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Introduction

 Natural convection is due to density difference in the same fluid (buoyancy force.

 The changes in density results in movement of the fluid; fluid property variation is 

due to the change in temperature or temperature gradient.

 For the fluid to move due to buoyancy force, an external force is necessary, such as 

gravity, or centrifugal force.  

 Buoyancy forces may arise in a fluid for which there are density gradients and a 

body force that is proportional to density.

 In heat transfer, density gradients are due to temperature gradients and the body

force is gravitational.

 Body force: buoyancy force which gives rise to the fee convection currents.  
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General Considerations

Examples:

Introduction

 Stable and Unstable 

Temperature Gradients
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Free Convection Heat Transfer on a Vertical Plate

 Consider a flat plate whose temperature Tw > T.

 Flow field develops due to natural convection

 The velocity at the wall: u(y =0) = 0   (No slip condition)

 u  as we go away from the plate, however, at certain 

distance, the fluid will not be influenced by the heated 

plate   No buoyancy force (u = 0)

 The initial boundary-layer development is laminar; but at 

some distance from the leading edge, depending on 

 (1) the fluid properties, and 

 (2) the temperature difference between the wall and the 

environment, turbulent eddies are formed and turbulent 
boundary layer begins
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 It can be shown using the momentum equation and energy 

equation for natural convection that:  

 The following boundary conditions apply for temperature 

distribution
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 The resultant expression for the 

boundary-layer thickness is:

  4/14/12/1 GrPr952.0Pr93.3   xx
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Free Convection Heat Transfer on a Vertical Plate
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 Gr can be used as a criteria for the change from laminar to turbulent boundary 

layer flow, since it has similar physical meaning as Re.

 For air in free convection on a vertical plate, the critical Gr is 4108; i.e. if Gr > 

4108  turbulent convection 

 For other fluids, Grc ranges between 108 -109.

Transition to Turbulence

 Amplification of disturbances depends 

on relative magnitudes of buoyancy and 

viscous forces.

Free Convection Heat Transfer on a Vertical Plate

 Transition occurs at a critical  Rayleigh Number.
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Empirical Relations for Free Convection for Vertical Plates and Cylinder

 Previous relation is useful for free convection heat transfer on a vertical plate 

and is the simples to be treated mathematically (i.e. expressed in terms of Gr)

 In some free-convection problems, experimental measurements must be relied 

due to: 
1. difficulty in prediction of T- and u-distributions, and

2. turbulent free convection is difficult to be predicted analytically. 

 Experimental data can be used to formulate empirical relations 

for free convections.

 Average heat transfer coefficient can be represented in the following functional 

form for a variety of circumstances: 

 mfff C PrGrNu 

Define Rayleigh number as:

2



TT

T w
f properties at

PrGrRa  Ra > 109  turbulent flow
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 Over the years it has been found that average free-convection heat-transfer 

coefficients can be represented in the following functional form for a variety of 

circumstances:

Empirical Relations for Free Convection
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Constants for use for 

isothermal surfaces



Chemical Engineering Department | University of Jordan | Amman 11942, Jordan

Tel. +962 6 535 5000 | 22888 

13

Free-convection heat transfer from vertical isothermal plates, Fig. 7.5
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Free-convection heat transfer from horizontal isothermal cylinders, Fig. 7.6
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 Laminar Flow  910 :LRa 
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Empirical Relations for Free Convection for Vertical Plates and Cylinder

 The above relations  may also be applied to vertical cylinders of height L, if the boundary 

layer thickness is much less than the cylinder diameter D, or if

Isothermal Surfaces
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Horizontal Plates

 Buoyancy force is normal, instead of parallel, to the plate.

 Flow and heat transfer depend on whether the plate is heated or cooled and whether it 

is facing upward or downward.

 Heated Surface Facing Upward or Cooled Surface Facing Downward

sT T sT T

 1/ 4 4 70.54 10 10L L LNu Ra Ra  

 1/ 3 7 110.15 10 10L L LNu Ra Ra  
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 Heated Surface Facing Downward or Cooled Surface Facing Upward

sT T sT T

 1/ 4 5 100.27 10 10L L LNu Ra Ra  

Horizontal Plates
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Constant-Heat-Flux Surfaces

 The experiments have produced the following correlations for constant heat flux on a 

horizontal plate: For the heated surface facing upward

Horizontal Plates
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6-m-long section of an 8-cm diamter horizontal hot 

water pipe shown in the drawing passes through a large 

room whose temperature is 18oC. If the outer surface 

temperature of the pipe is 70oC, determine the rate of 

heat loss from the pipe by natural convection 

Properties of air: @ Tf = (70+18)/2 = 44oC = 317 K

k = 0.0273 W/m.oC;   Pr = 0.71;     = 1.74  10-5 m2/s

For ideal gas: = 1/317 = 0.00315 K-1

Example

T/1
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Pr
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PrGr  Ra
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)08.0)(1870)(00315.0)(8.9(
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




 = 17.2


08.0

)2.17)(0273.0(
Nu 

D

k
h = 5.9 W/m2.oC

A =  D L =  (0.08) (6) = 1.51 m2

 q = h A (Tw - T) = (1.51)(17.2) (70-18) = 463 W

Example cont.
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Remark:

The pipe will also lose heat to the surroundings by radiation as well as by natural 

convection. Assuming the outer surface of the pipe to be black body ( = 1):

 44
 TTAq wrad 

= (1)(1.51)(5.6710-8) [(70+273)4 – (18+273)4] = 571 W

 Radiation analysis should normally 

accompany a natural convection analysis 

unless the emissivity is low. 

