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ARTICLE INFO ABSTRACT
Keywords: To replace state-of-the-art working fluids in thermodynamic cycles in respect to environmental and efficiency
Heat transfer perspective is a current engineering task. In this context, fluid mixtures represent an important research
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approach. However, the existing correlations for heat transfer coefficient for mixture boiling are complex and
uncertain due to diverse thermophysical properties.

In this study, nucleate boiling heat transfer coefficients were experimentally determined for the binary mix-
tures ethanol/water and ethanol/MM on a vertical falling film at a copper tube for 1 bar and a heat flux range of
40 to 100 kW/m?. The heat transfer measurements for ethanol/water show a well-known behavior, and co-
efficients decrease below the pure fluid heat transfer coefficients due to mass transfer resistances. In contrast,
measurement data for the ethanol/MM mixture has shown an increase in heat transfer coefficients compared to
the pure fluids. The Marangoni effect may have caused this increase. An enhanced heat transfer correlation was
proposed based on the correlation of Schliinder under consideration of surface tension and density differences of
the pure components. This newly developed correlation is able to predict the heat transfer characteristics of
ethanol/water and ethanol/MM very well, and the deviation in the calculation is reduced significantly. The
average mean deviation for ethanol/water was 13.3 % and for ethanol/MM only 11.1 %. The general validity of
the developed correlation was determined based on ten additional binary mixtures from literature in a pressure
range of 1-6 bar and in a heat flux range of 30-1000 kW/m?. The overall mean deviation concerning the entire
data set for the binary mixtures was 18.5 % for Fuyjita and Tsutsui, 20 % for Inoue and Monde, 18.6 % for the
Thome and Shakir correlation, 16.1 % for Schliinder, and 11.6 % for the enhanced correlation.

Next to system performance and legal aspects, heat transfer charac-

1. Introduction teristics have to be considered in fluid selection. According to Bai et al.
[71, Modi and Haglind [8], Aricapa et al. [9], Wang et al. [10] and Weith

The use of mixtures and in particular zeotropic mixtures as working et al. [11] zeotropic mixtures improve the overall efficiency of a system.
fluids in thermodynamic cycles like Organic Rankine Cycles (ORC), For example, Weith et al. [11] examined the mixture hexamethyldisi-
absorption or compression heat pump increases constantly [1-4]. Zeo- loxane (MM)/octamethyltrisiloxane (MDM) for a combined heat and
tropic mixtures can lead to a good temperature glide matching in the power generation. The authors show that the efficiency could be
condenser and the evaporator. In this case, exergy losses are reduced and increased by up to 3 % compared to the most efficient pure fluid for the
a higher cycle performance results. Moreover, legislation such as the examined ORC system. Aricapa et al. [9] examined refrigerant mixtures
European Union F-Gas regulation [5], Montreal and the Kyoto Protocol such as R134a, R404A and R410A in their study for refrigeration and air
have led to increased application of mixtures. According to the Montreal conditioning applications. It was shown that the use of mixtures such as

and the Kyoto Protocol, fluids with an Ozone Depletion Potential (ODP) R134a/R1234yf could reduce the _GWP by up to 50 % compared to pure
higher than 0 are forbidden and should also have a Global Warming R134a. Furthermore, the use of mixtures such as R447A (R32/R1234ze

Potential (GWP) as low as possible. In this context, mixtures are used as (E)/R125) or R459A (R32/R1 234z.e(E)/ 1234yf(E)) showed that a lower
substitutes, e.g., R454B (a mixture of R32 and R1234yf as substitute for GWP of up to 78 % could be achieved compared to R410A and at the

R410A). Furthermore, potential refrigerants should not be flammable, same .time the 'COP could be inc’reased by ‘up to 4 %. Wang et al. [10]
explosive, toxic or corrosive. These requirements and the recent phase examined the.1r.1ﬂuence of the siloxane mixture MM/MDM on the net
down of fluorinated hydrocarbons reinforce this development [6]. power and efficiency of an ORC compared to the pure substances. They
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Nomenclature

Latin letters

Bo coefficient in Eq. (18) (-)

[ specific heat capacity (J/kgK)

Cr coefficient in Eq. (16) (-)

Cst coefficient in Eq. (8) (-)

dyap mean absolute percentate deviation (-)
D diameter (m)

dy bubble diameter (m)

F,,F4,F, coefficient (-)

acceleration due to gravity (m/s%)
excess of free enthalpy g (J)

heat transfer coefficient (W/m?K)
latent heat of vaporization (J/kg)
coefficient (-)

thermal conductivity (W/mK)
coverage factor (-)

length (m)

coefficient in Eq. (8) (-)

coefficient in Eq. (26) (-)

molar mass Eq. (16) (kg/mol)
coefficient in Eq. (8) (-)

electrical evaporator power (W)
pressure (bar)

reduced pressure (-)

heat (W)

heat flux (W/m?)

arithmetic mean roughness height (um)
bubble radius (m)

temperature (K)

measurement uncertainty in Eq. (4) (-)
standard measurement uncertainty (-)
mass composition vapor phase (-)
mass composition liquid phase (-)
mol composition liquid phase (-)

mol composition vapor phase (-)

RRTTEFECHYIRQROT, T U I N S Sn

Greek letters

A liquid side mass transfer coefficient (m/s)
Psa contact angle of the bubble (°)
p density (kg/m>)

o surface tension (N/m)

c standard deviation (-)

U dynamic viscosity (m/s)

A9 superheating of the liquid, (K)
Subscripts

0 normalization value

1,2 component

a0 reference Value

B boiling

c critical

c copper

ca camber

calc calculated

db dew and bubble point

el electrical

exp experimental

i inlet

i,j components

in inner tube

id ideal

g gas

H, hydrogen

1 liquid

m mixture

m position sensor

map mean absolute percentage

mix mixture

nb nucleate boiling

o plane phase interface

o outlet

ow outer wall

s saturation

sol solder

v vapor phase

w wall

w, a outside copper tube

w, in inner tube + solder

Abbreviations

ATR unit attenuated total reflection unit

AZP azeotropic point

Calc calculated

DLaTGS deuterated L-alanine-doped triglycine sulfate

EC enhanced correlation

FT-IR fourier transform infrared spectroscopy

F/T Fujita/Tsutsui

GWP global warming potential

HTC heat transfer coefficient

I/M Inoue/Monde

MM hexamethyldisiloxane

MDM octamethyltrisiloxane

NRTL Non-Random-Two-Liquid-Modell

ODP ozone depletion potential

ORC organic ranking cycle

REFPROP Reference Fluid Thermodynamic and Transport
Properties Database

S Schliinder

T/S Thome/Shakir

UNIFAC Universal Quasichemical Functional Group Activity
Coefficients

UNIQAUC Universal Quasichemical

VLE vapor-liquid-equilibrium

conclude that the thermal stability of the siloxanes has a significant ef-
fect on the performance of ORCs, and the use of siloxane blends could
improve net performance by 8.1 % compared to pure working fluids.
Unfortunately, thermo-economic investigation from [11-13] reveal
a tradeoff due to the application of mixtures with different compositions
between an increase in power output and increase in heat transfer sur-
faces. Therefore, for system design and optimization, precise calculation
methods for pure fluids and especially for fluid mixtures are required to
predict the heat transfer coefficient (HTC). According to Modi and

Haglind [8] and Andreasen et al. [14], the selection of the fluid and the
boiling process plays a dominant role in geothermal applications using
ORC systems. For example, Andreasen et al. [14] achieve a 15 % higher
power output for the isobutane/pentane mixture by optimizing the
boiling pressure. It has also been shown that the techno-economic per-
formance of zeotropic mixtures results in lower energy costs compared
to pure fluids for ORC or waste heat recovery applications [14].

