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Abstract

Various enhanced surfaces have been proposed over the years to improve
boiling heat transfer. This paper introduces an experimental setup designed
for boiling demonstration in the graduate-level Heat Transfer course. The
pool boiling performance of water under atmospheric pressure of 1.025 bar is
investigated by using several structured surfaces at heat fluxes of 28 and 35
kW/m®. Surfaces with holes, rectangular grooves, and mushroom fins are
manufactured by an NC-controlled vertical milling machine. The heat flux
versus excess temperature graph is plotted by using thermocouple measure-
ments of water and base temperatures of the boiling vessel. The separation,
rise, and growth of individual vapor bubbles from the surface during boiling
were recorded with a digital camera. The results for the plain surface are
compared to the Rohsenow correlation. The enhancement of heat transfer
coefficient (/) ranged between 15% - 44.5% for all structured surfaces. The
highest heat transfer coefficient enhancement is observed between 41% -
56.5% for holed surface-3 (405 holes) compared to the plain surface. The
excess temperature dropped around 29% - 34% for holed surface-3 (405
holes) compared to the plain surface. The heat transfer coefficient increases as
the spacing between channels or holes decreases. While the bubbles on holed
and mushroomed surfaces were spherical, the bubbles on the flat and grooved
surfaces were observed as formless. The suggested economical test design
could be appropriate to keep students focused and participating in the class-
room.
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Engineering Education

1. Introduction

Nucleate boiling is defined by the liquid-vapor phase change and the associated
bubble formation. Since boiling is an effective heat transfer mode, it has many
uses in engineering fields. Small temperature gradients can transfer high heat
flux in evaporators. The high heat generation in electronic parts should be pre-
vented because high heat causes performance decrease and malfunction of the
parts. Compared to other types of heat transfer that do not involve phase
change, a much larger amount of heat can be removed with a low-temperature
change during boiling [1].

Techniques for improving the boiling are divided into passive and active. Pas-
sive techniques improve the boiling heat transfer with surface modifications.
This can be through macro, micro, and nanochannels, fins, porous layer coating,
such as metallic foams, hydrophobic and hydrophilic surfaces, and re-entrant
cavities. The re-entrant cavities capture the vapor continuously and contribute
to the nucleation process, thereby increasing the heat transfer performance [2].
Examples of active techniques are surface and fluid vibration, surface rotation,
and the use of an electric field [3]. However, these methods were not developed
because they found few practical applications. It is also possible to increase boil-
ing heat transfer by adding surfactants. Several studies improved the pool boil-
ing heat transfer of water by adding surfactant Sodium Lauryl Sulfate (SLS) and
environmentally friendly surfactants such as ECOSURF™ EH-14 and SA-9 [4]
(5] [6].

Some researchers conducted a study to investigate the performance of en-
hanced surfaces in nucleate pool boiling. The experimental results showed that
the surfaces with inclination performed better compared to the ones normal to
the surface [7]. Pool boiling experiments were conducted at three heating sur-
faces with seven different incline angles by Wang et al. [8]. CHF is reduced for
the incline angle of the heating surface for &> 90°. The bubble diameter increas-
es with the increase of inclination angle accompanied by a lower frequency and
lower sliding time [8]. Using the HFE 7100 engineering fluid, Filho et al [9] in-
vestigated the thermal performance of surfaces with micron and nanometer fins.
The boiling tests on micro-nano hybrid surfaces (ie., hierarchically structured
surfaces) indicated a significant enhancement in the heat transfer coefficient due
to improved nucleation site density and vapor bubble dynamics [9]. Sia et al
[10] applied nanocomposite coatings to enhance the subcooled flow boiling heat
transfer in a mini channel. The nanocomposites had tunable wettability, such as
super hydrophilic, superhydrophobic, and hydrophobic [10]. The super hydro-
philic graphene nanoplatelets (GNPs) coating showed a boiling heat transfer
coefficient with an enhancement of 64.9% [10]. However, the hydrophobic and
superhydrophobic GNPs coatings deteriorated the flow boiling rates [10].
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Shahmardi et al. [11] studied the role of surface topology and surface chemistry
on the onset of boiling with a novel setup. They considered a hydrophilic and
hydrophobic wall and two wall topologies, a flat wall and a wall with a periodic
array of nanocavities [11]. The presence of nanostructures triggered the bubble
formation for a hydrophilic wall and postponed it for a hydrophobic wall [11]. A
hydrophilic surface provided better energy transfer from the hot wall to the water
[11]. Moze et al. [12] created surface models consisting of low and high-wettable
areas to improve boiling. These special surfaces increased the critical heat flux
and heat transfer coefficient. The created surfaces were found suitable for high
heat flux applications [12].