Example cont.
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Cooling of  a Plate in different orientations

Consider a 0.6-m  0.6 m thin square plate in a room at 30oC. 

One side of the plate is maintained at a temperature of 74oC, 

while the other side is insulated, as shown. Determine the rate 

of heat transfer from the plate by natural convection if the 

plate is (a) vertical, (b) horizontal  with hot surface facing up, 

and (c) horizontal with hot surface facing down.

Properties of air: @ Tf = (74+30)/2 = 52oC = 325 K

k = 0.0279 W/m.oC;   Pr = 0.71;     = 1.815  10-5 m2/s

For ideal gas: T/1 = 1/325 = 0.00308 K-1

Example
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(a) Vertical

Pr
)(

 Ra
2

3


 LTTg w 

 )71.0(
)10815.1(

)6.0)(3074)(00308.0)(8.9(
25

3




 = 6.174108

From the table: 4/1Ra59.0Nu    4/1810174.659.0  = 93.0


6.0

)0.93)(0279.0(
Nu 

L

k
h = 4.3 W/m2.oC

A = L2 = (0.6)2 = 0.36 m2  q = h A (Tw - T) = (4.3)(0.36) (74-30) = 68.1 W

Example cont.
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(b) Horizontal plate with hot plate facing up 

Pr
)/)((

 Ra
2

3


 pATTg w 

 )71.0(
)10815.1(

]6.04/(6.0)[3074)(00308.0)(8.9(
25

3




 = 9. 43106

From the table:
4/1Ra54.0Nu    4/161043.954.0  = 29.9

15.0

)9.29)(0279.0(
Nu

)/(


pA

k
h = 5.56 W/m2.oC

A = L2 = (0.6)2 = 0.36 m2  q = h A (Tw - T) = (5.56)(0.36) (74-30) = 88.1 W

(c) Horizontal plate with hot plate facing down 

Pr
)/)((

 Ra
2

3


 pATTg w 

 )71.0(
)10815.1(

]6.04/(6.0)[3074)(00308.0)(8.9(
25

3




 = 9. 43106

Example cont.
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From the table:
4/1Ra27.0Nu    4/161043.927.0  = 15.0

15.0

)0.15)(0279.0(
Nu

)/(


pA

k
h = 2.28 W/m2.oC

A = L2 = (0.6)2 = 0.36 m2  q = h A (Tw - T) = (2.28)(0.36) (74-30) = 44.4 W

Example cont.
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Example
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KNOWN:  Dimensions and emissivity of cylindrical solar receiver.  Incident solar flux.  
Temperature of ambient air. 

FIND:  (a) Heat loss and collection efficiency for a prescribed receiver temperature, (b) 
Effect of receiver temperature on heat losses and collector efficiency. 

ASSUMPTIONS:  (1) Steady-state, (2) Ambient air is quiescent, (3) Incident solar flux is 
uniformly distributed over receiver surface, (4) All of the incident solar flux is absorbed by 
the receiver, (5) Negligible irradiation from the surroundings, (6) Uniform receiver surface 
temperature, (7) Curvature of cylinder has a negligible effect on boundary layer development, 
(8) Constant properties 

Example cont.
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PROPERTIES:  Table A-4, air (Tf = 550 K):  k = 0.0439 W/mK,  = 45.6  10-6 m2/s,  = 
66.7  10-6 m2/s, Pr = 0.683,  = 1.82  10-3 K-1. 

ANALYSIS:  (a) The total heat loss is 

 4
rad conv s s s sq q q A T hA T T     

With RaL = g (Ts - T)L3/ = 9.8 m/s2 (1.82  10-3 K-1) 500K (12m)3/(45.6  66.7  10-12 
m4/s2) = 5.07  1012, the Churchill and Chu correlation yields 

 
 

2

1/ 6
2 2L

8 / 279 /16

k 0.387 Ra 0.0439 W / m K
h 0.825 0.825 42.4 6.83 W / m K

L 12m
1 0.492 / Pr


     



 
  
 
  

    

Hence, with As = DL = 264 m2 

   42 8 2 4 2 2q 264 m 0.2 5.67 10 W / m K 800 K 264 m 6.83W / m K 500 K       

6 5 6
rad convq q q 1.23 10 W 9.01 10 W 2.13 10 W       

Example cont.
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With 7
s sA q 2.64 10 W,    the collector efficiency is 

 
 

7 6
s s

7s s

2.64 10 2.13 10 WA q q
100 100 91.9%

A q 2.64 10 W


    
     

(b) As shown below, because of its dependence on temperature to the fourth power, qrad 
increases more significantly with increasing Ts than does qconv, and the effect on the efficiency 
is pronounced 
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COMMENTS:  The collector efficiency is also reduced by the inability to have a perfectly 
absorbing receiver.  Partial reflection of the incident solar flux will reduce the efficiency by at 
least several percent. 

