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1E Heat transfer with Fins

Learning objectives:

1. Fins are generally used to enhance the heat transfer from a given surface. Addition of fins
can increase the heat transfer from the surface by several folds. Therefore Fins are used very
widely in practice:

2. Typical application areas of Fins are:
« Radiators for automobiles
o Air-cooling of cylinder heads of Internal Combustion engines (e.g. scooters, motor
cycles, aircraft engines etc.), air compressors etc.
o Economizers of steam power plants
« Heat exchangers of a wide variety, used in different industries
o Cooling of electric motors, transformers etc.
« Cooling of electronic equipments, chips, I.C. boards etc.
 Fin theory is also used to estimate error in temperature measurement while using
thermometers or thermocouples.
3. We consider fins of uniform cross-section with the following boundary conditions:
a) Infinitely long fin
b) Fin of finite length with insulated end
c) Fin of finite length losing heat from its end by convection
d) Fin of finite length with specified temperatures at its ends
4. Problems are solved for the various types of fins mentioned above using Mathcad, EES,
or EXCEL. Many University problems are also solved. So, studying these problems should

clarify the solution techniques adopted in solving such problems.

Download free eBooks at bookboon.com



Fin Formulae:

Temperature distribution and heat transfer rate for fins of uniform cross-section

8(x) =T -Ty), m=v {hP/(kA)}

+
Case Tip condition Temperature distribution, Heat transfer rate, Qgn
(x=L) 18N G, }
o . Y =1-. Iy
1 Infinitely long B0 e ) Qpp=kA me,
L= 5{L)=10 B,
2 Insulated at the tip 8(x) _cosh{m (L - x)) Qgn=k-A  me tanh{mL)
(de %)l x=L =10 8, cosh{m-L)
3 Convection from tip . {[a_ﬂh(m]_z . i}
k. (d8dx) e=L=h5(L) | 5 - Qafkd me - — 2 ok
('. — [a.rlh(m].})
mk
4(a) | Prescribed temp. atthe | _fisish(m(l-=)+8 sskims Qpmicd m{s +5 o) (“"_M“‘L:‘ '-)
tip: SI:L;I =8 o sinh {mL) stnh(mL}
_h:bJ When temp. at both i 8 g-sinh(m (L - %)) +5 1 sinh{m x) Y 4 = cosh(mL)- 1
5 | Bl - Qan=k 4, m{" '.} TR
ends are equal, T1=T2 sinh(mL) sinh (m-1)
or, 91= 92
Min. temp.is given by:
42 - jmL
= 1511]11{ 3 )
- mm sinh{m L)
Y
? t w

w

(a) Straight rectangular fin
D

(d) Pinfin, circular section

Fig.6.9

Typical fins: |

(b) Straight triansular fin

{e) Pinfin, conical section

a) and (d) of uniform cross-section . and

{b). (c) and (e}: of noruniform cross-section

Table 1E.1

(c) Circular fin of rectangular section
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Fin efficiency (ny¢) for a few fin shapes

Ar = area of crosssection, Ay = total fin surface area, L = corrected length, P = perimeter of fin
section, h = heat tr. coeff., m =+ {h.P / (k.A)}

SLNo. | Description Parameters Fin efficiency (ny)
1 Straight fin | Ag=2wL, tanh(m-L c}
- Ly SN
of t mL .
rectangular | L.=L+-
section. N
,SEE Fig. m= 2P thin fins, et
(6.9, a) kt
2 Straight fin 1 1 [4(2mL)
of o] Pl 1,2mL)
triangular Ag=rw LTy [_)
section -
See Fig.
(6.9.b) m= |21
ket
3 C,tircula.r 11:1 Agm2r -{r jcf _ 13} - (K l(m-r 1) 1 l(m-r _w_.c) -1 l(m-r 1) K l(m-r _1':)}
o rect. = #=Cy _ .
section . {I O{m-r 1) K l(m-r _3':) +K O(m-r 1) 1 1{1]1-r_w_c))
See Fig. | "2 'r“"'E
(6.9, ¢ R
6.8, ¢ - (__ . 1)
m= | — —
kt com__ M1
{f:c" -t 1"}
4 Pin fin, A=z DL, _tanh(m-l_ n:)
circular 1 c—r
. c
section D
. ) L =L+=2
See Fig. 4
(6.9, d)
_|4n
m= |—
kD
5 Pin fin, ) 1 5 Iy(2ml)
CDI]IICELI =D D 212 mL I 1[2-1]1-L]
sectlon _JLf.=" L7+ {_)
. pl pl
See Fig. = =
(6.9.¢)
_|4n
m= |——
kD
Table 1E.2

Note: In the above Table:

I, =modified zero order Bessel function of first kind
K. =modified zero order Bessel function of second kind
I = modified first order Bessel function of first kind
K; =modified first order Bessel function of second kind
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Heat transfer with Fins

“Prob. 1E.1. The handle of a ladle used for pouring molten metal at 327 C is 30 cm long and is made of
2.5 cm x 1.5 cm mild steel bar stock (k = 43 W/m.K). In order to reduce the grip temp it is proposed to
make a hollow handle of mild steel plate of 0.15 cm thick to the same rectangular shape. If the surface heat
transfer coeft. is 14.5 W/m~2.K and the ambient temp is 27 C, estimate the reduction in the temp of the grip.
Neglect the heat transfer from the inner surface of the hollow shape. [VTU - VI Sem. B.E. - Dec. 2010]:”

T,=327C
h = 14.5 W/(m2.C)

ﬂTinf:27C /2.5 cmx 1.5cm
@ 0

k=43 W/m.C

x=03m

—»X

Fig.Prob.1E.1

(]
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EES Solution:
“Data:”

T 0 =327 [C]

x = 0.3 [m]

A_1=0.025%0.015 [m~2] “..cross sectional area of the handle in the first case when bar stock is used”
k =43 [W/m-C]

P_1 =2%(0.025 + 0.015) [m] “..perimeter of ladle”

A_2 =P_1*0.0015 [mA2]“..cross sectional area of the handle in the second case when plate is used”
h = 14.5 [W/mA2-C]

T_inf =27 [C]

“Calculations:”

m_1 = sqrt((h*P_1)/(k*A_1)) “[1/m]...fin parameter in first case”

“Using the formula for a long fin:”

(T_1-T_inf)/(T_0 - T_inf) = exp(-m_1*x) “finds T_1, temp at the end of handle in first case”
m_2 = sqrt((h*P_1)/(k*A_2)) “[1/m]...fin parameter in second case”
(T_2 -T_inf)/(T_0 - T_inf) = exp(-m_2*x) “finds T_2, temp at the end of handle in second case”

“Therefore reduction in temp:”

Temp_reduction =T_1-T_2 “[C]”

Results:

Unit Settings: 51 C kPa kJ mass deq

Aq=0.000375 [m?] A= 000012 [m] h= 145 [Wm<C]
k=43 [fm-C] ry = 8.482 [rm] rnp =14.99 [rm]
Pqy=0.08 [rm] Tempeduction = 20.21 [C] Tp= 327 [C]
Ty=5055 [C] To=130.34 [C] Tini = 27 [C]
x =103 [m]

Thus:

T_1=50.55C ... temp at the end of handle, in the first case ... Ans.
T_2=30.34 C ... temp at the end of handle, in the second case .... Ans.
Therefore, temp reduction = 20.21 C ....Ans.
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Heat transfer with Fins

“Prob.1E.2. One end of a long rod of 1 cm dia is maintained at a temp of 500 C by placing it in a furnace.
The rod is exposed to air at 30 C with a heat transfer coeft of 35 W/mA2.K. The temp measured at a
distance of 78.6 mm was 147 C. Determine the thermal conductivity of the material. [VTU - VI Sem.
B.E. - May/June 2006]:”

