANSFER OF
R600a/COMPRESSOR OIL SOLUTION INSIDE A HORIZONTAL SMOOTH TUBE

Experimental results of local heat transfer coefficients for the boiling of real working fluids
(solutions of R600a with mineral naphthenic oil 1ISO VG 15) in smooth tube with small di-
ameter (5.4 mm) are presented. The tests were carried out for the inlet pressure in the
range from 71.1 kPa to 77.9 kPa, heat flux was 3800 W/m?, and mass velocity of working
fluid was from 14.75 to 18.36 kg/(m?s). The quantitative estimation in reduction of heat
transfer coefficient of the wetted surface in evaporator at high oil concentration in the mix-
ture is made. The influence of mass velocities of the working fluid on the values of the local
heat transfer coefficients are analyzed. Based on the results obtained it was observed that
increasing mass velocity leads to increase the local heat transfer coefficient of RWF both
on side of wetted perimeter and vapor phase. The equation for the modeling of the local
heat transfer coefficient for boiling of isobutane/compressor oil solution flow in the pipe is
suggested.

Keywords: Heat transfer coefficient — Real work fluid —Boiling — Isobutan — Refrigerant/oil
solution — Vapor quality — Concentration.

A.B. Menvnux, B.I1. ZKene3nuii
Opechka HalioOHabHA aKaJeMis XapuoBUX TEXHOJOTiH, By1. JBopsiHCEKa, 1/3, Oneca, 65082

BUMIPIOBAHHA | MOAEJTIOBAHHA KOE®ILIEHTA TENNOBIAAAYI NMPU KUMIHHI
PO3YMHIB R600a/KOMMPECOPHE MACTWUITO BHYTPI FTOPU3OHTAJBHOI MAQ-
KOI TPYBU

B cmammi npugedeni pesyrvmamu excnepumeHmanbHo20 00CAIONHCeHHs IOKATbHUX KOEPDI-
yicnmie mennogiooayi npu KUNIHHI peaivHux pobouux min (pozuunu xorodoazenma R600a
3 minepanvrum Hagpmenosum macmunom 1SO VG 15) ¢ anaoxiti mpy6i nesenuxozo diamem-
py (5.4 mm). Jlocniosicenns nposoounucy npu mucky 6 eunapuuxy 6 dianasomi 6io 71.1 xlla
0o 77.9 klla, mennogomy nomoyi 3800 Bm/M* i macogiii weudxocmi pabouoeo mina 14.75
- 18.34 KZ/(MZC). Ilposedena KinvKicHa OyinKa 3MeHWeHHs Koe@iyicnma mennogiooayi
3MOUeHOI N0GepXHI MPYOU BUNAPHUKA NPU BUCOKUX KOHYEHMPAYIAX MACMUIA 8 pO34uHi. B
00KIA0I 6UKOHAHUU AHANI3 8NIUGY MACOBOI W8UOKOCHI pOOOY020 MIiNAd HA 3HAYEHHS TOKA-
JIBHUX Koegiyieumie mennogiooaui. Ha ocnogi ompumanux pesynomamie 6yn0 6ioMiueHo,
wo 3 pocmom macosoi weuoxkocmi PPT nabnrodaemvcs HesHaune 3011bUeHHS TOKANbHO2O
Koegiyicuma mennogiooaui K 3i CMOpPOHU 3MOUeHOI nogepxHi mpybu max i 3i CMopoHU
naposoi ¢aszu. 3anponoHo8ano pisHsHHA O MOOENIOBAHHS TOKAILHO20 KOEQDIyienma men-
n08i00aui npu kuninii posuuny R600a/macmuno ¢ mpyoi, 6 AKOMY GUKOPUCTNANI eKChepu-
MEeHMANbHI OaHHI NO MeNnI0PIZUUHUM 8IACTNUBOCTIAM PO3UUHIB XOL000A2EHM/MACMUTO.
Knrouoei cnosa: Koegiyicnm mennosiooaui — Peanvue paboue mino — Kuninns — [306yman
— Posuun xonoooacenm/macmuno — Cmenins cyxocmi — Konyenmpayis.

I. INTRODUCTION gerant/oil solution (ROS). Mutual solubility of the

compressor oil with the refrigerant has significant im-

During operation of vapor compression refrige-
ration machine the certain amount of compressor oil
always circulates with the refrigerant through the
cycle of a compressor system. Lack of oil separators
in a small refrigeration systems leads to an unavoida-
ble circulation of small amount of oil through refrige-
ration system that together with refrigerant form refri-
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pact both on heat transfer in the apparatus as well as
on the refrigeration machine operation in general. For
this reason, it is necessary to have information about
the influence of the compressor oil admixtures in the
refrigerant on the boiling processes of the real work-
ing fluid (RWF) in an evaporator.
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Il. EXPERIMENTAL SETUP

In order to study the influence of oil impurities
on the characteristics of isobutane boiling process in
the evaporator complex experimental setup has been
designed [1].

