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Abstract—ENEA started in 1990 a new research programme on ‘Thermal Hydraulics Of Mixtures’
(THOM) focused on the heat transfer in forced convective boiling of refrigerant mixtures. The main aim
of the research is to accomplish new experimental data on binary mixtures in forced convective boiling
and particularly on three main topics: convective boiling heat transfer, hysteresis in nucleate boiling
incipience and critical heat flux. A first preliminary step of the research, started in the middle of 1990,
consisted in the thermal hydraulic characterization of the pure components of the binary mixture chosen,
namely R 12 (CCI,F,) and R 114 (C,CI,F,). At the end of 1991 (and still in progress) the main investigation
on the heat transfer performance of different compositions of an R 12/R 114 mixture started. In the present
paper, a review of previous works, together with a description of the first experimental results on heat
transfer coeflicients is given. Finally a comparison of experimental data with the available correlations, is
accomplished.

1. INTRODUCTION

MANY INDUSTRIALIZED nations are concentrating on
the R & D of the advanced technology in the efficient
use of energy including waste heat recovery from vari-
ous industrial processes with moderate and/or lower
temperature levels. Increasing attention to heat pump
systems exactly reflects this demand, since they are
able to take heat energy from a lower temperature
source, to use mechanical work so as to upgrade the
temperature and then to reject both heat from the
lower temperature source and the mechanical work to
the higher temperature sink. In this peculiar advanced
technology, the particular importance of selecting the
optimum working fluid of the system has to be
stressed. Thus, nonazeotropic binary mixtures
become attractive to the R & D of advanced vapour-
compression heat pump systems. Nevertheless, in
spite of the interest in using nonazeotropic refrigerant
mixtures for increasing the coefficient of performance
of heat pumps to achieve a better energy conservation,
little attention has been paid to the boiling of liquid
mixtures in the presence of a forced flow. In the fol-
lowing sections, the present state of the art in this field
is reviewed.

2. AN OVERVIEW ON BINARY MIXTURES
FLOW BOILING RESEARCH

2.1. Experimental research

Research on forced convective boiling of binary
mixtures has not yet been conducted in an exhaustive
way. Only over the last ten years has a more refined
evaluation of thermophysical and thermodynamic
properties of binary mixtures been performed, and in

particular an evaluation of heat transfer charac-
teristics. Sivagnanam and Varma [1] also verified the
presence of hysteresis at the onset of subcooled boiling
using aqueous mixtures in forced convection outside
a vertical heating wire provided along the centre line
of a glass tube, and particularly revealed an increase
of the wall superheating at the onset of subcooled
boiling with the increase of the mole fraction of the
more volatile component. Mishra et al. [2] made an
experimental research using a binary mixture of R 12
and R 22 with various mole fractions to evaluate the
local heat transfer coefficients in forced convective
boiling in a horizontal channel. The experimental
results showed a lower heat transfer coefficient of
the binary mixture with respect to the simple linear
interpolation between the values corresponding to the
two pure components. This result was confirmed also
by Fink et al. [3] with a different mixture, obtained
using R 11 and R 113, in the nucleate boiling region,
as shown in Fig. 1. In the same figure, the negligible
influence of the velocity on the heat transfer coefficient
is confirmed. Fink ez al. [3] also verified the non-
dependence from the fluid subcooling of the heat
transfer coefficient of the mixtures, as known for the
pure components. A further study was made by Ross
et al. [4], devoted to heat pump applications, using
an R 152a and R 13B1 mixture in horizontal forced
convective boiling inside a channel. Ross et al
assessed that at very low pressures (0.1 MPa) the heat
transfer regime is mainly nucleate boiling dominated.
Recently, Jung er al. [5] have performed tests with a
nonazeotropic binary mixture of R 22 and R 114,
using a horizontal test section; the results obtained
by Jung et al. [5] verify the heat transfer coefficient
trends already known for nonazeotropic binary mix-
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A parameter, equation (4)

Bo  boiling number, ¢"/Ghy,

C  specific heat [kJ kg 'K ~']

D, inner diameter [m]

D liquid mass diffusivity [m* s}

F nucleate boiling factor, equation (1)

G specific mass flow rate kg m™?s7 1]

i heat transfer coefficient kW m™2 K™ ]

/. latent heat of vaporization [kJ kg ]

h,, mass transfer coefficient [m s~ ']

k  thermal conductivity [Wm™ ' K]

M molecular weight

m  parameter defined in equation (4)

m mass flow rate [kg s~ ']

] parameter defined in equation (4)

Pr Prandtl number, uC /k

P pressure [MPa]

¢”  heat flux [kW m™?]

