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Abstract—Experimental data were obtained on heat transfer in horizontal layers of dielectric
liquid HFE-7100 of various heights at atmospheric pressure. The heat transfer during boiling
was studied on a smooth stainless steel surface and on a capillary-porous stainless steel
coating manufactured by the SLM/SLS 3D printing technology. Comparison of the values
of temperature pressure and critical heat flux on the smooth surface and on the capillary-
porous coating has shown that in HFE-7100 layers with height below 6 mm, the heat transfer
regime changes from pool boiling to boiling in thin layers of liquid. At a heat flux density of
100 kW/m2, the temperature difference obtained on the capillary-porous coating was six times
lower than that on the smooth surface.

DOI: 10.1134/S1810232824020024

1. INTRODUCTION

The boiling process is an efficient way to cool heated surfaces in a number of technical devices
(thermosiphons, vapor chambers, heat pipes for various purposes, etc.). The process of boiling of
dielectric liquids is now under active study as a method of cooling microelectronics and microchips,
in particular in two-phase immersion cooling, due to the ability of the liquid-vapor phase transition
to remove high heat fluxes at a low temperature difference between the heated surface and the
liquid. Two-phase immersion cooling is a relatively inexpensive method because it does not require
a complex system for coolant circulation and thus labor-intensive maintenance [1–3]. Two-phase
immersion cooling is also one of the most efficient ways to reduce energy consumption during cooling
[4]. The use of thin layers of liquid makes it possible to reduce coolant consumption and the weight
and size characteristics of heat exchangers. To date, there are no studies aimed at analysis of heat
transfer during boiling in thin horizontal layers of the commonly used dielectric liquid HFE-7100.

Using various modified heating surfaces can significantly increase the values of the heat transfer
coefficient (HTC) and critical heat flux (CHF) during boiling, making this cooling method much
more efficient and safe. Selection of optimal parameters of the heating surface and the properties of
the working fluid should base on consideration of the physical mechanisms of heat transfer during
boiling.

1.1. Influence of Liquid Layer Height on Heat Transfer during Boiling

Work [5] presents a brief review of studies and analysis of the influence of the liquid layer height
on the HTC and CHF values during boiling and evaporation in thin horizontal layers of liquids.

Works with water and organic liquids [6, 7] have shown that at a certain layer height, different
for each liquid, the HTC values achieved are higher than those in a large volume. In [8–10], boiling
in thin films of oxygen, nitrogen, hydrogen, and helium was experimentally studied. Based on the
experimental data obtained, it was established that the intensity of heat transfer during boiling
in a thin film can exceed the intensity of heat transfer during pool boiling in almost the entire

*Corresponding author. E-mail: shvetsov.kh301@ya.ru

250



HEAT TRANSFER DURING BOILING IN HORIZONTAL LAYERS 251

range of heat flux densities up to the onset of a boiling crisis. The authors of [8–10] refer the
significant intensity of heat transfer in thin layers of liquid to the lower thermal resistance of the
film as compared with the thermal resistance of the thermal boundary layer, which determines the
HTC during free convection in a large volume. In experiments with distilled water, ethyl alcohol,
and freon-113 at atmospheric pressure [11], it was found that increase in the liquid level above a
certain value had a little effect on the HTC values, and when the level decreased, intensification of
heat transfer was observed.

The works by Tolubinskii [12, 13] show the experimental dependence of the number of active
nucleation sites on the thickness of the liquid film. In [14], the heat transfer and CHF were studied
during evaporation of a thin layer of liquid on structures made of metal mesh, perforated screens,
and copper felt (35 types of structures in total). The capillary structures under study were attached
to the heat-releasing surface of 28 mm in diameter. The liquid level in the working chamber was
maintained at 1–2 mm below the level of the heat-releasing surface, but the structures under study
were completely covered by the liquid supplied by capillary forces. The experiments have shown
that with optimal types of capillary structures, higher CHF values can be removed in thin layers of
liquid as compared with pool boiling of liquid on an uncoated surface.

For water, the influence of the liquid layer height on the HTC values during boiling is shown in
the works by Pioro [15, 16]. Works [17, 18] present studies in more detail on the effect of the water
film thickness on the heat transfer and CHF during boiling under atmospheric pressure conditions.

In a series of works with mineral vacuum oil as a working fluid [19–23], experimental data were
obtained on the HTC and CHF values, and geometric and kinematic characteristics of the structures
formed in liquid layers at changes in the heat flux density and layer height.

Works [24–26] present experimental results on heat transfer in layers of n-dodecane. Data on the
HTC and CHF values are presented; maps of hydrodynamic regimes were constructed; experimental
data obtained in layers of liquid on a smooth surface were compared with calculated dependencies
for pool boiling conditions.

1.2. Intensification of Heat Transfer during Boiling on Capillary-Porous Coatings
It is known that capillary-porous coatings intensify heat transfer during boiling, leading to low

temperature differences of boiling onset and increase in the HTC and CHF values [27–29]. Work
[30] shows that the presence of porous coatings leads to increment in the CHF values due to better
capillary liquid replenishment. To describe, predict, and optimize the heat transfer processes during
boiling on capillary-porous coatings, it is necessary to simulate the distribution of liquid-vapor flows
in the heating zone. Several mechanisms established during pool boiling of liquid can be used as
guidelines in choosing the geometric parameters of microstructured capillary-porous coatings.

