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Abstract
In the present study, the pool boiling process for the refrigerant R141b and its mixtures with Span 80 surfactant and  TiO2 
nanoparticles has been examined. The results for the heat transfer coefficient (HTC) were taken at various boiling pressures 
(0.2, 0.3, 0.4 MPa) in the range of the heat fluxes 5.8–56.4 kW m−2 and for the internal boiling characteristics (IBC) such 
as the bubble departure diameter, frequency and velocity of bubble growth at atmospheric pressure in the range of the heat 
fluxes 29.6–57.0 kW m−2. We found that the additives of Span 80 and Span 80/TiO2 nanoparticles enhance the HTC at the 
lower heat flux densities and pressures. However, at higher values of the heat flux and pressure the HTC was deteriorated by 
the additives. At the same time, no significant impact was obtained for the IBCs. An analysis of the Rensselaer Polytechnic 
Institute model performance for the case when experimental data on the nucleation sites density is unavailable has revealed 
no qualitative agreement between experimental and predicted data on the HTC. Thus, we proposed a new approach that 
combines limited set of the experimental data (LSED) with correlations of the IBC’s versus heat flux and pressure. Finally, 
the LSED allowed to achieve both qualitative and quantitative agreement (within ± 10%) between predicted and experimental 
data on the HTC.
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List of symbols
A, B, C  Empirical coefficients
A  Surface area of the heater  (m2)
d̄b  Mean bubble departure diameter (mm)

dh  Diameter of heating surface (m)
f̄b  Mean bubble departure frequency  (s−1)
h  Heat transfer coefficient (kW m−2 K−1)
k  Thermal conductivity (W m−1 K−1)
nb  Nucleation site density  (m−2)
P  Pressure (MPa)
q  Heat flux density (kW m−2)
Q  Heat flux (kW)
rmean  Mean equivalent radius of nanoparticles in nano‑

fluid (nm)
Rrc  Resistance of resistance coil (Ω)
T  Temperature (K)
Uh  Voltage drop across the heater (V)
Urc  Voltage drop across the resistance coil (V)
w̄b  Mean velocity of bubble growth (mm s−1)

Greek symbols
Δh  Heat of vaporization (J kg−1)
ΔT   Wall superheat, TS − Tw (K)
π  Reduced pressure, P/PC
ρ  Density (kg m−3)

 * A. Nikulin 
 anikulin@cicenergigune.com

1 Institute of Refrigeration, Cryotechnologies 
and Ecoenergetics, Odessa National Academy of Food 
Technologies, 1/3 Dvoryanskaya Str., Odessa 65082, 
Ukraine

2 Institute of Thermomechanics of the CAS, v. v. i., Dolejškova 
1402/5, 18200 Prague, Czech Republic

3 Center for Innovation, Technology and Policy Research, 
IN+, Instituto Superior Técnico, Universidade de Lisboa, 
Av. Rovisco Pais 1, 1049‑001 Lisbon, Portugal

4 Centre for Cooperative Research on Alternative Energies 
(CIC energiGUNE), Basque Research and Technology 
Alliance (BRTA), Alava Technology Park, Albert Einstein 
48, 01510 Vitoria‑Gasteiz, Spain

5 Ikerbasque – Basque Foundation for Science, María Díaz 
Haroko 3, 48013 Bilbao, Spain

http://orcid.org/0000-0002-3592-4989
http://orcid.org/0000-0002-3304-0506
http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-020-09479-0&domain=pdf


2328 O. Khliyeva et al.

1 3

σ  Surface tension (N m−1)
τ  Time (h)

Subscripts
1.1  Thermophysical properties at P0.1 = 0.1013 MPa
C  Property under critical conditions
S  Property under saturated conditions
w  Property at wall (heating surface) temperature

Superscripts
calc  Calculated value
exp  Experimental value
′  Liquid phase
″  Vapor phase

