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ABSTRACT
Heat transfer measurements for R254fa were conducted. The

heat transfer coefficient was determined for a smooth stainless
steel tube with an inner tube diameter of 3 mm. The experiments
were conducted for five mass fluxes (100, 300, 500, 700 and
1000 kg/(m2·s)), three heat fluxes (10, 30 and 50 W/m2) and
at three saturation temperatures (40 ◦C, 70 ◦C and 125 ◦C). The
experiments were used to determine the influence of the satura-
tion temperature, mass flux, heat flux and vapour quality on the
heat transfer coefficient.

At a low saturation temperature, the heat transfer coefficient
increases with an increasing mass flux. However, at a high satu-
ration temperature the heat transfer coefficient decreases with an
increasing mass flux. Furthermore, the heat transfer coefficient
increases with increasing vapour quality at a low saturation tem-
perature. On the contrary, the heat transfer coefficient decreases
at higher saturation temperatures.

INTRODUCTION
The use of Organic Rankine Cycles (ORCs) can help us to re-

duce the global CO2-emissions. ORCs convert low-grade heat
into mechanical energy. Some typical applications of ORCs are
waste heat recovery and producing electricity of geothermal en-
ergy, solar energy or biomass [1, 2]. An ORC is a Rankine cy-
cle which uses an organic fluid instead of steam. A typical ex-
ample of an organic fluid used in ORCs is R245fa (1,1,1,3,3-
pentafluoropropane) [3, 4].

A Rankine cycle consists of 4 components: a pump, an evap-
orator, an expander and a condenser. The pump pressurises the
liquid working fluid. This pressurised liquid is then evaporated at
a high temperature in the evaporator. Next, the organic vapour is
expanded over the expander which produces mechanical energy.
Finally the vapour is condensed in the condenser. In order to size
the evaporator of an ORC correctly, a good heat transfer correla-
tion is needed. If the evaporator is not sized correctly, this will
either impair the ORC’s performance or increase the construction
cost.

In literature a large variety of heat transfer correlations exist
[5–7]. Each correlation is based on experimental data within a
certain range of working conditions. Hence, it is not certain if

NOMENCLATURE

d [m] Tube diameter
Eo [-] Eötvös number
g [m/s2] Standard gravity
G [kg/(m2·s)] Mass flux
L [m] Length
q [W/m2] Heat flux
T [◦C] Temperature
x [-] Vapour quality

Special characters
α [W/(K·m2)] Heat transfer coefficient
ρ [kg/m3] Mass density
σ [N/m] Surface tension

Subscripts/Superscripts
evap Evaporator
g Gas phase
i Inner
l Liquid phase
o Outer
ph Preheater
sat Saturation
¯ Mean value

the correlation will work outside this range. Charnay et al. [8]
compared his experimental results (R245fa) with existing heat
transfer correlations. None of the tested existing heat transfer
correlations could predict the heat transfer coefficient very well
at the high saturation temperatures relevant for ORCs.

The aim of this work is to present unpublished experimen-
tal heat transfer measurements of R245fa in a tube with an inner
diameter of 3 mm. Further the influence of the saturation temper-
ature, mass flux, heat flux and vapour quality on the heat transfer
coefficient was analysed.

EXPERIMENTAL SETUP
The experimental setup and its verification is described more

detailed in [9, 10]. A short summary is given here for complete-
ness. The experimental setup was designed to test R245fa at
ORC-conditions.

Figure 1 shows a schematic representation of the experi-
mental setup. The R245fa is consequently pumped through a
filter/dryer, a Coriolis flowmeter, a micro-valve, a test section
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Figure 1. A schematic representation of the experimental
setup.

and a condenser. The micro-valve is used to avoid oscilla-
tion when boiling starts in the test section. Furthermore, the
mass flow is controlled by the micro-valve together with a
frequency-controlled pump and a bypass valve. The circuit also
contains a temperature controlled reservoir which allows to set
the saturation pressure inside the experimental setup. The whole
experimental setup is controlled by a computer using Labview.
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Figure 2. A detailed schematic diagram of the test section.

Figure 2 shows a detail of the test section. The test sec-
tion consists of a preheater, an evaporator and a visualisation
section. The preheater heats up the subcooled liquid to the re-
quired vapour quality. The preheater is a 2000 mm-long spirally-
shaped stainless steel tube. The actual heat transfer and adia-
batic pressure drop measurements are conducted in the evapora-
tor. The evaporator is a 185 mm-long stainless steel tube. The
inner and outer diameter of both tubes are respectively 3.00 mm
and 5.99 mm. Both the preheater and the evaporator are heated
using the Joule effect. To electrically insulate both sections
from each other and the rest of the circuit, PEEK-resin tubes

Table 1. Overview of the experimental uncertainty of the ex-
perimental setup.

