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Abstract
In this paper, we presented a laminar boundary layer analysis to investigate the heat transfer characteristics of free convection flow over an isothermal horizontal circular cylinder under the radiation and heat source/sink effects. The non-similar governing equations are obtained by using a suitable transformation and solved by Keller box method. Numerical results for the dimensionless velocity profiles, the dimensionless temperature profiles, the skin friction coefficient, and the Nusselt number are presented for various values of the dimensionless coordinate ξ, the heat source/sink parameter Q, the radiation-conduction parameter 
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, the surface temperature parameter H, and the Prandtl number Pr. The skin friction coefficient increases initially, reaches a maximum in the intermediate value of ξ and then decreases gradually; however, the Nusselt number decreases monotonically with increasing ξ. For the heat source case (Q > 0), the skin friction coefficient increases and the Nusselt number decreases; this trend reversed for the heat sink case (Q < 0). Increasing the radiation-conduction parameter 
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 or the surface temperature parameter H enhances the skin friction coefficient and the Nusselt number. It is also seen that as the Prandtl number increases, the skin friction coefficient tends to reduce and the Nusselt number tends to enhance.
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摘  要
在本文中，吾人使用層流邊界層分析以探討熱輻射與熱源/穴效應對於流經一等溫水平圓柱體自然對流之熱傳遞。偏微分方程式經轉換成非相似邊界層方程式後，再以凱勒盒子法解之。數值計算結果主要顯示：無因次座標ξ、熱源/穴參數Q、輻射-傳導參數
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、表面溫度參數H、與普蘭特數Pr，對於無因次速度分佈、無因次溫度分佈、表面磨擦係數與奈塞數Nu之影響。表面磨擦係數隨著無因次座標ξ之增加而達到最大值，而後再逐漸降低；然而，奈塞數Nu則是呈逐漸降低現象。對於熱源情況（Q > 0），表面磨擦係數逐漸增加，但奈塞數Nu逐漸減少；對於熱穴情況，恰好相反。增加輻射-傳導參數
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或表面溫度參數H，則會增加表面磨擦係數與奈塞數Nu。此外，增加普蘭特數Pr，會減少表面磨擦係數與增大奈塞數Nu。
關鍵字: 熱輻射，熱源/穴，自然對流，等溫水平圓柱體
1. Introduction

The problem of free convection flow adjacent to a heated, horizontal circular cylinder has received a great deal of attention. Koy and Price [1] investigated the laminar free convection from a nonisothermal horizontal cylinder. Peterka and Richardson [2] studied the natural convection from a horizontal cylinder at moderate Grashof numbers. Churchill and Chu [3] derived the correlating equations for laminar and turbulent free convection from a horizontal cylinder. Muntasser and Mulligan [4] used a local nonsimilarity analysis to analyze the free convection from a horizontal cylindrical surface. Morgan [5] studied extensively the heat transfer by natural convection from a horizontal isothermal cylinder in air. Laminar free convection over two-dimensional and axisymmetric bodies was investigated by Saville and Churchill [6], and Lin and Chao [7].