Abbreviations
CTAB  Cetyltrimethylammonium bromide
EDX  Energy‑dispersive X‑ray analysis
HTC  Heat transfer coefficient
IBC  Internal boiling characteristics
LSED  Limited set of experimental data
RMSE  Root mean square error
SEM  Scanning electron microscopy
SDBS  Dodecylbenzenesulfonic acid sodium salt
SDS  Dodecyl sulfate sodium salt
ST  Spectral turbidity
TEM  Transmission electron microscopy

Introduction

The accurate information on the heat transfer coefficient 
(HTC) is crucial for the optimal design of energy equip‑
ment in which the pool boiling is utilized. To date, many 
approaches have been proposed to predict the HTC under 
pool boiling conditions. The simplest ones are the corre‑
lations in the form of equations h ~ qc, h ~ ΔTc or q ~ ΔTc, 
where h, q and ΔT represent, respectively, the HTC, the heat 
flux density supplied by the heating element and the differ‑
ence between the temperature at the surface of the heating 
element and the saturation temperature of the boiling liquid. 
The exponent C and pre‑factors are determined by fitting 
experimental data to the equations above [1]. These correla‑
tions usually provide quite good agreement between calcu‑
lated HTC values and measurements. However, their use is 
very restricted. They can only be applied within the experi‑
mental framework used to establish them. To partially over‑
come such limitation, different semiempirical correlations 
have been proposed. These correlations can be arranged in 
ascending order of volume of initially required information:

• Correlations utilizing the effect of the pressure on the 
pool boiling [2–5]. Besides pressure, the correlations 

may require information on the roughness of the boiling 
surface [3–5];

• Correlations utilizing thermophysical properties of the 
liquid [6, 7]. Such correlations may also require specific 
constants to consider the liquid‑surface combination [6];

• Correlations that combine both effects of the pressure and 
thermophysical properties on the boiling process [8];

• Correlations that combine effects of the thermophysical 
properties and some of the internal boiling characteris‑
tics (IBC), such as the bubble departure diameter and 
frequency [9, 10];

• Mechanistic models, such as the Rensselaer Polytechnic 
Institute (RPI), which consider all the IBC [11, 12].

It is worth to mention that establishing such correlations 
requires considerable experimental effort. Indeed, a large 
amount of experiments, covering a wide range of operat‑
ing conditions, is needed for subsequent adjustments to be 
meaningful and reliable. Usually, the proposed correlations 
exhibit deviations from experimental data on the order of 
± 20% [5, 8]. Nevertheless, the deviations between models 
may come up to 150% [13]. Thus, semiempirical correla‑
tions do not guaranty required accuracy for system design 
and optimization. From the other hand, mechanistic models 
such as RPI may predict the boiling HTC more accurately 
[12, 13], but the model requires knowledge of the IBC that 
are unknown at the stage of energy system design.

Considering the aforementioned issues, we can formulate 
the aim of the present study as a test for a new approach to 
the pool boiling HTC prediction for the pure liquids and 
their mixtures with surfactant and nanoparticles using lim‑
ited set of the experimental data (LSED) and RPI model.

We believe that the proposed approach is a rational com‑
promise between theoretical prediction of the HTC (that usu‑
ally gives high uncertainty) and experimental investigation 
of the HTC that is expensive and may take a long time.

Experimental

Materials: Preparation of nanofluid and its stability

The following materials have been used in the experiments: 
refrigerant R141b (CAS No. 1717‑00‑6, supplied by Zheji‑
ang MR Refrigerant Co. Ltd, China, 0.998 (kg kg−1) pure; 
 TiO2 nanoparticles (CAS No. 1317‑70‑0) and Span 80 
surfactant (CAS No. 1338‑43‑8) both supplied by Sigma‑
Aldrich with a purity 0.999 (kg kg−1). The data obtained 
from SEM microscopy have revealed that the nanoparticles 
exist in the form of the clusters in the powder. There are no 
impurities detected by EDX (see Fig. 1a, c). As stated by 
supplier, the size of nanoparticles does not exceed 25 nm and 
this statement was confirmed by TEM microscopy. As can 
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be seen from Fig. 1b, the size of the majority of individual 
nanoparticles is less than 15 nm.