The test section of experimental setup was de-
signed as smooth stainless steel U-tube with inner di-
ameter dinner=5.4 mm £ 0.05 mm, wall thickness 6=0.3
mm £ 0.05 mm and roughness 0.5-0.8 um. The length
of the test section was L=1691 mm £2 mm. The evapo-
rator was divided into nine sections. On the bounds of
each section copper-constantan type-T thermocouples
for measuring liquid RWF boiling temperatures and
evaporator wall temperature are installed. The evapo-
rator sections are linked by short rubber hoses (dis-
tance between sections of the evaporator is not greater
than 5 mm), in which the thermocouples are inserted.
The thermocouples for measuring the average over the
section of pipe wall temperature are wound on the
tube (a few turns to improve the thermal contact). On
each evaporator section the differential thermocouples
are located which are required to measure the tem-
perature difference between the evaporator wall and
the boiling working fluid in the upper and lower
points of the evaporator.

Voltages of the nine thermocouples are meas-
ured simultaneously by a multimeter model TE 5065
with an error + 0.0035 mV.

1. DATA PROCESSING

The specific heat flux is defined by equation

4 = Whest/ (7~ digner - L) (1)
where, W5 — heat load on the evaporator, W;
dinner — inner diameter of test section tube (evaporator),
m; L — length of the test section, m.
Local flow boiling heat transfer coefficient of
RWEF in the tube is calculated by the equation

o=q/AT @

Table 1 — The uncertainties of the measured parameters

where, AT — local temperature difference be-
tween the wall temperature (hot junction thermo-
couple mounted through electrically insulating materi-
al on the surface of the pipe) and the temperature of
the RWF boiling at a certain point of tube, K.

The RWF flow is defined from approximation
equation

M qwr = My, (1.6086- ATy, /ATgyr —0.1331) (3)

where, My, is a mass flow rate of water through
the calorimetric flow meter, kg/s, ATy is a differential
temperature between inlet and outlet of water, K;
ATgrwe is a differential temperature between inlet and
outlet of working fluid, K.

The nominal oil concentration before throttling
device is calculated from the approximated equation

Wijet = —9.5—70393.2- M qye —11268 .6 x

) . . 4)
« M e - IN(M gy ) + 0.00106 / M gy

The RWF mass velocity on the test section is
calculated by the equation

m=4. MRV\F /(n'di%ner) ®)

Local vapor qualities are defined by equation [2]

ROS y ROS y O
Xjocal = (M ROS * hIocal -M o- hIocal -

~Mg -h DM gos -(h3s _hlgélal))

loca local

(6)

where, Mg — mass flow rate of refrigerant, kg/s;
Mo — mass flow rate of oil, kg/s.

Local oil concentrations in the refrigerant in dif-
ferent sections of the evaporator are defined by equa-
tion [2]

ROS
Wiocal = Winlet /(1_ Xjocal

()

The uncertainties of the measured parameters are
listed in Table 1.

Parameters Type of instruments Range Uncertainties
Local temperature difference, Type-T thermocouple B 0.09-0.13
AT, K
Heat flux, ¢, W/m? BVP 30V/50A 2400 - 4200 26-31%
Mass flow rate of RWF, Calorimetric flow me- 272-10% _ 468107 6.8_87%
Mpwr , Kg/s ter
Nominal oil concentration wi,et % - 0.25-0.45 6.9-9%
Mass flux, i, kg/(m?s) - 11.9-21 7.1-89
Local heat transfeg coefficient, B 500 — 3700 4517 %
o, W/(m®s)
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IV. CORRELATION

As the basic model, Kattan et al [3] correlation
has been taken during this experimental investigation.
This model appears very promising to reveal the me-
chanism of flow boiling of the RWF.

At present study the two phase flow boiling heat
transfer coefficient is defined from equation [3]

din 'edry “ Oy + Ginper * (Zn_edry) * Olyet (8)
21~ Gipner

Olaver =

where, 64y - dry angle, rad; ay is a heat transfer
coefficient on the side of vapor phase, W/M?K; Oer iS @
heat transfer coefficient on the wetted perimeter,
W/m?K.

Heat transfer coefficient on the wetted perimeter
ayet 1S defined from equation

3 341/3
Oyer = (Otpp + Otp) )

In turn, o, COmbines the nucleate boiling oy
and convective boiling a;, contributions.

