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Abstract: This study aims to experimentally investigate the nucleate pool boiling heat
transfer performance of magnesium oxide nanoparticles MgO based deionized water nanofluid at
the atmospheric pressure condition. Dilute volumetric concentrations within a range of 0.001% to
0.01% Vol. were used to examine the pool boiling heat transfer performance represented by pool
boiling curve, and pool boiling heat transfer coefficient. The heating element was a horizontal
copper heated tube with a typical diameter 22 mm submerged inside the cubic boiling chamber.
Efforts have been made to measure the surface temperatures along the heated tube to ensure the
proper and accurate heat transfer coefficient calculations in this work. The results indicated that
the pool boiling heat transfer coefficient enhancement ratio (PBHTC,s/PBHTCyater) Was
intensified for volume fractions i.e. 0.001%, 0.004%, and 0.007% Vol. while it was degraded for
volume concentrations i.e. 0.01%, and 0.04% Vol. compared to deionized water as baseline case.

Keywords: Pool boiling, Magnesium oxide, Nanofluids, Pool boiling heat transfer
coefficient, Enhancement ratio

1. Introduction

Boiling heat transfer and two-phase flow plays a significant role in many heat
exchange systems. Boiling heat transfer mode is an efficient mode among other heat
transfer modes, and this is due to the latent heat of vaporization that occurred during
boiling phase change [1]-[5]. Recently, there is an increasing demand to develop new
products with high efficiency and compact space for saving thermal energy. To achieve
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that, efficient cooling liquids should be used to meet the requirements by removing high
heat dissipation in a relatively small temperature difference. Nanofluids are a new class
of thermal fluids that made from dispersing solid nanoscale materials with a range of
1-100 nm and those solids materials have thermal conductivity better than the thermal
conductivity of base fluids [6]-[11]. Numerous investigators have been studied the pool
boiling of nanofluids with different operating conditions to understand the mechanism
thoroughly. Yang and Maa [12] conducted early in 1986 a careful experimental study to
clarify the behavior of pool boiling heat transfer using dispersed alumina solid particles
with a dilute concentration between 0.1-0.5 wt.%. Their results demonstrated an
enhancement in pool boiling heat transfer using alumina particles compared to the
conventional fluid. Das et al. [13] experimentally studied the effect of adding alumina
nanoparticles based water nanofluid on the behavior of the pool-boiling curve and heat
transfer coefficient from narrow horizontal heated tubes. Results have been shown that
the mechanism of pool boiling is different from small tubes to those of typical industrial
pipes due to the sliding of bubbles from the bottom part to the upper region. They also
demonstrated that the pool boiling performance decreased while adding those
nanoparticles. Trisaksri and Wongwises [14] carried out an experimental study to
investigate the pool boiling heat transfer performance of titanium oxide nanoparticles
TiO, based R141b nano-refrigerant. They utilized a cylindrical copper heated tube as a
heating element in their test. Results show that the heat transfer coefficient was
degraded with increasing particle concentration especially for high heat flux. Again,
Suriyawong and Wongwises [15] studied the pool boiling performance of TiO,
nanoparticles based water nanofluid at various volume concentrations. They used two
types of heating surfaces (copper and aluminum tubes) in their study with different
surface roughness. Their results demonstrated that the Pool Boiling Heat Transfer
Coefficient (PBHTC) was enhanced for a copper tube with a concentration of 0.0001%
Vol., while there was degradation with aluminum tube.

Cieslinski and Kaczmarczyk [16] investigated the pool boiling heat transfer
performance of two types of nanofluids so-called (Al,Os3, and Cu nanoparticles based
water nanofluids). They used a horizontal smooth copper and stainless steel tubes as a
heating element in their tests. Nanoparticles were loaded with a concentration in a range
of 0.01-1 wt.%. Their obtained results show that the concentration of nanofluids has
almost no influence on the pool boiling heat transfer coefficient. In contrast, the higher
heat transfer coefficient was recorded for stainless steel tube compared to the copper
tube for the same applied heat flux. In another work, Cie$linski and Kaczmarczyk [17]
examined the influence of operating pressure 200, 100, and 10 kPa on two types of
nanofluids during pool boiling process. Their results revealed that independent of
nanoparticle materials (Al,O; and Cu) and their concentration, while an increase in
operating pressure enhanced the heat transfer performance.