In the past 70 years, many researchers have carried out experimental
investigations for nucleate boiling of pure fluids and mixtures. In the
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case of nucleate boiling of mixtures, it is known from numerous studies
[15-25] that the heat transfer coefficient is reduced compared to the
associated pure fluids. Various mechanisms cause this effect. When
evaporating mixtures, heat and mass transfer mechanisms are closely
coupled and so mass transfer resistance in the mixture leads to deteri-
oration of the HTC according to Gropp and Schliinder [26]. Further-
more, as with the pure fluids, the thermophysical properties of the fluid
mixture play a significant role in the boiling of mixtures. The constantly
changing thermophysical fluid properties due to changes in concentra-
tion leads to a change in the heat and mass transfer coefficient. Xu et al.
[27] show that nucleate boiling of pure fluids and mixtures has been
extensively studied over the years from many aspects, with the largest
and most significant impacts on pool and flow boiling. Next to the
already described mass transfer resistance, nucleate boiling of mixtures
can also be influenced by the so-called Marangoni effect [28,29]. There
are only few studies on mass transfer and Marangoni convection at pool
or flow boiling due to the experimental difficulty. Gropp and Schliinder
[26] for example, carried out parallel heat and mass transfer coefficient
measurements for nucleate boiling for a vertical falling film for the
mixture R11/R113. Vertical falling films enable a visual accessibility of
the vaporized gas phase for mass transfer investigations. Furthermore,
there are several studies addressing fluid dynamics and heat transfer
measurements on a vertical or horizontal liquid film. For example, Fujita
and Ueda [30,31] investigated HTC and film breakdowns as a function
of the Reynolds number for water in a vertical pipe. In general, the
existing investigations are focused on pure fluids.

For example, Weise and Scholl [32] analyzed fluid dynamics and
heat transfer on a vertical falling film for pure fluids such as cyclo-
hexanol and propylene glycol with high Prandtl numbers (29 to 663).
The authors showed that even at very low Reynolds numbers (Re < 10),
wavy film structures can occur, and that surface tension effects have an
influence on the film dynamics as well as on heat transfer. Seara and
Pardinas [33] compared falling films in horizontal tube evaporators
with pool boiling evaporators. For refrigerant systems the authors
conclude that the falling film design is a good alternative in terms of
operating costs, safety, thermodynamic efficiency, refrigerant charge or
size. However, special attention must be paid to fluid distribution
around the tube to prevent the film from drying out as well as cracking
and to avoid deterioration of the HTCs. The authors also point out that
there are numerous empirical correlations for falling films in the liter-
ature, but the accuracy of the predictions is usually limited to very
specific experimental conditions. Fujita and Tsutsui [34] investigated
the heat transfer for the refrigerant R11 on a horizontal tube in case of a
falling film at film Reynolds numbers between 10 and 2000. They
developed a new empirical heat transfer correlation for pure fluids as a
function of the Reynolds number. Additionally, the deterioration of the
heat transfer when the film collapses was pointed out by the authors.
Alhusseini et al. [35] investigated the heat transfer for water and pro-
pylene glycol on a vertical falling film. In this context an empirical
correlation was developed, which provided satisfying results for the
investigated pure fluids. However, the correlation is not applicable for
pool boiling or fluid mixtures.

There are only few studies, which have dealt with the detection and
influence of the Marangoni effect [28,29] in relation to pool boiling
regime of fluid mixtures. Measurements on the critical heat flux of
water, ethanol/water and 1-butanol/water by Hu et al. [36] showed that
the critical heat flux was 1.5 times higher for ethanol/water and 1.92
times higher for 1-butanol/water than for pure water. The authors as-
sume that a set Marangoni flow for the mixtures had a positive effect on
the heat transfer. Optical measurements at the microscopic level by
Namura et al. [37] for ethanol/water and 1-butanol/water support this
assumption and have shown a thermal and solutal Marangoni flow
around a bubble that is formed. The authors clearly indicated that the
use of fluids with a positive Marangoni effect [28,29] can significantly
improve the heat transfer of fluid mixtures. To what extent the Mar-
angoni effect [28,29] is based on geometric influences could not be
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answered by the authors at this point.

Therefore, the influences of mass transfer mechanisms and Mar-
angoni effect [28,29] on nucleate boiling heat transfer using fluid mix-
tures in vertical liquid films is not well known and requires further
investigation. Furthermore, it remains unclear how these influences can
be considered in nucleate boiling heat transfer correlations for mixtures.

Currently, empirical or semi-empirical correlations can be used to
calculate the HTCs, which are only applicable for a limited number of
fluids and in a range of operating parameters, such as the well-known
correlations of Schliinder [21], Thome and Shakir [38] or Fujita and
Tsutsui [18] for fluid mixtures. However, most calculation methods
require reliable mixture property data like vapor-liquid equilibrium
(VLE), density, surface tension or enthalpy of vaporization. These data
are often not available for certain fluids or mixture combinations, or are
sometimes very error-prone when calculating with inadequate calcula-
tion models. Arnautovic et al. have shown in previews studies [39,40]
that depending on the choice of the calculation method, massive un-
certainties and errors can occur when calculating VLE data or transport
properties of siloxane mixtures.

In this paper, heat transfer coefficients for ethanol/water and a
mixture of the linear siloxane MM with ethanol are measured on a
vertical copper tube on a falling liquid film. Furthermore, reliable heat
transfer correlations for ethanol/water and ethanol/MM should be
identified. An extended correlation for nucleate boiling of mixtures is
also developed and presented. The proposed correlation can be used
with accessible fluid properties and is validated with different liquid
mixtures such as zeotropic and azeotropic or different fluid classes.

2. Experimental setup and methodology

The presented experiments include heat transfer measurements of
water/ethanol and ethanol/MM mixtures on a vertical tube under falling
film conditions. The fluids, the experimental setup, and the data
reduction are described in detail in the following sections.

2.1. Investigated fluids

For the experiments, ethanol and distilled water were used with a
mass fraction purity of > 99.95 % according to the supplier VWR
Chemicals. The purity of the siloxane MM from Wacker Chemie AG is >
99.50 % and was measured by the supplier using gas chromatography
(GQ). Table 1 lists the specifications of the investigated fluids.

The mixtures, ethanol/water and ethanol/MM are examined in a
range of 0 to 100 % in 20 % steps. Studies by Angelino and Paliano [41]
and Abbas et al. [42] showed the potential of siloxanes and their mix-
tures as working fluids in high-temperature ORC processes. Ethanol/-
water is a well-known mixture [15,18,21,43] and will be used with the
pure fluids for validation with available literature data.

2.2. Experimental setup

To measure the heat transfer coefficient an experimental setup
shown in Fig. 1 has been developed.
The pure fluids and mixtures are pumped from the fluid tank into a

Table 1
Information and purity of the components.
Fluid Chemical CAS Molar Purity Supplier
formula number mass (mass

(g/mol) frac.)

Ethanol  CyHeO 64-17-5 46.068 > 99.95 VWR

% Chemicals
Water H,O 7732-18-5 18.015 > 99.95 VWR

% Chemicals
MM CgH150Si2 107-46-0 162.38 > 99.50 Wacker

% Chemie AG
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Fig. 1. Schematic diagram of the experimental setup.

preheater section by using a gear pump. The mass flow is measured by a
coriolis mass flow sensor. In the preheater, the fluid is heated close to
saturation temperature (T;, x;) before entering the measurement sec-
tion. In order to provide a falling film application, the fluid first is led
through a porous stainless-steel filter with a length of 50 mm, an outer
diameter of 17 mm and a pore size of approximately 40 ym. The falling
film flows down an electrically heated vertical copper tube and is
partially evaporated. The remaining liquid part is cooled at the outlet of
the measurement section by a heat exchanger and then led into a
collection container. The vapor part is split off continuously, perpen-
dicularly to the evaporator surface via diaphragm pumps, condensed
and also led into the receiver container. This procedure ensures constant
pressure in the measurement section. The fluid in the receiver container
is pumped back by a gear pump into the fluid tank.