Parameter TestRange Uncertainty

di [mm] 3 ±0.03
do [mm] 5.99 ±0.03
Levap [mm] 185 ±0.1
qph [kW/m2] 0.5 - 20 ±1.2 - 5.6 %
qevap [kW/m2] 10 - 55 ±2.2 - 4.6 %
Tsat [◦C] 40 - 125 ±0.3 - 0.8
G [kg/(m2·s)] 100 - 1500 ±2 %
x [-] 0 - 1 ±0.001 - 0.03%
α [kW/(K·m2] 0.6 - 27.6 ±max: 36 % avg: 17 %

are used to connect the tubes. The temperatures at the in- and
outlet of the preheater are measured by two K-type thermocou-
ples (D j = 0.5 mm). The bottom- and top-wall temperatures are
measured at six position along the evaporator by K-type ther-
mocouples (D j = 80 m). The same thermocouples are also used
to measure the top-wall temperature at the in- and outlet of the
evaporator. The differential pressure over the evaporator is mea-
sured by 3 in-range-overlapping pressure sensors.

The visualisation section at the end of the test section is used
to visually determine the flow regime using a high speed cam-
era. The images are post-processed using a Matlab algorithm.
The glass tube has respectively an inner and outer diameter of
2.96 mm and 5.95 mm.

The experiments where conducted with R245fa for five mass
fluxes (100, 300, 500, 700 and 1000 kg/(m2·s)), three heat
fluxes (10, 30 and 50 W/m2) and at three saturation temperatures
(40 ◦C, 70 ◦C and 125 ◦C).

The error propagation used in this work is based on the book
of Taylor [11]. An overview of the experimental uncertainty of
the measurements is given in table 1.

RESULTS AND DISCUSSION
Definition of Heat Transfer Coefficient

In literature, two ways of reporting the average heat transfer
coefficient exist:

ᾱ1 =
q̇

T̄wall −Tsat
(1)

ᾱ2 = mean
(

q̇
Twall −Tsat

)
(2)

Most authors prefer equation 1 to define the average heat
transfer coefficient. In equation 1, T̄wall is the average wall tem-
perature measured around the perimeter (e.g. the mean of the
temperature measured at the top and the bottom of the tube wall).
Other authors [12] average out the different local heat transfer
coefficients determined at the perimeter (equation 2).
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Figure 3. The heat transfer coefficient as a function of the vapour quality for different mass fluxes and a heat flux of 32 kW/m2.

In most cases, both definition give similar results consider-
ing the uncertainty. However, when the difference between the
wall temperatures at different positions around the perimeter in-
creases, the results of both definitions start to deviate signifi-
cantly. Furthermore, when the temperature difference between
the wall and the saturated fluid decreases, the deviation gets
larger. Hence, in the case of stratified flows or partial dry-out
it is important to know which definition is used when the results
from literature are used to construct a correlation. In this work,
equation 1 is used to report the average heat transfer coefficient.
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Figure 4. The wall temperature measured at the top and bot-
tom of the tube as a function of the vapour quality for different
saturation temperatures. The heat flux at the wall is 54 kW/m2

and the mass flux is 100 kg/(m2·s). (circle = intermittent flow;
square = annular flow)

Stratification at high saturation temperatures
For small tube diameters, stratification of the two phases is

often suppressed [13] due to the large capillary force. The Eötvös
number (Eo) given in equation 3 is commonly used to express
stratification.

Eo =
(ρl −ρg)gd2

i
σ

(3)

The Eötvös number expresses the ratio of the gravitational force
to the surface tension force. For R245fa, the Eötvös number in-
creases rapidly starting from a saturation temperature of 110 ◦C.
During the experiments, stratification also occurred at high satu-
ration temperatures as seen in figure 4. Due to the stratification,
there is a much thinner liquid film at the top of the tube. This thin
film suppresses nucleate boiling which is a very important factor
at high heat fluxes and low mass fluxes. Hence, the top tube wall
temperature is much higher than the bottom wall temperature due
to the lower local heat transfer coefficient.

Influence of Mass Flux
Figure 3a and 3b show the influence of the mass flux on the

heat transfer coefficient at respectively a low (40 ◦C) and high
(125 ◦C) saturation temperature. At the low saturation temper-
ature (figure 3a), the heat transfer coefficient increases with in-
creasing mass flux. However, the opposite is noticed at a high
saturation temperature (figure 3b). Furthermore, at a low satu-
ration temperature, the increase with increasing mass flux gets
larger for increasing vapour quality. In contrary, at a high satura-
tion, the opposite is noticed.

Previous results suggest that the main heat transfer mecha-
nism is respectively convection and nucleate boiling at a low and
a high saturation temperature. The same conclusion was also
found by Charnay et al. [10].
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Figure 5. The heat transfer coefficient as a function of the vapour quality for different saturation temperatures and a heat flux of
54 kW/m2.

