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ABSTRACT: The research includes a practical study to demonstrate the influence of vertical forced vibration in the 

free convection heat transfer coefficient of a long-fined sheet made of Aluminium and compare the results with a 

flat plate. The plate is heated by constant heat flux upwards ranging between (300-1750W/m2) and the tilt angles 

ranged from (25°,45o and 90°). The test model contains (12) rows of fins, dimensions of each fin (300mm length), 

(12 mm height) and (3mm thickness). The effect of frequency (f) was studied for ranges (0, 3, 7, 12 and 16 Hz) and 

the vibration amplitude (a) ranged from (1.51-8.4 mm). The results showed that        the relationship between the 

rate of free heat transfer and the vibration amplitude is proportional with the tilt angles. It was also found that the 

heat transfer coefficient of free convection decreases with the increases of tilt angle, where its value at      the angle 

(25°) was greater by (14.36%) than those for the (45o) and higher than the angle (90°) by (26.71%). 
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INTRODUCTION 

The process of free convection heat transfer from the extended surfaces is the subject of many practical and 

theoretical studies. It is known that fins or finned surfaces are used to increase heat dissipation in many industrial 

and engineering applications by increasing heat transfer area. Thermal dispersants are used in the process of cooling 

microelectronic devices such as mobile devices as well as used in renewable energy systems as in the applications of 

solar energy and in the cooling of nuclear reactors, air conditioners in homes and in cars. In most of these devices, 

air is the heat transfer medium. Different types of fins are used at the heat exchanger air side. In fact, the type of fins 

used depend on the type of manufacturing process as well as the space available within the heat generating devices. 

This area has a large role in the process of cooling. The heat transfer process by free convection from thermal 

dispersants has been used for a long time in devices using low energy density. These dispersions play an important 

role in the cooling processes of electronic devices in the industry because of the advantages of high reliability and 

they do not need maintenance and does not consume any energy and this technology has attracted many researchers 

over the past years. Most of the studies that dealt with the process of convection heat transfer from the extended 

surfaces did not study the vibration process due to the nature of the work [1]. 

Zografos and Sunderland studied experimentally the performance of natural convection heat transfer in staggered 

and inline pin fin arrays at various tilt angle [2]. The experimental data revealed that the inline arrays gives a higher 

rates  of heat transfer than staggered arrangement. In addition, the study showed that the effect of inclination is very 

small when the angle is less than 30o from the vertical. Baskaya et al. implemented experimental investigation to 

study the free convection heat transfer from horizontal fin arrays of rectangular shapes [3]. The influences of 

different parameters on the heat transfer rate such as fin length, spacing between fins and height of the fin had been 
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studied, but the conclusions were not clear because of the different parameters used in the experiment. They 

concluded that it is possible to obtain optimum performance by focusing on one or two parameters. The results 

showed that each of the parameters has an influence   on the heat transfer performance. In general, it can be inferred 

that the rate of heat transfer increases by increasing the fin height and decreasing the fin length. 

Kang and Look made a comparison of various types of fins with different slopes to calculate the heat loss of each 

type [4]. Accurate method was used to solve the law of Fourier and the equation of general conduction. They also 

demonstrated the relationship between the lateral surface fin slop and the length of fin at equal values of Biot 

numbers. All forms of trapezoidal fins used the similar equation by modifying the lateral surface slope value. To 

facilitate the solution process was considered that the heat transfer coefficient from fins to surrounding and the base 

fin temperature are constant. The result revealed that the increasing of lateral surface slop led to decrease the heat 

loss for Biot number 0:01 and 0.1. This means that the loss of heat is lower at triangular fin and increases as the 

trapezoidal fin slope decreases. Hyung used analytical method to optimize a fin of triangular shape with different 

thickness of fin base using 2-D analyzing [5]. The effect of thickness and height of the fin base on the fin 

temperature is reported. The experimental data revealed that the increasing of the fin base thickness led to decrease 

the effectiveness of fin and the heat loss. The increasing of fin volume and the number of convection characteristic 

means a decrease in the effectiveness of the fin despite increased heat loss because of the decreasing in the length of 

fin tip and increasing in the base height of the fin.  

Saad carried out experimental study to investigate the heat transfer by free convection from heat sink of longitudinal 

trapezoidal fins array [6]. The effect of orientation has been taken in to account under controlled external conditions.        

