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Abstract The paper discusses how the vapour bubbles growing dur-
ing boiling under the near-triple point pressure influence the heat transfer
coefficient when the refrigerant level is lower than the bubble departure di-
ameter. The experiments were carried out for liquid levels of 0.57 to 1.89 cm,
saturated pressure range between 0.9 and 4 kPa (saturation temperatures
between 5.5 and 29◦C). Boiling occurred on a plain surface with wall heat
flux densities between 0.43 and 5.93 Wcm−2. We determined boiling curves
for the low-pressure process and analyzed the changes in wall superheat for
different filling levels. The experimentally obtained heat transfer coefficient
(HTC) was compared with the theoretical values produced by the most pop-
ular mathematical expressions used at higher pressures. We also prepared
the boiling map, where we specified two boiling regimes: the regime of con-
vection or small popping bubbles and the regime of isolated bubbles. The
results indicate that the level of liquid can be neglected within the heat flux
range analyzed in this study. The main mechanism of heat transfer under
measured conditions is heat convection and conduction, rather than evapo-
ration. The experimentally determined difference between the heat transfer
coefficients for different levels of liquid is under 100 Wm−2K−1 (for the same
heat flux and pressure at the wall).
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Nomenclature
A – area, m2

cp – specific heat, Jkg−1K−1

d – diameter, m
H – height, m
h – heat transfer coefficient, Wm−2K−1

Ja – Jakob number
Ja∗ – modified Jakob number
k – heat conductivity, Wm−1K−1

Lc – characteristic length, m
MAD – mean absolute deviation
p – pressure, kPa
Q – heat, J
q̇ – heat flux, Wcm−2

T – temperature, K
V – volume, m3

Greek symbols
∆ – increment
∆h – enthalpy difference, Jkg−1

∆T – superheat, K
λ – thermal conductivity, Wm−1K−1

ρ – density, kgm−3

Subscripts and superscripts
amb – ambient
app – applied value
crit – critical
h – heater
l – liquid
plate – heating plate
sat – saturation
v – vapour
wall – wall

1 Introduction
The refrigeration industry is gradually moving towards systems that have
a more neutral impact on the environment. This shift is a response to in-
ternational regulations that govern the maximum allowable global warming
potential (GWP) of working fluids. The consequence is the resurgence of
natural refrigerants, such as hydrocarbons, carbon dioxide, ammonia, and
most importantly water. In terms of safety, water is an outlier in the group.



Subatmospheric pool boiling of water at very low liquid levels 449

It is easy to dispose of and does not require additional safety measures dur-
ing service. The main challenges arise from the fact that as a refrigerant
it needs to evaporate at subatmospheric pressures, typically ranging from
1–4 kPa. Sikora and Bohdal highlighted the frequent use of low-pressure re-
frigerants, such as Novec 649 [1]. Under such conditions, its specific volume
increases approximately 70 times, presenting significant difficulties for the
design and operation of the evaporator [2]. For this reason, evaporators in
chillers are often shell-and-tube or falling-film types [3, 4], which are char-
acterised by a large internal volume and heat transfer surface. However,
this also means a large thermal mass that decreases the efficiency of such
devices [5].

Another crucial parameter that affects the heat transfer performance is
the level of the liquid above the heating surface. Hydrostatic pressure be-
comes significant at very low operating pressures because it is of a similar
magnitude as the saturated pressure. The result is an increase in the tem-
perature of evaporation at the boiling surface and steep temperature and
pressure gradients within the liquid volume. Various authors [6, 7] studied
how the liquid level affects the nucleation, growth, and departure of the bub-
ble under subatmospheric conditions, highlighting the difference between
saturation temperatures at the top and bottom of the bubble. At a few
kPa, the liquid level affects the wall temperature due to the cyclic flow of
highly subcooled water to the nucleation site (the so-called return flow) [8].

