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Abstract

Results of heat transfer and pressure drop investigation during flow boiling of R. 22 and R.
134a inside smooth tubes and selected enhanced tubes are presented. Corrugated and micro-
fnned tubes served as enhanced tubes. The experiments have been conducted for average
saturation temperature 0°C. Inlet vapour quality was set to 0 and outlet quality: 0.7. Mass
fux density varied from about 250 to 500 kg/(m?s). The experimental results have been com-
pared with heat transfer coefficients calculated from selected correlations. The test stand and
experimental procedure are described. Higher average evaporation heat transfer coefficients
and pressure drops for enhanced tubes have been observed. Refrigerant R 22 has an evident
superiority over R 134a for each tested type of tube.

Keywords: Flow boiling; Enhanced tubes; Refrigerants

Nomenclature
a — thermal diffusivity Fy —  fluid-dependent parameter
c specific heat G mass flux density
d inside diameter K parameter

latent heat of vaporisation L active length of tube
L overall heat transfer coefficient Nu Nusselt number, Nu=ad/\

for 1 m of tube length PF penalty factor, see Eq. (4)
mass flow rate Pr Prandtl number, Pr = n/a

n exponent of Re;, for augmented Re Reynolds number, Re = d/u
tubes T temperature

q heat flux density a heat transfer coefficient

= vapour quality n kinematic viscosity

B boiling number, Bo = ¢q/mhg, A thermal conductivity

*Corrensponding author. E-mail address: jcieslin@pg.gda.pl
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Co - convection number, n — absolute viscosity
Co = (pu/p1)**((1 — z) /)*® p = density
D — outside diameter P —  heat transfer coefflicient
Eip - modified augmentation factor for correction
convective boiling P — pressure drop correction
Eyp — modified augmentation factor for Ap — pressure drop
nucleate boiling AT,, - logarithmic mean temperature
EF - enhancement factor, see Eq. (3) difference
Subscripts
av — average C —  convective boiling,
l - liquid N — nucleate boiling
lo —  liquid only NPB - nucleate pool boiling
v — vapour il — inlet
vo — vapour only 2 — outlet
w —  water 2F - two phases

1 Introduction

In recent years, considerable efforts have been devoted to find ways to design
more compact evaporators for chemical engineering and refrigeration by using
enhanced heat transfer surfaces, [1-4]. These surfaces have been designed in
a number of forms, from simple low integral fins to more complicated doubly
enhanced tubes, [5-7].

Schlager et al. [8] studied R 22 boiling inside copper smooth and micro-finned
tubes. Average saturation temperature ranged from 0 to 6°C, inlet quality from
0.1 to 0.2, outlet quality from 0.8 to 0.88 and mass flux density from 125 to
400 kg/(m?s), respectively. They observed, that the heat transfer enhancement
factor for the micro-finned tube was about 2.5. Eckels and Pate [9] reported
the results for R 134a evaporation inside smooth and micro-finned tubes, under
similar conditions. Heat transfer enhancement factor for the micro-finned tube
varied from about 1.7 to 2 and the pressure drop penalty factor varied from about
1.3 to 1.7, depending on mass flux density.

International regulations, which aim at reduction of application of traditional
refrigerants, have initiated searching of new working fluids. Because flow boiling
is a complex process and its modelling is very difficult, experimental tests with
new refrigerants are necessary [10-12].

Liu [13] compared evaporating heat transfer and pressure drop characteristics
of R 134a and R 22, flowing inside copper micro-finned tube. Nominal saturation
temperature was 7.2°C, inlet quality was set to 0.15 and outlet superheat ranged
from 2.8 to 5.6 K. Mass flux density varied from 132.9 to 570 kg/(m?s) for R. 22
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:nd from 70.5 to 393.3 kg/(m?s) for R 134a. It was observed, that for mass flux
‘ensity over 270 kg/(m?s) the heat transfer coefficient for R 134a was lower than
~eat transfer coefficient for R 22 even by 50%. Pressure drop penalty factor was
bout 1.5.
No data for boiling in corrugated tubes have been found for R 22 as well as
L 134a, although such a tube is commonly used in heat pump evaporators [14].
The aim of the study was to determine an average evaporation heat transfer
eficient and, simultaneously, pressure drop during evaporation of R 22 and R
‘34z inside corrugated and micro-finned tubes as well as validation of selected
models for flow boiling in smooth and enhanced tubes. Smooth copper and
siainless steel tubes served as reference tubes.

