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ABSTRACT 
            Experimental and numerical investigations have been performed to study the natural 

convection heat transfer from a vertical rectangular fin arrays at different orientation 

angles.An experimental set-up was constructed and calibrated to test different fin 

configurations. It basically consists of base plate, an array of parallel longitudinal fins, heating 

unit and layers of thermal insulation.  Fin length (L) and fin thickness (t) were kept fixed at 

187 and 6.5 mm respectively, while fin spacing (S) was varied from 3 to 16 mm and fin height 

(H) was varied from 15 to 45 mm. The orientation angle (β) was changed from 0° to 60°, and 

temperature difference between fin and surrounding (∆T) from 30 to 95
o
C.Base-to-ambient 

temperature difference was also varied through a calibrated wattmeter ranging from 10 to 

180W. To understand the general flow patterns dominating flows from the heat sink, the 

three-dimensionless elliptic governing equations were solved using finite volume 

computational fluid dynamics (CFD) code. A comparative study between the experimental 

and numerical results was performed to verify the numerical code. It was found for the 

configuration tested that the heat transfer rate per unit base area increases with the increase in 

the fin spacing and reaches a maximum value then decreases with farther increase in the fin 

spacing. The maximum heat dissipation occurs at optimal spacing Sopt=7 mm. Empirical 

correlations between Nussult number, Rayleigh number, fin spacing, fin height, orientation 

angle, temperature difference between the fin and surroundings were derived. Finally the 

present work general empirical formula is given in the form 
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Where , 15 mm ≤ H ≤ 45 mm, 3mm ≤ S ≤ 16 mm, °0 ≤ β ≤°60, t = 6.5 mm, L = 187 mm. 
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  .D15 mm ≤ H ≤ 45 mm, 3mm ≤ S ≤ 16 mm, °0 ≤ β ≤°60, t = 6.5 mm, L = 187 mm'+ أن

 
NOMENCLATURE 

A Total heat transfer area (m2) t fin thickness, m 

CFD Computational fluid dynamics T Temperature, k 

g gravitational acceleration, m/s
2
 Ts Temperature of the surface, k 

h convection heat transfer coefficient, 

w/m2.k  

x,y,z rectangular coordinates, m 

H fin height, m Greek Letters 

k thermal conductivity, w/m.k ;  

Boltzmann's constant 

α thermal diffusivity, m
2
/s 

L based on characteristic length ; fin 

length, m 

ε Emissivity 

N Number of temperature increments in 

a flux plot 

εf fin effectiveness 

Nu Nusselt Number ηf fin efficiency 

Lc characteristic length, m ηo fin temperature effectiveness  

q Heat transfer rate, w θ Temperature deference, k 

 !  power input to the heater, w µ viscosity, kg/m.s 

q'' Heat flux, w/m
2
 ν  Kinematic viscosity, m

2
/s 

Ra Rayleigh Number  ρ mass density, kg/m3 

Rt thermal resistance, k/w  σ Stefan-Boltzmann constant, w/m2.k4 

Rt,f fin thermal resistance  Φ Orientation angel  

Rt,o Thermal resistance of fin array, k/w ∆ Difference 

S shape factor of two-dimensional 

conduction, m ; fin spacing, m 

β volumetric thermal expansion coefficient, 

k-1 ; orientation angel, degree 

 

1. INTRODUCTION 

Heat removal in an efficient way is necessary in order to maintain reliable operation of 

electronic devices and solar energy applications to cooling of nuclear reactor fuel elements. For 

an efficient application of natural convection to cooling processes it is necessary to fully 

understand the mechanisms involved in the free-convection cooling of electronic and 

thermoelectric devices.  

The use of natural convection air-cooling extended surfaces provides a reliable, cheap 

and widely used method of cooling for dissipating unwanted heat. Besides, their design is 

simple, economic and without any acoustic noise, the convective heat transfer from an extended 

surface can be increased either by increasing heat transfer coefficient or the surface area or both 

of these quantities. Increasing the heat transfer area is preferred as the simplest method to 
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enhance heat dissipation rate,  because the use of better fluid to increase the heat transfer 

coefficient is not an economical and practical solution. The only the cont

enhance the convective heat transfer rate from an extended surface is the geometry of the fins.

Burak, et al.[3], investigated

protruding from a vertical rectangular base.

problem of laminar natural convection heat transfer from a fin array containing a vertical base 

and horizontal fins is theoretically formulated by treating the adjacent internal fins as two fin 

enclosures. R.L. Edlabadkaret al.[5], reported an experimental work on enhancement of natural 

convection heat transfer from vertical plate with a horizontal partition plate and V

water as ambience.Arularasan R et al

Although many previous researches were made 

convection from fin arrays, nearly no experimental and numerical data are available for the 

longitudinal fins which are also a very popular fin configuration used for electronic cooling and 

others applications. In particular, few researches have explicitly demonstrated the subtle 

difference of orientation effect on the fin performance, which is of practical importance for 

relevant applications. For this reason, the first object of this study is to provide experimental an

numerical data for longitudinal fin heat sink under natural convection. Secondly, the dependence 

of longitudinal fin performance on the orientation effect is presented in a more detailed manner.

2. EXPERIMENTAL SET UP 

The set-up primarily consists of a b

arrays are mounted, and various instruments for measuring the ambient temperature, base

temperature and the input power forthe heater. A schematic view of the experimental set

presented in Figure 1. 