In the problems dealing with the chemical reactions and dissociating fluid, heat source/sink in moving fluids becomes important. In the aspect of heat source/sink, possible heat generation effects may alter the temperature distribution and, therefore, the particle deposition rate. This may occur in such applications related to nuclear reactor cores, fire and combustion modeling, electronic chips and semiconductor wafers. Vajravelu and Hadjinicolaou [8] studied the heat transfer in a viscous fluid over a stretching sheet with viscous dissipation and internal heat generation. In this study, they considered the volumetric rate of heat generation, 
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where Qo is the heat generation constant. Chamkha and Issa [9] considered the effects of heat generation/absorption and the thermophoresis on hydromagnetic flow with heat and mass transfer over a flat plate. Molla et al. [10] investigated the natural convection flow along a vertical wavy surface with heat generation/absorption. Molla et al. [11] presented the magnetohydrodynamic natural convection flow on a sphere in presence of heat generation. Molla et al. [12] studied the natural convection flow from an isothermal horizontal circular cylinder in presence of heat generation. Molla et al. [13] illustrated the natural convection flow from a horizontal circular cylinder with uniform heat flux in presence of heat generation.
Previous researches [1-13], however, have only concentrated upon the problem of free convection without radiation effect. The existence of the large difference between the surface temperature and the ambient temperature causes the radiation effect may become important. Radiation contributes substantially to energy transfer in furnaces, combustion chambers, fires, and to the energy emission from a nuclear explosion. Radiation must be considered in calculating thermal effects in rocket nozzles, power plants, engines, and high temperature heat exchangers. The effect of radiation on free convection flow are important in the context of space technology and very little is known about the effect of radiation on the boundary layer flow of a radiating fluid past a body. The inclusion of a radiation effect in the energy equation, however, leads to a highly non-linear partial differential equation. Hossain et al. [14] investigated the effect of thermal radiation on natural convection over cylinders of elliptic cross section using the Rosseland diffusion approximation. This approximation leads to a considerable simplification in the expression for radiant flux. Later, Yih [15] analyzed the free convection-radiation interaction on boundary layer flow along a truncated cone. Thermal radiation effect on the natural convection flow over an isothermal horizontal plate was studied by Hossain and Takhar [16]. Makinde [17] investigated the free convection flow with thermal radiation and mass transfer past a moving vertical porous plate. Tahmina and Alim [18] studied the effect of radiation on natural convection flow around a sphere with uniform surface heat flux. Effect of radiation on natural convection flow on an isothermal sphere in presence of heat generation was studied by Miraj et al. [19].
The aim of the present work, therefore, is to follow the work of Miraj et al. [19] and to extend the work of Molla et al. [12] to consider the radiation effect on the flow and heat transfer characteristics in free convection about an isothermal horizontal circular cylinder in the presence of heat source/sink.
2. Analysis

Let us consider here the problem of the thermal radiation effect on free convection flow of an optically dense viscous fluid over an isothermal horizontal circular cylinder in presence of heat source/sink. Figure 1 shows the flow model and the physical coordinate system. The flow over the horizontal circular cylinder is assumed to be two-dimensional, incompressible, laminar and steady. Fluid properties are assumed to be constant except the density variation in the buoyancy force term.
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FIG. 1 The flow model and the physical coordinate system

Introducing the boundary layer, Boussinesq and Rosseland diffusion approximations, the governing equations and the boundary conditions can be written as follows [12,19]:
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where x is measured along the surface of the horizontal circular cylinder from the lower stagnation point and y is measured normal to the surface, respectively; u and v are the velocities in the x- and y- directions; The gravitational acceleration g is acting downward; β is the thermal expansion coefficient; T is the temperature; a is the radius of horizontal circular cylinder; ν is the kinematic viscosity; ρ is the density; α is the thermal diffusivity; σ is the Stefan-Boltzmann constant; 
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 is the Rosseland mean extinction coefficient; 
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 is the scattering coefficient; and 
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 is the specific heat at constant pressure. The term 
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 can be considered as the “radiative conductivity”.

The stream function 
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 is defined by 
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, therefore, the continuity equation is automatically satisfied.

Invoking the following dimensionless variables
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and substituting Eq. (6) into Eqs. (1)-(5), we obtain
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In addition, the velocity components are
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and
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In the above equations, the primes denote partial differentiation with respect to η. ξ is the dimensionless coordinate. The heat source/sink parameter is 
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; for the case of the heat source, Qo > 0 and hence Q > 0. On the other hand, for the case of the heat sink, Qo < 0 and hence Q < 0; the radiation-conduction parameter is 
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; the surface temperature parameter is 
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 which represents the ratio of the surface temperature and the ambient temperature; the Prandtl number is Pr = ν/α. The reference velocity is 
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In practical applications, the physical quantities of principal interest are the shearing stress, the heat transfer rate in terms of the skin-friction coefficients Cf and Nusselt number Nu respectively, which can be written as
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where
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Inserting the equations (6.2-6.4) and (11) and the boundary condition (9) into (13)-(14), we get the skin friction coefficient in terms of 
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It may be noticed that for 
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 = 0, Eqs. (7)-(10) are reduced to those of Molla et al. [12] where a non-similar solution was obtained previously.