Zupancic et al. [13] partitioned the heat flow during boiling on thin metal
substrates. They created nucleation sites using the nanosecond fiber laser tex-
turing method. However, their investigations did not show noticeable differenc-
es in bubble radius, bubble growth, and nucleation temperature on these surfac-
es [13].

Jayaramu et al. [14] [15] investigated the oxidation of copper channels in a
boiling stream and designed a dual-phase microchannel heat sink from copper.
They recorded the change in surface characteristics by using a profilometer,
confocal microscope, SEM, EDX, and XRD. They found that the growth of an
oxide layer on the walls increases the wettability of the surface and therefore ne-
gatively affects the boiling.

Complex geometries for the boiling wall can be produced by additive manu-
facturing (3D printing) [10]. While this may seem like a very promising innova-
tion, there are many difficulties in creating and controlling complex geometries
[10].

Sielaff et al. [16] performed multi-scale boiling experiments using fully fluo-
rinated liquid FC-72 on the International Space Station. The growth of bubbles
during boiling, the effect of shear flow, and the effect of the electric field were
investigated [17]. Their studies have shown that the bubble rupture volume de-
pends on the intensity of the electric field, while the bubble rupture depends on
the pressure, subcooling, and heat flow [17].

In the current work, nucleate pool boiling on several macro-structured surface
floors with distilled water under atmospheric pressure is evaluated. Other re-
searchers focused mostly on boiling on micro and nanostructured surfaces. As a
novelty, the experimental setup is introduced for engineering education. The
aims of this investigation are summarized below:

1) Conduct experiments to compare boiling performances of plain and en-
hanced surface floors (Z.e. floors with rectangular channels, holes, and mushroom
fins of various sizes.)

2) Discuss the boiling phenomena using observations and referring to the
theory.

3) Introduce the experimental test setup to be used in classrooms to improve
engineering education through a hands-on laboratory learning approach.

Engineering education aspect:
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Previous research has proven that students learn better with hands-on ap-
proaches than with traditional methods [18]. Instructors strive to teach hands-on
because they expect their students to be future innovators of society [19].
Hands-on activities can be used in engineering classes to increase student par-
ticipation and to better understand the subject and concepts. This method of
learning is suitable for engineering students as it can be similar to the devices
they will use in their future careers. Including such activities in the classroom is
usually hindered by financial difficulties, sophisticated, large, and heavy devices,
and lack of time [19] [20].

Pour et al [20] and Dahlke ef al [19] have developed low-cost desktop learn-
ing modules for Fluid Mechanics and Heat Transfer courses (Miniaturized in-
dustrial equipment such as fluidized bed, Venturi System, Cross Flow Heat Ex-
changer, Tubular Heat Exchanger, Shell and Tube Heat Exchanger units, and
hydraulic system energy loss unit). Adesope et al. [18] evaluated students’ cogni-
tive effort when low-cost desktop learning modules (LC-DLMs) are used. Stu-
dents discussed with each other, asked, and answered questions, and brought
clarity to the learning. Toro et al [21] developed a solar-powered direct steam
generation boiler for an educational desktop Rankine Cycle. They developed a
thermal model to characterize the concentrated solar power and heat transfer to
the working fluid. They analyzed and validated the solar-to-steam efficiency with
a small size economical device.

The suggested test setup will help students understand key concepts about
boiling heat transfer. Target students will be from graduate-level Heat Transfer
classrooms. The classroom sections consist of 50 minutes, thrice-weekly instruc-
tion in Heat Transfer (If undergraduate level Heat Transfer course is given as
two courses of Heat Transfer I and Heat Transfer II, then the activity could be
included in Heat Transfer II).