T,=500C
h =35 W/(mC)

T..=30C
ﬂ " /d=0.01m
L K
T, =14
x=10.0786 m * 7¢
Fig.Prob.1E.2

EES Solution:
“Data:”

d = 0.01[m]
T_0 =500 [C]
T_inf = 30 [C]
h = 35 [W/(mA2. K)]
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x = 0.0786 [m]
T x = 147 [C]

“Calculations:”
A_c = pi*dA2/4 “[mA2]... area of cross-section”
P = pi*d “[m] ... perimeter”

m = sqrt((h*P)/(k*A_c)) “[1/m].... fin parameter ... this eqn determines k”

(T_x - T_inf)/(T_0 - T_inf) = exp(-m*x) “...temp distribution for a long fin... determines m”

Results:

Unit Settings: 51 C kPa kJ mass deqg

A= 000007854 [m2] d=001 [m] h=35 [WmeK)]
k= 4473 M Im-Cl] m =17.68 [m1] F =0.03142 [m]
Tp=500 [C] Tini = 30 [C] T.=147 []
% =0.0786 [m]

Thus:

k = 44.73 W/m.C...thermal cond. of rod .. Ans.

“Prob. 1E.3.The Aluminium square fins (0.5 mm x 0.5 mm), 10 mm long, are provided on the surface
of a semiconductor electronic device to carry 1 W of energy generated. The temp of the surface of
the device should not exceed 80 C, when the surrounding temp is 40 C. k for Al = 200 W/m.C, h = 15
W/mA2.C. Determine the number of fins required to carry out the above duty. Neglect the heat loss
from the end of the fin. [VTU - VII Sem. B.E. - May 2007]:”

T,=80C
=15 W/(m2.C)

h
ﬂTa:4OC 0.5mmx 0.5 mm
« "

k=200 W/m.C

Insulated

L=00lm

Fig.Prob.1E.3
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EES Solution:

“Data:”

A_c=0.5%0.5*107(-6) “ [mA2]...cross-sectional area of fin”
P=2%*(0.5+0.5)* 10A(-3) ,, [m] ....perimeter"
L =0.01[m]

Q_tot = 1{W]

T_0 = 80[C]

T a =40[C]

k = 200[W/m-C]

h = 15{W/mA2-C]

“Calculations:”

“It is a fin insulated at its end...by data; So, use the relevant formula (see the Table)

Calculate the heat transferred from one fin; then, knowing the total heat to be transferred, one can

calculate the no. of fins required”

m = sqrt((h * P)/(k * A_c)) “[1/m]...fin parameter”

Q fin=k*A_c*m*(T_0-T_a)*tanh(m*L) “[W] .... heat transferred by single fin, insulated at its tip”
“Therefore, no. of fins required:”

N = ceil(Q_tot/Q_fin) “ no. of fins rounded off to the next higher integer value”

Results:

Unit Settings: 51 C kPa kJ mass deqg

Ao =2 R0O0E-O7 h=15 [W,"mlC] k=200 [Pim-C] L=0.01 [m]
m =24.49 [1/m] Mo=85 [ F =0.002 [m] Qi = 001177 W]
D=1 ] Tp=80 [C] T4=40 [C]

Thus:

N = 85 .... No. of fins required to dissipate 1 W .. Ans.
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Heat transfer with Fins

“Prob. 1E.4. A casing of electric motor is an approx. cylinder of 250 mm dia and 500 mm long. There
are 30 equi-spaced longitudinal fins of thickness 5 mm and height 25 mm on the periphery of the casing.
If the casing temp is 56 C and ambient temp is 26 C, determine the heat dissipation from the casing
body. Neglect the circular plane surface on either side. Take h = 25 W/mA2.C and k_fin = 30 W/m.C
[VTU - VI Sem. B.E. - Jan.-Feb. 2004]:”

t=10.005 m

W=05 m/ﬂ L=0.025m
T,=56C

Total 30 no. of fins
k=30 W/m.C

h=25W/m?C
T,=26C

Fig.Prob.1E.4
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Heat transfer with Fins

EES Solution:

“Data:”

D = 0.25 [m] “.dia of cyl”

W = 0.5 [m] “.width of fins = length of cyl”
N_fins = 30 [-]

t = 0.005 [m] “..thickness of fins”

L =0.025 [m] “length of fins”

T_0=156[C]

T a=26[C]

h =25 [W/mA2-C]

k =30 [W/m-C]

“Calculations:”

“Note that area of the tip of the fin is not negligible; therefore, tip can not be considered as insulated.

So, this is a problem of a fin with convection off its ends.

Also, the heat transfer from the un-finned area (i.e. prime area) should be included while calculating

the total heat transfer;”

“Note from the Table 1E.1 that the formula for heat transfer from a fin with convection from its tip is

quite complicated.

So, generally, the method followed is to use the formula for a fin with insulated tip, but the taking
a ‘corrected length ‘L_c’ instead of the given length L of the fin.

L_cis given by L_c = (L + t/2) for a rectangulat fin of thickness t, and L_c = (L + r/2) for a circular fin

of radius r:”
“Therefore:”

L_c =L +t/2 “[m]...corrected length of fin”

P=2*(W +1t) “[m]...perimeter”

A_c=W *t“[mA2]...area of cross-section of fin”

m = sqrt((h*P)/(k*A_c)) “[1/m]....fin parameter”

Q_perfin = K*A_c*m*(T_0 - T_a) * tanh(m*L_c) “[W]....heat transfer per fin”
Q_fins = Q_perfin * N_fins “[W]...total heat transfer for N fins”

A_unfin = (pi*D - N_fins*t) * W “[mA2]...un-finned area on the cyl. surface”
Q_unfin = h*A_unfin * (T_0 - T_a) “[W]...heat transfer from un-finned area”

17
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Q_tot = Q_fins + Q_unfin “[W]... total heat transfer”

“Now, calculate with the exact formula, anyway, to verify:”

Q_perfin_exact = k*A_c*m*(T_0 - T_a) * (tanh(m*L) + h/ (m*k))/(1+(h/(m*k))*tanh(m*L))

“[W]...heat transfer per fin, using the exact formula for a fin with convection off its end”

Results:

Unit Settings: 51 C kPa kJ mass deq

A= 0.0025 [m2) Auriin = 13177 [me] D =0.25 [rm]
h=25 [fmeC] k=30 [wirm-C] L =0.025 [rn]
L. = 0.0275 [m] m =18.35 [m7] Meine = 30 [
F =101 [m] Clfing = 576.8 ] Olperfin=19.23 [/]
Clperfin,exact =19.21 [W] Cliggt = 815.1 [W] Qlunfin = 238.3 W]
t = 0.005 [m] Tp=56 [C] Ta=26 [C]
W = 1.5 [m]

Thus:

Q_fins = 576.8 W .... Heat transfer from 30 fins
Q_unfin = 238.3 W .... Heat transfer from un-finned cylinder body
Q_tot = 815.1 W ....total heat transfer ....Ans.

Note that Q_unfin is considerable as compared to the heat transferred from 30 fins.
Also, using simpler approx. formula gives almost the same value(19.23 W) for Q_perfin as compared

to the complicated, exact formula 19.21 W).

