. — l._; LA \vl' ba} L(" — JJ n..I_q'.é (a)_l
... In terms of non-dimensional B and F, number.

Example 4.1. A 50 cm x 50 cm copper slab 6.25 mm thick has a uniform temperature of 300°C.
Istemperature is suddenly lowered to 36°C. Calculate the time required for the plate to reach the
imperature of 108°C. _

Tuke p = 9000 kg/m?>; ¢ = 0.38 kJ/kg°C; k = 370 W/m°C and h = 90 W/m*°C
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Burning brick oven.

Solution. Surface area of plate, A = 2x0.5% 0.5 = 0.5 m2 (two ) sides)
Volume of plate,

b
————

V= 05x 0.5 x 0.00625 = 0.0015625 3

Characteristic length, L= L = -——_____0'0015625 =0.003125 m
A, 0.5
. _hL.  90x%0.00 125
Biot number, Bi = -]-k—- = —-—-E;IBE——_ =7.6x107*

Since Biis less than 0, ] » hence lumped Capacitance method (Newtonian heating or cooling)m
applied for the solution of the problem,

The temperature distribution is given by

t—t -
a =exp|: hAs ’tjl

1Eqn. (44
' h =1, pVe e
Substituting the values, we get
u
—-—-———-_108 —36 — exp [__ 90 x 0.5 1| E’U'wy
300 - 36 %000 x 0.0015625 x (0.38 x 1000)
0.2727 = ,~0.00842; - 1
B 60.008421:
0.00842+¢ 1 .
or, e = _
02727 = 3.667
= 1.2994
or, T=
' mﬁ =154.32 5 (Ans.) i
Example 4.2. 45, aluminiym alloy plate 5

t 4
s Sl
i Wi of 400 e at 200°C 5
quenched into liquid oxygen a1 _ 183 °C. § ’tingn}T' X 400 mm x 4 mm Sljercgf ing ihe ne;is p
expression deter;mine the time requi;_-ed for the e :Zﬂmd;zlmenrals ormie 45 0 -r lm
] = r
h = 20000 kJ/m?-h-°C, c,=0.8 kl/kgec, and ' < 3000‘9:;/’“6; lempera (AMIE winteh
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Chapter : 4 : Conduction-Unsteady-State (Transient) [BT:7A

400 _ 400
+ 0 Surface arcaof the plate, A =2 X —— X —— = 2
400 _ 400
Volume of the plate, V = —— X ——x —__ _ 3
1000 1000 ~ 1000 = 0.00064 m
0.00
Characteristic length, L. = Y - s =0.002 m

A, 0.32
i for aluminium, at low temperatures may be taken as 214 W/m°C or 770.4 kJ/mh°C.

hL, _ 20000 x 0.002

Biotnumber, Bi = ¢ = ——— 7"7° _
Tk 7704 0.0519
Since Biis less than 0.1, hence lumper capacitance method may be applied for the solution of the
problem. )
The temperature distribution is given by
L la _ o hﬁ‘c
—y P pVe ..[Eqn. (4.4)]

(For derivation of this relation please refer to Article 4.2)
-70-(-183) _ [ 20000 x 0.32 1]

200— (—183) P|7 3000 0.00064x 0.8
o, 0.295 = 8—4166.67 T
1
- e4]66.6717

1
66.67
or, & T=——=3389

0.295
or, 4166.67 1=1In3.389 = 1.2205
o= 1.2205 % 3600 = 1.054 s (Ans.)
4166.67

9 s

Example 4.3. A solid copper sphere of 10 cm diameter [P = 89:54 kg/m’, ¢, = 383 J‘/ikg K,
k=386 W/m K], initially at a uniform temperature [; = 250 C is suddenly immersed in a
well-stirred fluid which is maintained at a uniform temperature t, = 50°C. The heat transfer coefficient

j block
between the sph 1 ic b = 200 W/m? K. Determine the temperature of the copper
phere and the fluid is h :
AT= 5 min after the immersion. (AMIE Winter, 1998)

cc = : k=386 WmK; ¢
Solution. Given: D=10cm = 0.1m;p= 8054 kg/m3, €= 383 J/kg K; k ;

=250°C; 1, = 50°C; h = 200 W/m? K; =5 min =300s.
Temperature of the copper block, £ :
The characteristic length of the sphere is,

