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ARTICLE INFO ABSTRACT

Keywords: Zeotropic mixtures are of growing interest for thermodynamic cycle applications due to an efficiency improve-
Stratified flow condensation ment by glide matching. One key factor in the development of mixture applications is research on heat transfer
R134a a® characteristics as generally lower heat transfer coefficients in comparison to pure fluids could counteract higher
R1233zd(E

efficiencies. Due to the complex fluid behaviour of mixtures simplifications are applied in the evaluation of
measurements, affecting the resulting heat transfer coefficients. This study investigates the condensation heat
transfer for a zeotropic mixture R134a/R1233zd(E) with focus on the impact of different methodologies for the
evaluation of measurement data. The main aspect is the fluid temperature definition by either measurement
or calculation, which has a great influence on the determination of heat transfer coefficients. Additionally,
the impact of available mixture properties is investigated by molecular simulations and fitting of binary
interaction parameters. A comparison with the standard approximated interaction parameters is made with
respect to composition and state point calculations. Experiments are conducted in a horizontal tube with an
inner diameter of 32mm, where a partial condensation in stratified flow occurs. The results challenge the
common assumption of thermodynamic equilibrium as the measured local saturation temperature deviates
from its calculated value. Heat transfer coefficients for two different compositions are reported in a range of
500Wm=2K~! to 1100 Wm~2K~!, showing clear trends against vapour quality, mass flux and pressure. The
differentiation between temperature measurement and calculation has a large impact that clearly outweighs
reported measurement uncertainties from the sensor equipment. Differences in the resulting heat transfer
coefficients partly exceed 20 %, depending on the operating conditions. The deviation is further increased
under consideration of fitted interaction parameters, even though the impact is comparable smaller and lies
in the range of measurement uncertainties. The obtained results clarify possible sources of deviations between
different experimental studies.

Interaction parameters
Helmholtz Equation of State
Molecular simulations

1. Introduction

A growing interest in applications of thermodynamic cycles has
been seen in recent years due to the importance of high-efficiency
and environmental-friendly energy systems. In addition to development
on a component basis, much research has been done in the field of
working fluids. While sporadically discussed earlier, zeotropic mixtures
have been investigated for their application in thermodynamic cycles
starting in the 1980s [1-5]. Mostly, two aspects have driven the interest
in zeotropic mixtures despite an increased handling effort. Firstly, by
varying the composition of a given mixture, the fluid properties can
be adjusted. Depending on the application, a best-fitting mixture can
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be found based on its properties. Secondly, matching the temperature
glide of a mixture during its phase change process to the temperature
difference of a heat source or sink increases the second-law efficiency of
the heat transfer. The consequence is better use of the exergy available
to the system. This concept has been investigated multiple times,
especially in refrigeration, heat pumps, and low-temperature power
cycles [6-8]. Latter of these cases represents the Organic Rankine Cycle
(ORQ) that can be used to generate electricity from low-temperature
energy sources or waste heat. Still, zeotropic mixtures were described
by worse heat transfer characteristics in comparison to their respective
pure components [9]. The advantage of more efficient cycles has to be
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Reduced Helmbholtz energy, —
HEOS interaction parameter, —
HEOS interaction parameter, —
Reduced mixture density, —
HEOS interaction parameters, —
Density, kgm™

Molar density, mol m~3

Inverse reduced temperature, —
Scalar input variable, —

Scalar output variable, —
Diameter, m

Mass flux, kgm=2s~!

Heat transfer coefficient, Wm=2K~!
Specific enthalpy, kJkg™'

Specific enthalpy of vaporisation, kJ kg™

Iterative number, —

Thermal conductivity, Wm™' K~!
Length, m

Iterative number, —

Mass flow rate, kgs~!

Number, —

Power, W

Pressure, kPa

Probability, —

Reduced pressure, —

Heat flow rate, W

Heat flux, W m~2

Molar gas constant, J mol™! K~!
Temperature, K

Expanded measurement uncertainty, —
Combined standard uncertainty, —
Molar volume, m3 mol™!

Mole concentration, mol mol™!
Vapour quality, —

Mass concentration, kgkg™!
Variance, —
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Abbreviations

DAQ Data acquisition system
GEMC Gibbs Ensemble Monte Carlo
GWP Global warming potential
HCFO Hydrochlorofluoroolefin
HEOS Helmholtz equation of state
HFO Hydrofluoroolefin

HTC Heat transfer coefficient
MCMC Markov Chain Monte Carlo
ORC Organic Rankine cycle

VLE Vapour-liquid equilibrium

evaluated against the need for larger sizing of heat transfer equipment.
The correlations used to calculate heat transfer coefficients (HTC)
during the design of thermodynamic cycles usually match a broader
collection of experimental heat transfer data in the range of +20 % [10-
12]. This illustrates the challenge of improving the accuracy of heat
transfer measurements and the derived correlations.

Comparing both evaporation and condensation heat transfer, exper-
imental investigations usually yield lower uncertainties in the HTC for
evaporation. That is due to electrical heating as power input. Conden-
sation is more dependent on an appropriate set-up to determine the
transferred heat. The most common approach for in-tube condensation
is the evaluation by an enthalpy profile method [13]. It refers to the
enthalpy difference due to heating of the cooling medium which is
quantified by temperature and pressure measurements. The resulting
heat flow rate is assumed to be identical to the condensation heat
flow rate under assumption of an adiabatic system. Condensation in
horizontal tubes has been investigated in relevance to various thermo-
dynamic cycle systems by measurements in a coaxial tube-in-tube test
section. The cooling medium circulates in counterflow orientation to
the working fluid and absorbs the ejected heat. Two main approaches
to an experimental set-up can be found in literature, covering the large
majority of all studies.

The first approach is based on the realisation of a total condensa-
tion. Superheated vapour is led to a test section where the working
fluid is condensed and subcooled. A segmentation of the overall test
section enables the determination of HTCs for the partial condensation
with varying vapour qualities in different subsections. Jacob and Fronk
[14] investigated the working fluid R1233zd(E) with a low global
warming potential (GWP), which belongs to the group of hydrochlo-
rofluoroolefins (HCFO), with respect to its heat transfer characteristics
for ORC condensers. The horizontal tube-in-tube test section with an
inner diameter of 4.7 mm was 1.6m in length to ensure a total conden-
sation. It was segmented into seven parts by the cooling water cycle. For
each section, the mean HTC was determined along the vapour quality.
The heat duty was measured by the enthalpy profile in these sections.
Thermodynamic equilibrium was assumed in the flow so that local
temperatures could be calculated by enthalpy and pressure. Across all
operating conditions, the authors reported a maximum uncertainty of
15.1 % for the HTC. Condensation of R134a was investigated by Azzolin
et al. [15] with a small modification of the method. Due to higher accu-
racy, differential pressure sensors were used across five sub-sections so
that local pressures were indirectly determined. The authors reported
uncertainties of up to 7.1 % for condensation in a horizontal tube at a
mass flux of 50kgm=2s~".

Total condensation of a fluid mixture was conducted by Mazumder
et al. [16] for R32/R1234ze(E) to determine heat transfer coefficients.
The test section was divided into twelve subsections with measurements
of the enthalpy profile of cooling water. The mixture temperature glide
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was determined via temperature measurements with thermocouples at
specific locations that, however, did not match the length of single
test sections. The authors did not comment on their procedure in
depth, but local fluid temperatures for HTC calculations had to be
interpolated or calculated again by their formulation in dependency
of pressure and enthalpy. The resulting HTCs were evaluated against
different pure fluid correlations with additional mixture models. The
better matching correlations achieved mean deviations of about 15 % to
the experimental data, while being very accurate especially at higher
mass fluxes. A similar mixture R32/R1234yf was applied by Wang
et al. [17], the condensation tube with an inner diameter of 4 mm
was 3.4m in length. The segmentation into five subsections was done
in a way so that spacings of 0.2m were in between them. Locally
measured refrigerant temperatures were compared to the vapour-liquid
interface temperature and the vapour bulk temperature obtained from
a non-equilibrium calculation model. In the range of vapour qualities
0.2 < x < 0.8, the results showed good agreement. The measured fluid
temperature exceeded the predicted one at low vapour qualities, but
was lower at high vapour qualities. It has to be noted that the saturation
temperature in measurements was not reported to be measured but
rather calculated by pressure and vapour quality. Consequently, the
measured temperature should be evaluated as theoretical value under
assumption of thermodynamic equilibrium.

