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ABSTRACT 

The influence of forced vibration on the free convection heat 

transfer from a sinusoidal surface has been experimentally 

investigated in this paper. A copper plate of [350×150×10 

mm] length, width and thickness respectively has been used as 

a test sample where, the upper surface of this plate is 

manufactured by a wire-cutting machine as a sinusoidal 

surface with 0.3 amplitude to wavelength ratio. This plate is 

heated by electric heater under constant heat flux conditions 

ranging as [250, 500, 750, 1000, 1250 and 1500 W/m2] and 

subjected to vertical forced vibration with frequencies [5, 10, 

15, 20 and 25 Hz] and [3, 4 and 5 mm] peak to peak vibration 

amplitude, the Rayleigh number (Ra) ranging from [1.5×108 

to 4.0×108], the vibrational Reynolds number (𝑅𝑒𝑣) ranging as 

[2×103, 4×103, 6×103, 8×103 and 10×103] and the Prandtl 

number ranging from [0.707 to 0.710] at the ambient 

laboratory conditions approximately (25ºC) and pressure of (1 

bar).  This study is performed for three different positions of 

sinusoidal surface: horizontal, vertical and facing downward 

positions. This study concluded that the influence of vibration 

generally enhances the heat transfer rate and the vibrational 

mean Nesselt number (𝑁𝑢𝑣𝑚𝑒𝑎𝑛 ); however the amount of this 

enhancement depending on the vibrational Reynolds number, 

Rayleigh number and the position of the heated surface as 

shown in the following empirical equations: 

 For the horizontal position 

𝑁𝑢𝑣𝑚𝑒𝑎𝑛 = 41.547 ∗ 𝑅𝑎0.091 ∗ 𝑅𝑒𝑣
0.017                           (1.1) 

For the vertical position 

𝑁𝑢𝑣𝑚𝑒𝑎𝑛 = 22.66 ∗ 𝑅𝑎0.119 ∗ 𝑅𝑒𝑣
0.018                              (1.2) 

For the facing downward position 

𝑁𝑢𝑣𝑚𝑒𝑎𝑛 = 0.98 ∗ 𝑅𝑎0.269 ∗ 𝑅𝑒𝑣
0.037                                (1.3) 

General Terms 

𝑁𝑢𝑚𝑒𝑎𝑛 : the mean  Nusselt number,  𝑅𝑒v : vibrational 

Reynolds number, 𝑁𝑢𝑣𝑚𝑒𝑎𝑛 : vibrational mean Nesselt 

number, 𝑅𝑎: Rayleigh number, 𝑞≈: heat flux (𝑊 𝑚2 ), 𝑄𝑔𝑒𝑛 : 

Heat generation as a result of the passage of an electric current 

(𝑊𝑎𝑡𝑡),  𝑉: the voltage (𝑉𝑜𝑙𝑡), 𝐼: the current (𝐴𝑚𝑝), 𝑄𝑐𝑜𝑛𝑣 : 

thermal energy transmitted by convection (𝑊𝑎𝑡𝑡),  

𝑄𝑟𝑎𝑑 .: thermal energy transmitted by radiation (𝑊𝑎𝑡𝑡),  

𝑄𝑐𝑜𝑛𝑑 : Thermal energy transmitted by conduction (𝑊𝑎𝑡𝑡),  

𝐿𝑐 : Characteristic length (𝑚),  

𝑓: Vibration frequency (𝐻𝑧), 𝑎𝑣: vibrational amplitude (𝑚),  

𝑣: Kinematic viscosity of air (𝑚 𝑠2 ), 

  𝛽: Thermal expansion coefficient (1 𝐾 ),  𝑔: acceleration of 

the gravity = 9.81 (𝑚 𝑠2 ), 𝐿: the length of test sample (𝑚),  

𝑇∞ : The fluid temperature (℃), 𝑇𝑠𝑎𝑣 : average surface 

temperature (℃), 𝑁𝑢𝑣𝑥: vibrational local Nesselt number, 

𝑃𝑟: Prantl number, 𝑣𝑥: vibrational local heat transfer 

coefficient (𝑊 𝑚2. ℃ ), 𝐾: thermal conductivity of fluid 

(𝑊 𝑚. ℃ ), 𝑥 and 𝑦: Cartesian coordinates. 
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1. INTRODUCTION 
The fast technological progress of nowadays has directed the 

attention of research workers to investigate possible 

techniques of heat transfer augmentation in various 

engineering systems. Some of such techniques resort to 

modifying of heat transfer surfaces, introducing vortex 

generators at inlet, applies an electrostatic field, modifying the 

duct cross section, and vibrating the heat transfer surface. 