2 Experimental issues

2.1 Test stand

The test stand consists of four main systems: test section, refrigerant loop,

n-tube average heat transfer coefficient and pressure drop of refrigerant over the
‘ength of a test tube. A schematic diagram of the test stand is shown in Fig. 1.

2.2 Test section

The test section consists of a tube-in-tube heat exchanger, sight-glasses and
sensors for temperature and pressure measurement on the inlet and outlet of the
section. The inner tube, i.e. the test tube, is a 2 m long horizontal tube with an
outer diameter of about 10 mm. The tested tubes are specified in Table 1.

The water in the annulus of 2 mm gap, surrounding the test tube, flows
counter to the refrigerant flow and is used to heat the refrigerant, evaporating in
the inner tube.

Temperatures of the fluid streams entering and exiting the test section are
measured by thermocouples accurate to £0.3°C. The refrigerant pressure at the
inlet and outlet of the section is measured by Trafag NA25.0V pressure trans-
ducers accurate to +0.3%.

2.3 Refrigerant loop

Refrigerant is supplied to the test section at specified conditions (tempera-
ture, flow rate, quality) by the refrigerant loop. This loop contains a condenser,
subcooler, pump, filter dryer, flowmeter, regulating valve and a preheater (Fig. 1).

The refrigerant exiting the test section is condensed in a copper coil, immersed
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Table 1. Tested tubes

Thickn f
Tube de- Diameter to base i S Other
e N i enhancement Material T
P oI enhancemen Sehn height characteristics
smooth 8 mm - Cu seamless
smooth 8.8 mm - stainless steel seamed
corrugated 8.8 mm h =0.45 mm | stainless steel seamed, pitch
e = 6mm

h

\ ) ~S——

micro-fin 8.92 mm h =0.2 mm Cu 60 fins, seamless,

twist angle
o,
% x#\
\_—_/

B=18%C. fin
angle a = 48°C

in the 250 I glycol tank, cooled by the refrigerating unit and subcooled in the plate
heat exchanger, also cooled by the refrigerating unit. The subcooled refrigerant is
circulated with the pump and its flow rate is controlled with an inverter reducing
the pump capacity, with the regulating valve and with a by-pass line diverting a
certain portion of the flow away from the test section. Prior to entering the test
section, the refrigerant temperature and quality is set in the preheater, having
the form of 2.5 m long copper tube heated electrically.

Mass flow rate of ivestigated refrigerant is measured by the Danfoss MASS
2100 Coriolis-type flowmeter with accuracy of +0.15% of the actual flow rate.

2.4 Heating water loop

Water is supplied to the annulus side of the test section by the water loop.
This loop contains a pump, electrical heater and a flowmeter (Fig. 1). Water flow
rate is controlled by a by-pass line and is measured by the magnetic flowmeter
Danfoss MAG 3100 of accuracy 4-0.25%.
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“igure 1. Test stand scheme: 1 — test loop, 2 — heating loop, 3 — cooling loop, P — pump, I —
filter, Z — receiver, OL — oil valve, MASS, MAG - flowmeter, ZR - regulating valve,
ZB - safety valve, WS — condenser coil, WP — evaporator coil, ZG - glycol tank, M
— stirrer, G — electric heater, SPR — compressor, ZZ — check valve, SKR — condenser,
ZW — water regulating valve, W — sight glass, TZR. — thermostatic expansion valve,
N - expansion tank, D — subcooler, CC — pressure sensor, CT - temperature sen-
sor, PC — microcomputer —aided data acquisition system, WM - wattmeter, AT —
autotransformer, F'T' — inverter.

N

2.5 Cooling loop

The purpose of the cooling loop is to condense and subcool the tested refrig-
-rant circulating in the refrigerant loop. The system contains a semi-hermetic
-ompressor, a condenser, cooled by tap water, and two evaporators: a copper coil
mmersed in the glycol tank and the subcooler in the refrigerant loop (IFig. 1).

Working fluid in the cooling loop is R 22 and its flow rate in each evaporator
s controlled automatically by the thermostatic expansion valve.