Most studies have concentrated on liquid levels high enough to observe
the growth and detachment of bubbles at low pressures (typically > 10 cm).
This study builds on our previous research, in which we analysed higher
liquid levels and superheat values (10 K or more) [9, 10]. In this paper,
we examine the thermal effect of extremely low refrigerant levels, ranging
from 0.57 to 1.89 cm. This research focuses on reduced heat flux density
at lower liquid levels and its impact on producing lower superheats, which
correspond to conditions found in both flooded evaporators and the bottom
section of falling-film evaporators.

2 Setup and procedure

2.1 Experimental setup

The experimental test facility is constituted by a 7.7 cm inner diameter
stainless-steel cylinder 3 mm thick, filled with distilled water (refrigerant),
which is shown in Fig. 1. At the bottom of the cylinder, there is a brass disk
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that is connected to an electric heating coil, which is the boiling surface.
Its roughness was determined using a contact profilometer at five locations.
The mean roughness is 0.0659 cm, mean roughness depth is equal to 4.675
and maximum roughness depth is 8.36. The profilometer length of travel
and cut-off length are 0.175 cm and 0.025 cm, respectively.

The electrical power, which is supplied to the coil, is regulated with an
autotransformer and measured with an analogue wattmeter (Class I). The
evaporation pressure is maintained constant through the effect of the con-
denser, which is a copper coil. The brass plate that supports the condenser
is the top cover of this cylinder. The subatmospheric pressure in the exper-
imental system is obtained by means of a vacuum pump, and the vacuum
level is measured with a pressure transducer of 0.1% full scale accuracy.
K-type thermocouples connected to a recorder were used to measure tem-
perature. 1 mm below the measured surface, there is a K-type (class I)
thermocouple (±0.5 K after calibration), which is used for wall tempera-
ture measurements. The temperature of the heating surface is calculated
from the heat conduction equation assuming 1D heat flow and a constant
wall material heat conductivity. Stable boiling conditions are obtained by
insulating the cylinder with 2 cm thick polyethylene foam on the walls and
80 mm wool on the top and bottom covers.

2.2 Experimental procedure

In this experimental study, two liquid levels were tested, 1.89 and 0.57 cm,
which correspond to volumes of 100 and 30 ml, respectively. In the tested
experimental stand (shown in Fig. 1), it was easier to measure the volume
of water and from it calculate the given height than to measure the height
directly. During each series of experiments, the heat transfer surface was
rubbed by a microfiber cloth with isopropyl alcohol and after that, the vessel
was sealed at the atmospheric pressure. The next test stand was filled with
the refrigerant. Low pressure conditions of 2 kPa absolute pressure were
obtained by a vacuum pump. The refrigerant started to boil because its
temperature was higher than the saturation temperature. After reaching
the equilibrium conditions, the vessel was further evacuated to remove any
non-condensable gases dissolved in water. Then, it was kept for 24 h for
further degassing, after which it was again evacuated by the vacuum pump.

An autotransformer was used to set the heat fluxes (HF). The stabiliza-
tion process of HF lasted 60 minutes, after which both the pressure inside
the vessel and the temperature of the heating wall were recorded.
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Figure 1: Experimental setup used for the analysis of pool boiling at different levels of
refrigerant filling at subatmospheric pressures.

The heat transfer coefficient HTC was calculated using Newton’s law of
cooling:

q = Q

A
= HTC (Twall − Tsat) . (1)

The vessels heat load was calculated from the heat balance – heat con-
duction through 3 mm stainless steel and 20 mm polyurethane foam. The
ambient temperature was 19◦C, while the temperature inside the vessel
ranged from 6 to 27◦C. The heat applied by the heating plate Qplate was
the heat from electric heater Qh reduced by the heat loss from the heater
to the ambient air Qamb:

Qplate = Qh − Qamb . (2)

The CoolProp open-source thermodynamic properties library [11] was used
to calculate the saturation temperature Tsat and other thermodynamic
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properties of water. The finite differential method was used to calculate
the uncertainty of the heat transfer coefficient measurement. The errors
were in the range of 12 to 20% of the estimated HTC value. Experiments
were conducted for nine different heat fluxes q̇ (0.43, 0.64, 1.07, 1.5, 2.14,
2.58, 3.44, 4.3, and 5.93 Wcm−2) and for a pressure range of 0.9 to 4 kPa,
which corresponds to saturation temperatures from 5.5◦C to 29◦C.

