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This study experimentally investigated the effects of low-frequency mechanical vibration
on natural convection heat transfer from a horizontally heated plate immersed in stagnant
water. Experiments were performed at three constant heat-flux levels of 740, 1320, and
2060 W/m? using vibration frequencies of 10, 15, and 20 Hz with measured vibration
amplitudes ranging from 0.16 to 0.19 mm. Heat-transfer performance was evaluated in
terms of the Nusselt number (Nu), the modified Rayleigh number (Re), and the
enhancement factor (EF) relative to the static natural-convection condition. Under static
conditions, the Nusselt number increased with the modified Rayleigh number, indicating
that buoyancy-driven heat transfer became stronger as the applied heat flux increased.
Under vibrating conditions, the thermal response was distinctly non-monotonic and
depended on the combined effects of heat flux, vibration frequency, and amplitude. At the
intermediate heat-flux level, the 10 Hz condition produced the highest frequency-based Nu
of 110.63. At the lowest heat-flux level, EF was 10.17, 10.26, and 10.64 at 10, 15, and 20
Hz, respectively. The EF values at the lowest heat-flux level exceeded those at the
intermediate and highest heat-flux levels, while the static Nu was also lowest at the lowest
heat-flux level. Overall, heat-transfer enhancement in water depended on the selected heat
flux, vibration frequency, and amplitude. The reported findings apply to the investigated

low-frequency and micro-amplitude operating conditions.

1. INTRODUCTION

Natural convection heat transfer from heated surfaces plays
a fundamental role in a wide range of thermal systems,
including passive cooling devices, solar thermal units,
compact heat exchangers, and electronic equipment. Because
natural-convection heat transfer is often limited by thermal
boundary-layer development, numerous active enhancement
techniques have been investigated to disrupt the boundary
layer and increase the heat-transfer rate. Among these
techniques, mechanical vibration has attracted considerable
attention as an active heat-transfer enhancement method. By
introducing external excitation, it can modify buoyancy-
driven flow, promote near-wall fluid renewal, and alter the
structure of thermal plumes, thereby enhancing convective
heat transfer [1-4]. Recent studies have demonstrated that
appropriately applied mechanical vibration can enhance
natural-convection heat transfer by periodically disrupting the
thermal boundary layer, promoting near-wall fluid mixing, and
increasing fluid renewal adjacent to the heated surface [5]. The
thermal influence of vibration, however, is inherently complex
and cannot be interpreted as universally beneficial. Previous
investigations have shown that the response of convective heat
transfer to oscillatory forcing depends on several coupled
parameters, including vibration frequency, amplitude, heating
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intensity, and fluid properties [6-11]. Depending on the
operating conditions, vibration may improve thermal
performance by thinning the boundary layer and enhancing
fluid mixing. Conversely, it may weaken the natural plume
structure or provide only limited enhancement [12-16]. These
findings indicate that vibration-assisted convection is not
uniformly beneficial and that its performance depends on the
operating window defined by the imposed vibration
conditions.

Water was selected to investigate the effects of external
oscillation on boundary-layer development, plume behavior,
and heat-transfer rate because its thermal conductivity, heat
capacity, and buoyancy-driven transport characteristics
directly influence these phenomena. Furthermore, the
response of water to vibration can be non-monotonic. This
behavior suggests that the interaction between frequency and
amplitude may produce different heat-transfer responses
within a limited operating range rather than a linear
improvement [15-17].

Previous studies have reported that mechanical vibration
can enhance convective heat transfer; however, the observed
heat-transfer response depends strongly on the tested
geometry, fluid, vibration mode, and frequency range [14, 17-
19]. Earlier investigations examined vibrating cylinders,
vertical plates, fins, channels, annular spaces, cavities, heat
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exchangers, and other flow-based configurations [5, 11, 14-
19]. However, the cited studies did not jointly examine a
horizontally heated plate immersed in stagnant water under
low-frequency, micro-amplitude vibration while evaluating
the effects of heat flux, vibration frequency, and measured
amplitude relative to a static natural-convection baseline.

To address this gap, the present study experimentally
investigates vibration-assisted natural-convection heat transfer
from a horizontally heated plate immersed in stagnant water.
It examines the effects of vibration frequency and amplitude
at different heat-flux levels. The study evaluates heat-transfer
performance using the Nusselt number (Nu), the modified
Rayleigh number (Re), and the enhancement factor (EF)
relative to the static condition. The study provides a controlled
experimental assessment of the combined effects of heat flux,
vibration frequency, and measured micro-amplitude relative to
a static natural-convection baseline.