The choice of nanoparticle material  (TiO2) was driven 
by their chemical stability, proven technology of produc‑
tion and low cost. Refrigerant R141b was selected as the 
working fluid for several reasons: (1) R141b exists in a 
liquid state under ambient conditions; thus, it is convenient 
to use R141b as a base liquid for the nanofluid preparation 
and to carry out boiling experiments; (2) despite the dif‑
ferences in physical properties of R141b and commonly 
used today refrigerants such as R134a and R410A, all of 
them belong to the same group of halogenated hydrocar‑
bons. Therefore, the obtained results on the boiling per‑
formance of the “model” system R141b/nanoparticles are 
expected to be qualitatively similar to all hydrofluorocar‑
bon refrigerants; (3) most of the reported studies on the 

pool boiling process for the refrigerant‑based nanofluids 
were performed with R141b. It is evident that the use of 
the identical thermodynamic systems is advisable for sub‑
sequent comparison of experimental data obtained by dif‑
ferent researchers.

The two‑step method was applied to prepare the nano‑
fluids. The method consists of the following stages:

1. Sonication of the mixture of nanoparticles and surfactant 
in the refrigerant during 30 min using ultrasound bath 
Codison CD 4800 (frequency 42 kHz, power 0.07 kW);

2. Ball milling by 2 mm in diameter  ZrO2 balls during 12 h;
3. One more cycle of sonication (see first step).

Fig. 1  TiO2 nanoparticles: a 
SEM image, b TEM image and 
c EDX spectrum
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As can be seen from Fig. 2, it was not possible to create 
stable nanofluid without surfactant additives. The obtained 
results contradict to the findings reported in [14], where sta‑
bility of the R141b/TiO2 nanofluid was achieved without 
surfactant. We conducted additional studies in order to select 
proper surfactant and its concentration to ensure the stability 
of nanofluid. Several surfactants were used: anionic SDBS 
(CAS No. 25155‑30‑0) and SDS (CAS No. 151‑21‑3), cati‑
onic CTAB (CAS No. 57‑09‑0) and nonionic Span 80 (CAS 
No.1338‑43‑8) (all supplied by Sigma‑Aldrich). During sur‑
factant selection, all nanofluid samples were prepared by 
the method described above with only one difference—the 
surfactants were introduced to the nanofluid at the third step. 
It was found that colloidally stable nanofluid was prepared 
only when we used the nonionic surfactant Span 80. There‑
after, the selection of the optimal concentration has been 
performed. Prepared sample of the nanofluid in comparison 
with the pure R141b that placed inside of the hermetic opti‑
cal cell is shown in Fig. 3.

The spectral turbidity (ST) method [15–18] was applied 
to study of the colloidal stability of nanofluids by measuring 
the mean nanoparticles radius. The previous results obtained 
for the average size of  Al2O3 nanoparticles in isopropanol 
[18] have confirmed good agreement between the ST and 
dynamic light scattering methods (DLS). The ST method 
was performed using the spectrophotometer Shimadzu 
UV‑120‑02. For the period of measurements, the samples 
of nanofluid were placed in open optical cells with the opti‑
cal path of 1.05 mm.

The radius of the nanoparticles was measured several 
times over 2 months: immediately after nanofluid prepa‑
ration, during boiling experiment [sampling was carried 
out directly from the experimental setup (see Sect. 2.2)], 
after the end of experiment for the nanofluid that was stored 
in a sealed test tube. Before sampling, the nanofluid was 

intensively mixed. The results of nanoparticles radius meas‑
urements are shown in Fig. 4.

The results of ST studies show that after preparation of 
nanofluid, the mean equivalent radius of the nanoparticles is 
about 104 nm. After several days of boiling experiments, it 
grows up to 125 nm. Any further increase in the size of nano‑
particles over time was not observed. Higher scattering of the 
values of the nanoparticles radius measured during boiling 
process (blue cycles in Fig. 4) is probably gathered with local 
change in the nanoparticles size distribution as a result of the 
heat and mass transfer processes.