A number of Nusselt has been calculated as a function of Rayleigh number for several directions at Prandtl number 

0.7 and for different ranges of Rayleigh number range from (1400 and 3900). The experimental data showed that the 

horizontal fin of sideward direction yield the highest performance of cooling and the lowest coefficient of heat 

transfer. The coefficient of convection heat transfer of the upward vertical fins is lower than the sideward by (12%) 

while it is higher than by (26%) with respect to the downward orientation fins.  

Yüncü and Anbar reported an experimental investigation of natural convection heat transfer using horizontal base 

backed with 15 sets of rectangular fin-arrays which is tested in atmosphere [7].  The lower side of the heat sink was 

exposed to  a constant thermal flux ranging from 8 W to 50 W. The length and thickness of fin were fixed at 100 

mm and 3 mm, respectively. The height of the fin was variable and varied between 6 mm to 26 mm, while the 

spacing of fin varied between 6.2 mm to 83 mm. The effect of fin height and the distance between the fins was 

studied to see the effect of each parameter separately on the heat transfer process. It was found that for specified heat 

flux, the rate of convection heat transfer from heat sink takes on a maximum value as a function of fin spacing and 

fin height. The heat transfer enhancement in the horizontal plate with fin-arrays was higher than that base plate 

without fins. An empirical correlation relating the convection heat transfer rate of base plate with fins relative to that 

for base plate without fin-arrays with the relevant non-dimensional parameters.  

Kobus and Oshio implemented experimental and theoretical study to investigate the free convection heat transfer 

from a pin-fin heat sink [8]. A mathematical model was formulated to predict the effect of fin length, fin spacing and 

parameters of flow on the heat sink thermal resistance. Empirical correlations were obtained from the experiment 

that was carried out for a wide range of parameters.  The predictability of a mathematical model was compared with 

the experimental data to verify it including the effect of various parameters of fin with perfect fin spacing. Park et al. 

performed numerical investigation to find the free convective heat transfer characteristics of the plate heat exchanger 

Supported with staggered pin- arrays for a fixed volume [9]. The simulation implemented under constant wall 

temperature condition with assumption of periodic fully developed flow for the flow field. Finite volume method 

with second order upwind scheme was used to solve Navier-Stokes equations. To solve multi objective problem the 

weighting method was adopted and the optimization was obtained by using the sequential linear programming 

method (SLPM). The simulated date revealed that the optimal design variables equal to (0.689mm & 2.396mm) for 

the weighting coefficient of 0.5. 
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Mehmet and Derya studied experimentally the free convection heat transfer from heat sink at various ratios of tip-to-

base fin spacing (C=St/Sb) for different Rayleigh numbers range [10]. Tip-to-base fin spacing ratios was ranged from 

0.25 to 1, and height of fin was changed from 15 to 40 mm, while the length of fin, thickness of fin and base fin 

spacing were kept without change at 100, 3 and 12mm respectively. The result showed that there is a close 

relationship between the rate of heat transfer and the ratio St/Sb with fin height based on the difference temperature 

between surrounding and fin and the higher rate of heat transfer obtained at ratios ranged from C=0.50 and C=0.75 

at specified range of Rayleigh number. The experimental data also revealed that cylindrical shaped fin arrays gave 

higher Nusselt numbers as compared to rectangular shaped at the same optimum ratio and the amount of the increase 

in the value of Nusselt reached to 33%. An empirical correlation was obtained for Nusselt number as a function of 

Rayleigh number and other geometrical parameters.  

Abdalhamid performed experimental investigation on aluminium flat plate to study the influence of forced vertical 

vibrations on the coefficient of natural convection heat transfer [11].  The experiment carried out under constant heat 

flux condition on the bottom side ranged from (250-1500 W/m2). The plate was tested in horizontal and inclined 

location with tilt angles (0o, 30o, 45o, 60o, 90o). Different values of frequency (2-16 Hz) and amplitude (2-16 Hz) 

were used during the study. The experimental data observed that the vibration amplitude and coefficient of heat 

transfer increased for tilt angles (0o, 30o, 45o, 60o) and the maximum value obtained at horizontal state (13.3%), but 

for tilt angle (θ = 90o) the coefficient of heat transfer decreased with the excitation increases at ratio (7.65 %). Yalcin 

et al. investigated numerically the free convection heat transfer from vertical rectangular fins with shroud situated 

above the vertical fin-tips [12]. The influence of fin spacing, fin heights and shroud clearance on the maximum rate     

of heat transfer were determined for different combinations of shroud clearance and fin heights to ratios of fin height 

for a fixed temperature of fin-base. The simulated data revealed that the higher rates of heat transfer resulting from 

the higher fins and the clearance of shroud to ratio of fin height.   

