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Modern compact electronic chip design demands more efficient and innovative cooling techniques in a
limited space. One such method is the immersion cooling by pool boiling heat transfer, which is a highly
efficient technique when compared with conventional cooling techniques. The boiling heat transfer coef-
ficient can be enhanced using active and passive techniques. In the present investigation grooves as pas-
sive and surface vibration as active techniques were coupled to improve the boiling heat transfer
coefficient. The forced vertical vibrations were induced on the copper grooved surface with a mechanical

Keywords: vibrator. The frequency of vibration was varied in the range 0-100 Hz and the amplitude of vibration was
Enhancement A . [ .

Visualization varied in the range 0-2.5 mm. The compound technique gave 62% improvement in heat transfer coeffi-
Correlation cient at 300 kW/m? heat flux compared to the 29% enhancement due to grooves alone and 10% enhance-

ment due to vibration alone. The experimental results were used to develop a modified Rohsenow
correlation which predicts the experimental Nusselt number with an accuracy of +25%. Boiling visualiza-
tion was performed and the bubble parameters such as bubble departure diameter, bubble frequency and
bubble growth were determined. The bubble departure diameter decreased by almost 36% and the bub-
ble frequency increased by 221% for boiling on vibrated grooved surface.

© 2017 Elsevier Ltd. All rights reserved.

Grooved surface

1. Introduction

The thermal management of electronic chips has become a
challenge with rapidly increasing power dissipation in recent
years. The passage of electric current through the electronic com-
ponents makes them potential sites for excessive heating, since
the current flow through a resistance is accompanied by heat gen-
eration. Continued miniaturization of electronic systems has
resulted in a dramatic increase in the amount of heat generated
per unit volume. The failure rate of electronic components

Abbreviations: BHTC, boiling heat transfer coefficient; CHF, critical heat flux.
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increases exponentially with temperature. Therefore, thermal con-
trol has become increasingly important in the design and operation
of electronic equipment.

The high-power electronic components can be cooled effec-
tively by immersing them in a dielectric liquid and taking advan-
tage of the very high heat transfer coefficients associated with
boiling. The heat transfer in immersion cooling can be further
increased by the augmentation techniques namely, active tech-
niques, passive techniques, compound techniques. Active method
involves some external power input for the enhancement of heat
transfer. Some examples of active methods are, surface vibration,
mechanical aids, fluid vibration, electrostatic fields, injection, suc-
tion, jet impingement. Passive techniques generally use surface or
geometrical modifications to the flow channel by incorporating
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Nomenclature

As area enhancement factor

a amplitude of vibration (m)

D diameter of heater (m)

d instantaneous bubble diameter (mm)

dp bubble departure diameter (mm)

dx non-dimensional bubble diameter

f frequency of vibration (Hz)

fy bubble departure frequency (Hz)

fm vibration frequency of the heater at which maximum
heat transfer occurs

h heat transfer coefficient (kW/m? °C)

K thermal conductivity (W/m K)

k dimensionless wavenumber

Nu Nusselt number

Pr Prandtle number

R bubble radius (m)

Reav radius of the cavity mouth (m)
Re Reynold’s number

Re, vibrational Reynold’s number

q heat flux (kW/m?)

T temperature (°C)

X distance between thermocouples

Greek letters

o cavity vertex half angle

0 wetting angle (radian)

0o wetting angle without vibration (radian)
T instantaneous growth time (ms)

Trotal total growth time (ms)

T non-dimensional growth time

v kinematic viscosity (m?/s)