3 Results and discussion

The analysis is threefold. First, boiling curves (q̇(∆T ) plots) were deter-
mined for water at pressures of 1.3 kPa and 2.55 kPa for two different liq-
uid levels: 0.57 cm and 1.89 cm. Subsequently, the impact of water level on
wall superheat was recorded as a function of time to determine its effect
on transient behaviour throughout bubble nucleation. Lastly, the impact of
filling level on the heat transfer coefficient as a function of pressure was
analyzed. For clarity, the presented results always include the hydrostatic
head: 56 Pa and 185 Pa for 0.57 cm and 1.89 cm, respectively.

3.1 Determination of the boiling curve

Figure 2 shows boiling curves for the analyzed refrigerant pressures and
liquid levels compared to the already known Nukiyama curve, which was
obtained at 1 bar [12]. Each measurement point in the graphs is an averaged
value, which was acquired from 3 to 5 measurements.

Figure 2: Boiling curves for two liquid levels 0.57 cm and 1.89 cm at two pressure levels:
1.35–1.37 kPa (left) and 2.53–2.63 kPa (right).
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The refrigerant level affects boiling curves when the pressure increases
from 1.3 to 2.5 kPa. For pressures of 1.3 kPa and with wall heat fluxes
in the range of 0.43 Wcm−2 to 5.93 Wcm−2, this effect is negligible as in
Fig. 2 (left side), but at higher pressures (∼ 2.5 kPa), the impact of liquid
level changes the wall superheat ∆T of the transition point, as in Fig. 2
(right side).

Particularly in the convective boiling region, where the liquid motion
due to the bubble nucleation and departure does not occur, a lower liquid
level means lower thermal resistance and, compared to work by Schnabel
et al. [3], this behaviour is different because, in their work, the difference
was observed in the nucleate boiling region. The mentioned authors found
that regardless of the degree of superheat, more heat was transferred to
the liquid at a higher refrigerant filling level. They also suggested that
this behaviour was likely due to their test stand, where the circulation of
secondary refrigerant in the spaces between the vessel wall and the heating
sample affected the heat transfer. Our test stand was more compact, so the
circulation of secondary refrigerant was hindered.

As the pressure decreases, the need for a higher superheat for nucleation
increases, as shown in Fig. 2. The same phenomenon was also observed
in the literature, [3, 10, 13–15]. For a pressure of 1.3 kPa, the beginning of
nucleate boiling occurred at superheat ∆T = 20 K, while for a pressure of
2.5 kPa at ∆T = 10.5 K. For both pressures, the transition took place at
the same heat flux of about 1 Wcm−2. It was also observed that the liquid
level did not significantly affect superheat, as the peak difference in wall
superheat for various refrigerant levels was 7%.

Giraud et al. [8] investigated the phenomenon of change in size of vapour
bubbles, with decreasing subatmospheric pressure of water. They compared
bubble growth before detachment and noted that as the pressure decreases,
the bubble diameter increases up to a pressure of 1.8 kPa, below that point
the diameter decreases again. Thus, it is possible for the experiments that
the detachment bubble diameters for 1.3 kPa and 2.5 kPa are similar. This
results in comparable wall superheat values at the highest heat fluxes for
both 1.3 and 2.5 kPa pressures.

3.2 Wall superheat

The wall superheat is an indicator of the boiling regime. Its fluctuations
indicate the presence of unsteady processes near the wall, such as bubble
nucleation or fluid motion. Figure 3a. depicts the relation between the wall
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superheat and time, which is crucial to estimate the total heat transfer
during nucleate boiling. To mathematically model the heat transfer pro-
cess during boiling, the frequencies of bubble departure and wall superheat
were used.