Figure 1. Schematic diagram of the 

The tested model (heat sink

they of assembled together by wooden container with dimensions were 417 

long and 205 mm height as shown in 

metal, with 187 mm long using the durmetal adhesive with K (0.758 w/m.k

experiments, the fin height (H), the fin thickness (t), the inter

(N) were varied as shows in Table 1

and 29 mm high. The tested fins are made from t

rectangular type with (t) wide, (H) high and (L) long rectangular fins of 6.5 

length and with different highs. Eight copper

(k) thermocouples were distributed uniformly along each side to measure the temperature 
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enhance heat dissipation rate,  because the use of better fluid to increase the heat transfer 

coefficient is not an economical and practical solution. The only the controllable variable to 

enhance the convective heat transfer rate from an extended surface is the geometry of the fins.

investigated the optimal fin spacing for vertical rectangular fins 

protruding from a vertical rectangular base. V. Dharma Rao et al.[4], went on to study

problem of laminar natural convection heat transfer from a fin array containing a vertical base 

and horizontal fins is theoretically formulated by treating the adjacent internal fins as two fin 

[5], reported an experimental work on enhancement of natural 

convection heat transfer from vertical plate with a horizontal partition plate and V

Arularasan R et al.[7]. 

Although many previous researches were made towards the understanding of natural 

convection from fin arrays, nearly no experimental and numerical data are available for the 

longitudinal fins which are also a very popular fin configuration used for electronic cooling and 

cular, few researches have explicitly demonstrated the subtle 

difference of orientation effect on the fin performance, which is of practical importance for 

relevant applications. For this reason, the first object of this study is to provide experimental an

numerical data for longitudinal fin heat sink under natural convection. Secondly, the dependence 

of longitudinal fin performance on the orientation effect is presented in a more detailed manner.

up primarily consists of a base plate with a supporting frame on which the fin

and various instruments for measuring the ambient temperature, base

temperature and the input power forthe heater. A schematic view of the experimental set

 
Schematic diagram of the Testing device. 

 

heat sink) consists of square base plate, tested fins, and heating unit, 

they of assembled together by wooden container with dimensions were 417 mm wide, 390 

height as shown in Figure 1. The base plate is made from pure aluminum 

using the durmetal adhesive with K (0.758 w/m.k). During the 

experiments, the fin height (H), the fin thickness (t), the inter-fin space (S) and the fins number 

Table 1, and the rotating angle β is (0°,30° and 60°), 205 

high. The tested fins are made from the same metal of the base plate. The fins are of 

rectangular type with (t) wide, (H) high and (L) long rectangular fins of 6.5 mm wide, 187 

length and with different highs. Eight copper-constantan type (T) and two nickel chrome type 

re distributed uniformly along each side to measure the temperature 
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enhance heat dissipation rate,  because the use of better fluid to increase the heat transfer 
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enhance the convective heat transfer rate from an extended surface is the geometry of the fins. 
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problem of laminar natural convection heat transfer from a fin array containing a vertical base 

and horizontal fins is theoretically formulated by treating the adjacent internal fins as two fin 

[5], reported an experimental work on enhancement of natural 

convection heat transfer from vertical plate with a horizontal partition plate and V-plates in 

towards the understanding of natural 

convection from fin arrays, nearly no experimental and numerical data are available for the 

longitudinal fins which are also a very popular fin configuration used for electronic cooling and 

cular, few researches have explicitly demonstrated the subtle 

difference of orientation effect on the fin performance, which is of practical importance for 

relevant applications. For this reason, the first object of this study is to provide experimental and 

numerical data for longitudinal fin heat sink under natural convection. Secondly, the dependence 

of longitudinal fin performance on the orientation effect is presented in a more detailed manner. 

supporting frame on which the fin-

and various instruments for measuring the ambient temperature, base-plate 

temperature and the input power forthe heater. A schematic view of the experimental set-up is 

) consists of square base plate, tested fins, and heating unit, 

wide, 390 mm 

The base plate is made from pure aluminum 

). During the 

fin space (S) and the fins number 

, 205 mm wide 

he same metal of the base plate. The fins are of 

wide, 187 mm 

constantan type (T) and two nickel chrome type 

re distributed uniformly along each side to measure the temperature 
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distribution through the fins. The fins are mounted on the base plate, with inter-fin spacing (S) 

(the distance between of two adjacent fins) by 
Table 1 Geometrical parameters used in the experiment 

Fin thickness 

t (mm) 

Fin height 

H (mm) 

Fin spacing 

S (mm) 

6.5 15 3 

6.5 35 6.5 

6.5 45 16 
 

The heating unit mainly consists of the main electric heater and the thermal insulation. The 

heater output power of is 1210 W at 220 V. The electrical power input to the heater was 

controlled by a variac transformer to obtain constant heat flux along the base plate and measured 

by an in-line digital wattmetershown inFigure (2), eight thermocouples were distributed in the 

center points of the inner and the outer surfaces of the insulation boards to measure the tem-

peratures and calculate the heat losses through the insulation layers. The readings of 

thermocouples were taken out by two digital thermometers shown in theFigure (3).Voltage inputs 

and supplies current to the heater are also measured as well, and calculated energy inputs can be verified 

by the digital multi-meter readings,shown in the Figure. (4). 

 

 
 

 

 

 

 

 

 

 

 

Figure 2. Digital thermometer. 

Figure 3. Digital Watt Meter 

 

Figure 4.  digital multi-meterFluke 179 

 

Base plate was made of pure aluminum by smelting and casting, which contains a high 

thermal conductivity, base-plate dimensions of 205 mm length, 187 mm wide and 29 mm height. 

There are eight rectangular openings range from 6.5 mm to 15 mm and of different lengths ( 35 

and 60 mm) are placed in the underside of the base plate. It is used to include the eight 

thermocouples are distributed on a base plate to measure the temperature of the base plate. 

The main objective of the heating unit is to provide a flow of heat through the bottom 

surface of the base plate of the fins, the heater is made of chrome and nickel resistance tap 3 mm, 

0.15 mm thickness and the resistance is 2.99 ohm per meter, was wrapped in a uniform manner 

on the mica plate (dielectric) 2-mm pitch, Upper and lower surfaces of the heater is covered with 

mica plate thickness of 0.8 mm. The heating unit fixed with the bottom surface of the base plate 

of small nails to hold good communication between the two sides. And input electric power to 

the heater was controlled by the self-adapter (varic) for a continuous flow of heat along the base 

of the painting, which is measured using a digital wattmeter. 
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On both sides of a hot plate was isolated by glass wool, 4.3 cm thickness and foam 

thickness of 4 cm. Table 2 shows the thermal conductivity of insulation material. 

