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Laminar region                    ܴ݁௫ 		൏ 2 ൈ 10ହ
Transition region 2 ൈ 10ହ ൏ ܴ݁௫ 		൏ 3 ൈ 10
Turbulent region  3 ൈ 10 ൏ ܴ݁௫



ൌ െ݇௨ௗ ௨ௗConductive heat	ቤ௬ୀ,ݕ߲߲ܶ
Flux in the fluid

ൌ ݄ ௬ܶୀ,	௨ௗ െ ஶܶൌ ݄ ௦ܶ െ ஶܶConvective
Heat flux

െ݇௨ௗ ௨ௗ	ቤ௬ୀ,ݕ߲߲ܶ ൌ ݄ ௦ܶ െ ஶܶ
݄ ൌ െ݇௨ௗ ௨ௗ௦ܶ	ฬ௬ୀ,ݕ߲߲ܶ െ ஶܶ



ݑ ݔ߲߲ܶ  ݒ ௪	௨ݕ߲߲ܶ ൌ ߙ ߲ଶ߲ܶݔଶ  ߲ଶ߲ܶݕଶௗ௨௧
ݑ ݔ߲ݑ߲  ݒ ݕ߲ݑ߲ ൌ െݔ߲߲ߩ  ߥ ߲ଶݔ߲ݑଶ  ߲ଶݕ߲ݑଶ
ݑ ݔ߲ݒ߲  ݒ ݕ߲ݒ߲ ൌ െߩ ݕ߲߲  ߥ ߲ଶݔ߲ݒଶ  ߲ଶݕ߲ݒଶ

ݑ ≫ ݔ߲ݑ߲ݒ  ݕ߲ݒ߲ ൌ 0
ݕ߲ݑ߲ ≫ ݔ߲ݑ߲ , ݔ߲ݒ߲ , ݕ߲ݒ߲ ݕ߲߲ܶ ≫ ݔ߲߲ܶ

ݑ ݔ߲߲ܶ  ݒ ݕ߲߲ܶ ൌ ߙ ߲ଶݕ߲ݑଶ
ݑ ݔ߲ݑ߲  ݒ ݕ߲ݑ߲ ൌ െݔ߲߲ߩ  ߥ ߲ଶ߲ܶݕଶ



ݑ ݔ߲߲ܶ  ݒ ݕ߲߲ܶ ൌ ߙ ߲ଶ߲ܶݕଶ
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ݑ∗ ∗ݔ߲∗߲ܶ  ∗ݒ ∗ݕ߲∗߲ܶ ൌ 1ܴ݁ · ݎܲ ߲ଶܶ∗߲ݕ∗ଶ
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Dimensionless Definition and physical significance

Reynolds number ܴ݁ ൌ ߥܮஶݑ ൌ Inertia	fo݁ܿݎViscous	force
Nusselts number ݑܰ ൌ ௨ௗ݇ܮ݄ ൌ Diffusive	resistanceConvective	resistance
Prandtl number ݎܲ ൌ ݇ܿߩ ൌ Viscous	effectThermal	diffusion	dffect
Biot number ݅ܤ ൌ ௦ௗ݇ܮ݄ ൌ Internal	diffusive	resistanceSurface	convective	resistance
Grashof number ݎܩ ൌ ଶߥܶ∆ଷܮ݃ߚ ൌ Buoyancy	forceViscous	force
Rayleigh number ܴܽ ൌ ݎܩ ൈ ݎܲ



݄ ൌ െ݇௨ௗ ௨ௗ௦ܶ	ฬ௬ୀ,ݕ߲߲ܶ െ ஶܶ → ݕ	ݐܽ					∞ ൌ 0
 ௦ ஶ



Flat plate, Forced Convection
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6.6.1 Flat plate, Forced Convection

Example 6.6.1 Heat Transfer Coefficient Over a Building Wall
Wind is blowing at 5 km/hour over a building wall of size 5 m * 10 m, as 
shown in Figure 6.5. Air temperature is 0℃ and the wall surface temperature 
is 10℃.
1) Calculate the average heat transfer coefficient along the 10 m width of the 
wall.
2) Calculate the local heat transfer coefficient at a location 10 cm from the 
leading edge of the wall.

Known: Speed of wind that is blowing over a building wall
Find: The average heat transfer coefficient over the wall surface and heat 
transfer coefficient at a given location
Schematic and Given Data: Schematic of this problem is shown in Figure 6.5.