Figure 3: Wall superheat fluctuations for different heat transfer densities: 1 –
0.43 Wcm−2, 2 – 1.5 Wcm−2, 3 – 5.93 Wcm−2;; (a) p = 1.3 kPa and
0.57 cm filling, (b) p = 1.3 kPa and 1.89 cm filling, (c) p = 2.5 kPa and
0.57 cm filling, (d) p = 2.5 kPa and 1.89 cm filling.

The heat transfer rate is dependent on a bubble creation rate and departure
time. The smaller the bubble creation rate and shorter the departure time
(yielding high frequency), the higher the heat transfer rate. For the investi-
gated values of pressures and liquid levels, the amplitude of fluctuations at
the lowest heat fluxes remains almost the same, as it varies between 0.1 and
0.2 K, as can be seen in Fig. 3a–d. The reason for this is the low heat flux
density, which induces only convective boiling. Higher heat fluxes result in
higher amplitudes and frequencies of superheat fluctuations, while higher
liquid levels reduce both the amplitude and frequency.
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At 1.3 kPa, by increasing the liquid level from 0.57 to 1.89 cm, there
was a 24% reduction in nucleation frequency and a 50% reduction in su-
perheat amplitude. At 2.5 kPa superheat fluctuations were suppressed for
both analyzed filling levels and all investigated heat flux densities. An in-
crease in liquid level from 0.57 to 1.89 cm resulted in an increase in wall
superheat from 16 to 20 K for 1.5 Wcm−2, but a decrease in wall superheat
from 56–57 K to 49–50 K for 5.93 Wcm−2.

The small amplitude of wall superheat is due to the fact that the su-
perheat was not sufficient for bubble departure, and thus at both pressures
and a heat flux density of 1.5 Wcm−2, the bubbles condensed before reach-
ing the critical diameter. This is analogous to the observations of Tang et
al. [16] during subcooled boiling at the atmospheric pressure.

The wall superheat for heat fluxes 0.43 Wcm−2 and 1.5 Wcm−2 decreased
by 59% and 41%, respectively, for a 0.57 cm refrigerant level, while increas-
ing the pressure from 1.3 kPa to 2.5 kPa, but for a 1.89 cm refrigerant level,
the wall superheat decreased by 57% for the heat flux density 0.43 Wcm−2,
33% for 1.5 Wcm−2 and 13% for 5.93 Wcm−2.

In all cases, the application of a heat flux higher than 1.5 Wcm−2 en-
hanced superheat fluctuations. The amplitudes observed in our work did
not exceed 2 K, which is significantly below the 25 K observed by Giraud
et al. [8] at a heat flux of 9.4 Wcm−2 and liquid level of 20 cm. It means
that we did not reach the conditions for fully developed boiling.

3.3 Jakob number

To confirm that the main mechanism of heat transfer under the measured
conditions is not evaporation but convection and heat conduction, the
Jakob number was evaluated. The considered mechanisms coincide with
the literature data presented by [8].

The Jakob number is a dimensionless determinant of phase heat transfer.
It determines the ratio of the sensible to latent heat [7]:

Ja = ρl

ρv

cp(l)∆Twall

∆hlv
. (3)

The Jakob number takes the ratio of liquid density to vapour density into
account, but under the tested conditions the density of the gas is so small
that the aforementioned density ratio would affect the result too much, so
it was decided to use a modified Jakob number. It was further modified by
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Eq. (4), so as to easily calculate it with the applied heat flux instead of wall
superheat [7]:

∆T ∼ qappLc

λl
. (4)

The outcome is the modified Jakob number Ja∗:

Ja∗ =
cp(l)LCqapp

∆hlvλl
. (5)

3.4 Boiling region map

Figure 4 shows a dimensionless map of boiling regimes, where the values of
the modified Jakob number are summarized on the Y axis, and the ratio
of vapour pressure to static pressure on the X axis. Dots represent the
experimental values we obtained: convection or small popping bubbles and
isolated bubble region. As observed by Wojtasik et al. [7], by increasing the
applied heat flux, first the convection regime and small popping bubbles
will appear, and then single non-interacting vapour bubbles can be seen [7].