“Prob. 1E.5. A rod (k = 200 W/m.K), 5 mm in dia and 5 cm long has its one end maintained at 100
C. The surface of the rod is exposed to ambient air at 25 C with convection heat transfer coeff of

100 W/mA2.K. Assuming the other end to be insulated, determine:
1) temp of the rod at 20 mm distance from the end at 200 C,

2) heat dissipation rate from the surface of the rod, and
3) fin effectiveness [VTU - VI Sem. B.E. - May-June 2010]:”
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T,=100¢€ k =200 W/mK
h=100 W/(m.C) = -
ﬂ T =25C /d:o.005m
{ | @
<
L=0.05m
Fig. Prob.1E.5

Mathcad Solution:

Data:

k=200 Wim. K d:=0005 m Tinf:

1
[R=]
h

Ty=100 C L=005 m

Calculations:

Pi=xd P=0016 m. . perimeter

Al ::1 A= 1.063+10 ° m*2 .. area of cross-section of fin
4
mi= | PP e, m=20 Tim . fin parameter
kA

Temperature distribn:

T-Tinf _cosh(m(L-x))
To- Tinr cosh{mL)

___for a fin with insulated end

cosh{m-(L - x}) LT,

e T(x):= {T 0~ Tiﬂf} cosh({mL)

T(0.02)=82618 C....temp at 20 mm distance from the end at 100 C...Ans.

Draw the temp distribution in the fin:

C h=100 Wim"2 K

Heat transfer with Fins

x:=0,0001.005 _ _define arange variable x, from 0 to 0.05, with an increment of 0.001 m

19
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T(x) (deg.C) vs x(m)

T(x)

0 0.005 0.01 0.015 002 0025 005 0035 0.04 0.045 0.05
X

Heat flow Q:

Q=kA E-m-{l‘ 0- Ti.‘t]f} VW ___heat transfer for a fin with insulated end.
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Effectiveness:

Q ofin SHA .:'{I p-T mf} ... when there is no fin... consider only the base
area Ac of fin

e Qpon=0147 W

“Prob. 1E.6 In a conductivity measuring experiment, two identical long rods are used. One rod is made
of Aluminium (k = 200 W/m.K). The other rod is a specimen rod. One end of both rods are fixed to
a wall at 100 C, while the other end is suspended in air at 25 C. The steady temp at the same distance
along the rods were measured and found to be 75 C on Aluminium rod and 60 C on specimen rod. Find

k of the specimen. [VTU - VI Sem. B.E. - Jan.-Feb. 2003]”

T,=100C
h, T,=25C
T,=75C

d
/ o

k=200 W/m.K

T,
4%‘) kspeci manl ?

Fig. Prob.1E.6

Mathcad Solution:
Data:

k 4q=200 WimK  Tye=100 C 0 T, =25 C
=75 C . temp of Al rod at a distance x

epecimen = 60 C ... temp of specimen rod at a distance x
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Calculations:

Let the distance at which the temperature are measured on both the rods be x.

Taking the rods as long fins:

T 4-T
£=E:&p{-m__u-x} ...temp profile for Al rod, where m is the fin parameter for Al
Ty-T,
T ; -T
spechnen a=exp{- m spemmﬂ-x} ...temp profile for specimen, m is fin parameter
Tp-Ta for specimen

Taking logarithms for both the equations and dividing:

in T AlT I a
m 54 T 0- T A
- = .eqn (1)
.::ms : } T : -T
pecimeny | |= specimen a
I 0~ I a
m
ie. M _psm

{m spe |:1'.1nen}

Mow, fin parameter m for the rods is given by

where h, P, Ac are the same for both the rods

k sp ecimen * ¢

hP

k specimen A

k specimen

LY

=0.332
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“Prob. 1E.7. A very long 25 mm dia copper rod (k = 380 W/m.C) extends horizontally from a wall
maintained at 120 C. Temp of ambient air is 25 C and h = 9 W/mA2.C. (i) Determine the heat loss (ii)

how long the rod should be to be considered as infinite?”

T,=120C
h=9 W/m”*2.C

(TaZSC ‘3/d=0.025m

k=380 W/m.C

<

L

Fig. Prob. 1E.7

EES Solution:

“Data:”

d =0.025[m]

k =380 [W/m-C]
T 0 =120 [C]
T_a=25[C]

h =9 [W/mA"2-C]

DUKE
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OF BUSINESS
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“Calculations:”

P =pi*d “[m]...perimeter”

A_c=pi*dr2/4 “[mA2] ... area of cross-section of fin”

m = sqrt((h * P)/(k * A_c)) “[1/m] ... fin parameter”

“For a very long (i.e. infinitely long fin) fin:

heat transfer Q is given by: “

Q=k*A c*m™* (T_0-T_a) “[W] .... heat transfer for a very long fin”

“Now, for a fin with insulated end:

Qins=k*A c*m*(T_0-T_a)*tanh (m* L) ...[W] ... for a fin with insulated end.

Comparing the expressions for Q for the insulated and very long fins, it can be seen that the fin
with insulated end approaches a very long fin (i.e. infinitely long fin) when tanh(m L) approaches

the value of 1.

Let us plot tanh(mL) against mL and see the nature of variation:”

{

{mL = 2} “...commented out to draw the plot of tanh(mL) vs mL”

tanh(mL) =y

“It is seen from the plot that the graph (see below) approaches the value of 1 asymptotically.

So, let us say that the fin can be considered as infinitely long if tanh (mL) is equal to 0.99. Then, the

corresponding value of mL is:”

tanh(mL_inf) = 0.99 “..determines the value of mL for an infinitely long fin”
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Results:

Plot of tanh (mL) vs mL:

359 4 45 5H 35 6

Unit Settings: 51 C kPa kJ mass deq

A= 0.0004909 [rme] o = 0.025 [m] h=9 [WimeC]
k=380 [Wiym-C] Lint = 1.267 [rn] m =1.947 [1/m]
Mbini= 2.647 [-] P =0.07854 [m] 0 =345 [w]
Tg=120 [C] Ta=25 [C]
Thus:

Q =34.5 W .... Heat transfer for a very long fin .... Ans.
mL_inf = 2.467 ... value of mL required if the fin has to be considered as infinitely long.....

i.e. L_inf = 1.267 m ..... length required for the fin to be considered as infinitely long ... Ans.
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Heat transfer with Fins

Prob. 1E.8. Thin fins of brass whose k = 75 W/m.K are welded longitudinally on a 5 cm dia brass cylinder
which stands vertically and is surrounded by air at 20 C. The heat transfer coeft from metal surface to
air is 17 W/mA2.K. If 16 uniformly spaced fins are used, each 0.8 mm thick, and extending 1.25 cm
from the cylinder, what is the rate of heat transfer from the cylinder per metre length to the air when
the cylinder surface is maintained at 150 C? [VTU - VI Sem. B.E. - June-July 2011]:”

t=0.0008 m

S

L=0.0125m

W =
T,=150C
D=0.05m
Total 16 no. of fins
k=75 W/m.C
h=17 Wm?.C

T,=20C

Fig.Prob.1E.8
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Software Solutions to Problems on Heat Transfer

Conduction - Part Il Heat transfer with Fins
Mathcad Solution:
Data:

E=T3WimK D:=005 m T,=20 c h:=17 Wim"2 K

N:=16 __.no offins t©:=00008 m._thickness L :=001235 m .. length offin

W=1 m... width of fin = length of cylinder Tp=130 C

Calculations:
P=2({W4+t) P=2002 m.. perimeter

4

A=W A= 8+10 m*2__. area of cross-section of fin

L =L+t L _=0013 m._. corrected length
2

m:= m=23814 1/m ___.fin parameter

Note: Longitudinal fins on cylinder...so, it is a fin with convection off its end.
We use the simpler formula of that for a fin with insulated end, but with the ‘corrected length”:
Qperfin =k A E-m-{l’ o-T a} -taﬂh{m-I_ E} _..Note: corrected length Lc is used
e, Qpedin=35334 W
So, for 16 fins: Q g = Qperfin N Qg = 88334 W

For unfinned area of cylinder:

A nfin =(=D-N4W A nfin = 0144 m"2

Q ynfin =HA ﬁ'{Tu-Ta} Q ynfin = 318858 W

27
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Total heat transfer:
th :=Qﬁns+qunﬁn

Qor= 1204410°  W.....Ans.