2. Materials and Methods
2.1. Boiling Vessel and Structured Surfaces (i.e., Floors)

The experimental set-up, shown in Figure 1, consists of a hot plate, a boiling
vessel, a ruler, thermocouples, and a digital camera. The boiling vessel has di-
mensions of 5.25 inches (13.34 cm) in length, 4.5 inches (11.43 cm) in height, 3.5
inches (8.89 ¢cm) in width, and 0.25 inches (0.64 cm) in thickness. The boiling
vessel has two pieces of borosilicate transparent glass. Borosilicate glass is a
suitable material for a boiling vessel because it is transparent, has a low thermal
expansion, and can resist high temperatures (450°C) for a long time. Two pieces
of borosilicate glass are inserted in the slots at the edges of the surface floor. The
remaining surfaces are made of aluminum, and they were attached with screws
and sealed with silicone to prevent leakage.

NC-controlled vertical milling machine is used to make the structured surfac-
es floors in the machine shop. For holed surfaces, a drill chuck is used to drill the
holes. The grooves on the surfaces were made with a right-angle head attach-

ment using a slitting saw. For obtaining the mushroomed surface, round-head
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rivets were pressed into the drilled holes in the surface.

The surface floors are varied by changing the fin length and fin spacing. The
structured surface floors are shown in Figure 2 and Figure 3. The boiling vessel
has the specified structured surface plate manufactured separately by reassem-
bling the bottom surface (ie. floor) as a structured surface. Figure 3 and Table 1
show the properties of the structured surfaces. To understand the effect of spac-
ing, the dimensionless parameter () is used to compare boiling performance
from the surfaces in Figure 2 and Table 1, similar to Das et al [7]. As the spac-
ing decreases, f decreases as well. The area augmentation ratio, A 1is given in
Equation (1). The spacing (S) to depth (D) ratio, p, is calculated for all surfaces
by Equation (2):

Aaugmented
— _augmented 1
Af Aplain ( )
p=5/D )

Temperature Sensors

7>

2

LA

N\

AN

4-channel data
logger thermoneter

Temperature
Sensors

Figure 1. Experimental test setup (dimensions are in inches).

Table 1. Properties of structured surface floors.

Surfaces # of channels/holes/  Area augmentation )
mushroom fins ratio (4,)

Plain --- 1 -
Mushroomed 45 mushroom fins 1.12 1.67

Holed 1 77 holes 1.15 2

Holed 2 187 holes 1.37 1
Holed 3 405 holes 1.81 0.5
Grooved 1 9 channels 1.328 3.75

Grooved 2 17 channels 1.62 2

Grooved 3 27 channels 1.98 1
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Figure 2. Cross-sectional dimensions
of structured surfaces (in inches).
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Figure 3. Structured surface floors (Image: [22]).
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2.2. Test Procedure

A type-K thermocouple was mounted to the base of the boiling vessel to measure
the vessel’s interior bottom surface (Ze. floor). This thermocouple has a self-ad-
hesive foil backing for a faster response time. The boiling vessel was filled with
a measured quantity of distilled water (400 gr). The other type-K thermo-
couple is clipped from the edge of the vessel to measure the water temperature
(Figure 1). The boiling vessel is placed on Benchmark hot plate. The base ma-
terial and the surface of the hot plate are cast aluminum and ceramic coating,
respectively.

The heat flux was adjusted from the hot plate and the water was left to boil.
The PC acquires and displays the temperature sensor readings. The RDXL4SD
model temperature logger collects temperature information and converts it to an
Excel file. The boiling vessel enables clear viewing and allows observation of the
amount of liquid evaporated. The atmospheric pressure is measured as 1.025
bar.

Casio EX-FH20 digital camera was placed in front of the boiling vessel and the
bubble dynamics of the boiling were examined. The camera is capable of captur-
ing 1000 frames per second of video and can continuously take high-resolution
pictures, (40 images per second). Flush continuous shutter mode helped to record
consecutive images while firing the flash. After continuous shutter shooting is fi-

nished, the images are examined for evaluating the bubbles.

2.3. Governing Equations

The defining characteristics of boiling are the temperature change at the surface,
the boiling curve, the boiling mode, and the critical heat flux. If the temperature

of the liquid is less than the saturation temperature, T,

¢ Dboiling is called “sub-

cooled boiling” and the heat is transferred as sensible heat. The heat transfer
from the hot surface to the water brings the temperature of the water, T, to the

saturation temperature, T_, [23]; AT is the temperature difference. In Equa-

sat
tion (3) Qpeoes 1S the net heat transfer from the hot plate to the water.