Dharma et al. carried out numerical study to investigate the free convection and radiation heat transfer from a 

horizontal fin array [13]. The adjacent internal fins considered two enclosure of fin to tackle the problem 

theoretically.  The simulated data were obtained depending on various parameters such as fin spacing, temperature 

of fin base, fins number on base, various values of fin heights and emissivity to study the effectiveness.  There are a 

large number of experimental studies in the literature on heat transfer by free convection from heat sinks with 

rectangular shape located horizontally or vertically and annular circular fins [14-17]. In these investigations, the 

influence of fin spacing, height of fin and the difference between the ambient air temperature and base temperature 

were studied. In general, some empirical correlation were suggested to find the optimum rate of heat transfer based 

on fin height, fin spacing and Rayleigh number for a specified temperature difference between the base of the fin 

and surrounding. Many investigations were carried out to determine the free convection heat transfer from 

longitudinal fins heat sink arrays, but studies with forced vibration effect are rather limited. Hence the current study 

was conducted. The main objective of this paper is to give an experimental result for heated plate backed with 

longitudinal fins under forced vertical vibration and various tilt angles to determine the natural convection heat 

transfer and to present clearly its performance. 

Experimental Set-up and Data Reduction Processing 

Information summary on the setup of experiment is shown below. 

Experimental Set-up  

The description of the experimental set-up is shown in figure 1. The experimental apparatus consists of longitudinal 

fins, surface heat source, Teflon substance, supporting iron frame, Variac, thermocouple wires, data reader, 

ammeter, voltmeter and PC. Experiments are conducted to determine the free convection heat transfer from heat 

sink equipped with longitudinal fins array orientated with various tilt angles (25o, 45o, 90o) and moved in angular 

motion from (0o to 360o) using a certain mechanism. An element of heating equipped with thermostatic protection to 

avoid  overheating was placed at the bottom side of the heat sink, with equal size of the fin array base having 
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dimensions of 300×100 mm. A regulator  was used to provide a constant electrical power to the heating element 

which kept a fixed voltage. A specified  heat flux was provided for the cases of experiment from a variable 

transformer which received the electrical power from the regulator output.  

The input of the electrical power was measured accurately via an voltmeter and ammeter which are mounted on the 

variable transformer with accuracy of 1% and 1.3% for voltage and current, respectively. To transfer oscillatory 

movement to the tilted heat sink in efficient method, a U-shaped holder with base of iron material was used to 

minimize the weight placed on the vibrator and to avoid the deformation of holder resulting from vibration. 

Connection arms was used to fix the heat sink with Teflon material to minimize the heat losses from the sides. A 

(30) thermocouples (type K) were used to measure the surface  temperatures of the base plate, which has been 

distributed as in figure (2). Small holes was drilled in the base of the heat sink to facilitate installation of the 

thermocouples at symmetric position, then the thermocouples were inserted into the small holes and held in place by 

a thermal adhesive. The thermocouples used in the experiment were calibrated and the accuracy of the measurement 

was ±0.1 0C. The measured temperature data were collected for 10 seconds time intervals and sent to a personal 

computer via 32-channel data logger to analyze it. All cases were reached a steady-state condition about (4) hours 

where the temperature differences between two intervals become very small (ΔT=0.15 0C). After reaching a steady 

state, all thermocouples readings were recorded in addition to ambient temperature and input power.   
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Figure 1. Schematic diagram of the experimental rig. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Thermocouples locations (measures are in mm). 

Data Reduction Processing 

The experimental data obtained during the experiments are voltage drop across the heater, electric current, and 

temperature. The fluid properties used in Rayleigh and Nusselt number are evaluated at the film temperature 

(Tf)[18]: 

2

airw
f

TT
T

+
=                                                                                                                                                            (1) 

Where Tw is the average base heat sink temperature of (30) thermocouples that distributed in the bottom side of the 

plate.   