R radius [m]

Re  Reynolds number, uDp/u

S suppression factor, equation (1)

S¢ Schmidt number, yfpD

T temperature [K]

u  velocity m s}

X quality

X,, Lockhart-Martinelli parameter,
() oy /o) (1= X[X)°
liquid mole fraction of the more volatile

-

NOMENCLATURE

Xy liquid composition based on mass of the
more volatile component

¥ vapour mole fraction of the more volatile
component

v vapour composition based on mass of the
more volatile component.

Greek symbols
a  thermal diffusivity [m®s™']
i dynamic viscosity [kgm~'s7 ]
p  density [kg m~7]
¢  surface tension [Nm ']

Subscripts
1 pertains to the more volatile component
2 pertains to the less volatile component
bulk pertains to the bulk
i ideal
in inlet
L pertains to the liquid phase
mac macroscopic
nic  Mmicroscopic
mix pertains to the mixture
s,sat pertains to saturation conditions
sub subcooled
tp two-phase
V  pertains to the vapour phase

component wo owall.
10* Forced Convection tures as shown in Fig. 2, ie. the heat transfer
Boiling of F 11/ F113 coefficient has a reduction for low values of mole
o p= 1-75‘1°a Nim2 1 fraction, tends to a constant value for intermedi-
5l 20’:” : ;12 s ) ate values of the mole fraction (0.2 < mole frac-
O w = 0.36ms tion < 0.6) and then increases sharply for mole frac-
: O w = 1.20mis tions of R 22 higher than 0.8. Another interesting

q=13.8x10%w/n?

HEAT TRANSFER COEFFICIENT h [ W/m*K)

57
Nucleate Boiling_

103 1 I 1 1
0 02 0.4 Q.6 0.8 1.0

MOLE FRACTION x
Fic. 1. Boiling heat transfer coefficient as a funection of

composition at different liquid velocity and heat flux, for
R 11/R 113 mixtures {Fink er al. [3}]}.

investigation has been performed by Kedzierski and
Didion {6] who visualized the nucleate flow boiling of
an R 22/R 114 mixture in a horizontal channel. They
verified a comparable amount of nucleation between
the more volatile component, R 22, and the mixture,
even though the mixture was mostly R 114 by mole,
while R 114 exhibited much more nucleation than
either R 22 or the R 22/R 114 mixture. Hihara and
Saito {7] performed experiments with an R 22/R 114
mixture in a horizontal tube and studied the variation
of the circumferentially averaged heat transfer
coefficient with overall composition. As shown in Fig.
3. heat transfer coefficients for mixtures are much
lower than those for pure R 22 and R 114. Takamatsu
et al. [8], using R 22/R 114 mixtures, presented exper-
imental results for heat transfer and pressure drop
during forced convective boiling inside a horizontal
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F1G. 2. Boiling heat transfer coefficient as a function of composition at different steam quality, for R 22/
R 114 mixtures (Jung et al. [5]).
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FiG. 3. Boiling heat transfer coefficient as a function of steam
quality at different compositions, for R 22/R 114 mixtures
(Hihara and Saito [7]).

tube with internal spiral grooves, heated by means of
water flowing countercurrently in an outer annulus.
They noted that the temperature distribution of the
mixture is convex downward for a low mole fraction
of the less volatile component, R 114, while is convex
upward for a high mole fraction of the less volatile
component, R 114. Bennett and Chen [9] have made
one of the few studies with vertical channels on binary
mixtures in forced convective boiling. They used an
aqueous mixture of ethylene/glycol and evaluated the
local heat transfer coefficient with different mixture
compositions and at different qualities (0 < quality
< 30%). Kawano [10] made another study with
binary mixtures in forced convective boiling along
tubes on the shell side of a vertical shell-and-tube heat
exchanger, using R 114/R 152a mixtures, and verified
the lower heat transfer coefficients of mixtures with
respect to those of single-component fluids.