Liter and Kaviany in [31], when designing the profile of capillary-porous coatings, suggested that
thickness-modulated porous coatings can increase the HTC and CHF values due to the physical
separation of ascending vapor flows and descending liquid flows. This approach is based on the idea
that liquid is supplied from the volume to the tops of the thickness-modulated coating, and vapor is
released from the inter-rib depressions of the coating. The liquid-vapor flows move countercurrently.
The creation of separate alternating areas with low resistance to vapor escape (bubble separation)
and sufficient replenishment with the liquid from the tops of the ribs of the modulated capillary-
porous structures made it possible to increase the HTC values by almost two times and the CHF
values by three times in comparison with a smooth surface without coatings. Min et al. in [32]
studied pool boiling of n-pentane at atmospheric pressure on thickness-modulated porous coatings
and found that HTC values achieved on 2D modulated porous coatings were higher than those on
3D modulated coatings. Capillary-porous 2D coatings in [33] also showed higher HTC values in
comparison with microchannels with polished surface, porous coating of uniform thickness, and 3D
structures.

The 3D printing technology enables production of almost any coating and formation of various
structures of given porosity for study of heat transfer during boiling. In the 3D printing technology,
a product is made by applying and laying down layers of powdered material, each layer being a
thin cross-section of the product. Owing to precise control of the parameters of the structures
in [34, 35], the influence of the parameters on the heat transfer during pool boiling of liquid was
studied in detail. Data on heat transfer during boiling in thin horizontal layers of n-dodecane on a
capillary-porous coating are presented in [36, 37].
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1.3. Studies of Effect of Modified Surface on Heat Transfer
during Pool Boiling of Dielectric Liquid HFE-7100

Fluorocarbons (FCs) and hydrofluoroethers (HFEs) are used in cooling of microelectronics. These
liquids have an advantage of their saturation temperatures at atmospheric pressure (61◦C) allowing
maintenance of high-performance processor chips at temperatures below 85◦C. These liquids do not
conduct electric current, are chemically inert, and have no toxic effect on the environment [38]. In
study [39], performed on a smooth copper surface, it was shown that higher values of the coefficients
of surface tension and latent heat of vaporization of HFE-7100 led to HTC and CHF values higher by
(50–60)% and (30–40)%, respectively, than those for FC-72. Currently, there are no studies on heat
transfer enhancement during evaporation and boiling in thin horizontal layers of dielectric liquids.
Analysis of literary sources shows that a large array of experimental data has been accumulated for
pool boiling of liquid HFE-7100.

In [40], the effect of a stainless steel mesh coating on heat transfer was studied. The size of the
heating surface was 80× 15 mm2. In [40], it was found that at low heat flux densities, a lower
temperature difference was achieved on the coating as compared with an uncoated surface, but
the CHF values on the coating were significantly lower than those during boiling on the uncoated
surface. In [41], experiments were carried out on pool boiling of saturated and subcooled HFE-7100
on a porous graphite surface measuring (10x10) mm2. The results of [41] were compared with data
obtained on a smooth copper surface of the same dimensions. It was found that the CHF values for
HFE-7100 on the porous graphite surface were 60% higher than those on the smooth copper surface.
The temperature difference values at given heat flux densities on the porous graphite surface were
by 25% lower than those on the smooth copper surface.

In [42], a study of heat transfer during pool boiling of HFE-7100 on sintered porous copper
coatings of various thicknesses (100 μm, 360 μm, and 700 μm) was carried out. The copper particle
size ranged from 5 μm to 20 μm. The size of the heating surfaces was 2× 10 mm2. The authors of
[42] compared the experimental data obtained on porous coatings with data obtained on uncoated
copper surfaces with the roughness Ra = 0.78 μm and Ra = 0.33 μm. It was found that the values
of the boiling-onset temperature differences achieved on microporous coatings (3–11)◦C were lower
than those on uncoated surfaces (17–38)◦C, due to the presence of a large number of cavities of
(1–5) μm in size. This result is consistent with the theoretical range of active pore sizes calculated
by the Hsu model [43]. In comparison with smooth surfaces, the HTC values on microporous
coatings increased by (50–270)% in dependence on the coating height. The highest HTC values
were achieved on a coating with height of 700 μm. The CHF values also grew by (33–60)% for
microporous coatings as compared with smooth surfaces.