The evaporation tube is located in a stainless-steel chamber, which
has six sight glasses for optical analysis of the falling film. It is also
electrically heated from the outside to avoid condensation on the inner
wall of the chamber (T,,). Liquid samples can be taken at the outlet of
the stainless-steel chamber (x;) and via the diaphragm pumps at each
section (y). The cross-section of the evaporator tube is shown in Fig. 1 on
the right side and consists of two copper tubes (material CW024A), a
heating cartridge with a diameter of 10 mm and soldered temperature
sensors to determine the outside wall temperature. The structure of the
evaporator tube is adapted from Welzl [44,45] and consists types of
components. The evaporator tube is heated over a length of 500 mm by
the heating cartridge, which is located in the inner copper tube.
Furthermore, grooves are milled on the outside of the inner tube. In
total, nine Pt100 sensors are soldered into these grooves and used to
measure the temperature on the inside of the outer copper tube.
Measuring the temperature on the inside of the outer tube, the wall
temperature T,, of the outer tube can be calculated, considering the heat

conduction inside the copper tube and the solder. In each case, three
sensors were introduced at 120° at the inlet (I; = 400 mm, 1st section)
and outlet (I3 = 50 mm, 3rd section). Hereby, the radial temperature
profile can be recorded. Finally, three temperature sensors are installed
at a length of I = 220 mm (2nd section) to determine the heat transfer
coefficients. The 1st section is related to the formation of a hydrody-
namic liquid film. The 2nd segment is the actual test section and the
third segment represents the run-out section. The vapor is drawn off
separately in the respective segments via 4 connections by the respective
diaphragm pump to prevent the vapor from flowing parallel to the
falling film to avoid further mass transfer resistance.

2.3. Methodology measurement

For pure fluids, the respective saturation temperature can be deter-
mined via the measured pressure (pq). Fluid temperature could not be
measured directly, because, the fluid film would be too thin and it would
have to be measured directly in the film. This could influence the flow of
the fluid film and cause uncertainties.

For the fluid mixtures, the saturation temperature is determined via
the pressure measured in the chamber (which is always regulated to 1
bar) and liquid samples which are taken from the falling film in the
second section.

In the next step, the local nucleate boiling heat transfer coefficient is
defined as:

_ q
hnb B Tw - Ts(pcm xl) (1)

with hy, for the nucleate boiling HTC and ¢ as the heat flux
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_Pa )
7 Dyq L
where P, corresponds to the measured electrical power of the heating
cartridge, D), , represents the outside diameter of the evaporator tube
and L is the heated length.

T, is the outer wall temperature, which can be calculated according
to

T, :% .:31 (Tm- 6 (ln(Dm /D) )) 6 <ln(Dw_in /Dm)>

4 2rL kc.in 2nL kxol

N <ln (Dw.a /Dw7in)> @

2nLk.,

where Tj,; is the measured inner temperature of the temperature sensor
and k. i, is the thermal conductivity of the inner copper tube, k,, of the
soldered material and k., of the outer copper tube. The diameters used
can be seen in Fig. 1 and represented in Eq. (3), where Dy, is the inner
tube diameter, D,,;, the inner tube with solder and D, , the outer tube
diameter. Dy,; is the diameter of the measurement position of the tem-
perature sensor. The saturation temperature of the liquid is Ts(peq, X1)
and was calculated applying the gf-model NRTL. Through investigations
and previous VLE measurements [39], the NRTL model was identified
for a reliable calculation for the saturation temperature for ethanol/-
water. The appropriate models for the ethanol/MM can be seen in
Fig. 19 in the appendix. Measuring points are recorded in a stationary
state and a value is recorded every second for 3 min. Table 2 lists the
used main components and its characteristic parameters.

2.4. Sample analysis and uncertainties

The composition of the vapor and liquid samples is analyzed with
Fourier transform infrared spectroscopy (FT-IR) using a Bruker Invenio
R apparatus with an Attenuated Total Reflection Unit (ATR unit). The
ATR covers a spectral range from 0 to 5000 cm L. The device is equipped
with a potassium bromide beam splitter as standard. The integrated
helium-neon laser emits red light with a wavelength of 633 nm and a
power of 0.8 mW. This serves to position the movable mirror of the
interferometer. A highly stable ROCKSOLID interferometer with two
cube-shaped retroreflectors is used as the interferometer. Thanks to the
high light throughput, the device has a high signal-to-noise ratio. The
device contains a deuterated L-alanine-doped triglycine sulfate
(DLaTGS) detector as standard and works with a spectral resolution of
0.16 cm ™! and a wave number accuracy of 0.005 cm~! [46].

The procedure to determine the standard and maximum deviation of
the FT-IR system with the ATR unit, was as follows. The first step was to
acquire reference spectra for the mixtures which are examined. For this
purpose, samples were prepared and mixed using a precision balance
(SARTORIUS CUBIS® semi-micro balance 225P) with a repeatability of
0.04 mg and reading accuracy of 0.01 mg. The respective components
are filled one after the other into a sample vessel using a syringe. The
fine dosing is carried out using a syringe cannula with a diameter of 0.4
mm. The target weight of a sample is set at 100 g. The error of mixing by
the balance is 0.0001 % and can be neglected. The sample with known
concentration is sealed and measured with the ATR unit. In total, each

Table 2
Components and accuracy of measurement devices.

Component Type Value Range
Gear Pump Verder VGS200.10 3-6 kg/min
Diaphragm pump Schwarzer SP 620 4,6 1/min
Coriolis Sensor TMU-S008 200 kg/h
Temperature Sensor Pt100 1/3 DIN, B 600 °C

Pressure Sensor Piezoresistive pressure transducer PAA-3SY, 5 bar

(125°C)
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sample is measured five times and then an average value is formed from
all the measured spectra, which represents the reference spectrum for
this concentration. Fig. 2 shows the reference spectra for ethanol/MM.
For a better overview, only spectra in a range from 0 to 100 % ethanol
are shown in 10 % steps. For the actual evaluation, reference spectra
were created in 5 % steps. These measured reference spectra were used
to determine the concentration of the liquid samples taken from the
experimental setup.

In order to evaluate the measurement uncertainty of this method,
samples were mixed again using the precision balance, with different
concentrations. Then, new spectra were measured and analyzed for their
concentration using the reference spectra and compared to the known
concentrations. This procedure was carried out over the entire concen-
tration range (0 — 100 %) with eleven samples, where each sample was
measured three times and there was a maximum deviation of the con-
centration evaluated using the reference spectra of + 0.5 % and a
standard measurement uncertainty of 0.29 % (mass fraction).

The measurement uncertainty for the heat transfer coefficient is
determined according to the Guide to the Expression of Uncertainty in
Measurement (GUM) [47]. The total amount of measurement uncer-
tainty is about

Uy = k Uch (4)
shown. Here, k is the coverage factor with a value of 2. Assuming a
normal distribution, this value results in a coverage probability of 95 %

and u, j is the defined standard measurement uncertainty and is defined

as
Uep = (0n%+ up?) 5)

with the standard deviation

N

Op = m Z (ai - a)z (6)

i=1

where N is the number of data, a is the mean value of the output variable
and q; are the individual values of the output variable. The standard
measurement uncertainty uy is determined via error propagation

m. /oh, 2ol M Gk Ohy
Un = ;(Mb ui) + Z Z axnib 6ij

=1 j=i+1

u(x;, x;) @)

with the dependent variables. Due to its low influence, the covariance

0.8 T T T T
—Ethanol 0% MM 100%
----- Ethanol 10% MM 90%
Ethanol 20% MM 80%
----- Ethanol 30% MM 70%
0.6 - Ethanol 40% MM 60%

----- Ethanol 50% MM 50%
----- Ethanol 60% MM 40%
""" Ethanol 70% MM 30%
\ ----- Ethanol 80% MM 20%
----- Ethanol 90% MM 10%
—Ethanol 100% MM 0%

Absorbance / -
[—)
-

Rt
o
T

Ethanol

E50%/MM 50%

1800 2600 3400 4200
1

0= L
200 1000
Wavenumber / cm”

Fig. 2. FT-IR spectra for ethanol/MM mixture at 20 °C, 1 bar and 10 % con-
centration steps in mass%.
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term was no longer considered. The uncertainty contributions are
summarized in Table 7 in the appendix.