The above analysis of the experimental research
devoted to binary mixtures shows a lack of exper-
imental data in this field and particularly in the vertical
forced convective flow, where very few have been per-
formed in the last two decades, as previously reported
by Stephan [11] and Shock {12] and recently reviewed
by Steiner [13].

2.2. Heat transfer correlations

The empirical evaluation of the heat transfer
coefficient in forced convective boiling has been per-
formed by different authors using modified heat trans-
fer correlations, derived from the original ones
developed for pure components. Most of the common
derivations are obtained from two typical relation-
ships for the heat transfer coefficient in forced con-
vective boiling of pure fluids. The first relation is
derived from the well known correlation by Chen [14]}
for pure liquids:

h = hmacF+ hmicS (])

where
kl— 0.8 p,.0.4
Pac = 0.0235Re,_’ Prlt,
GD(1-X
Ro, 2GR0
He
1
1 if—<0.1
_ tt
F= [ i 0.736 1 ’
2.35] — +0.213 if — > 0.1
Xn :I Xn

Lz <&>0,5<&>0,1( X )o.‘)
Xu Pv He 1-x/ °
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sat

AT, =T,-T,

saty
Apsm = psut( Tw) _psat( Tsul)~

I
T14+253x10 CRe'T

S

Re,, = Re F'*.

In equation (1), A, is the microscopic heat transfer
coefficient, i.e. the nucleate boiling contribution to the
heat transfer, and 4,,,. is the macroscopic heat transfer
coefficient, i.e. the convective boiling contribution to
the heat transfer.

The second relation for the heat transfer coefficient
is based on the relationship:

T fX,. Bo). @
Ty

where A is the heat transfer coefficient if the pure
liquid was flowing through the tube, X, is the Lock-
hart-Martinelli parameter and Bo is the boiling
number.

Bennett and Chen [9] have proposed an extension
of equation (1) to binary mixtures. They derived the
h.i coefficient using an expression proposed by For-
ster and Zuber [15] for pool boiling, modified, taking
into account the greater thermal gradient in the
vapour generating zone near the wall due to the forced
convection, defining a suppression factor which is a
function of the two-phase Reynolds number. This
suppression factor, obtained from a solution given by
Florschuetz and Khan [16], tends to unity when the
flow rate tends to zero and is equal to zero for flow
rates tending to infinity. The h,, coefficient is
obtained from the Dittus—Boelter—Kraussold equa-
tion (Stephan [11]). Bennett and Chen [9] also intro-
duced a corrective factor to take into account the
effective mass transfer on the thermal driving force.
The final expression of their correlation is given by :

hmix = h|n1|cFmix+hmicS|nin (3)

where

) AT
Fmix=Ef(PrL) K?—: >

. Pr, +1[%4%
f(Pr) = [ L2 :| ’
ATy (Iw)g” dT
ATs mac pthghmATs d'XM bm»
D
hm = 00235 Rel(;s SCOA*

S

Cou(ym—xw) AT, (a7
hfg dXM D

Smix =
1
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1
T 1+2.53x 107 Re;'

Re,, = Re [f(Pr)F]'

Bennett and Chen [9] validated their correlation
using the experimental data obtained with aqueous
mixtures of ethylene glycol; the correlation is able to
predict experimental data within an error of +15%.

Mishra et al. [2] correlated their experimental
data, obtained using R 12/R 22 mixtures, with the
expression :

S

" _a( L] 8oy 4
Zl— K (Bo)". 4

Mishra et al. [2] gave the coefficient values for two
different mixture composition, as:

R1223-27%

(a) R 7773%}A =5.64,m=0.23,n = 0.05,
R1241-48%
(b) R22 59_52%}A =21.75,m=0.29,n = 0.23.

The correlation of Mishra er al. [2] shows a mean
deviation of +30% on the data of composition type
(a) while a better performance is obtained if used on
the data of composition type (b).

3. PRESENT RESEARCH

The programme on Thermal Hydraulics Of Mixtures
(THOM) focused on the heat transfer in forced con-
vective boiling of refrigerant mixtures up to the dryout
condition. In the following sections a description of
the experimental loop, together with the experimental
results, is given. A comparison of the experimental
data with the existing correlation is also accomplished.

