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Abstract:

In the present study, the use of mechanical vibration for the enhancement of pool boiling heat
transfer is evaluated theoretically. For this purpose, a vertical array of vibrating circular tubes
is considered. The array is submerged in a pool of water under atmospheric conditions and
electrically heated for boiling to occur on the tube surfaces. To model this phase-change
phenomenon, a two-fluid formulation is employed and accompanied by the Rensselaer
Polytechnic Institute (RPI) model to estimate the boiling heat flux on a solid surface. A
comprehensive parametric study is undertaken to investigate the effects of the amplitude and
frequency of vibration, the magnitude of the heat flux, and the pitch-to-diameter ratio of the
array on pool boiling heat transfer in the presence of mechanical vibration. An increase of up

to 90% in the heat transfer rate is achieved within the simulated operating conditions.
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1. Introduction

Pool boiling is the main heat transfer mechanism in numerous industrial applications
including the direct liquid immersion cooling of electronic devices :
emergency cooling of nuclear reactors , and
large-capacity refrigeration using flooded-type evaporators . The
wide use of pool boiling in different heat exchanging apparatuses (some of which are
mentioned later) is attributed to the substantial heat transfer rates attained during the pool
boiling phase change at low to moderate working temperatures. Enhancement of the pool
boiling heat transfer can result in the design and production of more compact and efficient
heat exchanging devices, and various techniques have been proposed and examined for this

purpose over the last 50 years.

Various techniques, categorized as either passive or active, have been utilized for the

augmentation of pool boiling on heated surfaces. The addition of nanoparticles and a

surfactant ), surface roughening, heated surface enhancement
( ), using porous surfaces
) and micro/nanostructured boiling surfaces ) are among

the various passive techniques. By contrast, the use of electrodynamics (

) and fluid/surface mechanical vibration ( ) are the most well-
known active methods for enhancing the pool boiling heat transfer. Among these various
techniques, the vibration of boiling surfaces by an external mechanical exciter has shown to
be an extremely effective method for the elevation of the heat transfer coefficient during pool
boiling ( ). Moreover, flow-induced vibrations in a
frequency range of 10-20 Hz are naturally present in heat exchanging devices and can be

used effectively to enhance the pool boiling heat transfer without major additional costs.



In a pioneering experimental study, addressed the effects of surface vibration
on pool boiling heat transfer. A vertically vibrating cylindrical tube was submerged in a pool
of distillated atmospheric water and heated using an electrical heater to examine the boiling
phenomenon on a vibrating surface. A notable enhancement in the heat transfer rate was
reported when the heat flux was relatively low. The same conclusion was drawn by

, who studied pool boiling in a heated wire in the presence of vibrations at frequencies

of 75-100 Hz.

conducted numerous experiments on pool boiling over horizontal
and vertical flat surfaces that were vibrating at an adjustable frequency/amplitude. Water was
used as the boiling liquid, and an increase of up to 25% in the heat transfer rate as a result of
surface vibration was reported. Moreover, it was revealed that the enhancing effect of

mechanical vibration is superior for horizontal surfaces in comparison to vertical surfaces.

In another work, investigated the effects of vertical vibration of a boiling
tank on the amount of vapour generated inside a boiling chamber when several steel balls
were added to the system. It was reported that the combination of properly sized steel balls
together with mechanical vibration at sufficiently high frequencies resulted in the most
efficient boiling scenario. In the best case, a 32% enhancement was observed in the volume

fraction of water vapour.

The effects of flow-induced vibrations on the critical heat flux (CHF) were investigated by
, who found that in the presence of mechanical vibration, CHF increased up

to 12.6%. An accurate correlation was proposed for the CHF as a function of vibration



frequency and amplitude. Visual characterization of bubble nucleation and growth on the
surface of a hot vibrating cylinder was undertaken by . They showed that
vibration activates a new nucleation site on a hot surface and produces more bubbles with
smaller sizes in comparison to the stationary condition of a solid surface. Therefore, bubbles
more frequently detached from the surface, and a significant increase in the heat transfer

coefficient was achieved.