inserts or additional devices. They promote higher heat transfer
coefficients by disturbing or altering the existing flow behaviour
(except for extended surfaces) which also leads to increase in the
pressure drop. In case of extended surfaces, effective heat transfer
area is increased. Passive techniques hold the advantage over the
active techniques as they do not require any direct input of exter-
nal power. Examples of passive technique are, extended surfaces,
treated surfaces, rough surfaces, displaced enhancement devices,
swirl flow devices, coiled tubes, surface tension devices, additives
for liquids, additives for gases. When any two or more of these
techniques are employed simultaneously to obtain enhancement
in heat transfer that is greater than that produced by either of them
when used individually, is termed as compound enhancement.
Compound techniques offer a way to further elevate heat transfer
coefficients and this area of enhancement technology holds much
promise for future development [1]|. A variety of combinations
for two or more enhancement methods or devices have been
explored by some researchers. Compound technique will be effec-
tive for systems having one form of enhancement naturally. Rotat-
ing systems, which include rotor windings of large turbogenerators
or electric motors, and gas-turbine blades are good examples [2]. A
few different passive techniques have been applied in rotating
tubes and ducts in the literature [3-9]. Many different compound
schemes involving twisted-tape inserts have been considered for
single-phase forced-convective and boiling applications. The heat
transfer coefficients are generally enhanced to a greater extent
than that with each individual technique in these cases. Some
other representative examples of promising compound enhance-
ment techniques for varied practical applications have been pro-
posed in the literature. One example is the application of EHD
fields in pool boiling of refrigerant R-134a from microfinned and
treated tubes [10].

Although having been a subject of research for several decades,
an expansive study on the effect of compound enhancement on
boiling heat transfer is hard to find in the literature which was
the incentive to pursue the current investigation. Previously many
research work were carried out to study the effect of vibration/ef-
fect of surface modification alone on heat transfer, and have
reported substantial enhancement in boiling heat transfer coeffi-
cient (BHTC) and critical heat flux (CHF). Works which focus on
the study of compound enhancement on BHTC with induced vibra-
tion on modified surface is unavailable in the literature. So, in the
present work the effect of surface vibration on boiling heat transfer
over a rectangular grooved surface (GS) will be explored. Further-
more, the boiling heat transfer rate is strongly related to bubble

dynamics (i.e. bubble nucleation, growth and detachment). Several
bubble parameters like bubble departure diameter, bubble depar-
ture frequency, and the growth/wait time are important in deter-
mining the nucleate boiling heat transfer coefficient. Therefore,
in order to gain insight into the heat transfer mechanisms during
boiling on the excited grooved surface, bubble dynamics will be
discussed in this paper.

2. Experimental facility

The experimental apparatus, shown in Fig. 1 has a boiling
chamber of 200 x 200 x 350 mm made up of SS 316 fitted with
SS 316 flanges at the top and at the bottom. The provisions for lig-
uid charging and condenser cooling are at the top flange and for
test section and drainage pipe at the bottom flange. Four circular
glass windows are fitted to the side walls of boiling vessel to aid
visualization. The cooling water circulates through the copper con-
denser coil and condenses the water vapor formed during the boil-
ing and keeps the pressure inside the boiling chamber constant. An
auxiliary heater of 500 W capacity inserted through the side wall of
the boiling chamber maintains the water (the working fluid used in
the current study) at constant saturation temperature during the
experimentation. Another electrical heating element of 500 W
capacity is inserted in a cylindrical copper rod of 15 mm diameter
to give heat input to the test surfaces as shown in Fig. 2. The rod
heater is mounted vertically from the bottom of the boiling vessel.
High temperature nylon insulators are wrapped around the copper
heater to reduce the unwanted heat losses. On the top of the heater
rod the replaceable circular test piece of 19 mm diameter and
7 mm thickness is placed (Fig. 2). The replaceable test piece has a
groove of 15.7 mm diameter and 3 mm depth which exactly fits
on the 15 mm diameter heater rod. Thermal grease is used in
between the test surface and the heater rod to reduce the contact
resistance. The boiling takes place on top of the test surface when
the experiment is done. Details of grooved test surface are given in
Fig. 3. Grooves of 3 mm depth, 2 mm width with fin thickness of
1 mm were cut on the test surface.

A wattmeter connected to the heating element measures the
power supplied to it. Three thermocouples are placed inside the
boiling vessel, out of which two are in the liquid pool to measure
the saturation temperature of the liquid and one is in the vapor
region for the vapor temperature measurement. The liquid and
vapor temperatures recorded by these thermocouples confirm that
the system is being maintained at the saturation state during the
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Fig. 1. Schematic of experimental facility.
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Fig. 2. Details of heater assembly.
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Fig. 3. Details of grooved surface (GS).

experiment. Another three thermocouples are provided along the
length of the heater rod at a distance of 10 mm each. These ther-
mocouple readings are used to calculate the temperature gradient
and the heat flux. The test piece surface temperature is calculated
by extrapolation. Two thermocouples present on the insulation at a
radial distance of 15 mm and 20 mm give readings which are used
to calculate the radial heat loss. A mechanical vibrator excites the
heater rod and the vibration of this exciter is controlled using a
power oscillator. The exact values of vibration parameters like fre-
quency and amplitude is measured using an accelerometer.