These techniques generally result in an increased heat transfer 

coefficient due to the change in the flow pattern; however, 

during recent years, considerable attention has been focused 

on heat transfer augmentation by means of vibration and 

modifying of heat transfer surface. 

One of the practical problems, which originally inspired 

interest in the effect of vibration on heat transfer, was 

encountered in rocket propulsion motors. As combustion 

instability of high amplitude occurred in such motors, the 

local heat transfer to the motor walls drastically increased and 

the wall temperature rose to the point where the motor was 

destroyed [1]. 

The influence of vibration on the convective heat transfer 

which has been investigated in the past studies for cylinders, 

flat plate and other geometries and has carried out for 

different directions of applied vibration relative to these 

surfaces and for various ranges of applied frequency and 

amplitude and for different thermal boundary conditions. The 

results of these investigations show that the vibration gives a 

large increase to none increase or even decrease in the heat 

transfer rate [2]. 

The past studies in this field dealt with the effect of vibrations 

on the heated surfaces by two ways. In the first way, the 

surface is held stationary and acoustic vibrations are imposed 

in the fluid medium which is surrounding the surface; whereas 

the other way, a vibrational motion is applied on the heated 

surface itself [3].  

On the other hand, the study of free convection heat transfer 

from the surfaces with complex geometry has received 

considerable attention due to its practical applications. The 

corrugated surfaces are encountered in many applications 

such as electronic cooling, flat plate solar collectors and flat 

plate evaporators in refrigerators. The sinusoidal wavy surface 

encompasses all other roughened surfaces and can be viewed 

as an approximation to many practical geometries for which 

free convection heat transfer is topic of interest [4]. 
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      Corrugation surface is very important for heat transfer 

analysis as it has a significant thermal characteristic. There are 

different types of corrugations like trapezoidal, sinusoidal, 

Vee, and rectangular wave. Each one has different significant 

heat transfer enhancement ability; therefore the convection in 

the presence of the corrugation has a great importance in the 

thermal engineering [5]. 

Bhavnan et al. 1991 presented an experimental study of the 

natural convection heat transfer from the sinusoidal wavy 

surface on vertical plates which showed that the heat transfer 

is increased (maximum increase) by about (15%) at an 

amplitude to wavelength ratio of (0.3) compared with the flat 

plate[6]; however the influence of harmonic oscillations on 

free convective heat transfers is investigated by K. 

KRISHNA PRASAD [2], 1971 who showed that the 

maximum increase in heat transfer rate of vertical plate is 

(33%) for comparison with non-vibrational case. The 

influence of vibration on heat transfer is conducted for many 

test geometries but the corrugated plate is appeared in the 

study of M. A. Saleh [1], 2006, for V-shaped grooves and 

square-shaped grooves where this experiment shows that 

vibration is a powerful enhancement tool, the heat rate 

increasing more than 2.5 fold; while Abdalhamid R. Sarhan 

[7], 2013, conducted the investigation of the influence of 

vibration on the free convection from the longitudinally 

finned plate and he reported a good enhancement of heat 

transfer rate due to vibration’s applying. 

2. OBJECTIVES OF THE RESEARCH 

2.1 The Aims 
The proposed study aims to achieve experimental 

investigation of the influence of vibration on the heat transfer 

from the sinusoidal surface heating upward and downward in 

different positions with constant heat flux. 

2.2 The Scope 
Design and manufacture a copper plate has a sinusoidal upper 

surface with optimum amplitude to wavelength ratio. 

Make an experimental study of the effect of applying a forced 

vibration on the heat transfer from a copper plate is heated 

upward and downward in different positions with constant 

heat flux. 

