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ABSTRACT 

Natural convection heat transfer under forced vibration has been the subject of a large number of studies due to 
the lower thermal conductivity of conventional fluids for instance ethylene glycol, water, engine oil, etc. The 
observations were implemented to obtain an improvement in the coefficient of heat transfer resulting from 
mechanical vibrations induced to a vertical cylinder. This work includes a practical investigation of natural 
convection heat transfer in a concentric vertical cylinder and the effect of forced vibration on heat transfer 
augmentation. The brass body of cylindrical shape was located inside the center line to heat vertical cylinders of 
internal and external diameter 16 cm and 30 cm, respectively. Constant heat flux is supplied to the test model, 
ranging from 35 to 75 W/m2. The vibration frequency was varied for the values of 90, 110, 140, and 180 Hz and 
the vibration amplitude length was kept constant at 0.6 amps. The findings reveal that the local heat transfer 
coefficient is clearly affected by the amount of heat input and axial distance of the cylinder, indicating a positive 
relationship with the first and an inverse relation with the latter, while an obvious increase is observed in the 
local Nusselt number along the cylinder axis from bottom to top. 
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INTRODUCTION 

Forced vibration in conjunction with free convection heat transfer is employed in various industrial and 
engineering applications such as rocket motors and program of space, etc. investigated the effect of forced 
vibration on natural convection from heated surfaces, analytically, could be implemented using two methods. In 
the first, vibration is impacted upon a neighbouring wall in a fluid medium. In the second method, the vibration 
affects the surface of the medium itself. One of the antecedent studies investigating the effect of vibrations on 
the heat transfer process in a horizontal tube was carried out by Al-Shorafa’a [1]. There are several works 
conducted about the effect of vibrations on the rate of heat transfer inside vertical and horizontal cylinders as 
well as flat surfaces in addition to the rest of known geometric shapes. Various ranges of vibrations were used 
with different ranges of amplitudes under different thermal boundary conditions. The problem of increasing heat 
in rocket propulsion engines, which then leads to engine failure due to the resulting vibration, is one of the most 
important practical problems that prompted scientists to pay attention to the excitation of vibrations [2]. 

Forbes et al. [3] conducted an experimental investigation of the forced vibration influence on the heat transfer 
characteristics of a differentially heated vertical slot.  A vibration was projected perpendicular to the gradient of 
temperature. The researchers found that the vibration leads to further improvement of heat transfer. This idea 
has been used in many types of research [6-8] in which a rectangular cavity is used as a geometry. It is 
important to note that these states are limited and applied in a thermal system that has a natural frequency. An 
important issue connected to the process of improving heat transfer is the sort of thermal boundary conditions 
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used in the experiment, the direction of vibration effect with the geometry, and the gradient of temperature. 
Only here we have mentioned to the papers so that the boundaries of the enclosures are at a uniform temperature 
and the direction of effect of the vibration is perpendicular to the gradient of temperature. For other kinds of 
thermal boundary conditions and directions of vibrations can be seen in [9-11].  

Parsad and Ramanthan [4] conducted an experimental study on free convection heat transfer from the surface of 
a longitudinally vibrating vertical cylinder. The findings showed that the vibration causes a significant increase 
in the steady-state heat transfer especially at low values of the Rayleigh number. The effect of oscillations 
decreases when the Rayleigh number increases. It is also found that the greatest increase in the rate of heat 
transfer ranges between 9% and 33%. Kamotani et al. [5] examined the effect of forced vibration with zero 
mean on the characteristics of heat transfer thermal system. Their data showed that the vibration has no 
significant influence on the rate of heat transfer. These results can be explained by the use of small ranges of 
vibration and amplitude of vibration in that investigation. Mozurkewich [12] studied experimentally the effect of 
the acoustic standing wave generated in a free stream on the heat transfer from a cylinder. At a constant value of 
cylinder diameter and frequency, he proved that the Nusselt number rises with acoustic amplitude rising and at 
high values of acoustic amplitude the average Nusselt number is determined by forced convection correlation 
and follows a steady-flow, while at a low value of acoustic amplitude the Nusselt number follows free 
convection and has a fixed value.  