3. Numerical Method

Equations (7) and (8) with the boundary conditions (9) and (10) are nonlinear partial differential equations depending on the various values of the dimensionless coordinate ξ, the Prandtl number Pr, the radiation-conduction parameter 
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, the surface temperature parameter H and the heat source/sink parameter Q. The present analysis integrates the system of Eqs. (7)-(8) by the implicit finite difference approximation together with the modified Keller box method of Cebeci and Bradshaw [20]. To begin with, the partial differential equations are first converted into a system of five first-order equations. Then these first-order equations are expressed in finite difference forms and solved along with their boundary conditions by an iterative scheme. This approach gives a better rate of convergence and reduces the numerical computational times.
Computations were carried out on a personal computer with 
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 = 0.1; the first step size 
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, H, Q and Pr. The requirement that the variation of the velocity and temperature distributions is less than 
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 between any two successive iterations is employed as the criterion of convergence.

4. Results and Discussion

In order to verify the accuracy of our present method, we have compared our results with those of Merkin [21] and Molla et al. [12], Merkin [22] and Kumar et al. [23]. Tables 1 and 2 list the comparison of the values of 
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 = 0 and Pr = 1 (ξ in degree), respectively. Table 3 shows the comparison of the values of 
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 = 0 and Pr = 1 (ξ in radian). The comparison in the above cases is found to be in good agreement, as shown in Tables 1 to 3.

Table 1. Comparison of the values of 
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 = 0 and Pr = 1. (ξ in degree)
	ξ
	Merkin
[21]
	Molla et al.

[12]
	Present
results

	0.0
	0.0000
	0.0000
	0.0000

	π/6
	0.4151
	0.4145
	0.4150

	π/3
	0.7558
	0.7539
	0.7555

	π/2
	0.9579
	0.9541
	0.9576

	2π/3
	0.9756
	0.9696
	0.9753

	5π/6
	0.7822
	0.7739
	0.7820

	π
	0.3391
	0.3264
	0.3389


Table 2. Comparison of the values of 
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 = 0 and Pr = 1. (ξ in degree)

	ξ
	Merkin
[21]
	Molla et al.

[12]
	Present
results

	0.0
	0.4214
	0.4241
	0.4216

	π/6
	0.4161
	0.4161
	0.4165

	π/3
	0.4007
	0.4005
	0.4011

	π/2
	0.3745
	0.3740
	0.3748

	2π/3
	0.3364
	0.3355
	0.3365

	5π/6
	0.2825
	0.2812
	0.2825

	π
	0.1945
	0.1917
	0.1944


For the purpose of the comparison with the future study, Tables 4 and 5 show the some values of 
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 for various values of Q,
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, H, and Pr, respectively.
Numerical results are here carried out for the dimensionless coordinate ξ ranging from 0 (the lower stagnation point) to π (the upper stagnation point), the heat source/sink parameter Q ranging from -0.2(heat sink) to 0.2 (heat source), the radiation-conduction parameter 
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 ranging from 0 to 3, the surface temperature parameter H ranging from 1.1 to 1.5, and the Prandtl number ranging from 0.7 to 4.0.

Table 3. Comparison of the values of 
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 = 0 and Pr = 1. (ξ in radian)
	ξ
	Merkin

[22]
	Kumari
et al. [23]
	Present
results

	0.0
	0.4212
	0.4214
	0.4216

	0.2
	0.4204
	0.4207
	0.4209

	0.4
	0.4182
	0.4185
	0.4186

	0.6
	0.4145
	0.4147
	0.4149

	0.8
	0.4093
	0.4095
	0.4097

	1.0
	0.4025
	0.4028
	0.4029

	1.2
	0.3942
	0.3944
	0.3945

	1.4
	0.3843
	0.3846
	0.3846

	1.6
	0.3727
	0.3729
	0.3730

	1.8
	0.3594
	0.3595
	0.3597

	2.0
	0.3443
	0.3443
	0.3444

	2.2
	0.3270
	0.3279
	0.3271

	2.4
	0.3073
	0.3073
	0.3074

	2.6
	0.2847
	0.2846
	0.2847

	2.8
	0.2581
	0.2580
	0.2581

	3.0
	0.2252
	0.2250
	0.2251

	π
	0.1963
	0.1949
	0.1944


Table 4. The values of 
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, H, and Pr. (ξ in radian)
	ξ
	Q
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	H
	Pr
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	1
	0.1
	1
	1.1
	0.7
	0.8918