When determining the deviation of the saturation temperatures,
there are various contributions that must be taken into account. The first
is the temperature deviation due to the concentration deviation T;(x; ).
The deviation can be stronger or weaker depending on the slope of the
VLE curve and was calculated for each individual measuring point.
Second is the deviation between the calculated VLE curve according to
NRTL and measured VLE points from previous investigations T;(VLE).
Since it was not possible to measure a separate saturation temperature
for each heat transfer measuring point, the standard deviation between
the measuring points (VLE) and the calculated values from NRTL was
used. The third point is the pressure dependence of the VLE curves T;(p).

3. Nucleate boiling correlations

According to the VDI heat atlas [48], the HTC for nucleate boiling of
falling films is independent of the Reynolds number or mass flow, just as
it is for pool boiling. This means that the HTC are independent of the
alignment of an evaporator surface (horizontal or vertical). Fujita and
Ueda [30] investigated nucleate boiling HTC for water on a vertical steel
tube using the Nishikawa’s correlation [49]. This correlation was orig-
inally developed for pool boiling on a horizontal plate, but showed good
agreement with the measurement data from Fujita and Ueda [30]. Oli-
veira et al. [50] investigated nucleate boiling of ethanol on a platinum
wire and Shen et al. [51] nucleate boiling of ethanol on a horizontal
copper plate. Both works have measured the similar heat transfer co-
efficients up to a heat flow density of 300 kW/m?. Furthermore, Gropp
and Schliinder [26] showed in their work that the Schliinder correlation
[21], which was used for numerous fluid mixtures for nucleate boiling
on horizontal tubes or plates, that the calculated HTC provided excellent
agreement with Gropp and Schliinder [26] measured data for the
mixture R11/R113, which were collected on a vertical falling film. This
indicates that the heat transfer coefficient for nucleate boiling is inde-
pendent of heater orientation and shape, and those common nucleate
boiling correlations for pure fluids and mixtures are applicable to a
vertical falling film.

In order to identify suitable correlations, existing models are inves-
tigated and compared with the experimental data. In addition, an
enhanced approach to calculate the heat transfer coefficients for
nucleate boiling of the mixtures is also proposed and compared with the
measurement data and the other correlations. First correlations for pure
fluids are presented and then the correlations for mixtures.

3.1. Pure fluids

The correlations of Rohsenow [52], Stephan and Abdelsalam [53]
and Gorenflo [48], were preselected and used for the calculation of the
nucleate boiling HTC. The Rohsenow correlation [52] was chosen due to
its explicit parameters for copper/ethanol and according to Shen et al.
[51], this provides good agreement with the measurement data. The
same applies to the correlation of Stephan and Abdelsalam [53] and the
modified Gorenflo correlation from the VDI Heat Atlas [48], which have
provided good agreement for a various amount of pure fluids, including
ethanol and water.

Rohsenow [52] developed a nucleate boiling correlation for various
fluids, which can be calculated HTCs as follows

a [o ) C"—") ®)
w Ah, g(png)} (kz

Here, c, is the specific heat capacity, Ah, the latent heat of vapor-
ization, u the dynamic viscosity, g the heat flux, g is the gravitational
acceleration, o is the surface tension, k; is the thermal conductivity, and
prand p, are the liquid and vapor densities of the liquid. The parameters
Cy, mand n are empirical coefficients and exponents that depend on the

¢ (Tw— Ty)

AR, Y
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evaporator surface and fluid combination. Pioro [54] lists coefficients
for numerous surface and fluid combinations.

The correlation of Stephan and Abdelsalam [53] was developed by
multiple regression on various measurement data groups and is divided
into 4 groups: Water, hydrocarbon (organics), cryogenics and re-
frigerants. The correlation related to hydrocarbon (organics) is defined
as

0.67 0.248
ha = 0.0546 (&) (&)“ (q db) (Pz - ﬂg> % (ah, &
» ' dy P ki T P af

©)

with ¢; as the thermal diffusivity of the pure fluid and the bubble de-
parture diameter of the pure fluid

dy = 0.0146 3 {L] (10)

g (ri—py)

where f is the contact angle between the bubble and the surface.
For nucleate boiling of pure fluids in a vertical downflow tube,
Gorenflo [48] proposed the following correlation

. n
hg = ho Cr <.i) F, Fy Fy an
qo

where ap is the normalization value at p, = p/p. = 0.1. The fluid-
specific value ¢, is determined in ([48], Section H3) by

n =0.8—0.1.100767), 12)

The influence of the boiling pressure is represented by
0,45 17 3.7
F,=2816p°® + (3.4+ )P 13)

The tube dimensions are taken into account in F; and can be calcu-
lated using the following equation

0.4
Fo - (%") (14)

with dy = 1072 m and d as the tube diameter. The heating wall prop-
erties Fyy are

Rﬂ 0.133
Fy = |2 15
v = (n) as)

with Rgo = 1x10~® m and for the roughness of the copper R, is assumed
as 0.2 ym according to supplier [55,56].The Cr value takes into account

the molar mass M of a fluid and can be determined according to

M\ 0¥
Cr =0.435 <~—> , (16)

Mpy»
where My, is the molar mass of hydrogen.
3.2. Mixtures

The widely used correlations of Schliinder [21], Thome and Shakir
[38], Fujita and Tsutsui [18] and Inoue and Monde [23] are used to
calculate the nucleate boiling HTC for the mixtures. They have proven
quite resilient to a wide variety of fluids, and have been used on an
ethanol/water system by all the mentioned authors. Furthermore, the
selected correlations do not require any empirical mixture-dependent
parameters.

According to Schliinder [21], the nucleate boiling HTC for mixtures
hnpm can be calculated as follows
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-1
hnbm hid -

—=|1+— Tnf T.i ifxik 17
b ( q 2 [(Ts, i) ) l}) a7)
with

i)
k= (1l—-exp| ——— ). (18)
! ( P Lm Ahv‘m ﬂl

h;q4 is the ideal heat transfer coefficient of the mixture and is defined
as

i=n . -1
ha= > (hxb) 19)

i=1

where x; and y; are the mole fraction of the liquid and vapor of the
mixture and h; ,, represents the heat transfer coefficient. Ts,, Ts; are the
saturation temperature of the pure fluids. By is a correction factor that
takes into account the proportion of heating power required for nucleate
boiling, which is normally set to By =1, p; ,, is the liquid mixture density
and Ah, , is the latent heat of evaporation of the mixture. f; is the liquid-
side mass transfer coefficient, which has a value between g = 1.3 —2-
10~* m/s according to Schliinder [21].

Thome and Shakir [38] proposed a very similar correlation
compared to the correlation of Schliinder [21], which is defined as

hnbAm o hid !
= (145 (- T k) (20)

The difference to the Schliinder [21] correlation is that the saturation
temperature of the pure fluid is not used, but rather the ratio of the
respective boiling point T,; and the dew point temperature T,; at the
concentration Xx;.

Fujita and Tsutsui [18] developed a different approach and propose
the following equation to calculate the heat transfer coefficients for
mixtures

-1

hnb.m _ . (Ty,i - Tx.i)
7,<1+[171<,}A7Tm> 21

with

—60 ¢
kj = (exp( 4 1/4)) : (22)
pv.mAhV-m I:al.m g (pl.m - pvm)/p\zfm]

The exponent k; includes a greater consideration of the liquid and
vapor densities p;,, and p,, and ATy is the ideal wall superheat in a
mixture and can be calculated according to

q
ATy = —. 23
= A (23)
An alternative approach was developed by Inoue and Monde [23]
and is defined as follows

-1

hnb.m _ (Ty.i - Tx.i)

b = (1 + k; T 24
with
ki = 0.45.107°.g + 0.25. (25)

The approach of Inoue and Monde [23] is different in comparison to
the approaches presented before, because no properties of the mixtures,
except of the VLE data, are taken into account. Instead empirical con-
stants were used, which were derived from experimental data of the
mixtures R12/R113, R134a/R113, R22/R113 and R22/R11.