2. EXPERIMENTAL SETUP

A dedicated experimental facility was developed to
investigate vibration-assisted natural convection heat transfer
from a horizontally heated plate immersed in stagnant water.
The main heated element was an aluminum plate with
dimensions of (15 x 12 x 1) cm. Two cartridge heaters were
embedded in the plate to provide the required thermal input.
Each heater was 100 mm long, 10 mm in diameter, and rated
at 200 W. The heated plate was mounted horizontally inside a
transparent test container and supported in a cantilever
configuration on a wooden base. Mechanical excitation was
generated by a vibration generator attached to the supporting
frame. The temperature distribution within the test section was
monitored using eight K-type thermocouples. Seven
thermocouples were attached to the plate surface to track its
temperature distribution, while one thermocouple was
positioned in the surrounding water to measure the bulk-water
temperature. The electrical input to the heaters was monitored
using a voltmeter and an ammeter. The vibration amplitude
was measured using a vibration meter. A sine-wave generator
and a variac were used to regulate the vibration signal and the
electrical heating input, respectively. The main components of
the experimental apparatus and the locations of the
thermocouples are shown in Figures 1 and 2, respectively.

1 Wooden base 2 Fluid container Heated plate
4 Vibration generator 5 Generator stand Thermometers
- Vibration meter 8 Sine-wave generator Voltage regulator

Figure 1. Schematic diagram of the experimental setup
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Figure 2. Schematic of the heated plate showing heater and
thermocouple locations

2.1 Measuring instruments and accuracy

The accuracy and resolution of the measuring instruments
were obtained from the manufacturers' specifications and
incorporated into the uncertainty analysis. Thermocouple
measurements, voltage and current measurements, plate
dimensions, and vibration amplitude measurements were
identified as the primary sources of experimental uncertainty.
Uncertainties associated with the thermophysical properties of
water, evaluated at the film temperature, were also considered.
The accuracy, resolution, and relevant specifications of the
main measuring and control instruments are summarized in
Table 1.

Table 1. Accuracy and resolution of the measuring instruments

Instrument Measured/Controlled Parameter Accuracy/Specification Resolution
K-type thermocouples Plate and water temperatures +(0.015% of reading + 1 °C) 0.01 °C
Digital caliper Plate dimensions +0.02 mm 0.01 mm
Voltmeter Input voltage +(0.8% of reading + 5 digits) 0.01V
Ammeter Input current +(2.0% of reading + 5 digits) 0.01 A
Vibration meter Vibration amplitude +(5% of reading + 2 digits) 0.001 mm
Vibration meter Frequency range 10 Hz—-1 kHz for displacement mode Not specified
Sine-wave signal generator Vibration frequency control Frequency range: 1-400 Hz 1 Hz
Variac Heating input control Output voltage range: 0250 V Not specified

3. EXPERIMENTAL PROCEDURE

The experiments were conducted according to a systematic
procedure to ensure consistent thermal response of the heated
plate immersed in stagnant water. Before each experimental
run, the experimental apparatus and measuring instruments
were inspected to verify proper operation and stable readings.
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The test container was filled with water to a level sufficient to
ensure complete submergence of the heated plate and stable
boundary conditions throughout the test section.

For each operating case, the electrical input supplied to the
cartridge heaters was adjusted using the variac to obtain the
required heat-flux level. Voltage and current were measured
using the voltmeter and ammeter and subsequently used in the



data-reduction calculations. The plate was first heated under
static conditions until the thermal response approached steady
state. In the present study, steady-state condition was
considered achieved when neither the mean surface
temperature of the heated plate nor the bulk water temperature
exhibited a continuous increase or decrease during the final
recording period. For all test cases, data acquisition began after
thermal stabilization, which typically occurred at
approximately 5000 s.

After steady state was reached, the surface temperatures of
the heated plate and the bulk water temperature were recorded
to characterize the static natural-convection condition. This
static case served as the baseline for evaluating the vibration-
induced enhancement. The mechanical vibration was then
applied using the vibration generator at the selected
frequencies of 10, 15, and 20 Hz. For each frequency, the
corresponding vibration amplitude was measured with the
vibration meter. Once the temperature readings stabilized
under each vibration condition, the plate and bulk-water
temperatures were recorded. The voltage, current, vibration
frequency, and amplitude were also recorded. The same
procedure was repeated at each selected heat-flux level. The
resulting experimental data set was used to calculate the heat-
transfer coefficient Nu, the modified Rayleigh number, and
EF.