The maximum cooling capacity of the system is about 5 kW and the mini-
mum recorded glycol temperature was about —30°C. It allows to keep the average
saturation temperature of tested refrigerant in the test section about at —10°C.
The maximum capacity of the cooling loop limits the maximum heat flux trans-
ferred to the refrigerant in the test section and is reduced by a by-pass line and
three electric heaters immersed in the glycol tank, in order to obtain steady state

onditions.
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2.6 Experimental procedure

Tested refrigerants were R 22 and R 134a. During tests the inlet vapour qual-
ity was set 0£0.05 whereas outlet quality to 0.740.01. Inlet quality is calculated
from the energy balance of preheater whereas outlet quality from energy balance
of the test section, Fig. 1.

Mass flux density varied from about 250 to 500 kg/(m?s). The experiments
have been conducted for average saturation temperature 0°C. This temperature
is inferred from the average saturation pressure in the tube, calculated as the
arithmetic mean value of the inlet and outlet pressure.

After switching the cooling loop, the water loop and the refrigerant loop on,
the saturation temperature and vapour quality on the inlet and outlet of the test
section are set by adjusting the heating capacity of the heater in the water loop,
the heating capacity of the preheater in the refrigerant loop and the cooling ca-
pacity of the cooling system.

Monitoring of temperature and pressure readings is facilitated by use of the
PC-aided data acquisition system, Fig. 1. During each run, succesive sets of the
sensor outputs were taken and processed until the readings at each power level
were varied only by random amounts, so that the averages were duplicated. This
was taken to be an indication, that the boiling process was at a steady state.

It takes several hours to reach the steady state after switching the test sec-
tion on. After the change of parameters (for example, reduction of the tested
refrigerant flow rate), the new steady state is obtained after at least 30 minutes.
For each tested tube and refrigerant, the experimental points have been collected
for two or three days. A good repeatability of the test results was observed.

3 Data reduction

3.1 Experimental results

In-tube heat transfer coefficient agp 4y, referred to the base surface, is calcu-
lated from the expression for overall thermal resistance:

il T i 1 D
=——————In—. (1)
OoFaul . . ki aeD . 2/ d

Annulus-side heat transfer coefficient a, is calculated from the Dittus-Boelter
correlation. Overall heat transfer coefficient per 1 m of tube length of the test
section is:

cw'rhw(Twl 3 Tw2)

kel = 2
~ LT @)
The heat flux transferred to the boiling refrigerant in the test section is cal-
culated from energy balance on the water side. Heat loss, inferred from tempera-
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tures monitored in various locations inside the insulation of the test section, did
not exceed 0.08% of the transferred heat flux and is assumed as negligible.

In selected cases, heat transfer coefficient was also determined with the use of
e Wilson plot technique. Estimated uncertainty of the heat transfer coefficient

Pressure drop over the test section is calculated as the difference between the
nlet and outlet pressure of the tested refrigerant.

For each tube and for each refrigerant, enhancement factor (EF) and penalty
wior (PF) have been calculated. Enhancement factor is defined as the ratio of
swerage evaporation heat transfer coefficient for the enhanced tube to the heat
ransfer coefficient for the smooth tube:

EF — Zenhanced (3)
A smooth

Penalty factor is calculated as the ratio of pressure drop for enhanced and

muooth tubes:

PF = Apenhanced. (4)
Ap.smooth
e ratio of these two factors EF/PF can be treated as a measure of heat
‘er enhancement efficiency.

s

©2 Heat transfer coefficient prediction

" he experimental results have been compared with heat transfer coefficients
wicilated from correlations proposed by Kandlikar and Witczak [15, 16].

According to Kandlikar [15], convective and nucleate boiling heat transfer
wefficients inside smooth tubes are correlated respectively:

azrc = 1.136 Co™*?(1 — 2)%8ay, + 667.2 Bo®"(1 — 2)°8 Fyy oy, (5)
azrn = 0.6683 Co™%%(1 — z)%8ay, + 1058 Bo®7(1 —2)°8Fy oy,.  (6)

“or enhanced tubes Kandlikar has modified the correlations as follows:
22r,c = 1.136 Co~%(1—2) " Re}}, Pri*Ef5+667.2 Bo™"(1-2)*%Fyy Eivg, (7)

oory = 0.6683 Co™%2(1 — z)°®Re}}, PritELp 4+ 1058 Bo®"(1 — z)P8Fyy Elyp,
(8)
where empirically determined constants, [15], for the micro-fin tube and R 22
we: E.p =82, Ejyp =72, n=04.
Witczak [16] proposed correlation for convective boiling heat transfer coeffi-

azrc = aarE(l + YorF), (9)
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where the equivalent coefficient:

