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ABSTRACT
We have obtained an extensive data set of heat transfer
coefficient (HTC) measurements in (R-218, C3F8)/(R-116, C2F6)
zeotropic refrigerant blends. A horizontal thin-wall tube with a
circular cross-section and diameter of 4 mm was used as an
evaporator. The data covers heat fluxes from 3.5 to 10 kW.m-2,
mass fluxes from 91 to 264 kg.m-2s-1 and C2F6 fractions from 0
to 25% molar. Various flow regimes were clearly identified via
the HTC measurements on both the top and bottom of the tube.
Boiling liquid was observed to pool at the bottom of the tube at
low mass fluxes, while an annular flow regime was achieved at
higher mass fluxes. The C3F8/C2F6 saturated fluorocarbon blends
are zeotropic, exhibiting the usual behaviour where the HTC of
the blend is lower than those of its pure components. A
comparison between the data and several models of flow boiling
heat transfer is presented. The comparison includes a flow map
that predicts various flow boiling regimes inside a horizontal
pipe.
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INTRODUCTION
All the main experiments at the CERN Large Hadron
Collider use radiation-resistant perfluorocarbon refrigerants in
their sub-detectors located close to the circulating proton beams.
Both mono-phase and two-phase regimes are employed [1]-[7].
The main motivations for use of saturated fluorocarbons are their
radiation tolerance, non-flammability, chemical stability and
dielectric properties.
Silicon-based charged particle detectors are compact
devices with high heat dissipation both through Joule heating of
on-board readout electronics and by radiation damage-induced
leakage currents developed in the silicon detector substrates.
While evaporative cooling is mainly employed [1], [3]-[7]
only pure substances (C3F8, C4F10) have so far been used in LHC
detector evaporative cooling applications.
Since silicon detectors need to be maintained at
progressively lower temperatures to retard radiation damagerelated aging as the luminosity1 of the LHC proton beams
increases with improving accelerator performance, blends of
C3F8 and up to 25% molar of C2F6 was proposed for the silicon
detector of the ATLAS experiment. Such blends would reduce
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electronics R-116 and R-218 are nonetheless used as
components in some commercially available refrigerant blends
including R-508 and R-403.
Relevant thermodynamic and transport properties of the
pure fluids are summarized in Table 1.

the evaporation temperature while using the existing detector
refrigeration infrastructure currently operating with pure C3F8.
Our previous study [7] demonstrated the possibility of
reducing the operating evaporation temperature of the ATLAS
Semiconductor Tracker (SCT) 2 by 4°C per 10% (molar) of C2F6
blended with C3F8, as illustrated in Figure 1. In this scenario,
there would be no need for modifications to the detector itself or
the cooling plant: C3F8/C2F6 blends containing up to 25%
(molar) C2F6 would be drop-in replacements for pure C3F8. The
upper limit of 25% C2F6 in the blend is determined by
temperature and pressure constraints in uninsulated and
inaccessible liquid coolant lines distributing refrigerant within
the ATLAS detector.

Table 1 Thermodynamic properties at 0.1 MPa as generated by
the thermodynamic database NIST REFROP v. 9. [8].
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Figure 1 Maximum evaporator tube surface temperature vs.
composition at heat fluxes up to 9.9 kW.m-2 measured with a
thermal mock-up of the ATLAS SCT [7].

α

We developed an experimental setup to investigate the
thermodynamic performance (through HTC measurements) of
binary zeotropic mixtures of C3F8 and C2F6, since relevant
experimental data were not available either for the blends or for
the pure fluids. The setup closely resembled the evaporators of
the ATLAS SCT. In this paper, we compare the experimental
data with three common correlations of flow boiling heat transfer
in horizontal circular pipes.
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THE EXPERIMENTAL SETUP
The experimental setup closely resembled the evaporators
of the ATLAS SCT. Evaporation occurred within a horizontal 1
metre long 70 µm wall copper-nickel tube with an internal
diameter of 4 mm. The central section of 820 mm was heated
directly by electric current passing through the tube wall (Joule
heating).
Figure 2 illustrates the instrumentation of the evaporator
tube. It is equipped with Pt1000 temperature sensors mounted on
the top and at bottom of the tube, within the heated section as
well as upstream and downstream of it. Details of the sensor
attachment are shown in Figure 3. Additional temperature
sensors and pressure taps were installed in tee fittings for
measurement of saturation temperature and pressure before and
after the evaporator zone.