For each static and vibrating case, each measurement was
recorded three times after thermal stabilization. The arithmetic
mean of the three readings was used in the subsequent data-
reduction calculations to reduce random measurement
variability and improve the reliability of the experimental
results.

Table 2. Experimental matrix and Nusselt number (Nu) for
the first heat flux level, q;’ = 740 W/m?

Operating Case fMHz) a@mm) T, (°C) Nu
Static 0 0 51.614 6.5873
1 10 0.16 40.071 87.747
2 10 0.17 37.957 85.278
3 10 0.18 36.657 155.929
4 10 0.19 355 75912
5 15 0.16 33.929 102.524
6 15 0.17 33.586 121.247
7 15 0.18 33.457 51.288

8 15 0.19 33.143 65.5

9 20 0.16 323 50
10 20 0.17 31.92 136.58
11 20 0.18 31914 78.663
12 20 0.19 31.657 61.505

Table 3. Experimental matrix and Nusselt number (Nu) for
the second heat flux level, g5 = 1320 W/m?

Operating Case f(Hz) a@mm) T, (°C) Nu
Static 0 0 529 65.416

1 10 0.16 40.729 65.014
2 10 0.17 39.757 63.391

3 10 0.18 38.929 106.721
4 10 0.19 38.271 57.378
5 15 0.16 36.786 68.384
6 15 0.17 36.243 124.237
7 15 0.18 36.157 58.337
8 15 0.19 35.943 80.083

9 20 0.16 355 67.578
10 20 0.17 35471 69.567
11 20 0.18 35414 37.283
12 20 0.19 35.386 52.586

Tables 2—4 summarize the tested amplitude cases and their
corresponding mean plate surface temperatures and Nu values,
while Section 4 describes the procedures used to calculate Nu
and EF. Because four vibration amplitudes were investigated
at each vibration frequency, each row represents a specific
combination of heat flux, frequency, and amplitude.

Table 4. Experimental matrix and Nusselt number (Nu) for
the third heat flux level, g3 = 2060 W/m?

Operating Case f (Hz) a (mm) T, (°C) Nu

Static 0 0 51.329 99.603
1 10 0.16 45.357 71.094
2 10 0.17 41.371 97.404
3 10 0.18 40.386 133.053
4 10 0.19 39.2 80.645
5 15 0.16 38.814 65.015
6 15 0.17 38.571 101.255
7 15 0.18 38.443 84.47
8 15 0.19 38.729 57.423
9 20 0.16 38.186 62.351
10 20 0.17 38.557 72.053
11 20 0.18 38.314 61.291
12 20 0.19 38.443 54.08

Note for Tables 2—4: f denotes the vibration frequency, a
denotes the vibration amplitude, and T, represents the mean
plate surface temperature calculated from the seven
thermocouple readings. For the static case, f =0 Hzand a =0
mm.

For the enhancement-factor analysis, a representative mean
surface temperature of the heated plate was determined at each
vibration frequency and heat-flux level. The corresponding
frequency-based Nusselt number was then computed using
this temperature. Accordingly, Table 5 lists the frequency-
based Nu values used for comparison with the static baseline
and for EF calculation, whereas Tables 2—4 list the amplitude-
resolved Nu values for the individual amplitude conditions. In
Table 5, Nug;qric and Nu,;, denote the Nusselt numbers
under static and vibrating conditions, respectively.

Table 5. Frequency-based enhancement factors (EFs)
calculated using mean plate surface temperatures

"

(v;’,mz) fH2)  Nugg Nty EF
740 10 6.587 66.967 10.166
740 15 6.587 67.567 10.257
740 20 6.587 70.1 10.64
1320 10 65.416 110.629 1.691
1320 15 65.416 97.958 1.497
1320 20 65.416 64.493 0.986
2060 10 99.603 78.008 0.783
2060 15 99.603 65.423 0.6568
2060 20 99.603 65.292 0.656

4. DATA REDUCTION

The measured electrical and thermal data were processed to
evaluate the natural convection heat-transfer characteristics of
the horizontally heated plate under static and vibrating
conditions. The data-reduction procedure was based on
standard definitions of heat transfer and natural convection
[20, 21]. The mean plate surface temperature was obtained by
averaging the readings of the seven thermocouples attached to



the plate surface as follows:

(1)

[y

i=

where, T is the mean plate surface temperature, and T ; is the
temperature measured by the i-th thermocouple attached to the
plate surface.
The electrical power supplied to the cartridge heaters is
calculated from the measured voltage and current [22]:
P=VxI 2)
where, P is the electrical input power, V' is the measured
voltage, and / is the measured current.