1
QP = e (10)
Bip 1O
Heat transfer coefficient correction is defined as:
Por = 3.352%34(1 — 2) 7028534 Ky (11)

where the pressure drop correction:

Ap Ap S
Pop = 23;(1 — a;) (1 = 83,) I: AAf))vo it (2;,)&7 Ik 1] (r]lpv> : (12)
pl (E)lo (E)‘Uo 'r]Upl

For nucleate boiling heat transfer coefficient Witczak proposed correlation:

0.74
Q2F.N
oor N = agrc 1.28 K9£2(1 — )08 <—) : (13)
Q2F.C
Coefficient of heat transfer to boiling refrigerant ap is the maximum of coeffi-
cients for convective and nucleate boiling.

Correlations of Kandlikar and Witczak predict local evaporation heat transfer
coeflicient, i.e. for a specified boiling regime described by quality. Average values
of evaporation heat transfer coefficient in the tested range of vapour quality from
0 to 0.7 were calculated as follows:

2
/ aopdz
il y

14
R (14)

Q2Fav =
Equation (14) has been integrated numerically. For this purpose, the range of
vapour quality is divided in 15 regions and local heat transfer coefficient was
calculated for each of them, according to Kandlikar’s as well as Witczak’s corre-
lations.

4 Results

4.1 Results for R 22

Experimental evaporation heat transfer coefficients for R 22 boiling inside
tested tubes are plotted in Fig. 2. A linear regression analysis using the least
squares method was used to determine the best-fitting straight line for what were
assumed to be the steady-state results.

In the case of the micro-finned tube average heat transfer coefficients are
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@ -Cu_smooth

o [kW/m?K]

20

G [kg/m’s]
Figure 2. Average heat transfer coefficient versus mass flux density for R. 22.

wer two times higher, than in the smooth copper tube. Values recorded for
stainless steel corrugated tube are higher, than for the smooth steel one, by over
"% in the case of the high mass flux density to under 50% for low mass flux
“ensity. Heat transfer coefficient for the corrugated tube is almost constant over
e range of tested mass flux density.

Simultaneously, higher pressure drops for enhanced tubes have been recorded
“iz. 3). Pressure drop in the micro-finned tube is higher, than in the smooth
pper one, by about 50% in the case of high mass flux density to about 100%
¢ low mass flux density. In the case of stainless steel tubes, pressure drop for
22 is higher in the corrugated tube, than in the smooth one, by over 30% for
ow mass flux density to over 50% for high mass flux density.

Enhancement factor and penalty factor for the copper micro-finned tube, re-
wrred to the smooth copper tube, are plotted in Fig. 4. In the case of R 22

mhancement factor increases with mass flux density increase, while the penalty
“sctor decreases. As a result, the ratio EF/PF increases and is higher than 1 in
e whole tested range of mass flux density.

For the stainless steel corrugated tube, referred to the smooth steel one en-
nencement factor decreases and penalty factor increases with the increase of mass
"2x density (Fig. 5). Only for low mass flux density, the ratio EF/PF is higher
ban 1.

£2 Results for R 134a

In the case of R 134a average heat transfer coefficient during boiling in the
micro-finned tube is about 50% higher, than in the case of smooth copper one
. 6). Heat transfer coefficient in the corrugated stainless steel tube is higher,
in the smooth stainless steel one, by about 5% for high mass flux density to

{‘1' 09
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Ap [kPa]

200 250 300 350 400 450 500

G [kg/m’s]
Figure 3. Pressure drop versus mass flux density for R 22.
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Figure 4. Enhancement and penalty factors for micro-finned tube and R 22.
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R R e
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Figure 5. Enhancement and penalty factors for corrugated tube and R. 22.
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o [kW/m?K]
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Figure 6. Average heat transfer coefficient versus mass flux density for R 134a.
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Figure 7. Pressure drop versus mass flux density for R 134a.
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“izure 8. Enhancement and penalty factors for micro-finned tube and R. 134a.
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Figure 9. Enhancement and penalty factors for corrugated tube and R 134a.

about 40% for the low mass flux density.

Pressure drop during boiling of R 134a in the micro-finned copper tube is
higher, than in the smooth copper one, by over 10% for low mass flux density to
under 20% for high mass flux density (Fig. 7). In the case of stainless steel tubes,
pressure drop in the enhanced tube is higher by over 30% to 50% respectively.