Ahmed and Hamed [18] conducted experiments to study the pool boiling from a
horizontal flat copper surface for Al,O; 40-50 nm water-based nanofluids within a range
of concentrations of 0.01-0.5 Vol. Nanofluids boiling tests have been followed by pure
water boiling tests on the same nanoparticle-deposited surfaces. Their results show that
the boiling of pure water on a nanoparticle-deposited surface formed using the highest
concentration nanofluid resulted in the highest heat transfer coefficient. Sarafraz and
Hormozi [19] carried out an experimental study to study the pool boiling heat transfer

Pollack Periodica 15, 2020, 3



EXPERIMENTAL STUDY ON POOL BOILING HEAT TRANSFER 103

using aqueous multi-walled carbon nanotubes nanofluids for modified heater surfaces
up to the critical heat flux limit. Several surface properties with diamond-shaped micro-
finned have been examined during their investigation; their results showed that the pool
boiling heat transfer coefficient on the plain surface was degraded. While for micro-
finned surfaces, it was improved up to 56% and 77% for 0.1 and 0.3 % mass
concentration, respectively. However, the formation of a fouling layer at the heater
surface observed, which created a vast thermal resistance layer and a significant
decrease in the heat transfer coefficient. Kiyomura et al. [20] studied the effects of
surface roughness and nanoparticle deposition on the contact angle, surface wettability,
and pool boiling heat transfer coefficient. They reported that increase the concentration
of magnetite nanoparticles used in their study increased the surface roughness of the
heating surface. Besides, the highest heat transfer coefficient was obtained for the
smooth surface with the deposition of nanoparticles at low mass concentrations.
Karimzadehkhouei et al. [21] investigated the pool boiling of two types of nanofluids
TiO, based water and CuO based water on the discoid copper heater at atmospheric
pressure condition. Their results have shown that for TiO, based water nanofluids, the
pool boiling heat transfer coefficient was increased at dilute volume fraction i.e. 15% at
0.001% wt. Besides, the CuO based water nanofluid pool boiling heat transfer
coefficient was about 35% compared to water as a baseline case.

In the present work, the pool boiling heat transfer performance using deionized
water and magnesium oxide nanoparticles MgO based deionized water has been
experimentally investigated at atmospheric conditions. Various dilute volume
concentrations of nanofluid within a range of 0.001% to 0.01% Vol. at different values
of applied heat flux were used to examine the pool boiling heat transfer performance
represented by pool boiling curve, pool boiling heat transfer coefficient, and pool
boiling heat transfer coefficient ratio of nanofluids relative to deionized water.
Therefore, this investigation contributes to assessing this new type of nanofluids with
dilute volume concentration as a working fluid during the pool boiling heat transfer
process.

2. Experimental setup

The pool boiling facility and the instruments in the present investigation were
schematically shown in Fig. /. The test loop consists of the pool boiling chamber with
dimensions: Length=155 mm, Width=120 mm, Height=310 mm. Fireproof ceramic
glass (from Poly M Hungary Ltd.) was used to visualize the bubble dynamics during
pool boiling experiments. The pool boiling chamber was insulated via two insulation
materials layers; the first layer was an insulation sheet with high reflective one side
material from solflex (Thermofoam company, OBI store, Hungary), the second one was
the 10 mm thermal insulation sheet to minimize heat losses from the chamber. Cooling
condenser (Type: Allihn cooling condenser) supplied from (aalabor.hu) used to
condense the vapor to liquid phase and keep the atmospheric pressure condition;
therefore, to ensure the fluid capacity do not reduce inside the apparatus during the
experiments. The major part of this facility is the heating element, which is a horizontal
copper heated tube with an external diameter 22 mm and thickness 1 mm filled with
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copper sleeve fabricated in our laboratory. The copper sleeve was machined to make
three grooves along with the axial distance with different radial angles and locations.
Four K-Type thermocouples were calibrated and used to measure the surface and bulk
temperatures. Great efforts have been made to fix the thermocouples in a proper way to
measure the surface temperatures. Stainless steel cartridge heater with a power 1 kW
and diameter 12.5 mm, length 100 mm manufactured by (Cartridge heaters, UK)
inserted to the copper sleeve to supply the heat flux. All abovementioned parts were
designed, fabricated, and collected to build up our pool boiling apparatus at the
laboratory of the Department of Energy Engineering at (Budapest University of
Technology and Economics, Hungary).