The corresponding nominal heat flux applied to the heated
plate is given by [21]:

3)

where, q"' is the applied heat flux, and 4 is the effective heated
surface area of the plate.

The experimental setup was meticulously designed to
minimize heat losses through the supporting structure and
adjacent components. Because conductive and radiative heat
losses from the non-active surfaces were not measured
individually, the electrical input was considered to be the
nominal heat input, and no direct correction for heat losses was
applied. The potential influence of the residual heat losses was
accounted for in the uncertainty margins associated with the
heat-flux and heat-transfer calculations.

The average convective heat-transfer coefficient was
calculated from the applied heat flux and the temperature
difference between the mean surface temperature of the heated
plate and the surrounding water [20, 21]:

7

h= (Ts _Too)

“4)

where, / is the average convective heat-transfer coefficient, T
is the mean plate surface temperature, and T,, is the bulk-water
temperature.

The thermophysical properties of water were evaluated at
the film temperature for each operating condition [21]:

(T, +T.)

5 )

f

where, T is the film temperature.

The Nusselt number (Nu) was calculated using its standard
definition [20, 21]:

(6)

where, Nu is the Nusselt number, L, is the characteristic
length of the heated plate, and % is the thermal conductivity of
water evaluated at the film temperature.

For the present horizontal heated plate, the characteristic
length was defined as the ratio of the heated surface area to the
perimeter of the heated plate [23]:
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Lc

where, Per is the perimeter of the heated surface.

Under constant-heat-flux natural-convection conditions, the
modified Grashof number was used to characterize the
buoyancy effect [20, 21]:

_9Bq"L"
kv?

Gr: ®)

where, Grj' is the modified Grashof number and g is the
gravitational acceleration. The symbols f and v denote the
thermal expansion coefficient and kinematic viscosity of
water, respectively. The symbols q”, L., and k represent the
applied heat flux, characteristic length, and thermal
conductivity of water, respectively.

The corresponding modified Rayleigh number was
calculated as follows [20, 21]:

Ra; = Gr{". Pr 9)
where, Ra," is the modified Rayleigh number, and Pr is the
Prandtl number of water evaluated at the film temperature.

To better understand how mechanical vibration affects heat
transfer, we introduce the EF, which measures the relative
change in performance:

EF = Nuy;
Nustatic

(10)
where, EF denotes the enhancement factor. The terms
Nuyip and Nuggqeie represent the Nusselt numbers under
vibrating and static conditions, respectively. For each
enhancement-factor calculation, Nu,;, and Nugqeio Were
evaluated at the same applied heat-flux level. The calculated
Nusselt number and enhancement-factor values were
subsequently used to evaluate the effects of heat flux, vibration
frequency, and vibration amplitude on natural-convection heat
transfer in water.

4.1 Uncertainty analysis

An uncertainty analysis was applied to quantify the
uncertainties associated with the measured variables and the
derived heat-transfer parameters used in the present
experimental study. The analysis was performed using the
root-sum-square (RSS) propagation method at a 95%
confidence level, following standard procedures for
experimental measurements [24, 25]. The analysis included
the measurement uncertainties described in Section 2.1,
together with the thermophysical properties of water evaluated
at the film temperature.

For a calculated parameter R that depends on a set of
independent variables x;, x2,..., X,, the combined uncertainty

was estimated as:

Ug

(BRU >2+(6RU )2+ +(6R U )2
ox, ™t ox, *2 ox, ™

where, Up is the combined uncertainty associated with the
calculated parameter R, and U, ,U,,..,U,, are the

Y2



uncertainties associated with the independent variables. The
relative uncertainty is expressed as:

Ur

U
= FR x 100% (12)

The uncertainty in the electrical input power was obtained
by propagating the uncertainties in the measured voltage and

GRS

where, Up /P, Uy, /V, and U, /I are the relative uncertainties
associated with the electrical power, voltage, and current,
respectively. The uncertainty in the applied heat flux was then
determined from the uncertainties associated with the
electrical power and the heated surface area, as follows:

&)+

P A
The uncertainty in the average heat-transfer coefficient was

estimated by considering the uncertainties in the heat flux and

the temperature difference between the mean plate surface
temperature and the bulk-water temperature:

Uy ’ +(UAT)2
qll AT

AT =Ts — To

Un 1/2

b= (13)

Uqll 1/2

(14)
qll

1/2
Un

h

(15)

where, Uy, /h is the relative uncertainty of the heat-transfer
coefficient, and AT is the temperature difference between the
mean plate surface temperature and the bulk-water
temperature.