More recently, investigated pool boiling on a flat test surface heated by a
heater rode, which was mounted on a controllable vibration exciter. It was shown that the
presence of mechanical vibration shifts the pool boiling curve toward lower wall superheats.
This observation was the direct result of a heat transfer enhancement on a vibrating surface.
Moreover, the heat transfer enhancement intensified with a frequency of vibration of up to 10
Hz. At higher frequencies, a decreasing/increasing trend was reported for the heat transfer

enhancement ratio depending on the value of the surface heat flux and vibration amplitude.

The aforementioned experimental studies confirm the enhancing effect of mechanical
vibration on pool boiling heat transfer on simple geometries, including flat surfaces and a
single circular tube. However, for mechanical vibrations to be used as a reliable method for
the enhancement of pool boiling heat transfer in a real heat exchanger, such techniques need
to be evaluated by using more complex and practical geometries (e.g. tube arrays and tube
bundles). For this purpose, numerical modelling can be used as an effective tool to provide us
with detailed information on the temporal evolution of the flow and temperature fields of
pool boiling in the presence of solid surface vibrations. Moreover, numerical simulations can
be used to obtain more concise conclusions regarding the effects of various relevant

parameters on pool boiling heat transfer to achieve the highest possible enhancement.



Numerical simulations were previously used to study the effects of vibration on a single-
phase heat transfer (

). However, to the best of our knowledge, no attempt has been made thus far to
tackle the two-phase pool boiling phenomenon over a vibrating solid surface using a

numerical method.

Therefore, in this work, we intended to numerically simulate pool boiling on a vibrating array
of vertically aligned circular tubes. Water at atmospheric conditions was selected as the
boiling liquid, and a detailed survey on the effects of the vibration frequency and amplitude
on the two-phase heat transfer was undertaken. The remainder of this manuscript is organized
as follows: In sections 2 and 3, the governing equations of the pool boiling problem and the
adapted numerical method are outlined, followed by a description of the numerical results

obtained. Finally, the paper concludes with highlights describing the major findings.

2. Mathematical formulation

2.1. Problem description

To examine the effects of mechanical vibration on pool boiling heat transfer, a vertical array
of five circular tubes with a diameter of D = 19 mm and length of L = 0.4 m is considered.
The array pitch is denoted by S, and the vertical array is placed at the centre of an open
rectangular container with a size of 0.8 m x 0.4 m. The container is filled with water at
atmospheric pressure and its corresponding saturation temperature, and the tubes are heated
uniformly with an adjustable heat flux of ¢ ”. As a result, boiling occurs on the surface of the
heated tubes, and all tubes are simultaneously vibrated horizontally by an external exciter with

a periodic velocity of U = UyCos(2zf), where t is time, Uy is the amplitude of the velocity



oscillation, and f is its frequency. A schematic of the assumed physical domain of our problem

is depicted in Fig. 1.

2.2. Governing equations

During the course of pool boiling, the periodic nucleation and detachment of vapour bubbles
from solid surfaces are accompanied by a natural circulation of the surrounding boiling liquid
toward the heated surface. To resolve this two-phase flow field, in the present work, a
multifluid formulation is adapted in which two sets of separate but interconnected
conservation laws are solved for both the liquid and vapour phases. For a particular phase ‘k’,
conservation laws for the mass, momentum, and energy are given as follows ( ) (p
is the fluid density, P is the pressure, u is the velocity vector, T is the temperature, and i is the

specific enthalpy):
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where of is the volume fraction of the k-th phase, g is the gravitational acceleration, m" is

+ kk

the mass flux transferred from the k-th phase to the I-th phase (m"™™ =0), N, is the number of



phases, 1* is the thermal conductivity, h is the convection heat transfer coefficient between
phases, and F¥ is the resultant momentum interphase transfer force vector. Moreover,  is the
dynamic viscosity of the fluid, ,LA( is the turbulent viscosity computed using the realisable k-
¢ turbulence model ( ), and Pr* is the turbulent Prandtl number. In the

k-e turbulence model, a separate set of differential equations is solved for the turbulent kinetic

energy (k) and turbulent dispersion (¢¥) of each phase, as follows:
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where C,; is equal to unity ( ).