Table. 2 Thermal conductivity of insulation materials. 

Insulation material Thermal conductivity K (W/m.k) 

Calcium silicate (Gypsum) 0.17 

Glass wool 0.04 

Foamed 0.031 

Ply wood 0.12 

Hard wood 0.16 
 

A set of thermocouples located be inserted at various points to measure the losses from 

the bottom surface of the heater. And there is another group of thermocouples were located in 

different locations to measure the loss of heat from the sides of the base plate. 

Two screws installation placed at the other side of a wooden frame to rotate the model 

test in a corner of the tendency towards axis (normal to paper). To control the angle of 

inclination (β), was modified by protractor was fixed on the side of a wooden frame and the 

cursor is fixed on the wooden frame. Description Inclination is shown in Figure 5. 

 
Figure 5.Schematic illustration of the angle of inclination of the model test. 

 

Test fins are made of pure aluminum with the surface of highly polished to reduce the 

thermal radiation. The type of fin is rectangular with (t) thickness, (H) High, (L) and long.  

Dimensions of this topic are changed by doing experiments, and the fin thickness (t) is 6.5 mm 

and the length of the fins (L) was 187 mm.  Fins were glued vertically upwards to the upper 

surface of the base plate and then rotated in horizontal position. 
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Figure 6. Experimental Set-up of Fin Array. 

Taken into account when you paste the fins to be a glue layer [epoxy (k = 0.758 w/m.k)] 

is very thin so as to reduce the resistance to heat transfer from the base plate to a minimum, in 

addition to that notes the fact that the glue itself is connected to a good article. Fins are 

distributed along the upper surface of the base plate in different places; fin spacing S (the 

distance between the centers of two neighboring fins).And Figure 6.  shows a picture of the 

Testing device.[8] 

 

3. DATA REDUCTION 

 
In the present study, the thermo physical properties in the Nu and Ra are evaluated at the film 

temperature, i.e. 

T# 	= 	 12 T& − T(�																																																											1� 
The average heat transfer coefficient can be calculated from the following relation: 

h = Q+A-η.T& − T∞�																																																								2� 
Where, (Qc) is the convection heat transfer rate, (Tb) is the average temperature of the base plate, 

(T∞) is the ambient air temperature, (ηo) is the overall fin efficiency and (Atot)  is the total 

surface area, to better calculate the heat transfer coefficient, one shall take into account the 

overall fin efficiency (ηo). The (ηo) for every test sample can be calculated and the lowest (ηo) 

encountered in the present study is around 0.99, so that (ηo) is reasonably assumed unity for 

simplicity.  

The total heat generated from the heater (Qt) is distributed into the heat transferred by 

convection to the quiescent air (Qc) and the heat losses through the insulations to the 

surroundings (Qloss). Q+ = Q- − Q/.00																																																													3� 
Where,  Q/.00 = Q+.23 + Q563																																																							4� 
Qcond is the heat lost by conduction from the bottom side of the heater and sides of heat sink, and 

Qrad is the heat transfer rate by radiation. 

The radiation contribution (qrad) can be estimated using the following equation [2]: 

 89 = :9;<8= − <9=�:9 :8⁄ �?1 − @8�/@8:8�B + 1																																												5� 
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The heat transfer rate by conduction can be calculated from the equation  DEFG =	 HEIIEJ 	+	 KGLKM																																											6� 
Where, qbottom  is the heat lost by conduction from the bottom side of the heater. It is calculated 

from equation. 

 HEIIEJ = ∆<
∑PI 																																																																7� 

Where ∆T is the overall temperature difference,∑PIEI is the total thermal resistance. 

RPI = � STUT: + SVUV: + SWUW: + SXUX: + 1
ℎE:�																													8� 

K is the thermal conductivity of insulation materials (as shown in table1), A is the area of the 

wall normal to the direction of heat transfer. LG, LW, LF and LP are the thickness of the insulation 

layers of Gypsum, glass wool, foamed and ply wood respectively in (y) direction and ho is the 

convection heat transfer coefficient to surroundings. 

Also, heat lost by conduction from four sides of the base plate qedgescan be estimated 

from equation (7).By subtracting the conduction and radiation contribution, the heat transferred 

by natural convection can be determined. 

 

4. UNCERTAINTY ANALYSIS 

 
The experimental uncertainty is estimated using the uncertainty propagation equation proposed 

by J.P. Holman[21]. The percentage relative uncertainty in the measuring of the base plate 

temperature is 0.5208 %. The percentage relative uncertainty in the measured electric power 

input to the heater is 0.6%. the percentage relative uncertainty in measuring the orientation angle 

is 0.44 %. the percentage relative uncertainty in measuring the ambient air temperature is 

1.66667%. The uncertainty in compound variables were found to be 0.60063 % for average heat 

transfer coefficient and average Nusselt number and 0.0264567 % for Rayleigh number. 

 

5. NUMERICAL SOLUTION 

5.1. PHYSICAL DOMAIN 
 

A numerical solution was obtained with the CFD code. In principle, the code solves the 

governing set of elliptic partial differential equations for conservation of mass, momentum and 

energy. The buoyancy forces representation is based on the Boussinesq approximation. The 

flow is, therefore, considered as essentially incompressible. The fluid properties are assumed 

constant and are evaluated at the average of the hot surface and the ambient fluid temperatures. 

The solution is for conditions of steady stat laminar free convection (Ra ˂ 10
9
). 
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Figure 7. Schematic drawing of the fin array 

under investigation. 
 