Measurements of the refrigerant temperature during total conden-
sation in a test section were proven to be implementable by Lee
and Son [18]. The authors built a test section with ten subsections
for heat transfer while keeping small adiabatic distances in between.
There, the local condensation temperatures were measured by installed
thermocouples. HTCs were determined for different tube sizes and oper-
ational conditions. The condensation flow was observed to change from
annular to stratified wavy flow depending on mass flux and vapour
quality. This in mind, the sensor position has to be chosen carefully
as the spatial partition of the phases changes. The resulting HTCs
were the highest during condensation in the tube with the smallest
diameter, increasing also with mass flux and annular flow. In another
study, Moreira et al. [19] positioned thermocouples inside bulbs fused
to the tube in order to measure the refrigerant side temperature.
While requiring additional effort in manufacturing and consideration
of the missing direct contact between fluid and sensor, this methods
allows for temperature measurement at any position without adiabatic
intersections.

The second approach to measurements of the condensation heat
transfer in horizontal tubes is based on a partial condensation within a
test section. By that, the vapour quality has to be adjustable to variable
values. The effort of experimental campaigns is generally higher due
to one operating point not yielding HTCs for different state points.
However, local measurements of temperature and pressure at inlet
and outlet of the test section in addition to precise statement of a
mean vapour quality allow for more accurate results. An early set-
up for partial condensation was proposed by Dobson et al. [20] for
comprehensive measurements of the condensation process. The state
at the test section inlet was set by an electrical heater to partially
evaporate the liquid flow. Evaluation of HTCs for annular and stratified
flow was carried out and an often used correlation was derived. Vapour
quality setting by partial evaporation was also done in [21,22]. These
works did not include wall temperature measurements but rather used
the logarithmic mean temperature difference between refrigerant and
cooling water sides to calculate the total HTC. From this value, the
condensation HTC was derived but reported with uncertainties up to
about 15 % in both cases. Further studies conducting a partial conden-
sation [23-25] implemented additional heat exchangers to set specific
state points in the test section. Forcing superheated vapour through
a precondenser, the refrigerant was partially condensed. The vapour
quality at precondenser outlet and thus test section inlet could be
obtained from the enthalpy profile of cooling water. Local refrigerant
temperatures were measured at inlet and outlet of the test section so
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that HTCs were calculated in dependency of the mean vapour quality
within the test section.

One major point of discussion in this measurement approach is the
averaging of HTCs and vapour qualities. In order to use this assumption
reliably, the change of vapour quality in the test section must be
limited and the wall temperature must be quasi-constant over the
heat exchanger length. The latter condition causes the temperature
difference between wall and fluid to be constant, the expression that
is used to calculate the HTC. Garimella and Bandhauer [26] and Band-
hauer et al. [27] were first to propose a two-stage cooling cycle in
order to achieve these conditions. The principle deploys two different
cycles filled with cooling water. The first of them is connected to the
condensation test section and absorbs heat from the refrigerant. In this
cycle, the mass flow rate of water is set to high values, resulting in low
temperature differences and thus a quasi-constant wall temperature.
The cooling water is instead connected to a secondary cycle by another
heat exchanger, which is equipped with sensors to determine the heat
flow rate ejected by the refrigerant. The authors proposed this method
as so-called thermal amplification technique in studies of condensation
in microchannels. In this instance, the overall heat duty is especially
low and thus harder to accurately measure. In the application of the
thermal amplification technique, additional effort had to be done in
order to consider thermal losses and input from the primary cooling
cycle.

The thermal amplification technique was later used by Ghim and
Lee [28,29] for condensation measurements in a horizontal tube with
an inner diameter of 7.75 mm. The change of vapour quality over the
test section length was at 0.15 at maximum. Uncertainties of up to 25 %
for HTCs at lower vapour qualities were reported despite the additional
effort. This illustrates that the qualitative effect of calculating quasi-
constant HTCs does not necessarily reflect in quantitative assessment
of measurement uncertainties.

From the published studies on condensation heat transfer, two ways
of fluid temperature determination have emerged. If possible at a
given set-up, the temperature may be measured. If not, calculation
in dependency of pressure and vapour quality under assumption of
thermodynamic equilibrium has to be done. In most cases, especially
for condensation of pure fluids, the differences vanish. Fronk and
Garimella [9] proposed the definition of a real and an apparent HTC
value on a basis of the temperature definition. The first term refers
to the measurement of a bulk vapour temperature, while the second
one refers to the calculated temperature. Latter of these values is more
feasible in its determination but yields less realistic HTC results. It is
therefore used if the experimental set-up does not allow for local fluid
temperature measurements. The authors linked this differentiation to
zeotropic mixtures where the temperature glide in combination with
mass transfer resistances causes non-equilibrium conditions to prevail.
In a later work [30], they also defined an actual liquid HTC. The
interface temperature between the liquid and vapour phase, however,
is not feasible to measure for its determination. From these different
definitions, the need for an statement of the used temperature in
experimental studies is clearly given. This could answer the question
of what the impact of different methodologies realistically is.

In this study, the potential impact of the design and calculation
methods of condensation heat transfer measurements is assessed. Three
different aspects are investigated during experiments on the in-tube
condensation of the zeotropic mixture R134a/R1233zd(E). The main
aspect is fluid temperature definition in the calculation of HTCs. Mea-
surement at inlet and outlet of the test section as well as calculation in
dependency of pressure and vapour quality yield the real and apparent
HTC, respectively. Two peculiarities of this study enhance the effect
to have a greater influence, which are the application of a zeotropic
mixture, that causes temperature gradients in the test section, and
a flow stratification at low mass fluxes that would originate from
part load operation of an ORC or heat pump. The second aspect is
related to averaging of vapour quality and HTC during experiments
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Fig. 1. Schematic of the mixture cycle in the utilised ORC test rig.

covering a partial condensation. A thermal amplification technique,
which has been proposed in the literature, is used for the present
study. Its impact is assessed by a measurement uncertainty evaluation
of the resulting HTC. The third effect to be analysed is the propagation
of uncertainties in relation to the modelling of thermophysical prop-
erties by the Helmholtz Equations of State (HEOS). For pure fluids,
HEOS parameters are well established, but mixtures require additional
“mixing” parameters that must either be fitted to experimental data
or, in their absence, are estimated from similar systems. This is the
case for the given mixture R134a/R1233zd(E) for which the default
interaction parameters in REFPROP 10 [31] are transferred from the
mixture R1234yf/R134a. Yet the accuracy of this transfer remains es-
sentially unknown. Whenever vapour-liquid equilibrium (VLE) data is
available, mixture-specific interaction parameters can be fitted directly.
Such data may come from laboratory measurements or be generated
via molecular simulations (“synthetic measurements”). Because the
VLE data themselves carry experimental or statistical uncertainties,
the resulting interaction parameters are also uncertain. In this work,
we quantify how uncertainties in these mixture parameters — here
exemplarily derived from molecular simulation — propagate into sub-
sequent calculations of heat transfer coefficients and thermodynamic
state points.

