Heat and Mass Transfer
ME-341

Instructor: Giulia Tagliabue

Spring Semester
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Previously

d  Transient Heat Diffusion
Generalized solution for planar/radial/spherical geometries

Learning Objectives:
O Solve transient heat conduction under convective cooling



Transient Heat Conduction - Bi>0.1, Fo>0.2 0"
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Transient Heat Transfer

Critical dimension L and Bi number
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This Lecture

| Transient Heat Diffusion
H Infinite solid
O Periodic Heating

Learning Objectives:
O Solve transient heat conduction under convective cooling



Transient Heat Transfer — Semi-infinite Wall (1D)
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Transient Heat Transfer — Semi-infinite Wall (1D)
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Transient Heat Transfer — Semi-infinite Wall (1D)
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Transient Heat Transfer — Semi-infinite Wall (1D)
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Transient Heat Transfer — Semi-infinite Wall (1D)
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3 can be analyzed using the semi-infinite body approximation.
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Transient Heat Transfer — Semi-infinite Wall (1D)
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Transient Heat Transfer — Semi-infinite Wall (1D)

Case (1) Case (2) Case (3)
Ix,0)=T, Tlx, 0) =T, Tx, 0) =T,
o, n=T, ~kdTaxl,_q=q, —kdTaxl,_ o =HT, - TO, 0]
Ii— T, h
—-x
Tix, 0
t
T I




Transient Heat Transfer — Semi-infinite Wall (1D)

Case (1)
TIix,00=T,
RO. 1= Ts

f—=x

Case (2)
Tx, 0)=T,
—kdTaxl, _og=q.

90 »

—wx

Case (3)
Tix,0)=T,

—kdToxl,_ o = H T.- T0, 41

T, h

!

T E-rf( X_)
i s 2V at,
_ 2qi(atm)"”? ( —Xf")
o) = I ==———exp (757
Ix. o — T,

14



Transient Heat Transfer — Semi-infinite Wall (1D)

';"ssil QSE
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Hence the quantity m = (kpd)'” is a weighting factor that determines whether 7,

will more closely approach Ty ,(mp > mg) or Ty ;(mg > m,).



Transient Heat Transfer — Semi-infinite Wall (1D)

In laying water mains, utilities must be concerned with the possibility of freezing
during cold periods. Although the problem of determining the temperature in soil as
a function of time is complicated by changing surface conditions, reasonable esti-
mates can be based on the assumption of a constant surface temperature over a pro-
longed period of cold weather. What minimum burial depth x,_ would you recommend
to avoid freezing under conditions for which soil, initially at a uniform temperature
of 20°C, is subjected to a constant surface temperature of —15°C for 60 days?

Atmosphere

I =-15°C
l— s

Xm
Soil
Tf = 20°C

CP Nx,, 60d)=0°C
Water main
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Transient Heat Transfer — Semi-infinite Wall (1D)

In laying water mains, utilities must be concerned with the possibility of freezing T(X. r} — Ts X
during cold periods. Although the problem of determining the temperature in soil as ﬁ =erf| —
a function of time is complicated by changing surface conditions, reasonable esti- 1 5 2V at,

mates can be based on the assumption of a constant surface temperature over a pro-

longed period of cold weather. What minimum burial depth x_ would you recommend Z X
to avoid freezing under conditions for which seil, initially at a uniform temperature n= E =
of 20°C, is subjected to a constant surface temperature of —15°C for 60 days? 4at
C/2 erf(C/2) erfc(g/2) C/2 erf(2/2) erfc(g/2)
0.00 0.00000 1.00000 1.10 0.88021 0.11980
0.05 0.05637 0.94363 1.20 0.91031 0.08969
0.10 0.11246 0.88754 1.30 0.93401 0.06599
Atmosphere T =-15°C 015  0.16800 0.83200 140 095229 0.04771
5 0.20 0.22270 0.77730 1.50 0.96611 0.03389
0 30 0 3286 0.67137 1.60 0.97635 0.02365
0.57161 170 098379 0.01621
0.50 0.52050 0.47950 1.80 0.98909 0.01091
0.60 0.60386 0.39614 1.8214 0.99000 0.01000
0.70 0.67780 0.32220 1.90 0.99279 0.00721
0.80 0.74210 0.25790 2.00 0.99532 0.00468
Xm 0.90 0.79691 0.20309 2.50 0.99959 0.00041
SGI | 1.00 0.84270 15730 3.00 0.99998 0.00002
—_ =]
T, = 20°C \
0—(—15) X X
m b
= — 0429 = erf | —= ——= =040
Ix,, 60d)=0°C —(— :
o 20 — (= 19) 2NV at 2V at
Water main

x,, = 0.80(an)'” = 0.80(0.138 X 10~*m?s X 60 days X 24 h/day
X 3600 s/h)"* = 0.68 m



This Lecture

| Trasient Heat Diffusion
Infinite solid

O  Periodic Heating

Learning Objectives:
O Solve transient heat conduction under convective cooling

18



Transient Heat Transfer - Periodic Heating

There are many situations in which the surface temperature or the heat

— 1009 = T, + ATsi ) C _ -
0.9 =1, Sin{w) flux change periodically (e.g. seasonal temperature variation of soil