In [44], a study was conducted on the heat transfer during pool boiling of HFE-7100 on copper
foam coatings of various thicknesses (1 mm, 2 mm, and 3 mm). The size of the heating surfaces
was 16× 16 mm2. The authors of [44] compared the experimental data obtained on the copper
foam with the data obtained on a copper surface with the roughness Ra = 0.14 μm. It was found
that at heat flux densities below 200 kW/m2, the HTC value achieved on the copper foam 2 mm
thick was higher than that on the other heating surfaces studied. At heat flux densities of more
than 200 kW/m2, the highest HTC value was achieved on the copper foam 1 mm thick. The HTC
values obtained on the copper foam were by 145% higher than those obtained on the smooth copper
surface. The authors of [45] studied the heat transfer during pool boiling of HFE-7100 on surfaces
with square copper pillars. In [45], the height and number of these pillars varied. The size of the
heating surfaces was 16× 16 mm2. It was found that the highest HTC values were achieved on
surfaces with the largest number of square pillars with height of 200 μm. The HTC value achieved
on these surfaces was by 260% higher that the HTC value achieved on the smooth copper surface.
In [46], the surfaces with square pillars from [45] were covered by Al2O3 particles. The hierarchically
structured surfaces obtained in this way made it possible to increase the HTC values by another
65%.

In [47], the heat transfer during pool boiling of HFE-7100 on porous Al2O3 films on aluminum
substrates was studied. The size of the heating surfaces was 25× 25 mm2. The authors of [47] failed
to obtain HTC or CHF values higher than those on smooth aluminum surfaces for both horizontal
and vertical orientations of the heater. The analysis of experimental results carried out by the
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authors of [47] revealed that the pore size of the Al2O3 films was (0.02–0.07) μm and was too small
for these pores to be activated. As was shown in [42], according to the Hsu model [43], the optimal
size of active pores for boiling of HFE-7100 must be about (1–5) μm.

In [48], a study of the heat transfer during pool boiling of HFE-7100 on copper and titanium
surfaces covered by TiO2 nanotubes was carried out. The size of the heating surfaces was
2× 10 mm2. The authors of [48] compared the experimental data obtained on the copper and
titanium surfaces covered by nanotubes with the data obtained on the smooth copper and titanium
surfaces. The temperature difference values obtained on the smooth copper and titanium surfaces
were slightly different, but the highest CHF was obtained on the smooth copper surface. It was
found that the CHF values obtained on the copper surface covered by nanotubes and the titanium
surface covered by nanotubes could be as high as 52.2 W/cm2 and 48.9 W/cm2, respectively, which
is approximately by 40% higher than that on the corresponding smooth surfaces. The effect of the
nanotube coating on the HTC value was completely different for the copper and titanium surfaces.
The titanium surface covered by nanotubes had HTC values higher by 65% than those of the
smooth titanium surface. A copper surface covered by nanotubes showed the opposite effect, i.e.,
HTC values by 20% lower than those for the smooth copper surface. The authors of [48] refer this
effect to the higher thermal resistance between the copper surface and TiO2 nanotubes.

The influence of the roughness of a copper heating surface and operating pressure on the heat
transfer during pool boiling of HFE-7100 was studied in detail in [49, 50]. The diameter of the
heating surface was 30 mm and 40 mm in [49] and [50], respectively. In [49, 50], close HTC and
CHF values were obtained for different pressures. It was established that increase in the roughness
Ra from 0.023 μm to 1.878 μm [49] and from 0.019 μm to 0.587 μm [50] led to higher HTC and CHF
values. Rise of pressure on all copper surfaces considered in [49, 50] also led to growth of the HTC
and CHF values. In [51], copper plates with different roughness were drilled through for creation of
artificial nucleation sites and attached to the top of the heater. The size of the copper surfaces was
30× 30 mm2. The diameter of the holes and the distance between them varied for each plate. It
was established that on the copper plate without holes with the greatest roughnessRa = 7.564 μm,
the HTC values achieved were by 150% higher than those on the smooth surface with the lowest
roughness Ra = 0.48 μm. On the plate with the roughness Ra = 7.564 μm with a row of holes with
diameter of 1 mm and spacing of 3.5 mm between them, the HTC values achieved were by 124%
higher than those on the plate without holes.

In [52], a study of the heat transfer during pool boiling of HFE-7100 on porous coatings in the
form of sintered copper particles and copper wire meshes was carried out. The diameter of the
heating surfaces was 15 mm. It was found that on the sintered porous coatings, the HTC and
CHF values increased by 85% and 66%, respectively, as compared with the data obtained on the
smooth copper surface. On a surface with mesh, the HTC and CHF values grew by 144% and
81%, respectively. At low heat flux densities, the smallest values of temperature difference were
achieved on the sintered porous coatings, whereas at high heat flux densities, the lowest values of
temperature difference were observed on the surfaces with meshes. In [53], the heat transfer during
pool boiling of HFE-7100 on a porous heater with diameter of 20 mm was studied. The purpose of
the experiments in [53] was to obtain a low temperature difference of boiling onset. The authors of
[53] prepared a porous coating with average pore size of ∼ 0.33 μm, basing on the range of active
pore sizes calculated by the Hsu model [43]. As a result, the temperature difference of boiling onset
on the porous coating was almost by half lower than that on a smooth surface made of indium and
tin oxide.