These stated aspects to be investigated are evaluated against quan-
tified measurement uncertainties originating from sensor equipment.
Data is recorded for two different concentrations of mixture compo-
nents that yield mean temperature glides of 6K and 9K. The vapour
quality within the test section ranges between 0.25 and 0.85. Condensa-
tion is observed at different pressure levels in the range
220kPa to 340kPa corresponding to condensation temperatures from
37°C to 52°C and different mass fluxes 40kgm=2s~! to 80kgm=2s~!.
The impact of these influencing parameters on resulting condensation
HTCs and the analysed aspects of measurement design is quantified and
discussed.

2. Experiments
2.1. Experimental facility

The experimental investigations in this study are carried out with
an existing ORC test rig built for experimental investigations of pool
boiling heat transfer and power output [32,33], which has been ex-
panded by the condensation test section. The tube diameter was derived
from a geothermal power plant driving an ORC for power generation.
A schematic of the cycle and its containing components is shown in Fig.
1. The refrigerant flow is driven by a piston diaphragm pump G03 by
manufacturer Verder Liquids. The preheater is the electrically powered

flow heater Elmess HF/SE-7. It has a separated temperature control
with its target values being set to 1K below saturation temperature
during operation. The evaporator is a unique component designed
and manufactured for pool boiling heat transfer measurements [34].
The cylindrical vessel has a volume of 8L and is equipped with an
electrically heated copper tube. Evaporation in the given ORC set-up
is limited to 120°C and 1300 kPa. The maximum power output of the
tube is 14.4kW, the nominal value during operation

P = g ring )

determines depending on the enthalpy of vaporisation if, the circu-
lating refrigerant mass flow rate rip. High pressure vapour is led
through an expansion device to reduce the system pressure on the
condensation side. The condensation section consists of three different
heat exchangers but will be explained in detail in the following section.
The installed receiver accumulates excess refrigerant charge.

In order to meet specific requirements regarding the aim of this
study as well as general operational aspects, the investigated mixture
R134a/R1233zd(E) was carefully chosen. The mixture prerequisites
are:

1. A temperature glide AT > 5K,

2. No fitted binary interaction parameters in the fluid property
database,

3. Condensation temperatures and pressures adequate to the ORC
system,

4. An as low as possible environmental impact,

5. No flammable components.

A first categorisation of possible mixture components is made by points
3 to 5. The mixture must be applicable to the ORC operating range
where condensation in the range 20°C to 60 °C occurs at pressures be-
low 700 kPa. Non-flammable fluids with a low global warming potential
(GWP) and negligible ozone depletion potential are present in the group
of hydrofluoroolefins (HFOs) and HCFOs. The refrigerant R1233zd(E) is
nowadays state-of-the-art in applications of ORC and high temperature
heat pump systems and will be used as main component in this study.
However, its mixtures with other fluids of the HFO group do not show
large differences in saturation temperatures. The resulting temperature
glide during isobaric phase change would not meet the given require-
ment. Instead, R134a is chosen as secondary component with low mass
fractions below 10 %. The mixture R134a/R1233zd(E) is not commonly
used in literature and application but finally chosen for this study as it
meets all stated requirements. The circulating mass fraction of R134a
is 5% and 7% in the different compositions. An overview of chosen
properties for the mixture components is given in Table 1.
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Table 1
Fluid properties of the mixture and its components at 200 kPa.
Source: Data from [31].

Experimental Thermal and Fluid Science 176 (2026) 111760

Component p./kPa T./°C T,/°C T,/°C p/kgm™3 py/kgm™ igg/KI kg™ GWP [35]
R134a 4059.3 101.06 —10.08 —10.08 1327.4 10.0 206.02 1430
R1233zd(E) 3623.7 166.45 37.68 37.68 1231.5 10.9 184.35 3.88
0.05 R134a/0.95 R1233zd(E) 3746.3 163.17 29.29 35.92 1249.3 10.8 192.56 75.2
0.07 R134a/0.93 R1233zd(E) 3791.4 161.84 26.54 35.20 1255.0 10.7 195.12 103.7

330

320

300

290

280

0 0.2 0.4 06 0.8 1
Zp134a / kg kg™t

Fig. 2. VLE of the mixture R134a/R1233zd(E) at 350 kPa.

A peculiarity in the interaction between the chosen mixture and
the experimental set-up must be addressed. Component separation in
two-phase flow during phase change causes an phenomenon where the
global circulating composition differs from the filled composition in
most cases. The main reason for this is liquid hold-up in two-phase
regions of heat exchangers and liquid receivers. Only in the instance of
minimal heat exchanger volume and absence of receivers, composition
shift can be neglected. This effect was first calculated by Chen and
Kruse [36]. As a consequence, the circulating composition of zeotropic
mixture flow must somehow be determined. Looking at the given
set-up, a much more dominant cause of composition shift has to be
considered. This is the evaporator, in which a separation between liquid
and vapour phase occurs. Liquid refrigerant is hold back at all time so
that the heated tube is flooded. The vapour phase exits the vessel at
the top and enters the cycle.

The vapour-liquid equilibrium curve at 350kPa is shown in Fig. 2
considering all state points from Fig. 1. Subcooled liquid of the initial
composition at point 4 is heated to bubble point temperature at point 5.
Considering isothermal conditions in the evaporator due to the installed
preheater, the separation potential causes the composition difference
Az between liquid and vapour phase (5 — 6). The amount of this
composition adjustment is way higher than expected composition shift
without a flooded evaporator. Having filled only 1 % of R134a in mass
fraction, the circulating mixture contains about 5 %. During condensa-
tion (0 — 3), the composition does not change but the temperature
glide evokes a temperature gradient. Note, that the VLE is only drawn
for one specific pressure, whereas evaporation and condensation occur
on different pressure levels in experiments. The effect of composition
adjustment within the evaporator is intendedly used to specify the
condensing mixture. Filling less R134a lowers the effective GWP while
the adjustment evokes a measurable temperature glide of at least 5K.

2.2. Condensation section

With the heat transfer test section being designed to conduct a
partial condensation, the overall condensation section contains two

heat exchangers connected to the working fluid cycle in addition to
the test section itself. All equipment is insulated, so that adiabatic
conditions are assumed in the measurement evaluation. A schematic
of the condensation section is shown in Fig. 3, depicting all installed
components and sensors. The precondenser is a plate heat exchanger
(B12Lx40) by manufacturer SWEP which is used to cool superheated
vapour (state 0) to bubble point temperature and further conduct a
partial condensation at test section inlet (state 1). The postcondenser is
another plated heat exchanger (B10THx40) by SWEP, installed inline
behind the test section outlet (state 2). Its purpose is the complete
condensation and subcooling of the liquid mixture. Both plated heat
exchangers are connected to the laboratory’s cooling water supply.
The water flow rate is adjusted by pneumatic valves to control the
condensation pressure level. An increase of the water flow rate results
in lower pressures in the working fluid cycle. The water lines are instru-
mented with pressure, temperature and flow rate sensors to determine
the energy balance and thus transferred heat flow rate.

Before entering the test section, the refrigerant passes through a
cylindrical sight glass. Stratified flow is observed under all operating
conditions. The test section is a L = 1.2m long tube-in-tube heat
exchanger designed and built at the University of Bayreuth. The in-
ner tube, where condensation is conducted, has an inner diameter of
Dy, ; = 32mm and an outer diameter of D, , = 36 mm. In the annulus
between inner and outer tube (D, = 53 mm), water is circulating in
counter-current orientation to the refrigerant side. The test section is
manufactured of stainless steel 1.4301. Temperature and pressure are
measured at inlet and outlet on the refrigerant side. Additionally, the
wall temperature is measured at in total 16 locations. There are 2
positions in distance of 0.4m from inlet and outlet, at which 8 ther-
mocouples are placed uniformly around the perimeter. The sheathed
thermocouples are attached to the outer wall of the inner tube with a
perpendicular orientation. This positioning is depicted in Fig. 4.