Experimental setup for HTC study

A cylindrical (diameter—70 mm, volume—1 dm3) measur‑
ing cell, equipped with side plane parallel quartz windows, 
served as a boiler. Stainless steel (AISI 321) capillary bent 
to M‑shape having 2 mm outside diameter and 0.1 mm wall 
thickness forms the heating surface. The length of the heater 

Fig. 2  Snapshots of the nanofluid R141b/TiO2 (99.90/0.10  mass%) 
without surfactant: (left) 1 h after preparation and (right) 18 h after 
preparation

Fig. 3  Snapshot of the nanofluid R141b/Span 80/TiO2 
(99.80/0.10/0.10  mass%, 1  h after preparation) in comparison with 
pure R141b
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is 748 mm. The heat flux was generated by Joule effect using 
high‑power electrical supply.

Electric power supplied to the heater was determined by the 
compensation method using 0.001 Ohm reference resistance 
coil (P322). An average surface temperature of the heater was 
measured by resistance thermometer which is made of plati‑
num wire with 0.1 mm in diameter and stretched out across 
the capillary. The resistance of platinum wire was also deter‑
mined by the compensation method using 10 Ohm reference 
resistance coil (P321). The compensation method was used 
with the aim to minimize the uncertainty of those parameters. 
The boiling temperature was measured by copper resistance 
thermometer. The saturated vapor pressure of the samples in 
the boiler was measured by a pressure transducer WIKA A‑10. 
Finally, all measurements of electrical parameters were taken 
with digital multimeter PICOTEST M3511A.

Heat flux Q was calculated using the following equation

where Uh and Urc are the voltage drops across the heater and 
resistance coil, respectively, V; Rrc is resistance of resistance 
coil, Ohm.

Heat transfer coefficient h was calculated by the follow‑
ing equation

where A is the surface area of the heater,  m2; ΔT is tempera‑
ture difference between reading of the resistance thermom‑
eter inside the heater and copper resistance thermometer, K.

More details on the experimental setup and procedure, 
as well as the pool boiling test results, were described else‑
where [13]. More specifically, main parts of the boiler used 
in this study could be found in [19].

Since the optical density of the R141b/Span 80/TiO2 
nanofluid is high and the optical path between the sight 
glasses provided in this experimental setup is long (90 mm) 

(1)Q =
UhUrc

Rrc

(2)h =
Q

AΔT

[13, 19], it was not possible to use it to obtain information 
on the IBCs by the method that will be described below.

Experimental setup for IBC study

In order to obtain the information on the IBC at the atmos‑
pheric pressure, an open optical cell with the optical path 
30 mm was used (see Fig. 5a). A Ni–Cr wire 0.2 mm in 
diameter and 86 mm in length served as a test section. Power 
supply BVP (30 V/50 A) with power stabilization accuracy 
0.01 W was used to generate the heat flux. The snapshots 
of boiling process have been taken with help of the camera 
(Canon EOS 1100D) and the stroboscope. A set of ten light 
emitting diodes (LED) (1 W) having peak wavelength at 
650 nm were utilized as a light source in the stroboscope. 
Those LEDs were chosen because the maximum photosensi‑
tivity of image sensor installed in Canon EOS 1100D is near 
650 nm wavelength. The optical cell for the IBC measure‑
ments, the light source and the camera were aligned along 
the same optical axis during the experiments.

As an example of the stroboscopic effect, the snapshot 
of boiling process for the R141b/Span 80 at the heat flux 
29.6 kW m−2 is shown in Fig. 5b. The stroboscope oper‑
ated in a mode of 50 µs of the light pulse and 3 ms interval 
between pulses. We would like to emphasize that the appli‑
cation of the stroboscopic effect allows to get digital images 
of high‑speed processes in high resolution (depending from 
characteristics of the digital camera) that is much higher 
comparing to high‑speed cameras in the medium price 
range. Moreover, due to the stroboscopic effect it is possi‑
ble to analyze the bubble departure frequency. However, the 
disadvantage of the stroboscope application is the overlap‑
ping images that complicate their subsequent processing.

