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Abstract - Pool boiling is one of the main modes of heat transfer in many industrial applications. Therefore, the pool boiling heat transfer
performance of various surfaces/geometries and the establishment of reliable predictive correlations has received a lot of attention from
laboratories across the world. Visualization and heat transfer measurements of pool boiling using hydrofluoroether HFE-7100 as the
working fluid on a plain smooth copper surface are described in this paper. The polished boiling surface had an average surface roughness
of 0.019 um. The saturated pressure ranged from 0.7 to 2 bar. The saturation pressure was found to affect the number of active bubble
nucleation sites at a given temperature difference between the wall and the saturation temperature, delayed the formation of bigger
bubbles and affected the pool boiling heat transfer. Starting with the lower pressure of 0.7 bar, the heat transfer coefficient increased by
an average of 24%, 49% and 60% for saturated pressure of 1.0, 1.5 and 2 bar respectively. The corresponding increase in the critical heat
flux (CHF) was 27%, 48%, and 64%. The obtained experimental nucleate boiling heat transfer data as well as the CHF were compared
with well-known correlations reported in the literature.
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1. Introduction

Pool boiling heat transfer is an efficient way of transferring high thermal loads in a variety of industries ranging from
the power generation sector including nuclear plants to refrigeration plants, and at the smaller scales, to the cooling of
electronic equipment. The initiation and establishment of the nucleate pool boiling regime and the triggering mechanism of
critical heat flux (CHF) are complex processes and depend on a number of factors including the thermophysical properties
of the fluid and the surface characteristics. This may explain the large number of correlations proposed by researchers to
predict the boiling heat transfer coefficient and the CHF. The saturation pressure, which can be expressed as reduced pressure
(ratio of operating pressure to critical pressure), affects both the nucleate boiling regime and the CHF through its effect on
the fluid properties.

The effect of pressure on the pool boiling process was examined by a number of researchers. Rainey et al. [1] and Kwark
et al. [2] investigated the effect of system pressure on the saturated nucleate boiling curves of plain and finned surfaces using
FC-72 [1] and surfaces coated with Al,Oz nano particles using water as the working fluid [2]. They found that the heat
transfer coefficient and the CHF value increase with increasing pressure. Sakashita [3] carried out boiling experiments with
water on horizontal and vertical surfaces at a pressure range of 0.35 - 5 MPa, and indicated that, for a fixed heat flux value,
the number of active nucleation sites (n) increased with increasing pressure (n o P°). Sakashita and Ono [4] also used water
and found that the diameter of the detached bubbles decreased with higher pressure, while the detachment frequency of
coalesced bubbles was insensitive to the pressure. Wengler et al. [5] demonstrated that the heat transfer coefficient increased
with increasing reduced pressure. This agreed with the results reported above by Rainey et al. [1] and Kwark et al. [2] and
the results from Chen et al. [6] and Gorenflo et al. [7]. Similarly, Kalani and Kandlikar [8] and Mudawar and Anderson [9]
conducted pool boiling experiments at sub-atmospheric and moderately high pressures, respectively. Their results showed
that the pool boiling heat transfer performance improved with increasing system pressure. The excess temperature (the
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difference between wall and saturation temperature) for a given heat flux was lower at higher pressure. Dahariya and
Betz [10] studied the effect of pressure on the heat transfer performance during pool boiling using water on a smooth
copper surface, and pointed out that increasing the pressure not only changed the hydrodynamic behaviour, but also
impacted the formation of the thermal boundary layer. They also noted that the heat transfer enhancement with different
pressures was more significant at higher heat flux.

The effect of pressure on the CHF of HFE-7100 was investigated by Alvarifio et al. [11] on differently roughened
surfaces. Their experimental results demonstrated that the CHF increased with pressure. In addition, they reported that
the dependence of CHF on surface roughness was more pronounced when the system pressure was increased. As
mentioned above, a number of correlations have been reported in the literature to predict the nucleate boiling heat transfer
coefficient and the CHF. In general, the following factors are reported and included in the correlations influencing the
nucleate boiling heat transfer and the CHF: thermophysical properties of working fluids, surface characteristics,
wettability, base material, heat flux, surface orientation and system pressure.

The pool boiling characteristics of hydrofluoroether dielectric fluid HFE-7100 (methoxy-nonafluorobutane
(C4F90CH3)) are reported in this study. This fluid has wide applications in industry as a heat transfer fluid and as a
spray contact cleaner. This is due to its low global warming potential (GWP 320), zero ozone depletion potential,
chemical and thermal stability, high wettability, low toxicity and the fact that it is non-flammable [12]. Experiments
were conducted at four different pressures of 0.7 bar, 1 bar, 1.5 bar and 2 bar on a horizontal boiling surface with an
average roughness of 0.019 um. The values were compared with existing correlations in order to make recommendations
for design.