 

A schematic drawing of the fin array under investigation is shown in  

7.together with the actual simulated part of one fin. An infinite number of fins with negligible 

thickness was assumed. The fin surfaces and fin array base were assumed to be at a

temperature. The computational domain for the present problem is shown in 

infinite number of fins with negligible thickness were assumed. 

The simulated part is shown in 

been beyond the actual dimensions of the fin array in order to account for effects due to 

surrounding of the fin array. Computations were performed for fin of L, H being the height of 

the fin, and S is (spacing) width of the domain in x

the x- direction and the height of the domain 5H in z

the effects of a wide range of geometrical parameters to the heat transfer from fin arrays. 

Effects due to change in fin height, fin spacing, orientation angle and temperature difference 

between fin and surrounding are investigated.

 

5.2. GOVERNING EQUATIONS
 

The natural convection flow under investigation was modeled by a set of elliptic partia

differential equations describing the conservation of mass, momentum and en

rectangular Cartesian coordinate directions.

 

5.2.1 GOVERNING EQUATIONS FOR AIR
 

• Continuity: 

• Momentum equations in x, y, z 
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Schematic drawing of the fin array 

 

Figure 8.  Schematic drawing of the 

computational domain with locations of the 

applied boundary conditions.

A schematic drawing of the fin array under investigation is shown in  

together with the actual simulated part of one fin. An infinite number of fins with negligible 

thickness was assumed. The fin surfaces and fin array base were assumed to be at a

temperature. The computational domain for the present problem is shown in 

infinite number of fins with negligible thickness were assumed.  

The simulated part is shown in Figure 8 in more detail. The computational domain has 

been beyond the actual dimensions of the fin array in order to account for effects due to 

surrounding of the fin array. Computations were performed for fin of L, H being the height of 

) width of the domain in x-direction. The domain length was 2L in 

direction and the height of the domain 5H in z-direction. The present study investigates 

the effects of a wide range of geometrical parameters to the heat transfer from fin arrays. 

fects due to change in fin height, fin spacing, orientation angle and temperature difference 

between fin and surrounding are investigated.[8] 

5.2. GOVERNING EQUATIONS 

The natural convection flow under investigation was modeled by a set of elliptic partia

differential equations describing the conservation of mass, momentum and en

Cartesian coordinate directions. 

5.2.1 GOVERNING EQUATIONS FOR AIR 

[\]�
[^ + [\_�

[` + [\a�
[b = 0																															
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Figure 8.  Schematic drawing of the 

computational domain with locations of the 

applied boundary conditions. 

A schematic drawing of the fin array under investigation is shown in  Figure 

together with the actual simulated part of one fin. An infinite number of fins with negligible 

thickness was assumed. The fin surfaces and fin array base were assumed to be at a uniform 

temperature. The computational domain for the present problem is shown in Figure 8 an 

in more detail. The computational domain has 

been beyond the actual dimensions of the fin array in order to account for effects due to 

surrounding of the fin array. Computations were performed for fin of L, H being the height of 

direction. The domain length was 2L in 

direction. The present study investigates 

the effects of a wide range of geometrical parameters to the heat transfer from fin arrays. 

fects due to change in fin height, fin spacing, orientation angle and temperature difference 

The natural convection flow under investigation was modeled by a set of elliptic partial 

differential equations describing the conservation of mass, momentum and energy in three 

																			9	� 
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[b9h																10� [\_]�
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[\a]�
[^ + [\a_�

[` + [\a9�
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[`9 +
g[9ag
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• Energy equation: 

[\]<�
[^ + [\_<�

[` + [\a<�
[b = _

ej + \_ fg[9<g[^9 +
g[9<g
[`9 +

g[9<g
[b9h																							13� 

 

5.2.1 GOVERNING EQUATIONS FOR FIN 
 

fg[9<g[^9 +
g[9<g
[`9 +

g[9<g
[b9h																																																															14� 

In the above equations it is apparent that the Boussinesq approximation has not been 

applied. The assumptions employed in the governing equations are in agreement with steady, 

incompressible, laminar flow of air with constant properties, except for density which is taken 

as a function of temperature only, ρ = ρ(T). Radiation heat loss is neglected. The buoyancy 

forces representation is based on the Boussinesq approximation.[8] 

 

 

 

 

5.3. BOUNDARY CONDITIONS 

 

In a numerical simulation, it is impossible and unnecessary to simulate the whole 

universe. Generally we choose a region of interest in which we conduct a simulation. The 

interesting region has a certain boundary with the surrounding environment. Numerical 

simulations also have to consider the physical processes in the boundary region. In most 

cases, the boundary conditions are very important for the simulation region's physical 

processes. Different boundary conditions may cause quite different simulation results. 

Improper sets of boundary conditions may introduce nonphysical influences on the simulation 

system, while a proper setof boundary conditions can avoid that. So arranging the boundary 

conditions for different problems becomes very important. 

All boundary conditions were implemented by the inclusion of additional source and 

/or sink terms in the finite volume equations for computational cells at the boundaries. In 

natural convection flows there is no information regarding the velocity temperature fields 

before the start of calculations. Since governing, equations are invariably coupled, the 

temperature field causes the velocity field to develop and in turn the velocity field affects the 

temperature field with the promotion of convective heat transfer. The imposed boundary 

conditions were as follows [8]: 

 

1. The fin surface (ABCDA and EFGHE) and base surface (CDEHC) were held at. 

constant temperature. 

2. Symmetry boundary conditions were applied at surface IJCDKPI, PKLMP, 

MNOHELM and IJONI. 
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3. No-slip boundary conditions were applied to fin walls to simulate the effect of laminar 

friction and heat transfer. 

4. All the remaining surface were open surfaces where air enters  and leaves the surface at 

the ambient temperature T∞ and the corresponding density T∞Here the ambient pressure 

was used as a stagnation boundary condition with the incoming mass having T∞. 