	2
	0.1
	1
	1.1
	0.7
	1.2350

	1
	-0.1
	1
	1.1
	0.7
	0.8485

	1
	-0.1
	2
	1.1
	0.7
	0.8943

	1
	-0.1
	2
	1.5
	0.7
	0.9553

	1
	-0.1
	2
	1.5
	4
	0.7895


Table 5. The values of 
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, H, and Pr. (ξ in radian)
	ξ
	Q
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	Pr
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	1
	0.1
	1
	1.1
	0.7
	0.5249

	2
	0.1
	1
	1.1
	0.7
	0.4323

	1
	-0.1
	1
	1.1
	0.7
	0.7462

	1
	-0.1
	2
	1.1
	0.7
	0.9824

	1
	-0.1
	2
	1.5
	0.7
	1.3475

	1
	-0.1
	2
	1.5
	4
	2.8336


Figures 2 and 3 show respectively the dimensionless velocity and temperature profiles for three values of the heat source/sink parameter Q with Pr = 0.7, 
[image: image73.wmf]d
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 = 1, H = 1.1,  ξ = 2. It is found that for the heat source case, i.e., Q > 0, increasing the heat source/sink parameter increases the dimensionless velocity and temperature profiles. However, this trend reversed for the heat sink case (Q < 0).
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FIG. 2 Effect of the heat source/sink parameter on the dimensionless velocity profiles
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FIG. 3 Effect of the heat source/sink parameter on the dimensionless temperature profiles

Figures 4 and 5 illustrate respectively the dimensionless velocity profiles and the dimensionless temperature profiles for three values of the radiation-conduction parameter 
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 with Pr = 0.7, Q = -0.1, H = 1.2, ξ = 2. The dimensionless velocity profiles and the dimensionless surface velocity gradients become large for the increase of 
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, as shown in Fig. 4.
When 
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 increases, the dimensionless temperature profiles become large, but the dimensionless surface temperature gradients become small, as shown in Fig. 5. As the value of 
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 increases, the radiation absorption in the boundary layer increases, causing the dimensionless temperature profiles become large. It is also found that, the dimensionless temperature profiles decrease monotonically from the surface to the ambient.
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FIG. 4 Effect of the radiation-conduction parameter on the dimensionless velocity profiles
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FIG. 5 Effect of the radiation-conduction parameter on the dimensionless temperature profiles

The dimensionless velocity and temperature profiles for three values of the surface temperature parameter H with Pr = 0.7, Q = 0.1, 
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 = 2, ξ = 2 are displayed in Figs. 6 and 7, respectively. The increase in the value of the surface temperature parameter H leads to increase in the dimensionless velocity and temperature profiles. This trend is similar to the effect of the radiation-conduction parameter 
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FIG. 6 Effect of the surface temperature parameter on the dimensionless velocity profiles
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FIG. 7 Effect of the surface temperature parameter on the dimensionless temperature profiles
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FIG. 8 Effect of the Prandtl number on the dimensionless velocity profiles

[image: image87.png]0.8f
0.6}
0.4f

0.2}

Q=-02,Rd=3 ,H=15
£=2

Pr=0.7

5 10 15




FIG. 9 Effect of the Prandtl number on the dimensionless temperature profiles

The dimensionless velocity profiles and dimensionless temperature profiles for three values of the Prandtl number Pr with Q = -0.2, 
[image: image88.wmf]d

R

 = 3, H = 1.5, ξ = 2 are shown in Figs. 8 and 9, respectively. It is shown that the increase in the value of the Prandtl number Pr decreases both the dimensionless velocity and dimensionless temperature profiles. This trend is similar to the pure free convection.
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FIG. 10 Effect of the heat source/sink parameter on the skin friction coefficient
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FIG. 11 Effect of the heat source/sink parameter on the Nusselt number