Work [54] presents the results of a study of the heat transfer during pool boiling of HFE-7100
on structured fins created by additive SLM manufacturing. The size of the heating surfaces was
10× 10 mm2. The finless surface, 2D triangular and rectangular fins, and 3D structures were
fabricated with the use of AlSi10Mg powder. The maximum values of the CHF (64.19 W/cm2)
and HTC (2.22 W/cm2) were achieved. It is worth noting that due to the high roughness of the
surfaces produced by the SLM manufacturing, nucleation sites were activated over their entire area.
Due to the random formation of bubbles on the surfaces, some bubbles could merge with each other
and prevent liquid replenishment to the coating. Thus, when designing a coating structure using
additive manufacturing, it is especially important to ensure free and organized removal of the vapor
phase from the heating surface for better liquid replenishment.
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The literature review performed shows that the influence of the HFE-7100 layer height on the
heat transfer during boiling was not studied. Research on the characteristic transitions from heat
transfer during pool boiling of liquid to heat transfer during boiling in thin horizontal layers of
liquid is necessary for designing highly efficient cooling systems for future generations of central
processors. This could be a promising technology for significant reduction of the consumption of
expensive HFE7100.

The vast majority of studies of boiling processes with HFE-7100 on modified surfaces use results
obtained on smooth copper surfaces as a comparative basis. Conducting experiments on a stainless
steel surface will give better understanding of the influence of the physical properties of the heating
surface on the heat transfer during boiling of HFE7100 and will help to design new highly efficient
methods for intensifying the heat transfer.

This work examines the influence of the height of a horizontal layer of HFE-7100 on the heat
transfer during boiling on a microstructured 2D modulated capillary porous coating. The coating
was produced by the additive 3D printing manufacturing using the SLM/SLS (selective laser
melting/sintering) method. The experimental results obtained are compared with data obtained on
a smooth stainless steel surface. In contrast to the studies discussed above, in this work, the heat
transfer during boiling in horizontal layers of HFE-7100 is studied on lengthy heating surfaces of
120 mm in diameter.

2. EXPERIMENTAL
2.1. Experimental Setup

The studies were carried out on the experimental setup shown in Fig. 1. A detailed description
of the installation is given in [36]. The working chamber is made in the form of a cylindrical vessel

Fig. 1. (a)—Scheme of experimental setup: 1—thermocouples for measuring temperature of chamber bottom,
2—housing, 3—thermocouples for measuring temperature of cooling water, 4—pipe for attaching system for
pumping and pressure measurement, 5—vacuum inlet, 6—inspection windows, 7—cooling coil, 8—heating coil,
9—thermal insulation layer, 10—copper plate, 11—electric heater, 12—electric heater casing; (b)—photograph
of experimental setup.
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Table 1. Thermophysical properties of HFE-7100 at pressure of 100 kPa

Ts, ◦C 61

ρl, kg/m3 1419

ρv, kg/m3 9.027

hlg, J/kg 1.117 · 105
ν, m2/s 3.008 · 10−7

σ, N/m 9.936 · 10−3

λ, W/(m·К) 0.062

cp, J/(kg·К) 1255

of steel 12X18H10T with wall thickness of 1 mm. The internal diameter of the working chamber is
120 mm and the height is 300 mm. The bottom is heated by tubular electric heater 11 with power
of 3 kW. Copper plate 30 mm thick 10 located between electric heater 11 and the bottom of the
working chamber, serves for uniform distribution of the heat flux directed to the heating surface.
For measurement of the heat fluxes, five holes with diameter of 1.5 mm were drilled in the bottom
of the working chamber in parallel to the heating surface at different heights. Copper-constantan
thermocouples in stainless capillaries were inserted into these holes. The gap between the bottom
and the copper plate was filled with a special paste with high thermal conductivity. The chamber
was cooled by water flowing in coil 7 on the outer surface of the upper part of the working chamber.
Below the cooling coil, there was additional coil 8 for heating the lower part of the working chamber
to the saturation temperature of the working liquid in order to reduce the heat losses of the heater
because of flows along the walls of the working chamber from the heater to the cooling coil [55]. The
working chamber was equipped with six windows for visual observation of processes. The heater
and the working chamber in their lower parts were thermally insulated with kaolin wool 9.

HFE-7100 was used as the working liquid. The HFE-7100 thermophysical properties presented
in Table 1 were calculated according to data from [56–58]. Before the start of the experiments,
a certain amount of the working liquid was poured onto the bottom of the working chamber for
creation of a layer of the required height. The liquid was thoroughly degassed by boiling under
reduced pressure for several hours. During the experiments, steady-state heat transfer regimes were
obtained, in which temperatures along the thickness of the heated wall and the pressure above the
liquid layer in the working chamber were recorded, and video recording of the process was carried
out with a high-speed video camera. In the experiments, boiling curves were got at a constant
pressure of 100 kPa above the liquid layer.

The smooth stainless steel surface had the roughness Ra = 0.62 μm (Rz = 3.2 μm).

2.2. Capillary-Porous Coating

The capillary-porous coating made of stainless steel LPW 155 (15-5PH) was applied to the
bottom of the specially manufactured chamber by the 3D laser printing technology using the
SLM/SLS (selective laser melting/sintering) method. The technology of coating application is
described in detail in [36, 59]. 2D modulated structures with a sinusoidal dependence of the
local coating thickness on the transverse coordinate were under consideration. The thermal
conductivity of the coating material is λ ≈ 20 W/(m·K) [60]. The porosity ε = 44%. The maximum
ridge height δ = 550 μm, and the minimum height (residual layer) δ0 = 50 μm. The amplitude
A = δ − δ0 = 500 μm. The coating profile equation is z = (A/2) · sin(2πx/λm) +A/2 + δ0, where
z is the vertical coordinate and x is the horizontal coordinate. The modulation wavelength
λm = 3.5 mm. The morphology of the stainless steel sample was analyzed with a Hitachi S-3400N
scanning electron microscope. A photograph of the coating and its SEM image are shown in Fig. 2.
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Fig. 2. Capillary-porous coating made of stainless steel: (a) photograph of top view of coating; (b) SEM
image of coating.