2.1. Experimental procedure

Initially the boiling vessel was evacuated using a vacuum pump.
Then the boiling vessel was filled with distilled water. The pressure
of the boiling vessel was then noted from the display unit. The
amount of water used in all the experiments was the same. Auxil-
iary heater was switched on to bring the water to saturation state.
When the water reached saturation state, the tests were started by
giving heat input to the test surface. The magnitude of this heat
input was known from the wattmeter. After steady state was
reached, the saturation temperature and the test surface tempera-
ture were noted down and the procedure was repeated for differ-
ent heat flux values. The set pressure was maintained constant
throughout an experiment by the combination of the cooling water
pump, pressure transducer and a proportional integral derivative
(PID) pressure controller. The PID senses the pressure level in the
boiling chamber through pressure transducer and compares it with
the set value fed to it by the researcher. To go from a higher pres-
sure level to a lower pressure level, the PID sends a signal to cool-
ing water pump to open the suction line and pump water through
the condenser coils. To obtain data on vibration effects, the same
procedure was repeated but with the vibration exciter switched
on. Experiments were conducted by varying the frequency and
amplitude of vibration.

All the data were collected and systematically fed into a spread-
sheet document. Mathematical relations were used to obtain
required results. These variables were graphically plotted and were
used for comparison and analysis. Local heat transfer coefficient
between the surface and the water was calculated by using the
Eq. (1).
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dT
d q--Kg (1)

Here, Ts is the saturation temperature of the water at the corre-
sponding pressure, and T,y is the test surface temperature.

2.2. Visualization of the boiling process

Fig. 4 shows the photographic view of pool boiling visualization
facility. High speed camera (AOS Promon 501) was used for visual-
ization of pool boiling process. The camera was positioned in front
of the sight glass. A concentrated light source was placed in front of
another sight glass opposite to the camera to give uniform illumi-
nation to the test surface. A gigabyte Ethernet cable which acts as
data logger connects the camera with PC for data transfer. Nikor
lens 50 mm FL, f1.4D was used. Promon studio viewer software
interfaces camera with PC. This user interface software was used
to control triggering and recording the videos and it was also used
to set the shutter speed, pixel size, and frame rate of the videos to
be captured. The camera can record live scenes of boiling phe-
nomenon on the test surface at a frame rate of 1000 frames per sec-
ond (fps) with resolution of 320 x 240 pixels. These recorded
videos were played back and as per the requirement, the scene
length was marked frame by frame and were converted into
sequence of images which were processed in Matlab image pro-
cessing tool to determine bubble diameter in pixel as a function
of time. A reference object of known size was placed inside the
boiling chamber. A snapshot was taken from the same focal dis-
tance and the pixel size was measured. This was used to find out
the conversion factor. Thus linear size of bubble is calculated by
using the above said conversion factor.

2.3. Experimental uncertainty

The uncertainty in temperature measurement is +0.1 °C. Uncer-
tainty in distance measurement is +0.1 mm. Kline and McClintock
[11] method was used to estimate the uncertainty for the derived
quantities. The resulting maximum uncertainty in the heat flux
was 1.55%. The maximum uncertainty in the wall superheat values
was 0.44%. The maximum uncertainty in the BHTC was 2.57%. The
maximum uncertainty in bubble frequency was 2.78% and uncer-
tainty in bubble diameter measurement was 0.05 mm.

