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Abstract—The critical heat flux (CHF) in forced convective upflow has been investigated at different
compositions of the binary mixture chosen, namely R12 (CCLF,) and R114 (C,Cl,F,}. The test sectiort
used consists of a vertical stainless steel uniformly heated tube, 2.1 m long, 7.57 mm ID. The experimental
results show an almost linear dependence of the CHF on the composition of the mixture even though
deviations from linearity have been detected as a function of thermal hydraulic conditions. A further
evaluation of the boiling crisis mechanisms and their relation with the CHF has been performed. A link
between boiling crisis mechanisms and the functional dependence of the CHF on the mixture composition
has been found. Finally, a comparison of experimental data with available correlations is accomplished.

INTRODUCTION

THE RESEARCH on binary mixtures has not yet been
conducted in an exhaustive way, particularly referring
to CHF in forced flow. Existing experimental studies
[1-6] on CHF in forced flow with binary mixtures
are mainly related to exit low quality conditions, as
reported by Collier [7] and do not include refrigerant
binary mixtures. A non-linear behaviour of CHF for
both non-azeotropic mixtures and azeoiropic mix-
tures was observed in refs. [1-6]. Only at the azeo-
tropic point do the CHF data lie on the linear line
between the pure fluids. Recently, Auracher and Mar-
roquin [8] measured the CHF for a R13B1/R114 mix-
ture flowing in a vertical stainless steel tube electrically
heated with a temperature controlled system. The
authors claims that their experimental results have an
almost linear behaviour of CHF with the mixture
composition. Thus, apparently contradictory results
have been reported on non-azeotropic mixture CHF
concerning its dependence on the mixture compo-
sition. Finally, very few data are available on dryout
with mixtures in upward annular flow. The present
study focused on the CHF connected to the annular
flow regime to evaluate the relationship between the
mixture composition and the onset of boiling crisis.

EXPERIMENTAL APPARATUS

The experimental loop, schematically represented
in Fig. 1, consists mainly of a piston pump, an electric
heater, a condenser and a liquid 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 (DC) is 10 kW for the elec-
tric heater and 15 kW for the test section. The test
section is an industrial stainless steel (AISI 316), cir-
cular duct uniformly heated (Joule effect) over a
length of 2100 mm, with an inner diameter of 7.57
mm and a wall thickness of 0.975 mm. The inner
surface of the tube is characterized by a cavity density
of about 3.5 x 10° cavities m ™2, with a cavity density
of 2.2 x 10° cavities m™? for the size below 0.5 pm.
The cavity density has been evaluated using a Digital
Image Measurement System connected to an elec-
tronic microscope. The Digital Image Measurement
System evaluates the number of cavities present into
the inner surface of a tube sample and calculates the
equivalent mouth diameter of each cavity. A typical
electron micrograph of the inner surface of the test
section is shown in Fig. 2: the cavities are the black
spots and the scale is 1 cm : 0.5 ym. Test section instru-
mentation consists of 0.5 mm, K-Type insulated ther-
mocouples distributed according to the scheme of Fig.
3 for the wall (one) and the fluid (seven) temperature
measurements. Two pressure transducers measure the
pressure at the inlet and outlet of the test section. A
turbine flow meter measures the volumetric flow rate
at the inlet of the test section. The heating power has
been gauged with a watt meter. Instruments accuracy
is listed in Table 1. The fluid flow is upwards, with
subcooled inlet conditions. The system was charged
with the mixture of R12 and R114 at the required
composition by introducing known masses of each
refrigerant into the storage tank. Before introducing
the fluid in the experimental loop, vacuum up to 0.1
Pa has been obtained using a vacuum pump. After
the fluid is introduced, the pressure inside the loop
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NOMENCLATURE