“Prob. 1E.9. A carbon steel (k = 54 W/m.C) rod with a cross-section of an equilateral triangle (each
side 5 mm) is 80 mm long. It is attached to a plane wall maintained at a temp of 400 C. The surrounding
environment is at 50 C and unit surface conductance is 90 W/mA2.C. Compute the heat dissipated by
the rod, assuming that the tip is insulated. [VTU - VI Sem. B.E. - June 2012]:”

T, =400 C
h =90 W/m"2.C

fTa:”C /a:o.005m

k=54 W/m.C

Fig.Prob.1E.9

EES Solution:

“Data:”

a = 0.005[m]“...side of equilateral triangle”
L = 0.08[m]

k =54 [W/m-C]

T_0 =400 [C]

T a=50[C]

h =90 [W/mA2-C]

“Calculations:”

P =3*a“[m]...perimeter”

A_c=0.5*a*sqrt(3 *ar2/4) “[mA2] ... area of cross-section of triangular fin (= (1/2) * base * height)”

m = sqrt((h * P)/(k * A_c)) “[1/m] ... fin parameter”
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“Now, for a fin with insulated end:”

Q_ins_end=k*A_c*m*(T_0-T_a)*tanh (m * L) “[W] ... for a fin with insulated end.”

“In addition:”

“Now, for an infinitely long fin:”

Qlong=k*A_c*m*(T_0-T_a) “[W] ... for an infinitely long fin”

“And, for a fin with convection off its end:”

Q_conv_end=k*A_c*m*(T_0-T_a)* ((tanh(m*L) + h/(m*k)) / (1 + h * tanh (m*L)/(m*k))) “[W]

.. for a fin with convection off its end”
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Results:

Unit Settings: 51 C kPa kJ mass deq

&= 0.005 [rr] A= 0.00001083 [rm9] h=90 [Wim=i]
k=54 [frn-C] L =0.08 [rn] m = 48.06 [1/m]
P =0.015 [m] Oeomy end = 9824 [i] Qins.end = 9.823 [w]
Qong = 9.832 [] Tp= 400 [C] T4=50 [C]

Thus:

Q_ins_end = 9.823 W .... heat transfer from the fin with insulated end.... Ans.
Q_long = 9.832 W ... heat transfer from the infinitely long fin .... Ans.

Q_conv_end =9.824 W .... heat transfer from the fin with convection off its end.... Ans.

“Prob. 1E.10. Consider an alloyed Aluminium rectangular fin (k = 180 W/m.C) withL = 10 mm, t =1
mm, and width W = 1 m. Its base temp = 100 C. The surrounding environment is at 25 C and h = 100
W/mA2.C. Compute the heat dissipated by the fin, fin efficiency, fin effectiveness, tip temperature and

thermal resistance for:
1) A fin with the tip insulated
2) A fin with convection off its end, and

3) An infinitely long fin (Ref: [3])”

Additionally: Find the effect of variation of h (from h = 10 W/mA2.K to 1000 W/m2.K) on Q for fins
of Aluminium (k = 1800) and also for also fins of Stainless steel (k = 15 W/m.C):

/t: 0.001 m

k=180 W/m.C

h =100 W/(m’.C)
T,=25C

r0:1ooc\

L=00lm

Fig.Prob.1E.10
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Heat transfer with Fins

EES Solution:

“Data:”

W = 1[m]

L =0.01[m]

t =0.001[m]

k =180 [W/m-C]

T_0 =100 [C]

T a=25][C]

{h = 100 [W/mA2-C]} “....commented out to plot graphs

“Calculations:”
P=2*(W +1t) “[m]...perimeter”
A_c =W *t“[mA2] ... area of cross-section of triangular fin (= (1/2) * base * height)”

m = sqrt((h * P)/(k * A_c)) “[1/m] ... fin parameter”
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“Now, for a fin with insulated end:”

Q.ins_,end=k*A c*m*(T_0-T_a) * tanh (m * L) “[W] ... for a fin with insulated end.”
eta_f ins_end = tanh (m * L)/(m * L) “..fin efficieny”

Tiptemp_ins_end = T_a + (T_0 - T_a)/cosh(m * L) “[C] .. tip temp””

epsilon_ins_end = Q_ins_end/(h * A_c * (T_0 - T_a)) “...fin effectiveness”
R_f ins_end = (T_0 - T_a)/ Q_ins_end “[C/W]... fin thermal resistance”

“And, for an infinitely long fin:”

Qlong=k*A c*m*(T_0-T_a) “[W] ... for an infinitely long fin”
eta_f long = 1/(m * L) “..fin efficieny”

Tiptemp_long = T_a “[C] .. tip temp.... is equal to ambient temp for infinitely long fin”

epsilon_long = Q_long/(h * A_c* (T_0 - T_a)) “...fin effectiveness”
R_f long = (T_0 - T_a)/ Q_long “[C/W]... fin thermal resistance”

“Also, for a fin with convection off its end:”

Q_conv_end=k*A_c*m*(T_0-T_a)* ((tanh(m*L) + h/(m*k)) / (1 + h * tanh (m*L)/(m*k))) “[W]

... for a fin with convection off its end”
eta_f conv_end = Q _conv_end/(h* (P*L + A_c) * (T_0 - T_a)) “..fin efficieny”
Tiptemp_conv_end =T _a + (T_0 - T_a) / (cosh(m * L) + h * sinh(m * L)/(m*k)) “[C] .. tip temp””
epsilon_conv_end = Q_conv_end/(h * A_c* (T_0 - T_a)) “...fin effectiveness”

R_f conv_end = (T_0 - T_a)/ Q_conv_end “[C/W]... fin thermal resistance”

Results:

Unit Settings: 51 C kPa kJ mass deq

Ao=0.001 [md]

Elong = B0.03 []

Milong = 2.999E-12 []
L=0.01 [rm]

Cleonvend = 151.5 W]

Pt carv.end = 0495 [CAV]
t =0.007 [m]
Tiptemp)gng = 25 [C]

W' =1 [m]

Ecoreeend = 202 []

N corwend = 0967 []
h=100 [m=C]

m =33.35 [1/m]

Qins.end = 144.8 [iv]

Fif inz.end = 0.5179 [T
Tiptempeony end = 35.64 [C]

Tp=100 [C]

Download free eBooks at bookboon.com

Einz.end = 19.31 []
Ntins,end = 0.9645 [7]
k=180 [fm-C]

F =2.002 [m]

Clgrg = 460.2 [W]

Fif long = 0.16BE [CAN]
Tiptemping end = 96.01 [C]
Ta=25 [C]



Thus:

1) For a fin with the tip insulated: Q = 144.8 W, fin effcy, eta_f = 0.9645, fin effectiveness,
epsilon = 19.31, Tip temp = 96.01 C and fin thermal resistance = 0.5179 C/W. ....Ans.

2) For a fin with convection off its end: Q = 151.5 W, fin effcy, eta_f = 0.961, fin effectiveness,
epsilon = 20.2, Tip temp = 95.64 C and fin thermal resistance = 0.495 C/W. ....Ans.

3) For an infinitely long fin: Q = 450.2 W, fin effcy, eta_f =2.999E-12 = zero, fin effectiveness,
epsilon = 60.03, Tip temp = 25 C, i.e. ambient temp, and fin thermal resistance = 0.1666
C/W. ....Ans.