Figure 4: Dimensionless boiling map for subatmospheric pressure (dots) compared with
literature data (lines) [7].

The graphs gathered in Fig. 5, showing the dependence of HTC on a given
pressure, were used to classify our experimental results. If the data ob-
tained in a given experimental series corresponded to an area of convection
(from Fig. 5), they were assigned to the same regime in our dimensionless
map (Fig. 4). Received values in our experimental conditions could not be
assigned to intermittent boiling or fully developed boiling. Obtaining de-
veloped boiling would have occurred at a higher modified Jakob number,
i.e. when applying higher heat fluxes.
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(a) (b)

(c) (d)

Figure 5: Heat transfer coefficient h as a function of pressure and liquid levels. Heat flux:
(a) 0.43 Wcm−2, (b) 3.44 Wcm−2, (c) 4.3 Wcm−2, (d) 5.93 Wcm−2.

The effect of the ratio of vapour pressure to hydrostatic pressure was studied
in the pv/pstat > 1 area. When the vapour pressure is greater than the
hydrostatic pressure at low heat fluxes (low modified Jakob number), the
occurrence of isolated bubble regimes is achieved more quickly. The higher
the hydrostatic pressure (higher liquid level), the greater the subcooling.

The boundary line of interest is the purple line in Fig. 4, corresponding to
the modified Jakob number at around 0.3. As the vapour pressure increases,
the boundary value of the modified Jakob number, which separates the two
regimes observed in the experiment, decreases.

For values around Ja∗ < 0.3, the dominance of large regions of convection
or small popping bubbles is visible, due to a too small applied heat flux.
For Ja∗ > 0.3, the isolated bubble regime dominates. The regions can be
confirmed by the wall temperature fluctuations from Fig. 3.
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3.5 Heat transfer coefficient

Figure 5 shows the correlation of the heat transfer coefficient with the
pressure and refrigerant level. The pressure presented on the x-axis is the
total pressure near the heating wall, which is calculated as a sum of pressure
at the vapour-liquid interface and hydrostatic pressure. The difference for
liquid levels is less than 100 Wm−2, which translates into an up to 10%
increase in favour of lower liquid level.

The analysis considers studies for four heat fluxes with values of 0.43,
3.44, 4.3 and 5.93 Wcm−2. The HTC is increasing with pressure at a rate
of about 200 W·m−2K−1 per 1 kPa. When the heat flux density increases
from 0.43 Wcm−2 to 5.93 Wcm−2 (at about 1 kPa), the heat transfer coef-
ficient also increases from 250 to 1150 Wm−2K−1. A change in pressure to
4 kPa also results in an increase in the heat transfer coefficient to values
in the range of 350 to 1400 Wm−2K−1 for heat fluxes of 0.43 Wcm−2 and
5.93 Wcm−2.

Zajączkowski et al. [10] in their article compared sixteen correlations for
pool boiling, which are available in the literature. For a subatmospheric
pressure, the most accurate approximation of the heat transfer coefficient
was obtained using the Mostinski correlation with a reduced pressure and
the Labunstov correlation. These formulas were also used in this work.