2.3. Estimation of Measurement Uncertainty

The heat flux was calculated with application of the Fourier equation from the temperature
gradient measured along the center line across the thickness of the working chamber bottom with
a linear approximation of the output signal of five thermocouples:

q = −λ
(
∂T

∂x

)
, (1)

where x is the distance at which thermocouples are located along the thickness of the bottom of
the working chamber, m.

The temperature of the heating surface was determined via straight-line interpolation of
thermocouple readings by the least squares method with a linear regression model:

T =

(
∂T

∂x

)
x+ Tw. (2)

The temperature difference ΔT was determined as the difference between the temperature of the
heating surface Tw and the temperature of the saturated vapor Ts. The instrument uncertainty of
the pressure measurement was ±0.2% of the total scale.

The uncertainty ΔTw in measuring the wall surface temperature consisted of an instrumental
uncertainty of ±0.3◦C in measuring the temperature with a thermocouple and the uncertainty
in measuring the value of the temperature gradient, expressed by the residual variance for
determination of the parameter Tw from formula (2). The uncertainty in measuring the temperature

of the heating surface was calculated according to the formula ΔTw =
√
(θpr)

2 + (σTW )2, where θpr
is the instrumental uncertainty of measuring the temperature with a thermocouple, ◦C; σTW is the
residual variance for determination of the parameter Tw from temperature gradient (1). The total
uncertainty in measuring the heating surface temperature did not exceed ±0.6◦C.

The uncertainty of measuring the temperature difference between the heating surface and the
saturation temperature was calculated by the formula

δ (ΔT ) =

√
(ΔTw)

2 + (ΔTs)
2. (3)
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Fig. 3. Relative measurement error: (a) heat flux density; (b) heat transfer coefficient. 1—smooth surface;
2—capillary-porous coating.

The relative uncertainty in measuring this temperature difference δ(ΔT )/ΔT did not exceed
±7%. The thermal conductivity coefficient of steel 12X18H10T and its absolute error were calculated
by the formula in [61]

λ = 10 ± 0.47 +
(
0.164 ± 0.2 · 10−3

) · (TW + 273) . (4)

For calculation of the uncertainty of heat flux measurement, the following formula was used:

Δq =

√√√√(∂q
∂λ

·Δλ
)2

+

(
∂q

∂ ∂T∂x
·Δ∂T

∂x

)2
, (5)

where Δλ is the uncertainty of measuring the thermal conductivity coefficient, which was found from
formula (4); Δ(∂T/∂x) is the residual variance for determining the temperature gradient ∂T/∂x.
The relative uncertainty of heat flux measurement Δq/q did not exceed ±14% (Fig. 3a).

For calculation of the heat transfer coefficient, the following formula was used:

α =
q

ΔT
. (6)

The uncertainty of HTC measurement was calculated by the formula

Δα =

√(
∂α

∂q
·Δq
)2

+

(
∂α

∂ΔT
· δ (ΔT )

)2
. (7)

The calculated relative uncertainty of HTC measurement Δα/α at heat flux densities greater
than 100 kW/m2 did not exceed 15% (Fig. 3b).
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Fig. 4. Boiling curves obtained in layers of HFE-7100 of various heights at pressure of 100 kPa on smooth
stainless steel surface.

3. RESULTS AND DISCUSSION
3.1. Influence of Liquid Layer Height on Heat Transfer

during Boiling on Smooth Surface
Figure 4 shows the dependences of the heat flux density on the temperature difference in HFE-

7100 layers with height of 1.5 mm, 2.5 mm, 6.0 mm, 10.0 mm, 16 mm, 25 mm, and 35 mm
at a pressure of 100 kPa. It was found that in a layer 1.5 mm high at low heat flux densities
(q ∼ 3 kW/m2), a dry spot appeared in the center of the surface. This led to a surge in the
temperature difference with a slight growth of the thermal load. In a layer 2.5 mm high, the dry
spot also appeared, but at much higher heat flux densities (q ∼ 50 kW/m2). The CHF values
obtained in a 6 mm layer were higher than those in layers of lower height. Thus, comparison of the
values of the temperature pressure and CHF shows that in HFE-7100 layers higher than 6 mm, the
heat transfer regimes changed from boiling in thin layers of liquid to pool boiling. At atmospheric
pressure, the capillary constant value for HFE-7100 was 0.8 mm. Accordingly, the change in the
regime from boiling in thin layers of liquid to pool boiling for HFE-7100 occurred at a layer height
of about seven capillary constants.