The set of 100–160 bubbles was collected to determine 
the mean bubble departure diameter d̄b and 70–120 bubbles 
to determine the mean bubble departure frequency f̄b.

Uncertainty analysis

The uncertainty analysis was carried out according to guide‑
lines for evaluating and expressing the uncertainty [20]. 
Both components of uncertainty type A “random” and type 
B “systematic” have been considered. The combined stand‑
ard uncertainty of the measurement results can be calculated 
as:

where df
dxi

 is the sensitivity coefficient; u
(

xi
)

 is the standard 
uncertainty associated with the input estimate xi.

The evaluated maximum combined standard uncertainties 
(type B “systematic”) are listed in Table 1. The limits of 

(3)u2
c
(y) =

N
∑

i=1

(

df

dxi

)2

u2
(

xi
)

,

Fig. 5  Snapshots: a experimental cell for the IBC study, b boiling 
process for R141b/Span 80 at 29.6 kW m−2 (resolution 150 pixels per 
1 mm)
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the expanded uncertainty for the HTC including both types 
of uncertainty for the obtained experimental data are pre‑
sented in Fig. 6a–c. For the experimental data on the bub‑
ble departure diameter and frequency, the expanded uncer‑
tainty U = kuc(y) can be estimated at coverage factor k = 2 for 
0.95% level of confidence.

Experimental results

Besides the effect of nanoparticles presence, the effect of 
surfactant admixture on the boiling process has been ana‑
lyzed [21, 22]. Thus, in the experiments we have exam‑
ined the following working fluids:

• pure refrigerant R141b;
• R141b/Span80 solution (99.90/0.10 mass%) (shown as 

R141b/Surf. in the figures);
• nanofluid R141b/Span80/TiO2 (99.80/0.10/0.10 mass%) 

(shown as R141b/Surf./TiO2 in the figures).

HTC results

Experiments were performed using the experimental 
setup mentioned in Sect. 2.2 at several pressures (0.20, 
0.30, 0.40  MPa) and corresponding boiling tempera‑
tures (52.9, 67.1, 77.9 °C) in the range of the heat fluxes 
5.81–56.44  kW  m−2. The experimental results on the 
HTC are shown in Fig. 6a–c. As can be seen, the error 
bars become wider at the higher heat fluxes. This can be 
explained by the pulsating nature of the boiling process 
at the elevated heat fluxes that finally resulted in higher 
values of type A uncertainty. In order to analyze the effects 
of the surfactant and nanoparticles on the HTC, firstly, 
the experimental HTC data were fitted by the following 
equation

where A and B are coefficients (listed in Table 2).
Thereafter, the relative deviations of the HTC between 

pure R141b and its mixtures with Span 80 and Span 80/
TiO2 were calculated (see Fig. 7a, b).

Similar influence of the surfactant Span‑80 and Span‑
80/TiO2 was found for the HTC of the R141b. Both admix‑
tures lead to the higher HTC at the lower heat flux and 
pressures. This effect was mitigated with increasing the 
heat flux and, finally, the HTC became lower comparing 
to the pure R141b. Such dependence of the HTC may be 
beneficial for the plants that operate at the low heat fluxes 
and pressures simultaneously, for example, for the heat 
pumps and refrigerators.

(4)h = A ⋅ qB,

IBC results

The IBC (bubble departure diameter, bubble departure fre‑
quency and mean velocity of bubble growth) were studied 
experimentally under atmospheric pressure at three values 
of the heat fluxes (29.6, 42.2, 57.0 kW m−2). Figure 8a–c 
depicts the pool boiling process at atmospheric pressure 
and heat flux equal to 57.0 kW m−2.