The test section water side consists of a two-stage cycle system with
additional components. It enables the determination of HTCs under
the thermal amplification technique. A high flow rate driven by the
circulation pump (Pedrollo DHL 25-60/130) in the primary cooling
cycle lowers the water temperature change due to heat absorption. This
minimises gradients in the test section and allows for the assumption
of quasi-constant wall temperature but consequences high uncertainties
in temperature and thus heat flow rate measurements. This mismatch
is solved by the two-stage cycle design. The water, which remains
connected to the test section, is enclosed in a loop, making the primary
cooling cycle an intermediate one. It is connected via a plated heat
exchanger (SWEP B8Lx6) to the secondary water cycle. There, a low
water flow rate is maintained during operation with measurement of
the mass flow rate, pressure and temperature. The secondary cycle itself
is coupled to a process chiller (VC 2000) by manufacturer LAUDA.
Lowering the set point temperature of this process chiller, the water
temperature of the intermediate cycle also decreases. In this way, the
heat flow rate and change of vapour quality over the test section can
be adjusted.

2.3. Experimental procedure
Three parameters are observed with respect to their influence on the

condensation HTC. The vapour quality x can be set to specified values
in a range between 0.25 and 0.85 in the test section. The adjustment is
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carried out by variation of the water flow rate in the line connected to
the precondenser. Higher flow rates cause increased heat flow rates and
thus lower values of the vapour quality. Resulting from the comparably
large tube diameter, the mass flux G is kept at low values in the range
40kgm2s~! to 80kgm~2s~!. This results in a stratification in the flow
where the vapour flows on top of the liquid phase. The pressure of the
condensing mixture is dependent on the overall temperature of cooling
water. By increasing the flow rate of cooling water in the cycles coupled
with precondenser and postcondenser, the water temperature change is
lowered. Resulting from that, the condensation pressure decreases. The
pressure is evaluated by means of the reduced pressure p *, where the
actual pressure is set in relation to the mixture critical pressure. The
critical pressure is dependent on the composition and retrieved from a
REFPROP spline calculation.

Measurements are each carried out over a time span of ten min-
utes in stationary operation where all sensor data is recorded every
two seconds. This procedure allows for time averaging the results in
later calculations, minimising effects of sensor noise and unintended
fluctuations. The requirements for stationary conditions are:

1. No change in the measured liquid level of the receiver besides
signal noise,

2. Deviations of the mean condensation pressure of less than 1kPa
from the target value,

3. Limited fluctuations in the condensation pressure so that the
deviation between minimum and maximum value are below
1 kPa.

The last requirement is of great importance as the two-stage cooling
cycle introduces additional inertia to the system. Furthermore, the devi-
ations of vapour quality and mass flux from set points are observed. The
mean vapour quality, which is calculated from state points 1 and 2, has
a deviation of less than 0.01 to its target values under most operating
conditions. Due to it being highly sensitive to mixture composition
and time averaging, the maximal accepted deviation is at 0.02. This
holds also for the difference between maximal and minimal vapour
quality for measurement series with varying pressure or mass flux. The
mixture mass flow rate, which is measured by a Coriolis type sensor,
exhibits greater fluctuations resulting from the pump characteristics. A
deviation of 5kgm~=2s~! in the resulting mass flux is accepted in this
study.

3. Mixture modelling
3.1. Helmholtz equation of state

The data processing in Section 4 requires several calculations of
thermodynamic properties which are usually done in the form of the
reduced Helmholtz energy

a= = a0 T.X)+ a5, X). @

that is split into the ideal reduced free-energy a® and the residual
reduced free-energy part a. Mixtures are modelled as a combina-
tion of the pure component HEOS using mixture models based on
binary interaction parameters fitted to experimental data. Introduced
by Lemmon and Tillner-Roth [37] and further refined by Kunz and
Wagner [38] the reduced Helmholtz energy is given by

N
@6, X) =3 X;a)(x.6) +al . 3)

Jj=1
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The sum in Eq. (3) collects the corresponding state contributions a(()?
of the reduced Helmholtz energy weighted by the component mole
fractions X;. The second part a(') is the departure function.
The 1nteract10r1 parameters are used in the reduced mixture density
6 and the inverse reduced mixture temperature z, which are given by
P T.(X)
=—— andr=——. “4)
£, T
The composition dependent reducing functions weight the components’
critical molar densities or corresponding molar volumes v.; and the
components’ critical temperatures as

N
1 X + X,
=y = Ve + Z Z 2X, X0 (5)
Er Jj=1 Jj=1 I=j+1 ﬂ2 X +X
ith v, = . SRR 6
with v; = §ﬂuj,}’u/, v +v (6)
and
N
+X,
T,=Y XIT, +2 szx, o )
Jj=1 ! Jj=1I=j+1 ﬁT X +X1

with Tj[ = ﬂTj,YT/, \ Tc,jTC,l‘ ®

The software library REFPROP 10 [31] implements several HEOS for
pure substances and certain mixtures. However, to the best knowledge
of the authors, for the mixture R134a/R1233zd(E) measurement data
required to fit the interaction parameters is not available. Thus, they
are not implemented in the software and can only be inferred using
simplified mixing rules.

3.2. Parameter fitting

In order to retrieve more reliable mixture interaction parameters,
VLE data of the zeotropic mixture R134a/R1233zd(E) are required. For
doing so, molecular simulations can be performed [39]. In order to
obtain the required VLE data for the mixture at hand, Gibbs-Ensemble-
Monte-Carlo (GEMC) simulations have been carried out, the details of
which can be found in Appendix A.

The simulations result in predicted phase compositions  (dew/bubble)
and saturated phase densities p(dew/bubble) yhile equivalent measure-
ment data would be subject to measurement uncertainties, GEMC sim-
ulations yield uncertainty estimates by repetitions of simulations un-
der different initial configurations. Projecting the uncertainties in the
GEMC data as well as finding the correct mixing parameters can be
accomplished by Bayesian parameter fitting [40]. In order to do so,
the model

bubbl bubbl
(x(ew, x(ubble) p(dew Qb)Y p 7, p,.0), ©
i=1,...,N

is introduced, where the flash algorithm calculates the phase com-
positions and densities for a certain pressure p; and temperature T;
given the interaction parameters 6. As only VLE data are available, the
parameters 60 = (ﬁT,yT)T will be calibrated as suggested by Bell and
Lemmon [41]. The departure function is neglected and the remaining
parameters are set to f, =y, = 1.

A Bayesian approach is used to infer the uncertainties in the inter-
action parameters, based on the VLE data. Thus, 6 is modelled as a
random vector and embedded in the data model

()Zi(dEW), )?i(bubble)’ ﬁdeW)v ﬁl(bubb]e)) = (T 0) + e, (10)
i=1,....,N,
with the independent Gaussian noise elements

e~N (0 diag (var(dew) ()'(’;.‘bble), Varfiew), var;]?i“bble)>) . (11)
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Fig. 5. Histogram of MCMC interaction parameter samples.

The conditional density of the interaction parameters 0 given the data

N s T
D, = (Xi(dew),X (bubble) 5(dew) 5(bubble) - p,) can be calculated as

20| D) 1 ( x(dew) X(bubble), pldew) p(bubble) | T,9)~ 0, @12)
—— ——

posterior

likelihood prior

using Bayes theorem, where the data is denoted in vectorial form. Given
the uncorrelated Gaussian noise model, the likelihood can be calculated
as

x ( X(dew), X(bubble)’ pldew), p(bubble) Ip.T, 9)

=z (X 1 p.1.0) 2 (X | p.T, 9)
z(p peW) | p T, o) (p pdubbIe) | py 0) a13)
with normally distributed
( p(dewﬁmbble) | DT Brayr) ~ N ( x (dew/bubble) | Z(;lew/bubble)) (14)
and
( x (dew/bubble) | DT Broyvr) ~ N ( pldew/bubble) | ngew/bubble))’ 15)

where the covariance matrices are given by

Z(dew/bubble) (dew/bubble)

diag (var ..., var'dew/bubble) ) (16)

X.N

(dew/bubble) ) a7

and z(dew/bubble) — diag Var(dew/bubble), ...var
» 2l ~nN

As the posterior in Eq. (12) is difficult to calculate in closed form, a
Markov Chain Monte Carlo (MCMC) method is used to sample from
it. In particular, the Affine Invariant Ensemble Sampler introduced
by Goodman and Weare [42] implemented in the Python package
emcee [43] is used. Sampling was done with 20 walkers for 5000 steps
each. A burn-in of 200 and thinning, i.e. keeping only 1 out of 40
consecutive samples, was applied. Histograms of the remaining 2400
samples are shown in Fig. 5.