The uncertainty in Nu was obtained by propagating the
uncertainties in the heat-transfer coefficient, characteristic
length, and thermal conductivity of water:

2
(Uh)z + (ULC)Z + (Uk)z Y
h L. k
where, Uy, /Nu denotes the relative uncertainty of the Nusselt
number. The terms U;./L. and U, /k represent the relative
uncertainties of the characteristic length and the thermal
conductivity of water, respectively.

Using the EF definition in Eq. (10), its uncertainty was
calculated from the uncertainties in Nu under vibrating and

static conditions:
[(UNuw,vib)z (UNuu,static)Z]l/2
+

Nuvib Nustalic
where, Ugp/EF denotes the relative uncertainty of the EF. The
terms Uny pip / Nuyip and Uny seqric / NUseqeic represent the
relative uncertainties of the Nusselt numbers under vibrating
and static conditions, respectively.

The average uncertainties were £1.385% for the applied
heat flux and £7.62% for Nu. Propagation of the uncertainties

in the vibrating and static Nu values yielded an average EF
uncertainty of approximately +£10.78%. Tables 6 and 7

Uy

—u

Nu

(16)

Urr _

EF 17
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summarize the average uncertainties of the main independent
and calculated parameters.

Table 6. Average uncertainty of independent parameters and
thermophysical properties

Parameter Percentage Uncertainty
Uy/A +0.54%
Ur/T +2.68%
uy/v +0.0656%
Ui +1.3305%
Up/P +1.332%
Uy/k +6.572%
U,/v +13.6%

Note: T denotes a generic measured temperature, including the plate-surface
and bulk-water temperature measurements.

Table 7. Average uncertainty of calculated parameters

Calculated Parameter Percentage Uncertainty

Ugr/q" +1.385%
Up,/Pr £1.332%
Uga;/Raj £15.65%
Unu/Nu £7.62%
Ugr/EF £10.78%

5. RESULTS AND DISCUSSION

This section presents the thermal response of stagnant water
to low-frequency mechanical vibration under different heat-
flux levels, vibration frequencies, and vibration amplitudes.
The analysis first examines the establishment of steady-state
conditions and the static natural-convection behavior of water.
It then evaluates the effects of vibration amplitude and
frequency using Nu.

Finally, the analysis assesses the relative change produced
by vibration using EF. For clarity, the applied heat-flux levels
of 740, 1320, and 2060 W/m? are hereafter denoted as q;', g5,
and q3 , respectively. Tables 2—4 summarize the tested
vibration amplitudes, the corresponding mean plate surface
temperatures, and the calculated Nusselt numbers at each heat-
flux level, thereby enabling direct comparison between the
vibration-assisted and static natural-convection conditions.

The following discussion is limited to the experimentally
observed trends within the tested operating range.
Accordingly, "higher response" refers to a higher measured
Nu, whereas "highest-response condition" denotes the tested
condition that produced the highest Nu. These terms apply
only to the investigated heat-flux levels, vibration frequencies,
and amplitudes and do not imply a general optimum for
vibration-assisted natural-convection systems.

5.1 Steady-state establishment

Before investigating the effects of mechanical vibration on
natural convection heat transfer in water, the heated plate was
confirmed to have reached a steady state. Figure 3 presents the
temporal evolution of the measured temperatures from the
beginning of each test at the three applied heat-flux levels; T;—
T, denote the temperatures measured by the seven plate-
surface thermocouples, whereas T, denotes the bulk-water
temperature. In all cases, the plate temperature increased
rapidly during the initial heating period. The rate of
temperature increase then decreased gradually as the system



approached steady state.
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Figure 3. Plate surface temperature versus time until steady
state at: (a) q1'; (b) q3; and (¢) g3

The system exhibited a similar transient response at q;’, g5,
and q4'. However, the absolute temperature levels increased
with increasing heat flux. The temperature curves began to
approach steady state after approximately 3000 s. Steady-state
conditions were reached after approximately 5000 s.
Accordingly, all experimental data used in the subsequent
calculations were recorded only after the measured
temperatures had stabilized.