FLUID PROPERTIES
R-218 (C3F8) R-116 (C2F6) are saturated fluorocarbons.
They are colourless, odourless and generally inert, both
chemically and electrically. The molecules are extremely stable
thanks to the strong carbon-fluorine bonds. This stability confers
radiation tolerance, which is necessary in our application. This
also results in long atmospheric life times and thus the very high
GWPs (12010 and 8690 x CO2) of these molecules. Outside of
refrigeration applications in particle physics and high-tech

2

cm2/s

C3F8
0%
188.02

ATLAS is the largest detector at the CERN Large Hadron Collider. Its
Semiconductor Tracker (SCT) sub-detector is cooled down using
C3F8 in an oil-less compression cycle.
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capillary inlets. A PID-controlled electric heater was installed in
the exhaust to evaporate any liquid remaining at the output of the
test tube.

Figure 2 Detailed view of the instrumentation, indicating the
heated section and saturation condition measurement at the
inlet/outlet of the evaporator tube.

Figure 3 Detailed view of Pt1000 sensor mounting on the
evaporator tube top and bottom via thermally conductive
dielectric paste and heat shrinkable sleeves.

Figure 5 The closed refrigeration circuit used in the
measurements. The flow conditions are stabilised by pressure
regulators and a sub-cooling heat exchanger upstream of the
test tube.

The evaporator was mounted, together with its
instrumentation in an insulated box flushed with dry air to
eliminate condensation and icing and to reduce parasitic heat
ingress from free convection.

Typical operating parameters during measurements are
shown in Figure 6. The liquid refrigerant was subcooled to 15°C
and its pressure was reduced to 1.3 MPa in the pressure regulator.
Two parallel capillaries were used as throttling elements. Three
different mass flow rates could be selected by opening either or
both capillaries.

Figure 4 Inlet manifold and evaporator tube equipped with
instrumentation (thermal insulation not yet installed).
A pressure regulator and a pair of capillaries were installed
upstream of the evaporator to control the mass flow rate and inlet
saturation conditions. A back-pressure regulator was located
downstream to maintain a well-defined and stable evaporation
pressure during measurements. The coolant was circulated by a
custom-built system based on a three-cylindrical oil-free
compressor, shown in Figure 5.
The compressor raised the pressure of the returning vapour
from 0.1 MPa to 1 MPa. Subcooled liquid from the condenser
descended 2 metres and passed through a vane pump to boost its
pressure to 1.45 MPa. The pressure regulator and an additional
sub-cooling circuit maintained stable liquid conditions at the

Figure 6 Typical values of pressure, temperature and flow rate
in the region containing the evaporator tube
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EXPERIMENTAL DATA

maintained at 0.12 MPa. The evaporation pressure in the
evaporator depended on the particular conditions of mass flow
and applied heating power. As can be seen from Figure 8, the
evaporation took place at pressures between 0.15 and 0.26 MPa.