Using the estimated mean values, the HEOS parameters can be up-
dated to achieve more accurate mixture property modelling. The fitted
model in conjunction with the GEMC data is shown in Fig. 6. Using the
samples, the effect of uncertainties in the property calculations will be
evaluated in the following sections.
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Fig. 6. GEMC VLE simulation results and fitted HEOS model for molar com-
positions and densities together with 2-¢-credibility intervals in comparison to
REFPROP predictions using default interaction parameters.

4. Data processing
4.1. Calculation methods

4.1.1. Circulating mixture composition

Due to the vapour-liquid separation within the evaporator, the cir-
culating composition of the mixture R134a/R1233zd(E) depends on the
evaporation pressure and thus changes between all operating points.
The composition entering the condensation section at state 0 is equal
to the composition at state 3 and is determined for each measurement
by calculation of the VLE data. Local measurements of the saturation
temperature and pressure in direct fluid contact within the evaporator
yield information about the bubble point. The temperature value is as-
sumed to represent the local bubble point temperature. In preliminary
tests for pure R1233zd(E), this has proven to be valid, as the deviation
between temperature measurement and data retrieved from REFPROP
did not exceed 0.1 K under any condition. By minimising the function

AT = |T eas — Tbubble (Pmeas: 2)|» 18)

the circulating composition is determined for each operating point.
Calculation of the circulating composition could also be done by liquid
phase density measurements with a Coriolis type sensor. However,
for the given mixture the described method is favourable. The large
difference in saturation temperatures of R134a and R1233zd(E) allows
for a better resolution over mixture composition in comparison to
the density. The mean composition of different operating points only
varies marginally and thus is used to specify the reference circulating
composition and thus the critical pressure. The reduced pressure for all
measurements is computed in relation to the reference critical pressure.
Small deviations due to a change in the circulating composition with
its impact on the critical pressure are negligible.

4.1.2. State points in the test section

Knowledge of the circulating composition is not only relevant to
the specification of the mixture, but also has a huge impact on the
calculation of vapour quality as the state variable for partial con-
densation measurements. Computation by temperature and pressure
measurements would assume thermodynamic equilibrium, what does
not hold true for the present study. Instead, values of vapour quality

x = x(i, p) 19)
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are generally computed by their enthalpy and pressure dependency
through REFPROP.

The mixture enters the condensation after expansion in superheated
state 0 (compare Fig. 3), where

ig = i(Ty, py) (20)

the enthalpy is determined by local temperature and pressure. This
calculation is strongly dependent on the circulating composition. The
mixture enthalpy change from point 0 to 1 is calculated as
o
iy = ig(T,p) — —. 2D
mr
Here, Q'pc is the heat flow rate transferred within the precondenser.
Assuming an adiabatic system, the heat released from the mixture must
be absorbed by the cooling water connected to the heat exchanger.
With the water not experiencing phase change, the heat flow rate

Qpc = mW (iout(Tout,W’ pout,W) - iin(Tin,W’ pin)) (22)

is determined by measurements of temperature, pressure and mass
flow rate at the water side. Finally, the vapour quality is computed
by Eq. (19). Continuing with the test section, the energy balance on the
cooling water side is again used to calculate the enthalpy at the outlet
(state 2). As discussed in Section 2, the cooling water energy balance
is determined in a secondary cycle. The heat input of the intermediate
cycle, which is connected to the test section, must be considered. Heat
sources are the circulation pump and volume flow rate sensor which
warms up during operation. Preliminary measurements were conducted
over a wide range of operating points. The heat input Q;,., which also
represents heat losses to the ambient environment, amounts to 56 W.
Similar to the calculation for the precondenser, the transferred heat
flow rate

Qts = Ity (iout(Tout,W’ pout,W) - iin(Tin,WJ’in)) - Qimc (23)
and enthalpy

Oss
iy =i — — 24
iy =i e (24)
at state 2 are determined. The corresponding vapour quality is calcu-
lated again by Eq. (19).

4.1.3. Real and apparent heat transfer coefficients

The condensation HTC % is determined as mean value for a partial
condensation with a vapour quality change of 0.05 across the test
section. The general formulation of Newton’s Law of Cooling

Gg=h(T-Ty) (25)

states the relation between HTC and heat flux 4 at the heat exchanger
surface with a wall temperature T,. Applying Eq. (25) to the present
problem, the wall temperature is defined at the inner wall of the
inner tube. However, with the existing set-up, temperatures are mea-
sured at the outer wall of the inner tube. One-dimensional radial heat
conduction is considered so that the inner wall temperature

4 Dw,o
B P A ) (7)) 26)
WL T 6 L j=1 ] W0 2Lk,

can be calculated analytically. Here, the measured wall temperature
values T, , , correspond to the position at the outer wall of the inner
tube. The fluid temperature is defined as mean value
o TtT

2
of the test section inlet and outlet values. The thermal conductivity
of stainless steel 1.4301 k,, is temperature dependent and specified

(27)
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Fig. 7. Procedure of HTC determination from measurement data.

in [44]. Inserting Egs. (26) and (27) into Eq. (25), the condensation
HTC is finally calculated as

Oss

h= (28)

OsIn ( T
T1+T, 1 v16 Dyyi
Dyl =5 76 2j=1 [ Two + 27 Lky

Commonly, the logarithmic mean temperature difference is used in
heat transfer calculations rather than the difference of mean values.
Resulting deviations have been investigated but are negligible due to
the very low axial temperature change of the wall that is induced by
the intermediate cycle. The formulation for the mixture temperature,
which is given here, clearly indicates the impact of its value on the HTC
calculation. As the purpose of this study is to investigate differences
of the real and apparent HTC [9], two definitions for 7| and 7, are
applied. The procedure of experimental data processing is also shown
in Fig. 7. The apparent HTC, which is often reported in reference to
total condensation set-ups, requires the temperature calculation

T, =T(p;.i)) i=11,2) 29

by pressure and enthalpy. Either default mixture properties or adapted
values after parameter fitting can be used in REFPROP yielding dif-
ferent results. Temperature measurements are used otherwise to com-
pute the real HTC. The sensor position in this instance has to be
carefully chosen so that the temperature within the vapour bulk is
recorded. A general overview of the procedure of HTC calculations from
experimental data is provided in Fig. 7.