The given data are
The wind speed is 5 km/hour
The wall dimensions are 5m * 10 m
the air temperature is 0℃ and the wall surface temperature is 10℃



Assumptions:
Heat transfer coefficient is assumed 
to vary only along the direction of 
the air flow
The wall can be treated as a perfect 
flat plate

Analysis:
This heat transfer situation is treated 
as a flat plate under forced 
convection. We have to then 
determine if the flow is laminar or 
turbulent. for this, we need to find 
the Reynolds number ܴ݁ ൌ ߤ/ߩܮஶݑ
as follows:



ஶݑ ൌ 5 ൈ 10003600 ൌ 1.39msߩ ൌ density	of	air	at	the	film	temperature	of	 0  102 ൌ 5Ԩ				ൌ 1.2708݇݃/݉ଷܮ ൌ characteristic	length	along	the	flow ൌ 10mߤ ൌ viscosity	of	air	at	the	film	temperature	of		5Ԩ				ൌ 1.7404 ൈ 10ହ ݇݃/݉ · ݏ 	



ݑܰ ൌ 0.036ܴ݁రఱܲݎభయ			݄ ܹ/݉ଶ · ܭ 10 ݉0.0245 ܹ/݉ · ܭ ൌ 0.036 1.015 ൈ 10 ସ/ହ 0.714 ଵ/ଷ																																					݄	 ൌ 5.04ܹ/݉ଶ · ܭ

ܴ݁ ൌ ൌ								ߤߩܮஶݑ 1.39 ݏ/݉ 10 ݉ 1.2708 ݇݃/݉ଷ1.7404 ൈ 10ିହ ݇݃/݉ · ൌ								ݏ 1.015 ൈ 10



௫ݑܰ ൌ 0.332ܴ݁௫భమܲݎభయ			݄ ܹ/݉ଶ · ܭ 0.1 ݉0.0245 ܹ/݉ · ܭ ൌ 0.332 1.015 ൈ 10ସ ଵ/ଶ 0.714 ଵ/ଷ																																					݄	 ൌ 7.32ܹ/݉ଶ · ܭ

ܴ݁௫ ൌ ൌ								ߤߩݔஶݑ 1.39 ݏ/݉ 0.1 ݉ 1.2708 ݇݃/݉ଷ1.7404 ൈ 10ିହ ݇݃/݉ · ൌ								ݏ 1.015 ൈ 10ସ



Natural Convection

ߚ ൌ െ1ߩ ቤୀ௦௧௧߲ܶߩ߲
ߚ ൌ െ1ߩ ቤୀ௦௧௧߲ܶߩ߲ ൌ ߩ1 ܴܲܶଶ ൌ 1ܶ

ߩ ൌ ܲ/ܴܶ

ݎܩ ൌ ଶߥܶ∆ଷܮ݃ߚ



ݑܰ ൌ 0.825  0.387ܴܽଵ/1  ݎܲ/0.492 ଽ/ଵ ଼/ଶ ଶ



ݑܰ ൌ 0.54ܴܽଵସ		 10ହ ൏ ܴ݁ ൏ 2 ൈ 10									ܰݑ ൌ 0.14ܴܽଵସ		 2 ൈ 10 ൏ ܴ݁ ൏ 3 ൈ 10ଵ
ݑܰ		 ൌ 0.27ܴܽଵସ		 3 ൈ 10ଵ ൏ ܴ݁ ൏ 10ଵ



Flow Over Cylinder, Natural Convection

ݑܰ ൌ0.60  0.387ܴܽଵ/1  ݎܲ/0.559 ଽ/ଵ ଼/ଶ ଶ
10ିହ ൏ ܴܽ ൏ 10ଵଶ

ଵସ



Flow Over Cylinder, Forced Convection

  ଵଷ
B n

0.4~4 0.989 0.330

4~40 0.911 0.385

40~4000 0.683 0.366

4000~40,000 0.193 0.618

40,000~400,0

00
0.027 0.805



ݑܰ ൌ 3.66	for	ܴ݁  ݑ2300ܰ ൌ 0.023ܴ݁.଼ܲݎ	for	ܴ݁  10,000	ܽ݊݀ ܦܮ 	 10										ൌ 0.6	  Pr  	160						݊ ൌ 0.3	for	fluid	being	cooled	and						݊ ൌ 0.4	for	fluid	being	heated



Flow Over Sphere, Natural Convection

ݑܰ ൌ 2  0.43ܴܽଵସ				݂ݎ	1 ൏ ܴܽ ൏ 10ହ, ݎܲ ≅ ݑ1ܰ ൌ ݇/ܦ݄ ݎܩ ൌ ଶߥܶ∆ଷܦ݃ߚ



Flow Over Sphere, Forced Convectionܰݑ ൌ 2  0.4ܴ݁ଵ/ଶ  0.06ܴ݁ଶ/ଷ 			0.5			for	.ସݎܲ ൏ ܴ݁ ൏ 7.6 ൈ 10ସ	ܽ݊݀	0.71	  		Pr 	 	380
Laminar vs. Turbulent Flow

,laminarݑ,turbulentܰݑܰ ൌ 0.0542ܴ݁.ଷ





Coefficients for Air Flow Over Human Subject



Wind Chill Factor and Boundary layer Thickness

݄ሺ ௦ܶ െ ܶ)=݄ሺ ௦ܶ െ ܶ)
ܶ ൌ ݄݄ ܶ  ሺ1 െ ݄݄ሻ ௦ܶ