An increasing mass flux and vapour quality results in a in-
crease of the flow velocity. Furthermore, the liquid film becomes
thinner with increasing vapour quality. Both the increased flow
velocity and the lower thermal resistance of the liquid film result
in a increase of convective heat transfer. On the other hand, the
thinner liquid film also lowers the superheat of the liquid film
which is adversely for nucleate boiling [14, 15].

When nucleate boiling is the dominant heat transfer mecha-
nism, the increase of the convective contribution to the heat trans-
fer cannot compensate for the decrease of the nucleate boiling
contribution.

Influence of Saturation Temperature
In general the heat transfer coefficient increases with increas-

ing saturation temperature as shown in figure 5a. However, if
the mass flux, heat flux and vapour quality are all very high (see
figure 5b) the heat transfer coefficient decreases with increasing
saturation temperature.

With increasing saturation temperature, the vapour density in-
creases, the liquid density decreases and the surface tension de-
creases for R245fa. This results in an increasing contribution of
nucleate boiling to the total flow boiling heat transfer due to a
decreasing bubbles detachment radius and an increasing number
of nucleation sites [16]. Hence, more bubbles will be formed
and they will detach faster from the wall surface, enhancing the
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Figure 7. The heat transfer coefficient as a function of the
vapour quality for different heat fluxes at saturation temperature
of 125 ◦C and a mass flux of 500 kg/(m2·s).

nucleate boiling heat transfer. Moreover, the increase of vapour
density with increasing saturation temperature reduces the flow
velocities, reducing the convective contribution to the heat trans-
fer. In general one can conclude that the nucleate boiling heat
transfer mechanism gains in dominance with increasing satura-
tion temperature.

At low saturation temperatures, in general the heat transfer
coefficient increases with increasing vapour quality but at high
saturation temperatures the opposite is noticed. Hence, the in-
crease of the heat transfer coefficient with increasing saturation
temperature is larger for lower vapour qualities.

The increase in vapour quality, increases the flow speed and
thus enhances the convective heat transfer. However, an increase
in vapour quality also thins the the annular liquid film and de-
crease the wall superheat. Hence, this lead to a decreasing num-
ber of active nucleation sites [17]. This explains the different
influence of the vapour quality at low and high saturation temper-
ature where the heat transfer is respectively dominated by con-
vection and nucleate boiling.

Influence of Heat Flux
Figure 6a, 6b and 7 show that in general the heat transfer co-

efficient increases with increasing heat flux in the pre-dry-out
region. Due to the higher heat flux, the contribution of nucleate
boiling increases. During dry-out the liquid film at the wall dis-
appears and thus also the heat transfer due to nucleate boiling.
This explains also the sudden drop in figure 7.

In general, the increase of the heat transfer coefficient with
heat flux also reduces with increasing vapour quality. At higher
vapour qualities, the convective heat transfer mechanism be-
comes more dominant and the nucleate boiling mechanism is re-
duced. Hence, at high vapour qualities there is a smaller effect
of the heat flux on the heat transfer coefficient.

In figure 6a (low mass flux), the nucleate boiling and convec-
tive heat transfer mechanism are equally important because the
heat transfer coefficient does not change significantly with the
vapour quality. The increasing vapour quality thins the liquid
layer at the wall which reduces the number of nucleations sites
due to an decrease in wall superheat. This is detrimental for the
nucleate boiling. On the other hand, the contribution of the con-
vective heat transfer mechanism increases due to the increasing
flow velocities. Hence, both effects cancel each other out.

Influence of Vapour Quality
At low saturation temperature (figure 6b), an increase of the

heat transfer coefficient is noticed with increasing vapour quality
due to the increase of convection. However at a high saturation
temperature (figure 7), the heat transfer coefficient decrease with
increasing vapour quality. The increasing vapour quality sup-
presses the nucleate boiling which is the dominant heat transfer
mechanism at high saturation temperatures.

At low saturation temperatures, the heat transfer coefficient
increases more strongly with increasing vapour quality if the
mass flux increases. However, at high saturation temperatures,
the combined effect of vapour quality and mass flux is not no-
ticeable except in the intermittent flow regime (figure 3b).

CONCLUSION
This work presented unpublished experimental heat transfer

measurements of R245fa in a tube with an inner diameter of
3 mm and discussed the influence of the saturation temperature,
mass flux, heat flux and vapour quality on the heat transfer coef-
ficient.

The heat transfer coefficient respectively increases and de-
creases with increasing mass flux at a low and high saturation
temperature. Furthermore, the heat transfer coefficient increased
with increasing vapour quality at a low saturation temperature.
On the contrary, the heat transfer coefficient decreased at higher
saturation temperatures. Hence, the influence of vapour quality
and mass flux on the heat transfer coefficient is dependent of the
saturation temperature.

Existing heat transfer models for R245fa are based on exper-
imental data measured at low saturation temperatures. This ex-
plains why none of the existing heat transfer correlation Char-
nay et al. [8] tested, worked well for predicting their results at
high saturation temperatures.
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