3. Results and discussion

The aim of the present study is to determine the influence of
compound enhancement on BHTC of water at atmospheric pres-
sure. The results obtained were plotted as boiling curves (heat flux
versus wall superheat) and BHTC versus heat flux graphs. The geo-
metrical details of the test surfaces used is listed in Table 1. The
experiments were done in a particular order to observe the influ-
ence of addition of each type of enhancement technique on the
BHTC. Initially the experiment was conducted with plane surface
(PS). Next, the PS was excited with 2 Hz frequency and 1 mm
amplitude. This experiment gave the results which demonstrated
the effect of active enhancement technique alone. The next exper-
iment was done with GS (surface modification), which showed the
influence of passive enhancement technique alone. Finally, GS was
made to vibrate at 2 Hz frequency and 1 mm amplitude. The
results displayed the effect of compound enhancement on the
BHTC. The results of all the above said experiments are shown in
Figs. 5a and 5b. It can be observed that the test surface shows best
heat dissipation when compound enhancement technique is used.
The compound technique gave 62% improvement in heat transfer
coefficient at 300 kW/m? heat flux compared to the 29% enhance-
ment due to grooves alone and 10% enhancement due to vibration
alone. Increase in bubble emission due to increased active nucle-
ation sites because of grooves and early removal of bubbles due
to induced vibration are the reasons for this enhancement. Any
effort to remove the bubbles when they are smaller in size would
enhance the heat transfer since the heat transfer coefficient for a
bubble decreases as it grows.

3.1. Effect of frequency of vibration

The experiments were later carried out with only GS to study
the effect of frequency and amplitude of vibration. Figs. 6a-6d
depict the results of experiments done at a constant amplitude of
1 mm with varying frequency. It can be perceived from these fig-
ures that heat transfer deteriorates with increase in frequency up
to 10 Hz. With further increase in frequency heat transfer coeffi-
cient intensifies significantly. It is noteworthy that as the fre-
quency was increased above 25 Hz, the heat transfer from GS
deteriorated but was always better than the stationary condition
of GS. Further experiments with frequencies above 100 Hz were

1. Boiling chamber

2. LED lamp

3. Watch glass

4. lens

5. High speed camera

6. Ethernet cable

7.PC

8. Vibration exciter

9. Primary heater with insulator

Fig. 4. Visualization facility.
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Table 1
Geometrical details of test surfaces.
Surface type Photo Groove depth Fin thickness Groove width Area enhancement Total thickness Diameter
(mm) (mm) (mm) factor (mm) (mm)
Plain surface (PS) - - - 1.0 7 19
Grooved surface 3 1 2 1.55 7 19
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Fig. 6d. Effect of excitation frequency (>20 Hz) at 1 mm amplitude on the BHTC.

discontinued since there was no notable improvement in the heat
dissipation from the GS. The possible reason can be that, as the fre-
quency increase to a much higher value, the fluid above the test
surface does not get enough time to get heated up. The fluid
chunks are driven away by the fast moving GS which negatively
affects the heat flow to the fluid as suggested by Navruzov and
Prisnyakov [12]. At very low frequencies, the increased bubble rate
due to grooves damp the vibration. It may also be observed that at
higher heat flux values, all the curves tend to merge indicating that
the effect of vibration is prominent in the lower range of nucleate
boiling. This is because, in lower heat flux boiling regions, the
transfer of heat takes place primarily through boundary layer
and the external agitation caused by the vibration disturbs the
thermal boundary layer enhancing the BHTC. At higher heat flux
boiling regions, the heat transfer by latent heat transport is domi-
nant and vibration has no effect on augmentation of BHTC.

3.2. Effect of amplitude of vibration

Experiments were conducted by exciting GS at different ampli-
tudes at constant frequencies 2 Hz, 5 Hz and 10 Hz. The amplitudes

chosen were 1 mm, 2 mm and 2.5 mm owing to the limitation of
the mechanical vibrator. Figs. 7-9 show the results obtained from
these nine sets of experiments. At 2 Hz and 5 Hz vibrational fre-
quency, the escalation of heat transfer with the increase in ampli-
tude was the most significant. The overall increase in the heat
transfer was around 75% and the increase in BHTC values was
about 40%. On the contrary, the hike in the heat dissipation from
GS at 10 Hz frequency and different amplitudes was miniscule.
Chekanov and Kul'gina [13] also observed that the effect of ampli-
tude was significant at low frequencies of vibration. It means that
the heat transfer intensification obtained by inducing higher fre-
quencies of vibration can also be achieved at lower frequencies,
but by increasing the amplitude of vibration.

4. Boiling visualization

The boiling heat transfer is intimately linked to bubble dynam-
ics. Bubble nucleation, growth, frequency and detachment are the
governing factors which affect the boiling heat transfer. Therefore,
in order to gain an insight into the heat transfer mechanisms dur-
ing boiling an understanding of the bubble dynamics is required. In
the current study, the effect of compound enhancement of boiling
on various bubble parameters were studied by boiling visualiza-
tion using a high speed camera. These results are discussed in
the following sections.