5.2 Static heat transfer behavior in water

The experiments conducted under static conditions
established the baseline natural convection behavior of the
horizontally heated plate in stagnant water before the
application of mechanical vibration. Under these conditions,
the variation of Nu with the modified Rayleigh number
represents the inherent buoyancy-driven heat transfer response
of water. Figure 4 shows that Nu increased with Gry. Pr,
which is equivalent to the modified Rayleigh number Raj,
This trend indicated that increased buoyancy forces at higher
applied heat fluxes enhanced convective heat transfer from the
heated surface to the surrounding water.

0q"l Aq"2 Oq"3
120 ¢
100 O
S 80
£ A
2 60 |
=3
pz4
40
20 f
SR ey P ey
200 400 600 800 1000 1200 1400
(Gr.*.Pr)x10¢

Figure 4. Nusselt number (Nu) versus Gr; Pr at three heat-
flux levels under static conditions
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Physically, increasing the imposed heat flux produced a
larger plate-to-water temperature difference. This larger
temperature  difference was consistent with stronger
buoyancy-driven plume development and fluid circulation
near the heated plate. The observed increase in Nu was
consistent with buoyancy-driven transport in water and with
the influence of its thermal conductivity and heat capacity.

The present study did not include direct flow visualization,
infrared thermography, or velocity-field measurements.
Therefore, the discussion of boundary-layer development and
plume behavior represents a physical interpretation of the
measured temperature and heat-transfer trends rather than a
direct observation of the flow structure.

5.2.1 Baseline comparison of static natural convection
To validate the measurements of static natural convection,
the experimental Nusselt numbers were compared with a
widely used correlation for natural convection from a
horizontal plate. For the present range of Ra;, the correlation-
based Nusselt number (Nu,,,,) was estimated as:
Nucorr = 0.15(Ra;)% (18)
Table 8 compares the experimental static Nusselt number
( Nustaticexp ) With the correlation-based Nusselt number

(Nucorr)-

Table 8. Baseline comparison of static natural convection
with a horizontal-plate correlation

" Raj x Deviation
(W?mz) 16'5 Nustatic,exp Nugorr (%)
740 419.69 6.587 112.31 94.13
1320 771.62 65.416 137.58 5245
2060 1187.62 99.603 158.85 37.30

Table 8 shows that both the measured static Nu values and
the correlation-based Nu values increased with the modified
Rayleigh number. However, the experimental Nusselt
numbers were consistently lower than those predicted by the
correlation, particularly at the lowest heat-flux level. This
discrepancy arose because the reference correlation was
developed for idealized natural convection from an unconfined
horizontal plate. In contrast, the present experiments were
conducted with a 15 x 12 cm heated plate immersed in a
confined water container.

The largest deviation occurred at g;' = 740 W/m?. In this
case, the mean plate surface temperature was Ty = 51.614 °C,
while the bulk-water temperature was T,, = 46 °C. The
resulting temperature difference was relatively small, with
AT =5.614 °C. Under such a small temperature difference, the
calculated heat-transfer coefficient and Nu became highly
sensitive to small uncertainties in the temperature
measurements. Therefore, even small measurement variations
in the mean plate surface temperature or bulk-water
temperature can produce a noticeable deviation in the
calculated static Nu.

In addition, the confined geometry of the container may
have restricted the natural development of the buoyancy-
driven flow compared with the ideal unconfined horizontal-
plate condition assumed in the reference correlation. Residual
heat losses through the supporting structure, container walls,
and non-active surfaces may also have reduced the effective
heat transferred to the surrounding water. The influence of



residual heat losses may have been more pronounced at q;' =
740 W/m?, where the plate-to-water temperature difference
was only 5.614 °C. As described in Section 4, these losses
were not measured separately, and their potential effects were
included in the experimental uncertainty analysis.

Accordingly, Table 8 serves as a consistency check for the
measured trend rather than as a strict validation of the absolute
Nu values against an ideal correlation. The absolute deviations
likely resulted from the combined effects of the confined
geometry, the small temperature difference, and uncorrected
residual heat losses.