In HFE-7100 layers with heights of 10.0 mm, 25 mm, and 35 mm, the HTC and CHS values were
practically the same at a pressure of 100 kPa, as can be seen from the curves in Fig. 4. The HTC
and CHS values in a layer 16 mm high were higher than those in liquid layers of other thicknesses.

3.2. Comparison of Experimental Data Obtained in Liquid Layers on Smooth
Surface with Dependencies Calculated for Pool Boiling Conditions

In this work, the HTC values obtained during boiling in layers of HFE-7100 of various heights
on a smooth stainless steel surface were compared with the known calculated dependencies for pool
boiling.

The Gogonin formula [62] takes into account the roughness and thermophysical properties of the
heating surface and liquid:

Nu = 0.01Re0.8∗ Pr1/3bK0.4
t R

0.2
z X−0.2, (8)

where Nu = αlσ
λl

is the Nusselt criterion; lσ =
√

σ
g(ρl−ρv) is the capillary constant, m; σ is the liquid

surface tension coefficient, N/m ; g is the free fall acceleration, m/s2; ρl and ρv is the density of
liquid and vapor, respectively, kg/m3; λl is the coefficient of thermal conductivity of the liquid,
W/(m·K); Re∗ = qlσ

hlgρvνl
is the Reynolds number; Pr = νl

al
is the Prandtl number; a = λ

ρlcp
is the
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thermal diffusivity of the liquid, m2/s; Kt =
(hlgρv)

2
lσ

cpTsρlσ
is the Peclet criterion; b = 1 + 10

(
ρv

ρl−ρv
)2/3

is a dimensionless complex; Rz = Rz
lν

is the dimensionless roughness; lν =
(

ν2

g(1−ρv/ρl)
)1/3

is the

viscosity-gravitational constant of the liquid, m; X =
λlcplρl
λwcpwρw

is a dimensionless complex.

Li presents in [63] a modification of the Rohsenow formula [64], which takes into account the
roughness and thermophysical properties of the heating surface and liquid:

cpΔT

hlg
= 0.013C−0.33

s

(
qlσ
μhlg

)0.33
Pr, (9)

Cs = (1− cos θ)0.5
[
1 +

5.45

(Ra − 3.5)2 + 2.61

]
γ−0.04, (10)

θ = MAX(θ, 15◦), (11)

where θ is the contact angle of wetting, ◦; γ =
√

λwcpwρw
λlcplρl

is a complex; Ra is the surface
roughness, μm. The contact angle of wetting of HFE-7100 is (5–10)◦ and thus according to
formula (11), for calculation using formula (10), it is necessary to take the contact angle of wetting
θ = 15◦.

Stephan and Abdelsalam in [65] obtained the following calculated dependence for hydrocarbons:

Nu = 0.0546

[(
ρv
ρl

)0.5 qd0
λlTs

]0.67(
ρl − ρv
ρl

)−4.33(hlgd20
a2l

)0.248
, (12)

d0 = 0.0146θ

√
2σ

g (ρl − ρg)
, (13)

where d0 is the bubble separation diameter, m. For calculation by formula (12), obtained for
hydrocarbons, it is necessary to take the contact angle of wetting θ = 35◦.

Figure 5 shows a comparison of experimental data obtained in layers of different heights at a
pressure of 100 kPa on a stainless steel surface with calculated dependencies (8), (9), and (12) and
experimental data from [42, 45, 49–51], obtained for pool boiling on a copper surface. Table 2
presents the roughness of the heating surfaces without coatings with which the comparison in Fig. 5
is given. The calculations using formulas (8) and (9) were performed for surfaces made of copper
and stainless steel with the roughness Ra = 0.62 μm (this work).

Table 2. Parameters of smooth heating surfaces from various researchers

Author Heating surface size, mm Heating surface material X γ Roughness Ra, μm

[42] 2× 10 copper 8 · 10−5 111 0.33

[45] 16× 16 - // - - // - - // - 0.14

[51] 30× 30 - // - - // - - // - 0.48

[49] d = 30 - // - - // - - // - 0.023

[50] d = 40 - // - - // - - // - 0.019

This work d = 120 Stainless steel 1.5 · 10−3 25 0.62
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Fig. 5. Comparison of experimental data with calculated dependences at pressure of 100 kPa: 1—[42], 2—[45],
3—[51]; 4—[49]; 5—[50]; 6—data obtained in HFE-7100 layers of different heights; calculation by formula (8): 7—
stainless steel, 8—copper; calculation by (9): 9—stainless steel, 10—copper; 11—calculation according to (12).

It can be seen from Fig. 5 that the experimental HTC and CHF values from works [42, 45,
49–51] for pool boiling on copper surfaces with different roughnesses in the studied range differ
slightly from each other. The HTC and CHF values obtained on copper surfaces in [42, 45, 49–51]
were higher than the experimental data obtained in this work on the stainless steel surface during
boiling in liquid layers of different heights. In Table 2, the dimensionless complexes X and γ for
copper are 8·10−5 and 111, respectively, and those for stainless steel are X = 1.5 · 10−3 and γ = 25.
Comparison of the experimental data with formula (8) shows that during boiling of HFE-7100, the
increase in the dimensionless complex X when the heating surface made of stainless steel is chosen
significantly reduces the HTC values. Since γ = 1√

X
, it follows from formula (9) that the HTC

values on the stainless steel surface must be higher than those on the copper surface, that is, the
opposite trend is observed. However, in the same work by Li [63] it is shown that at γ > 5, the
influence of the thermophysical properties of the heating surface can be neglected, and, therefore,
variation of the γ value has little effect on the HTC values.