To sum up chapter 3, the correlations which were used to calculate
the heat transfer coefficients are listed in Table 3.
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Table 3
Considered correlations for nucleate pool boiling heat transfer coefficients of
pure fluids and mixed fluids.

Pure fluid
Author Correlation
Rohsenow : m n
cp (Ty — Ty) q c (cp n)
. w8 A 2 1
(1952) [52] Ah, sf AR \g (o — /’g) A
Stephan und ag = 0,
Abdelsalam

(1980) [53]

/. 0,67 0,248
o546 W Py V2 rqq, PPy 433 (AR &
dy fl A Ts n a2

w5 = aCr (%) Fip') F(d) E(W)

Gorenflo
(1993) [48]

Fluid mixture

Author Correlation

Schliinder (1982) [21]

agm =
-1
Qg <1 +% " (Tsn— Tsi) (i — %) kz])

—Bo g ))
k= (1—-exp|—————
! ( xp(t’r‘m Ahym By

Thome und Shakir g -1

(1987) [38] I = G (”7 (AT kl})
Inoue und Monde (1994) ATy, 5. -1

(23] asm = a1+ 5" 0,45107 G+ 0,25

i
Fujita und Tsutsui (1997) (Tyi — Tei) -1
yi i
[18] apm = Qg (1 + [1 - k]-} 7ATM )

-60 ¢
em Ay [01m & (P = Pgm) Pm

4. Development of an enhanced heat transfer correlation

For the correlations concerning nucleate boiling of pure fluids, it was
already discussed that the correlations lead to low uncertainties
compared to measurement data for a high variety of pure fluids, which
can be seen in chapter 3 in the publications by Rohsenow [52], Stephan
and Abdelsalam [53], Gorenflo [48] or Pioro [54]. In addition, the
availability and reliability of fluid properties is given in case of pure
fluids. Therefore, there is less need to adjust and improve existing
models for the pure fluids.

Far greater challenges arise when estimating the heat transfer coef-
ficient of mixtures at nucleate boiling. While for nearly ideal mixtures,
with components of the same fluid class, a reduction of the heat transfer
can estimate well, this is not the case for non-ideal mixtures. The reasons
for this include the reliability and accessibility of the fluid data and the
scope of the corresponding measurement campaigns. This relationship is
illustrated in Fig. 3.

Furthermore, all the correlations, except for Fujita and Tsutsui [18],
do not consider the surface tension, which has a major influence on the
heat transfer, as mentioned in chapter 3. Thus, it can be seen that the
correlations can all well prediction decreasing, but not increasing heat
transfer coefficients, which can be caused by the Marangoni effect [28,
29], as shown in the measurement data of Gropp and Schliinder [26] and
Sakai et al. [57] in Fig. 3.

Here, the well-known correlations of Schliinder [21], Thome and
Shakir [38], Fujita and Tsutsui [18] and Inoue and Monde [23] are
suitable to predict the heat transfer coefficient of the refrigerant mixture
R11/R113. However, in case of the non-ideal mixture 1-propanol/water
the existing model lead to deviations up to 31 % in comparison to
measurement data. In particular, the considered correlations are not
able to predict the increase in heat transfer characteristics which is
related to the Marangoni effect [28,29]. Therefore, further adaptation
and development of the correlations for the heat transfer coefficient for
nucleate boiling of mixtures is required in order to improve and
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Fig. 3. Experimental nucleate boiling HTC for R11/R113 (left) by Gropp and Schliinder [26] and 1-propanol/water (right) by Sakai et al. [57] mixture at 1 bar in
comparison with correlations by Schliinder [21], Thome and Shakir [38], Fujita and Tsutsui [18] and Inoue and Monde [23].

facilitate the prediction. In this work, the implementation of surface
tension into an existing correlation approach is focused.

In general, purely empirical fluid-dependent coefficients should be
avoided in a correlation to predict the nucleate boiling HTC for mix-
tures. Furthermore, as few mixture-specific fluid properties as possible
are worth striving for as input parameters. The provision and pre-
calculation of mixture properties can be a challenging task and lead
high uncertainties.

For this purpose, an enhanced correlation (EC) based on the
Schliinder [21] and Thome and Shakir [38] correlation is proposed

(1 +% (Tei — Tsa) X1 :2 (exp(y; — xi)ﬂ}) ]
(26)

i=1
The structure is based on Schliinder [21] and Thome and Shakir [38]
correlation. However, the consideration of main modifications are:

m
hnb‘m o

hia

- Implementing of the local saturation temperature T ;

- Replacement of the coefficient k; by the concentration difference (y;
- x);

- Consideration of surface tension and density ratio of the pure com-
ponents by the exponent m

The modifications are explained and justified in detail below.

Regarding the temperature difference in Eq. (26) the local saturation
temperature T, ; at the concentration of the volatile component x; is set
in relation to the saturation temperature of the low boiler Ts; as shown
in Fig. 4.

Existing investigations show high uncertainties between measure-
ments and correlations at the AZP. In case of existing models like the
ones by Schliinder [21] or Thome and Shakir [38] the applied temper-
ature or concentration differences are zero. This is due to equal com-
positions and temperatures at the azeotropic point. In the proposed
correlation (Eq. (26)), the value of the temperature difference (Ty; - Ts1)
at the azeotropic point (AZP) is no longer zero. Thus, adjustments can be
made in the AZP and the calculated value in the AZP is no longer
automatically the averaged mean HTC hy, as it is the case with
Schliinder [21] or Thome and Shakir [38], and should thus be adapted to
more realistic conditions.

The coefficient k; in Eq. (17), which is mainly dominated by mixture
property data and the mass transfer coefficient f;, is replaced in the
enhanced correlation by the concentration difference (yi — xi), which
considers the shape of the VLE curve better.

Furthermore, the exponent

Ts2

dew point curve

Temperature
ATs =Tsp - Tsa

ya

bubble point curve

v 1

1 ' 1 l

0 X1

Composition

J1 1

Fig. 4. Vapor-liquid-phase equilibrium of a binary mixture with azeotropic point.
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isintroduced in Eq. (26). This parameter can be determined by adjusting
experimental data, but can also be calculated in advance by applying the
surface tensions and densities of the pure fluids at liquid phase. Ac-
cording to Thomson’s equation [48], the surface tension has a decisive
role for the Marangoni effect [28,29], as well as for the formation of
vapor bubbles. Furthermore, Thomson’s equation [48] includes a
considerable influence on heat transfer characteristics by the liquid
density. The densities at gaseous phase were discarded in this approach
because previous investigations have indicated that the gas density has a
much smaller influence than the liquid density for the calculation of the
HTC. Even though Thomson’s equation [48] was originally developed
for pure fluids, it can be assumed that the dominant variables, such as
surface tension or density, also have a significant influence on the
boiling process and bubble radius for fluid mixtures. Thus, estimating
the exponent m is simple and only requires the fluid properties of the
pure fluids. As a result, the Schliinder [21] and Thome and Shakir [38]
correlation are significantly simplified because only pure fluid proper-
ties and VLE data are taken into account. This eliminates a large source
of uncertainty, especially for novel or non-ideal mixtures. Furthermore,
possible Marangoni effects can be considered in the calculation by
including the surface tensions.

5. Experimental results and discussion

Nucleate boiling heat transfer measurements were carried out for the
two mixtures ethanol/water and ethanol/MM. All experimental results
were performed at 1 bar and at a heat flux of 40 to 100 kW/m?.

In order to be able to compare experimental data with correlations,
the mean absolute percentage deviation dyup is calculated according to

duw =~

1

(28)

M} 100%
Pexp

for each pure fluid and mixture.

5.1. Pure fluids

To validate the experimental apparatus, measurements were carried
out with pure ethanol. The experimental data, which are presented in
Fig. 5, are compared with calculated values from the nucleate boiling
correlations for pure fluids from Rohsenow [52], Stephan and Abdel-
salam [53], and Gorenflo [48,58]. In addition, measurement data from
Shen et al. [51] and Fazel et al. [59] for ethanol at 1 bar on a copper

® Ethanol (Re = 600)
® Ethanol (Re = 800)
4 Ethanol (Re = 900 q down)

© Fazel et al.
B Shen et al. h
—~ —Gorenflo o
Nx —--Rohsenow -
=] - -Stephan and Abdesalam Q- -
= s -
2 4 1
=
—
o
>
W
-~

ZT 1 1
40 60 80 100
q / KkW/m?

