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ABSTRACT

A number of experiments were conducted in the
1960's to determine the two phase heat transfer coeffi-
cient, hyp, of pure refrigerants. Recently energy
consorv:t{on requirements spurred interest in non-
azeotropic refrigerant mixtures, because such mixtures
can improve theoretically the COP of certain refrig-
erant cycles. The two phase heat transfer coefficient
of such mixtures under forced conmvection conditioms is
virtually unknown. An experimental rig has been con—
structed to investigate whether it is possible to pre-
dict the heat transfer coefficient of the mixture based
on the coefficients of the compoments. Initially data
was taken on R-22 and compared to literature data and
to existing predictive correlations. Good agreemeat
was found with the literature’s data on forced convec-
tion, single phase heat transfer correlations, and some
two phase evaporative correlations., Single phase heat-
ing and two phase boiling experiments were conducted
then on R152a and R13Bl individually and in various
mixture concentrations. The results of these tests are
reported in the paper.

NOMENCLATURE

heat transfer coefficient

heat flux per unit area

temperature

pressure

thermal conductivity

dimensionless coefficient in Chen's correlation
dimensionless coefficient in Chen’'s correlation
Reynolds Number

Prandtl Number

diameter of tube

friction factor

mass flux

specific heat

quality

vapor composition

liquid composition

boiling number

Martinelli parameter

enthalpy
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A = tube surface area
é = Martinelli parameter related to xtt

Subscripts

TP = two phase

L = tube wall

sat = saturation

f = fluid

8 = gas

top = top of tube

1s = left side of tube (viewed from upstream)
rs = right side of tube

bot = bottom of tube

inlet = inlet of test section

L = liquid

fg = diference between vapor and liquid
L, = liquid omly

FCV = forced convection vaporization

NB = nucleate boiling regime

24 = two phase (used in Reynolds number)

Greek Symbols

u = absolute viscosity
p = density

v = kinematic viscosity
] = surface temsion
INTRODUCTION

In order to overcome certain limitations in the
vapor compression cycle which are due to the employment
of single working fluid mixtures, the use of non—
azeotropic refrigerant mixtures has been widely sugges-
ted [1]. Design of machinery systems employing these
non-azeotropic mixtures is among others a strong func—
tion of the knowledge of mixture transport properties.
Determination of these mixtures’ properties has been
generally limited to mole fraction weighting of the
components’ properties. However, for the heat transfer
coefficient this type of estimation is questionable
since a new and possibly more limiting phenomena has
been introduced by the existence of the mixture, that
of mass diffusion. At least one author has concluded



that prediction of the local heat transfer coefficient
of a non-azeotropic mixture is a function of the rate
at which the more volatile component can diffuse to the
vapor bubble region {11]. In order to provide reliable
data as to the significance of this phenomena for the
temperature, pressure and composition ranges found in
heat pumps, NBS has begun a study using R13Bl1 and R152a
from 27/73 to 69/31 percent molar range, the results of
which are reported in this paper. As will be seen in
the description of the work it is necessary to know the
local thermodynamic properties in order to determine
the heat transfer coefficient from the data. There-
fore, a separate simultaneous study (both theoretical
and experimental) was conducted to determine an appro—
priate equation of state [15].

THE EXPERIMENT

In order to measrre the evaporative heat transfer
coefficient, a test facility was designed as shown in

Fig. 1. The test section is a horizontally-marked
RELIEF
VALVE TEST SECTION

Experimental Test Facility

Figure 1:

stainless steel tube with .25 mm wall thickness, a
length of 2.70 m and an outer diameter of .95 cm. It
is heated by applying a DC voltage difference®along the
tube using the tube itself as the heater. The liquid
refrigerant is pumped out of the condenser through the
test section. By adjusting the valves at the test
section inlet and outlet the degree of subcooling could
be set. Then the heated and partially evaporated re-—
frigerant enters the condenser to be liquified and
recirculated by the pump. The flow pattern is observed
in the glass tubes which have the same inside diameter
as the test section and which are installed at each end
of the test section.