Udi Shakir [13] presented a practical study of the effect of forced vibration on the heat transfer coefficient of 
free convection from the surface of annular finned cylinders with different inclination angles. The researcher 
concluded that shaking the cylinders in still air increases heat transfer in a limited range. The heat transfer 
coefficient of vertical vibration of heated cylinders decreases with the increase in the tilt angle and its greatest 
value is detected when the cylinder is either horizontal or inclined close to the horizontal position. Abdalhamid 
[14] carried out an experimental study on the influence of vertical vibrations on the coefficient of natural 
convection heat transfer from a flat surface made of aluminium. Constant heat flux was utilized as a fixed 
boundary condition to heat the bottom flat plate surface with power ranging from 250 to 1500 W/m2. The effect 
of inclination angle (0o, 30o, 45o, 60o, and 90o) on the coefficient of heat transfer was tested and different ranges 
of frequency (2 – 16 Hz) were also applied as well as ranges of vibration amplitude (1.63 – 7.16 mm). The 
results showed that the vibration amplitude has an important role in increasing the heat transfer coefficient for 
tilt angles of 0o, 30o, 45o, and 60o and the maximum enhancement was observed at 13.3% in the horizontal 
position. In the vertical case of the plate, the coefficient of heat transfer decreases by up to 7.65% as a maximum 
with increasing the excitation.  

Zena and Hadi [15] carried out a practical study on the effect of forced vibration on the natural convection heat 
transfer from a copper plate with a sinusoidal top wall manufactured by a wire-cutting machine. The plate 
dimensions are taken as 350×150×10 mm (length × width × thickness), and the ratio of amplitude to wavelength 
is 0.3. The bottom surface is subjected to a constant heat flux by an electric heater with power ranging from 250 
to 1500 W/m2. Forced vibration in the range of 5 – 25 Hz is projected in the vertical orientation with various 
peak-to-peak vibration amplitudes [3, 4, and 5 mm]. Different ranges of the Rayleigh number were used during 
the experiment (1.5×108 – 4×108) and the vibrational Reynolds number ranging from 2×103 to 10×103 with 
different values of Prandtl number (0.707 – 0.710). Three flat surface positions were studied which are 
horizontal, vertical, and upper surface faced down. The experimental results concluded that the increase in the 
vibration effect improves the vibrational, and rate of heat transfer mean Nusselt number and the percentage of 
increase depends on the Rayleigh number, the heated surface position, and Reynolds number.  

Hosseinian et al. [16] searched experimentally the enhancement of heat transfer in a flexible double pipe heat 
exchanger made of PVDF using MWCNT-water nanofluid as a working fluid. The test rig was examined for 
different mass fractions and forced vibration was applied on the outer wall of the heat exchanger generated by 
electric vibrators. The results showed that the use of vibration increases the heat transfer rate, but at the same 
time reduces the deposition of nanoparticles. The increase of many parameters such as the temperature of 
nanofluid, vibration level, and mass flow rate enhances heat transfer. The highest increase in heat transfer 
coefficient was obtained at the greatest level of vibration (9 m/s²) and the lowest mass fraction (0.04%). Nasrat 
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et al. [17] studied experimentally the influence of forced vibration on the free convection heat transfer inside a 
rectangular enclosure with an aspect ratio of 0.5 using air as a working fluid. A mechanical vibrator was used to 
generate a transverse vibration for different ratios of frequency (0.87 – 1.6). The experiment was conducted 
under constant heat flux with vibrational Rayleigh number ranged between 0.12 ×107 and 2.7×107 with thermal 
input power varying from 20 W to 45 W. The experimental data demonstrated that the forced vibration affects 
heat transfer parameters and at constant heat flux with frequencies near to the system natural frequency 
considerable heat transfer was achieved. It is also showed that the maximum values of heat transfer parameters 
with low power consumption can be obtained at a proper value of heat flux and frequency ratio. The heat 
transfer was studied in different application and by using different technologies. It was found that mechanisms 
of heat transfer and flow characteristics effected by porosity considerably, aspect ratio, Rayleigh number, and 
Darcy number [18-25]. 

THE EXPERIMENTAL SETUP  

The components of the experimental system have been designed and fabricated for the sake of achieving the 
objectives of the study. The system consists of two main parts; the test section and the vibration system, all will 
be explained in the next subsections. 

Test Section  

The outer cylinder is manufactured from aluminium metal with dimensions 350×300 (Height × Diameter, all in 
mm) and fixed at both ends on brackets seated on the vibrating strip which transfers vibrations to the cylinder. 
The outer cylinder is filled with water forming a free surface of height up to 300 mm and flows downward to 
leave through the outlet pipe. The inner cylinder is an enclosure manufactured from copper with a height of 250 
mm, a diameter of 160 mm, and 4 mm thickness. It is filled with a test fluid of height up to 200 mm. The heater 
is made of a cylindrical rod having a diameter of 16 mm and 195 mm in length, covered with a layer of brass. 
Five K-type thermocouples are distributed on the outer surface of the rod with a distance of 40 mm between 
them. Temperatures values are measured and turned into recorded data via a data acquisition system for finally 
read by a computer. Figure 1 shows a schematic of the experimental test section.  