It should be noted that in all convection terms, the parameter u is the absolute fluid velocity
vector, which is defined as the difference between the fluid and grid velocities (u—U). The
term U is the grid velocity. The grid motion is linearly distributed from the tube surface to the

surrounding fluid. This method was successfully utilized in the previous works of

( ).



The direct interphase heat transfer coefficient h* is calculated as follows based on the

correlation of for the Nusselt number in turbulent bubbly flows:

Nu¥ = 2.0+0.15Re%8 Pro® 3)

where Re and Pr are the Reynolds and Prandtl numbers, respectively.

A mechanistic model is used to estimate the mass transfer rate from the liquid phase of (I) to

the gaseous phase of (v) during a boiling phase change, as follows ( ):
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where Ty IS the saturation temperature at the gas/liquid interface, R is the gas constant, M is

the gas molecular weight, and i" is the latent heat of evaporation.

The drag force ( F*?) between the liquid and gaseous phases is proportional to the velocity

slip between liquid water and vapour bubbles, as presented in Eq. (5):
ra 1
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where ajs is the interfacial area concentration and Cp is the drag coefficient, calculated from

the correlation proposed by as
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where Mo is the Morton number, Eo is the Eotvos number, o is the surface tension, and d is
the bubble diameter. The wall repulsive force (F***") on the vapour bubbles, given by

, s
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The virtual mass force originates from the acceleration of gas bubbles relative to the

continuous liquid phase and can be calculated as
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To account for the turbulent dispersion force, the formulation proposed by

is employed:
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where Sc is the Schmidt number. Finally, the lift force F*'™ s approximated using the

model, as shown in Eq. (10):
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2.3. RPI model for pool boiling
In the present work, the wall heat flux is computed using the robust RPI model (
), in which three components of the heat flux are accounted for during a

liquid phase change on a solid surface: a single-phase convective heat flux between the solid

surface and its surrounding fluid (0c), the latent heat flux of vaporization (0 ), and the

quenching flux owing to bubble departure from the surface (qo). In the RPI model, the

densities of the nucleation sites located on a solid surface are approximated using the
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following power-law correlation (T, is the wall temperature, and Ty IS the saturation

temperature):

N,=C"(T,-T

. )'; C=210, n=1.805 (11)
Single-phase convective heat transfer between heated surfaces and their surrounding fluid is

given based on Newton’s law of cooling as follows:

0 =he (T,-T')(2-A) (12)

where hc is the single-phase convective heat transfer coefficient, and Ay is the portion of a

solid surface occupied by vapour bubbles calculated according to Eq. (13)
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where Dy, is the bubble departure diameter. The evaporative heat flux is proportional to the

mass of nucleated bubbles, and can be approximated using the nucleation site density, i.e.

. T Vv (14)
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Subsequently, the generated vapour mass at the solid (m”'v) wall can be easily correlated as

(mII|V) — qE (15)
y [
v 4+Cyy (T -T')
Finally, qQ is related to the effective temperature gradient using Cole’s model ( )

for the bubble departure period (z), as follows:

3p'D (16)

3. Numerical method

3.1. Flow solver

The governing equations of pool boiling presented in Eq. (1) are numerically solved using the
fully coupled flow solver available in the ANSYS FLUENT 17.1 CFD package. A second-
order spatial and temporal discretization is utilized, and convective heat fluxes are
approximated by a second-order upwind scheme. Transient simulations are conducted using a

time step of 10 s, and the global convergence criterion is set at 10°°.

Furthermore, the following assumptions are considered for the simulations:
1. The flow field is three-dimensional, transient, and turbulent.
2. The properties of each phase are assumed to be constant under the specified operating
conditions.