Fig. 5. Experimental nucleate boiling HTC for ethanol with data from Shen et al. [51] and Fazel et al. [59] at 1 bar in comparison of correlations from Rohsenow
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surface are included for validation.

Measurements were carried out for Reynolds numbers between 600
and 900 and a heat flux between 40 and 100 kW/m?. The measurement
with a Reynolds number of 900 was started at 100 kW/m? and the heat
flux density was reduced (q down) to check whether the measurement
results were reproducible. The experimental results agree well with the
experimental data from Shen et al. [51] and Fazel et al. [59] and show a
maximum deviation of 7.8 % for 80 kW/m?. All other measured results
have a mean deviation of less than 5 %. Furthermore, the measurement
data can be reproduced very well with the correlations by Rohsenow
[52], Stephan and Abdelsalam [53] and Gorenflo [48,58]. Almost all
measurement data can be calculated with a deviation of +10 %. Pa-
rameters selected as input for the Rohsenow correlation [52] and related
to an ethanol/copper system are Cy = 0.00079, m = 0.33 and n = 2.3
[54].

5.2. Mixtures

In Figs. 6 and 7, the experimental results for the mixtures ethanol/
water and ethanol/MM at 1 bar and a heat flux of 40, 80 and 100 kW/m?
are displayed. In the appendix, the VLE and the calculated |y; — x;| and
ATg = T,; — Ty; values are plotted in Figs. 18 and 19. The measure-
ment data are compared with calculated values from the nucleate
boiling correlations for mixtures by Schliinder [21], Thome and Shakir
[38], Fujita and Tsutsui [18] and Inoue and Monde [23], see Section 3.
In order to calculate these mixture correlations, the respective HTC for
the pure fluid are required. In this context, the HTC for water was
calculated using the Gorenflo correlation in Eq. (11), which showed very
good agreement with measurement data for water [48]. For etha-
nol/MM, the experimental HTCs for the pure fluids were used at Re =
800 and are summarized in Table 4 and for validation purposes,
experimental data from Fujita and Tsutsui [18], Inoue and Monde [43]
and Bonilla and Perry [15] are used for the ethanol/water mixture. For
ethanol/MM, no experimental data was found in the literature. There-
fore, the HTC for ethanol/MM is only compared to the calculated values.

As it can be seen in Fig. 6, the experimental data for ethanol/water
show good agreement with the measurement data from Inoue and
Monde [43] and Bonilla and Perry [15] in a + 12 % range. The mea-
surement data from Fujita and Tsutsui [18] show up to 20 % lower HTCs
compared to all other measurement data. This deviation is mainly due to
the measurement series at 100 kW/m?, where a HTC of 6.5 kW/(m?K)
for water is measured by Fujita and Tsutsui [11]. The data by Inoue and
Monde [43] show a value of 10.2 kW/(m?K) comparable to Bonilla and
Perry [15] with 10.4 kW/! (m?K) and calculated HTC by the correlation of
Gorenflo [48,58] with 10.7 kW/(m?K). For the calculation of the HTC
for the investigated mixtures, the HTCs of the pure fluids are
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4 Exp. Data:
® Exp. Data:
o Fazel et al.:
¢ Fazel et al.:
© Fazel et al.:
B Shen et al.:
¢ Shen et al.:

©® Shen et al.:
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Fig. 6. Experimental nucleate boiling HTC for ethanol/water mixture with data from Fujita and Tsutsui [18], Inoue and Monde [43] and Bonilla and Perry [15] at 1
bar in comparison with correlations from Schliinder [21], Thome and Shakir [38], Fujita and Tsutsui [18] and Inoue and Monde [23] at a heat flux between 40 and

100 kW/m?,
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Fig. 7. Experimental nucleate boiling HTC for ethanol/MM mixture at 1 bar in comparison with correlations by Schliinder [21], Thome and Shakir [38], Fujita and

Tsutsui [18] and Inoue and Monde [23] at a heat flux between 40 and 80 kW/m?.

Table 4
HTCs of the pure fluids ethanol, MM and water as a function of heat flux density.

Heat flux Ethanol MM Water (calculated)
kW/m? W/m?K W/m?K W/m?K

40 2552 4230 5800

60 3220 5120 7611

80 4081 6065 9229

100 4933 - 10,720

summarized in Table 4.

The measurement data for water/ethanol can be reproduced quali-
tatively quite well with the selected correlations. However, the corre-
lations underestimate the measured data. In this context, the Schliinder
correlation [21] shows the best agreement with a dyap of 10.7 %. The
largest dyap is obtained for Fujita and Tsutsui [18] with a mean devia-
tion of 20.6 %.

The experimental HTC for the ethanol/MM mixture in Fig. 7 shows a
significantly different course compared to ethanol/water or other mix-
tures. In particular, a significant increase in the HTC between 0.4 — 1
mass fraction ethanol is observed, compared to the HTC of the pure
fluid. Only at a mass fraction lower than 0.4 ethanol (mass fraction), the
HTC decreases below the pure fluid of MM. In principle, the effect of
increasing HTCs for a mixture was also reported by Sakai et al. [57,60]
for their 1-propanol/water mixture. The authors assume that a positive

10

Marangoni effect [28,29] is responsible for this strong increase in the
HTC. In their investigations on heat transfer with the Marangoni effect,
Straub et al. [61] also demonstrated that the HTC could double due to
the Marangoni convection, which shows that the Marangoni effect [28,
29] can have a major influence on the HTC. Overall, it has been shown
that the currently existing correlations can reproduce the ethanol/water
mixture quite well, but that the deviation also increases with increasing
heat flow density. In the case of the ethanol/MM mixture, it can be seen
that the correlations do not currently reflect the behavior well.

A detailed discussion taking into account the newly developed cor-
relation is provided in the next chapter.

5.3. Application of the proposed enhanced correlation

In the following, the new proposed enhanced correlation (EC) is
compared with the experimental data for ethanol/water and ethanol/
MM. Furthermore, the correlation is compared with further measure-
ment data from the literature and the correlations by Schliinder [21],
Thome and Shakir [38], Fujita and Tsutsui [18] and Inoue and Monde
[23].

5.3.1. Comparison by experimental data ethanol/water and ethanol/MM
Figs. 8 and 9 show the experimental measurement data of ethanol/

water and ethanol/MM with the calculated HTCs from the new proposed

enhanced correlation at 1 bar and a heat flux of 40 to 100 kW/m?>. As can
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Fig. 8. Experimental nucleate boiling HTC for ethanol/water mixture with data by Fujita and Tsutsui [18], Inoue and Monde [43] and Bonilla and Perry [15] at 1 bar
in comparison with the new proposed correlation at heat flux between 40 and 100 kW/m?>

15 T T T T
---EC ® Exp. Data 80 kW/m?
4 Exp. Data 40 kW/m?

g0t _
E
e T
g St N
DD Sy R
" ------------------- ~\. . ..
? § .. . h ]
e
0 I I ! 1
0 0.2 0.4 0.6 0.8 1

w, / - mass fraction ethanol

15

m Schliinder 40 kW/m? O Schliinder 80 kW/m?

® Thome/Shakir 40 kW/m? O Thome/Shakir 80 kW/m?

4 Fujita/Tsutsui 40 kW/m? O Fujita/Tsutsui 80 kW/m?

» Inoue/Monde 40 kW/m? [>Inoue/Monde 80 kW/m?
o * EC 40 kW/m? = EC 80 kW/m?
N'! 10+ 7 ]
E 4
= e
z - _
=< 7 % -~
\2 Vi o % _-- -

s 5t ’* x - - 4
- 4 o _-
csas s w0
’ a '[2 Pl
@/
4 ’ , -
’ P
L 0%
0 L .
0 5 10 15

h oy | KWI(mK)

€ex|

Fig. 9. Experimental nucleate boiling HTC for ethanol/MM mixture at 1 bar in comparison with the new proposed correlation at a heat flux between 40 and 80

kW/m?>,

be clearly seen, the behavior and the course of the measurement data
can be reproduced well with the new correlation. In the case of ethanol/
MM in particular, the increasing heat transfer coefficient can be repro-
duced qualitatively very well. Here, possible Marangoni effects [28,29]
are represented by considering the surface tension and density ratio.