4.2. Measurement uncertainties

In order to evaluate the importance of local temperature formula-
tion and mixture parameter fitting, the uncertainty of calculated HTCs
needs to be assessed. Uncertainties of the associated influence parame-
ters vapour quality, mass flux and reduced pressure are determined in
addition to that. The methodology of uncertainty evaluation is based
on the guide to the expression of uncertainties in measurement [45].
Thereby, uncertainties are categorised by types A and B. The former
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of these contains uncertainties that can be evaluated by statistical
methods while all other sources are summarised in the latter. The
type A uncertainty of any scalar output variable Y is defined as the
experimental standard deviation of the mean

" 1/2
55 = [ni T2 (v -?)2] /2 30)

Jj=

where the number of measurements n has a significant impact. In
this study, data recording with » = 300 and strict requirements for
stationary operation cause the type A uncertainty of calculated HTCs
to be below 1 Wm=2 K~

Any given output variable Y, that is calculated depending on in-
put variables X, is attributed with an uncertainty of type B by the
means of uncertainties associated with all X,,. For that, Gaussian error
propagation

- (0B \’ '@ < 0B 0B v
ug = [z<ﬂ> ui/+22 Z ﬁé_A,uA/'A’ 31
Jj=1 J Jj=11=j+1 J
is applied to determine the standard uncertainty u 5. The second term in
this equation summarises existing correlations between different input
variables. This procedure of uncertainty evaluation is applied to the
calculation of vapour qualities (Eq. (19)) and the HTC (Eq. (28)). An
overview of the considered sensor uncertainties is given in Table 2.
The specific values are representative for the default operating point
(zR134a = 0.05; x = 0.55; p *= 0.06; G = 50kgm~2s~!) but stay in the
same range for other conditions.

For measurements of pressure and mass flow rate values, uncer-
tainties by sensor specifications and the data acquisition system (DAQ)
are considered. All temperature sensors were recently calibrated by
a high-precision reference sensor before installation into the system.
Thus, the uncertainty induced by the calibration is used in this case.
It considers contributions of the reference sensor (calibration and self-
heating) and the calibration environment (homogeneity and stability).
An additional uncertainty in the sensor reading (resolution, self-heating
and interpolation between calibrated points) is attributed. Deviations
in the uncertainty between fluid and wall temperature readings mainly
results from the calibration environment. All resistance temperature
sensors were individually placed in an oil bath. The already installed
thermocouples for wall temperature measurement were not dismantled.
Instead, the test section was placed in a water bath with larger inho-
mogeneities for the calibration procedure. To evaluate the uncertainty
of values obtained from REFPROP calculations, the central difference
quotient

dB _ B(A;+4A) - B(4; - 44))
dA; = 244,

is applied for an approximation of the local derivative. The resolutions
of the independent variables are AT = 1K, 4p = 1kPa and 4i =
1kJkg™'.

Uncertainties of geometry parameters are evaluated by tolerances
originating from the manufacturing. Thereby, the uncertainties of di-
ameters for the given condensation tube are up . = 0.36mm and
up,,, = 0.3mm. In terms of the tube length, u, = 2.12mm. In [44],
where the thermal conductivity of stainless steel 1.4301 is specified,
the uncertainty is said to be u; = 0.035 k. All resulting uncertainties in
this study are given as expanded measurement uncertainties U with
a coverage factor of 2. The HTC uncertainty lies in the range from
5% to 8%, gradually increasing with the HTC. The vapour quality is
determined with uncertainties in a range from 0.005 to 0.017 and the
uncertainty increases at lower vapour quality values.

5. Results
5.1. Verification of results

To verify the experimental set-up and the condensation test section,
measurements of the condensation heat transfer with pure R1233zd(E)
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Table 2
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Specification of installed sensors with their associated uncertainties in absolute numbers and relative to the reading.

Parameter Sensor Sources of uncertainty Standard uncertainty
Absolute Relative

Temperature refrigerant & water Omega PR-22 Calibration, sensor reading 0.03K 0.01%
Temperature wall tmg MK 93 Calibration, sensor reading 0.12K 0.04 %
Pressure refrigerant Omega PAA23SY Sensor & DAQ specifications 3.6kPa 1.59 %
Pressure water Yokogawa FP201A Sensor & DAQ specifications 2.1kPa 1.85%
Mass flow rate refrigerant Endress + Hauser 83F15 Sensor & DAQ specifications 1.56kgh~! 1.06 %
Mass flow rate water precondenser Endress + Hauser 83F15 Sensor & DAQ specifications 1.24kgh™! 0.93%
Mass flow rate water cooling cycle Bronkhorst CORI-FLOW M55 Sensor & DAQ specifications 0.46kgh~! 0.92%

Table 3
Mean absolute percentage deviation between correlations and verification
experiments conducted with pure R1233zd(E)

Shah 1979 [46] Cavallini et al. [10] Shah 2022 [11] Mani Marinheiro et al. [12]

23.1 27.2 28.7 15.6

were conducted. Under variation of vapour quality, pressure and mass
flux in the same range as for the mixture condensation, 45 operat-
ing points were evaluated. The resulting HTCs are in a range from
550Wm=2K~! to 1700 Wm~2K~! and show a similar behaviour to that
of the mixture. The HTC increases with the vapour quality and mass
flux but decreases with increasing pressure. The parameter influence is
discussed in detail in the following section with respect to the mixture.
A comparison to four different correlations was done. Two of those
— the Shah correlation from 1979 [46] and the correlation proposed
by Mani Marinheiro et al. [12] - are one-equation models where no
differentiation between flow regimes is made. The other correlations
(Cavallini et al. [10]; Shah 2022 [11]) use different methods for
calculating the condensation heat transfer coefficient depending on
the flow regime. To evaluate the conducted measurements against the
correlations, the mean absolute percentage deviation

1 45 hcorrelation —h

MAPD = —
45 &1 h

experiment

33)
experiment

was calculated. The corresponding values are given in Table 3. The
numerical HTC and correlation results are additionally listed in the
appendix. The correlations are reported with MAPDs ranging from
14% to 23.3% to their considered data bases and thus the obtained
results verify the condensation test section.

5.2. Condensation heat transfer coefficients

Condensation HTCs were determined as real and apparent values
for two different compositions of the mixture R134a/R1233zd(E). The
calculation was also performed using sensor data from the intermediate
cooling cycle, but yields measurement uncertainties for the HTC of
approximately 80 %. Therefore, a possible comparison of this direct
cooling evaluation with the thermal amplification technique, which
was generally applied in this study, would require further trade-offs
in the condensation heat duty beyond this study.

The experimental data exhibits HTCs in the range between
500Wm—2K~! to 1100Wm 2K~! and is discussed depending on the
chosen influence parameters. The highest sensitivity is attributed to
the change of vapour quality as shown in Fig. 8. The HTC increases
almost linearly with x with large relative changes due to the generally
low values. The slope is comparable to data from Cavallini et al. [47]
for R134a, where the difference between the maximal and minimal
HTC values was about 500 Wm~2K~! at the lowest investigated mass
flux. The authors stated that these characteristic moderate increases of
HTGCs in stratified flow indicate the vapour shear force to be negligible
at low mass fluxes. In annular condensation flow, a steeper increase
with the vapour quality was found. This phenomenon is due to the
liquid film thickness strongly depending on the vapour quality, whereas
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Fig. 8. Experimentally determined HTCs depending on vapour quality.
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Fig. 9. Experimentally determined HTCs depending on mass flux.

condensation in stratified flow always occurs in proximity of the tube
wall and mainly the changing void fraction influences the HTC by
the proportions of film condensation and single-phase convective heat
transfer. The dependency on mass flux, which is depicted in Fig.
9, is linked to effects of the flow velocity. Higher velocities cause
increased fluid mixing, a reduction in the mass transfer resistance at
the condensation interface and thus better convective heat transfer.
Finally, the HTC also exhibits sensitivity to pressure as shown
in Fig. 10. In contrast to vapour quality and mass flux, values in-
crease at lower pressures. The data indicates that especially at low
pressures a larger increase of HTCs can be achieved by changes in
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Fig. 10. Experimentally determined HTCs depending on reduced pressure.
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Fig. 11. Comparison of measured and calculated local fluid temperatures in
difference to wall temperature.

the condensation pressure. The pressure influence is related to the
temperature-dependent properties density, viscosity and thermal con-
ductivity. Thus, the variation of HTCs with pressure is specific to a
distinct fluid.