C specific heat [kJ kg ' K] Greek symbols
G mass flux [kgm?s7'] A molar fraction of liquid, defined in
i enthalpy [kJ kg~ '] equation (9)
Ai latent heat of vaporization [k} kg™'] u dynamic viscosity [kgm™'s']
k equilibrium constant defined in P density (kg m 3]

equation (9) o surface tension [N m~"]
K thermal conductivity [Wm ™' K] X parameter defined in equation (14).
L length [m]
M molecular weight Subscripts
p pressure [MPa] 1 pertains to the more volatile component
q' heat flux [kW m %] 2 pertains to the less volatile component
R radius [m] bulk pertains to the bulk fluid
Re Reynolds number, uDp/u CHF pertains to the critical heat flux condition
T temperature [K] E additional
X quality i ideal
X liquid mole fraction of the more volatile in inlet

component L pertains to the liquid phase
Xy  liquid composition based on mass of the mix  pertains to the mixture

more volatile component sat  pertains to saturation conditions
¥ vapour mole fraction of the more volatile sub  subcooled

component v pertains to the vapour phase
Ym vapour composition based on mass of the w wall

more volatile component. z axial coordinate.

always exceeds the atmospheric pressure, not allowing
any air re-entrance. Data acquisition is accomplished
by a Macintosh Computer.

PHYSICAL PROPERTIES EVALUATION

Regarding the analysis of the data and comparison
with the predictive methods, all thermodynamics
properties, such as density, composition, enthalpy and
saturation temperature, for both pure and mixed
refrigerants were calculated by the Carnahan-Star-

ling—DeSantis (CSD) equation of state, as proposed
by Morrison and McLinden [9]. The ability of the
CSD equation of state in predicting the p-v—¢
behaviour of R12 and R114is shown in Table 2, where
the RMS errors of the equation of state in representing
the ASHRAE data {10] of saturation pressure, satu-
rated liquid and vapour volume and enthalpy of vapo-
rization of the two pure fluids are listed. The CSD
equation of state also reproduces very well the tem-
perature—composition diagram of the R12/R114 mix-
ture as shown in Fig. 4 (continuous line), where the
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+
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A
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FIG. 1. Schematic of the experimental loop.
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experimental bubble point curve is represented with
closed symbols and the experimental dew point curve
with empty symbols.

Liquid thermal conductivity, K| .., is evaluated
using the correlation proposed by Filippov [11]:

Kimix = XK+ (1 =x\)K,
=0.72xy (1 —xy) (K — K1) (1)

where x, is the liquid mole-fraction based on the mass
of the more volatile component, while subscripts 1 and
2 refer to the more and the less volatile components,
respectively. It should be noted that the components
were chosen so that K, , = K| .

The liquid viscosity, i, mix, 1S derived with the
method proposed by Kandlikar et al. [12]:

In (pp mix) = x 10 () + (1 —=x) In(uy ). (2)

Actually, Kandlikar et al. [12] used the mass fraction
in equation (2) in place of the mole fraction. However,
it was found that the mole fraction fitted the data
more closely. Thus, the mole fraction was used in the
present study.

The vapour viscosity, gy ni,, Was obtained from the
Wilke’s correlation [13], given by

Vil YVailyo
= R S PSR A 3
Hvm yi+y.Po +,Vz+ 1P 3
where P, is defined as
P = [1 +(uv.i/HV‘J)O-S(Ml'M/')O.ZS]2 )

' [B(1+ MM

and M is the molecular weight.

The surface tension of the mixture, ag,,, is cal-
culated using a linear mole fraction weighting method
[14]:

G mix =XO'|+(1—X)O'2. (5)
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Table 1. Instruments and their accuracy
Parameter Instrument Accuracy
Heating power Wattmeter +03W
Flow rate Turbine flow meter +4.2x 10 *m's~'
Temperature K-Type insulated +0.1 K
Pressure Sealed strain-gauge +4 KPa

Specific heat of liquid is calculated using a linear mass
fraction weighting method [14] :

Cm,_.m = XM CPL1 + (l _XM)CPL.z' (6)

LOCAL QUALITY AND LIQUID MOLE FRACTION
EVALUATION

The fluid always entered the test section under sub-
cooled conditions. Then, assuming thermodynamic
equilibrium, the quality at location z, X_, follows from
an energy balance :

. I(:) - iL.sz&)