 

5.4. COMPUTATIONAL PROCEDURE 
 

In this study, a numerical investigation has been carried out to reveal the mechanism 

of fluid flow and heat transfer from a vertical rectangular fin attached to a partially heated 

horizontal base. The problem is a conjugate conduction-convection heat transfer problem with 

open boundaries. The governing equations for the problem are the conservation of mass, 

momentum and energy equations for the fluid and the heat conduction equation for the fin. 

The control volume technique based on the simplex algorithm with a non staggered grid 

arrangement is employed to solve the governing equations. The effect of the heated base, on 

the mechanism of the fluid flow and heat transfer, is numerically investigated. Temperature 

distribution and flow patterns around the fin are plotted to support the discussion. Results are 

obtained for air at laminar and steady flow. 

The system of Equations [(9)-(14)] with the boundary conditions stated above is 

solved through a control volume to obtain a set of discretized linear algebraic equations.These 

equations were solved by the widely used commercial CFD package FLUENT 6 employing 

the SIMPLEST algorithm for the pressure correlation processalong with the solution 

procedure for the hydrodynamic equations. The central-difference-scheme leads to a second 

order truncation error in the approximations, whereas the upwind-scheme gives only first-

order accuracy. The discretized equations are solved by the TDMA (Tri Diagonal Matrix-

Algorithm). 

 

6. EXPERIMENTAL RESULTS 

6.1. EFFECT OF TEMPERATURE DIFFERENCE 
 

As a point of departure for the presentation of convective heat transfer coefficient (h) , from 

fin arrays are plotted to ambient temperature difference  (TF−T∞) at different values of 

orientation angle (Φ) and fin height (H). 

 

 

Figure9. Variation of heat transfer coefficient 

with temperature difference T  

at H = 15 mm S = 6.5 mm. 
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Figure 10. Variation of heat transfer coefficient 

with temperature difference T  

at H = 35 mm S = 3 mm. 

 

Figure11.  Variation of heat transfer coefficient 

with temperature difference T  

at H = 45 mm S = 3 mm. 
 

 

Figure 12.  Variation of heat transfer 

coefficient with temperature difference T  

at H = 45 mm S = 6.5 mm. 

The samples of these plots are given in Figures [(9) - (12)] the results for the fin 

heights of H = 15 mm, H=35 mm and H = 45 the fin spacing is s = 3 mm, s=6.5 mm and s = 16 

mm, and the fin lengths are L =187 mm. These figures reveal that convection heat transfer rate 

from fin arrays is dependent on fin height, fin length and base-to ambient temperature 

difference. Essentially, fin heat transfer rate increases with fin height, fin length and base-to -

ambient temperature difference. At low temperature differences, heat transfer rates are closer 

to each other and tend to diverge at higher temperature differences. Moreover, with larger fin 

heights, the increase of convection heat transfer rate with temperature difference is sharper 

For all fin arrays. 

 

 

 

6.2. EFFECT OF FIN SPACING 
 

To see the effect of base-to-ambient temperature difference more clearly. In Figures 

[(13),(14)], convection heat transfer rates are plotted as a function of fin spacing. show the 

effect of fin spacing on heat transfer rate per unit base area at various orientation angle and fin 

spacing. It is seen that the heat-transfer rate per unit base area increases with increasing the fin 

spacing to each a maximum value and then decreases with farther increase in the fin spacing. 

On each curve, clearly, the maximum volumetric heat dissipation occurs at optimal spacing 

Sopt = 6.5 mm. 

0

1

2

3

4

5

6

0 10 20 30 40 50 60 70 80 90 100

h
  
 w

/m
².

k

[T F - T ∞] °C

H = 45 mm , S = 3 mmβ = 0°

β = 30°

β = 60°

0

1

2

3

4

5

6

7

8

9

0 10 20 30 40 50 60 70 80 90 100

h
  
 w

/m
².

k

[T F  - T ∞] °C

H = 45 mm , S = 6.5 mmβ = 0°

β = 30°

β = 60°



International Journal of Scientific Research and Engineering Development-– Volume 4 Issue 4, July- Aug 2021 

www.ijsred.com Available  

ISSN : 2581-7175                  ©IJSRED:All Rights are Reserved                                   Page 1121 
 

 

 

Figure 13. Variation of Convection Heat 

Transfer Rate with Fin Spacing, at different 

values of orientation angles 

(H = 35, ∆ T = 60°C). 
 

 

Figure14. Variation of Convection Heat 

Transfer Rate with Fin Spacing, at different 

values of orientation angles 

(H = 45, ∆ T = 60°C). 

 

Figure 15. Optimum fin spacing's as a function of fin height and base-to-ambient temperature 

difference 

 

Convection heat transfer rate is maximized is called optimum fin spacing, Sopt. Closer 

inspection of these figures reveals that optimum fin spacing depends on fin height and base-

to-ambient temperature difference.Figure 15displays the optimum fin spacing's as a function 

of fin height and base-to-ambient temperature difference. As seen from this figure, optimum 

fin spacing doesn't vary significantly with neither fin height nor base-to-ambient temperature 

difference. Therefore, for practical purposes, the optimum fin spacing to maximize the 

convection heat transfer rate may be taken as 7 mm for arrays with fin heights from 15 to 45 

mm and fin length 187 mm, for base-to-ambient temperature differences from 30 to 100 K. 

6.3. EFFECT OF FIN HEIGHT 

 

For all the cases the heat transfer rate increases with the increase in the temperature 

difference. In addition, the increase rates are also similar. Figures [(16)-(18)], show variation 

of heat transfer rate per unit base area (Q/Ab) with fin height (H), at various orientation angles 

(β) and different values of fin spacing (S).  
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Figure 17. Variation of heat transfer rate per 

unit base area with fin height at various β 

( S = 6.5 mm, ∆T = 60°C). 

 

 

Figure  18.  Variation of heat transfer rate per 

unit base area with fin height at various β  (S = 

16 mm, ∆T = 60°C). 