3. The interface temperature is assumed to be at the saturation temperature.
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4. A no-slip condition is considered for all walls within the computational domain.

5. The simulations continue until the changes in the pool boiling heat transfer
coefficients reach below 2%. The corresponding time for this criterion is t = 20 s for
all cases.

6. At the beginning of the simulation, the flow field is quiescent at a temperature of
373.15°C.

7. Pool opening: The upper part of the pool is open to attain saturation pressure.

3.2. Mesh size study

In the present work, an unstructured grid of triangular elements is used to discretize the flow
domain. The optimum cell count is obtained from a detailed mesh size study. As an example
from this study in Fig. 2, the average heat transfer coefficient on the tube surfaces is depicted
for three different cell counts in the absence of mechanical vibration. As can be seen, using a
numerical mesh with 529,774 control volumes is a good compromise between accuracy and
computational cost. This numerical grid is used throughout the manuscript to simulate our

problem.

4. Results and discussion

In this section, numerical results regarding the pool boiling heat transfer from a vibrating array
of heated tubes are provided. Subsequent to the code verification, a detailed parametric study
is presented to delineate the effects of vibration frequency, vibration amplitude, tube spacing,
and heat flux on the pool boiling heat transfer rate. Finally, the heat transfer enhancing effect

from mechanical vibration is thoroughly addressed.

4.1. Validation of numerical method
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conducted a series of well-designed experiments on pool boiling heat transfer
from a vertical array of two circular tubes at several different inclination angles. To assure
readers regarding the accuracy of the adapted numerical method, we attempted to simulate
Kang’s experiment for horizontal case using water at atmospheric pressure through the
numerical method outlined in section 3. In Fig. 3, the numerical results are compared with the
experimental boiling curve for the upper tube and the average heat transfer coefficient. A
favourable agreement is shown between the numerical results and the experimental data,

thereby confirming the reliability of our numerical method.

In Fig. 4 shows another validation case for a vibrating circular rod immersed in a pool of
saturated water at atmospheric pressure ( ). The rod is vibrated vertically at the
frequency of 2 Hz, and amplitudes of 1 or 2 mm. Further details about the experimental
conditions and setup can be found in . As can be seen in Fig. 4 the
performance of the present numerical model is acceptable for predicting the effect of

vibration on the pool boiling phenomenon.

4.2. Applicable ranges of parameters

In order to select the appropriate ranges of the governing parameters such as amplitude and
frequency of vibration, distance between tubes, and heat flux for the simulations, an
assessment of each parameter on the overall effect of the vibration on the boiling heat transfer
coefficient was performed. This assessment is necessary to obtain the suitable ranges of the
parameters that can be applicable for real use. The main purpose of this study is to find the
optimum range to enhance the pool boiling heat transfer coefficient. Therefore, a parameter
called the Enhancement Ratio (ER) is defined as a reliable measure of the two-phase heat

transfer enhancement acquired by the vibration of a boiling surface, i.e.
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(HTC.,), —(HTC,)

(HTC. o ¢

ER (%) =

no vib

where (HTCaV) is the surface- and time-averaged heat transfer coefficient in the presence

vib
of vibrations computed over a sampling period of 20 s, and (HTCay)novib IS the surface-

averaged HTC for a stationary tube array.

Table 1 presents an assessment of results for different operating conditions. It can be seen
that the higher the magnitude of vibration and heat flux, the more enhancement can be
achieved. Therefore, there is no specific limit for this parameter. However, for cases of ¢~ >
20000 kW/m?, the increase of the heat flux significantly diminishes the effect of oscillation.
Therefore, ¢~ = 20000 KW/m? is chosen as the upper limit of the heat flux. The results for
S/D show that an increasing S/D, particularly for the condition S/D > 4, has no considerable
effect on the enhancement ratio. Therefore, S/D = 4 is the upper limit for S/D in this study. In
fact, the heat transfer coefficient is not very sensitive to S/D. A similar conclusion was
obtained in the previous works of regarding the natural
convection. The most critical parameter is the frequency of vibration, which is claimed to
have an optimum value by many authors depending on the geometry and operating conditions
( ). In fact, the maximum applicable
frequency depends on three major factors: the structural design of the heat transferring
equipment, the available excess power needed for the generation of mechanical vibrations,
and the degree of enhancement which is desirable for a certain application. The results show
that an increase in the enhancement ratio for f > 2 is marginal. Therefore, in this study, only

the effect of low-frequency oscillations on the nucleate pool boiling is considered. Based on

16



the above discussion, the ranges of various governing parameters are presented in Table 2.