A difference in the HTC between real and apparent value is given
across all operating conditions where the former of these is always
higher than the latter. In relative numbers, the deviation ranges from
8% to 12% for the majority of measurements at zgj34, = 0.05 and
from 13% to 20% at zgj34a = 0.07. Only at low vapour qualities,
real and apparent HTCs converge. As per definition of the HTC, the
differentiation originates solely from the fluid temperature formulation.
The temperature difference AT = T — T, is depicted in Fig. 11 for
the measurements with varying vapour quality. Outlying points in this
representation (x = 0.65 and x = 0.75 at zgy34, = 0.07) are caused by
smaller variations of vapour quality in the test section and do not imply
outliers in the HTC as can be seen in Fig. 8.

A comparison between measured and calculated temperatures can
only be drawn for individual measurements due to variations in the
heat flow rate. Calculated temperatures are generally higher than mea-
sured values, and the difference increases with the mass fraction of

11
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R134a. As a consequence, temperature measurement of superheated
vapour does not take place. Subcooling of liquid phase on the other
hand is as well no explanation due to the verified positioning of
sensors in the vapour phase. Systematic errors in the fluid temperature
measurements, which could explain the continuous behaviour of lower
values, can be excluded. In preliminary tests with pure R1233zd(E),
the discrepancy was generally lower than 0.1 K. One possible source
for the deviations lies in the approximated mixture properties. Wrong
prediction of the VLE data would cause a difference in the temperature
calculation. The key role, however, is assumedly taken by local com-
position shift in the test section. The condensation process is taking
place in proximity of the tube wall, and no liquid film formation can
be observed due to the dominant gravity force at low mass fluxes.
Due to the fractionation potential of the mixture, the condensate is
enriched in the less volatile component R1233zd(E). This leads to
higher mass fraction of R134a in the vapour phase close to the tube wall
in comparison to the vapour bulk. A similar phenomenon was measured
and reported by Zhang et al. [48] in stratified flow of a mixture
R134a/R245fa. While the authors used a different geometry in form of
a rectangular channel, the were able to measure the local composition
of the vapour phase at different heights. Significant differences in the
concentration of R134a were determined between the lower and upper
sampling point. Translating their findings to the present work, a radial
composition shift appears to be the plausible reason for temperature
gradients in the vapour phase of the two-phase flow. This explains
deviations between measurement and calculation but also provides
reasoning for the outlier in Fig. 11 at the lowest measured vapour
quality. The temperature glide of the mixture R134a/R1233zd(E) is not
linear over the vapour quality but has a steep increase at low x values.
This highlights the large difference between vapour and liquid phase
composition of the mixture, causing the vapour phase at low vapour
qualities to mainly consist of R134a. Consequently, the reported com-
position gradient diminishes in this instance causing the measured and
calculated temperatures to be similar. The results still show the need of
a more comparable temperature measurement position in experimental
studies.

5.3. Influence of mixture parameter fitting

The circulating composition is determined by the bubble point
within the evaporator. Pressure and temperature are measured, where
the temperature value is assumed to represent the local bubble point
temperature at the given pressure. The change in composition, which
results from parameter fitting explained in Section 3 is about 0.2%
across all operating points, and can be seen in Fig. 12 exemplarily for
the default case. The histogram shows the distribution of the concentra-
tion of R1233zd(E) where more than 90 % of values are within a range
of 0.001 — which is also the digit where rounding takes place.

The visible uncertainty in the concentration indicates the impact
of the parameter fitting. The former concentration, calculated before
parameter fitting using estimated parameters and depicted by a red
line, is outside of any reasonable credible interval of the samples. Thus,
given the predicted VLE data with their uncertainties from GEMC sim-
ulations, the updated interaction parameters should be used for further
property calculations. Contrarily, the impact of parameter fitting on the
vapour quality calculation is negligible. The mean of the distribution
after parameter fitting is identical to the a priori calculated vapour
quality. Due to rounding the values of vapour quality to the third
decimal, minimal changes are overwritten. In addition to that, the effect
of uncertainties in the HEOS is outweighed as the difference between
minimum and maximum vapour quality is less than 0.001. A minor
change in the calculated vapour quality after parameter fitting exists
only at low vapour qualities.

The final evaluation of parameter fitting against the determined
HTCs yields a visible influence which is, however, smaller than the
impact of temperature definition in the differentiation between real and
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A
O
=50 A
A
- o A
Y -100F A o o
e A A
E o 10
= _150f o A
- A
8 o ®
= A
| —200f
= A
A apparent HTC (0.05/0.95) o
_250L O apparent HTC + PF (0.05/0.95)
A apparent HTC (0.07/0.93) G=50kgm™2s71
O apparent HTC + PF (0.07/0.93) p* =0.06
= 1 1 1 1 1 I
o0 03 04 05 06 07 08
x/-

Fig. 13. Deviation between real and apparent HTCs before and after parame-
ter fitting.

apparent HTC. As depicted in Fig. 8, the difference between results
without and with parameter fitting is in the range of measurement
uncertainties for all operating conditions. It has to be noted that
parameter fitting increases the deviation from real HTC values, which
is shown again for the identical data in Fig. 13. The depiction reveals
the trend of underestimated apparent HTCs, also being influenced by
the vapour quality. The deviation between values before and after
parameter fitting, on the other hand, is about constant. It remains in
the range of 20Wm=2K~! to 30 Wm~2K~!. At this point, the effect of
composition change due to parameter fitting comes to play. The shift
to larger mass fractions of R1233zd(E) consequences an increase of
dew and bubble point temperature for the circulating mixture. This
also causes higher local fluid temperatures in the condenser, even
though the vapour quality does not change with parameter fitting.
The calculation of higher fluid temperatures finally causes lower HTCs.
Thus, the obtained measurement results indicate that the largest impact
of parameter fitting is on the VLE data at lower pressures due to a
different composition in the cycle.
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6. Conclusion and outlook

The present study investigated uncertainties in the experimental
determination of HTCs for film condensation of the zeotropic mixture
R134a/R1233zd(E) in a horizontal tube. The results indicate that pe-
culiarities in the systematics can outweigh measurement uncertainties
obtained from evaluation of sensor and data processing equipment. An
ORC test rig was used to determine HTCs in stationary operating mode
for varying vapour quality, mass flux and pressure. Three different
aspects reported in literature were considered regarding their influence
on HTCs:

+ In stratified flow condensation of zeotropic mixtures, the as-
sumption of thermodynamic equilibrium does not fully hold true.
Local temperature deviations between the phases in a liquid-
vapour mixture effect the HTC values depending on the fluid
temperature definition. The real HTC - defined by the measure-
ment of the vapour phase temperature — was found to be higher
than the apparent value which considers the calculated local
dew point temperature 7T 4, (z, p) under all investigated operating
conditions.

The effect of fitting interaction parameters to GEMC simulation
data in order to achieve high-fidelity mixture properties was
evaluated as such data had not been published before. The re-
sulting interaction parameter means showed a suitable fit to the
GEMC data. However, the predicted uncertainty intervals did
not fully cover the data, hence the parameter uncertainty is
probably underestimated. The remaining error could for example
be attributed to model error. The difference in VLE calculations
after parameter fitting was apparent in the results in terms of
a consistent change in the circulating composition which was
derived from the bubble point temperature. The resulting HTCs
were lower after parameter fitting with the deviation being almost
constant and in the range of measurement uncertainties.

A complete evaluation of the used thermal amplification tech-
nique was not done due to the measurement uncertainties of the
HTCs reaching values of 80 %. It is apparent that only the thermal
amplification technique allows to conduct measurements during
a partial condensation with a low variation of the vapour quality
and averaging of results. In order to compare measurements with
and without the technique, an adapted study design with higher
heat flow rates in the test section would be needed.