4%
L __ Volme() _ 3™ R_D. Q_él = 0.0167 m
¢ = Qurface area (A;)  4nR* 3 6

; 01667 -3
BlOt ﬂumbcr, Bi = _’_1'_[£, = _2_(_)9&—-—6— = 8.64 X 10

K i i ati cooling) may be
Since Biis less than 0.1, hence lump capacitance method (Newtonian heating or g) may

*blied for the solution of the problem.
The temperature distribution is given by |
== [_ b r] ..[Eqn. (4.4)]

4 = exp
i =1 PVC
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m Heat and Mass Transfer

Substituting the value, we get

=50 [ 200 % 300] =0.35
e P

i J..—
8954 x 0.01667 x 383 |
(._ A

L
v =l
°C (A & %
ot t = (250 — 50) x 0.35 + 50 = 120°C ( ,"?') J
Example 4.4. An average convective heat transfc.?r C‘;’leﬁ icient for flow of 90° ;.
flat plate is measured by observing the temperature time nis ;; y g}é i (;40 mm thicy C"Pp:rvfr'
(p = 9000 kg/m?, ¢ = 0.38 ki/kg°C, k = 370 W/m°C) exposed to air: In one 1o
initial temperature of the plate was 200°C, and in 4.5 mmures'the lemperatyr, decre, W,
35°C. Find the heat transfer coefficient for this case. Neglect internal thermgq] "E'S!'sra::d
Soluton. Given: 1, = 90°C; L= 40 mmor 0.041m; p =900 Kg/m’; ¢ = 0.38 ke,
t =200 - 35 = 165°C; T = 4.5 min = 270s £~ AN

Characteristic length, L = 3 = N =0.02 m
hA, h I h
= = 1 = = 1_462)(10'-5 h
pVe  pV/A)e pel, 9000 x (0.38 x 1000) x 0.02
fi =ty ° o hA . :
> L —t, i pVe - [Eqn. (44)
o 165 -90 _ e~(1462x10%h)x (270) _ 00039474 _ 1
y 200 - 90 s 0003947
l
or, 0.003947 h = In 1.466 = 0.3825

03825
h=—"—"_ = 20
0.003947 = °69 W/m*°C (Ans,)

case.

(AMIE Winter, 20
Solution. Given : [,=28°C; R

(sphere) — £§
P = 8850 kg/m?; 1. = 65°C. ; =

G
=6.25 mm = 0.00625 m; ¢ = 04 ks

65 - 11 = 54°¢.
Heat transfer coefficient, j: Cr= 1.15 min = 69 s.
Biot number, B = AL, = Lﬁ@
Since heat transfer co '
i ansfer coefficient has 1 ¢ Caley] ‘ ] osistan’
negligible and B, is less than 0,]. led, 50 assume that the internal I
Using eqn. (4.4), we have
0 t-1 ‘
B h ot |~ Nt
i i~ pVe T|=e 55K
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Chapter: 4 : Conduction-Unsteady-State (Transient) m

R p(‘ f,' - tﬂ
=——In|——
or, h 3 T [r _ rﬂ ]

Substituting the proper values, we have
0.00625 . 8850 x (0.4 x 1000) ¥ 4 T ST
. i SSNSHEL. Kol

(65 = 28) ‘ , Cooling of IC engine.
| 293771 Wim?K  (Ans.)
(54— 28) _

Example 4.6. A steel ball 50 mm in diameter and at 900°C is placed in still atmosphere of 30°C.
Calculate the initial rate of cooling of the ball in °C/min.

Take: p = 7800 kg/m?, ¢ = 2 kI/kg°C (for steel); h = 30 W/m?°C.
Neglect internal thermal resistance. (M.U.)

50
Solution. Given: R = . 25 mm =0.025 m; 1= 900°C; t,=30°C, p =7800 kg/m?;
C =2KkJ/kg°C; h =30W/m?°C; T=1min =60 s.
The temperature variation in the ball (with respect to time), neglecting internal thermal resistance,

is given by:
t—1, [ hA
- =exp| - chT [Eqn (4.4)]
where, A, t ENTURWATR oo SR DEoiRl — 0.01385

Ve oxinpixe PR ~ 7800 x 0.025 % (2 x 1000)
3

Substituting the values in the above equation, we get

t—30 001385 _ 1 _
m = M = 001385 = 0.9862
O, ¢ = 30 + 0.9862 (900 — 30) = 888°C

Rate of cooling = 900 — 888 = 12°C/min. (Ans.)