From Fig. 5 it follows that dependence (8) correlates well with the experimental data for both
stainless steel and copper surfaces. As proposed in [62] (formula (8)), an exponent of 0.8 at the
heat flux density describes well the experimental data of various researchers in the range from low
heat flux densities up to q ∼ 200 kW/m2.

Dependence (9) lies below all experimental data and is in weak correlation with them.
Dependence (11) correlates well with the experimental data obtained on the smooth stainless steel
surface at q > 50 kW/m2.

The analysis done shows that the thermophysical properties of the heating surface material have
a significant influence on the heat transfer during boiling of HFE-7100. It was established that the
HTC and CHF values on the smooth surface made of stainless steel were lower than those on the
smooth surface made of copper.

3.3. Influence of Liquid Layer Height on Heat Transfer during Boiling
on Microstructured Capillary-Porous Coating

Figure 6 shows dependences of the heat flux density on the temperature difference, obtained in
layers with height of 1.5 mm, 2.5 mm, 6.0 mm, 10.0 mm, and 25 mm at a pressure of 100 kPa. It
was found that at low heat flux densities (q ∼ 2 kW/m2), a dry spot appeared in a layer 1.5 mm
high, with the formation of a ring of very small bubbles around it. With the formation of a large
number of small bubbles, there was a sharp fall in the temperature pressure at increase in the heat
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Fig. 6. Boiling curves obtained in layers of HFE-7100 of various heights at pressure of 100 kPa on 2D
modulated capillary-porous stainless steel coating.

flux density [36, 59], and the boiling curve had a loop-like shape (Fig. 6). With further increase
in the thermal load, the liquid layer completely evaporated from the heating surface. In a layer
2.5 mm high, the dry spot appeared at higher heat flux densities (q ∼ 15 kW/m2). On the smooth
surface, the dry spot in the layer 2.5 mm high appeared at q ∼ 40 kW/m2 (Fig. 4).

From Fig. 6 it is clear that at q > 20 kW/m2, the temperature pressure values achieved in a layer
of liquid 6 mm high were lower than those in thicker layers. Apparently, with increase in the liquid
layer height, the fraction of the heat flux removed due to evaporation decreases, and the fraction
of the heat flux removed due to natural convection grows [26], and this leads to higher values of
temperature difference in thicker layers of liquid.

In liquid layers 10 mm and 25 mm high, the CHF values obtained were higher, whereas
the temperature pressure values in these layers were exceeded those in a layer 6 mm high. At
q ∼ 200 kW/m2, a dry spot appeared in a layer 6 mm high, and the temperature pressure values
surged. So, comparison of the values of temperature pressure and heat transfer coefficient on the
capillary-porous coatings and the smooth surface has shown that in HFE-7100 layers with height
below 6 mm, the heat transfer regime changes from pool boiling to boiling in thin layers of liquid.

Figure 7 presents photographs of boiling in a layer 6 mm high at q ∼ 100 kW/m2 on the smooth
and modified surfaces. At the heat flux density q ∼ 100 kW/m2, the temperature difference values
obtained on the capillary-porous coating were six times lower than those on the smooth surface.
The space between the ridges of the coating provided free organized removal of vapor during boiling,
and the liquid was replenished through the tops of the ridges. When nucleation sites were activated
on the stainless steel coating at a large temperature gradient from the base to the top of the ridge,
intensification of the heat transfer was observed. On the smooth surface at q ∼ 100 kW/m2 in a
layer 6 mm high, large bubbles formed in the center. As the heat flux density grew, the dry spot
formed in the place of the large bubbles. The two-dimensional instability of a finite-height horizontal
layer of boiling liquid on various heating surfaces is discussed in detail in [67].

It is worth noting that the results were obtained on a “run-in” capillary-porous coating. The
features of heat transfer on a “run-in” and “unrun” coatings can be explained as follows: before the
experiments, some pores of the coating might contain no vapor-gas phase. Instead, they were filled
with liquid and were activated only at high heat flux densities. When pre-crisis heat flux values
were reached, all pores were apparently activated. The boiling curves on a “run-in” coating shift to
the left, towards smaller temperature differences, but the CHF value remains practically unchanged
[37, 66].
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Fig. 7. Photographs of heat transfer process in HFE-7100 layer 6 mm high: (a) boiling on modified
surface, q = 100.9 kW/m2, Tw − Ts = 5.4 K; (b) boiling on surface without coating, q = 99.4 kW/m2,
Tw − Ts = 33.6 K.

Fig. 8. Comparison of experimental data: 1—data obtained in layers 6 mm and 25 mm high on capillary-
porous stainless steel coating; data from 2—[44]; 3—[42]; 4—[48]; 5—[45]; 6—[46]; 7—[51], 8—[41].