The dependencies of the mean bubble departure diam‑
eter d̄b and mean bubble departure frequency f̄b versus heat 
flux at P = 0.1013 MPa are shown in Fig. 9a, b. The mean 
velocity of bubble growth w̄b = d̄b ⋅ f̄b is shown in Fig. 9c.

The obtained results indicate that the bubble departure 
diameter, frequency and mean velocity of bubble growth 
are insignificantly changed in the range of studied heat 
fluxes. Weak change of the bubble departure diameter 
and frequency, as well as no change of mean velocity of 
the bubble growth versus heat flux, was reported in [10, 
23–26].

The data on the IBC obtained for the R141b at the heat 
flux 29.6 kW m−2 slightly differ from the trends obtained 
for R141b/Span80 and R141b/Span80/TiO2. That can be 
gathered with not fully developed boiling process of R141b 
on Ni–Cr wire at 29.6 kW m−2. For this reason, we do not 
consider the IBC values for the pure R141b at the heat flux 
29.6 kW m−2 during modeling.

Modeling section

RPI model performance for the case 
when the experimental data on nucleation sites 
density is unavailable

The experimental data on the thermophysical properties for 
the pure R141b, R141b/Span 80 and R141b/Span 80/TiO2 
solutions were reported previously in [27]. It was shown 

Table 1  Results of uncertainty evaluation

Parameter Maximum combined 
standard uncertainty

Mass fraction/kg kg−1 2.5 × 10−5

Heater surface area/m2 7 × 10−6

Heat flux Q/W 0.23
Wall temperature/K 0.07
Boiling temperature/K 0.06
Temperature difference/K 0.1
HTC/% 2
Bubble departure diameter/mm 0.04
Bubble departure frequency/s−1 6
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that the effects of the Span 80 (0.10 mass%) and Span 80/
TiO2 (0.10/0.10 mass%) admixtures on the density, viscos‑
ity, thermal conductivity and surface tension of R141b are 
insignificant. Therefore, it cannot be assumed as the influ‑
encing factor on the HTC [12]. Thus, for the simplicity, in 

all calculations presented here, the properties for the pure 
R141b were taken from the database REFPROP [28].

The RPI model uses the heat flux division scheme for the 
boiling process and then was adapted for the pool boiling as 
was shown in [12, 29]. The model considers the following 
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Table 2  Coefficients of Eq. (4)

Fluid 0.20 MPa 0.30 MPa 0.40 MPa

A B RMSE/W m−2 K−1 A B RMSE/ 
W m−2 K−1

A B RMSE/W m−2 K−1

R141b 1.1732 0.781756 66.6 1.9631 0.748324 95.5 4.3676 0.686787 52.7
R141b/Surf. 3.6585 0.673049 75.5 6.7067 0.627153 126.0 10.3692 0.594978 61.2
R141b/Surf./TiO2 2.4160 0.718459 68.7 4.8583 0.660957 154.5 9.5380 0.603588 93.9
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heat transfer mechanisms: the latent heat of evaporation 
to form the bubble qe; heat for reformation of the thermal 
boundary layer following bubble departure (quenching heat 
flux) qq; heat transfer to the liquid by convection in the area 
outside the influence of bubbles qc. Thus, the total heat flux 
qtot during boiling can be calculated as

Each of the components of qtot was described in details 
for pool boiling case in [12, 13]. Depending on the shape 
and orientation of the heating surface, the convective HTC 
has to be calculated using corresponding equation. In our 
case, the formula for a horizontal cylinder was applied [30]

where Gr and Pr are Grashof and Prandtl numbers, respec‑
tively; Prw is Prandtl number calculated at the temperature 
of heating surface.