Figures 10 and 11 present the skin friction coefficient and the Nusselt number for various values of the heat source/sink parameter Q with Pr = 0.7, 
[image: image91.wmf],
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 H = 1.1, respectively. For a fixed ξ, it is shown that the skin friction coefficient increases (decreases) for the case of the heat source (heat sink). Whereas, the Nusselt number decreases (increases) for the case of the heat source (heat sink). For the physical significance of heat source mechanism, which creates a layer of hot fluid near the surface of the horizontal circular cylinder. For this reason the Nusselt number decreases. Because of the enhanced temperature, the viscosity of the fluid increases and thus the corresponding skin friction coefficient increases.
It is also seen that, the skin friction coefficient increases gradually from zero value at lower stagnation point (ξ = 0), then along the ξ direction reaches a maximum in the intermediate value of ξ, and then decreases gradually. However, the Nusselt number decreases monotonically from the lower stagnation point to the upper stagnation point (ξ = π).
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FIG. 12 Effect of the radiation-conduction parameter on the skin friction coefficient
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FIG. 13 Effect of the radiation-conduction parameter on the Nusselt number
The skin friction coefficient and the Nusselt number for four values of the radiation-conduction parameter 
[image: image94.wmf]d

R

 with Pr = 0.7, Q = -0.1, H = 1.2 are shown in Figs. 12 and 13, respectively. For a fixed value of the dimensionless coordinate ξ, both the skin friction coefficient and the Nusselt number increase as the radiation-conduction parameter 
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FIG. 14 Effect of the surface temperature parameter on the skin friction coefficient
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FIG. 15 Effect of the surface temperature parameter on the Nusselt number
Figures 14 and 15 display the skin friction coefficient and the Nusselt number for various values of the surface temperature parameter H with Pr = 0.7, Q = 0.1, 
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respectively. It is found that both the skin friction coefficient and the Nusselt number enhance with increasing the surface temperature parameter H. This trend is similar to the radiation-conduction parameter, as shown in Figs. 12 and 13.
In the pure free convection heat transfer, the Nusselt number is only proportional to the dimensionless surface temperature gradient 
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 is low, as shown in Figs. 5 and 7, the Nusselt number is still large. This is because the Nusselt number is found to be more sensitive to 
[image: image102.wmf]d

R

 and H than 
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, as revealed in Eq. (15).
The skin friction coefficient and the Nusselt number for various values of the Prandtl number Pr with Q = -0.2, 
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H = 1.5 are illustrated in Figs. 16 and 17, respectively. For a fixed value of the dimensionless coordinate ξ, increasing the Prandtl number decreases the surface velocity gradient, as shown in Fig. 8, thereby reduces the skin friction coefficient. However, as the Prandtl number increases, the Nusselt number increases. This due to the fact that a larger Prandtl number Pr is associated with a thinner thermal boundary layer, as shown in Fig. 9. The thinner the thermal boundary layer thickness, the larger the Nusselt number.
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FIG. 16 Effect of the Prandtl number on the skin friction coefficient
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FIG. 17 Effect of the Prandtl number on the Nusselt number

5. Conclusions

The effect of thermal radiation on steady two-dimensional laminar free convection flow adjacent to an isothermal horizontal circular cylinder in the presence of heat source/sink is numerically analyzed. The nonlinear boundary-layer equations are transformed and the resulting differential equations are solved by an implicit finite difference scheme (Keller box method). Numerical results for the dimensionless velocity distribution, the dimensionless temperature distribution, the skin friction coefficient and the Nusselt number are presented for various values of the dimensionless coordinate ξ, the heat source/sink parameter Q,  the radiation-conduction parameter 
[image: image107.wmf]d
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, the surface temperature parameter H, and the Prandtl number Pr. For the case of the heat sink (heat  source), the Nusselt number increases (decreases); however, this trend reversed for the skin friction coefficient. Both the skin friction coefficient and the Nusselt number increase for the large values of the radiation-conduction parameter 
[image: image108.wmf]d
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 or the surface temperature parameter H, i.e., radiation effect becomes pronounced. Increasing the Prandtl number increases the Nusselt number and decreases the skin friction coefficient. It is shown that increasing the dimensionless coordinate, the skin friction coefficient increases initially, reaches a maximum in the intermediate value of ξ and then decreases gradually. However, the Nusselt number decreases monotonically with increasing ξ.
References

1. Koy, J. C. Y., and Price, J. F., “Laminar free convection from a nonisothermal cylinder,” J. Heat Transfer, Vol. 86, pp. 237-244 (1965).