Furthermore, a thorough discussion of the heat transfer enhancement is given in section 4.6.

4.3. Overall effects of vibration

The effects of mechanical vibration on the contours of the vapour volume fraction are shown
in Fig. 5. For a stationary tube array, large levels of void fraction are observed on the heated
tube surfaces (particularly for the tubes located in the upper rows). This can be attributed to
the formation of large vapour bubbles directly from the growth of nucleated bubbles on a
solid surface, or to the coalescence of smaller bubbles. However when the tubes vibrate at a
finite frequency, the level of vapour volume fraction decreases on the tube surface. Because
mechanical vibration of a boiling surface forces the nucleated bubbles to detach more
frequently from the solid surface and interrupts the growth of vapour bubbles, smaller vapour
bubbles are generated and less of the flow domain is occupied by gaseous phases, particularly
near the heated tubes. Moreover, this effect is intensified with an elevation of the vibration
frequency, and for larger frequencies, smaller and more uniformly distributed vapour bubbles

are present over the boiling surface.

The fluid temperature field during pool boiling is also affected by the mechanical vibrations
of the boiling surface. As can be seen in Fig. 6, the wall temperature of the vibrating tubes is
noticeably lower than that of the stationary tubes, particularly for lower rows within the array.
This trend strongly confirms the enhancing effect of mechanical vibration on pool boiling
heat transfer. To corroborate this deduction, time-averaged heat transfer coefficients of pool
boiling for multiple vibration frequencies, presented in Fig. 7, are compared to the
corresponding values for a stationary tube array. A significant increase in the HTC is reported

for vibrating tube arrays, and the heat transfer rate increases as the vibration frequency
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increases. Moreover, the temperature and HTC distribution are more uniform across the tube

array when a vibration is present.

4.4, Effects of vibration frequency and amplitude

As shown in Fig. 8, after an initial transient response, the pool boiling HTC varies
periodically over time at a frequency identical to the frequency of the tube array oscillation.
This periodic evolution of the HTC is a direct result of the tube motion, which breaks the
thermal boundary layer on the tube surface, generates a strong flow of boiling liquid, and
enhances the convective portion of heat transfer from the boiling surface. Therefore, during a
single period of tube vibration, when the tube velocity is high (within the vicinity of the
equilibrium point), the HTC peaks accordingly, and by contrast, at the two end points, the
HTC decreases when the tube moves toward zero velocity. Moreover, the amplitude of HTC
oscillation decreases as the frequency of vibration increases. As the variations of the heat
transfer coefficients for the upper tubes are very similar to each other, only the results for

tube three are presented.

It is also interesting to examine the temperature distribution on the tube surfaces, as shown in
Fig. 9. The temperature distribution on the tube surfaces is strongly affected by the natural
circulation of a boiling liquid, bubble nucleation and detachment, and the force of liquid
motion caused by a vibration of the tube surface. The combination of these three effects
produces a rather complex temperature field on the tube surface. As can be seen, the
maximum temperature occurs at a stagnation point of force fluid motion (¢ = 90° and 270°),
which is the direct result of a fierce suppression of bubble nucleation by the vibration-

induced fluid motion.
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Moreover, two local minima are reported in the temperature profile: one at the bottom of the
tube (@ = 0°) where the free convection thermal boundary layer is extremely thin, and the
other at the top (@ = 180°) of the tube where a considerable number of nucleation sites are
present (see Fig. 5). The arrival of a detached vapour bubble from the lower tubes agitates the
flow field around the upper tubes and increases the heat transfer rate. As a result, the wall
temperature decreases across the tube array, and lower temperature levels are observed for
tubes located in the upper rows (see Fig. 9c). In addition, increasing the vibration frequency
reduces the minimum wall temperatures for all tubes within the array owing to a further

enhancement in the pool boiling heat transfer rate from the vibrating boiling surfaces.