3.1. Experimental apparatus

The experimental loop, schematically represented
in Fig. 4, consists mainly of a piston pump, an electric
heater, a condenser and a storage tank. The maximum
operating pressure of the loop is 3.5 MPa, while the
maximum specific flow rate is 1800 kg m~? s™'; the
available electrical power is 10 kW for the electric
heater and 15 kW for the test section. The test section
is an industrial stainless steel (AISI 316), circular duct
uniformly heated (Joule eftect) over a length of 2300
mm, with an inner diameter of 7.57 mm and a wall
thickness of 0.975 mm. The test section instru-
mentation consists of 0.5 mm, K-type insulated
thermocouples distributed according to the scheme of
Fig. 5 for the wall (eleven) and the fluid (fifteen)
temperature measurements. Thermocouples located
at the same section of the channel have been connected
to give directly the temperature difference between the
outer wall and the bulk fluid, AT = T, ,— T,ui- Each
couple of sensors has been chosen with the same cali-
bration curve to avoid any offset error. The tem-
perature difference, AT, is reduced by the temperature
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F1G. 4. Schematic of the THOM loop (ENEA).

drop across the wall, T, ,— T, calculated using the
Fourier equation. From this point on, when speaking
of wall temperature, T,, we intend the inner tube
wall temperature, i.e. T, = T,,;. The remaining four
thermocouples for fluid temperature measurements
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provide the absolute fluid temperature trend. Two
pressure transducers measure the pressure at the inlet
and outlet of the test section. A turbine flowmeter
measures the volumetric flow rate at the inlet of the
test section. The heating power has been gauged with

0.975 mm

L = 2300 mm

F1G. 5. Schematic of the THOM test section (ENEA).
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a wattmeter. The fluid flow is upwards with subcooled
inlet conditions. The system was charged with the
mixture of R 12 and R 114 of the required composition
by introducing known masses of each refrigerant into
the storage tank.

3.2. Physical properties evaluation

For the analysis of the data and comparison with
the predictive methods, all thermodynamics prop-
erties, such as density, composition, enthalpy, and
saturation temperature, for both pure and mixed
refrigerants were calculated by the Carhahan-Star-
ling-DeSantis (CSD) equation of state, as proposed
by Morrison and McLinden [17].

Specific heat of liquid is calculated using a linear
mass fraction weighting method, as:

Cprmin = X1 Cpra+ X2 Cpr s ()]

Liquid thermal conductivity, k; ;.. is evaluated
using the correlation proposed by Filippov [18]:

K ain = Xk s+ Xnoke 2= 0.72x0 X (k2 — k)
(6)

It should be noted that the components were chosen
sothat k= k.

Liquid viscosity, g mix» 18 derived with the method
proposed by Kandlikar er al. [19], as:

In (#Lm\x) =xIn (,uLJ) + (1 "x) In (llL.z)- (7)

Actually, Kandlikar er af. [19] used a mass fraction
in equation (7). However, it was found that the mole
fraction better fitted the data. Thus, the mole fraction
was used throughout this study.

Vapour viscosity, fy n.x, Was obtained from Wilke’s
correlation [20], given by :

Yilly, Yoty

Ly mix = g 8)
Hv. yityPo oyt yi Py (
where P, is defined as
P, = [1 +{,uv.i/#v.i)O’S(MiMi)O‘25]2q )

' [B(1+M,/M)™*

and M is the molecular weight.
Surface tension of the mixture, a,,,. is calculated
using a linear mole fraction weighting method, as:

(10)

Omix = X0+ (1 = X)a,.

3.3. Experimental results

A test matrix was defined to investigate the different
parameters affecting the heat transfer coefficients of
binary mixtures. One value of inlet subcooling and
three fluid inlet flow rates were chosen while, because
of the significant dependence of heat transfer on the
pressure, a wide range of pressures was investigated.

G. P. CeLATA et al.

Table 1.

Heat transfer experiments

R 12 (CCLF,), R 114(C,CL,F,)

Fluid
x(R12) 0, 0.136,0.377. 0.586, 0.767. |
» [MPa] 1.0, 1.2 1.5, 1.8, 2.0, 2.2
v [kgs™] 0.025.0.047, 0.07

12

AT i K]

Globally, the range of variation of the parameters in
the tests performed is given in Table 1.