The model was fed by the experimental data on the mean 
bubble departure diameter and frequency (see Fig. 9). Two 
correlations give the dependence of the mean bubble depar‑
ture diameter [10, 23] and frequency [10] versus pressure

where d̄b , �′ , �′′ and � are the average bubble departure 
diameter, the density of the liquid and vapor and the sur‑
face tension at given pressure; d̄b 0.1 , �′0.1 , �

′′
0.1

 and �0.1 are the 
average bubble departure diameter, the density of the liq‑
uid and vapor and the surface tension at P0.1= 0.1013 MPa; 
w̄b = d̄b ⋅ f̄b is mean velocity of bubble growth at given 
pressure; w̄b 0.1 is mean velocity of the bubble growth at 
P0.1= 0.1013 MPa; � = P0.1

/

PC is the reduced pressure.

(5)qtot = qe + qq + qc

(6)hconv =
k

dh
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The nucleation site density was not measured experimen‑
tally and therefore was calculated using the following cor‑
relation [10, 23, 31]

where nb is the nucleation site density,  (m−2) Δh is the 
heat of vaporization, (J kg−1); �′′ is the density of vapor, 
(kg m−3); ΔT  is the wall superheat, (K); TS is the saturation 
temperature, (К); � is the surface tension, (N m−1).

The results of RPI model performance to predict the HTC 
for the case when the experimental data on nucleation sites 
density are unavailable and Eq. (9) was used to calculate it 
are shown in Fig. 10. Relative deviations between calculated 
and experimental data are shown in Fig. 11.

As can be seen, the experimental and calculated values 
for the HTC are quite close to each other. Relative deviations 
between them do not exceed ± 20%. However, there is no 
qualitative agreement between prediction and experiment 
regarding the effects of the surfactant and nanoparticles. 
Such results demonstrate high importance of the nucleation 
site density in the nucleate boiling process.

It is well known that nanoparticles and surfactants may 
cause the reduction or increase in the nucleation site density 
[32–35]. This process is influenced by many factors such as 
boiling regime, boiling pressure/temperature, nanoparticles 
size and initial roughness of the surface [33]. Such a diver‑
sity of influencing parameters on the nucleation site density 
may explain the controversial results regarding the effects 
of nanoparticles on the HTC during boiling.

Thus, we can conclude that both qualitatively and quanti‑
tatively accurate modeling of the HTC is only possible when 
the full set of the IBC is considered.

(9)
√

nb = 25 × 10−8
�

Δh ⋅ ��� ⋅ ΔT

TS ⋅ �

�1.5

Introducing the limited set of experimental data 
to improve the HTC prediction

As the following step to increase the accuracy of the HTC 
prediction, we introduce the limited set of experimental 
data (LSED) to the calculation process aiming to reduce its 
amount to the minimum. Firstly, using the experimental data 
on the HTC, bubble departure diameter and frequency (all in 
the narrow range of heat flux 25–30 kW m−2) the dependen‑
cies of the nucleation site density versus heat flux and pres‑
sure were calculated for each studied fluid. This approach 
was previously used and described elsewhere [13]. The tran‑
sition from atmospheric pressure to the pressures studied in 
the HTC experiment for the bubble departure diameter and 
frequency was performed using Eqs. (7–8).

The obtained data on the nucleate site density in range 
of the heat fluxes 25–30 kW m−2 were fitted then using 
Eq. (10). Equation (10) was chosen after analysis of obtained 
in the study dependences nb = f (q) in the range of heat fluxes 
5.8–56.4 kW m−2 and at various boiling pressures (0.2, 0.3, 
0.4 MPa) for all the studied here liquids.

where A and B are the coefficients.
The analysis of Eq. (9) and dependence nb = f (q) (cal‑

culated with help of the RPI model) have revealed that the 
nucleation sites density versus pressure for all the studied 
here liquids follow the correlation

(10)nb = A ⋅ qB,

(11)nb = nb 0.1

(
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TS ⋅ �
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where nb , Δh , �′′ , TS and � are the nucleation site density, 
heat of vaporization, vapor density, saturation temperature 
and surface tension at given pressure at which the value nb 
has to be defined, respectively; nb 0.1 , Δh0.1 , �′′0.1 , TS 0.1 and �0.1 
are the same parameters at P0.1 = 0.1013 MPa, respectively; 
C is empirical constant. The coefficients of Eqs. (10–11) for 
each studied liquid are shown in Table 3.