The effects of the vibration amplitude on the temporal evolution of the heat transfer
coefficient for pool boiling are shown in Figs. 10 and 11. As can be observed, the amplitude
of HTC oscillation increases when the tube vibration amplitude is elevated. Subsequently, the
time-averaged heat transfer coefficient grows with the vibration amplitude. This stems from
an increase in the velocity magnitude of the forced fluid motion prompted by the tube
vibration. As a final note, it should be mentioned that as the amplitude of mechanical
vibration increases, the thermal performances of the different tubes within the array begin to
converge, and the spatial variation in the heat transfer rate across the height of the tube array

decreases significantly (see Fig. 11).

4.5. Effects of heat flux and tube spacing

In this section, we investigate the effects of the heat flux magnitude and tube spacing on the
pool boiling heat transfer from a vibrating tube array. As shown in Fig. 12, where the
temporal evolution of the heat transfer coefficient from the first and last rows of the array are

illustrated for three heat fluxes, the value of the heat transfer coefficient increases with an
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increase in the heat flux. However, no clear alteration is observed in the functional form of
HTC variation with time when the heat flux is increased. Moreover, a slight decrease in the

amplitude of the HTC oscillation is shown with an increase in the heat flux.

It is also important to examine the effects of the heat flux on the temperature distribution on
the tube surfaces, as shown in Fig. 13. The variations of the temperature for the upper tubes
are very similar to each other; therefore, only the results for tube three are presented. As can
be seen, the temperature increases almost uniformly on the tube surface when the heat flux is
elevated. Additionally, the locations of the maximum and minimum temperatures on the tube
surface nearly coincide for the various heat fluxes considered in the present work. The pitch-
to-diameter ratio of (S/D) is the most important geometric parameter for an array of circular
tubes, and subsequently its effects on the temperature field and heat transfer rate are shown in
Figs. 14-16. As can be seen, the effects of the pitch-to-diameter ratio are negligible on the
temporal variation of the HTC (Fig. 14). The trends for the variations in the circumferential
tube surface temperature (Fig. 15) are similar for all values of S/D. The results show that the
increasing the value of S/D has no effect on tube, as expected, but it causes some fluctuations
on the surface temperature of the upper tubes due to the motion of the produced vapour to the
upward direction. Finally, the vapour volume fraction decreases with (S/D) subsequent to the
longer distances that the detached bubbles from the lower tubes need to travel in order to
arrive at the surfaces of the upper tubes, as well as from the deaccelerating effect of the

surrounding viscous liquid (Fig. 16).

4.6. Heat transfer enhancement
In Figs. 17 and 18, the contours of (ER) are illustrated as a function of the heat flux and

vibration frequency for two vibration amplitudes. As can be seen, for all cases studied in the
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present work the heat transfer increases when the boiling surface vibrates. Up to a 90%
increase in the heat transfer rate is achieved through the vibration of a tube array. Moreover,
the maximum value of ER increases with the amplitude of vibration, and this maximum value
is located at the low-flux region of the pool boiling curve. As a result, the application of
vibration to enhance the pool boiling heat transfer is most beneficial when the heat flux is

moderately low.

4.7. Evolution of the flow field with time

In this section, the evolution of the flow field with time, presented as changes in the vapour
volume fraction and liquid velocity, is explained to further investigate the effect of
oscillations on the pool boiling phenomenon. Figs. 19 and 20 show the variations of the
liquid z-velocity (Fig. 19) and vapour volume fraction (Fig. 20) along the centreline of the

domain with time for f =1 Hz, S/D = 3, ¢” = 10 kW/m? and Uy, = 0.2 m/s.