Only at a mass fraction 0.6 of ethanol in Fig. 9 the correlation
overestimates the HTC by 20 %. However, the prediction is significantly
improved compared to the alternative correlation as can be seen in
Fig. 7. Overall, the mean absolute deviation for the new proposed cor-
relation is 13.3 % for ethanol/water and 11.1 % for ethanol/MM.
Evaluating the correlation of Schliinder [21], a mean absolute deviation
of 10.7 % for ethanol/water and 34.8 % for ethanol/MM results. The
highest deviations are obtained by the correlation of Fujita and Tsutsui
[18]. The dyap is 20.6 % for ethanol/water and 38.8 % for ethanol/MM.
In general, a significant improvement by the new developed correlation
compared to state-of-art correlations can be determined. A summary of
the examined fluids and models and their mean absolute deviations can
be found in Table 6.

To conclude this subsection, the well-known mixture of ethanol/
water mixture and also ethanol/MM, with a possible positive Marangoni
effect [28,29], could be reproduced very well by the new proposed
enhanced correlation. The extent to which the developed correlation can
also be applied to alternative fluid mixtures is described in the following
chapter.
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5.3.2. Comparison with a wide range of various binary mixtures

In order to justify and prove the relevance of the enhanced correla-
tion, numerous other binary mixtures are applied to the developed
approach by literature data. In total, ten binary mixtures were consid-
ered with different characteristics, like zeotropic and azeotropic

Table 5
Summary of the considered mixtures including type of mixtures, max. temper-
ature glide ATg4, and the parameter m.

Author Mixture Type of max. ATg / K m
mixture (1 bar)
Exp. Data ethanol/water azeotropic 11.7 2.71
Exp. Data ethanol/MM Azeotropic 19.7 1.69
Sakai et al. [57,60] 1-propanol/ azeotropic 9.8 2.78
water
Park et al. [24] propane/ zeotropic 8.9 0.84
isobutane
Gropp and R11/R113 zeotropic 4.8 0.82
Schliinder [26]
Jung et al. [62] R32/R134a zeotropic 7.4 0.60
Jung et al. [62] R125/R134a zeotropic 5.5 1.24
Stephan and Korner  benzene/toluol zeotropic 6.7 0.87
[17]
Inoue et al. [63,64] ammonia/ zeotropic 93.7 1.29
water
Fujita and Tsutsui methanol/ zeotropic 15.6 1.06
[18] benzene
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behavior. As well as mixtures with a small temperature glide ATy, of 4.8
K for R11/R113 or 93.7 K in case of ammonia/water are included (see
Table 5). Furthermore, the listed mixtures and the corresponding HTC
measurement data from the various authors are in a pressure range of 1
to 6 bar and a heat flux of 30 to 1000 kW/m? VLE data with the
calculated [y; — x;| and ATg = Ty; — Tx; for all considered mixtures
can be seen in the appendix in Figs. 20-27.

As result, Table 6 summarizes the mean absolute deviations dysp for
the HTC for the investigated mixtures compared with the correlations by
Schliinder [21], Thome and Shakir [38], Fujita and Tsutsui [18], Inoue
and Monde [23] and the proposed EC. In addition, the corresponding
measurement data and predicted HTCs are shown in Figs. 10-17 in the
appendix for a detailed presentation.

As can be seen in Table 5, the enhanced correlation works very well
for a wide range of mixtures, pressure and heat flux densities. In
particular, for ethanol/MM and 1-propanol/water mixtures, the HTC is
predicted much more precisely compared to the considered existing
correlations. The dysp between the improved correlation and the
experimental data is 11.1 % and 5.8 % for these mixtures, and the curve
progression of the measurement data for the mixtures could be pre-
sented very well. The correlations by Schliinder [21], Thome and Shakir
[38], Fujita and Tsutsui [18] and Inoue and Monde [23] show a mean
deviation between 21.1 % and 38.8 %.

Very good predictions were obtained for R11/R113, R32/R134a and
benzene/toluene with mean absolute deviations below 10 % by the
proposed correlation. For R125/R134a, the proposed correlation shows
a slightly higher deviation with 13.1 % compared to the established
correlations of Inoue and Monde [23], Fujita and Tsutsui [18] and
Schliinder [21] show a dyap between 8.3 % and 11 %. For the
high-boiling ammonia/water mixture, all established correlations show
a large deviation compared to the measurement data by Inoue et al. [63,
64] with 32.6 % for Schliinder [21] to 59.3 % for Inoue and Monde [23].
In contrast, the enhanced correlation leads to the lowest deviation with
23.5 %.

Currently, there is only one mixture type where the HTC is not pre-
dicted precisely by the developed correlation. In case of a mixture with a
low azeotropic point without a Marangoni effect [28,29], like meth-
anol/benzene. The proposed correlation overestimates compared to the
experimental data. In consequence, a mean relative deviation of 31 %
results. The state-of-art correlations can reproduce this mixture with
deviations between 6.2 % for Schliinder [21] and up to 10.2 % for the
Fujita and Tsutsui [18] correlation.

In sum, the new enhanced correlation was tested with ten different
binary mixtures in a pressure range of 1 to 6 bar and a heat flux between
30 and 1000 kW/m?. The overall mean absolute deviation for the binary
MIXtUures Upix pinary for the proposed enhanced correlation is 11.6 %. In
contrast, Schliinder [21] shows an overall deviation of 16.1 % while

Table 6

Comparison of the mean deviation between various mixtures and correlations.
Mixture s T/8° F/T¢ /M? EC®
Ethanol/water 10.7 15.6 20.6 20.5 13.3
Ethanol/MM 34.8 37.4 38.8 34.4 11.1
1-Propanol/water 21.1 30.2 30.2 31.5 5.8
Propane/isobutane 9.5 14.1 13.8 2.9 3.9
R11/R113 1.7 1.7 2.7 4.7 1.8
R32/R134a 30.6 29.4 20.8 18.4 2.6
R125/R134a 8.3 6.2 3.9 11.0 13.1
Benzene/toluol 5.5 6.1 6.6 8.4 4.8
Ammonia/water 32.6 36.8 37.2 59.6 23.5
Methanol/benzene 6.2 8.8 10.2 8.7 31.6
Unnix binary 16.1 18.6 18.5 20.1 11.6

8 § = Schliinder [21]

b T/S = Thome and Shakir [38]

¢ F/T = Fujita and Tsutsui [18].

4 1/M = Inoue and Monde [23].

¢ EC = proposed enhanced correlation.
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Thome and Shakir [38] have a deviation of 18.6 %. The correlations by
Fujita and Tsutsui [18] and Inoue and Monde [23] have mean absolute
deviations between 18.5 % and 20.1 %. This proves that the developed
enhanced correlation works very well for various mixtures and a wide
pressure and heat flow range. Furthermore, in the current form, mixture
properties such as density, enthalpy of vaporization, surface tension or
mass transfer coefficients can be avoided as input parameters, with the
exception of the VLE data, which are essential for all correlations.