Expanded uncertainties for the HTCs were reported in a range
between 5% to 8%. The impact of fluid temperature definition was
found to outweigh them under almost all operating conditions. The
change of HTCs after parameter fitting increased the deviation between
real and apparent value while not being that significant. Future re-
search should, however, consider further uncertainties in the parameter
fitting, if available VLE data does not overlap with the given operat-
ing range. This was not investigated in the present work where the
GEMC simulations were purposely done for the required pressure range.
This study concludes that the experimental determination of HTCs for
zeotropic mixtures is subject to higher uncertainties than for pure fluids
due to the analysed aspects. The key findings of this study may be
transferred to any zeotropic mixture. The deviation between real and
apparent HTC is assumedly dependent on the temperature glide and
thus the specific mixture. They could be outweighed by the effect of
parameter fitting for newly applied mixtures. This is especially relevant
due to the environmental impact of refrigerants that is nowadays a key
factor in energy technology development. Therefore, the assumption of
thermodynamic equilibrium and the availability of mixture properties
should be taken into consideration in future research.
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Table A.1

GEMC simulation results and their standard deviations for the compositions X®“®) x(dew) and saturated densities o), g(dew)

of R134a/R1233zd(E).
T/K p/MPa X};bl"é’j:)/mol mol ™! Xé{dl‘;z)a/mol mol ™! pubbIe) 7k o m=3 pl4e) /kgm=3
293.15 0.15 0.066 (0.005) 0.294 (0.012) 1278.4 (3.2) 7.88 (0.02)
293.15 0.20 0.161 (0.006) 0.507 (0.024) 1273.3 (2.0) 10.06 (0.07)
293.15 0.25 0.255 (0.017) 0.641 (0.020) 1270.1 (3.0) 12.26 (0.06)
293.15 0.30 0.352 (0.015) 0.734 (0.013) 1265.0 (2.8) 14.50 (0.07)
293.15 0.40 0.565 (0.023) 0.860 (0.013) 1251.4 (3.0) 19.06 (0.06)
293.15 0.50 0.786 (0.005) 0.940 (0.002) 1234.1 (2.1) 23.76 (0.08)
333.15 0.50 0.056 (0.003) 0.185 (0.008) 1168.0 (5.4) 25.13 (0.74)
333.15 0.60 0.139 (0.008) 0.380 (0.018) 1160.2 (2.2) 29.34 (0.14)
333.15 0.70 0.210 (0.013) 0.489 (0.021) 1153.7 (2.4) 33.70 (0.30)
333.15 0.80 0.277 (0.023) 0.574 (0.030) 1150.8 (6.1) 38.41 (0.32)
333.15 1.00 0.423 (0.018) 0.706 (0.016) 1137.7 (5.7) 47.68 (0.41)
333.15 1.20 0.589 (0.017) 0.816 (0.009) 1114.7 (4.6) 57.21 (0.34)
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Appendix A. Gibbs ensemble Monte Carlo simulations for the zeotropic

mixture R134a/R1233zd(E)

Predictions for the VLE of the zeotropic mixture R134a/R1233zd(E)
were derived by GEMC simulations [49] in the isothermal-isobaric
(NPT) ensemble using the simulation code TOWHEE [50]. The re-
frigerant R134a was modelled by the all-atoms force field by Peguin
et al. [51], whereas the transferable H(C)FO model developed in the
Raabe group [52] was employed to model the HCFO R1233zd(E).
The Lennard Jones parameters for interactions between unlike atoms
were obtained from the Lorentz-Berthelot combining rule with no
adjustable interaction parameters, resulting in purely predictive VLE
data for the mixtures. Each system consisted of 432 molecules in
total, but depending on the state point, the number of the molecules
of both components were varied to yield a feed composition within
the two phase region. Electrostatic interactions were treated via the
Ewald summation method [53] using a cut-off radius equal to half
the box length, while a 12A cut-off was applied to the Lennard-Jones
interactions. Standard long-range corrections were applied to both the
energy and the pressure (see for instance [39]). For each data point, the
simulation was equilibrated for 120000 to 200000 cycles. The production
runs comprised 400000 cycles from which ensemble averages for the
compositions and saturated densities of the coexisting phases at the
specified temperature and pressure were obtained. Standard deviations
of the ensemble averages for the compositions and densities were
determined by the standard block averaging technique (e.g. [39]). The
GEMC simulation results for the compositions and the saturated densi-
ties of the liquid and vapour phase of the VLE in the zeotropic mixture
R134a/R1233zd(E) at T = 293.15K and 333.15K are summarised in the
following Table A.1.

Appendix B. Experimental heat transfer results of verification mea-
surements

The results in Table B.2 were obtained in verification measurements
for condensation of pure R1233zd(E). The reported HTC values apply
the measured saturation temperature and are thus comparable to the
real HTCs for the mixture.

Data availability

Data will be made available on request.
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Table B.2
Experimental heat transfer coefficients and correlation results of verification measurements with pure R1233zd(E).

Experimental Thermal and Fluid Science 176 (2026) 111760

p/kPa G/kgm™2s7! x/- h/Wm2K™! Shah 1979 Cavallini et al. Shah 2022 Mani Marinheiro et al.
181.0 39.6 0.266 1013 451 439 877 670
181.0 39.3 0.415 1153 586 567 1047 852
181.5 39.4 0.559 1258 702 689 1209 990
180.8 39.2 0.709 1340 802 813 1386 1088
181.0 39.2 0.858 1341 882 938 1622 1137
181.2 59.5 0.303 1240 676 601 1059 902
181.0 59.4 0.412 1370 810 733 1217 1064
180.9 59.2 0.562 1459 975 911 1427 1242
180.8 59.3 0.714 1550 1122 1092 1641 1369
181.1 59.8 0.849 1569 1233 1262 1871 1433
181.1 77.1 0.243 1204 730 624 1074 920
181.5 77.8 0.418 1367 1014 896 1393 1244
181.1 78.6 0.547 1533 1202 1103 1614 1432
181.2 79.1 0.684 1630 1377 1321 1841 1579
181.0 79.2 0.849 1704 1542 1580 2132 1672
2179 40.0 0.257 690 426 389 843 637
217.4 38.9 0.407 792 546 517 1001 806
218.3 40.0 0.561 941 674 631 1174 959
217.1 40.3 0.695 1032 768 741 1332 1053
217.6 40.0 0.826 1079 835 840 1515 1099
216.4 60.1 0.243 917 572 490 938 774
217.4 59.5 0.395 992 754 653 1151 1002
217.4 59.9 0.547 1079 919 826 1358 1185
217.2 60.0 0.702 1157 1062 999 1567 1315
217.4 60.1 0.842 1196 1166 1157 1787 1379
217.4 78.0 0.239 1022 698 587 1036 884
217.3 78.3 0.423 1175 977 851 1351 1208
217.1 78.5 0.547 1213 1141 1022 1548 1375
217.0 78.3 0.717 1191 1331 1258 1807 1534
216.9 78.2 0.841 1243 1440 1432 2015 1595
253.8 39.9 0.267 560 418 386 833 628
253.7 38.9 0.401 729 519 481 967 772
253.7 40.6 0.544 792 643 596 1129 922
254.2 38.5 0.698 811 710 679 1276 993
253.6 39.1 0.846 890 791 797 1496 1052
253.5 60.6 0.264 729 581 493 946 787
253.5 60.5 0.414 866 753 650 1149 1001
253.2 60.5 0.549 941 889 791 1323 1153
253.5 60.2 0.714 1003 1028 957 1533 1280
253.5 61.3 0.854 1032 1137 1119 1763 1349
254.0 78.9 0.258 895 708 583 1044 898
253.2 78.7 0.414 985 930 787 1297 1158
253.3 78.7 0.555 1042 1104 971 1508 1338
253.5 78.3 0.701 1062 1256 1155 1718 1470
253.3 78.7 0.854 1135 1390 1363 1973 1549
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