Calculation of nucleate boiling heat transfer
coefficient is carried out by Cooper equation [4]. Us-
ing this model, it's necessary to have the data about
molecular weight of oil, the information of which is
missing because of commercial confidentiality. Since
the compressor oils are multicomponent systems with
different processing aids the experimental determina-
tion of this magnitude entails considerable difficulties
[7]. For this reason, in this paper the Ivanov model [8]
is proposed to use, which have a good prediction in
the calculation of nucleate pool boiling of the
R12/mineral oil solution at low concentrations of oil.

oLy = 110530 4 [0.22 — 26(1— wy)? |

(10)
x1.0197 - pg,, - ™" ¢

where, wg - mass fraction of refrigerant in the
RWEF, kg/kg; psuc - suction pressure, bar.

The convective boiling heat transfer coefficient
o, 1S predicted as follows [5]

Jpre )
(L-€)uros

0.4
ROS
><|:Cp HROS:l kROS
)

(1)

I(ROS

where, A, n - empirical constants; pros IS @ dy-
namic viscosity of ROS, N-s/m?; ¢, - specific heat,
JI(kg'K); kros - thermal conductivity of ROS, W/(m
K); & - liquid film thickness, m.

The vapor void fraction is predicted from equa-
tion [5]

e :p)\(/{[l+0.12 ~(1—x)(x+ 1ox J+

Pv PRo_s (12)

N % F%‘(PF«JS—P\/)TZS(L x)

2
PRrROS

where X - vapor quality, kg/kg; py - vapor densi-
ty, kg/m*; pros - density of ROS, kg/m*; o - surface
tension, N/m.

In the process of the executed researches it was
revealed that coefficients A and n from equation (13)
are depended from both heat flux and mass velocities.

The value of the heat transfer coefficient on the
side of vapor phase — ay, is obtained from Dittus and
Boelter [9] turbulent flow heat transfer correlation

5 m 04
oy :B'[m'x'dinner} |:CDVMV:| ky (13)
€My ky Qinner

where B and m — empirical constants.

IV. RESULTS AND DISCUSSION

In the studies the solution of isobutane (R600a)
with compressor mineral naphthenic oil 1ISO VG 15
have been used as the working fluid.

At designed by the authors experimental setup
were conducted studies of local heat transfer coeffi-
cients during working fluid boiling in the evaporator.
Specific heat flux ¢ was constant 3800 W/m?. RWF
mass velocity rmgwe Vvaried between 14.75 to 18.34
kg/(m*:s). The measuring of the working fluid boiling
process parameters was produced only after reaching
equilibrium processes in the evaporator: the constant
of RWF flow rate, constant in time values of pressure
gauges and thermocouples.

Convective boiling heat transfer o, is a function
of mass velocities and it almost does not depend from
heat flux [10]. In order to study the influence of mass
velocity on the intensity of boiling process of RWF in
the evaporator, a series of experiments at constant heat
flux were conducted. The dependence of local heat
transfer coefficient of RWF on the side of wetted pe-
rimeter a,,; from oil concentration w,.y 0N the various
sections of the evaporator are presented in the Fig-
ure 1, where graphs of relative deviations of the expe-
rimental data are presented.

Figure 1 shows that increasing mass velocity
leads to increase the local heat transfer coefficient of
RWEF on the side of wetted perimeter at Wi,~0.4 —
1.2%. This fact might be associated with increasing
the convective boiling component in the pipe.
Furthermore, increasing of mass velocity of RWF
leads to shift the maximum of heat transfer coefficient
towards lower values of the oil concentrations in time
of RWF bhoiling.

The Figure 2 shows the dependence of local heat
transfer coefficient of RWF on the side of vapor phase
ay from vapor qualities x on the various sections of the
evaporator.
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Figure 1 — The dependence of the local heat transfer coefficient of RWF on the side of wetted perimeter
owet Trom local oil concentration w., On the various sections of the evaporator at constant heat flux
4 ~3800 W/(m*K) and variable mass velocities i ~14.75-18.35 kg/(m®s).
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Figure 2 — The dependence of the local heat transfer coefficient of RWF on the side of vapor phase ay
from vapor qualities x on the various sections of the evaporator at constant heat flux ¢ ~3800 W/(m?*K)
and variable mass velocities i ~/4.75-18.35 kg/(m®s).
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As shown in Figure 2, the increasing of mass
velocity leads to insignificant increase of the local
heat transfer coefficient of RWF on the side of vapor
phase. It should be noted, that suggested by Dittus and
Boelter [9] correlation has a poor prediction of the
experimental data in the nonformated stratified flow
area that, probably, occurs at the input of the throttling
device.

In the process of the executed researches it was
revealed that intensity of ROS boiling at the bottom of
the tube was considerably higher than at the top. It
shows that the RWF flow in the evaporator was
stratified or wavy stratified.

The Figure 3 shows the dependence of average
over the cross section heat transfer coefficient of RWF
oaver from oil concentration wiog at various sections of
the evaporator.
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Figure 3 — The dependence of average over the cross section heat transfer coefficient of RWF ayer
from oil concentration wy,ca 0N the various sections of the evaporator at constant heat flux ¢ ~3800
W/(m*K) and variable mass velocities 7 ~/4.75-18.35 kg/(m®s).