2. Peterka, J. A., and Richardson, P. D., “Natural convection from a horizontal cylinder at moderate Grashof numbers,” Int. J. Heat Mass Transfer, Vol. 12, pp. 749-752. (1969).
3. Churchill, S. W., and Chu, H. H. S., “Correlating equations for laminar and turbulent free convection from a horizontal cylinder,” Int. J. Heat Mass Transfer, Vol. 18, pp. 1049-1053 (1975).

4. Muntasser, M. A., and Mulligan, J. C., “A local nonsimilarity analysis of free convection from a horizontal cylindrical surface,” J. Heat Transfer, Vol. 100, pp. 165-167 (1978).

5. Morgan, V. T., “Heat transfer by natural convection from a horizontal isothermal cylinder in air,” Heat Transfer Eng., Vol. 18, pp. 25-33 (1997).

6. Saville, D. A., and Churchill, S. W., “Laminar free convection in boundary layers near horizontal cylinders and vertical axisymmetric bodies,” J. Fluid Mech., Vol. 29, pp. 391-399 (1967).

7. Lin, F. N., and Chao, B. T., “Laminar free over two-dimensional and axisymmetric bodies of arbitrary contour,” J. Heat Transfer, Vol. 96, pp. 435-442 (1974).

8. Vajravelu, K., and Hadjinicolaou, A., “Heat transfer in a viscous fluid over a stretching sheet with viscous dissipation and internal heat generation,” Int. Comm. Heat Mass Transfer, Vol. 20, pp. 417-430 (1993).

9. Chamkha, A. J., and Issa, C., “Effects of heat generation/absorption and the thermophoresis on hydromagnetic flow with heat and mass transfer over a flat plate,” Int. J. Num. Methods Heat Fluid Flow, Vol. 10, pp. 432-448 (2000).
10. Molla, M. M., Hossain, M.A., and Yao, L.S., “Natural convection flow along a vertical wavy surface with heat generation/absorption,” Int. J. Thermal Sci., Vol. 43, pp. 157-163 (2004).

11. Molla, M. M., Taher, M. A., Chowdhury, M. M. K., and Hossain, M. A., “Magnetohydrodynamic natural convection flow on a sphere in presence of heat generation,” Nonlinear Analysis: Modelling Control, Vol. 10, pp. 349-363 (2005).
12. Molla, M. M., Hossain, M. A., and Paul, M. C., “Natural convection flow from an isothermal horizontal circular cylinder in presence of heat generation,” Int. J. Eng. Sci., Vol. 44, pp. 949-958 (2006).

13. Molla, M. M., Paul, S. C., and Hossain, M. A., “Natural convection flow from a horizontal circular cylinder with uniform heat flux in presence of heat generation,” Applied Math. Modelling, Vol. 33, pp. 3226-3236 (2009).
14. Hossain, M. A., Alim, M. A., and Rees, D. A. S., “Effect of thermal radiation on natural convection over cylinders of elliptic cross section,” Acta Mech., Vol. 129, pp. 177-186 (1998).
15. Yih, K. A., “Effect of radiation on natural convection about a truncated cone,” Int. J. Heat Mass Transfer, Vol. 42, pp. 4299-4305 (1999).
16. Hossain, M. A., and Takhar, H. S., “Thermal radiation effects on the natural convection flow over an isothermal horizontal plate,” Heat Mass Transfer, Vol. 35, pp. 321-326 (1999).
17. Makinde, O. D., “Free convection flow with thermal radiation and mass transfer past a moving vertical porous plate,” Int. Comm. Heat and Mass Transfer, Vol. 32, pp. 1411-1419 (2005).
18. Tahmina, A., and Alim, M. A., “Effects of radiation on natural convection flow around a sphere with uniform surface heat flux,” J. Mech. Eng., The Institution of Engineers, Bangladesh, Vol. 39, pp. 50-56 (2008).
19. Miraj, M., Alim, M. A., and Mamun, M. A. H., “Effect of radiation on natural convection flow on a sphere in presence of heat generation,” Int. Comm. Heat and Mass Transfer, Vol. 37, pp. 660-665 (2010).
20. Cebeci, T., and Bradshaw, P., Physical and Computational Aspects of Convective Heat Transfer, New York, Springer-Verlag (1984).
21. Merkin, J. H., “Free convection boundary layer on an isothermal horizontal circular cylinders,” ASME/AIChE Heat Transfer Conference, St. Louis, Mo., August 9–11 (1976).
22. Merkin, J. H., “Free convection boundary layers on cylinders of elliptic cross section,” J. Heat Transfer, Vol. 99, pp. 453-457 (1977).