Then, draw the graphs:

1600

Variation of Q with h for fins (k = 180 W/m.C)

1400
1200
1000

800

QIong

600
i 7Qins,end
400

Heat transfer Q [W]

Qconv,end |

200

0 . . . . . . . . . .
0 100 200 300 400 500 600 700 800 900 1000
h [W/mA2.C]

500,
450
400
350
300]
250
200
150
100

50f

Variation of Q with h for fins (k = 15 W/m.C)

QIong

Qins,,end

Qcon\/,end ]

Heat transfer Q [W]

0 100 200 300 400 500 600 700 800 900 1000
/m"2.C]
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Heat transfer with Fins

Prob. 1E.11. An iron bar 15 mm in dia spans the distance between 2 plates, 50 cm apart. Air at 25C
flows in the space between the plates resulting in heat transfer coeft of 15 W/mA2.K. Calculate the heat
transfer and temp at the middle of the bar if the plates are maintained at 125 C each. For iron, k = 45
W/m.K. [M.U]

=15 W/m"2.C

Fig.Prob.1E.11

Mathcad Solution:

Data:

The Wake
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Heat transfer with Fins

Calculations:
P=xd ie P=00M7 m._. _permeter

4

A=l A=1767+10 m*2 __. area of cross-section of fin

JM4 Um __fin parameter

There is a ready formula available in Table 1E.1 for fin with specified temps at the ends.

However, let us first work out this problem from fundamentals, and then verify the result with the
formula from the Table:

Governing differential equation for a fin is:

2 3
4 5_mPe=0  where & is ‘excess temp.” = (T -Ta)

dxl

For a fin the general solution for temp distribution along x is given in either of the
following two equivalent forms:

8(x)=Cl-exp(mx) + Cl-exp(-m=)  _..eqgn. (1)...where, excess temp &(x)=T(x)-T,

8(x)=A-cosh(m=x) + Bsinh{m=x)  ___eqn. (2} where, excesstemp 8(x)=T(x)-T,

In the above eqns C1, C2, A and B are four separate constants.

In this problem, let use the solution given by eqn.(1):

Define:
8,=TI-T, e 8;,=10 C

8,=T2-T, e 8,=100 C

B.Cs: Atthe left end: x=0,8=81. and

At the right end: x =L, & = &2

35
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Heat transfer with Fins

Applying the B,C’s to eqn. (1), we get the two constants C1 and C2:

From B.C.(i): & =Cl+C2

From B.C (i): & ,=Cl-exp(mL)+ C2-exp(-mL)

Then:
B,-8exp(-mL) _
Cl=—— le. C1=0889
exp{m-L) — exp{-m-L)
C2=8,-0C1 ie. C2=09111

Therefore: the temp distribution is given by:

B(x) =Clexp{m=) + Cl-exp(-m=) .. eqn.(1}

Now, temp at mid-point of rod:
Put x = 0.25 in eqn.(1):

ie.  B8(023)=18772 ...Excess temp at mid-point
|E Trmd =E[I}Ei}+l'a

e, T,..,=43772 C..Temp. at mid point .... Ans.

mid

Draw the temp profile:

x:=0,001.03 . define arange variable x from 0 to 0.5, with an increment of 0.01 m

B{x) =Cl-enp(m=x) + C2exp{-mx) _..gives T(x)-T a

36
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Heat transfer with Fins

L Tx(deg. C)vsxim)

Ty, degi2

x (m)

It is clear that the min. temp occurs at the mid-point.
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Heat transfer with Fins

To calculate the heat transfer:

Find out the heat transferred at the left and right ends, using Fourier’s law:
Define: &{x) :=Z—E+[x} _first derivative of 8 wort x
X

Atx=0and x=05m:

§(0)=-026.048  &(0.5) =926.048
Therefare, by Fourier's law:

Qe =-kAE(0)

e Qg =7364 W.___ Heat tr. from left end

And,

Q right =-k-A-6(0.5)

8. Quope="7364 W.._.Heattr from right end, -ve since flow from right to left
Q total =] Qsest |+| @ right |

L8 Qopay = 14728 W... Total heat tr. from the rod....Ans.

Verify by finding the heat lost by convection from the surface of fin:
B{x) =Cl-exp{m-=x) + C2-exp(- m-x)
0.3
Q= h-PT 8(x)dx

0

Q=14728 W.... verified.

38

Download free eBooks at bookboon.com



Now, apply the direct formulas from Table 1E.1 and verify the results obtained:

Temp distribution:

" i i 2 " i -

. & y-sinh{m-(L - x}) + & {-sinh{m-x)

x) =
L

sinh{m-L}

Therefore, at mid-point, i.e. at x = 0.25 m:

e B(023)y=18772  C... verified with result obtained earlier.

Heat transfer:

coshim-L)-1

0 ::L:-_-‘L-m-(_--El 1) b(ml)

=3 Q=14728  W___. verified with result obtained earlier..

Another easier way of solving this problem is as follows:

We ohserve from the temp profile that a minimum occurs at the mid-point. ie. dT/dx =0 at =
=0.25 m.

So, the rod can be considered as two separate fins, each insulated at its end.
Calculate the heat transferred from each fin and add them up to get total heat transferred
from the rod to the ambient.

Q insulatedfin Z=L:-.—"L-1]'L-{I1— T a} tanh{m-L) W .. heat transfer from one insulated fin

e Qinsulatedfin =749 W
Therefore, heat transferred from the rod:

Q total = 2Q jnsulatedfin e Qioa=14592 W ....almost same as earlier value.

Effect of h on Q and Temp profile:

It is obvious that heat transferred from the fin to ambient will depend on h. Also, h will affect the temp.

profile in the fin.
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Heat transfer with Fins

Let us use the direct formulas from the Table to write T(x) and Q as functions of h and then plot the

graphs:
We have:
m{h) = E _.fin parameter m is written as a function of h
ie. m{h) =9.428 1/m ___ fin parameter

Temp distribution:

& {-sinh{m(h)(L - x)) + & {-sinh{m(h) x)
B{x.h) = ...B is written as function of x and h
sinh(m(h)-L)

Heat transfer:

cosh{m(h)-L)-1
sith{m{h}-L}

.. iz written a a function of h

Q(h) ::L:-.%-m[h}-{l-& 1}
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il

To plot Q as a function of h:

Let hvary from 0 to 150 WWim*2.C:

h:=10,15.150  _.._define a range variable h, from h =10 to 150 Wim"2.C

Q(W)vs h (Wm"2.C)

]
O 10 20 30 40 30 80 T0 B0 S0 100 110 120 130 140 130
h

To plot T(x) as a function of x for different values of h:

Heat transfer with Fins

x:=0,001..05 ___define a range variable x, from x = 0 to 0.5 m, with an increment of 0.01

Ti{x)vs x for fin equal temp at ends

140
130
120
]
110 EN\ ‘Ig
100 5;1 ﬁl:
] 20 0 T
% i by
E Y e
= i !
z By
' Wk J I
0 + - !
. 4 — S
e .
" -
S . N . ’
3 B S LT Iy Wl

o 0.05 0.1 0.15 02 0125 03 035 04 043 0.5
=10 Wm2C Distance x fom laf (m)

""" h=350Wm"2.C
—  h=100Wm"2C
— - h=130Wm2C

It is noted that Q increases as h increases.

Also, the temp profile becomes lower and flatter at the centre as h increases i.e. as h increases larger

region in the centre of the rod attains lower temp.
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“Prob. 1E.12. A bar of square cross-section 20 mm X 20 mm, and of length 100 mm connects two metal
surfaces. One surface is maintained at 200 C and the other is at 50 C. The bar is made of steel with k =
60 W/m.K. The surroundings are at 20 C with the surface heat transfer coeff of 10 W/m»2.K. Derive
an equation for the temp distribution along the length of the bar and hence calculate the total heat flow
rate from the bar to the surroundings. [VTU - VI Sem. B.E. - July-Aug. 2004]:”

_ h=10 Wm"2.C
TI_ZOOC ﬁTa:ZOC T2=50C
\ k=60 W/m.C
< o
L=0.Im

Fig.Prob.1E.12

Mathcad Solution:
Data:
T1:=200 C T2:=350 C T =20 C
h:=10 Wim*2K k=60 WmHK L:=01 m sideofsquarebarr a:=002 m
Calculations:

P:=4a ie. P=008 m....perimeter

A= a Al =Jf+ltl_'L m*2 ... area of cross-section of rod

m = h? m=3774  1/m ... fin parameter
kA

There is a ready formula available in Table 1E.1 for fin with specified temps at the ends.