The heat transfer coeflicient obtained in the boiling
regime is generally lower than the ideal heat transfer
coefficient, A, defined using the linear mole fraction
method, as:

/7i::xh‘+(l—,\f)h3. (11)

In Fig. 6, a typical trend of the ratio between actual
and ideal heat transfer coefficient, h/k;, vs the more
volatile component mole fraction, x (R 12) is shown
for three different mass fluxes, with the pressure as a
parameter ; the inlet subcooling is equal to 12 K. The
degradation of heat transfer coefficient as a function
of the mixture composition appears to be dependent
on saturation pressure, increasing with the saturation
pressure. Looking at the top graph of Fig. 6, in which
the vapour/liquid mole fraction difference for the
more volatile component ( y — x) is plotted for the two
examined pressures, we can also verify the cor-
respondence of the maximum degradation of heat
transfer coefficient with the maximum value of the
{y—x) difference, confirming a typical behaviour
already observed and studied in pool boiling of mix-
tures [21]. Figure 7 shows the variation of the mixture
heat transfer coefficient with the mixture composition.
The deviation from the ideal behaviour of the mixture
(equation (11)) is evident, i.e. the non-linear fashion
of the hi—x curve. Lines in Figs. 6 and 7 represent the
best fit of the data. The experimental uncertainty of
the heat transfer coefficient has been evaluated within
+15%.

3.4. Data analysis

The data analysis is concerned with the evaluation
of the performance of existing correlations for the
heat transfer coefficient in forced boiling of binary
mixtures, as detailed in the previous paragraphs. Figure
8 shows the comparison of the theoretical heat trans-
fer coefficients in the convective boiling region,
obtained using the correlations by Chen (graph a), by
Bennett and Chen (graph b) and by Mishra er al.
(graph c¢), with the experimental heat transfer
coefficients. The correlation recommended by Chen
[14], even if developed for pure fluids, shows a good
performance and seems to equate the Bennett and
Chen [9] correlation. The correlation proposed by
Mishra ez al. [2] gives a less accurate prediction of the
experimental heat transfer coefficients. However, if we
plot the data points percent of the three correlations
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vs the different error bands ranging from 10 to
+40%, it is possible to verify that the Bennett—Chen
correlation has the best performance through the
whole error band range, as clearly shown in Fig. 9.
Thus, the Chen correlation upgrade to binary mix-
tures, made by Bennett and Chen, is justified. Finally,
the Bennett—Chen correlation shows an error greater
than the claimed one in the original recommendation,
around +25-30%, due, probably, to the use of a
Refrigerants mixture instead of an aqueous solution.

4. CONCLUSIONS

The first analysis of the experimental data on binary
mixtures R 12/R 114 in upflow forced convective boil-
ing shows that the degradation of heat transfer
coefficient as a function of the mixture composition
appears to be depending on both saturation pressure
and mass flux. The comparison of theoretical heat
transfer coefficients in the convective boiling region,
obtained using the correlations by Chen [14], Bennett

STATISTICS (47 DATA POINTS)
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| Mishraetal.

g 80
£ 60
j=9
g
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+10% +15% 120%
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Error band

F1G. 9. Comparison of different heat transfer correlation performances using different mass fluxes, pressures
and composition of R 12/R 114 mixtures, as detailed in the test matrix (ENEA}.
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and Chen [9] and by Mishra er al. [2], with exper-
imental heat transfer coefficients confirm the good
performance of the Bennett—Chen correlation in pre-
dicting heat transfer coefficients of binary mixtures
also in the case of Refrigerants mixtures.

Acknowledgements—The authors wish to thank M. di
Marzo, G. Morrison and M. McLinden at University of
Maryland, for their helpful contribution. They are also
indebted to G. Farina for his contribution in the execution
of the experiments, and to Mrs A. Moroni for the editing of
the paper.

REFERENCES

[. P. Sivagnanam and Y. B. G. Varma, Subcooled boiling
of binary mixtures under conditions of forced convec-
tion, Experimental Thermal and Fluid Science 3, 515~
522 (1990).