These Figures show that the-heat transfer per unit base area increases with increase in fin 

height (H) for all values of orientation angle and fin spacing. The reason is that, any increase 

of fin height increases the array surface area and thereby entails a larger heat transfer rate. 

 

6.4.  EFFECT OF ORIENTATION ANGLE 

 

Effects of orientation angle (β) on the heat transfer coefficient are shown in Figures. 

[(19),(20)]. These Figures are presented at different values of fin spacing. It is seen from the 

figures that the average heat transfer coefficient has a maximum value at β = 0° and reduce 

with the increase in (β) to reaches a minimum value at β = 60
0
and thus increase with farther 

increase in β. 

 

 

Figure 19.  The dependence of heat transfer 

coefficient h on the orientation angles at 

various fin spacing  H = 35 mm, ∆T = 60 °C. 

 

 

Figure20.  The dependence of heat transfer 

coefficient h on the orientation angles at 

various fin spacing H = 45 mm, ∆T = 60 °C. 

Figuresshow that the heat transfer coefficient increases with increase in fin spacing. 

These figures show also a variation of heat transfer coefficient with orientation angle (β) at 

various fin height. It is seen that, the heat transfer coefficient has a maximum values at β = 0°, 

while has a minimum values at β = 60
0
 for all values of H. Inspection of the influence of the 

fin height on the averaged heat transfer coefficient indicates that it is quite small. 
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Effects of variations in fin height on the heat transfer coefficient are shown in Figure 

(21), for various fin spacing's and fin lengths. On the overall, the heat transfer coefficient 

values do increase with increase in the fin height.  

 

 

Figure21.  Effects of variations in fin height on the heat transfer 

coefficient for different fin length and fin spacing values. 
 

Although a small drop with increase in the fin height, specially for the smallest fin 

spacing, so the increase in convective heat transfer rate with fin height is not significant. 

However, one can see that it is very difficult to draw clear conclusions due to the various 

parameters involved. 

Figures [(22) - (23)] presents overall Nusselt numbers for a range of  Rayleigh 

numbers. Various cases are presented where fin height and fin length were changed. As can 

be seen from the data points plotted from the present simulations, the differences between the 

various cases are very small for high Ra numbers, but somehow more distinct for smaller Ra 

numbers. 

 

Figure24.  Variation of  Nusselt number Nus 

with Rayleigh number Rasat S = 6.5 mm. 

 

 

Figure25.  Variation of  Nusselt number Nus 

with Rayleigh number Rasat S = 16 mm.

In order to compare present results with data from the literature a best fit line for all 

the numerical results was obtained.to confirm the method of calibration, a vertical fins was 

mounted onto the set-up and the Nusselt numbers were determined both experimentally and 

by using various correlations from literature. The vertical plat was heated at steady state, the 

temperature of the vertical plate, TF the ambient temperature, T∞ and the power input were 

measured. The output heat transfer rate from the plate was determined. 
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Rayleigh number was defined as, 

Ra = g. β. Tn − T∞�. Sp
ν. α 																																																		15� 

where S, the spacing between fins. The physical properties necessary to evaluate 

Rayleigh and Nusselt numbers were taken at film temperature,Tfilm = (TF + T∞)/2. The heat 

transfer coefficient based on the area of the vertical plate and thus the Nusselt number were 

evaluated as, 

hqrs =	 Q-.-A. Tn − T∞�																					16� 

Nu = hqrs	. Sk 																17� 
After the determination of the experimental Nusselt numbers, several correlations from 

literature were utilized to evaluate and compare the Nusselt numbers. The correlations chosen 

are,Churchill and Chu's first relation (for laminar and turbulent flows) [13]: 

Nu-w8 =
xy
yy
yz0.825 + 0.378 × Ra�8 |}


1 + ~�.=�9�5 �� 8|} �
� 9�}

��
��
��
9

																																				18� 

For 10
-1

 ˂ Ra ˂ 10
12

 

Churchill and Chu's second relation ( for Laminar flow only) [13]: 

Nu-w9 = g0.68 + 0.670 × Ra�8 =}


1 + ~�.=�9�5 �� 8|} �
= �}

g 																																													19� 

For 10
-1

 ˂ Ra ˂ 10
9
 

McAdams' relation [13]: 

Nu-wp = 0.59	. Ra�8 =⁄  10
4
 ˂ Ra ˂ 10

920� 
Churchill and Usagi's relation [13]: 

Nu-w= = g 0.670	.		Ra�8 =}


1 + ~�.=�9�5 �� 8|} �
= �}

g 						21� 

For10
5
 ˂ Ra ˂ 10

9
 

The above correlations were also plotted, along with the experimental data, as 

displayed in Figures [(27), (30)]. These results reveal that except for the McAdams' 

correlation, which is a very rough correlation, the experimental data are in excellent 

agreement with the results from literature. For McAdams' correlation, the average relative 

error is 3.485 % while for the others it is less than 3 %. This agreement confirms the validity 

of the experimental set-up, the experimental procedure and the calibration procedure.[13] 
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Figure 27.  Comparison of experimental 

Nusselt number with correlation from 

literature at S = 6.5 mm and H = 35 mm 

 

 

Figure 29.  Comparison of experimental 

Nusselt number with correlation from 

literature at S = 6.5 mm and H = 45 mm 

6.6. EFFECT OF FIN EFFICIENCY 
 

In contrast to the fin efficiency η#. which characterizes the performance of a single fin. 

the overall surface efficiency ηo characterizes an array of fins and the base surface to which 

they are attached. Representative arrays, where S designates the fin pitch, the total surface 

area is A- = NA# + A&																														22� 
The maximum possible heat rate would result if the entire fin surface. as well as the exposed 

base, were maintained at Tb. 

Recalling the definition of the fin thermal resistancethat is, 

R-,+ = L
kA																																	23� 

R-,+�� = L
k																												24� 

where Rt,ois an effective resistance that accounts for parallel heat flow paths by 

conduction/convection in the fins and by convection from the prime surface. 