Emmple 47.A cylindrical ingot 10 cm diameter and 30 cm long passes through a heat treatment
"Mace which is 6 m in length. The ingot must reach a temperature of 800°C before it comes out of
the furngce, The furnace gas is at 1250°C and ingot initial temperature is 90°C. What is the maximum
SPeed with which the ingot should move in the furnace to attain the required temperature? The
Combined radiative and convective surface heat transfer coefficient is f 00 W/m? °C. Take k
(Sleel) = 40 W/m°C and o (thermal diffusivity of steel) = 1.16 % 1073 m%s.
Solution, Given : D = 10 cm = 0.1 m; L =30 cm = 0.3 m; £;= 1250°C; 1= 800°C; 7, = 90°C;
"=40 WimeC: i = 100 W/m2°C; o = 1.16 x 10~ m?/s.

e
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- i 11,
e v (yolune) , : Iy
Iy == Y,.,,H';Mﬁlf‘”lj C el 4 i 1% o i .4;’ -f:
Ax " ‘ 4 . ‘_ B

i
l
1
/
-

Characteristic length,

[ L
003 002143 m
. 4—/ 0.3 + 27 (.1

(" —

Biot number, Bi = —"*

X - o " . ) 4 2 . -
As Bi < 0.1, then internal thermal resistance of the ingot for conduction heat floyy, ..
af
/]

neglected.
. The time versus temperature relation is gIven 43
!1-1, hA‘
=CXp|— T,
Yy -1, Pl pve
m, _k hA (KB Aoy B A
Now, et vl bl | )| T2 WS T
pVe k pVe | pc \ <V
() |
Lo = 0.001353

1816 % 1075 5 e X
16X 40~ 0.02143

Substituting the values in the above equation, we get

800-90 _ gpoizsae _ 1
T2-99 ¢ T 03531
or, 0.612 = oo OF H00353 = 1,634
or, 0.001353t = In (1.634) = 0.491
0.491
T = =
_ 0001353 0298
Velocity of ingot passing through the furnace,
b= Furance length _ 6
Time g 0.01653 m/s (Ans.)

Example 4.8. A 15 mm diameter mild ste
4.8. steel sphere (k= 42 Wim°C) i ing airfot
at 20°C resulting in the convective coefficient h = 120 {W/m2° CW/m e ¥

Determine the Jollowing:
1; ::) Time required 10 cool the sphere from 550°¢ 4, 90°C
(u) Instantaneous heat transfer rate 2 minyteg after th . '
(iii) 7.‘otal energy transferred from the Sphere durin zhe ey C.'OOImg-
For mild steel take: p = 7850 kg/m3, ¢ = 475 J/kg"Cgan;fgrf 3 g_::;l::;;,

§ ; 15
Solution: Given:R= — =75 st "
o =0. £ o :W ¢
h =120 W/m?°C. 2 0075 m; k= 42 W/m°C; t = 20°C, ;=550 Ci!

(i) Time required to cool the sphere frop,

e 550° o
The characteristic length L_is given by, 0°C to 90°C, 7

4R 3 3 =00025m
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Ri = Wl CL2ON 00004

A B 00071y
ay ) LA Ny

L - "1
1000y 0 T where v

.3 A B 3 AR S hour)
NIy R UL S0 We canse i theory o xolye this pral
e fomperatune variaton with tme i given by Hblen,
! I.l : R“n\ N
L

‘l ‘\i

quhstituting the values, we pet

it bt

et b, Ay =

ol = 2 _
X) - 20 o VTN sy
350 - 20 e "

Sy

0,132

Lo 2028 !
iy 003037 B LT 8 (Ans)

- Instantancous heat transfer rate 2 mi W
l”) L ate minutes (0,0333 L) alter the start ol rnn“lq'. ().:
o4 '

(L ‘.‘3 = “ NI AR or

w 7,576

o1 4w BT
ot SLA3 v = 2,025 or

Qi == hA (1, ~1) oBE [l 4.7@)
Now BiF, = (0.0071:43) (7200 X 0.0333) = 1,7126

Q, = =120 X 4 1t X (0.0075)* (550 = 20) ¢~ 1126
= = 8.1W (Ans)

The negative sign shows that eat is given off by sphere.