\ ___Tf' AT - temperature, periodic heat dissipation in electronic chips)
- z
1? ? 5 == E> — = exp[—xV w2a] sinfot — ¥V w/2a]
i AT
O dx a dt

x
exp(—m)zog D x=>4a/w

The amplitude of temperature fluctuations is reduced by more than 90% for depths larger than 4 \/a/w

go(t) = KATV wla sin(wt + /4)

The average heat flux over a period is zero

19



This Lecture

| Trasient Heat Diffusion

@ Infinite solid

Periodic Heating

Learning Objectives:
' transient heat conduction under convective cooling
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cd Heat Diffusion and Boundary Conditions (W1L2-3)
Steady State Heat Diffusion Equation
&  Without Heat sources (W1L3-4; W2LA)
Thermal Resistance & Overall Heat Transfer Coefficient
Bi number
Thermal Circuits
i WITH Heat Sources (W2L2-3)
Fins and Fin Arrays (W3L1-3)
=g Transient Heat Diffusion (W4L1-3)
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convection
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Part ll: Newton's Law and Heat Convection

ns i,
Moving fiuid, 7., h = convective heat
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Natural Convection
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Transient Heat Transfer - Spatial Effects

Ll " L 1] O” T
Case3 Surface Convection: —4=— =47, — 10,4
The Semi-infinite Wall (Example) |y~ AT 00
Most of us have passed our finger through an 800°C candle flame and Tx, 8 — T, x
know that if we limit exposure to about 1/4 s we will not be burned. T —T = erfc N
Why not? © ! 2V at
2
SOLUTION. The short exposure to the flame causes only a very su- - [exp (h_X + h_mﬂ[ rfc ( S ﬂ)}
perficial heating, so we consider the finger to be a semi-infinite re- k K 2Vt k
gion and go to eqgn. (5.53) to calculate (Thurn — Taame) / (T; — Thame)- It - -
turns out that the burn threshold of human skin, Ti,um, is about 65°C. 5 i et 12 72 S, 12
(That is why 140°F or 60°C tap water is considered to be “scalding.”) ¢/ erf(@/2) erfe(z/2) ¢ erf(@/2) erfe(z/2)
Therefore, we shall calculate how long it will take for the surface tem- 8-82 8-82(6)(3)(7) (1)-82222 1-;8 g-gfgi g-éégzg
peratqrg of the finger to rise from tloily temperazture (37°C) to 65°C, 010 011246 0.88754 130 0.93401 0.06599
when itis protected by an assumed i = 100 W/m“K. We shall assume 0.15 0.16800 0.83200 140 0.95229 0.04771
that the thermal conductivity of human flesh equals that of its major 0.20 0.22270 0.77730 1.50 0.96611 0.03389
component—water—and that the thermal diffusivity is equal to the 8-38 g-zgggg 8-‘;;121 1-38 8-2;‘;;; g-ﬁzgi
known value for beef. Then 0.50 0.52050 047950 180 0.98909 0.01001
0.60 0.60386 0.39614 1.8214  0.99000 0.01000
65 — 800 0.70 0.67780 0.32220 1.90 0.99279 0.00721
0 — - 0.963 0.80 0.74210 0.25790 2.00 0.99532 0.00468
- 37 — 800 - 0.90 0.79691 0.20309 2.50 0.99959 0.00041
1.00 0.84270 0.15730 3.00 0.99998 0.00002
th =0 since x = 0 at the surface
Rat  1002(0.135x 10-6)¢
= . =0.0034(t
k2 0.632 (ts)
— 0.0034t \/7 — Thus, it would require about 1/3 s to bring the skin to the burn
0.963 = @ift® + e lerfc (0 +/0.00347) | t =0.33s. point, n
=0
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Transient Heat Transfer - Periodic Heating

How deep in the earth must we dig to find the temperature wave that
was launched by the coldest part of the last winter if it is now high
summer?

SOLUTION. w = 27 rad/vr, and Q) = wt = 0 at the present. First,
we must find the depths at which the ) = 0 curve reaches its lo-
cal extrema. (We pick the & = 0 curve because it gives the highest
temperature at t = 0.)

d—® = fefgcos(Ofg) +e*§sin(Of§) =0
ag | g
This gives
am 7w
tan(Ofg)fl 50 577,7,...

and the first minimum occurs where & = 31/4 = 2.356, as we can see
in Fig. 5.19. Thus,

E=xJw/2a=2.356

1.0

0.5

-1.0

Q= wrt=n/4

Envelope of solution, @ = e'E

LTS %'

Q=n/2

E=xvwia

Q=7

-£

Envelope of solution,@=—e

or,if we take & = 0.139x10°6
earthy},

x:2.356/\/2(

If we dug in the earth, we would find it growing older and colder until
it reached a maximum coldness at a depth of about 2.8 m. Farther
down, it would begin to warm up again, but not much. In midwinter
() = 11), the reverse would be true. [ |

m? /s (given in[5.14] for coarse, gravelly

21 1
0.139 x 10-8) 365(24)(3600)

=2.783m
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