The combined uncertainties of the measured quantities are
listed in Table 2. The uncertainty of the HTC varies greatly
across the measured data set due to variations in the difference
between the tube wall temperatures and the saturation
temperature of the fluid, with high HTC manifested by small
temperature differences. Since the precision of the temperature
readout is constant, the evaluation of small temperature
differences leads to a larger uncertainty at high values of HTC.
Another major source of uncertainty can come from large
fluctuations of the measured temperatures during oscillating dryout conditions.
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Table 2 Uncertainties of measured values.
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The refrigerant blends were mixed by liquid weight
proportions and the final blend composition was verified with a
precision of ±0.35% in molar composition by speed of sound
measurement in superheated vapour. A sonar-like device was
constructed specifically for this purpose [9]. The speed of sound
measured at a certain temperature and pressure with precision of
0.05 m.s-1 was compared to speed of sound vs. composition tables
to determine the blend composition, Figure 7. The theoretical
values in these tables were calculated using NIST REFPROP [8]
and verified by our own experimental data [10], [11].
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Two capillaries of different length and diameter were
connected in parallel allowing three mass flow possibilities for a
given upstream liquid pressure. The effective mass flow through
the capillaries decreased with increasing C2F6 fraction, due to its
lower density. We did not attempt to increase the liquid pressure
to maintain the same mass flow for all blend compositions since
we intended to use the experimental setup to evaluate the thermal
behaviour of the mixtures as “drop-in” replacements in the
ATLAS detector cooling system where the capillaries cannot be
replaced and the liquid pressure cannot be increased.
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Figure 8 Visualisation of the measured dataset as a function of
mass and heat flux (upper plot) and as a function of pressure
and vapour quality, with a mixture composition as parameter.
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Figure 7 Speed of sound as a function of blend C2F6 fraction
for various temperatures at a constant pressure of 0.12 MPa.

200

100
0

The Joule heating applied to the 820 mm long evaporator
tube ranged from 36 to 100 W, equivalent to a heat flux from 3.5
to 10 kW.m-2. The mass flow ranged from 1.1 to 3.4 g.s-1,
corresponding to a mass flux between 91 and 264 kg.m-2.s-1. The
evaporation pressure downstream of the evaporator was
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Figure 9 The observed mass flux decrease with increasing
C2F6 fraction increase, due to density effects.
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present during evaporation in the tube. Dry-out conditions were
clearly observed.
The first step in our modelling was a comparison of our
experimental data with a flow map predicting flow regimes and
dry-outs based on mass flux and vapour quality.
Secondly, we have examined several flow boiling heat
transfer correlation models to establish whether they could fit to
our experimental data. In this case only the data obtained at the
highest mass fluxes were used, selecting an annular flow regime
in the evaporator tube. In particular, we focussed on relatively
simple correlations of average HTC on the tube perimeter as a
function of vapour quality.
Following correlations, listed in chronological order, were
tested: Shah correlation [15] was derived from 19 different
sources, using 780 data points, whereas Lazarek-Black [16] used
their own 738 experimental data points measured on R-113 in a
3.15 mm tube. Later, Kandlikar [17] used more than 5000 data
points from 24 sources to develop an accurate and widely
accepted correlation, while Liu-Winterton [18] took the same
approach with a comparable dataset, resulting in an equivalent
accuracy. Tran et al. [19] derived a correlation from experiments
based on R-12 and R-113 refrigerants boiling in small circular
and rectangular channels. Kew-Cornwell [20] modified the
correlation of the Lazarek–Black to better fit small diameter
channels. Yu [21] used the correlation of Tran, extending its
versatility. Lately, Bertsch [22] developed a composite
correlation for saturated flow boiling heat transfer in minichannels from a database of 3899 data points covering 12
different sources. Also recently, Sun-Mishima [23] contributed
by introducing Weber number into a modified Lazarek–Black
correlation.