1- Heating Element

2- Condenser

3- Axiliury Heater

4- Teflon plate (Top cover)
5- Drian Valve

6- Window (HRG)

7- Autotransformer 1

8- Autotransformer 2

9- Energy data looger

10- Temperature data
logger

11- Laptop to record data

Fig 1. Schema of pool boiling apparatus and measurement facility

3. Nanofluid preparation method

The preparation of nanofluids is considered as a crucial stage during the nanofluids
experimental studies. The two-step method is widely used in the preparation of
nanofluids by mixing the conventional fluid (i.e. water, ethylene glycol, oil etc.) with
commercially available nanomaterials that obtained from several physicals, mechanical
and chemical process [7], [22]. In the present work, deionized water and magnesium
oxide nanoparticles are prepared by adopted two-step method to investigate the pool
boiling heat transfer performance. The two-step method was applied in this study to
make the nanofluids at various dilute volume concentrations (0.001 up to 0.04 Vol.%).
In this regard, the first step is to weight the desired quantity of the dry nanopowder via
accurate digital balance, which has an accuracy of 0.001 grams. The scaled amount of
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nanopowder was added and mixing to a desired volume of the water. Next, the amount
of nanopowder mixed with deionized water by means physical methods like stirrer and
ultra-sonication process. Finally, the stability of prepared suspensions was checked via
the sediment-time method, and the final suspension used for the purpose of boiling heat
transfer application. Fig. 2 presents the stability of the suspension after a period of the
sonication process.

After (1 hour) of sonication After (2 days) of sonication

Fig. 2. Stability of MgO based deionized water nanofluids at different periods, A) deionized
water; B) 0.001% Vol.; C) 0.004% Vol.; D) 0.04% Vol.

4. Experimental procedure

The following steps are applied during the test of pool boiling heat transfer using
deionized water and MgO nanoparticles based deionized water nanofluid:

1. First, the pool boiling chamber and the heating element (horizontal heated
copper tube) were cleaned and washed using acetone and water jet before each
test;

2. The working fluid (deionized water or nanofluid) was injected from the top of
the chamber via the injection hole for such purpose;

3. The added working fluid was preheated by using auxiliary heater 400 W until
the liquid reaching the saturation temperature, then the heater kept switch on
with maximum power for 5 min to remove all unnecessary degassing bubbles
inside the pool boiling;

4. The central heater (horizontal heated copper tube) was switched on, and it is
power gradually increased to reach the maximum potential for our cartridge
heater and then start to decrease at stepwise to calculate the applied heat flux;

5. The power of the central heater, the surface temperatures, and the bulk
temperature was recorded via software instilled on a personal computer;

6. The runs for deionized water as baseline case and as well as a validation case for
the boiling apparatus were repeated three times to check the repeatability of the
measurements, and they were found to be acceptable.
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5. Results and discussion

5.1. Validation of pool boiling chamber

The pool boiling heat transfer experiment was firstly conducted for deionized water
as a baseline case and also to validate the setup and shows the reliability of the boiling
chamber. Therefore, the results of pool boiling curves for deionized water compared to
those well-known correlations in literature so-called Rohesnow correlation [23], and
Gorenflo correlation [24], and some experimental works reported in the literature as Das
et al. [13], and Suriyawong and Wongwises [15]. The reason behind using deionized
water for the validation for obtained results that this type of liquids has well-known and
high accurate thermophysical properties in literature [25]. Hence, the experimental
results for deionized water plotted as it can be seen in Fig. 3 and the experimental
results compare reasonably well with predicted correlations as well the experimental
studies for pool boiling curves.
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Fig. 3. Validation of pool boiling curves for deionized water for present data
and some related data in the literature

5.2. Pool boiling of nanofluid results

Pool boiling heat transfer performance using magnesium oxide MgO nanoparticles
based deionized water from the horizontal heated copper tube was experimentally
investigated. Different dilute volume concentrations with a range of 0.001%-0.04% Vol.
were considered for preparing the nanofluids. The surface roughness of the heated
copper tube was measured by surface roughness tester and the arithmetic average
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roughness R,=0.382 um. Fig. 4 shows the pool boiling curve represented by the heat
fluxes against the superheat temperatures for deionized water as a baseline case and for
magnesium oxide-based deionized water nanofluids. It can be seen that the pool boiling
curves for dilute concentrations i.e. 0.001%, 0.004%, and 0.007% Vol. were shifted to
the left side of the deionized water pool boiling curve, and this means that the pool
boiling heat transfer was enhanced by reducing the superheat temperatures as same heat
fluxes values. However, an increase in volume concentration of magnesium oxide
nanofluids i.e. 0.01% and 0.04% Vol. noticeably, the boiling curves were shifted to the
right side, and this change was notable especially in high heat flux regions above
60 kW/m”.