However, let us first work out this problem from fundamentals, and then verify the result with the

formula from the Table:

Governing differential equation for a fin is:

4 o_mle=0  where & is ‘excess temp." = (T - Ta)
dx2
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Heat transfer with Fins

For a fin the general solution for temp distribution along x is given in either of the
following two equivalent forms:

8(x)=Cl-exp(m=x) + C-exp(-m=x) _._eqn (1) where excesstemp 8(x)=T(x)-T,

8(x)=A-cosh{m=) + B-sinh{m=x)  ___eqn (2) where excesstemp 8(x)=T(x)-T,

In the above eqns C1, C2, A and B are four separate constants.

In this problem, let use the solution given by eqn.(2):

Define:
8,=TI-T, ie @,=180 C
B,=T2-T, ie 8,=30 C

B.C's: (i) Attheleftend: x=0,8=81, and

(ii) At the right end: x = L, & = 82
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Heat transfer with Fins

Applying the B.C's to eqn. (2), we get the two constants A and B :

FromB.C.{i) 8&=A
From B.C (i) 8 ,=A-cosh{mL)+ B-sinh(mL)

ie. 8 ,=6 {-cosh{mL)+ B-sinh{mL)

8,- 8 -coshiml)
B=_—

ie.
sinh{m-L)
Then:
A8 ie.  A=180
. 85— 8 j-cosh{mL) _
= l.e. B =-2056.431
sitth{m-L)
Now, temp at mid-point of rod:
Put x = 0.05 in eqn.(2):
ie.  8(0.03)=100772 ...Excess temp at mid-point
e l—rmd= E\‘[I}I}i}+1'a
e T 5q=120772 C.Temp. at mid point .

Draw the temp profile:

x:=0,0005..0.1 .. _define a range variable x from 0 to 0.1 m, with an increment of 0.005 m

B(x) = A-cosh{m=x) + B-sinh{m=x) __.gives T(x)-T_a

Therefore, T{x) = 8(x) + Ta:

44
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Tx(deg. C) vs x{m)

130

120

T, degC

110

100

1] 0.01 002 0.3 004 005 006 007 008 000 0.1

= (m)

To calculate the heat transfer:

Find out the heat transferred at the left and right ends, using Fourier's law:

Define:  &(x) ::Z—Eh[x} . first derivative of & wert. x
X

Atx=0andx=01m:
_ 3 _ 3
F(0) =-1.712:10°  §'(0.1) =-1.371+10

Therefore, by Fourier's law:
Qe =-k-A H(0)
e Qg =41.082 WW____Heat tr_ from left end

And,

Q yight =-k-A F(01)

ILE. Qright =32.907  W... Heat tr. from right end

45
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It is observed that Q_left enters the rod from left and Q_right leaves to the right plate. So, the difference

is dissipated from the surface of the rod to ambient. i.e.

Q finsurface = Qeft— Uright
\W... heat tr. from the rod surface to ambient....Ans.

e Qgneurface = 5174

Verify by finding the heat lost by convection from the surface of fin:

8(x) = A-cosh{m=x) + B-sinh{m-x)

0.1
Q ::h-P-J 6(x) dx
0

Q=817 W.... verified.

Now, apply the direct formulas from Table 1E.1 and verify the results obtained:

Temp distribution:

& -sinh{m-{L - %)) + 8 ;-sinh{m-x)

B(x) =
) sinh{m-L)

Therefare, at mid-point, i.e. at x = 0.05 m:

ie. B(0.05) =100772 C... verified with result obtained earlier.

Heat transfer:

Q=k-A I:-m-(:E\L 1+8 3) M
= sinh{m-L)
=3 Q=58174 W__.. verified with result obtained earlier.

To plot Q as a function of h:

hP

kA

m{h) = 1/m ... fin parameter defined as a function of h

cesh{m(h)-L)-1
sith{m{h}-L}

... defined as a function of h

Q(h) =k-A c-m[h}-(ﬂ [+ 8 2}

46
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Now, plot the graph:
h:=3.10..150 _..define a range variable h from h = 5 to 150 Wim*2.C

Q (W) vs h (Wm'2.C)

100

Qi)

° 10 20 30 40 50 & TO B S0 100 110 120 130 140 150

EXPERIENCE THE POW

FULL ENGAGEMENT...

RUN FASTER.
RUN LONGER..
RUN EASIER...
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“Prob. 1E.13. A rod of copper of k = 116 W/m.K and 1.25 cm in dia spans the distance between two

parallel plates 15 cm apart. Air flows in the space between the parallel plates, providing h = 58 W/mA2.K

at the surface of the rod. The surface temp of the plates exceeds that of air by 40 C. What is the temp in

excess at the centre of the rod over the temp of air? Determine the rate of heat transfer. Derive the eqns
used. [VTU - M.Tech. - June-July 2009]:”

2,=40C

Fig.Prob.1E.13

EES Solution:

“Data:”
L =0.15[m]
d = 0.0125[m]

k=116 [W/m-C]
h =58 [W/mA2-C]
theta_1 = 40 [C]
theta_2 = 40 [C]

“Calculations:”

P =pi*d “[m]...perimeter”

A_c=pi*dr2/4“[mA2] ... area of cross-section of rod

h=58 Wm"2.C 22:40C

d=0.025m

7’/

<

a
\

k=116 Wm.C

L=0.15m

»

m = sqrt((h * P)/(k * A_c)) “[1/m] ... fin parameter”

“Now, for a fin with specified temps at ends end:

Excess temp at both ends = 40 deg....by data.

i.e. both ends are at equal temperatures. Get the corresponding eqns from Table 1E.1:”

“Temp distribution at a distance x from LHS: is given by: (here, x = 0.075 m)”

theta_x = (theta_1 * sinh(m * (L - x)) + theta_1 * sinh(m * x)) / sinh(m * L) “[C] ... excess temp at

mid-point of rod”

x = 0.075 [m]
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“Rate of heat transfer, Q:”

Q=k*A_ c*m*(2*theta_1)* (cosh(m * L) - 1) / sinh(m * L) “[W] .. heat transfer from rod surface

to ambient”

Results:
Unit Settings: 51 C kPa kJ mass deq

A-=0.0001227 [r‘nz] d=0.0125 [m] h =58 [‘u"u",-"mlC] k=116 [m-C]
L=0.15 [m] m =12.E65 [1/m] F=0.03927 [m] Q= 10.65 1]
B =40 [C] B =40 [] B, =26.94 [C] «=0.075 [m]
Thus:

theta_x = 26.94 C .... Excess temp over the ambient at the centre of rod .... Ans.

Q =10.65 W ..... heat transfer from the rod to ambient .... Ans.

In addition:

Plot the variation of Q with h for rods with k = 116 W/m.K Al) and k = 54 W/m.K.(Carbon steel)

Let h vary from 10 to 150 W/mA2.K.