The boiling of zeotropic blends is a complex phenomenon,
such blends are known to exhibit lower boiling HTC than their
pure components. In our data, up to 25% molar C2F6
concentrations this is partly caused by decreasing mass flow and
partly by a zeotropic heat transfer suppression.
Having temperature sensors at the bottom and top of the
horizontal evaporator tube allowed us to observe different flow
regimes along the evaporator. It was apparent from the large
differences between HTC at the top and bottom that stratified
flow regimes were prevalent at low mass lows, as indicated by
red and green lines in the lower plot of Figure 10. On the other
hand, no significant variations in heat transfer were observed
around the perimeter of the tube at high flows when both
capillaries were in use, leading to an annular flow regime, as
illustrated by the blue lines in the lower plot of Figure 10.
A low heat transfer coefficient was observed on the top of
the tube, depending on the flow regime. The lower plot in Figure
10 shows the variations of the average heat transfer along the
evaporator at higher heat flux. At high mass flux (blue line, both
capillaries in use) the annular flow regime is fully developed and
there are only small differences between the top and bottom HTC
values (full and dotted line). At low mass fluxes (green and red
lines) the difference varies greatly as the flow regime changes
and partial dry-outs at the top of the evaporator (dotted lines)
appear as the mass flow further decreases due to increasing C2F6
fraction.
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Table 3 Table of investigated correlations sorted by accuracy
as compared to our dataset.
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Figure 10 Heat transfer coefficient drop with increasing C2F6
fraction observed for different heat.
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The Table 3 suggest that only 3 out of the 9 analysed HTC
correlations: Shah, Kandlikar and Liu-Winterton provide good
accuracy, within 10% of our experimental dataset. We should
note here, that only the Liu-Winterton model includes a
correction (suppression factor) for the boiling of zeotropic
blends. While Shah and Kandlikar models comprise various fluid
properties as input parameter and they were not explicitly
developed and tailored for the zeotropic fluids.

MODELS AND CORRELATIONS
We conclude from the temperature differences at the top
and bottom of the evaporator that various flow regimes were
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Flow regimes and flow map

line corresponding to pure C3F8 and to the highest mass flux
indicates HTC values well above 2 kW.m-2K-1, suggesting that
the liquid was wetting the top of the evaporator tube in an annular
flow regime. With increasing C2F6 concentration the mass flux
gradually decreases and the heat transfer drops significantly. The
red line corresponding to the 25% blend shows HTC values
below 0.52 kW.m-2K-1 meaning that the flow in the evaporator
was stratified and no liquid was wetting the top side of the tube.

Flow boiling in a horizontal evaporator tube is known to occur
in several consecutive flow regimes as illustrated in Figure 11,
[12].

Figure 11 Flow patterns according to the flow map of Collier
and Thome [12]

Kattan et al.

150

Annular

-1

m [kg.m .s ]

A given flow regime is mainly a function of vapour quality,
mass flux and tube geometry. Analysis of our experimental data
revealed two different flow regimes in the horizontal evaporator
tube. At higher mass flows (both capillaries used) there was only
a small difference between temperatures on the top and on the
bottom of the evaporator, while the bottom of the evaporator was
noticeably colder at low flows. The dry-out condition was also
clearly visible when all the liquid was boiled away or when the
remaining liquid was no longer in contact with the tube wall.
All of these conditions have been described in the context
of a so-called flow map by Kattan et al. [13], [14], illustrated in
Figure 12, which displays boundaries between the flow regimes
calculated for all the blend compositions used in our present
work (from 0 to 25% molar of C2F6 in C3F8). Blend composition
has a noticeable effect only on the dry-out boundary (blue dashed
line) due to the change of available enthalpy. The other
boundaries shown in black remain practically the same for all the
blend compositions.
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Figure 13 A sample set of measurements displayed on the
flow map of Kattan et al. and the corresponding values of heat
transfer coefficient below.
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The Shah correlation [15] for a horizontal pipe was
compared with our experimental data for the annular flow
regime. The original Shah Chart correlation was developed on
780 data points from 19 data sources and was later transformed
into algebraic form. The HTC h is calculated using equations (13):

1

x [1]

Figure 12 Flow map by Kattan et al [13-14] showing flow
regimes as a function of vapour quality and heat flux.
Figure 13 shows a direct comparison of the flow map with
our experimental data. The upper plot depicts a small section of
the flow map with horizontal lines representing our experimental
data measured at an evaporation pressure of 0.16 MPa and heat
flux of 9.8 kW.m2. The upper green line corresponds to a 0%
blend and mass flux of 127 kg.m-2.s-1 while the lower red line
corresponds to 25% blend and mass flux of 94 kg.m-2s-1. The
flow map suggests that there was an annular flow regime in the
evaporator during the measurement with compositions of 0%
(i.e. pure C3F8). It is expected that we are observing a stratifiedwavy flow regime with the 20% and 25% blend. This is visible
in the HTCs in the lower plots of Figure 13. Note that only the
HTC measured on the top of the evaporator is shown. The green
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the enhancement factor F, equation (9). The factor hsp is obtained
from the Dittus-Boelter correlation, equation (10)