5.3 Effect of vibration amplitude on the Nusselt number in
water

Figure 5 presents the effect of vibration amplitude on Nu,
and Tables 2—4 list the corresponding values. For each heat-
flux level, four vibration amplitudes were tested at frequencies
of 10, 15, and 20 Hz. The results showed that Nu varied non-
monotonically with amplitude for all nine heat-flux—frequency
combinations. Increasing the amplitude from 0.16 to 0.19 mm
did not produce a continuous increase in Nu in any of these
combinations. This non-monotonic behavior indicated that the
effect of amplitude depended on both the vibration frequency
and the applied heat flux.

—0—q1, 10 Hz —0—q1, 15 Hz —0—q1, 20 Hz
—A—q2, 10 Hz —£A—q2,15 Hz ——q2, 20 Hz
——q3, 10 Hz —0—q3, 15 Hz ——q3, 20 Hz

180 ¢
160 F
140 ¢
120 ¢
100 £
80
60
40 |
20

Nu number

0.17 0.18 0.19 0.2
Amplitude (mm)

0.15 0.16

Figure 5. Nusselt number (Nu) versus vibration amplitude at
three heat-flux levels

At g4, the static Nu was 6.587, and all 12 tested amplitude—
frequency combinations produced higher Nu values, ranging
from 50.000 to 155.929. This indicated that the relative effect
of vibration was greater when the static Nusselt number was
low. The increase in the Nusselt number under these
conditions may have been associated with enhanced near-wall
fluid motion and the renewal of water adjacent to the heated
surface. However, as discussed in Section 5.2, the underlying
enhancement mechanism could not be directly confirmed by
the present measurements. This explanation was inferred from
the heat-transfer data rather than from flow visualization.

At g3, the static Nu was 65.416. Six of the 12 tested
amplitude—frequency combinations produced Nu values above
the static value, whereas the remaining six produced lower
values. Enhancement occurred at (10 Hz, 0.18 mm), (15 Hz,
0.16,0.17, and 0.19 mm), and (20 Hz, 0.16 and 0.17 mm). The
highest Nu values did not consistently occur at the largest
amplitude. This finding suggested that amplitude alone did not
control the thermal response within the tested range.

At g4, the static Nu was 99.603. Ten of the 12 tested
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amplitude—frequency combinations produced Nu values
below the static value; only the combinations (10 Hz, 0.18
mm) and (15 Hz, 0.17 mm) produced higher values of 133.053
and 101.255, respectively. This behavior suggested that
buoyancy-driven motion was already well developed at the
higher heat flux.

Across the tested heat-flux levels, the vibration amplitude
varied from 0.16 to 0.19 mm in increments of 0.01 mm,
whereas Nu ranged from 37.283 to 155.929. Because the
Nusselt number was calculated using the temperature
difference between the mean plate surface and the bulk water,
measurement uncertainties may have affected the calculated
heat-transfer coefficient and Nusselt number, particularly at
low temperature differences. In addition to measurement
sensitivity, the imposed vibration may have interacted
differently with the buoyancy-driven flow at each frequency
and heat-flux level. This interaction could have produced non-
uniform near-wall fluid renewal and a non-monotonic thermal
response. Therefore, the observed variations likely resulted
from the combined influence of measurement sensitivity,
thermal-response stability, and the interaction between
oscillatory forcing and natural convection rather than from
amplitude alone.

Overall, the results indicated that amplitude alone did not
predict an increase in Nu; its effect depended on vibration
frequency and heat-flux level.

5.4 Effect of vibration frequency on Nu

Figure 6 shows the effect of vibration frequency on Nu at
the three heat-flux levels. The results showed that vibration
frequency affected Nu non-monotonically and differently
across the tested heat-flux levels. At g, the frequency-based
Nu increased from 66.97 at 10 Hz to 67.57 at 15 Hz and 70.10
at 20 Hz, corresponding to an overall increase of
approximately 4.7% between 10 and 20 Hz.
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Figure 6. Effect of vibration frequency on the Nusselt
number (Nu) at different heat-flux levels

By contrast, at g5, the maximum Nusselt number within the
tested frequency range occurred at 10 Hz. Increasing the
vibration frequency from 10 to 20 Hz reduced the Nusselt
number from 110.63 to 97.96 and then to 64.49 at 15 and 20
Hz, respectively. The reduction in the Nusselt number at
higher frequencies may have been due to reduced near-wall
fluid renewal or excessive disturbance of the buoyancy-driven
flow structure. However, this interpretation remains
speculative because the flow field was not measured directly.