Estimate the empirical equations to govern the experimental 

results of this study. Make a comparison of the results of the 

mean Nesselt number in both cases, with vibration and 

without vibration at the same boundary conditions in each 

position. 

Make a comparison of the results of this study with the 

previous studies. 

3. THEORITICAL EQUATIONS 
The total heat that is generated by the heater can be calculated 

as [8]: 

𝑄𝑔𝑒𝑛 = 𝑉 ∗ 𝐼                       (3.1) 

So that the amount of heat transferred by convection from the 

corrugated surface can be calculated from the equation 

follows: 

𝑄𝑐𝑜𝑛𝑣 =  𝑄𝑔𝑒𝑛 −  𝑄𝑟𝑎𝑑 − 𝑄𝑐𝑜𝑛𝑑                (3.2) 

The vibrational Reynolds number is the ratio between the 

inertia force to the viscous force of the boundary layer of 

velocity, which results from the vibrations [7]. 

𝑅𝑒𝑣 =  
2𝜋∗𝑓∗𝑎𝑣∗𝐿𝑐

𝜈
                    (3.3) 

The Rayleigh number is defined as the ratio between the 

buoyancy force and the viscous force [9]. 

𝑅𝑎 =  
𝛽∗𝑔∗ 𝑇𝑠𝑎𝑣 −𝑇∞  ∗𝐿𝑐

3

𝜈2
∗ 𝑃𝑟                 (3.4) 

The vibrational local Nesselt number can be calculated as: 

𝑁𝑢𝑣𝑥 =  
𝑣𝑥∗𝐿𝑐

𝐾
                 (3.5) 

So that the vibrational mean Nesselt number is found as [10]: 

𝑁𝑢𝑣𝑚𝑒𝑎𝑛 =  
1

𝐿
 𝑁𝑢𝑣𝑥 𝑑𝑠
𝐿

0
                (3.6) 

4. EXPERIMENTAL APPARATUS 
In order to achieve the aim of this study, design and fabricate 

the apparatus which consists of the test sample and the 

vibration rig. 

4.1 Test Section 
The test section includes the heater, insulations, 

thermocouples and the test sample which is a copper plate 

with (32 × 15× 1 cm) dimensions; the upper surface is 

manufactured as a corrugated surface by wire-cutting machine 

while the base of plate remains flat with a thickness of (2 

mm). The corrugated surface has specifications of a sine-wave 

form with a function profile is: 

y=3*sin〖(2πx/10)〗                                 (4.1) 

As well as  it has optimum and effective amplitude to 

wavelength ratio is (0.3). 

Fig 1: shows the photograph of manufacturing of the 

sinusoidal surface by wire cutting machine with corrugation 

amplitude (3 mm), wavelength is (10 mm) and number of 

waves is (35). 

 

Fig 1: Photography of manufacturing by wire-cutting 

machine. 

4.2 Vibration System and Vibration Rig 
The vibration system is very important and sensitive system 

because it has accurate devices and other requirements to 

generate, calibrate and measure the vibration parameters. The 

devices that are used in this system are the function generator, 

oscilloscope, power amplifier, shaker and vibration meter. In 

order to make these devices match the test section and fit with 

work requirements and conditions, the vibration rig is 

manufactured to meet these requirements and to overcome 

some work challenges. 
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The vibration rig is built and designed from a cubic block of 

wood with dimensions [30×30×70 cm] length, width and 

height respectively, and it has a relatively wide square base to 

fix the rig on the ground, and there are two grooved wooden 

pillars constructed on the two sides of the block with total 

height 110 cm. Vibration exciter is installed on the wood 

block and tightened by four screws through a thin wooden 

washer to absorb the backlash vibrations of the base of the 

device.  The vibrating part of the exciter device is connected 

to U shape holder by a bolt from the concave and the U shape 

in turn holds the test section by two bolts in its open ends so 

as to permit to the test section to rotate 360 degrees to enable 

different positions study for the test section. 

A one-way sliding channel is placed inside the grooves of the 

side wooden pillars and it is tied to the U shape holder to 

restrict the side movement of the test section and to allow the 

up-down movement only to ensure applying a vertical 

vibration on the plate without any side vibrations. 