2. Experimental setup and procedure
2. 1. Experimental apparatus and method

The experimental facility, seen in Figure 1, consists of a copper block, a boiling chamber with auxiliary heater, a
vapour condenser, a water/R-134a heat exchanger and the R-134a cooling system. Saturated vapour produced on the
boiling surface enters the condenser unit, with the condensate returning to the boiling chamber by gravity via a filter.
Deionized water was used as cooling medium in the condenser. This was cooled in the heat exchanger using an R-134a
vapour compression refrigeration unit. The boiling chamber was a vertical stainless steel 304 cylinder of inside diameter
22 cm with two circular glass windows mounted on its sides for visualization. A pressure transducer and three
thermocouples were used to monitor the saturation state of the working fluid in the chamber. The chamber was thermally
insulated and has a 1250W auxiliary heater rubbed between the rubber insulation and the chamber to help maintain
system saturated conditions. Heating was provided by six 250-W cartridge heaters 10 mm in diameter, which were
installed in the lower part of the cooper heater block, see figure 1. The heat input was regulated using a variable
transformer and measured by a power meter. Six type-K thermocouples were inserted in the center of the copper block,
5 mm apart in the vertical direction to help calculate the heat flux to the boiling surface. The test surface was the upper
surface of a disk, 40 mm in diameter and 5 mm high placed on top of the copper block. A K-type thermocouple was
inserted in a 1.5 mm diameter hole, 15 mm deep, located 2.25 mm from the top surface to facilitate the calculation of
the surface temperature. Solder was used to maintain good thermal contact between the bottom surface of the disk and
the top surface of the copper block.

The boiling smooth copper surface was prepared using a diamond turning machine (Nanotech 250UPL). The
surface characteristics were then studied using a Scanning Electron Microscope, 3D optical surface profilometer. An
in-house contact angle meter was used to record the static contact angle of HFE-7100 on the copper surface. The static
contact angle 6 was around 9°, see figure 2. The average surface roughness, Ra, was 0.019 um. The average value of
the length of the profile element along the sampling length, Rsm, was 8.73um and the root mean square of the surface
feature heights, Rq, was of 0.024um.

The experimental system was tested for leaks and was degassed before starting the experiments. All the
experimental data were recorded after the system reached steady state. Steady state was confirmed when the system
pressure and heat flux remained stable for 10 minutes (i.e. the temperature and pressure did not change by more than
1.5 K and 3 kPa respectively). Tests were performed at 0.7, 1, 1.5, and 2 bar system pressure. Saturated conditions were
achieved by adjusting the flow and inlet temperature to the condenser and the electric input to auxiliary heater.
Experimental data were obtained for both increasing and decreasing heat flux, from nucleate boiling up to the critical
heat flux.
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Fig. 2: Contact angle image of HFE-7100 on the smooth copper surface at T=20°C.

2. 2. Data reduction
In this study, six thermocouples were used to measure the temperature profile in the copper block. The temperature
gradient was then used to calculate the heat flux (q) as follows:

dT
q=key- @ ly=o 1)

where kg, is the thermal conductivity of copper block, dT/dy | y=o is the vertical temperature gradient at the top surface of the
disc. The heat transfer coefficient (h) at the boiling surface can then be calculated as followed:

-7
(TW - Tsat)

where Tsx is the fluid saturation temperature obtained from the thermocouples immersed in the liquid region. Tw is the
temperature of the boiling surface and can be calculated as:

h )

q-b
kcu

@)

Ty = Taisc —

Taisc IS the measured temperature of copper disc, b is the distance between the boiling surface and the thermocouple located
in the copper disc (b=2.25 mm).

System calibration was first performed to ensure the reliability of experiments. The thermocouples were calibrated using
a platinum resistance thermometer and their uncertainty was +0.1 K. The pressure transducers were also calibrated using a
dead weight pressure gauge tester (Bryans Aeroquipment LTD, with a range of atmospheric pressure to 3bar) within 2kPa.
An error propagation analysis was performed, see [13]. The calculated uncertainty in the heat flux was between 0.7% and
5.9% and for the heat transfer coefficient was between 0.9% and 6.5%.
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3. Experimental results and discussion

Typical pool boiling images were obtained for similar heat flux values at the four pressures examined in this study as
seen in figure 3. At low heat flux, isolated bubbles were produced from the active cavities and departed without coalescing
with other bubbles. The effect of pressure was obvious at small heat flux values. As seen in the figure, at a heat flux value of
approximately 6 KW/m?, increasing the pressure resulted in an increase in the number of active nucleation sites. This is due
to the fact that the range of possible active cavity sizes increases with increasing saturation pressure, see Dahariya, and Betz
[10] and Hsu [14]. Bubble coalesce was obvious as the heat flux increased. With further increases in heat flux, vapour

columns or jets were formed and merged together.