Prepare parametric tables and plot the graphs:

Qvs. h:
25
20
15
=3
C 10
k=116 WimC —o—Q
k=54WmC —sQ
5
0 4
0 20 40 120 140 160

60 80 100
h [W/m2.C]

Download free eBooks at bookboon.com



Software Solutions to Problems on Heat Transfer

Conduction - Part Il Heat transfer with Fins
theta_x vs h:
40 | |
. k=116 W/im C —o—8,
35 8! | it
\\ k=54 W/mC —= 8
30 \D\(
25 \ g
Q
g 20 .\a L\—ﬂ‘_‘_\_\—t
]\"D\\\U\H—ﬂ
15
10 R —
5
0 A
0 20 40 6 120 140 160

0 80 100
h [W/mA2.C]

Note that lower the thermal conductivity, lower is the amount of heat transferred to ambient.

And, lower the k, lower is the value of theta_x, i.e. higher is the centre temp of the rod.

This e-book Y o N
ismadewith SETASIGN

SetaPDF h Y 4

\7\‘ PDF components for PHP developers

www.setasign.com
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Prob.1E.14. The temp. of air in an air stream in a tube is measured by a thermometer placed in a
protective well filled with oil. The thermo-well is made of steel tube 1.5 mm thick sheet of length 120
mm. The thermal cond. of steel = 58.8 W/m.K. and h = 23.3 W/mA2.K. If the air temp. recorded was
84 C, estimate the measurement error if the temp. at the base of the well was 40 C. [M.U. May 1997]

Thermometer

T,=40C

Thermowell, thickness=t=0.0015 m
k =158.8 W/(m K)

4> Ta
T,=84C —» h=233 W/(m>K)

Fig.Prob.1E.14

Mathcad Solution:

Data:
L:=012 m t:=0.0015 m h:=233 Wim"2 K
k=388 WmHK Typ=40 C Tp:=84 C
Let Ta= temp. of air flow to be measured

Calculations:

m= | BT =J hzd _..for a thin walled tube

AL AJk(m-dt)
. |h . - .
e mi= |— e, m=16233  1m ... fin parameter

k-t

Treating the thermowell as a fin, insulated at its end:
Temp distribution is given by:
Tr-Ta_ 1

= _temp at the end of the fin {x = L) is given by this egn.
Typ-T, coshiml)

d
Here, however, TL is known. and Ta is the unknown which can be
determined:
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Use the Solve Block of Mathcad:

Start with a trial value for Ta:
T, =100 __Trial value
(Hven

Tr-Ta_ 1

Tp-T, cosh{mlL)

Find{T .} = 101.008
i.e. Actual temp of Air Ta is 101.009 C.....Ans.

T, :=101009 C

e T,-Tp=1700¢ C... errorin thermometer reading ... Ans.
And,
{To-Tp)-100
R |
T

a

So, Percentage error in measurement of temp= 16.84 % .... Ans.

“Prob.1E.15. A motor body is 25 cm in dia and 20 cm long. Its surface temp should be limited to 55
C when dissipating 150 W. Longitudinal fins of 1.2 cm thickness and 3 cm height are to be used. The
convection heat transfer coeff is 40 W/m»2.K. The thermal cond. is 40 W/m.K. Determine the no. of
fins required. The atmospheric temp is 40 C. [VTU - VI Se. B.E. July-Aug. 2003]”

t=0.012m
>/< Y
W L=0.03m

Total no. of fins = ?
k=40 W/m.C

T,=55C

h =40 W/m.C
T,:=40 C

Fig.Prob.1E.15
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EES Solution:

“Data:”

D =0.25 [m]

W = 0.2[m]“...Width of fin = Length of cyl”
T_0 =55[C]

Q_tot = 150[W]

L=0.03[m]“.length of fin”

t=0.012[m]

h=40[W/m~2-C]

T_inf = 40[C]

k=40[W/m-C]

“Calculations:”

“This is the case of fin with convection off its end.

We will use the formula for Q for a fin with insulated end, but with the corrected length Lc:

Lc = (L + t/2) for a rect. fin and Lc = (L + r/2) for a pin fin”

RAND
MERCHANT
BANK

Adivision of FirstRand Bank Limited

Y O | l T I I I N K Traditional values. Innovative ideas.
]

YOU CAN WORK
AT RMB

Rand Merchant Bank uses good business to create a better world, which is one of the reasons that the country’s top talent chooses to
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Lc = L+t/2 “[m)]... corrected length”

P = 2*(W+t)“[m]... perimeter”

A = W*t “[mA2]... cross-sectional area of fin”
m = sqrt((h*P)/(k*A)) “[1/m]... fin parameter”

Qperfin = K*A*m*(T_0-T_inf)*tanh(m*Lc) “[W]... heat transferred per fin”

Qfins = N_fins_calc*Qperfin “[W]... heat tr. for N fins”

“N_fins_calc is the exact value of calculated no. of fins, i.e. it may not be an exact integer”

A_unfin = (pi*D - N_fins_calc*t)*W “[mA2] ... un-finned area or prime area on cyl surface”

Q_unfin = h*A_unfin*(T_0-T_inf)“[W] ... heat tr. from un-finned area on cylinder surface”

Q_tot = Qfins+Q_unfin “[W] ... total heat transferred”

N_actual = Ceil(N_fins_calc) “ Actual no. of fins .... This is the no. of fins rounded off to higher integer”

“To get final values of heat transferred with corrected integer value of fins:”

Qfins_actual = N_actual*Qperfin
A_unfin_actual = (pi*D - N_actual*t)*W
Q_unfin_actual = h*A_unfin_actual*(T_0-T_inf)
Q_tot_actual = Qfins_actual+Q_unfin_actual

Results:

Unit Settings: 51 C kPa J mass rad

A =00024 [m?] Apfin = 01382 [m?]

D =0.25 [m] h=40 [wimZC]
L=0.03 [rm] Le = 0.036 [m]

Nactual =8
Qfing = 67.09 [W] Ofing sopyal = B8.14 [w]
|Glot actual = 1509 [/]]
Cluninactual = 52.73 [W] t =0.012 [rm]

Tinf =40 [C] W = 0.2 [rm]
Thus:

N_actual = 8 ... actual (integer) no. of fins ... Ans.,

whereas calculated value of fins = N_fins_calc = 7.877

Q_tot = 150 W .. by data, whereas, with actual no. of 8 fins Q_tot_actual = 150.9 W ...

Aunfin,actua = 0.1379 [m2]

k=40 [Wm-C]
m =13.29 [1/m]
P =0.424 [m]

Cperfin= 8518 [
Clyrfin = 82,97 [i]

Tp=55 [C]

Ans.
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In addition:

Heat transfer with Fins

1. Total heat to be transferred remaining 150 W, find out the variation of N_actual and
Q_tot_actual with h varying from h = 20 to 100 W/m/2.K:

The parametric table is produced below:

i Parametric Table

Tahie 1 |
= 3 bt
’ h Nadual C:"tl:lt,al:”cual
1..10 [WImZ-C] |_'W]
Run 1 20 24 150.5
Run 2 30 15 152
Run 3 40 8 150.9
Run 4 50 4 152.5
Run 5 60 1 151.6
Run & Fili] -1 153.3
Run 7 a0 -2 162 3
Run & 90 -4 164 3
Run 9 100 -5 156.9
360°
thinki
Deloitte
Discover the truth at WWW.dClOitte,CalcareerS © Deloitte & Touche LLP and affiliated entities.
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It may be observed that at h = 20 W/m»2.K, no. of fins required is 28, and total Q = 150.5 W;

And, at h = 60 W/mA2.K, only one fin will be enough to give a total heat transfer of 151.6 W.

For values of h above 60 W/mA2.K, no fins are necessary.

2. Plot the variation of Q_actual as actual no. of fins is varied from 1 to 14, with h

remaining constant at 40 W/m/2.K:

200

h =40 Wim*2. K

180

W]
—
(=7}
=

™
2
(%]
& 140
3
a
120
100 £
0 16

Prob. 1E.16. A short fin of 0.08 m length and 10 mm dia is exposed to air at 20 C. k is 15 W/m.K. The
base temp is 250 C. Heat dissipated by the fin is 8 W. Determine the value of h and also the tip temp.