Vibration System 

The vibration system is created to generate the requirements and overcome problems and difficulties 
accompanied during work. The single-phase vibrator is fixed by screws on the outer frame and tightened firmly. 
Wire of specific quality with multi-core is used to demonstrate vibration amplitude or frequency which could 
range from low to high values. An accelerometer is used to pick up vibration indicated at the surface of the outer 
cylinder and transfer it to a vibration meter. The accelerometer could regulate velocity, acceleration, or 
amplitude.   

 

Figure 1. Schematic of the experimental test section. 
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Experimental Procedure  

Experiments were conducted firstly for free convection without vibration and then secondly was accompanied 
with forced vibration to study its effect. At first, the heater inside the inner cylinder is supplied with electric 
power and water starts to flow into the outer cylinder and we wait until the steady-state condition is reached. 
When two consecutive similar readings are obtained, the output data is recorded. The output readings of the 
thermocouples are not the same because they are distributed over different positions of the heater surface. The 
average of these values is taken, which represents the mean surface temperature of the heater. A variable 
resistance device is used to provide the heater with various electric power; thus this experiment is repeated four 
times for four values of the power input . Secondly, the electric heater is equipped with random internal power, 
and the dimmer stat is set to the power-load location to start forced vibration on the cylinder surface. The 
dynamo is organized to the desired value and the vibration resulting from the accelerometer is then directed to 
the bracket holding the cylinder. The power supply to the vibration meter needs to reach a steady-state condition 
so that velocity, acceleration, or amplitude all be at steady-state. In the end, data of frequency, amplitude, 
electrical power, voltage, current, temperature difference, and ambient temperature are recorded.  

Theoretical Equations and Uncertainty analysis   

The test fluid thermophysical properties was calculated at the film temperature (Tf), which represents the 
arithmetic mean of the surface temperature of the heater (Ts) and the bulk temperature (Tb) of the fluid, as 
follows 

𝑇𝑇𝑓𝑓  =
𝑇𝑇𝑠𝑠 + 𝑇𝑇𝑏𝑏

2
                                                                                                                                                                             (1) 

The fluid bulk condition is determined for free convection with or without vibration influence. This is achieved 
by taking the fluid average temperature at the thermocouple positions, which are precisely at the same altitude 
measured from the container bottom wall as the positions of thermocouples devoted to the cylindrical heater. 
The local heat transfer coefficients (hx) at dissimilar locations are calculated as follows 

ℎ𝑥𝑥 =
𝑄𝑄

𝐴𝐴𝑠𝑠 × ∆𝑇𝑇𝑥𝑥
                                                                                                                                                                         (2) 

ℎ𝑥𝑥1 =
𝑄𝑄

𝐴𝐴𝑠𝑠 × (𝑇𝑇𝑠𝑠1 − 𝑇𝑇𝑓𝑓1)
 , ℎ𝑥𝑥2 =

𝑄𝑄
𝐴𝐴𝑠𝑠 × (𝑇𝑇𝑠𝑠2 − 𝑇𝑇𝑓𝑓2)

 , … 𝑒𝑒𝑒𝑒𝑒𝑒.                                                                                             (3) 

where Ts1 to Ts5  are temperatures of the five thermocouple positions on the surface of the cylinder and Tf1 to Tf5 
are the fluid temperatures at the same height.  
The local Nusselt number is obtained as 

𝑁𝑁𝑁𝑁𝑥𝑥 =
ℎ𝑥𝑥 × 𝑙𝑙𝑐𝑐
𝑘𝑘

                                                                                                                                                                         (4) 

And the Rayleigh number is calculated as 

𝑅𝑅𝑅𝑅𝐿𝐿 = 𝐺𝐺𝐺𝐺 × 𝑃𝑃𝐺𝐺                                                                                                                                                                       (5) 

The overall Nusselt number is given as  

𝑁𝑁𝑁𝑁𝐿𝐿 = 0.287 × (𝑅𝑅𝑅𝑅𝐿𝐿)0.287                                                                                                                                                  (6) 

The obtained random values indicate the deviation in the physical quantity from one measurement variable to 
the next, due to random fluctuations exist in the measured value. To tackle this problem, the value of each 
variable is measured several times and a method of uncertainty analysis is followed [26].  Throughout the 
experiments, all the temperature values were obtained by thermocouples that have an error of 0.1 oC. To find the 
experiment uncertainty from the accuracy of the individual instruments, the following mathematical expression 
is employed [26]: 
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where,  

F and ε:  are the calculated quantity (output variable) and the uncertainty, respectively. 

x1, x2, …..xi: are the measured (input) variables. 