All tests were run with subcooled liquid entering
the test section. Refrigerant temperatures were mea~
sured at the inlet and outlet by metal sheathed thermo—
couples which had an exposed junction located in the
centerline of the flow. The refrigerant flow rate was
determined by a calibrated turbine meter. The outlet
pressure and the inlet—-outlet pressure difference were
also measured. The outside wall temperature was mea~
sured by 36 Copper—Constantan thermocouples which were
clamped to the tube in 9 groups of thermocouples, each
insulated electrically from the tube by a thin layer of
teflon tape (< .01 mm). The thermocouples within each
group were located at the top, sides, and the bottom of
the tube. The junctions of the thermocouples were sil—-
ver soldered, and run along the tube for more than 0.1
m. The thickness of the wires was .25 mm. The entire

“est section was heavily insulated with about 12 cm
(radial) fiberglass.

For each run an energy balance was conducted over
the entire loop and data were considered valid when the
energy balance agreed within T%.

In order to simulate conditions which occur in an
evaporator for a residential heat pump, the measure~
ments were performed in a temperature range between
20°C and 0°C. Because of the temperature gradient
across the insulation of the test sectionm, about 30W of
heat from the room were picked up by the refrigerant
while it passed through the test section, causing the
wall thermocouples to read slightly higher than they
would have under truly adiabatic conditions. This
deviation was quantified by a calibration test run with
a very high liquid refrigerant flow rate, without elec—
tric heat at the lowest temperature in the ramge of
this study. The difference between each wall thermo—
couple and the centerline temperature was recorded
(typically less than 0.5°C). The wall temperatures
measured during an experimental test rum, with the
electric heat turned on, were then corrected accord-
ingly, taking the previously determined background heat
flux (i.e., between the tube wall and room) into
account. The correction did not cause more than a 5%
change in the measured wall temperature. Also, during
the experiments, the radial temperature gradient within
the wall was taken into account by using the appro-
priate equation for steady state heat conduction with
simultaneous heat generation in a cylindrical
wall; axial conduction was considered negligible. The
temperature-dependence of the tube’s electrical resis—
tance was also determined to have a negligible effect
on the heat transfer coefficient determination.

DATA ANALYSIS

The local heat transfer coefficient, hyp, was
determined by hyp = Q/ (T, - Tg)e Qs the heat flow
per unit area and T, and Tf are the inside wall tem—
perature and the fluid temperature at the tube center
line. At each thermocouple station, the coefficient
value was averaged by (htop +hy o +h o+ hyoe)/4.  The
variables Q and T, were measured directly; Ty was
determined by the equation of state. For pure refrig—
erants Tf was assumed equal to the saturation tempera—
ture. To determine the saturation temperature, local
pressure values were used.. Because pressure measure—
ments were made only at the inlet and outlet of the
test section, local pressure values had to be calcu-
lated. Given T.nlet and Py oy.¢ and knowing the rate of
heat additiom (ﬁnd thus the enthalpy), the location of
the onset of boiling could be determined. The small
pressure drop measured over the entire test section was
assumed to occur linearly between the start of boiling
and the outlet of the test section.

For the mixtures, a more complicated procedure was
required. The location of the onmset of boiling was
determined from the knowledge of inlet composition,
pressure, temperature and the rate of heat addition by
using the NBS equation of state. From this informa-
tion, the bubble point temperature and the location of
the start of boiling was also determined. Again a
linear pressure drop was assumed between the onset of
boiling location and the outlet. In this case, a
linear temperature difference was also assumed which
provided the needed local values of Tg. Given tempera-—
ture and pressure, local values of composition and
enthalpy, the quality was then calculated. It was
determined that the slight nonlinearity that existed
between calculated enthalpy increase and temperature
increase during boiling for these mixtures could be
neglected.