6. Conclusion

In this study, nucleate boiling heat transfer coefficients were
measured on a vertical falling film for ethanol/water and ethanol/MM
mixtures at a pressure of 1 bar and for a heat flux between 40 and 100
kW/m?. The measurement results have been compared with predicted
heat transfer coefficients using correlations by Schliinder [21], Thome
and Shakir [38], Fujita and Tsutsui[18] and Inoue and Monde [23]. In
addition, an enhanced heat transfer correlation has been developed
based on the correlations of Schliinder [21] and Thome and Shakir [35]
to predict the nucleate boiling heat transfer coefficient of binary mix-
tures. The proposed correlation provides better prediction accuracy
using only VLE data and the density and surface tension of the pure
fluids. The HTC measurements for the ethanol/MM mixture show a
clearly different curve compared to ethanol/water or other mixtures and
a significant increase in the HTC has been observed. The increase in HTC
may have been caused by the Marangoni effect [28,29]. None of the
correlations by Schliinder [21], Thome and Shakir [38], Fujita and
Tsutsui [18] and Inoue and Monde [23] can reproduce the observed
shape. The mean absolute deviations range from 34.8 % for the
Schliinder correlation [21] up to 38.8 % with the Fujita and Tsutsui[18]
correlation. With the developed enhanced heat transfer correlation, both
the curve shape and the absolute values of the heat transfer coefficient of
ethanol/water and ethanol/MM can be predicted very well. The mean
absolute deviation is reduced noticeably to 13.3 % for ethanol/water
and 11.1 % for ethanol/MM. For further verification and validation of
the enhanced correlation, ten additional binary mixtures are applied in
form of literature data. These mixtures include azeotropic as well as
zeotropic mixtures and a high variety of temperature glides (4.8 K to
93.7 K). The pressure and heat flux range of the considered data is be-
tween 1 and 6 bar and 30 to 1000 kW/m?2. Overall, a mean absolute
deviation of 11.6 % for the proposed enhanced correlation is obtained,
which is considerably lower than the existing correlations by which lead
to deviations between 16.1 % and 20.1 %.

Future work should focus on mixtures with an azeotropic point,
which appears under the volatile component, without the Marangoni
effect [28,29]. Since the applicability of the new developed correlation
is limited for these mixtures adjustments may be needed. Furthermore,
reliable VLE data are one of the most important factors to determine
HTCs for mixtures. In order to further improve the developed correlation
or to predict multi-component mixtures, additional VLE data will be
required.
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Appendix A: Uncertainties

Research Foundation — Project number: 401366378).

Table 7

Uncertainty contributions for the heat transfer coefficient.
Input variables x(i) u(i) Source Value
Geometric variables
Inner diameter Din u(Din) caliper gauge 0.029 mm
Outer diameter Dy, u(Dy.a) caliper gauge 0.029 mm
Diameter with solder Dyin u(Dyin) caliper gauge 0.029 mm
Position sensor Dy, u(Dp,) assumption 0.2 mm
Tolerance heating cartridge L u(L manufacturer 4.2 mm
Measurement instrument
Heat flux Q u(Q) calculated f(Pa)
Temperature sensor Pt-100 Tinj U(Tinj, 1) LC—Cal-LRT 0.01 K
Temperature sensor Pt-100 Tinj u(Tinj,2) measuring module 0.029 K
Pressure sensor p u1 (p) manufacturer 11 mbar
Pressure sensor p uz(p) measuring module 0.76 mbar
Thermophysical properties
Thermal conductivity solder Ksot u(kgor) literature 1.3 W/(mK)
Thermal conductivity copper ke u(kina) calculated +4.5 % MW
Saturation temperature (concentration deviation) T u; (Ts) NRTL flx1)
Saturation temperature (VLE) Ts uy(Ts) NRTL 0.07 - 0.96 K
Saturation temperature (p) T u3(Ts) NRTL f(p)

Appendix B: Heat transfer coefficient data

Measurement Data compared with calculated HTC from Schliinder, Thome and Shakir, Fujita and Tsutsui and the new developed enhanced

correlation
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Fig. 10. Experimental nucleate boiling HTC for 1-propanol/water mixture with data by Sakai et al. [57,60] at 1 bar in comparison of correlations from Schliinder

[21], Thome and Shakir [38], Fujita and Tsutsui [18] and Inoue and Monde [23] and the enhanced correlation with a heat flux of 200 kW/m?2.

Propane/isobutane
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Fig. 11. Experimental nucleate boiling HTC for propane/isobutane mixture with data by Park et al. [24] at 1 bar in comparison of correlations from Schliinder [21],
Thome and Shakir [38], Fujita and Tsutsui [18] and Inoue and Monde [23] and the enhanced correlation with a heat flux between 40 and 80 kW/m?.
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Fig. 12. Experimental nucleate boiling HTC R11/R113 mixture with data by Gropp and Schliinder [26] at 1 bar in comparison of correlations by Schliinder [21],
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Thome and Shakir [38], Fujita and Tsutsui [18] and Inoue and Monde [23] and the enhanced correlation with a heat flux between 30 and 70 kW/m?.
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Fig. 13. Experimental nucleate boiling HTC R32/R134a mixture with data by Jung et al. [62] between 5.8 to 9.4 bar in comparison of correlations by Schliinder
[21], Thome and Shakir [38], Fujita and Tsutsui [18] and Inoue and Monde [23] and the enhanced correlation with a heat flux between 40 and 80 kW/m?.

R125/R134a

14



Z. Arnautovic et al. International Journal of Heat and Mass Transfer 231 (2024) 125804

R125/R134a
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Fig. 14. Experimental nucleate boiling HTC R125/R134a mixture with data by Jung et al. [62] between 4.6 to 7.3 bar in comparison of correlations by Schliinder
[211, Thome and Shakir [38], Fujita and Tsutsui [18] and Inoue and Monde [23] and the enhanced correlation with a heat flux between 40 and 80 kW/m>.
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Fig. 15. Experimental nucleate boiling benzene/toluol mixture with data by Stephan and Korner [17] between 1 and 6 bar in comparison of correlations by
Schliinder [21], Thome and Shakir [38], Fujita and Tsutsui [18] and Inoue and Monde [23] and the enhanced correlation with a heat flux of 100 kW/m?2.
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Fig. 16. Experimental nucleate boiling ammonia/water mixture with data by Inoue et al. [63,64] at 4 bar in comparison of correlations by Schliinder [21], Thome
and Shakir [38], Fujita and Tsutsui [18] and Inoue and Monde [23] and the enhanced correlation with a heat flux between 400 and 1000 kW/m?2.
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Methanol/benzene

20 T T T T
—Schliinder ---EC

—~ -Thome/Skakir # Fujita/Tsutsui 100 kW/m?
— Fujita/Tsutsui <« Fujita/Tsutsui 200 kW/m?

Inoue/Monde

0 1 1 1
0 0.2 0.4 0.6
X, / - mol fraction methanol

0.8 1

/ KW/(m?K)

cale

h

International Journal of Heat and Mass Transfer 231 (2024) 125804

20

15¢

10

= Schliinder 100 kW/m

® Thome/Shakir 100 kW/m?*
4 Fujita/Tsutsui 100 kW/m?*
» Inoue/Monde 100 kW/m?*

* EC 100 kW/m*

O Schliinder 200 kW/m?*
O Thome/Shakir 200 kW/m?*

2 H

< ¢ Fujita/Tsutsui 200 kW/m?

> Inoue/Monde 200 kW/m?*
2 EC 200 kW/m*

5 10 15 20
h /[ KW/(m?K)
exp

Fig. 17. Experimental nucleate boiling methanol/benzene mixture with data by Fujita and Tsutsui [18] at 1 bar in comparison of correlations by Schliinder [21],
Thome and Shakir [38], Fujita and Tsutsui [18] and Inoue and Monde [23] and the enhanced correlation with a heat flux between 100 and 200 kW/m?

Appendix C: Vapor-Liquid-Equilibria data

VLE data were calculated using the gf — model NRTL.
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Fig. 18. VLE of ethanol/water with [v; — w;| and AT at 1 bar.
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Fig. 19. VLE of ethanol/MM with |v; — w;| and AT at 1 bar.
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Fig. 20. VLE of 1-propanol/water with [v; — w;| and ATy, at 1 bar.
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Fig. 21. VLE of propane/isobutane with |y; — x| and ATg, at 6 bar.
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Fig. 22. VLE of R11/R113 with [y; — x;| and ATg, at 1 bar.
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Fig. 23. VLE of R32/R134a with |[v; — w;| and ATy, at 5.8 and 9.4 bar.
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