140
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Fig. 4. Pool boiling curves of deionized water and magnesium oxide MgO-based
deionized water nanofluids at different volume concentrations

Fig. 5 depicts the pool boiling heat transfer coefficient against heat flux for
deionized water and magnesium oxide nanoparticles based deionized water nanofluids
at different volume concentrations. It can see from those curves that the pool boiling
heat transfer coefficient considerably increased for nanofluids with volume
concentration 0.001%, 0.004%, and 0.007% Vol. compared to pool boiling heat transfer
coefficient of deionized water. However, using concentration above 0.007% Vol. led to
a reduction in the heat transfer coefficient of MgO nanofluids, especially at moderate
and high heat fluxes. It was widely reported in the literature that the pool boiling heat
transfer could be affected by the bulk properties of the liquid and surface modification
during the presence of the nanoparticles during the nucleate boiling regime. Hence, in
case of low concentrations, the results lead to enhancement of pool boiling heat transfer
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coefficient, and this improvement supposed that both effects contributed to improving
the pool boiling behavior. The slightly increased thermal conductivity at volume
concentration, i.e. 0.004% and 0.007% Vol. and the deposition of nanoparticles after a
period of the boiling process resulted in improving the surface characteristics for
horizontal heated tube in the present case. The average size of the magnesium oxide
nanoparticles was in the range 70-100 nm, while the average roughness for the heater
was measured by surface profile meter to be 382 nm in this test. Hence, the deposition
of nanoparticles creates new cavities, which led to increasing the nucleation sites, and in
turn, more bubbles were formed during the nucleate pool boiling regime. The
interaction and the mixing between the bubbles led to increasing the collision of these
nanoparticles then increase the Brownian motion during the boiling process.

16
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Fig. 5. Pool boiling heat transfer coefficient of deionized water and
magnesium oxide MgO-based deionized water nanofluids at different volume concentrations

Fig. 6 shows the pool boiling heat transfer coefficient enhancement ratio
(PBHTC,s/PBHTC,y,ter) relative to deionized water at various heat fluxes and volume
concentration of magnesium oxide nanofluids. It can be seen that the maximum
enhancement was (1.22) for volume concentration (0.004% Vol.) at higher heat fluxes
region. At the same time, there was a reduction in this ratio for high volume
concentration used in this test of nanofluids. The reduction was attributed to the
deposition of the nanoparticles during the pool boiling process even at low heat flux;
stability of the nanofluid in this concentration was also a vital issue to contribute with
this deterioration. However, it was found that the thermal resistance increased with an
increase in the volume concentration of the MgO nanofluids above 0.007% Vol. This
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was due to the increase of deposition of nanoparticles on the heating surface, which
formed a porous resistance layer on the wall, which may reduce the bubble creation
followed by a reduction in the quantity of heat transfer from the heating surface to the
bulk of the fluid and this trend was also observed in other related studies [21], [26].
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Fig. 6. Pool boiling heat transfer coefficient ratio of Magnesium oxide MgO -based deionized
water nanofluid to deionized water at various volumetric concentrations and applied heat fluxes

Fig. 7 depicts the maximum pool boiling heat transfer coefficient ratio of
magnesium oxide MgO-based deionized water nanofluid relative to deionized water at
various volumetric concentrations. It can be seen that the maximum enhancement ratio
was 1.22 at volume concentration 0.004% Vol. and the maximum reduction ratio was
0.85 at volume concentration 0.04% Vol. which considered as a higher concentration in
this study. It can conclude from the results that the enhancement or reduction ratio
during the pool boiling of nanofluids depends on the volume concentration of the
nanofluid and also the surface modification during the deposition of nanoparticles on
the heater surface. Moreover, the bubble interaction with suspended nanoparticles could
be another parameter that could affect the boiling performance when using nanofluids.

6. Conclusion

In this study, the pool boiling heat transfer performance of deionized water and
magnesium oxide nanoparticles based deionized water from the horizontal heated
copper tube was experimentally investigated. The nanofluids were prepared at different
volume concentrations and various applied heat fluxes were applied to test the pool
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boiling performance at atmospheric pressure conditions. The prepared nanofluids were
checked to see the stability of the suspension after ultra-sonication processes and the
stability was reasonably good at less for the experiment duration. The obtained results
demonstrated that the pool boiling heat transfer coefficient enhancement ratio
(PBHTC,s/PBHTCyyater) was improved for volume concentrations, i.e. 0.001%,
0.004%, and 0.007% Vol., and the maximum enhancement ratio was 1.22 for
concentration 0.004% Vol. while there was a deterioration in this ratio for
concentrations, i.e. 0.01%, and 0.04% Vol. and the maximum reduction was 0.85
compared to deionized water as the baseline case.
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Fig. 7. Maximum pool boiling heat transfer coefficient ratio of Magnesium oxide MgO-based
deionized water nanofluid concerning deionized water at various volumetric concentrations
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