Heat transfer by convection from both the base and longitudinal fins was calculated from an energy balance for the 

heat sink after neglecting the total conduction downward heat loss: 

radiationconvectiontotal QQQ +=                                                                                                                                     (2) 

The total energy input was calculated at the heater source. The voltage drop V, and electric current I, were measured 

during the experiment, and the dissipated power can be calculated from the following: 

VIQtotal =                                                                                                                                                             (3) 

Heat transfer by convection can be determined from the following expression:  

)( )(    awsawfinfinc TThATThAnQ −+−=                                                                                                         (4) 

Where: 

Afin: Surface area of the fins   0.14m2. 

Afin: Surface area of the base plate   0.15m2. 

Radiation loss was determined by using the procedure outlined by [19], and the following equation:  
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Where: 

F: Shape factor of gray body. 

Atotal: Total heat transfer surface area. 

 = Stephan-Boltzman constant.  

The heat transfer coefficient based on total surface area: 
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Where: 
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/

)/tanh(
=                                                                                                                                         (7) 

The Nusselt number based on the fin height is defined as: 

airk

hH
Nu =                                                                                                                                                                  (8) 

The Rayleigh number based on the fin height: 
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2

3

air

finaw HTTg
Ra



 −
=                                                                                                                                     (9) 

The thermal expansion coefficient  : 

)273(

1

+
=

airT
                                                                                                                                                      (10) 

The dimensionless variables such as Reynolds number based on vibration (ReV) speed of vibration (uV) and vibration 

amplitude can be defined as: 

V

faH
V

2
Re =                                                                                                                                                         (11) 

fauV =                                                                                                                                                                (12) 
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Empirical Concluded Correlations 

Depending on the experimental data, an empirical equation was achieved to predict the value of Nusselt number as a 

function of Rayleigh number, tilt angle and vibratory Reynolds number. The general equation is: 
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d

V

cbRaaNu Re   =                                                                                                                                               (14) 

RESULTS AND DISCUSSION 

The free convection heat transfer from different longitudinal fin arrays on a horizontal plate has been studied 

experimentally under constant heat flux condition. By changing the current and voltage drop, experiments were 

performed at different temperature differences between the base of the fin and ambient. Figures (3, 4 and 5) 

illustrate the relations between average Nusselt number and Rayleigh number for the rectangular plate equipped with 

longitudinal fins compared with flat plate at various tilt angles. As shown in figures, the value of Nusselt number 

increases with the increasing of Rayleigh number, and the maximum value obtained at angle (25o) and the value of 

average Nusselt number at angle (45o) is larger than the angle (90o) because of the buoyancy forces have         a great 

influence when it is close to the horizontal angle. The using of fins in the adopted model leads to increase the heat 

transfer surface area and as a result increase the heat transfer coefficient. In addition, for tilt angle (90o) each  fin 

heats the adjacent fin, and this leads to an increase in the rate of heat transfer.      

 

Figure 3. Variation of average Nusselt number with Rayleigh number at tilt angle (25o). 

 

Figure 4. Variation of average Nusselt number with Rayleigh number at tilt angle (45o). 
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Figure 5. Variation of average Nusselt number with Rayleigh number at tilt angle (90o) 

Figures 6, 7, 8 and 9 show the relation between average Nusselt number and Reynolds number based on vibration 

for various tilt angles which used in the experiment. The increasing of vibrating Reynolds number leads to enhance 

the heat transfer rate and as a result increase the average Nusselt number due to the influence of forced vibration on 

the heat transfer augmentation. The average Nusselt number also increases as tilt angle decreases because of the 

effect of bouncy force which increases with reaching to the horizontal position. Figures 10, 11 and 12 describe the 

relation between average Nusselt number and the forced frequency at various values of  heat flux. The value of 

average Nusselt number increases slightly and relatively with the increasing of frequency because the forced 

vibration makes to disrupt the boundary layer and finally the rate of heat transfer enhances.  Figures 13, 14 and 15 

give us an indication of the perfect value of frequency that leads to an improvement in the convective heat transfer 

due to the thermal boundary layer rupture for adopted model, as well as to increase the heat transfer surface area 

which proved it is more effective than flat plate.  

 

Figure 6. Variation of average Nusselt number with Reynolds number at f=3Hz. 
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Figure 7. Variation of average Nusselt number with Reynolds number at f=7Hz. 

 

Figure 8. Variation of average Nusselt number with Reynolds number at f=12Hz. 