The fins are machined as an integral part of the wall from which they extend, there is no 

contact resistance at their base. However, more commonly, fins are manufactured separately 

and are attached to the wall by adhesive joint. Alternatively, the attachment may involve a 

press fit, for which the fins are forced into slots machined on the wall material, there is a 

thermal contact resistance, Rt,c which may adversely influence overall thermal performance. 

An effective circuit resistance may again be obtained, where, overall surface efficiency is  

�ED� = 1 − �:�:I �1 − ���8�															25� 
Where, 

�8 = 1 + ��ℎ:��PI,D,, :D,H⁄ �																		26� 
The efficiency ηfdepends on the fin spacing; if the heat flux from the fin tip is negligible the 

following expression for ηfcan be used: 

�� = ���ℎ�SD�SD 															27� 
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Figure 31. Values of fin efficiency η calculated 

by Eq.(6.13). and simplified relation from ref 

(22) Eq. (6.15). shown as the group mL at S = 

6.5 mm and H =35 mm 

 

Figure32. Values of fin efficiency η calculated 

by Eq.(24). and simplified relation from ref 

(22) Eq. (26). shown as the group mL at S = 3 

mm and H =45 mm

Where the width of a rectangular fin is much larger than its thickness, w ≫ t, the perimeter 

will be approximated as P	 = 	2w, and the group mL can be written as 

mL+ = � hPkA+�
8 9⁄ L+ 	= �2hkt�

8 9⁄ L+								28� 
when the product mL is not larger than unity, the fin efficiency can be approximated by the 

following relation: 

� = 1
�1 + 8

p mL�9� 											mL ≤ 1																				29� 
In figures [(31), (32)] are shown the (η) values calculated from (24) and (26 );  it is apparent 

that (26) is a good approximation for η for mL ≤ 1. 

 

6.4 EFFECT OF CONVECTIVE HEAT TRANSFER RATE 

  
The convective heat transfer rates from fin arrays are plotted as a function of base-to-

ambient temperature difference for fin spacing, s = 3, 6.5, 16 mm and for fin length, L = 187 

and Figs.[(33)-(36)], respectively. 

 

 

Figure33. Variation of convective heat 

transfer rate with fin height at a fin spacing of 

s = 3 mm and at a fin length of L = 187 mm 

 

Figure34. Variation of convective heat 

transfer rate with fin height at a fin spacing of 

s = 6.5 mm and at a fin length of L = 187 mm
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Eachof the figures involves the results, plotted for three finheights H = 15, 35 and 45 

mm. For all fin arrays,these figures show that, the convective heat transfer rate from fin arrays 

depends on fin height, fin length,fin spacing and base-to ambient temperature difference.The 

convective heat transfer rates from the finarrays increases with fin height, fin spacing to 

ambienttemperature difference. The curves in thesefigures show similar trends for identically 

spaced finarrays. The convective heat transfer rates measuredfrom three different fin heights. 

The heat transfer rate increases monotonously with temperature difference between fin 

base and surroundings, TF – T∞. However, in fin arrays with small fin height the rate of 

increase of heat transfer rate with temperature difference is smaller than those ones with large 

fin height. 

 

Figure 36.  Comparison of the variation of the heat transfer 

rate with the temperature for the Experimental work with 

Similar projects from Ref. [13, 15]. 
 

NUMERICAL RESULTS 

 
Height, orientation angel and temperature difference between fin and surroundings on 

the free convection heat transfer from horizontal fin arrays was carried out. The three-

dimensional elliptic governing equations were solved using a finite volume based 

computational fluid dynamics (CFD) code. Preliminary simulations were made for cases 

reported in the literature. After obtaining a good agreement with results from the literature a 

large number of runs were performed for a detailed parametric study. It has been shown that it 

is not possible to obtain optimum performance in terms of overall heat transfer by only 

concentrating on one or two parameters. The interactions among all the design parameters 

must be considered. Results are presented in graphical form together with optimum values 

and correlations, and compared with available experimental data from the literature. 

It is important to understand the general flow patterns dominating flows from fin 

arrays. In natural convection flows there is no information regarding the velocity and 

temperature field, the temperature field cases the velocity field to develop and turn the 

velocity field affects the temperature field with the promotion of convection heat transfer. 

Figures [(37), (38)] show streamline and heat flux contours for orientation angle β= 0°. 
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Figure37. Streamline contours at S=6.5 

H= 45 mm, β= 0° 

 

Effect of temperature difference  

orientation angle and different values 

[(39) - (41)]. Also, it is seen that the average heat transfer coefficient increases with 

increasing ∆T for all values of orientation angle 

increases With decreasing orientation angle.

 
 

Figure  40.  Variation of heat transfer 

coefficient with temperature difference 

H= 35 mm, S = 6.5 mm.
 

Figure 42. indicates the variation of heat flux along the fin length. From this distribution it is 

clear that the rate of heat dissipation from the central 

This justifies where single chimney flow pattern is present, a stagnant zone is created 

at the central bottom portion of fin array channel and hence it does not contribute much in 

heat dissipation. 
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Streamline contours at S=6.5 mm, 
 

Figure 38.  contours of total surface heat flux  

at S=6.5 mm, H= 45 mm, β

Effect of temperature difference  ∆T on average heat transfer coefficient at various 

orientation angle and different values of fin spacing S, fin height H  are shown in figures 

]. Also, it is seen that the average heat transfer coefficient increases with 

T for all values of orientation angle β. It is clear also; the-heat transfer coefficient 

With decreasing orientation angle. 

 

Variation of heat transfer 

coefficient with temperature difference ∆T at  

H= 35 mm, S = 6.5 mm. 

Figure 41. Variation of heat transfer 

coefficient with temperature difference 

H= 45 mm, S = 6.5 mm.

indicates the variation of heat flux along the fin length. From this distribution it is 

clear that the rate of heat dissipation from the central portion is less.  