At g4, the frequency-based Nu decreased from 78.01 at 10
Hz to 65.42 at 15 Hz and 65.29 at 20 Hz, corresponding to an
overall reduction of approximately 16.3%. The change
between 15 and 20 Hz was approximately 0.2%, compared
with an overall reduction of approximately 41.7% between 10
and 20 Hz at g3’ . This behavior suggested that buoyancy-
driven convection was already well established under the static
condition at the highest heat-flux level.

Overall, the frequency response depended on the heat-flux
level rather than following a common monotonic trend.

5.5 Enhancement factor analysis

Following the separate amplitude and frequency analyses,
EF was used to quantify the change in heat-transfer
performance under mechanical vibration relative to the
corresponding static condition at the same heat-flux level.
Table 5 lists the calculated EF values, and Figure 7 plots them
against vibration frequency. EF values greater than unity
indicate improved heat-transfer performance relative to the
static condition. In contrast, EF values below unity indicate
that vibration did not enhance heat-transfer performance
relative to the static baseline.

At q{, the EF was 10.17, 10.26, and 10.64 at 10, 15, and 20
Hz, respectively, indicating that the vibration-assisted Nusselt
number was approximately 10.17-10.64 times greater than the
corresponding static value.

At g4, the EF decreased from 1.691 at 10 Hz to 1.497 at 15
Hz and 0.986 at 20 Hz. These results indicated that vibration
enhanced heat transfer at 10 and 15 Hz, whereas at 20 Hz the
vibration-assisted Nusselt number was approximately 1.4%
lower than the corresponding static value.

At g5, EF was approximately 0.783, 0.657, and 0.656 at 10,
15, and 20 Hz, respectively. These EF values corresponded to
reductions in the frequency-based Nu of approximately 21.7%,
34.3%, and 34.4% relative to the corresponding static Nu.

Overall, EF decreased as the heat-flux level increased from
q1 to q5. However, this trend applies only to the investigated
low-frequency and micro-amplitude range.
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Figure 7. Variation of enhancement factor (EF) with
vibration frequency at three heat-flux levels

6. CONCLUSIONS

This experimental study evaluated the effect of low-
frequency mechanical vibration on natural-convection heat
transfer from a horizontal heated plate immersed in stagnant
water. The principal findings within the investigated range are:
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1. Under static conditions, Nu increased with the modified
Rayleigh number. This trend indicated that increasing the heat
flux strengthened buoyancy-driven natural-convection heat
transfer from the heated plate to the surrounding water.

2. Under vibrating conditions, Nu responded non-
monotonically to amplitude, indicating that the thermal
response depended on the combined effects of heat flux,
frequency, and amplitude rather than on amplitude alone.

3. The effect of vibration frequency depended on the heat-
flux level. At the intermediate heat-flux level, the 10 Hz
condition produced the highest frequency-based Nu within the
tested range, whereas higher frequencies produced lower
frequency-based Nu values.

4. EF decreased as the heat-flux level increased. It was
highest at g1’ and remained below unity at g3, indicating that
vibration reduced Nu relative to the static condition at the
highest heat-flux level.

5. Overall, the results indicated that Nu under vibration
depended on the static Nu, vibration frequency, and amplitude.
These findings are limited to stagnant water, the tested heat-
flux levels, vibration frequencies of 10-20 Hz, and micro-
amplitudes of 0.16—0.19 mm.
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NOMENCLATURE

A area, m>

a vibration amplitude, mm

EF enhancement factor

f vibration frequency, Hz

Gr} modified Grashof number

g gravitational acceleration, m-s™

h heat transfer coefficient, W-m2-°C!

I current, A

k thermal conductivity, W-m™!-°C"!

L, characteristic length, m

Nu Nusselt number

Nugorr correlation-based Nusselt number

Nugiatic static Nusselt number

Nustatic,exp

experimental static Nusselt number

Nuyp Nusselt number under vibrating conditions

P power, W

Per perimeter, m

Pr Prandtl number

q" heat flux, W-m™

Raj modified Rayleigh number

T¢ film temperature, °C

Ts mean plate surface temperature, °C

T temperature measured by the i-th surface
sit thermocouple, °C

To bulk-water temperature, °C

AT temperature difference, °C

4 potential difference, V
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Greek symbols
p thermal expansion coefficient, K™!
Vv kinematic viscosity, m?-s™!
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Subscripts

corr
exp

f

i

S
static
vib

correlation
experimental

film

thermocouple index
surface

static

vibrating