) mc, AT 3)
qsubcooled - AAt

When the temperature of the liquid reaches the saturated temperature, the
boiling is called “saturated boiling”. At saturated boiling, the heat transfer to lig-
uid is used for phase change [23]. Equation (4) relates the heat from the base
plate, 0gpce0nq » tO the convective heat transfer to the water. It equates the same

heat, q, to the heat escaping during boiling mass transfer in Equation (4).

mbhfg

qs,,,at = h(TS _Tsal ) = hATe = (4)

Equation (5) is developed by Rohsenow and is the first correlation for nuc-
leate boiling [23]. The coefficient C,; and the exponent n are coefficients de-

pending on the solid-liquid combination.
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1/2 3
- c, AT,
o =u.hfg{g(p'0 p”)} [ r J (5)

C, ihy P’

In Equation (5), the proportionality of AT, oc(qs”)l/3 shows the increasing
ability of the interface to transfer heat. If there is a one-dimensional heat transfer
from the hot surface to the water at a steady flow, the flow is given by Fourier’s
law [23]:

oT AT
AL 6
% ox AX (©)

With the temperature difference between the boiling vessel bottom and the
boiling vessel inlet measured, the heat flux is calculated, and it is the heat flux is
delivered to the liquid. The heat transfer coefficient, 4, is calculated from Equa-
tion (4).

The power depends on current, which is the rate of charge flow past a given
area called an electric current, and potential difference. The power (determined
as P= I'x V) is the heat transfer rate from the heater.

There are four boiling regimes in the pool watering curve, depending on
excess temperature, AT, and the difference between the surface temperature, T,

and the saturation temperature, T,

[17]. When the excess temperature, A7,
reaches between 1°C - 5°C, heat is transferred from the solid surface to the bulk
liquid via natural convection currents [24]. The liquid becomes slightly super-
heated, rises to the surface, and evaporates afterward [17]. When the excess
temperature, A7, reaches between 5°C - 30°C, the boiling is called nucleate
boiling [25]. If the excess temperature, A 7, stays between 5°C - 10°C, it is called
an “isolated bubble” regime, and convection remains the primary mechanism.
Each bubble generated can grow and detach from the surface without interaction
with other bubbles. As the excess temperature, A7 increases over 12°C, extra
nucleation sites become active, generating more bubbles. Bubbles merge and
form columns and slugs of vapor [24].

Once the spherical bubble is considered, the vapor is at a pressure p, inside
the bubble. Outside of the bubble, the liquid pressure is p. The pressure force
must be balanced by the surface tension force, which is the product of the circle’s
circumference, 277R, and the surface tension, o [17]. This is given in Equation
™).

20 4o
(P=P)=2=7F (7)

When the bubble within the liquid is heated, the pressure of this vapor is
equal to p,. If the pressure of this liquid is p, then the liquid temperature is less
than the vapor temperature. Therefore, heat is transferred from the vapor to the
surrounding liquid. Thus, the vapor condenses, and the bubble bursts. However,
if the liquid temperature is higher than the vapor temperature, the bubble rises

upwards from the hot surface (Region II) [17].

DOI: 10.4236/wjet.2023.112022

310 World Journal of Engineering and Technology


https://doi.org/10.4236/wjet.2023.112022

B. Dikici, B. Q. A. Al-Sukaini

2.4. Uncertainty

It was aimed to minimize the uncertainty in the experimental measurements.
Accuracy is generally associated with repeatable and fixed errors while precision
is associated with unrepeatable and random errors. Following the uncertainty
methodology, there are two types of error: (1) Systematic (e, bias) error occurs
when there is a fault in the device or the system that processes the values. A sys-
tematic error occurs when the experimenter uses the instrument incorrectly, as
well. (2) Random (Ze, precision) errors in experiments are caused by unknown
and unpredictable differences in the experiment. These errors may be caused by
the device or by environmental conditions. An example of random error is the
electric noise in the circuit of the electrical device [26]. For example, poor heat
contact between the sensor and the object being measured causes values to be
read incorrectly. In this study, the measured quantities are surface and water
temperatures measured by thermocouples. The K-type thermocouples lead to
uncertainties in the results. The calculated quantity is heat flux, ¢', and the en-
thalpy, A.