2. M. P. Mishra, H. K. Varma and C. P. Sharma, Heat
transfer coefficients in forced convection evaporation of
refrigerants mixtures, Lerr. Heat Mass Transfer 8, 127~
136 (1981).

3. J. Fink, E. S. Gaddis and A. Vogelpohl, Forced con-
vection boiling of a mixture of Freon-11 and Freon-113
flowing normal to a cylinder, Proc. 7th Int. Heat Transfer
Conference, Paper FBS, Vol. 4, pp. 207-212 (1982).

4. H. Ross, V. Radermacher, M. di Marzo and D. A.
Didion, Horizontal flow boiling of pure and mixed
refrigerants, Int. J. Heat Mass Transfer 30, 979-992
(1987).

5. D. 8. Jung, M. McLinden, R. Radermacher and D. A.
Didion, Horizontal flow boiling heat transfer exper-
iments with a mixture of R22/R114, Int. J. Heat Mass
Transfer 32, 131-145 (1989).

6. M. A. Kedzierski and D. A, Didion, Visualization of
nucleate flow boiling for an R22/R114 mixture and its
components, Experimental Heat Transfer 3, 447-463
(1990).

7. E. Hihara and T. Saito, Forced convective boiling heat
transfer of binary mixtures in a horizontal tube, Proc.
9th Int. Heat Transfer Conference Vol. 2, pp. 123-128
(1990).

3309

8. H. Takamatsu, A. Miyara, S. Koyama, T. Fujii and K.
Yonemoto, Forced convective boiling of nonazeotropic
refrigerant mixtures of R22 and R114 inside a horizontal
tube, Heat Transfer-—~Jap. Res. 19(3), 68-82 (1990),

9. D. L. Bennett and J. C. Chen, Forced convective boiling
in vertical tubes for saturated pure components and
binary mixtures, A.l.Ch.E. JI 26(3), 454-461 (1980).

10. S. Kawano, Experimental study on heat transfer during
evaporation and condensation of binary mixtures flow-
ing axially along the outside of tubes. In Hear and Mass
Transfer in Refrigeration and Cryogenics, pp. 231-242
(Edited by N. H. Afgan and J. Bougard). Hemisphere,
Washington, D.C. (1987},

I1. K. Stephan, Heat transfer in boiling mixtures. Proc.
Tth Int. Heat Transfer Conference, Paper RK 14, pp. 59~
81 (1982).

12. R. A. W. Shock, Boiling in multicomponent fiuids,
Multiphase Science and Technology (Edited by G. F.
Hewitt, J. M, Delhaye and N. Zuber), Vol. 1, pp. 281-
386 (1982).

13. D. Steiner, Warmeiibertragung beim sieden gesittigter
Flussigkeiten, VDI-Wirmeatlas, Hbb, 1-35 (1991).

14. J. C. Chen, Correlation for boiling heat transfer to satu-
rated fluids in convective flow. Ind. Engng Chem. Process
Des. Dev. 5(3), 322 (1966).

15. H.K. Forster and N. Zuber, Dynamic of vapour bubbles
and boiling heat transfer, 4.1.Ch.E. Ji 1, 531-535 (1955).

16. L. W. Florschuetz and A. R. Khan, Growth rates of
free vapor bubbles in binary liquid mixtures at uniform
superheats, Proc. 4th Int. Heat Transfer Conference,
Paris (1970).

17. G. Morrison and M. McLinden, Application of a hard
sphere equation of state to refrigerants and refrigerants
mixtures, NBS Technical Note 1226, NBS, Gaithers-
burg, Maryland (1986).

18. L. P. Filippov, Vest. Mosk. Univ., Ser. Fiz. Mat. Estestv.
Nauk. 8, 67-69 (1955).

19. 8. G. Kandlikar, C. A. Bijlani and S. P. Sukhatme,
Predicting the properties of mixtures of R22 and R12—
Part I1. Transport properties, ASHRAE Trans. No, 2343
(1975).

20. C. R. Wilke, A viscosity equation for gas mixtures, J.
Chem. Phys. 18, 517-519 (1950).

21. G. P. Celata, Pool and forced convective boiling of
binary mixtures, Proc. Conf. on Pool and External Flow
Boiling, Santa Barbara, 22-27 March (1992).