It should be noted, that the heat transfer coeffi-
cient decreases rapidly at high concentrations of oil.
Formation of oil enriched boundary layer ROS near
the inner wall of the evaporator change the laminar
flow to the turbulent and significantly decreases heat
transfer by convection at high concentrations of oil.

V. CONCLUSIONS

The influence of the compressor oil 1ISO VG 15
admixtures in the refrigerant on the boiling processes
of the real working fluid in the evaporator are experi-
mentally investigated at present study. The technique
of definition of the local heat transfer coefficient de-
pending on the concentration of oil and vapor qualities
are developed. The quantitative estimation in reduc-
tion of heat transfer coefficient of the wetted surface
in evaporator at high oil concentration in the mixture
is made. The influence of mass velocities of the work-
ing fluid on the values of the local heat transfer coeffi-
cients is analyzed. Based on the results obtained it was
observed that increasing mass velocity leads to in-
crease the local heat transfer coefficient of RWF both
on side of wetted perimeter and vapor phase. The equ-
ation for the modeling of the local heat transfer coeffi-
cient for boiling of isobutane/compressor oil solution

flow in the pipe is suggested. The experimental data of
thermophysical properties R600a/1SO VG 15 are used.

The experimental results show that impact of the
compressor oil admixtures on the processes of the
ROS boiling in the evaporator has multiple-factor na-
ture. Heat transfer coefficient at the RWF boiling de-
pends on the concentration of oil in the refrigerant,
heat flux, foaming process, flow rate and flow regime
of the working fluid in the evaporator. Usage Kattan et
al. model [3] does not consider the nonformation stra-
tified flow at the input of the evaporator.
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Opecckast HAIMOHAIBHAS aKaJIeMUs MMUIIEBBIX TEXHOJIOTHH, YiI. J[BopsiHCKas, 1/3, Onmecca, 65082

W3MEPEHUE U MOAOENTUPOBAHUE KO3®PULIMEHTA TEMJIOOTAAYN NMPU KUNEHUA
PACTBOPOB R600a/KOMIMPECCOPHOE MACJ10 BHYTPU TOPU3OHTAIIbHOW INAA-
KOWU TPYBbI

B cmamwve npusedenvt pesyibmamul dKCNEPUMEHMANBHOLO UCCIE008AHUSL JIOKANLHBIX KOIPPuUYUeHmMos
Mmenioomoauu npu KUneHuu peanvhuvlx pabouux men (pacmeopuvl xnaoazenma R600a ¢ munepanbHuim
nagmenosvim macrom ISO VG 15) 6 enadroti mpybe neborvutoco ouamempa (5.4 mm). Hccreoosanus
npoOOUNUCH, NpU OagieHuu 8 ucnapumene 8 ouanasone om 71.1 xlla oo 77.9 xlla, mennogom nomoke
3800 Bm/m* u maccosoii ckopocmu paboueeo mena 14.75 — 18.34 ke/(m’c). Iposedena konuuecmeennas
OYeHKA yMeHbUieHUs KO3 duyuenma menioomoauu CMOYEHHOU NOBEPXHOCHU MpPYyObl UcChapumens npu
8bICOKUX KOHYEHMPAayUusx Macia 6 pacmeope. B 0oknade 6binoiHen ananius eiusHUs MAcco8oll CKOPOCmu
pabouezo mena Ha 3HAYeHUe JIOKATbHBIX KO3(puyuenmos menroomoauu. Ha ocrose nomyuennvix pe-
3YILMAMOE ObLI0 OMMEUeHO, YMmo ¢ pocmom maccogoll ckopocmu PPT nabniodaemcs nesnauumenvHoe
yeenuuenue JOKaIbHo20 Kodpduyuenma menioomoaiu KaK co CmopoHbl CMOYEHHOU NOBEPXHOCMU MPY-
Obl, Max u co cmoponvl naposou ¢asvl. Ilpednodiceno ypasuenue s MOOEIUPOBAHUSL TOKATLHOZO KOI (-
Quyuenma menioomoauu npu kunenuu pacmeopa R600a/macno 6 mpybe, 6 KOMOpPOM UCNONbI0OBAHbI
IKCHEPUMEHMATbHbIE OAHHbLE 10 MENAOPUIUYECKUM CEOUCIMBAM PACMEOPOS XAA0ALEHM/MACIIO.

Knrouesvie cnosa: Kosgppuyuenm menioomoauu — Peanvroe pabouee meno — Kunenue — Hzobyman —

Pacmeop xnadazenm/macna — Cmenens cyxocmu — Konyenmpayusi.
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