The tolerance value for the type-K thermocouple is £(0.4% +1°C). The response
time of the K-type thermocouples is 0.002 seconds in still water. The Type-K
thermocouple was calibrated in water from ambient temperature, 20°C to the
boiling temperature of the water, 100°C, by comparing it with another thermo-
couple. The differences between the K-type thermocouple and calibrated thermo-
couples are between 0.1°C - 2.1°C. Material with high thermal conductivity was
used between the thermocouple and the hot plate to prevent random error.

RDXL4SD 4-channel datalogger thermometer has an accuracy of +(0.4% +
1°C) and Benchmark hot plate has a precise temperature control of +1°C, as re-
ported by the manufacturer.

Boiling heat transfer experiments can involve significant uncertainty. The
measured surfaces are assumed to have the same roughness on the surface. Each
experiment was repeated at least three times to ensure consistency and accuracy
in the experiments. For the scope of this paper, two points for the boiling curve
are obtained for two heat fluxes. It would be more accurate to add more points
at different heat fluxes.

The experimental data for plain surfaces are compared to the predictions
made by the Rohsenow correlation in Equation (5) [23]. With the viscosity of
g =2257 x 10°
(J/kg), gravitational acceleration, g = 9.81 (m/s%), liquid density, p, = 957.9

water, £ =279 x 107 (N-s/m?), latent heat of vaporization, h

(kg/m?), vapor density, p, =0.5956 (kg/m’), surface tension, o =58.9 x 107
(N/m), specific heat at constant pressure C,, = 4.217 x 10° (J/kg-K), the sur-

face-fluid combination coefficient, C,; = 0.011, the exponent, n = 1.26 wa-

s, f
ter-Aluminum (plate, oxidized) [27], and Prandtl number, Pr, = 1.76, this equ-

ation gives ! =145.424(AT,)’ (W/m?).

3. Results

Heat flux to excess temperature graph of structured surfaces is shown in Figure 4.
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Figure 4. Pool boiling data of structured surfaces.

The spacing between the channels and holes is observed to affect the heat
transfer. The images showing the bubble formation before reaching the boiling
point are given in Figure 5. Examples of bubble diameter measurements at a
heat flux of 35.08 kW/m?’ are presented in Figure 6. Figure 7 shows the boiling
on plain and structured surface floors at two values of heat flux.

4. Discussion

Figure 4 shows that heat flux versus excess temperature plots are shifted to the
left for all structured surfaces. The heat transfer coefficient increased as the
number of holes and grooves increased for holed and grooved surfaces. For a
heat flux of 35.08 kW/m?, Holed 3 surface shows the maximum heat transfer
enhancement. It is about a 51.75 % increase in the heat transfer coefficient com-
pared to the plain surface, while it was a 44.3% increase for the Grooved 3 sur-
face. The enhancements in heat transfer coefficient for Grooved 1 and Mu-
shroomed surface are 13.1% and 17.8%, respectively.

The nucleation sites are usually small gaps and cracks on the hot surface that
can only be seen with a microscope. Nucleation generally occurs continuously in
these places. As shown in Equation (7), the bubble diameter reaching a certain
size is a function of the surface tension and pressure of the liquid at the lig-
uid-vapor interface. Depending on the difference between the temperature of the
hot plate and the saturation temperature, the bubbles either burst or rise by
leaving the wall surface. Figure 5 and Figure 7 show that Holed 1 (77 holes) has
more regularly distributed nucleation bubbles compared to other surfaces. The
nucleation site densities for structured surfaces are higher compared to the
smooth surface. This result is consistent with Das et al. [28]. Holed 3 surface
showed higher nucleation site density compared to other surfaces. The bubbles
that formed were smaller than the ones on the plain surface and they left the
surface faster. This bubble size and high ascent rate were also observed at high
heat flow and higher surface temperature.

For the plain surface, The Rohsenow correlation and our results in Figure 4

do not agree extremely well. The error of Rohsenow correlation is 20.66 % at low
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heat flux and 32.66% at high heat flux for plain surface for n = 1.26. Lig-
uid/surface combinations and surface roughness affect the coefficient C, ;, and
n significantly [27] [29]. For example, Piero et al. [27] reported that n =1 for wa-
ter/aluminum for polished circular plates and n = 1.26 for oxidized plates [27].