3.4. Comparison of Experimental Data Obtained in Layer of Liquid on Capillary-Porous
Coating with Experimental Data for Pool Boiling Conditions

Figure 8 presents a comparison of the experimental data obtained in layers 6.0 mm and 25 mm
high on the capillary-porous stainless steel coating with the experimental data for pool boiling
conditions from works [41, 42, 44–46, 48, 51]. Table 3 provides a comparison of the experimental
maximum HTC values obtained on various modified surfaces. It is shown that in this work, the HTC
values obtained during boiling in an HFE-7100 layer 6 mm high on the 2D modulated capillary-
porous stainless steel coating (α ∼ 33 kW/(m2·K)) were higher than those in works [41, 42, 44–46,
48, 51] in pool boiling of liquid.
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Table 3. Comparison of experimental data obtained on various modified surfaces

Author Brief description Size, mm Material of modified Maximum HTC at respective
of surface surface heat flux

αmax, kW/(m2·K) q,kW/ m2

[44] Metal foam 16× 16 Copper 19.5 345

[42] Sintered coating 2× 10 Copper 16.9 184.3
of uniform thickness

[48] Nanotubes 2× 10 TiO2 on titanium 26.3 381.6
substrate

[45] Square pillars 16× 16 Copper 21.1 332.3

[46] Square pillars covered 16× 16 Copper coated 31.4 338
by porous structures with Al2O3

[51] Rough plate with holes 30× 30 Copper 16.3 232.6

[41] Coating of uniform 10× 10 Graphite 24.3 283.6
thickness

This work, 2D coating d = 120 Stainless steel 33.3 176.6
layer 6 mm of modulated thickness

The growth of the fraction of the heat flux removed by evaporation in a thin layer of liquid also
led to higher HTC values as compared with those obtained in a large volume. However, Fig. 8 shows
that in an HFE-7100 layer 6 mm high, the CHF value is on average two times lower than that in a
layer 25 mm high and in a large volume of liquid.

Thus, in this work, acceptable geometric parameters and material of a capillary-porous coating
were selected for enhancing the heat transfer during boiling of HFE-7100.

CONCLUSIONS
This paper presents for the first time the results of a study of heat transfer during boiling in thin

horizontal layers of dielectric liquid HFE-7100 on a microstructured capillary-porous stainless steel
coating. Comparison of the values of the temperature pressure and the heat transfer coefficient on
capillary-porous coatings and a smooth surface shows that in HFE-7100 layers with height below
6 mm, the heat transfer regime changes from pool boiling to boiling in thin layers of liquid. It was
found that the temperature difference achieved in a liquid layer 6 mm high on a capillary-porous
coating at the heat flux density q ∼ 100 kW/m2 was six times less than that on the smooth surface.
Comparison of the obtained experimental data with the data of other researchers shows that the
HTC and CHF values on the smooth surface made of stainless steel are lower than those on the
smooth surface made of copper. The geometric parameters chosen in this work and the material
of the capillary-porous coating made of stainless steel made it possible to obtain high values of the
heat transfer coefficient during boiling of HFE-7100 (α ∼ 33 kW/(m2·K)).

NOTATIONS
a—coefficient of thermal diffusivity of liquid, m2/s;
A—amplitude, μm;

b = 1 + 10

(
ρv

ρl − ρv

)2/3
—dimensionless complex;

cp—specific heat capacity, J/(kg·K);
Cs—correction factor;
Csf—constant;
d—diameter, m;
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d0—bubble separation diameter, m;
g—free fall acceleration, m2/s;
h—liquid layer height, m;
hlg—latent heat of vaporization, J/kg;

Kt =
(hlgρv)

2 lσ
cpTsρlσ

—Peclet criterion;

lν =

(
ν2

g (1− ρv/ρl)

)1/3
—viscosity-gravitational constant of liquid, m;

lσ =

√
σ

g (ρl − ρv)
—capillary constant, m;

M—molar mass, kg/mol;

Nu =
αlσ
λl

—Nusselt criterion;

P—pressure, Pa;

Pr =
νl
al

—Prandtl criterion;

q—heat flux density, W/m2;
R—universal gas constant, J/(mol·K);
Ra—surface roughness, μm;

Re∗ =
qlσ

hlgρvνl
—Reynolds criterion;

Rz =
Rz
lν

—dimensionless roughness;

T—temperature, ◦C, K;
ΔT = Tw − Ts—temperature difference, ◦C, K;
x—horizontal coordinate;

X =
λlcplρl
λwcpwρw

—dimensionless complex;

z—vertical coordinate;
α—heat transfer coefficient, W/(m2·K);

γ =

√
λwcpwρw
λlcplρl

—complex;

θ—contact angle of wetting, ◦;
θpr—instrumental uncertainty of temperature measurement with thermocouple, ◦C;
λ—thermal conductivity coefficient, W/(m·K);
λm—coating modulation wavelength, mm;
μ—dynamic viscosity of liquid, Pa·s;
ν—kinematic viscosity of liquid, m2/s;
ρ—density, kg/m3;
σ—surface tension, N/m;
σTW —residual variance for determination of parameter Tw;

Subscripts and Superscripts
l—liquid;
s—parameter on saturation line;
v—vapor;
w—parameter relating to heating surface.
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