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ABSTRACT

The paper discusses the impact of the liquid level and the subcooling gradient on the pool boiling
heat transfer coefficient at low pressure. The experimental campaign aimed to reveal how the
bubbles growing during low pressure boiling (which can grow to diameters higher than 1 cm)
influence the heat transfer coefficient when the refrigerant level is lower than the bubble departure
diameter. This study extends our earlier work in which we investigated low pressure pool boiling
at higher heat fluxes and higher liquid levels.

The experiments were carried out for liquid levels of 0.57 to 1.89 cm, saturated pressure range
between 0.9 and 4 kPa (corresponding to saturation temperatures between 5.5 and 29 °C). BoiIing
occurred on a plain surface with wall heat flux densities between 0.43 and 5.93 W/cm“.
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 popular mathematical
expressions used at higher pressures.

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 evaporation. The decrease of liquid level from 1.89 to 0.57
cm slightly improved HTC (by less than 10%), while measurement errors averaged between
12-20%. The experimentally determined difference between heat transfer coefficients
for different levels of liquids is under 100 W/m?K (for the same heat flux and pressure
at the wall). HTC is gradually increasing with saturated pressure; the increase is approximately
200 W/m?K per 1 kPa. The wall superheat at the onset of nucleate boiling exceeds 10 K.
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1. INTRODUCTION

Nowadays the refrigeration industry shifts towards more environmentally friendly systems, which
means that also the refrigerants should not be harmful for the environment. To accomplish this,
natural refrigerants are (re-)introduced to comply with the strict laws on allowable Global Warming
Potential (GWP) of primary fluids. The list includes water, which is used in sorption refrigeration/AC
systems (Schnabel, Scherr, & Weber, 2008; Schultz, 2005), mechanical vapor-compression
systems (Sarevski & Sarevski, 2016) and in thermosyphons (Alammar, Al-Mousawi, Al-Dadah,
Mahmoud, & Hood, 2018).

Evaporators used in water chillers are shell-and-tube (pool boiling) or falling-film (Schnabel et al.,
2008; Schultz, 2005). Some studies were also conducted on sub-atmospheric flow boiling
(Prodanovic, Fraser, & Salcudean, 2002) and sub-atmospheric falling-film evaporators (Prost,
Gonzélez, & Urbicain, 2006; Shahzad, Myat, Chun, & Ng, 2013). Such designs require additional
pumping/distribution equipment that ensures circulation of refrigerant. Recently, Giraud et at.
introduced a concept of a plate heat exchanger with pool boiling on the evaporation side (Giraud,
Rulliére, Toublanc, Clausse, & Bonjour, 2015a). According to Clausse et al., cited in (Giraud,
Rulliere, Toublanc, Clausse, & Bonjour, 2015b) in case of plate heat exchangers an optimal filling
for evaporator should to be determined, but due to scarce data concerning low pressure boiling,
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it is still to be determined what evaporator design and filling level would be the most suitable
for water at pressure near 1 kPa.

Despite many advancements, high number of experimental and modeling works done in the field
of nucleate boiling, low pressure mechanism is not fully described. Various authors confirmed that
at such pressure heat transfer at low pressure is noticeably reduced (Giraud et al., 2015b;
Schnabel et al., 2008; Shen et al., 2020; Zajaczkowski, Halon, & Krolicki, 2016; Zimmermann
et al., 2019).

The peculiarity of pool boiling at sub-atmospheric pressure lies in the non-homogeneity
of saturation temperature and pressure in liquid volume due to hydrostatic pressure introduced
by the refrigerant. Especially the bubble nucleation at sub-atmospheric pressure is influenced
by the liquid level, because saturation temperature of refrigerant surrounding the (large) bubble
is different on its top and bottom (Michaie, Rulliére, & Bonjour, 2019; Wojtasik, Rulliere, Krolicki,
Zajaczkowski, & Bonjour, 2020). Additionally, Giraud et al. (Giraud et al.,, 2015a) observed
the cyclic fluctuations of wall temperature and confirmed that at pressures of 1.2 and 3 kPa
they were connected to the level of liquid. For low liquid levels (0.3 — 2.0 cm), the wall
temperature was essentially constant for a given heat flux. But for higher levels (5 — 20 cm)
the wall temperature oscillated up to 20 K. According to the authors, it was caused by a high
temperature gradient in the liquid bulk and a difference in the saturation temperature between
the wall and the liquid - vapor interface. This saturation temperature difference according
to our calculations was 15 K when the refrigerant level was equal to 20 cm (Giraud et al., 2015a).