The amount of air in the water also influences the excess temperature. The
more air there is in the vessel, the less water is in contact with the hot plate. In
this case, more bubbles would be observed. The cavity is a stable vapor trap and
has a positive effect on nucleation. This is explained as a reduction in the inci-
pient boiling superheat and the increase of heat transfer in the nucleated boiling
zone [7]. Surface finish, surface wettability, surface impurity, gravity, and ther-
mal properties affect the heat transfer coefficient [30]. The roughness of the sur-
face pulls the boiling curves to the left. However, wettability prevents nucleation
and pulls the boiling curves to the right [30].

Plain Holed 1

Grooved 1 Mushroomed

Figure 5. Images before reaching the boiling point
(Image: [22]).

Grooved 1 Mushroomed

Figure 6. Measurement of bubble rise diameters at
a heat flux of 35.08 kW/m? (Image: [4]).
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Mushroomed
Q=27.91 kW/m? | Q=35.08 kW/m?

Figure 7. Boiling phenomena at different heat flux values
(Image: [4]).

The experimental test setup described in this study could serve as an econom-
ical tool for demonstrating boiling heat transfer to students. The design enables
performing an experimental process and increases students’ scientific percep-
tion. Students observe and qualify different modes of boiling heat transfer. The
dynamics of vapor bubble formation affect liquid motion near the floor surface
and therefore influence the heat transfer coefficient. Another way to evaluate the
boiling process is by the formation of growing and detaching bubbles from the
surface. Vapor bubble growth and dynamics depend on various factors such as
the excess temperature, the nature of the surface, and the thermophysical prop-
erties of the fluid.

This setup will help to prove the validity of the boiling equation and correla-
tions in the textbook and to determine the experimental uncertainty for the plain
surfaces. For structured surfaces, the following exercises are suggested for the
classroom:

o Measure how the interior bottom (Ze. floor) temperature changes for the
plain floor and when structured surfaces are replaced the plain floor at the given

heat fluxes.
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« For each surface, two data points appear in Figure 4. Plot a boiling curve by
adding a few more data points using different heat fluxes.

« Describe how the bubbles form at structured surfaces compared to the bub-
bles at the plain surface. Students could take pictures and record videos using
their smartphones. After the experiment is over, the shape and size of the bub-
bles could be compared and evaluated.

 Determine the effect of hole frequency or groove frequency on the change of
base temperature and bubble formation.

5. Conclusions

The effect of structured geometries on pool boiling is investigated experimental-
ly. Shifting the boiling curves to the left is favorable for heat flow because this
shows that the heat transfer is increased. This also means that a large amount of
heat transfer occurs at low surface temperatures.

The increase in heat transfer coefficient depends on the increase in the surface
area and the shape of the protrusion. The lower the spacing-to-height ratio of
the surfaces, the higher the measured heat transfer coefficients. The heat transfer
enhancement at low heat fluxes can be because of increased nucleation site den-
sity and more efficient bubble departure dynamics. The plain surface does not
have structures, so there are no additional nucleation sites to activate.

The following conclusions were drawn after analyzing the experimental re-
sults:

o The maximum enhancement in heat transfer coefficient ranged between
41% - 51.6% is measured by the Holed-3 surface (405 holes) and Grooved-3 sur-
face compared to the plain surface (at 28 and 35 kW/m? heat fluxes).

« The excess temperature dropped for different surfaces compared to the plain
surfaces. The highest excess temperature drop is around 29% - 34% for the
Holed-3 surface (405 holes) compared to the plain surface at 28 and 35 kW/m>
heat fluxes.

o The heat transfer coefficient increases as the spacing between channels or
holes decreases.

« On surfaces with round and mushroom-shaped protrusions, the bubbles are
usually spherical. It was observed that the bubbles on the flat and grooved sur-
faces were formless.

This study dealt with the physical conditions related to boiling and provided a
foundation for performing relevant heat transfer calculations. A design and
hardware validation of a boiling vessel that enables macro-structured surface
floor modification is described. The design can improve engineering education
through a hands-on learning approach in the classrooms. In the future, the ef-

fectiveness of the boiling test setup for learning could be explored.
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