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Thermal Boundary Layer

Overview

The thermal boundary layer in a fluid flow refers to the layer of fluid in the immediate

vicinity of a bounding surface where the temperature varies between that at the surface
and the temperature far from the surface. Several characteristics of themal boundary
layer (assume hot surface):
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1. At the hot surface itself, the air will be at the same temperature as the surface

(due to the no-slip condition and the heat conduction). This is the start of the
thermal boundary layer.

. As we move further away from the surface, the air temperature will gradually

decrease, transitioning from the surface temperature to the ”free stream” tem-
perature, which is the temperature of the air far from the surface. This change
happens within the thermal boundary layer.

. At the edge of the thermal boundary layer, the temperature has essentially reached

the free stream temperature.

Governing Equations

2.1 Derivation

Starting from enthalpy equation:

h DP
— =u®P+ V.- (kVT) + — 1
Py =He+ V- (RVT) + — (1)
Now we assume the flow is steady and 2D:
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Recall that:
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Therefore in 2D:

SijSij = St + Sta + 931 + S5, (5)

S = %(% + %) = % (6)

Sog = %(g—;} + %) = Z_Z (7)

S12 = 521 = %(Z—Z + %) (8)

(S~ 5A%) = (G P+ (GF + 35 + 5P~ 3G + 5 @

Some assumptions of thermal boundary layer:

1. OP/0y is negligible, same as hydrodynamic boundary layer.
2. |0?T/0y?| >> |0°T/d2?|, thermal boundary layer is also very thin.

3. Ju/dy much larger than other velocity gradients.

Therefore:

or  OT. P T  du.,
pCp(u% + va—y) = up— kﬁ—y? + 'u(ﬁ_y) (10)

Define 47 as the thickness of the thermal boundary layer. Notice that for the terms
include T we need to use dr, for the terms include velocity we need to use 9.

2.2  Order of Magnitude Analysis

Only consider the terms including Temperature:

(AT), 5 (AT)y,  (AT),
[pCpUx 7 ]+ [pCpUOOL 5 | x k 5z (11)
2.2.1 If 6 < 6p
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Therefore:
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0T\ 9 k 1 1
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For the laminar boundary layer:
o -1 UL, 1 -t 11
zocReL2:( V )2 =Us*L 212 (15)
§ x UxLivi (16)
Also:
Pr = 'LLTCP = pv Cpk? (17)
kL 1 1 1
) 2 = (kL)2(pC,Uy) 2 18
roc g )t = KD (G U 1s)
Therefore:
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2.2.2 If 6> op
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Rearrange:
o o _k (21)
! pCpU0
or kL kL 1
— = — (22)
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2.2.3 Summary

or {Pr1/2 if § < op
5

— X
Pr=t  if 6 > or

For most gases, Pr <=1 (0.72 for air under standard conditions). For most liquids,
Pr > 1. If Pr < 1, means heat by conduction is more efficient than diffusion of

momentum by viscosity: expect effect of heated/ cooled wall to reach further into the
fluid, so o7 > 0.
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