%= A0

0

where the properties are dependent on the local liquid
mole fraction of the low boiling component (R12), x.,
and the local pressure, p.. The local pressure can be
directly measured ; on the contrary, the local liquid
mole fraction direct measurement disturbs the fluid
flow and thus should be avoided. A reasonable evalu-
ation is however possible if a closed system evap-
oration and thermodynamic equilibrium at each
location z is assumed, as suggested by Auracher and
Marroquin [8]. The authors based this procedure on
ref. [15]. This model yields x. according to

W
TR =D+

where the equilibrium constant, &, and the molar frac-
tion of liquid, 4, are defined as

8

k y: ] 1-X 9

Tx. U1+ XM My —1) ©)
with p. equal to the vapour molc fraction of the low
boiling component (R12) at location z. The molar
masses of liquid and vapour fractions, M, and M.,
respectively, are given by

M, =x,M,+(1~x)M, (10)

Table 2. RMS of CSD equation of state referred to ASHRAE
values of saturation pressure, saturated liquid and vapour
volume and enthalpy of vaporization for R12 and R114 [9]

RMS (%)
Refrigerant Pt Vi Vy Ai
RI2 0.26 0.05 0.29 0.74
2.33

0.72 0.34 0.7
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F1G. 4. Temperature-composition diagram of the R12/R114
mixture: comparison of experimental data with the CSD
equation of state prediction at 1.2 and 2.8 MPa.

My=yM+(1—y)M, (I

with M, and M, molar masses of R12 and R114,
respectively. Equations (7)-(11) have to be solved
iteratively together with the CSD equation of state.

EXPERIMENTAL RESULTS

Once the inlet subcooling, the volumetric flow rate
and the system pressure are fixed, the test procedure
consists of increasing the heat flux up to the occurring
of the thermal crisis at the end location z = 2.1 m,
identified by the sudden increase of the measured wall
temperature. The ranges of variation of the par-
ameters in the tests performed were as follows:

Test matrix

R12 (CCLE,), R114 (C,CLF,)

Fluid

X;,(R12) 0, 0.136, 0.377, 0.586, 0.767,
0.927, 1

p [MPa] 1.2,2.8

G [kg m~2s"'] 400,800, 1000, 1200, 1400, 1600

ATsumn [K] 23

Experimental results of mixture CHF are plotted in
Fig. 5 as a function of the inlet mole fraction x;,(R12),
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F1G. 5. Experimental CHF of the mixture vs the inlet liquid
mole fraction of R12 with mass flux as a parameter.

with the mass flux as a parameter. The CHF has a
similar trend for both the pressures tested. For high
reduced pressures, the CHF decreases as pressure
increases. At constant pressure, the CHF increases
with increasing mass flux and, at constant pressure
and mass flux, the CHF is almost linearly dependent
on the low boiling fluid mole fraction, x(R12), ranging
between those of pure fluids. At the lower pressure
tested, the CHF increases linearly with the mole frac-
tion of the more volatile component, x;,(R12), and
may be represented with the ideal value of CHF for
the binary mixtures, evaluated using the linear mole
fraction method to correlate the CHF of the two pure
components at the same pressure, velocity and sub-
cooling, as:

génri = [Xqéura + (1= X)qCur,]- (12)

Concerning the 2.8 MPa tests, the trend follows the
linear fashion for inlet mole fractions below 0.5, while
a constant value for each mass flux is achieved for
compositions of the mixture above 50%. Present
experimental results are in a good qualitative agree-
ment with Auracher and Marroquin [8] data, obtained
using a R13B1/R114 mixture. A typical plot of Aura-
cher and Marroquin’s data is shown in Fig. 6, where
three different sets of data are reported using the local
quality, X, as a parameter. It is interesting to note that
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FiG. 7. Experimental CHF vs inlet subcooling at 2.8 MPa
for the R12/R114 mixture with x; (R12) = 0.767 at various
mass fluxes.