According to [10], the value of C should be similar for 
different liquids. However, we got quite high difference 
of C for each tested liquid—see Table 3. Nonetheless, the 
coefficient C could be found for each specific liquid/sur‑
face combination using LSED at one value of the heat 
flux and two values of pressure. Figure 12 shows the com‑
parison of two calculation methods for the nucleation size 
density versus heat flux and pressure: (1) using the RPI 

model according to Eqs. (5, 7–8) and LSED on the HTC, 
the average values of the bubble departure diameter and 
frequency and (2) using Eq. (11) and LSED at one value 
of the heat flux and two values of pressure. As can be seen, 
both calculations are very similar. Thus, data on the IBC 
obtained in the narrow range of the heat flux and pressure 
can be extrapolated for a wide range of the experimental 
parameters using Eq. 11 [10, 23].

Finally, we have compared the relative deviations of the 
HTC calculated using LSED within the framework of the 
RPI model and fitted experimental data by Eq. (4). As fol‑
lows from Fig. 13, both qualitative and quantitative accuracy 
of the HTC prediction is achieved when LSED was applied. 
A visual summary of the proposed method is represented in 
a form of the scheme in Fig. 14.
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In order to confirm the reliability of the proposed 
approach, we have examined experimental data for the HTC 
and IBC reported in [25]. In this work, the nucleate pool 
boiling experiments of methane were performed in the range 
of the heat flux from 10 to 80 kW m−2 and at the pressures 
0.15, 0.20, 0.30 and 0.40 MPa. The experiments were con‑
ducted on the upper surface of a smooth vertical copper cyl‑
inder. Thereafter, to calculate the HTC under natural convec‑
tion as part of qc and qtot Eq. (5) a respective correlation was 
used [31]. During calculations, all thermophysical properties 
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Table 3  Coefficients of Eqs. (10) and (11)

Fluid A B C

R141b 3748 0.5826 1.20
R141b/Surf. 1007 0.7122 1.09
R141b/Surf./TiO2 2076 0.6682 1.05
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were taken from [28]. The coefficient C of Eq. (11) was 
found to be equal to 1.39 for this case. The performance of 
the method is shown in Fig. 15. As can be seen, the relative 
deviations between experimental [25] and calculated data on 
the HTC are mainly estimated within ± 10%.

Conclusions

In this paper, the experimental data on the HTC and IBC 
were obtained for pure refrigerant R141b and its mixtures 
with surfactant Span 80 and  TiO2 nanoparticles. The results 
indicate that the increase in the HTC is higher at the lower 
heat flux and pressure. The increase in the heat flux and pres‑
sure mitigates the effect of the surfactant and nanoparticles 
on the HTC and leads to decrease in the HTC comparing to 
the pure refrigerant. The obtained results on the IBC show 
that the bubble departure diameter, frequency and mean 
velocity of the bubble growth are insignificantly change in 
the range of the examined heat flux.

The analysis of the RPI model performance for the case 
when experimental data on the nucleation sites density is 
unavailable was carried out. It was shown that no qualita‑
tive agreement exists between experimental and calculated 
data on the HTC. In order to improve the accuracy of the 
HTC prediction during the pool boiling, we proposed a new 
approach that combines a limited set of the experimental 
data (LSED) with correlations of the IBC’s versus heat flux 
and pressure. More specifically, LSED included the average 
bubble departure diameter and frequency measured at one 
pressure and two values of the heat flux, as well as the HTC 

determined at one value of the heat flux and two values of 
pressure.

As the result, the LSED makes it possible to achieve 
both qualitative and quantitative (within ± 10%) agreement 
between predicted and experimental data on the pool boil‑
ing HTC obtained here for the R141b, R141b/Span 80 and 
R141b/Span 80/TiO2 and reported data for methane [25].
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