4.1. Effect of compound enhancement on bubble life cycle

Bubble life cycle is the periodic succession of events from nucle-
ation of a bubble at its nucleation site, growth of this bubble until
its departure, and rise of the bubble until it reaches the free surface
of water. Figs. 10-12 show the bubble nucleation, growth and
departure pattern under different test conditions. Frames were
captured at an interval of 1 ms (ms) using high speed camera. It
can be observed that the bubble growth over stationary PS has
the longest duration of 12 ms. After the bubble reached its depar-
ture diameter it stayed on the test surface for almost 1 ms. The
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Fig. 7a. Effect of excitation amplitude at 2 Hz frequency on the boiling curve.
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bubble departed from excited PS in 8 ms, which was quicker com-
pared to the bubble growth over stationary PS. This can be attrib-
uted to the disturbance caused by the vibration to the bubble
growth which causes the bubble to depart faster.

Most of the bubbles had nucleated from the groove edge over
the GS. They slide along the groove and quickly depart after
6 ms. Excitation of GS reduced the bubble growth time further
down to 5 ms. The interfering action of growing bubbles due to
increase in the number of potential nucleation sites and faster
removal of bubble from the test surface due to vibration are the
reasons for reduction in bubble growth time.

4.2. Bubble growth

The main possible consequence on the bubble growth of the
compound enhancement technique is the alteration of the vapor
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Fig. 8b. Effect of excitation amplitude at 5 Hz frequency on the BHTC.
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production rate, causing a modification of the bubble growth rate
and possibly of the bubble departure diameter. The vapor produc-
tion rate is strongly related to the temperature gradient in the fluid
surrounding the bubble, and thus to the heat flux and wall super
heat [14]. Hence, in the current study the wall superheat and heat
flux were chosen as the reference parameters. The growth curves
shown in Fig. 13 for the unexcited PS have been normalized by
dividing the time by the total growth time (T* = T/Ttota1), and bubble
diameter by bubble departure diameter (d* = d/dy). It can be
observed that the pattern of the bubble growth is almost similar
at all heat fluxes. Fig. 14 depicts the growth curves for different test
cases at constant heat flux of 150 kW/m?. The instantaneous bub-
ble diameters are plotted as a function of square root of time. The
entire growth period is heat transfer controlled for all the cases,
since the instantaneous bubble diameter is proportional to square
root of time. Growth rate is greatest and fastest for the unexcited
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PS. Quicker growth rate and smaller diameter can be observed for
all other case as expected.

4.3. Waiting time

The maximum waiting time of bubbles was 3 ms over the unex-
cited PS and 2 ms over the excited PS as seen in Fig. 15(a) and (b)
respectively. Moreover, the waiting period of bubbles was diminu-
tive at high heat fluxes as bubble growth initiated faster on the
potential active nucleation site which was also observed by Nangia
and Chon [15]. Waiting period of bubbles generated from GS could
not be measured owing to limitations of camera specification.

4.4. Bubble departure diameter

Bubble departure diameter or bubble break-off diameter is the
diameter when the bubble detach from the heating surface. The
variation in bubble departure diameter is shown in Fig. 16 and per-
centage of variation in Table 2. In GS the heat transfer to the sur-
rounding fluid is more due to the increased wetted area, which
makes the liquid less dense near the bubble nucleation sites. This

Fig. 10. Bubble growth over stationary PS at 200 kW/m? heat flux.
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Fig. 12a. Bubble growth over stationary GS at 200 kW/m? heat flux.

causes the nucleating bubble to depart at a smaller bubble
departure diameter. When vibration is induced to the test sur-
face, bubbles are forcefully shaken off from the test surface
before it reaches its typical departure diameter. This increases
bubble generation, because a potential bubble nucleation site
becomes open as bubbles break off faster. Moreover, greater
bubble production improves the heat dissipation to the sur-
rounding water. At very low wall superheats the bubble depar-
ture diameter is a function of the buoyancy and surface
tension forces only, with an increase in the wall temperature,
the surface tension reduces (for most fluids) which results in a
decrease in the departure diameter.