As well known, the exciter is very sensitive and expensive 

device and it doesn’t bear long-time operation under high 

weight load; therefore two springs are used to hang the test 

section to reduce the load and the pressure on the device and 

to raise its efficiency. 

Fig 2 illustrates the vibration rig where A) represents a real 

photography; while B) represents a schematic of the vibration 

rig where the legend as follows: 

1: two spring to reduce the load; 2: test samples; 3: the U-

shape holder; 4: the exciter; 5: one-way sliding channels; 6: 

the wooden frame (block, two pillars and the base). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2: The Vibration Rig.  

4.3 Measurement Devices 
Various types of measurement devices are used in this study 

because of the variety of measured parameters where 

Oscilloscope and the vibration meters are used to the vibration 

monitoring, while the electric variables is measured by AVO 

meter and Clamp meter; however the thermocouples and 

thermal Camera to deal with the temperature measurement; 

where Fig 3 shows the photography of thermal camera; 

whereas the Fig 4 illustrates a photography of installation of 

the whole system. 

 

Fig 3: Photography of the Thermal Camera.  

4.4 Uncertainty Analysis 
Random Error refers to the deviation or the spread in the 

values of a variable (physical quantity) from one measurement 

of the variable to the next, due to the random fluctuations in 

the measured value. The problem’s solution is to repeat the 

measurement several times; this uncertainty analysis is based 

on the method is suggested by the reference [11]. 

The maximum measurement uncertainties were: the heat flux  

±6.73 %, while ±7.14 % for the heat transfer coefficient,  

±7.26% of the Nesselt number, ±3.96% for Rayleigh number 

and ±8.98% for the vibrational Reynolds number. 

5. RESULTS AND DISCUSIONS 
The Fig 5: explains the effect of the Rayleigh number (Ra) on 

the mean Nesselt number (Numean) of all applied heat fluxes 

and for the horizontal, vertical and facing downward positions 

where it clarifies the increasing of the Rayleigh number leads 

to increase the mean Nesselt number in all applied heat fluxes 

and for the three positions above. As well as it can be noticed 

high proportional increasing on the value of the mean Nesselt 

number when the Rayleigh number range from 1.5×108 to 

2.0×108 because of the significant increasing in the heat 

transfer coefficient when the heat flux change from [250 to 

500 W/m2]. 

Fig 6: illustrates the influence of vibration amplitude on the 

mean vibrational Nesselt number, where the vibration 

amplitude increases, then the mean vibrational Nesselt 

number increased accordingly for all applied heat fluxes and 

for the horizontal position, because of the increasing of the 

vibrational amplitude leads to increase the vibration density 

(intensity), which cause a certain increase of the 𝑁𝑢𝑣𝑚𝑒𝑎𝑛 , 

which in accordance with the reference [12]. So the maximum 

value of the mean vibrational Nesselt number is achieved 

when the vibration amplitude is equal to (5 mm peak to peak) 

for all applied heat fluxes and all applied frequencies and for 

the three positions; therefore all the following calculations and 

results are based on constant vibration amplitude is considered 

to (5 mm). 

Fig 7: illustrates the vibrational mean Nesselt number with 

the vibrational Reynolds number of the horizontal, vertical 

and facing downward position for all applied heat flux. It can 

be noticed that the vibrational mean Nesselt number increases 

when the vibrational Reynolds number is increased for the 
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A)Photography B) Schematic of vibration Rig 
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three positions as well as the vibrational mean Nesselt number 

in the horizontal position is higher than that of vertical 

position which is in turn higher than that of facing downward 

position 

Fig 8,9 and 10: demonstrate the mean Nesselt number in the 

both cases, in case of vibration’s absence and in case of 

vibration’s existence according to the method of reference [2], 

for the horizontal, vertical and facing downward positions. It 

can be noticed that the vibration applying make augmentation 

on the mean Nesselt number and the better enhancement is in 

the horizontal position with percentage (9.5%) while the 

percentage of enhancement of the vertical position is (7.5%) 

whereas the enhancement percentage of the facing downward 

position is (5.8%). 