In this paper, we investigate pool boiling and thermal effects for the very low refrigerant
levels (0.57-1.89 cm), which normally occur in flooded evaporators and in a bottom section
of falling-film evaporators. Reliable evaporator designs should be subjected to the lowest
possible wall superheat, preferably not higher than 5 K (Schnabel, Witte, Kowol, & Schossig,
2011). In our previous research (Halon, Zajaczkowski, Krolicki, & Wojtasik, 2015; Zajaczkowski
etal.,, 2016) we observed higher superheat values of 10 K and more. Here, we analyze
consequences of lowered heat flux densities which are set to produce lower superheats.

2. SETUP AND PROCEDURE

2.1. Experimental setup

Experimental setup is presented in Fig. 1. It consists of a stainless-steel cylinder (inner diameter
77 mm, thickness 3 mm) filled with refrigerant (water). The boiling surface is a brass disk placed
atthe bottom of the cylinder and connected to an electric heating coil. Its roughness (R,)
was determined with contact profilometer at five locations. The mean roughness is 0.659 mm, R,
is equal to 4.675 and R, is 8.36. The profilometer Length of Travel (LT) and Cut-off Length (LC)
are 1.75 mm and 0.25 mm respectively. Electric power supplied to the coil is controlled with
the autotransformer and measured with the analogue wattmeter (1st class).

The top cover of the cylinder is a brass plate supporting a cooling copper coil — a condenser that
ensures constant pressure of evaporation p. in the cylinder. Sub-atmospheric pressure is obtained
by a vacuum pump and its value is measured with a manometer of 0.1 % accuracy. Temperature
is measured with a set of thermocouples that are connected to the recorder. Wall temperature
sensor (K type thermocouple, 1st class) is positioned 1 mm under the measured surface. The
temperature of the heating surface is determined by heat conduction equation. Distilled water
is used as a refrigerant. The cylinder is insulated with a 20 mm-thick polyethylene foam
to minimize heat losses and maintain stable boiling conditions.

2.2 Experimental procedure

Measurements were performed for two volumes of refrigerant: 100 ml and 30 ml, which produced
two liquid levels 1.89 and 0.57 cm respectively . For each series, the experiments were preceded
by thorough cleaning of the heat transfer surface. Then the vessel was sealed at atmospheric
pressure, filled with the refrigerant, and evacuated until the absolute pressure of 2 kPa is reached.
The refrigerant started to boil because its temperature was higher than the saturation temperature.
After reaching the equilibrium conditions, the vessel is further evacuated to remove any
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non-condensable gases dissolved in water. Then it was kept for 24 h to further degas, after
which it was again evacuated by vacuum pump.

For each experiment, the heat flux was set using the autotransformer. After 60 minutes,
when steady-state conditions were obtained, the temperature of the heating wall and the pressure
inside the vessel were recorded. The heat transfer coefficient HTC was then calculated
according to Newton’s law of cooling, as in Eq. (1).

q =% = HTC(Tyau — Tsat) Eq. (1)

Figure 1: Schematic presentation of an experimental setup for analysis of pool boiling at different
levels of refrigerant filling at sub-atmospheric pressures

Heat load to the vessel was obtained based on the saturated temperature (ranging from
6 to 27 °C) and averaged ambient temperature in the room (19 °C). Heat transfer rate through
the vessel walls was calculated for 3 mm stainless steel and 20 mm polyethylene foam.
The heat loss from heater was determined using the energy balance for heating plate, and heat
losses from the plate were subtracted from the heat set by autotransformer, as in Eq. (2). Heat
supplied from the heater to the plate took into account the losses to the ambient air Q..