The Kandlikar model
The Kandlikar correlation was later refined using 5246 data
points from 24 sources [17]. The dataset included the refrigerants
R11, R12, R22, R114 and R152a. The model combines
contributions from the convective and nucleate boiling heat
transfer. The forced convection heat transfer h0 is evaluated from
the Dittus-Belter correlation; equation (1).
The Kandlikar model employs a fluid-specific parameter f.
To our knowledge, this parameter has never been fitted to any
heat transfer data for C3F8 or C2F6. Figure 14 shows the impact
of the parameter on the model absolute average deviation from
the presented data sets. The optimal value of the parameter is f =
1.53 when only data for the annular flow regime of pure C3F8
(0% blend) are considered. When all the data for annular flow
regime are included (molar blends from 0% up to 25% C2F6) the
optimal value is f =1.60. Equation (4) is the Kandlikar
correlation of the HTC. The correlation makes use of the
convective number and boiling number, (equations 6 and 7
respectively).

(

)
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- 0.5
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The corrected HTC of the nucleate boiling is calculated as:
(15)
hnb = h0 × Fc
The overall flow boiling HTC according to the Liu-Winterton
model is then evaluated according to equation (8).

2

COMPARISONS BETWEEN SELECTED MODELS AND
THE EXPERIMENTAL DATA
Figure 15 and Figure 16 compare the local HTC predicted
by the three selected models with our experimental data. The
horizontal axis denotes the vapour quality along the evaporator
tube. Each figure contains three plots for three different heat
fluxes: 3.5, 7.5 and 10 kW.m-2. Figure 15 corresponds to data
obtained with pure C3F8 whereas Figure 16 contains data
obtained with the 25% blend. It is apparent that none of the
models predicted the initial decrease of the heat transfer in the
first third of the evaporator. On the other hand, the subsequent
steady increase is predicted by the models quite accurately,
especially for the 25% blend.

The correlation developed by Liu and Winterton [18] used
saturated boiling and subcooled boiling data of nine fluids
including R12, R22, R11, R113 and R114 refrigerants. More
than 5000 data points from 30 different sources were used.
The correlation is based on combination of the nucleate
boiling and forced convection contributions:
2

(12)

h0 = 55 × p r0.12-0.4343×log(r ) (- 0.4343 × log( p r ))

The Liu-Winterton model

h = (F × hsp ) + (S × hnb )

(11)

The parameter h0 in the suppression factor above is calculated
using the standard Cooper correlation for nucleate boiling.

Figure 14 Heat transfer coefficient average absolute deviation
as a function of Kandlikar’s model fluid dependent parameter f.
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The nucleate boiling HTC comes from the Cooper
correlation, equation (14).
Since we are dealing with zeotropic blends the Thome
expression [24] for boiling of zeotropic refrigerant mixtures,
equation (13) is used. This mixture suppression factor is used to
correct the nucleate boiling predicted in the Cooper correlation
[25] through equation (14). The correction takes into account the
difference between the dew point temperature Tdew p. and the
bubble point temperature Tbubble p. For pure fluids this difference
is zero and the correction is equal to unity:

(7)

10

(9)

The contribution of the nucleate boiling heat transfer hnb is
corrected by the suppression factor S:

(6)

15
D h [%]

0.8

0.5

q
m × Dh

5

0.35

hsp = 0.023 * Re L PrL l L / d

(5)

æ1 - x ö
Co = ç
÷
è x ø
Bo =

æ
ær
öö
F = çç1 + x × Pr L çç L - 1÷÷ ÷÷
è rV
øø
è

(8)

The value of the forced convection contribution hsp depends on
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Shah
4

Liu-Winterton

composition and heat flux. The average deviation ∆h was
calculated according to:

Kandlikar
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Figure 15 Sample measurements for pure C3F8 at 3 different
heat fluxes compared to the three models.
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Figure 17 Average deviation from the three correlation models
over the whole dataset as a function of mixture composition.
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where hi is the measured HTC and hmodel is the predicted value
from a particular model.
The following bar charts show the average deviation of the
three correlation models over the experimental data of the
annular flow regime HTCs. Figure 17 uses blend composition as
a parameter, whereas Figure 18 plots the deviation as a function
of heat flux.
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Figure 18 Average deviation from the three correlation models
over the whole dataset as a function of heat flux.
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We have compared our measured dataset of HTCs of binary
zeoptropic blends consisting of 1224 points with three wellknown HTC models and with respect to the Kattan-ThomeFavrat flow regime map. The experimental data were obtained
for blends containing from 0 to 25% molar fraction of C2F6 in
C3F8 over a heat flux range from 3.5 to 10 kW.m-2 and mass flux
from 94 to 264 kg.m-2.s-1. The vapour quality ranged from 0.35
to a superheated state (dry-out conditions) at evaporation
pressures from 0.142 to 0.205 MPa. These parameters as well as

0.8

Figure 16 Sample measurement for 75%C3F8/25%C2F6 at
three different heat fluxes compared to the three models.
The deviations of the HTC predicted by the correlations
from our experimental data were studied as a function of blend
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the evaporator geometry (horizontal tube 820 mm long, 4 mm
diameter) were chosen to correspond to the real cooling situation
inside the ATLAS semiconductor tracker (“SCT”). Large values
of heat flux and vapour quality (beyond the normal operating
envelope of the detector cooling) were investigated in order to
establish the safety margin for SCT operation.
The Kattan-Thome-Favrat flow map shows good
conformity with our experimental data. The mass flux range of
our experimental data spans the stratified and annular flow
regime in the flow map. Fully developed annular flow regime
was observed at mass fluxes above 200 kg.m-2s-1.
The flow regimes in our evaporator were determined from
the HTC at the top of the horizontal evaporator. We observed
high HTCs at the top of the evaporator at the high end of the
mass flux range and a gradual decrease with lowering mass flux
while the HTC on the lower part of the evaporator tube remained
relatively high.
Mass fluxes above 200 kg.m-2.s-1 resulted in the annular
flow regimes where we observed moderate values of HTC in the
range from 2-3 kW.m-2.K-1 on the whole perimeter of the tube.
At lower mass fluxes the liquid tended to pool at the bottom of
the horizontal pipe and the flow was stratified with the HTC
dropping as low as 0.3 kW.m-2.K-1 on the top of the evaporator
while the bottom HTC remain between 1 and 1.5 kW.m-2.K-1.
We compared our data to nine well known correlations, out
of which three provided better than 10% accuracy, as compared
to our dataset.
The first and simplest (Shah) correlation showed the
highest deviation of 15% for pure C3F8 and 5% blend. Even
though the deviation decreased sharply with increasing C2F6
composition the average deviation was the worst from the three
selected correlations.
The Kandlikar correlation was more precise, provided that
the optimal value of the fluid specific parameter f=1.6 was used.
However, this fluid-specific parameter had to be fitted to our
dataset. The average deviation was around 7%.
The Liu-Winterton correlation with the Thome suppression
factor for boiling zeotropic mixtures provided the best agreement
with our data covering the annular flow regime. The average
deviation was 5%.
The aim of our study was to select relatively simple and
easy to use correlations that could provide reliable prediction of
HTC of the C3F8/C2F6 blends in the ATLAS cooling structures.
We conclude that the investigated correlation models for
local flow boiling HTC can be used with C3F8/C2F6 blends up to
and including 25% molar /C2F6 concentration for the annular
flow regime under the evaporator geometry and heat and mass
fluxes similar to those in our study. These correlations can be
used alongside the Kattan-Thome-Favrat flow map, which
proved reliable in predicting the transition between annular and
stratified flow regime.
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