The Mostinski formula and the Labuntsov correlation both consider the
heat flux density, as in Eq. (6) and (8), respectively:

h = 0.00417q0.7p0.69
crit F, (6)

where

F = 1.8
(

p

pcrit

)0.17
+ 4

(
p

pcrit

)1.2
+ 10

(
p

pcrit

)
(7)

and

h = 0.75
[
1 + 10

(
ρv

ρl − ρv

)0.67
] [

k2
l

vσ(Tsat)

]0.33

q0.67. (8)

Based on our previous studies of Zajaczkowski et al. [10], in dependence
of the heat flux, their mean absolute deviation (MAD) ranged from 0.1 to
0.89 for the Labuntsov correlation and from 0.13 to 0.35 for the Mostin-
sky correlation. For the results examined now, also in dependence of the
heat flux, MAD is from 0.36 to 1.38 for the Labuntsov correlation, and
from 0.31 to 1.42 for the Mostinsky correlation. Figure 5 presents both the
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above-mentioned correlations. The results obtained from our theoretical
and experimental investigations have a greater discrepancy. This is most
likely because both correlations were designed for fully developed boiling,
which we did not obtain in this study. Instead, for the conditions of con-
vective boiling, the heat transfer coefficient h could be calculated from the
natural convection formula. For higher heat fluxes, when we reached the
isolated region regime, h was between the calculated values of convection
and boiling.

Chang et al. [17], in their work, experimentally investigated the thermal
performance of a two loop thermosyphon in subatmospheric conditions.
The working fluid was water in underpressure. This research resulted in
three heat transfer correlations by which the heat transfer coefficient over
pool boiling, intermittent and vapour regions of the evaporator could be
calculated. The pool boiling region was described by Eq. (9):

h =
(
1.951 · 106q−0.26

)
P (0.508−5.91·10−6q) , (9)

where P ∗ means the dimensionless evaporator pressure, which is a ratio of
the evaporation pressure to critical pressure.

This correlation did not work for our experimental data and those calcu-
lated by other formulas: the heat transfer coefficient values turned out on
average 10 times higher than our values. The reason is that the formula was
highly empirical and was proposed for a highly confined evaporator with
heating at one of the horizontal walls, much like in plate heat exchang-
ers. This type of heat exchanger is more similar to the one investigated by
Sène et al. [2]. Sène et al. proposed a semi-empirical pool boiling model for
confined evaporators, but their formula also is not applicable in our exper-
iments, as it uses the confining thickness parameter, which does not occur
in non-confined boiling.

4 Conclusions

In this study, the effect of the refrigerant filling level (0.57–1.89 cm) on the
pool boiling heat transfer coefficient h and wall superheat was experimen-
tally explored. Experiments were performed for pressures ranging from 1
to 4 kPa and for heat flux densities ranging from 0.43 to 5.93 Wcm−2. The
results show that under the selected conditions, the impact of liquid level
on h is insignificant because an increase of up to 10% for a lower liquid level
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was observed, while the measurement error was calculated to be about 12–
20%. It was also reported that the difference in the heat transfer coefficient
under the same heat flux and pressure conditions near the wall but for
different liquid levels is usually less than 100 Wm−2K−1. The heat transfer
coefficient increase with pressure is about 200 Wm−2K−1 per 1 kPa.

For the lowest measured heat flux, the superheat is generally greater
than 10 K under examined conditions, which is the biggest drawback of
flooded evaporators.

The paper also highlights the dependence of wall superheat fluctuations
on boiling dynamics. In the conditions we studied, small fluctuations were
observed, as they were caused by nucleation and the fluid motion that result
from boiling.

The mechanism of boiling at subatmospheric pressure looks different
from that at the atmospheric pressure. With different liquid levels, the dif-
ference in heat transfer is noticeable only in the region of convective boiling,
while its shift to nucleation boiling is moved toward a higher wall super-
heat. Because as the liquid height increases, the pressure at the wall also
increases, lower filling levels are advisable for water under a subatmospheric
pressure.

Under the given conditions, the dominant mechanisms of heat transfer
are both heat convection and conduction, instead of evaporation. For values
of Ja∗ < 0.3, the dominance of convection or small popping bubbles is
visible, due to low applied heat flux. For Ja∗ > 0.3, the isolated bubble
regime dominates. We did not reach other boiling regimes in this study.
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