the lower CHF corresponding to the higher quality
X = 0.6 confirms the known effect on CHF due to the
inlet subcooling. This effect has also been evaluated
in the present study, testing four different values of
inlet subcooling, keeping pressure and mole fraction
constant, and using the mass flux as a parameter.
Experimental results obtained at p = 2.8 MPa and
x,(R12) = 0.767 are shown in Fig. 7, where the CHF
is plotted versus the inlet subcooling. As expected, the
CHF increases with the inlet subcooling in an almost
linear fashion. Moreover, using the method proposed
by Auracher and Marroquin [8] to evaluate the local
liquid mole fraction of the low boiling fluid, it is poss-
ible to link the local quality at the boiling crisis, Xcy
with the actual liquid mixture composition at the CHF
quota. This latter is different from the inlet compo-
sition, x;,(R12) because of the different volatility of
the two fluids.
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FiG. 8. Local quality at the CHF vs the local liquid
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mass flux as a parameter.

Critical heat flux quality is plotted versus outlet
liquid mole fraction of the more volatile component,
x,u(R12), in Fig. 8, for the two pressures at constant
inlet subcooling and using the mass flux as a
parameter. The variation of the liquid composition
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F1G. 9. Dryout curves for water at different pressures (USSR
Academy of Sciences [16,17]).

increases as the local quality increases, and decreases
with the increasing of mass flux and pressure, even
though a stronger effect is observed in the high quality
region (Xcur > 0.5). Looking at Fig. 8, the variation
of the quality at the CHF with the local liquid com-
position, at constant mass flux, may be deduced. At
the low pressure tested and for liquid mixture com-
position above 50% of R12, the quality tends to be
independent of the mixture composition for each mass
flux. For the high pressure tests, the quality appears
to be decisely independent of the mixture composition
for mixture mole fractions above 0.2. The above
described trend encourages one to consider that a
different mechanism of boiling crisis is present where
the local quality at CHF changes with respect to the
case when the value of the local quality is constant.
As is well known from previous investigations [1-
7], particularly that one carried out on burnout by
Levitan and Lantsman [16], there are mainly two
different mechanisms of thermal crisis : the departure
from nucleate boiling (DNB) and the dryout. The first
mechanism is associated with the nucleate boiling heat
transfer regime and is typical of low quality and high
heat flux conditions, and is characterized by a vari-
ation of the critical quality with the CHF. The dryout,
as verified by Levitan and Lantsman [16], is associated
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FiG. 10. Comparison of experimental quality at the CHF with the scaled dryout curves [16] at different
mixture compositions and pressures.

with the convective boiling regime and is typical of
higher qualities and lower heat fluxes, with a limiting
value of critical quality essentially independent of the
heat flux. Levitan and Lantsman [16] recommended
the values of the limiting dryout quality conditions
for low heat fluxes, with water as refrigerant, and
presented graphically their results for a 8 mm ID tube,
as shown in Fig. 9. The burnout data have also been
tabulated by the members of the USSR Academy of
Sciences {17]. The plot in Fig. 9 clearly indicates that
increasing the mass flux decreases the dryout quality.

At a lower value of the critical quality, with respect
to the dryout curve, the boiling crisis may be thought
to be of the DNB type. Starting from the above prem-
ises and using the scaling laws proposed by Ahmad
[18] to scale the dryout curves for the refrigerants, it
is possible to compare present experimental data with
the derived dryout curves, as shown in Fig. 10. The
experimental data reported in the figure for all the
compositions tested have been obtained at the same
pressure and inlet subcooling., The pure fluids show
different mechanisms of crisis, while the mixtures tend
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Fi1G. 10. Continued.