RESULTS

A series of tests were run with pure refrigerants
and mixtures of R13Bl1 and R152a in various concentra-
tions. 1In all of the evaporative tests, only the data
at thermocouple locations with a quality greater than
10% were included in the analysis. This criterion was
selected so that an annular flow pattern was assured
and so that entrance effects would be eliminated (the
criterion of 10% quality usually meant that the first
100 diameters of the test section were not considerd in
the data reduction). Because of the rather thin liquid
annular layer that exists under this flow conditiom it
is not clear as to whether the phase change was actual-
1y boiling, evaporative or a combination. For the
analysis of the data and in comparison to predictive
correlations, thermodynamic properties were calculated
from the NBS equation of state. Thermodynamic proper-—
ties for pure refrigerants were taken from the ASHRAE
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Handbook of Fundamentals 1981 [13]; for calculation of
transport properties of the mixtures, the method de-
scribed by Kandlikar, Bijlani and Sukhatme was used
[9]. The composition of the mixtures was determined by
gas chromatograph sample analysis.

The first set of tests (24 runs) were single phase
liquid runs, the results of which are plotted against
two predictive correlations on Fig. 2a and b. For all
but two runs, the experimental heat transfer coeffi-
cients, h;, were found to be within the published
accuracy of + 13% [4] with the well-known Dittus-
Boelter correlation:

K 0.8 0.4

by, = 0.023 D—L Rey  Prp (1
n C

withpo, =@  py = _PL (1a)
n Kp

Seventy percent (70%) of the experimental results
were found to be within the published accuracy of + 6%
of the Petukhov correlation [6]:

£/8)R

b = L (t/8)Ro\Pe, (2)
D g + KpPrp(£/8)/2(pr(2/3 - 1)

with £ = (1.85 logjgRe; - 1.64)72 (2a)
K =1+3.4f (2b)
K, =11.7 + 1.8 P /3 (2¢)

All but two runs were within + 10% of the Petukhov
correlation. The prediction of heat transfer for the
mixtures was as accurate as for pure refrigerants. In
the course of these tests it was felt that the values
of specific heat capacity (liquid phase) for R152a
differ from those published by ASHRAE [13]. Using the
published values resulted in a sharply increasing sin-
gle phase heat transfer coefficient along the test
section a multiplication of the published specific
heat capacity values by 1.15 yielded the expected
roughly constant heat transfer coefficient and a good
energy balance throughout the refrigerant loop; these
calculated values were employed throughout the experi-
ments with R152a and the mixtures.

The second set of tests was with phase change (35
runs) involving pure refrigerants and a comparison of
local heat transfer coefficients to five predictive
correlations (Schrock and Grossman, Dengler and Addoms,
Chen, Bennett, and Lavin and Young). The details of
the comparison are described in Appendix A. As shown
in Tables Al to A3, the Chen and Lavin and Young corre-
lations proved to be the best predictors of local heat
transfer coefficients based on this set of experiments.
Previous applications of the Chen correlation for hori-
zontal refrigerant flow have not yielded satisfactory
agreement [16, 2] though the correlation is widely
recommended for vertical water flows [5, 7]. In these
tests, a simple increase of 15-17% of the expression in
the Chen correlation would have brought 80% of the data
within -22/+18%.

The third set of tests was with phase change (33
runs) involving refrigerant mixtures of R13Bl1 and R152a
in various concentrations. The local and average heat
transfer coefficients were lower significantly than
either pure refrigerant, as shown in Fig. 3. This
result is contrary to the findings of Singel et al who
find the average heat transfer coefficiemt for R-12/13
to be greater than pure R-12 (they did not report



measurements of pure R-13) {12]. Most likely the re~
duced heat transfer in our case is due to a mass diffu-
sion limitation (and reduction of available superheat
effects) as reported in other literature [4].
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Figure 3:

The mixture with the highest average heat transfer
coefficient was 69% RI3B1l (by moles) whose average heat
transfer coefficient was roughly 90% of the value ob-
tained with pure R152a; the composition of 27% R13B1
(by moles) had the lowest hyp, about 35% below pure
R152a. Since R13B1 had a higher heat transfer coeffi-
cient than R152a, this trend appears logical. Clearly
there is sensitivity to composition; however, further
investigation needs to be done to determine the optimal
mixture proportions so that a basis for prediction may
be established. Dependence of the heat transfer coef-
ficient on heat flux was also apparent, as is commonly
found in the literature for single component flow boil-
ing. The dependence on quality is not clear. It was
expected that larger heat transfer coefficients would
be observed conmsistently as the quality increased. In
single component fluids in this range of mass/heat
flux, annular flow patterns form at qualities much less
than 10% and as the liquid film is evaporated down-—
stream heat transfer coefficients are expected to
become larger. At higher mole fractions of R13Bl, the
heat transfer coefficient rose initially, then
decreased to a minimum at roughly 200 diameters and
then rose again. With greater heat flux, this behavior
was more promounced. Chaddock and Mathur observed the
same phenomena in their oil/refrigerant tests [16].
Throughout our tests annular flow was observed at the
outlet sight glass except for those cases with an
outlet quality higher than about 95% where mist flow
occurred. Fig. 4 displays a typical mixture run with a
high mole fraction of R13Bl.

A potential explanation for the observed variation
in heat transfer was a dependence on the quantity ly -
x|, the difference between vapor and liquid compo-
sitions, since such a dependence has been shown in pool
boiling [14]. All other conditions being equal, the
heat transfer coefficient is inversely proportional to
ly - zl. In the set of flow boiling tests reported in
this paper, this phenomena could not be observed omn
individual tests, but is noted on a comparison of
different tests. Fig. 5 shows the local hgp value
plotted against the local |y - x| for three differeat
test runs with the same molar flow rate and heat flux,
but differeant compositions. If the pool boiling rela-
tion held strictly, ome would expect a negative slope.

But this relationship is observed on comparing tests:
the test labelled SVV 226 (Fig. §) s a lower average
Iy - x| (denoted hercafter as Iy - z1) and higher
average STP value than the other tests shown. This fact
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can be used to predict roughly the average heat trans-—
fer coefficient of these mixtures, 5.1‘ with the fol-
lowing form:

E_ =K (1-15-zD (3)
mix 1v

where ﬁlv is the average heat transfer coefficient of
the less volatile component (in our case, R152a)at the
same mole flow rate and heat flux. This form has the
advantage that there are no empirical constants (or
else by fortune they are omne for this mixture). This
form predicted the experimental results to within
experimental error for 54% of the tests, +15% for ~90%
of the tests and —12%/+22% for all the tests. From
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pool boiling experiments, Happel and Stephan suggested
the following, more general form:
E = E‘d (1 - kly - 3I®) (4)

mix i

where ;id is the average heat transfer coefficient,
based on a mole fraction weighting of the pure refrig-
erants, and K and n are empirically determined con-
stants. This form, using a least squares fit to deter—
mine the constants, tended to underpredict our experi-
mental data.
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Figure 6: Comparison of Predicted Average h . to
Experiment

Figure 6 is a histogram of the errors of prediction
using equations (3) and (4) the sum of the square of
the errors for equation (3) is roughly three times
smaller than for equation (4). In an individual test,
where temperature, pressure and quality changes cause a
varying |y - x|, the |3 - x| dependence (when y and x
are local values) does not appear to hold (see Figure
5.) In an individual test, other effects such as local
quality probably dominated the heat transfer (from the
correlations, one expects hTP to be a function of at
least mass and heat flux, quality, and composition).
It is hoped that in further planned work, local non-
intrusive measurements of composition, quality and
deduced flow patterns will clarify the relative impor-
tance of these individual dependencies. Once these
interdependencies are established improved correlations
which include a composition variable may be possible.

CONCLUSIONS

Existing correlations for single phase liquid heat
transfer were shown to be in a satisfactory range for
mixtures. Two phase heat transfer correlations for
pure refrigerants were shown to be within the acepted
practice for accuracy scatter existing curreatly in the
literature today. The heat transfer coefficient mea-
sured for mixed refrigerants was significantly lower
than that measured for either pure refrigerant, and a
varying dependence on quality was observed for unkmown
reasons. The 69% R13Bl1 mixture had the highest heat
transfer coefficient of those mixtures tested since
R13B1 had a higher measured heat transfer coefficient
than R152a the result is not surprising., The local
heat transfer correlations for single component flow do

not appear adequate for these non—azeotropic mixtures
(Fig. 4); however, the reduction in average heat trans—
fer coefficient may be correlated with some success.
Additional empirical work as well as simultaneous heat
and mass transfer modelling will be necessary to estab-
1ish a better composition sensitive correlation.