Qplate = Qn — Qamp Eq. (2)

Saturation temperature T, and other thermodynamic properties of water were calculated using the
open source thermodynamic properties library CoolProp (Bell, Wronski, Quoilin, & Lemort, 2014).
Uncertainty of heat transfer coefficient measurement was calculated using finite differential
method. Estimated errors ranged between 12 and 20 % for HTC.

Experiments were conducted for nine different heat fluxes q: 4.3, 6.4, 10.7, 15, 21.4, 25.8, 34.4, 43
and 59.3 kW/m?. Pressure range p, was between 0.9 and 4 kPa (which corresponds to saturation
temperatures: 5.5 °C and 29 °C).
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3. RESULTS AND DISCUSSION

The analysis is threefold. First, the boiling curves for water were determined at 1.3 kPa and 2.55
kPa for two levels of liquid: 0.57 cm and 1.89 cm. Then, the influence of water level on wall
superheat was recorded as the function of time to establish its impact on the transient behavior
during the nucleation of a bubble. Finally, we analyzed the influence of filling level on heat transfer
coefficient as a function of pressure.

For clarity, the hydrostatic head is always included in the presented results: 56 Pa for 0.57 cm
and 185 Pa for 1.89 cm.

3.1. Determination of the boiling curve

Fig. 2 presents the boiling curves for the analysed pressures and refrigerant levels in relation
to well-known Nukiyama curve obtained at 1 bar (Thome, 2003). Every measured point
on the diagrams is an averaged value obtained from 3 to 5 measurements.
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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)

For 1.3 kPa pressure and wall heat fluxes ranging from 0.43 W/cm? to 5.93 W/cm?, the influence
of refrigerant level is negligible. Increasing the pressure from 1.3 to 2.5 kPa made
the discrepancy between the boiling curves for the filling levels of 0.57 and 1.89 cm more evident.
Especially in the convective boiling region, where liquid motion due to the bubble nucleation
and departure is not present, lower liquid level means lower thermal resistance. This behavior
is different from the one shown in (Schnabel et al., 2008), where a difference was observed
in the nucleate boiling region. The authors reported that at the same superheat more heat
was transferred to the liquid for higher refrigerant filling levels and suggested that this behavior
was likely caused by the design of their test stand. Heat transfer was affected by the secondary
refrigerant circulation in the space between the heating sample and the wall of the vessel.
The test stand analyzed in this paper did not have that space.

Also, the results shown in Fig. 2 confirm again that at sub-atmospheric boiling requires larger
superheats. The higher the vacuum, the higher superheat is needed for nucleation. The transition
from convective boiling to nucleate boiling is shifted towards higher wall temperature superheats,
which is consistent with observations in other studies on sub-atmospheric boiling (Giraud
et al., 2015b; Schnabel et al., 2008; Shen et al., 2020; Zajaczkowski et al., 2016; Zimmermann
etal., 2019). For 1.3 kPa, the onset occurred at superheat AT = 20 K, while for 2.5 kPa
AT nucleate boiling started at AT = 10.5 K. For both pressures, transition occurred at the same
heat flux of about 1 W/cm?. The maximal discrepancy between wall superheat for different liquid
levels was 7 %.
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Figure 3 Wall superheat fluctuations for different heat transfer densities: 1 - 0.43 W/cm?; 2 - 1.5
Wicm®; 3 - 5.93 W/icm?>. 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

For the highest heat fluxes, the wall superheats for both 1.3 and 2.5 kPa are similar. Giraud
et al. (Giraud et al., 2015a) pointed out that the detachment diameter of vapor bubbles increases
with decreasing pressure down to approx. 1.8 kPa, and then it starts to decrease again. It is
possible that the detachment diameter at 1.3 and 2.5 kPa is similar and is the reason for
similar wall superheats at the highest heat fluxes.