Example cont.
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The Long Horizontal Cylinder

 Boundary Layer Development and Variation of the Local Nusselt Number for a Heated 

Cylinder:

• The Average Nusselt Number:

 

2

1/ 6
12

8 / 279 /16

0.387
0.60 10

1 0.559 / Pr

D
D D

Ra
Nu Ra

 
    

    
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Spheres

• The Average Nusselt Number:

 

1/ 4

4 / 99 /16

0.589
2

1 0.469 / Pr

D
D

Ra
Nu  

  

 In the limit as 0,DRa  corresponds to heat transfer by conduction 

between a spherical surface and a 

stationary infinite medium
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Natural Convection Cooling of Vertical PCBs (constant heat flux)

 The Nusselt number at the upper edge of the plate where 

maximum temperature occurs is determined from

 The optimum fin spacing for the case of uniform heat flux on 

both plates is

 The total rate of heat transfer from the plates is

 The modified Rayleigh number for 

uniform heat flux on both plates is
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Natural Convection Cooling of Finned Surfaces (Ts constant)

 the average Nusselt number for vertical isothermal parallel 

plates is

 When the fins are essentially isothermal and the fin thickness t is 

small relative to the fin spacing S, the optimum fin spacing for a 

vertical heat sink is

 The rate of heat transfer by natural convection from the fins
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Example
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KNOWN:  Volume, thermophysical properties, and initial and final temperatures of a 
pharmaceutical.  Diameter and length of submerged tubing.  Pressure of saturated steam 
flowing through the tubing. 

FIND:  (a) Initial rate of heat transfer to the pharmaceutical, (b) Time required to heat the 
pharmaceutical to 70C and the amount of steam condensed during the process. 
 

Example cont.

SCHEMATIC:   
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ASSUMPTIONS:  (1) Pharmaceutical may be approximated as an infinite, quiescent fluid of 
uniform, but time-varying temperature, (2) Free convection heat transfer from the coil may be 
approximated as that from a heated, horizontal cylinder, (3) Negligible thermal resistance of 
condensing steam and tube wall, (4) Negligible heat transfer from tank to surroundings, (5) 
Constant properties. 

PROPERTIES:  Table A-4, Saturated water (2.455 bars): Tsat = 400K = 127C, hfg = 2.183  
106 J/kg.  Pharmaceutical:  See schematic. 

ANALYSIS:  (a) The initial rate of heat transfer is  s s iq hA T T ,   where As = DL = 0.707 

m2 and h  is obtained from Eq. 9.34.   

Example cont.

With  = /Pr = 4.0  10-7 m2/s and RaD = g (Ts – Ti) D
3/ = 9.8 m/s2 (0.002 K-1) (102K) 

(0.015m)3/16  10-13 m4/s2 = 4.22  106, 
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 

 
 

D

2 2
1/ 661/ 6

D
8/ 27 8/ 279 /16 9 /16

0.387 4.22 100.387 Ra
Nu 0.60 0.60 27.7

1 0.559 / Pr 1 0.559 /10

   
             

                   

Hence,  2
Dh Nu k / D 27.7 0.250 W / m K / 0.015m 462 W / m K       

 

and     2 2
s s iq hA T T 462 W / m K 0.707 m 102 C 33,300 W         < 

(b) Performing an energy balance at an instant of time for a control surface about the liquid, 
 

 
        s s

d cT
q t h t A T T t

dt


    

 
where the Rayleigh number, and hence h,  changes with time due to the change in the 
temperature of the liquid.   

Example cont.
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Integrating the foregoing equation numerically, the following results are obtained for the 
variation of T and h  with t. 
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The time at which the liquid reaches 70C is 
 
 ft 855s           < 

The rate at which T increases decreases with increasing time due to the corresponding 
reduction in (Ts – T), and hence reductions in DRa , h and q.    

Example cont.
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The latent energy released by the condensed steam corresponds to the increase in thermal 
energy of the pharmaceutical.  Hence, c fgm h   f ic T T ,    

and 
 

 
  3 3

f i
c 6fg

c T T 1100 kg / m 0.2 m 2000J / kg K 45 C
m 9.07 kg

h 2.183 10 J / kg

      
  


 < 

COMMENTS:  (1) Over such a large temperature range, the fluid properties are likely to 
vary significantly, particularly  and Pr.  A more accurate solution could therefore be 
performed if the temperature dependence of the properties were known.  (2) Condensation of 
the steam is a significant process expense, which is linked to the equipment (capital) and 
energy (operating) costs associated with steam production. 

The convection coefficient decreases approximately as (Ts – T)1/3, while q ~ (Ts – T)4/3.   

The Rayleigh number decreases from 4.22  106 to 2.16  106, while the heat rate decreases 
from 33,300 to 14,000 W.   

Example cont.
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