In Fig. 19, the variations of the liquid z-velocity are depicted. The results show that the liquid
velocity increases as the time elapses. This can be attributed to two reasons: the pool boiling
and corresponding buoyancy force, and the vibrations of the tube bundle. Fig. 19 also shows
that at the vicinities of the tube surfaces owing to the effect of oscillations, the plots
experience some partial maximum points. It should also be noticed that the z-velocity
becomes zero at two stagnation points for each tube (bottom and top points). Another point is

that the variations of the liquid z-velocity become stable for t > 20.

As can be seen in Fig. 20, the vapour volume fraction increases as the time advances. Similar
to the plots for the liquid z-velocity, the vapour volume fraction profiles reach a stable

condition at t > 20. In the vicinity of each tube owing to the formation of the vapour phase
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from the tube surfaces, the vapour volume fraction suddenly increases. As a result, five peaks

can be seen for each profile, which corresponds to a tube (as illustrated in Fig. 20). The

vapour volume fraction decreases in the space between each tube because the produced

vapour scatters to its surroundings as a result of tubes vibrations and buoyancy force.

5. Conclusion

A numerical simulation of pool boiling heat transfer from a vibrating array of circular tubes

was addressed in the present work. For the liquid and vapour phases, a separate set of

governing equations is solved numerically using the finite volume method on the ANSYS

FLUENT 17.1 platform. To account for the heat removal by vapour bubble nucleation and

detachment from a solid surface, the RPI boiling method is employed. The main conclusions

of the present work can be summarized as follows:

Vi.

For the entire range of relevant parameters considered in the present work, the pool
boiling heat transfer intensifies in the presence of mechanical vibration.

An increase of up to 90% in the heat transfer coefficient can be achieved through the
vibrations caused by a forced fluid motion induced by surface boiling.

The results showed that the increasing frequency of oscillation at more than 2 Hz
does not affect the enhancement ratio significantly. Therefore, this value can be
considered as the optimum value for the frequency of vibrations.

The heat transfer rate increases with the frequency/amplitude of mechanical
vibration.

The enhancing effect of vibration is most vigorous for moderately low heat fluxes.
The pitch-to-diameter ratio has a negligible effect on the enhancing effect of a

vibration.
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Figure captions

Figure 1. Computational domain with important measures.

Figure 2. Effect of grid size on heat transfer coefficient within stationary tube array for S/D =

2: (@) ¢” =5 kW/m?and (b) ¢” = 60 KW/m?.

Figure 3. Comparison between present numerical results and experiment results of

: (a) heat transfer coefficient and (b) difference in wall temperature.

Figure 4. Comparison between the present numerical results and the experimental data of
for the vibrating rod immersed in saturated water pool at atmospheric

pressure.

Figure 5. Effects of mechanical vibration on vapour volume fraction for (a) f = 0, (b) f =

0.25, (c) f=0.5,and (d) f = 1.0 (¢~ = 10 kW/m?, U, = 0.2 m/s, S/D = 2).

Figure 6. Effects of mechanical vibration on temperature distribution (in Kelvin) for (a) f =

0, (b) f=0.25, (c) f=0.5,and (d) f =1 (¢~ = 10 kW/m? Uy = 0.2 m/s, S/D = 2).

Figure 7. Time-averaged heat transfer coefficient across vertical tube array (¢~ = 10 kW/m?,

Un =0.2 m/s, S/D = 2).

Figure 8. Variations of heat transfer coefficient over time for tube 3 (¢ = 5 kW/m?, Uy, = 0.5

m/s, SID = 4).

Figure 9. Circumferential tube wall temperature profiles at t = 20 s: (a) tube 1 for three

frequencies, (b) tube 3 for three frequencies, and (c) tube array at f = 0.5 Hz (¢~ = 5 kW/m?,

Un =0.2 m/s, S/D = 2).