Psat=0.7bar

Psat=1.5bar Psat=1bar

Psat=2bar

Fig. 3: Pool boiling images at different heat flux and saturated pressure. (The last photographs are near CHF and it was sometimes
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necessary to stop the experiments; hence the 135.5 kW m2 at P= 0.7 bar.)
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The boiling curves for HFE-7100 are depicted in Figure 4. The experimental results shown are for increasing heat flux.
Boiling hysteresis was examined and the results demonstrated that for this surface and fluid the hysteresis was not significant
and mostly within the experimental error of our data. The effect of pressure on the heat transfer rates is obvious. Both the
heat transfer coefficient and the critical heat flux increased with increasing pressure. The heat transfer coefficient increased
by an average of 24%, 49% and 60% respectively when the pressure was increased from 0.7 bar to 1, 1.5 and 2 bar. The
corresponding CHF increased by 27%, 48%, and 64%. The effect of pressure may be attributed to the increase in the
nucleation site density and the changes in bubble dynamics. As mentioned above, with reference to figure 3, the range of
possible active nucleation sites increases with increasing saturation temperature or pressure (see Hsu [14]), resulting in more
nucleation sites on the heating surface. In addition, the bubble departure frequency increases and the bubble detachment
diameter decreases with increasing saturation pressure as reported by [10, 15], which results in more bubbles being generated
and hence higher heat transfer rates.
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Fig. 4: Boiling curves for HFE-7100: (a) heat flux versus wall superheat, (b) heat transfer coefficient versus heat flux.

There are currently a significant number of correlations predicting the boiling heat transfer coefficient and the critical
heat flux [16-51]. Correlations given in references [16-33] for the nucleate boiling regime were assessed in this study
predicting the boiling heat transfer coefficient for HFE-7100 with a mean absolute deviation ranging from 13.8% to 752.5%.
The current results for the critical heat flux were compared with the correlations described in references [34-51] and the
mean absolute deviation ranged from 4.6% to 332.7%. Parameters such as the fluid thermophysical properties, the contact
angle and the surface roughness would impact the performance of these correlations significantly. Figure 5 depicts only the
correlations that could predict the current data with a reasonable accuracy. As seen in the figure, the correlations of Forster
and Zuber [17] predicted the heat transfer coefficient data reasonably well. The mean absolute deviation in the comparison
with the Foster and Zuber correlation [17] ranged between 11.8% and 21.3% for all the pressures studied.

The critical heat flux comparisons are seen in figure 6. As depicted in the figure, the predicted results for Guan et al.
[40], Kutateladze [35], Kim et al. [50], and Bailey et al. [44] were in good agreement with the critical heat flux values at 0.7
bar, 1 bar, 1.5 bar and 2 bar respectively. On the whole, the correlation by Guan et al. [40] can predict the current data on
CHF more accurately, with the absolute deviation ranging from 3.2% to 5.5% for all the operating pressures.

3. Conclusions and further work

Pool boiling of HFE-7100 on a plain smooth copper surface under four different pressures 0.7, 1.0, 1.5 and 2.0 bar was
presented in this study. The experiments covered the entire boiling curve, from convection to bubble initiation, nucleate
boiling and critical heat flux. The conclusions that can be drawn from these first set of experimental results and comparisons
with correlations are as follows:

(1) Saturation pressure can affect the number of active bubble nucleation sites. The presence of large bubbles was less
evident at high pressure.
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(2) Saturation pressure had an obvious impact on the pool boiling heat transfer rates. The average increase in the
heat transfer coefficient was 24%, 49% and 60% respectively when the pressure was increased from 0.7 bar to 1, 1.5
and 2 bar. The CHF increased by 27%, 48%, and 64% for this range of pressure.

(3) The present heat transfer coefficient results compared well with the predictions by Forster and Zuber [17] for
the entire pressure range covering sub-atmospheric pressure of 0.7 bar to 2.0 bar. The CHF correlation of Guan et al.
[40] predicted well the current results.

The effect of surface roughness on the contact angle, regimes, heat transfer coefficient and CHF at different
pressures is currently being examined. Comparative results will be presented at the meeting.
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