For micro-finned tube enhancement factor slightly decreases and penalty fac-
tor increases, with mass flux density increase (Fig. 8).The ratio EF/PI decreases
then, but in the whole range is higher than 1.

Enhancement factor and penalty factor for the stainless steel corrugated tube
referred to the smooth stainless steel tube are plotted in Fig. 9. IEnhancement
factor decreases and penalty factor increases with the increase of mass flux den-
sity. The ratio EF/PF is lower than 1 in the whole range of tested mass flux
density.

4.3 Comparison of results for both refrigerants

Experimental heat transfer coefficients and pressure drops for R 22 and R
134a boiling in all tested tubes are plotted in Figs. 10 and 11, respectively. For
each tested type of tube (Table 1) R 22 has an evident superiority over R 134a
in promoting heat transfer coefficient, especially in the case of the copper micro-
finned tube, and in pressure drop penalty.

4.4 Comparison with predictions

In the case of smooth tubes, the experimental evaporation heat transfer co-
efficients were compared with the values calculated from the correlations of Kan-
dlikar and Witczak. For R 22 in copper tube the experimental data are in very
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Figure 10. Experimental average heat Figure 11. Pressure drop versus mass
transfer coefficient versus flux density for both refrig-
mass flux density. erants.

zood agreement with predictions of Kandlikar and exceed Witczak’s predictions
o over 20% (Fig. 12). In the case of R 134a in copper tube the experimental data
“or high mass flux density are lower by about 10% than predictions of Kandlikar
nd exceed Witczak’s predictions by about 5% for high mass flux density to over
0% for low mass flux density. For R 22 and stainless steel tube recorded data
sgree with predictions by Witczak for high mass flux density and are higher by
simost 10% for low mass flux density.

Experimental data are lower than values calculated from Kandlikar’s cor-
w=lation by over 10% for low mass flux density and by about 25% for high mass
“ux density. For R 134a boiling in smooth stainless steel tube (Fig. 13) the
sizgest discrepancy between calculated and measured values of heat transfer co-

Ticient has been recorded. Kandlikar correlation overpredicts experimental data
w about 25%.

Values calculated from the modified Kandlikar’s correlation (Egs. 7 and
%! for micro-finned tube (Fig. 14) are overpredicted by 70% for high mass flux
‘ensity and almost by two and a half times for low mass flux density. However,
2e constants used in the correlation have been determined experimentaly for
“ierent test conditions, i.e. higher boiling pressure and electrically heated test
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Figure 12. Comparison of experimental R 22 heat transfer coefficient data for smooth copper
tube (EX) with predictions using Kandlikar’s (K) and Witczak’s (W) correlations.
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Figure 13. Comparison of experimental R. 134a heat transfer coefficient data for smooth stainless
steel tube (EX) with predictions of Kandlikar’s (K) and Witczak’s (W) correlations.

section [15].
Unfortunately, in the published literature no correlations for boiling in cor-
rugated tubes have been found.

5 Conclusions

The results obtained for smooth tubes are in agreement with predictions ob-
tained from correlations proposed by Kandlikar and Witczak for R 22 and R 134a
as well.

For both refrigerants tested, distinctly higher average evaporation heat trans-
fer coefficients for enhanced tubes have been observed, particularly for the micro-
finned tube. Simultaneously, higher pressure drops for enhanced tubes have been
recorded as well.

For the copper micro-finned tube, especially in the case of R 22, enhancement
factor exceeds the area ratio, which equals 1.5. Enhancement factor decreases and
simultaneously the penalty factor increases with increase of mass flux density, ex-
cept the case of R 22 boiling in the copper micro-finned tube. The ratio EF /PF
for the copper micro-finned tube is higher than 1 over the range of tested mass



Investigation of R 22 and R. 134a flow boiling ... 35

K
& /
E
= Ex
= 30 - /
=]

10 \ r
200 300 400 500

G [kg/m?s]

“zure 14. Comparison of experimental R. 22 heat transfer coeflicient data for micro-finned tube
(EX) with the predictions of Kandlikar (K)

‘ux density. In the case of the stainless steel corrugated tube, the ratio EF/PF
= higher than 1 only for R 22 and low mass flux density. For both refrigerants
‘ested, heat transfer coefficient is higher during boiling in copper tubes, com-
nared to the stainless steel ones. Refrigerant R 22 has an evident superiority over
L 134a for each tested type of tube.
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