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Systems with Negligible Internal Resistance

The Lumped Capacitance Method

T1845
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Thermal time constant, τt = ( 1
hA

)(ρVc) = RtCt

Rt is the resistance to convection heat transfer,

Ct is the lumped thermal capacitance of the solid.
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Systems with Negligible Internal Resistance

T1846

Transient temperature response of lumped capacitance solids for different

thermal time constants τt .
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Systems with Negligible Internal Resistance
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Biot number, Bi ≡
hLc
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=

(L/kA)

(1/hA)
=

Rt ,cond

Rt ,conv
, is the ratio of a

conduction thermal resistance to a convection resistance. The Biot

number approaches zero when the conductivity of the solid or the

convection resistance is so large that the solid is practically

isothermal and the temperature change is mostly in the fluid at

the interface.

Fourier number, Fo ≡
αt
L2

c
=

Ak/Lc

(ρcV )/t
, the ratio of the rate of heat

transfer by conduction to the rate of energy storage in the system.
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= exp(−Bi · Fo)
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Systems with Negligible Internal Resistance

Validity of the Lumped Capacitance Method

T1847
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If Biot number, Bi << 1, resistance to conduction within the solid is

much less than resistance to convection across fluid boundary layer.

Hence, uniform temperature distribution within the solid is reasonable if

the Biot number is small.
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Systems with Negligible Internal Resistance

T1848

Transient temperature distributions for different Biot numbers in a plane

wall symmetrically cooled by convection.
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Systems with Negligible Internal Resistance

Example: ⊲ A thermocouple junction, which may be approximated as a

sphere, is to be used for temperature measurement in a gas stream.

Determine the junction diameter needed for the thermocouple to have a time

constant of 1 s. If the junction is at 25oC and is placed in a gas stream that is

at 200oC, how long will it take for the junction to reach 199oC?

T1849

[0.706 mm, 5.17 s]
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The Semi-Infinite Solid

Semi-infinite Solid

T1850

Transient temperature distributions in a semi-infinite solid for three

surface conditions: constant surface temperature, constant surface heat

flux, and surface convection.
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The Semi-Infinite Solid

T1853

T1854
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The Semi-Infinite Solid

Gaussian Error Function

T1852
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The Semi-Infinite Solid

T1851

Transient temperatures for a semi-infinite solid with surface heat

transfer.

For h = ∞, surface instantaneously achieves the imposed fluid

temperature (Ts = T∞), and with the second term on the

right-hand side of Case 3 to zero, the result is equivalent to Case 1.
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The Semi-Infinite Solid

Example: ⊲ A large block of steel [k = 45 W/m oC, α = 1.4 × 10−5m2/s] is

initially at a uniform temperature of 35oC. The surface is exposed to a heat

flux (a) by suddenly raising the surface temperature to 250oC and (b)

through a constant surface heat flux of 3.2 × 105 W/m2. Calculate the

temperature at a depth of 2.5 cm after a time of 0.5 min for both these cases.
[118.5oC, 79.3oC]
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The Semi-Infinite Solid

Example: ⊲ A large aluminium slab [k = 215 W/m oC, α = 8.4 × 10−5m2/s]

at a uniform temperature of 200oC suddenly has its surface temperature

lowered to 70oC. What is the total heat removed from the slab per unit

surface area when the temperature at a depth 4.0 cm has dropped to 120oC?
[21.14 MJ/m2]
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The Semi-Infinite Solid

Example: ⊲ Estimate the minimum depth at which one must place a water

main below the surface to avoid freezing. The soil is initially at a uniform

temperature of 20oC. Assume that under the worst conditions anticipated it

is subjected to a surface temperature of -15oC for a period of 60 days.

Use the following properties for soil (300 K): ρ = 2050 kg/m3, k = 0.52

W/mK, c = 1840 J/kgK, α = 0.138 x 10−6 m2 s.
[0.677 m]
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