to be governed by the mechanism of crisis typical of
the more volatile component (R12). In fact, exam-
ining the trend of the CHF data of R114 with respect
to the dryout curve, only at 2.8 MPa and low mass
fluxes (below 1000 kg m ~2s™') the dryout is expected.
Looking now at the corresponding R12 tests, most of
the points lie on the dryout curve; the corresponding
mixture data also tend to lie on the dryout curve. This
aspect is connected to the additional limitation in the
bubble growth that occurs in a binary liquid mixture
as a result of the liquid close to the bubble interface
becoming depleted in the more volatile component
(R12) (Van Stralen [19]). This aspect sharply reduces

the bubble growth rate from that for a single com-
ponent system, and in particular the vapour produced
from the evaporation of the microlayer underneath a
bubble will be progressively less rich in the more vol-
atile component (R12) than that produced from the
rest of the bubble-liquid interface, as shown in Fig.
11. Thus, the behaviour of the mixture close to the
crisis point tends to that of the more volatile com-
ponent (R12). In conclusion, most of the present
experimental data have to be connected with the dry-
out mechanism of the thermal crisis, with a negligible
dependence on the mixture composition, while a linear
relationship between the CHF and the mole fraction
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F1G. 12. Comparison of the predicted CHF by Sterman et
al. correlation [3] with the experimental data.

of the more volatile component (R12) has been veri-
fied for the tests connected with the different mech-
anism of crisis (DNB).

DATA REDUCTION

Most of correlations and models developed to pre-
dict the CHF in forced convective boiling are for
pure fluids only. As reported by Collier [7], a way of
calculating the CHF for binary mixture is to express
the CHF value, in analogy with the treatment by
Stephan and Koérner [20] for pool boiling heat transfer

coefficients of mixtures, as a series of two terms: the
first term, glyr,; is the ideal value of CHF for the
binary mixture, evaluated using the linear mole frac-
tion method to correlate the CHF of the two pure
components at the same pressure, velocity and sub-
cooling; the second term, qéppg, is an additional
term connected to the increasing of CHF due to mass
transfer effects at the liquid—bubble interface. Thus,
the final expression is given by

Glurmix = Curi Fqiurs = qens,(1+%)  (13)

where ¢({r,; has been defined in equation (12).

Sterman et al. [3] verified in their experiments that
x varies between 0 and 0.8 and proposed an expression
for x:

|y—x|3 Iy_-x’L5 Tsal!
- K AL B e
x Re} N Reg“‘ Tsat,mix - Tsal.l ( )

with K =3.2x10%; W =6.9.

A comparison of the CHF correlation predicted by
the Sterman et al. with the experimental results is
shown in Fig. 12. The proposed method provides a
good evaluation of the experimental values, with all
the predictions within the +20% error band.

A further approach may be followed, considering
the almost linear dependence of the CHF on the mix-
ture composition. This simply suggests to employ the
pure fluid correlations also in the case of non-azeo-
tropic binary mixtures using the physical properties of
the mixture. Among the wide number of correlations,
those developed also for refrigerants were chosen,
and in particular two of them, the modified CISE
correlation [21] and the Katto correlation [22], were
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F1G. 13. Comparison of the predicted CHF by modified CISE
{21] and Katto [22] correlations with the experimental data.

tested against present data. In applying the two cor-
relations, the inlet conditions have been used. Pre-
dicted versus experimental CHF is plotted in Fig.
13 using the inlet mole fraction of the mole volatile
component (R12) as a parameter, and with the physi-
cal properties evaluated as previously described. The
modified CISE correlation shows a better per-
formance than the Katto correlation, that over-
predicts the experimental data. The good performance
of the modified CISE correlation makes this one very
attractive also for its easier applicability, considering
the simpler expression with respect to the Katto cor-
relation. Finally, both the Sterman et al. and the
modified CISE correlations may be successfully used
to evaluate the CHF of refrigerant binary mixtures.

CONCLUSIONS

The analysis of the experimental data on binary
mixtures R12/R114 in upflow forced boiling shows a

G. P. CELATA et al.

different effect of the composition of the mixture on
the CHF. In the casc of DNB type crisis, a linear
dependence on inlet mole fraction of the CHF is
observed, while, in the dryout conditions, this depen-
dence becomes negligible. The trend connected with
the DNB mechanism of crisis may be well represented
with the ideal value of CHF for the binary mixtures.

The comparison of the theoretical CHF, obtained
using the correlations by Sterman e al., modified
CISE and Katto, with the experimental data shows a
good performance of the first two correlations, while
a systematic overprediction is provided by the Katto
correlation.
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