Since the bubble behaviour is highly random in nature, statis-
tical analysis is done. Figs. 17-20 display the statistical analysis
of bubble break-off diameter and it can be observed that the
diameters at break-off follow normal patterns of distribution as

witnessed by Nangia and Chon [15]. It can be also perceived that
this pattern of distribution is similar for all the experimental
conditions i.e. with and without the enhancement of the test
surface.

4.5. Bubble frequency

It defines the total time elapsed for one bubble cycle commenc-
ing from its nucleation to departure. The bubble frequency of 30
bubbles generated from the same nucleation site is used to calcu-
late the mean bubble frequency over a particular test surface. As
expected, the bubble frequency over the test surface was maxi-
mum when the compound enhancement technique was used
(Fig. 21). The increased wetting area of test surface and induced
vibration are the reason for this rise of bubble frequency from typ-
ical boiling over the plain surface (Table 3).
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Fig. 12b. Bubble growth over excited GS at 200 kW/m? heat flux.
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Acxcited GS istics of boiling. The main idea of the hypothesis was that the
vibrations exert an influence through the wetting angle, which
0 . . .
0 1 2 3 4 changes as the bubble moves with displacement of the heating sur-

Vt (ms)

Fig. 14. Bubble growth curves for different test surfaces at 150 kW/m? heat flux.

face. In the present investigation this formula was used to check
whether the experimental data matched with the theoretical data.
The wetting angles were obtained from the images processed from
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Fig. 16. Variation of bubble departure diameters.

boiling visualization. Calculations from this formula gave results
close to experimental ones, i.e. the frequency at which the maxi-
mum heat transfer occurs is 25 Hz.

6. Development of correlation from the experimental data

A correlation for Nusselt number was developed (Eq. (2)), based
on nucleate pool boiling correlation by Rohsenow [17], using the
power law regression method on the experimental data. The mod-
ified correlation has two new non dimensional variables, vibra-
tional Reynolds number (Re,) and area enhancement factor (As)
to include the effect of vibration and surface modification. Proper-
ties of water were taken at saturation temperature. The modified
Rohsenow correlation is:

Nu = 0.18783 (Re)0.3687(Pr)1.929(Rev)0.033 (Af)9.5489 (3)

where Rev = 222,

The developed correlation predicted the Nusselt number with
an accuracy of +25% in the investigated range of heat flux, ampli-
tude and frequency of vibration in the present experimental work
as shown in Fig. 22.

7. Conclusions

In the present investigation both active and passive technique
were coupled to improve the heat transfer coefficient. The grooves
on the copper boiling surface was the passive enhancement
technique and boiling surface vibration was the active enhance-
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Table 2

Percentage of decrease in bubble departure diameter.

Type of enhancement used

Average values of percentage of decrease in
Bubble departure diameter

Excited PS at 2 Hz frequency
and 2.5 mm amplitude

Unexcited GS

Excited GS 2 Hz frequency and
2.5 mm amplitude

12%

20%
6%

Table 3

Percentage of increase in bubble frequency.

Type of enhancement used

Average values of percentage of increase
in bubble frequency

Excited PS at 2 Hz frequency and
2.5 mm amplitude

Unexcited GS

Excited GS 2 Hz frequency and
2.5 mm amplitude

42%

214%
221%

ment technique used. The frequency was varied in the range
0-100 Hz and the amplitude of vibration was varied in the range
0-2.5 mm for lower frequencies, 2 Hz, 5 Hz and 10 Hz. The follow-
ing conclusions were drawn from the present study:

e The compound technique gave heat transfer enhancement of
62%. This can be attributed to enhanced bubble nucleation from
the grooved surface and quick bubble departure from the test
surface due to induced vibration.

e At constant amplitude, very high frequency and very low fre-
quency did not improve the heat transfer. Effect of amplitude
was significant only at low frequency.

e The bubble break-off diameter decreased by almost 36% and the
bubble frequency increased by 221% in enhanced boiling. Bub-
ble diameter at each stages of bubble growth decreased in
enhanced boiling when compared to typical boiling.

e The extremum frequency of test surface excitation at which the
maximum heat transfer occurs was found to be approximately
25 Hz, both experimentally and theoretically.

o The modified correlation predicted the Nusselt number with an
accuracy of +25%.
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