This justifies where single chimney flow pattern is present, a stagnant zone is created 

at the central bottom portion of fin array channel and hence it does not contribute much in 
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contours of total surface heat flux  

at S=6.5 mm, H= 45 mm, β= 0° 

T on average heat transfer coefficient at various 

of fin spacing S, fin height H  are shown in figures 

]. Also, it is seen that the average heat transfer coefficient increases with 

heat transfer coefficient 

 

Variation of heat transfer 

coefficient with temperature difference ∆T at  

H= 45 mm, S = 6.5 mm. 

indicates the variation of heat flux along the fin length. From this distribution it is 

This justifies where single chimney flow pattern is present, a stagnant zone is created 

at the central bottom portion of fin array channel and hence it does not contribute much in 
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Figure42. Variation of Heat Flux along

 

Comparisons between experimental and numerical results are presented in 

Figures[(43)-(45)]From these figures, it is that a good agreement between experimental and 

numerical results with a maximum deviation of 0.905220036 %. 

the experimental results from numerical results at S = 6.5 mm, 

 

Figure43. Validation of the computational

CFD results compared with experimental dataat H = 15 mm.
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Variation of Heat Flux along Fin Length 

Comparisons between experimental and numerical results are presented in 

)]From these figures, it is that a good agreement between experimental and 

numerical results with a maximum deviation of 0.905220036 %. Table 3 shows a dev

the experimental results from numerical results at S = 6.5 mm, ∆T = 35°C to 95°C.

 

Validation of the computational-approach: present study 

CFD results compared with experimental dataat H = 15 mm. 

Table 3. Deviation of the CFD prediction from experimental results. 

 

H = 15 mm H = 35 mm H = 45 mm 
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)]From these figures, it is that a good agreement between experimental and 

shows a deviation of 

T = 35°C to 95°C. 

approach: present study 
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Figure44. Validation of the computational-

approach: present study CFD results compared 

with experimental data at H =35 mm. 

 

Figure45. Validation of the computational-

approach: present study CFD results compared 

with experimental data at H = 45 mm.

 

6.7.  EMPIRICAL EQUATIONS 

 
A correlation for average Nusselt number has been presented to relate the heat transfer 

from fin arrays in channel with dimensionless, Rayleigh number, modified experimental 

parameters such as fin spacing, fin height, fin length and orientation angle.  

Four empirical equations are derived to correlate the mean Nusselt number as a 

function of Rayleigh number, fin spacing ratio, fin height ratio , and orientation angle as 

follows: 

�]� = 50.08	 
P�� ��� �
�|.�99� ��¡

�S��
8.�= ��� �S��

¡.89 �8� �¢£¤8.8 ��|										30� 
 

These equation are valid for tested finned model with thickness t = 6.5 mm, fin height 

H =  15 to 45 mm, and fin spacing S = 3 to 16 mm, Rayleigh number ranged from 1.19x10
8
 to 

1.87xl0
8
 and at constant fin length L, with relative error = ± 15.3474 %. 

 

 

Figure46.Correlation obtained from the present study. 
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Figure 47. Result of generalizing data of the present work relying on the non-dimensional 

parameters 

 

The reader should note that this correlation is only valid for thin fins which do not 

cause much effect on longitudinal air flow. And this correlation does not show effects of fin 

cross sectional area, thermal conductivity and heat transfer coefficient of the fin. 
 

 

CONCLUSIONS 

 

This work presents experimental results of heat transfer by free convection from 

rectangular fins on a vertical base.  From the experimental results, it can be concluded that the 

geometric parameters of fin array, fin height, fin length and fin spacing and base-to-ambient 

temperature difference affects the rate of convection heat transfer primarily. The separate 

roles of these parameters and base-to-ambient temperature difference,  and numerical 

investigations have been performed to study the natural convection heat transfer from a 

rectangular fin arrays at different orientation angles. 

From the results plotted in the figures, it can be seen 

- the average heat transfer coefficient has a maximum value at β = 0°. It decreases with 

the increase of  (β)to reach a minimum value at β = 60°. This is due to that at β = 0° 

- the larger fin height results in higher convection heat transfer rate from the fin arrays. 

Although, at low base-to-ambient temperature differences, the increase in convective 

heat transfer rate with fin height is not  significant. 

-  at higher temperature differences the convective heat transfer rate increases 

significantly with fin height.  

- For a given base-to ambient temperature difference, the increase in heat transfer rate 

with fin height is steeper for smaller fin spacing. Since, the fin array with smaller fin 

spacing has higher fin number. 

-  the increase in fin height causes larger heat transfer area and higher convection heat 

transfer rate. 
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- the heat transfer rate per unit base area increases with the increase in the fin spacing to 

reach a maximum value and then decreases with farther increase in the fin spacing. the 

maximum heat dissipation occurs at optimal spacing �E¥I = 	7	�� .  

- Optimum fin spacing depends on fin height and base to-ambient temperature 

difference, but this dependence is not very strong. Thus, for practical reasons, the 

optimum value may be taken as 7 mm, for fin heights from 15 to 45 mm for fins of 

187 mm length. These results are consistent with those of previous authors. 

- the heat transfer coefficient values do increase with increase in the fin height. 

Although a small drop with increase in the fin height, specially for the smallest fin 

spacing, so the increase in convective heat transfer rate with fin height is not 

significant. 

- As can be seen from the data points plotted from the present simulations, the 

differences between the various cases are very small for high Ra numbers, but 

somehow more distinct for smaller Ra numbers. 

- The array length, fin spacing, and surface temperature mostly affect the heat transfer 

coefficient. The fin height does not affect much the heat transfer coefficient. 

- Excellent agreement was obtained among the analytical, numerical and experimental 

results. 

- Empirical correlations were derived to correlate the Nusselt number as a function of 

Rayleigh number, fin spacing ratio, fin height ratio, and orientation angle. The general 

empirical formulae obtained from the present study are given in the form: 

061.1
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