23. Kumar, P., Rout, S., and Narayanan, P. S., “Laminar natural convection boundary layers over bodies of arbitrary contour with vectored surface mass transfer,” Int. J. Eng. Sci., Vol. 27, pp. 1241-1252 (1989). 
� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���








256
251

[image: image116.wmf]4

1

f

Gr

C

2

1

[image: image117.wmf]4

1

Gr

Nu

[image: image118.wmf]4

1

f

Gr

C

2

1

[image: image119.wmf]4

1

Gr

Nu

[image: image120.wmf]4

1

f

Gr

C

2

1

[image: image121.wmf]4

1

Gr

Nu

[image: image122.wmf]4

1

f

Gr

C

2

1

[image: image123.wmf]4

1

Gr

Nu

[image: image124.wmf]o

[image: image125.wmf]F

[image: image126.wmf]4

1

Gr

Nu

[image: image127.wmf]a

[image: image128.wmf]y

[image: image129.wmf]¥

>

T

T

w

[image: image130.wmf]g

[image: image131.wmf]4

1

f

Gr

C

2

1

_1102886433.unknown

_1387987221.unknown

_1387998932.unknown

_1388257168.unknown

_1388257176.unknown

_1388305117.unknown

_1388393352.unknown

_1388257629.unknown

_1388258010.unknown

_1388257181.unknown

_1388257172.unknown

_1388256414.unknown

_1388256646.unknown

_1387998926.unknown

_1387998928.unknown

_1387998930.unknown

_1387998927.unknown

_1387996338.unknown

_1387998924.unknown

_1387998925.unknown

_1387998816.unknown

_1387996335.unknown

_1387996336.unknown

_1387987248.unknown

_1102892908.unknown

_1387111637.unknown

_1387986384.unknown

_1387987013.unknown

_1387987159.unknown

_1387987183.unknown

_1387987040.unknown

_1387987008.unknown

_1387111962.unknown

_1387827901.unknown

_1387827899.unknown

_1387111686.unknown

_1102904742.unknown

_1387111294.unknown

_1387111389.unknown

_1387111502.unknown

_1387111175.unknown

_1102892927.unknown

_1102892932.unknown

_1102894501.unknown

_1102892913.unknown

_1102886461.unknown

_1102890038.unknown

_1102890043.unknown

_1102886607.unknown

_1102889973.unknown

_1102889277.unknown

_1102886574.unknown

_1102886445.unknown

_1102886458.unknown

_1102886438.unknown

_1102885879.unknown

_1102886031.unknown

_1102886091.unknown

_1102886305.unknown

_1102886391.unknown

_1102886429.unknown

_1102886309.unknown

_1102886278.unknown

_1102886053.unknown

_1102886061.unknown

_1102886050.unknown

_1102885980.unknown

_1102886004.unknown

_1102886008.unknown

_1102885985.unknown

_1102885897.unknown

_1102885944.unknown

_1102885893.unknown

_1102885790.unknown

_1102885855.unknown

_1102885863.unknown

_1102885867.unknown

_1102885859.unknown

_1102885848.unknown

_1102885851.unknown

_1102885818.unknown

_1102885719.unknown

_1102885784.unknown

_1102885787.unknown

_1102885723.unknown

_1102885494.unknown

_1102885711.unknown

_1102885715.unknown

_1102885707.unknown

_913588512.unknown

_1102885466.unknown

_913588508.unknown