In this work, the uncertainty results from an error occurred due to measurement of temperature, rate of heat 
transfer, and vertical brass rod physical dimensions. The heat transfer coefficient with an accurate value will be 
obtained from the following equations:  
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RESULTS AND DISCUSSION  

The experiments were carried out at various heat input 35W, 45W, 55W, and 75W after the input voltage was 
regulated to give the required values of input power. The outside temperatures of the vertical brass cylinder are 
uniform with the use of thermocouples in the liquid axial direction which increases for any input power because 
of the high coefficient of convective heat transfer at the bottom position of the cylinder.  Figure (1) shows the 
process of temperature change with the axial distance at different heat inputs. It is known that the temperature 
values increase in the lower part of the cylinder and decrease in the upper part because the thermal boundary 
layer thickness is very small compared to the upper part of the cylinder where the boundary layer grows and it 
gets thicker which leads to obstruction of heat transfer.  Figure (2) illustrates the process of variation of the heat 
transfer coefficient with the axial distance.  From the figure, it becomes clear that the value of the heat transfer 
coefficient is large at the bottom of the cylinder, and then begins to decrease gradually as we advance towards 
the top of the cylinder because the thermal boundary layer is thinner at the bottom, then it starts to increase in 
thickness as we head up, causing a decrease in the heat transfer coefficient.  

 

Figure 2. Vertical heater surface temperature along the axial distance without vibrations. 
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Figure 3. Heat transfer coefficient variation with axial distance at different thermal power. 

The variation of the local Nusselt number with the axial distance can be seen in figure 3. The boundary layer is 
known as liquid temperature that keeps rising from the bottom to the top location.  Figure (4) demonstrates the 
variation of average heat transfer coefficient versus thermal inputs power (35W, 45W, 55W, 75W). The figure 
shows an almost linear increase in the average heat transfer coefficient descended from the bottom location 
towards the top location. The process of changing the temperature with the axial distance under the influence of 
vibration can be seen in figure 5. From the figure, it can be seen that the temperature increases in the lower part 
and decreases in the upper part because the thickness of the thermal boundary layer is very little at the bottom 
position of the axial distance, then the temperature starts to increase gradually until it reaches the upper location. 
The vibration influence on the fluid temperature surface increases better than in the absence of vibration. Figure 
6 shows the variation of local coefficient of heat transfer with axial distance under the effect of vibration. From 
the figure, we can notice that the coefficient of heat transfer is high at the bottom location, and then it starts 
decreasing slightly until it reaches the top location. Also, the value of the convective heat transfer coefficient in 
the case of vibration is higher because the vibration lacerates the thermal boundary layer, causing an increase in 
the rate of heat transfer. Local Nusselt number is evaluated from Eq. The deviation of local Nusselt number 
onward the axial direction is representing. 

 

Figure 4. Local Nusselt number variation with axial distance at different thermal power. 
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Figure 5. Heat transfer coefficient variation with thermal power input. 

 

Figure 6. Vertical heater surface temperature along the axial distance with the presence of forced vibration. 

  

Figure 7. Heat transfer coefficient variation with axial distance at different thermal power with the presence of 
forced vibration. 
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Figure 8. Local Nusselt number variation with axial distance at different thermal power with the presence of 
forced vibration. 

 

Figure 9. Heat transfer coefficient variation with thermal power input with the presence of forced vibration 

CONCLUSIONS  

1. The heat transfer coefficient and Nusselt number increases as frequency and amplitude increases. 
2. The thermal boundary layer increases slightly from the bottom position to the top position. 
3. The increase in temperature variation leads to a decrease in the free convection of the cylinder surface.  
4. The term (Gr×Pr) has a bad influence on the vibration heat transfer rate while the vibration Reynolds number 

has a good influence on the rate of heat transfer.  
5. The Study approximately this test cylindrical diameter decreases with vibration frequency will increase and 

substantially will increase temperature distinction.  
6. The influence of vibration on free convection heat transfer is improved by water at 75W thermal input power 

and the coefficient of heat transfer is enhanced from 361 W/m2K to 380 W/m2K. 
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