The selection of a particular best refrigerant
mixture for heat pump applications is not apparent.
Local heat transfer coefficients cannot be predicted
simply, and values lower than that found for pure
refrigerants may occur. Further research needs to be
done to refine the prediction of the heat transfer
coefficient., It is planmed that future work will pro-
vide measurements of local composition and quality for
these mixtures to improve the overall understanding of
the heat transfer phenmomens.

REFERENCES

1. An extensive literature review is given in: W. F.
Stoecker, Energy Characteristics of a Two
Evaporator Refrigerator Using a Refrigerant
Mixture, ORNL/Sub/81-7762/2801.

2. Chaddock, J., Noerager, J.A., "Evaporation of
Refrigerant 12 in a Horizontal Tube with Constant
¥Wall Heat Flux'; ASHRAE Transactions, January
1966, pg. 90£f.

3. Mishra, M.P., Varma, H.K., Sharm, C.P., '"Heat
Transfer Coefficients in Forced Convection
Evaporation of Refrigerant Mixtures'', Letters in
Heat and Mass Transfer; Volume 8, pp. 127ff;
Pergammon Press Ltd., 1981.

4. Shock, R.A.W., ''The Evaporation of Binal Mixtures
in Forced Comvection'', United Kingdom Atomic
Energy Authority Research Group Report AERE-r
7593, 1973.

§. Shock, RANW., ""Boiling in Multicomponment Fluids'',
Multiphase Science and Technology - Vol. 1 by
Hewitt et al; Hemisphere Publishing, 1982.

6. Pethukov, B.S., 'Heat Transfer and Frictiom in
Turbulent Pipe Flow''; Advances in Heat Transfer,
Pergammon Press, 1970, pg. 503ff.

7. TRAC-Pla: An Advanced Best-Estimate Computer
Program for PWR LOCA Analysis, Volume I; Los
Alamos Scientific Laboratory, 1978; Los Alamos, New
Mexico.

8. Lavin, J.G., Young, E.H., ""Heat Transfer to
Evaporating Refrigerants in Two—Phase Flow ""; AIChE
Journal, Vol. 11, no. 6; November 1965; pg.
1124€fF.

9. Kandlikar, S.G., Bijlani, C.A., Sukhatme,
S. P., 'Predicting the Properties of Mixtures of
R-22 and R-12--Part II - Transport Properties’,
ASHRAE Transactions, Vol. 81, 1975, pg. 285ff.

10. Bennett, D.L., '"'A Study of Internal Forced
Convective Boiling Heat Transfer for Bimary
Mixtures', Ph.D. Thesis, LeHigh University; 1975.

11. Collier, J.G., Convective Boiling and Condensation
McGraw—Hill; 1981.

12. Singel, L.C., Sharma, C.P., Varma, H.K., "'Experi-
mental Heat Transfer Coefficienmt for Binary



Refrigerant Mixtures of R-13 and R-12; ASHRAE
Transactions January 1983.

13. American Society of Heating, Refrigerating and
Air-Conditioning Engineers, Inc. (ASHRAE).
Handbook of Fundamentals, 1981, published by
ASHRAE, Atlanta, Georgia.

14. Happel, O. Stephan, E. "Heat Transfer from
Nucleate to the Beginning of Film Boiling in
Binary Mixtures,'' Paper B7.8 presented at 5th
International Heat Transfer Conference; Tokyo,
September 1974.

15. Morrisom, G., personal communications, (paper to
be published shortly): ''An Equation of State for
Refrigerant Mixtures''-—G. Morrison, G. L. Francis,
and T. M. Bland.