@if) Total energy transferred from the sphere during fivst 2 minutes (0.0333 ), 0':

)
LR}

Q' =p Ve u'_ - ;“) le BiK, ”

= 7850 X % 1 X (0.0075) (475) (550 = 20) ™71 = 1)

= (=) 2862.3 J (Ans.)
Example 4.9. The decorative plastic film on copper sphere 10 mm is diameter is cured in an
oven at 75°C. After removal from oven, the sphere is exposed to an air stream at 10 nv/s and 23°C.
Estimate the time taken to cool the sphere 10 35°C using Lump theory.

W » lll
1= 2+ [0.4 Re)™ +0.06 R ] @™ (lﬁ'

use following properties of air and copper .
V/mK, ¢, = 380 J/&g° C

Use correlation : (.25
Nt ]

for determination of correlation co-efficient h,
For copper : p = 8933 kg/m* k= 400 ) g
Forairar23°C: p = 18.16 X 10- N-s/m* v = 15.36 x 100 m/s

¢ = 0,0258 W/n K. Pr= 0709 and NOMLU.. 1998)
W = 19.78 x 107 Nes/m®, at 35°C: (N.M.U., 199
Solution. Given : Ds_—_ 10 mm = 0.01 mif = 75°C, V= 10 /s 1,
Time taken to cool the sphere, T:
e VP = _10x001__ 6510
v 15.36x10

=23°C; 1 =35°C
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Nu = 2+ [0.4 % (6510)°% +0.06 (6510 ] % 0.709) (l’;ﬂ{: I« 52

=2 4(32.27 +20,92] x 0.87 x 0.979 = 47.3 }
ry N“ - "';.L)' = 473
he ks 00258 10 s o) Win2oC
: 01

The time taken to cool from 75°C to 35°C may be found from the following relation .

Ty [ hA,
L =exp ——"-1’]

1

1978155

-1, L pVe
35 ~.23 [ 122 % 4nR?
=exp| - e T
Lk p ><3 mR* x ¢
( 122 % 3
0.2308 =exp | - .
¢’ ( 8933 x 0,005 x 380
0.02156 1 1
plSse o D s
% 0.2308
o, 0.2156 T = 1.466
or, T = L4865 =68 s (Ans,)
0.2156

Example 4.10. An egg with mean diameter of 40 mm and initially at 20°C is placed in a boiliz

properties for egg:
k=10 Wm°C, p = 1200 kg/m?, ¢ = 2 kJ/kg
Use lump theory.

4
Solution. Given : R= ?0 =20 mm = 0.02 m; t =
p =1200 kg/m? ¢ =2 kI/kg°C; h = 100 W/m2°C,
For using the lump theory, the required condition is B <0.1
;1 <0.

hL

B =%
1 = __V (volume)

B =ty R_100x00

kK 3 10x3
As B; < 0.1, we can use lump theory,

—_

The temperature variation with time s given by :

£~ 1 hA,
=C6Xp (- —1
tf == ta ch

%.— h (ASJ_ 10
pVe \pe )\V ) | 1200 %o

© Where L is the characteristic length which is given by,
4 .3
3 R

“ A, (surface area) = 4nR?

~0,02156
1}26 0.021561

°C and h (heat transfer coefficient) = 100 Wi"C
(NMU)

20°C; t=4 x 60 = 240 s: k= 10 WinC

0.067

5 3)
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= = 3 = 0.00625
1200 x 2000 )\ 0.02

substituting the values in eqn. (1), we get

t-100 _ oooesx240 _ 150 _ 1 _ 1 5553
, 20 — 100 !0 44817
0r, t = 100 + (20 — 100) x 0.223 = 82.16°C say 82°C.

Now let us find ‘T” when the given data is : #,= 5°C, ¢, = 100°C and 7 = 82°C
Again using eqn. (1), we get

82100 _ _ooos2sc _ __ 1
5100 ,0.00625 ¢
o, 0.1895 = _Oﬁ or (0006257 — 5 977
5
o, 0.00625 7 = 1.6633 or 1= 0022~ 266.13 s = 4.435 minutes (Ans.)
. 0.00625
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