3.2. Wall superheat

The wall superheat is an indicator of the boiling regime. Its fluctuations indicate the occurrence
of unsteady processes near the wall, such as bubble nucleation or liquid movement. The total
heat transfer during nucleate boiling is governed by the time of bubble creation (see descriptions
in Fig. 3a). Knowledge of bubble departure frequency and wall superheat is crucial
in mathematical modelling of boiling heat transfer. The smaller the bubble-creation rate
and the shorter departure time (yielding higher frequency), the higher the heat transfer rate.

For both measured pressures and all liquid levels, convective boiling induced by low heat flux
densities is characterized by nearly constant values of wall superheat over time (see Fig. 3 a-d),
i.e., the amplitude of fluctuations stays within. 0.1 — 0.2 K. Higher heat flux produces higher
amplitudes and frequencies of superheat fluctuations. A higher liquid level reduces amplitude
and frequency. At 1.3 kPa increasing the liquid level from 0.57 to 1.89 cm reduced
the nucleation frequency by 24 % and the superheat amplitude by 50 %. At 2.5 kPa superheat
fluctuations were suppressed for both analyzed filling levels and all studied heat flux densities.
Increasing the liquid level from 0.57 to 1.89 cm increased the wall superheat from 16 to 20 K
for 1.5 W/cm? but decreased from 56 — 57 K to 49 — 50 K for 5.93 W/cm?®.
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At both pressures and at heat flux density of 1.5 W/cm? bubbles condensed before achieving
critical diameter (superheat was not sufficient), which explains the small amplitude of
wall superheat. It is similar to observations of (Tang, Zhu, & Sun, 2013) during subcooled
boiling at atmospheric pressure.

For the 0.57 cm liquid level, increasing the pressure from 1.3 to 2.5 kPa decreased the wall
superheat by 59 % for heat flux 0.43 W/cm? and 41 % for 1.5 W/cm?. For the liquid IeveI 1.89 cm,
the decrease was 57 %, 33 % and 13 % for the heat flux density 0.43 W/cm?, 1 5 W/cm? and 5.93
W/cm? respectively. In all cases, applying heat flux hlgher than 1.5 W/cm strengthened the
oscillations of superheat. However, the amplitudes observed in this study stayed below 2 K, which
is much smaller than the 25 K observed by (Giraud et al., 2015a) at heat flux 9.4 W/cm? and liquid
level 20 cm.

Jacob number (ratio of sensible to latent energy absorbed during phase change, as in Eq. (3) from
(Incropera, Dewitt, Bergman, & Lavine, 2007)) is always on the order of magnitude 3, which
confirms that the main mechanism of heat transfer under measured conditions is heat convection
and conduction rather than evaporation. It is in agreement with the literature (Giraud et al., 2015a).
Additionally, according to (Xu, Wong, & Huang, 2006), if Ja is higher than 100, then the inertia
effects are the dominant force in bubble condensation, which is consistent with high bubble
diameter at subatmospheric pressures.

p1 SpATwall
aq=="-—— Eq. (3
] Pv Ahyy, q ( )

Increasing liquid level raises the Jacob number for heat flux density of 1.5 W/cm? (4652 to 4911
at 1.3 kPa and 1494 to 1789 at 2.5 kPa) but decreases it for the highest heat flux density (5252
to 4355 at 2.5 kPa). It indicates that at 1.5 W/cm? heat flux density, the bubbles condense
at diameters smaller than the liquid height. Bubbles at this heat flux are small, so the amount
of latent heat transferred is the same for all Ievels but sensible heat is changed as a result
of increased volume of heated fluid. At 5.93 W/cm? bubble diameters are larger than the liquid
height. At a small liquid level they break after growing past the liquid-free surface, while
at higher levels they may grow larger just due to the height of the liquid. If the diameter
of the bubble is larger, more heat is transferred as a result of evaporation, so the Jacob number
decreases.