16. Chaddock, J., Mathur, AP., "Heat Transfer to 0il-
Refrigerant Mixtures Evaporating in Tubes''; Multi-
phase Transport, Volume 2, Hemisphere Publishing ;
Corporation, pP§. 861£f.

APPENDIX A: Correlations for Two Phase Heat Transfer
with Pure Refrigerants

The second set of tests (35 runs) involved pure
refrigerants and a comparison of local heat transfer
coefficients to five predictive correlations listed
below:

Schrock and Grossman (as modified by Chaddock_and

Noeranger)
/3
MP . .85 [m‘no + 1.5 (—l— (3)
by X,
with by = Dittus—Boelter relation (1)
.9 0.5 " 0.1
v
and Xep = (1 x > (é._) <_L> (3a)
8 Hg
Bo = Q/A (3b)
Gﬂf‘
Dengler and Addoms (as modified Chaddock
and Noeranger)
b+ JRRPRS <_1_>2’3 #
by, LT

with by = equation (1)

Lavin and Young

1.16, \-0.1
b o (.LL.L) (Bo) (6.59) (5)
hLo 1 -z
K 0.8 0.33 0.14
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Chen
brp = byg * bpey (6

0.8 0.4
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uL kL D

£0.79.0.45,0.49

L pL
nd hyp = . 2
and hyg = .00122 0.5,0.2950.24,0.24
w929 -24
8 8
0.75
< By > (T, - Tey)%% s (6v)
Tutvfg

with F = 1.0 for 1 ¢ X, £ 0.10

2.35(1/%,, + 02130736 for 1/%, > 1.0 (60)

-1
and § = [1 + 0.12(R02‘)1'14] Reyy ¢ 32.5 x 104
-1
- [_1 + 0.42(302*)0‘78] 32.5 x 104 C Reyy
¢ 70.0 x 10*
=0.1 Regy 2 70 x 104

and the two-phase Reynolds number Rejy = Rey (125) [71.

() tt
Same as Chen, except
P, +1 .44
F = ‘Ltt.89 _ZL____ [10]
with b =1+ 20/Ty + 1/ (X )2 (11

Bec#uu the"correlltions are intended to be predictive,
no 'fitting' by modification of published coefficients
was attempted to improve the agreement with the dats.
In the case of the correlations by Schrock and Grossman
(SG) and Dengler and Addoms (DA), coefficients pub-—
lished by Chaddock and Noeranger [2] were used as they
were more appropriate to the flow geometry. The Chen
correlation requires surface tension values; unfor—
tunately these values were only available for the R-22
tests. Vapor viscosity values needed for the SG and DA
correlations were unavailable for R152a, however it was
assumed 10% greater than the R13B1 values (roughly the
same difference as the liquid viscosities). The
results are not sensitive particularly to this assump—
tion. Doubling or halving the R152a vapor viscosity
changed the correlation values by a total less than 3%.
As shown in Tables Al to A3, the Chen and Lavin and
Young (LY) correlations proved to be the best predic-
tors of local heat transfer coefficient based on this
set of experiments. The Chen correlation, derived
originally for vertical flow, tends to underpredict
consistently the experimental values. One possible
reason for underprediction was the Prandtl number
assumed in the Chen correlation is 1.

Bennett's modification of the Chen correlation was
jntended for use with fluids whose Prandtl Number was
greater than 2 {10]. Since R-22 has a Pr ~ 2.7, the
Bennett modification was applicable. Unfortunately, it
tends to overcompensate and overpredict badly our
experimental values. A second explanation for Chen's
underprediction is flow geometry. Since in this range
of mass flow rate and heat flux, horizontal flow yields
a higher hyp than vertical flow, the bias is not sur-
prising. Previous applications of the Chen correlation
for horizontal refrigerant flow have not yielded satis~
factory agreement [2, 17] though the correlation is
widely recommended for vertical water flows [5, 7], Im



these tests, simple multiplication by 1.15 of the
expression in the Chen correlation brought 80% of the
data within 22/+18%.
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