Figure 10. Temporal variations of heat transfer coefficient: (a), (b) for two values of Uy, at

tube 1 and tube 5 (¢~ = 20 kW/m?, f = 0.5 Hz, S/D = 2), and (c), (d) for all tubes at Uy, = 0.2

m/s and Up = 0.5 m/s (¢~ = 10 kW/m?, f = 0.25 Hz, S/D = 4).

Figure 11. Time-averaged heat transfer coefficient along height of tube array for two

vibration amplitudes (¢~ = 20 kW/m?, f = 0.5 Hz, S/D = 2).
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Figure 12. Temporal evolution of heat transfer coefficient for different heat fluxes: (a), (b)
tube 1 and tube 5 with (U, = 0.2 m/s, f = 0.25 Hz, S/D = 2), (c), (d) tube 1 and tube 5 with
(Un=0.5m/s, f=0.5Hz, S/ID =4).

Figure 13. Circumferential tube wall temperature profiles at t = 20 s for different heat fluxes
for tube 3 (U, =0.5m/s, f=0.5 Hz, S/D = 3).

Figure 14. Variations of heat transfer coefficient over time for different S/D values: (a) tube
1, (b) tube 3, and (c) tube 5 (¢ = 10 KW/m?, U, = 0.5 m/s, f = 0.25 Hz).

Figure 15. The effect of pitch-to-diameter ratio on circumferential tube wall temperature
profiles at t = 20 s: (a) tube 1, (b) tube 3, and (c) tube 5 (¢ = 10 kW/m? Um = 0.25 m/s, f =
0.25 Hz)

Figure 16. Effect of pitch-to-diameter ratio on vapour volume fraction distribution for (a)
S/D=2, (b) S/D=3, and (c) S/D=4 (¢ = 20 KW/m? U, = 0.5 m/s, f = 1.0 Hz).

Figure 17. Heat transfer enhancement within tube array for Uy, = 0.2 m/s.

Figure 18. Heat transfer enhancement within tube array for Uy, = 0.5 m/s.

Figure 19. Variations of liquid z-velocity along centreline of domain during time for f = 1
Hz, S/D =3, ¢” = 10 kW/m? and Uy, = 0.2 m/s.

Figure 20. Variations of vapour volume fraction along centreline of domain during time for f

=1Hz, S/D =3, ¢” =10 kwW/m? and Up = 0.2 m/s.
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Table captions
Table 1. Enhancement of boiling heat transfer coefficient for different operating conditions.

Table 2. Range of variations in parameters considered in present study.
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Tables:

Table 1

(a) Effect of Uy, (f= 1 Hz, S/ID =2, ¢~ = 10 kW/m?)

Un, (mM/s) 0.2 0.5 1

ER (%) 1546 57.99 12881

(b) Effect of ¢ (Un, =0.2 m/s, f = 0.5 Hz, S/D = 3)

q” (kW/im% 5 10 20 50 100

ER (%) 2494 1376 5.23 1.13 0.19

(c) Effect of S/D (U, = 0.2 m/s, f= 0.5 Hz, ¢~ = 10 kW/m?)

SID() 2 3 4 5 6

ER (%) 1322 1381 1384 13.83 13.84

(d) Effect of f (Un = 0.2 m/s, S/D =3, ¢ = 10 kW/m?)

f(Hz) 025 05 1 2 10 15

20

ER (%) 1232 13.76 1546 1945 19.87 20.36

20.22
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Table 2

Parameter Range
f (Hz) 0.25-1.0
Un (M/s) 0.2-0.5
S/D (-) 24
q” (W/m?) 5-20
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Research highlights

An increase of up to 90% in the heat transfer coefficient can be achieved through the
vibrations caused by a forced fluid motion induced by surface boiling.

The heat transfer rate increases with the frequency/amplitude of the mechanical
vibration.

The enhancing effect of the vibration is most vigorous for moderately low heat fluxes.
The pitch-to-diameter ratio has a negligible effect on the enhancing effect of a
vibration.

It is found that the optimum frequency of the vibration is 2 Hz for the simulated

operating conditions.
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