 

Fig 11: represents a comparison between this study and Saleh 

study reference [1] for the mean Nusselt number (𝑁𝑢𝑣𝑚𝑒𝑎𝑛 ), 

where Saleh study deals with the effect of vibrating V- 

grooved impingement plate on heat transfer by forced 

convection from the heated air jet. The comparison is 

achieved of the following conditions for Saleh study, where 

the Reynolds number (Re=1700), vibration amplitude 
 𝑎𝑣 = 10 𝑚𝑚 and frequency range (from 10 to 25 Hz). It 

clarifies that the mean Nusselt number is high proportional 

increased when the Nesselt number increased until 15 in both 

studies while it witnesses a significant difference beyond 15 

Hz where the 𝑁𝑢𝑣𝑚𝑒𝑎𝑛  of present study shows very little 

increasing in contrast of Salah study, which keeps on the same 

behavior (high proportional increase) and these may be 

attributed to the high value of vibration amplitude of Salah 

study, which is being more effective in high frequency range 

as well as Saleh study is applied for forced convection 

conditions which is originally turbulent and applying high 

frequency cause a significant increase in the flow turbulence 

leads to increase the rejected heat transfer. 

Serhan [7] presents an experimental study to the free 

convection from longitudinally finned plate under conditions 

of constant heat flux same with the present study as well as 

applied frequency ranges including of the ranges of the 

present study except the amplitude range (from 1.63 to 7.16 

mm) which higher than this study. Fig 12: explains the 

vibrational mean Nesselt number (𝑁𝑢𝑣𝑚𝑒𝑎𝑛 ) of both studies 

for all applied heat flux and each applied frequency. It can be 

observed that the both studies have the same behavior in all 

applied frequency ranges (the 𝑁𝑢𝑣𝑚𝑒𝑎𝑛  increase when the 

applied frequency is increased); however the value of the 

𝑁𝑢𝑣𝑚𝑒𝑎𝑛  of Serhan study is higher than that of the present 

study, this difference may be attributed to there is 16 sets of 

fin-arrays work to augment the amount of convective heat as 

well as the higher applied vibration amplitude. 

6. CONCLUSIONS 
 The vibrational mean Nesselt number increases, when the 

vibration amplitude is increased in all investigated cases. 

 The vibrational Nesselt number increases, when the 

vibrational Reynolds number is generally increased, but the 

amount of this increasing depending on the position of the 

sinusoidal surface.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 In the horizontal and vertical positions, the lower ranges 

(2000,4000, 6000) of the vibrational Reynolds number have 

a powerful enhancement on the vibrational mean Nesselt 

number; while the higher ranges (8000 and 10000) have an 

insignificant influence on the 𝑁𝑢𝑣mean . 

 In the facing downward position, the higher ranges (6000 

and 8000) of the vibrational Reynolds number (𝑅𝑒𝑣) have a 

powerful influence on the 𝑁𝑢𝑣mean ; while the lower range 

of 𝑅𝑒𝑣 (2000 and 4000) have a little influence on the value 

of  𝑁𝑢𝑣mean . 

 The vibrational Nesselt number is governed by the 

Rayleigh number, vibrational Reynolds number and the 

position of the sinusoidal surface. 

7. RECOMMANDATIONS 
 Study the influence of vibration on the forced convection 

heat transfer from pipes, cylinder and sphere. 

 Study the effect of the acoustic vibration on the heat 

transfer and compared with a vibrated plate at the same 

conditions. 

 

Fig 4: photograph of installation of the whole system.  
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Fig 5: explains the effect of the Rayleigh number (Ra) on 

the mean Nesselt number (Numean). 

 

Fig 6: effect of vibration amplitude on the 𝑵𝒖𝒗𝒎𝒆𝒂𝒏 

 
 

Fig 7: the effect of the vibrational Reynolds number on the 

vibrational mean Nesselt number and of the horizontal, 

vertical and facing downward position for all applied heat 

flux. 

 

Fig 8: Comparison of the mean Nesselt number value with 

and without vibration for the horizontal position. 

  

 
 

Fig 9: Comparison of the mean Nesselt number value with 

and without vibration for the vertical position. 

 

 
 

Fig 10: Comparison of the mean Nesselt number with and 

without vibration for the downward position. 
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Fig 11: Comparison with Saleh’s study ref [1]. 

 

Fig 12: Comparison with Sarhan’s study ref [7]. 
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