 

Figure 9. Variation of average Nusselt number with Reynolds number at f=16Hz. 
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Figure 10. Variation of average Nusselt number with frequency at tilt angle (25o) 

 

Figure 11. Variation of average Nusselt number with frequency at tilt angle (45o) 

 

Figure 12: Variation of average Nusselt number with frequency at tilt angle (90o) 
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Figure 13: Variation of average Nusselt number with Reynolds number at tilt angle (25o) 

 

Figure 14: Variation of average Nusselt number with Reynolds number at tilt angle (45o) 

 

 

Figure 15: Variation of average Nusselt number with Reynolds number at tilt angle (90o) 
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Figure 16: Variation of average Nusselt number with frequency at heat flux=1750W/m2 

The heat transfer rate with the presence of longitudinal fins increases due to the large surface area as show in in 

figure 16. For tilt angles (25o and 45o), the effect of buoyancy forces with inclination angle ( cosL ) work together 

to improve the heat transfer rate, but at the end lead to increase thermal eddies which affects the fins effectiveness 

due to overheating. As for perpendicular position (90o), the vibration force leads to heat the longitudinal fins and 

become thermal source which working with the large heat transfer surface area to dissipate more amount of heat and 

then enhance the heat transfer coefficient. Using the mathematical expression, Eq. (14), we obtained constants 

coefficients of (a, b, c and d). The squared correlation coefficient R2 of the fit is 0.8997, that is, the proposed form 

fits very close to experimental results. Based on that, we suggested the following correlations: 

f= 3Hz 

Ɵ = 25o   : 
31.241.171.25 Re1033.1 VRaNu −=                                                                                                    (15) 

Ɵ = 45o   : 
86.171.133.15 Re1014.1 VRaNu −=                                                                                                     (16) 

Ɵ = 90o   : 
44.198.134.26 Re1032.5 VRaNu −=                                                                                                   (17) 

f= 7Hz 

Ɵ = 25o   : 
47.151.321.28 Re1036.6 VRaNu −=                                                                                                    (18) 

Ɵ = 45o   : 
76.001.183.05 Re1020.7 VRaNu −=                                                                                                    (19) 

Ɵ = 90o   : 
99.118.274.27 Re1084.3 VRaNu −=                                                                                                    (20) 

f= 12Hz 

Ɵ = 25o   : 
97.161.341.311 Re1037.7 VRaNu −=                                                                                                  (21) 

Ɵ = 45o   : 
66.007.193.0 Re28.23 VRaNu =                                                                                                             (22) 

Ɵ = 90o   : 
98.410.574.415 Re1087.5 VRaNu −=                                                                                                 (23) 

f= 16Hz 
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Ɵ = 25o   : 
98.281.257.39 Re1047.2 VRaNu −=                                                                                                   (24) 

Ɵ = 45o   : 
86.097.063.1 Re78.5 −−= VRaNu                                                                                                             (25) 

Ɵ = 90o   : 
93.010.174.13 Re1089.4 VRaNu −=                                                                                                    (26) 

 

Figure 17: Comparison between predicted Nu and experimental Nu 

The plot of the predicted Nusselt number using correlation (14) and the present experimental data of Nusselt number 

are depicted in figure 17. In the figure, most of experimental Nusselt number points falls within ±9% for, the 

predicted Nusselt number.  

CONCLUSIONS 

The free convection heat transfer from longitudinal fin array on a horizontal plate was investigated experimentally. 

Experimental results were presented for Rayleigh numbers, Reynolds number based on vibration, frequency, tilt 

angle as well as temperature difference between fin base and surroundings. The following points can be recorded:  

1- It has been determined that the rate of heat transfer from a fin array is larger than that of flat plate and it is 

affected by the temperature difference between fin base and surroundings.  

2- The increasing of inclination angle leads to decrease the coefficient of heat transfer due to the boundary layer 

development and the buoyancy force decreasing.  

3- The increasing of frequency have large influence on the heat transfer enhancement because high vibration help to 

penetrate the thermal boundary layer and disrupt it . 

4- The Nusselt number increases as Rayleigh number increases for various tit angles adopted in the experiment.  

5-  The increasing of vibration leads to increase Reynolds number based on vibration and as a result it contributes 

to enhance the heat transfer rate. 

6- An empirical correlation for Nusselt number was presented to relate the heat transfer from fin arrays with 

dimensionless, Rayleigh number, Reynolds number and other experimental parameters such tilt angle.  
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