3.3. Heat transfer coefficient

Fig. 4 presents the dependence of the heat transfer coefficient on the pressure and refrigerant
level. For simplicity, every diagram is plotted for a selected value of the heat flux density.
The pressure presented on the x-axis is the total pressure near the heating wall calculated
as pressure at the vapor-hqwd interface + hydrostatic pressure. The difference for liquid levels
is generally less than 100 W/m?, which translates to up to 10% increase in favor of lower liquid
level. The HTC is increasing W|th pressure at a rate of about 200 W/m?K per 1 kPa.

Increasing the heat flux denS|ty from 0.43 W/cm? to 5.93 W/cm? at about 1 kPa makes the HTC
rise from 250 to 1150 W/m?K. Changing the pressure to4 kPa makes the HTC increase and range
between 350 and 1400 W/m?K for 0.43 W/cm? and 5.93 W/cm? respectively.

According to our previous research, the most accurate correlations for HTC in a pressure region
of 1 - 4 kPa are: Labuntsov correlation and Mostinsky's reduced pressure correlation. Depending
on heat flux, their Mean Absolute Deviation (MAD) ranged from 0.1 to 0.89 and 0.13 to 0.35
for Labuntsov and Mostinsky, respectively (Zajaczkowski et al., 2016). For the results presented
in this study, depending on heat flux, MAD is 0.36 to 1.38 and 0.31 to 1.42 for Labuntsov
and Mostinsky, respectively.

Both mentioned correlations are shown in Fig. 4. The bigger discrepancy between theoretical
and experimental results presented in this study is most probably caused by the different
surface that has been used in those experiments. The mentioned correlations do not take into
account surface roughness.
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Figure 4: Heat transfer coefficient h as a function of pressure and liquid levels. Heat flux: a)
0.43 W/cm2 b) 3.44 W/cm2 c) 4.3 W/cm2 d) 5.93 W/cm2

4. CONCLUSIONS

In this paper, the influence of refrigerant filling level on pool boiling heat transfer coefficient (HTC)
was experimentally investigated. Experiments have been conducted for heat flux densities
in the range of 0.43 W/cm?— 5.93 W/cm? and pressure ranging from 1 to 4 kPa.

The results show that under chosen conditions, the influence of the liquid level on the HTC
is negligible: increase up to 10 % for a lower liquid level, when the measurement error
was calculated to be approximately 12-20%. The difference in the heat transfer coefficient
for different liquid levels, at the same heat flux and pressure near the wall, is generally less than
100 W/m?K. HTC is increasing with pressure; the increment is about 200 W/m?K per 1 kPa.

At sub-atmospheric pressures, the superheat is generally bigger than 10 K for the lowest heat flux
measured. It means that in real evaporators the HTC will be even lower than the one measured
in this study (which was 300 W/m?K).

The character of boiling changes at sub-atmospheric pressures. The change from
convective boiling region to nucleate boiling is shifted towards higher wall temperature
superheat. The difference in heat transfer for different liquid levels is observed mainly
in the convective boiling region.

For water at sub-atmospheric pressures, lower filing levels are recommended because
due to liquid height, higher pressure can be applied at liquid vapor interface.
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Strong impact of heater surface roughness is observed. Heat transfer coefficient correlations which
demonstrated sufficient agreement in our previous, study exhibit a substantial discrepancy
between the theoretical values and the results presented in this paper.

The main mechanism of heat transfer at measured conditions is heat convection and conduction,
rather than evaporation. The liquid is subcooled and at higher liquid level more heat has to be used
to heat up its higher volume. It is why Jacob number and wall superheat at higher level is slightly
higher.

NOMENCLATURE

A area (m?) v volume (m®)
Cp specific heat (Jxkg'xK™) Ah;,  heat of vaporization (Jxkg™)
d diameter (m) AT temperature difference (K)
H height (m) ) Subscripts
h heat transfer coefficient (Wxm™®xK") ~ amb ambient
p pressure (kPa) h heater
Q heat (J) plate heating plate
q heat flux (Jxm™) sat  saturation
T temperature (K) wall  wall
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