T,=250C e
o =15 W/m.C

T =20C ool m
( ‘ d=oo1
<

Fig.Prob.1E.16

L=0.08m
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Mathcad Solution:

Calculations:

P:=xd P=0031 m....perimeter

A= Al =7.854+10 - m*"2... area of cross-section of fin

We need the fin parameter m; however, we do not know the value of h.

Since Qfin is given, we have, for a fin with insulated tip:

Qfin=k-A _-m-tanh(m L) -{1’ o-T a} _where m is the fin parameter
and, m= h?
KA

nP
kA

tanh {To-Ta)

Therefore: Qﬁn=k-_{c-J

hP
kA

Let us write Qfin as a function of h:

Q(h) := [hPk-A _tanh h? | -{1’ 0-T a} W___for fin with insulated end

A

Now, use the Solve Block of Mathcad to get h.

Start with a trial value of h:

h=10 Trial value
(ven
Q(h)=8
h :=Find{h) ....finds h
ie. h=33.78 Wima2.K....Ans.
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To find the tip temp.:

We have, for temp. distribution:

T-T chim AT — w4
a _cosh{m (L - =) ..Tis the temp at any x
Tp-T, cosh{m1L)
. T -T, 1 . . .
e = _TLis the temp at x =L, i.e. at the tip
Typ-T, cosh(mlL)
Mow: mi= | 2P
A
ie. m =30.013 1/m__fin parameter
Therefare:
Th-T
T; =T,+ 0" "a
cosh{mL)
e Ty =61346 C..Tip temp.....Ans.

Prob. 1E.17. A square rod of side 10 mm and length 0.2 m has a heat generation rate, qg of 10r6 W/
mA3. k of the material is 25 W/m.K and it is exposed to air at 25 C with h = 20 W/mA2.K. The ends are

maintained at 60 C and 30 C. Determine the temp at the centre,

also the heat conducted at the ends and the heat convected.

T,=60C
h =20 W/(m2.C)

T,=25C
u

« >
L=02m

k=25 W/m.C
g, = 10°6 W/m"3

Fig.Prob.1E.17

Download free eBooks at bookboon.

location and value of max. temp and

T,=30C

m

a=00lm

com



Software Solutions to Problems on Heat Transfer

Conduction - Part Il Heat transfer with Fins

Mathcad Solution:
Data:
Tl:=60 C T2:=30 C T, =23 i h =20 Wim"2 Kk

a:=0.01 m ... side of square rod L:=02m gq,:= 10° Wimn3

k=23 WmK

Calculations:
Pi=4a P=004 m . perimeter offin
;I_

Aczan A=1-10 m*2 __. area of cross-section of fin

mi= [— m=17.88%0/m ___fin parameter

oy,

. / A R
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Let:

8,:=T1-T,  8,=33

8,=T2-T, B4=3
q

§,=6-—=  and, & =-90
k-m™
q

§,=8,- =% and, & ,=-120
k-m™

General solution for temp distribution is (Ref: [1]):

g & y-sinh{m-(L - x)) + & ;-sinh{m=x)
T(x)=T ;+ —= + : -
k-mz sinh{m-L)

Plot the temp distribution:

x:=0,001.02 ...define the range variable x from 0 to 0.2m

q, & j-sinh{m-(L-x}}+ & ;-sinh(mx)
fem’ sinh{m-L)

T{x) vs. x for fin with heat generation

/\

80
T(x)

40

60
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Temp at centre: T{0.1} =115832  C .... Ans.

What is the value of max. temp, and where does it occur?

Min. temp occurs where dT/dx = 0 We use the ‘root function” of Mathcad to find where
dTidx =10

Let: T(x) ::j_r[x}
X

Let Tmax occur at a distance xmax from LHS. Start with a trial value for xmax:

x:=008  __trnal value of x

% may =reet{T(x).x)

Xy = 0091 Mm....i.e. Tmax occurs at x = 0.091 m from left... Ans.

Therefore: T, = 1'{::

max ma:c}

ie. T oy = 116244 C... value of max. temp.... Ans.

Heat conducted at the ends:

We have:

q, & jsinh{m-(L-x}}+ & 5-sinh(mx)

k-mj sinh{m-L}
Let: 0 =L
et: T(x) :==T(x)
dx
Qe =-EAT(0) Qegp ="3731  W.____heat flowing from left end to ambient
Qicht =-FAT02) Q=315 W.._ heat flowing from right end to ambient

| Qieft |+| Qright |= 8881 W....Total heat loss by conduction

61
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Heat loss by convection from surface:

02
Q conv :=h-P[ {T(x)- T ;) dx
0

Qeopy =111 W heat loss by convection
Check:
Total heatgen.: Q. =g g-_-"';.-I_

Qgen=20 W

Total heat loss by condn.+conv.:
Qtot :=| Qieft |+| IQright |+ Qconv

ie. Q gp =20 W....checks.

“Prob.1E.18. A hot surface at 100 C is to be cooled by attaching 3 cm long, 0.25 cm dia Aluminium fins
(k =237 W/m.K) to it, with a centre to centre distance of 0.6 cm. Temp. of surrounding air is 30 C and
h = 35 W/m22.K on the surface. Calculate the rate of heat transfer from the surface fora1 m x 1 m
section of the plate. Also, determine the overall effectiveness of the fins. [VTU - M.Tech. - Dec. 2010]”

T,=100C
h =35 W/(m.C) k=237 W/m.C
ﬂTa:_goc d=0.0025m
Square plate: 1 mx 1 m i |
s=0.006 m

1.0m K

L=003m

Fig.Prob.1E.18
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EES Slution:
“Data:”

d = 0.0025 [m]

L =0.03 [m]
T_0=100[C]

h =35 [W/mA2-C]
T_a = 30[C]

k =237 [W/m-C]

s = 0.006[m] “.centre to centre distance of fins”

“Calculations:”

“This is the case of fin array.

We will use the concept of fin efficiency.

Refer to Table 1E.2 for formulas for fin efficiencies.”

bookbooncom
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P =pi*d“[m]... perimeter®
A_c =pi*dr2/4 “[mA2]... cross-sectional area of fin”

m = sqrt((h*P)/(k*A_c)) “[1/m]... fin parameter”

eta_fin = tanh(m * L)/(m * L) “.fin effcy”

N_fins = 1/sA2 “...no. of fins in 1 m x 1 m area”

A_fins = ((pi*d*L)+ (pi*dr2/4))*N_fins “[mA2] ... total surface area of fins”

A_unfin =1 - N_fins * (pi * dA2 / 4) “[mA2] .... total un-finned area, or ‘prime area™

“Out of the fin area of A_fins, only the area (eta_fin * A_fins) is effective,

whereas all of A_unfin (or, prime area) is effective:

Therefore:”

Q_finned = h * (eta_fin * A_fins) * (T_0 - T_a) “[W] .... heat transfer from finned area”
Q_unfinned = h * A_unfin * (T_0 - T_a) “[W] .... heat transfer from un-finned area”

Q_total = Q_finned + Q_unfinned “[W] ... total heat transfer fromthe array”

“When there are no fins:”

Q_nofin=h*1*(T_0 - T_a) “{W] ...heat transfer when there are no fins; now area = 1 mA2”
“Therefore: Effectiveness of fin array:”

epsilon = Q_total / Q_nofin “..effectiveness”

Results:

Unit Settings: 51 C kPa kJ mass deqg

A= 0.000004309 [m2] Afine = 6.6 [m] Aunfin = 18636 [me]
d=0.0025 [rm] £ =7.108 Miin, = 0.9347

h=35 [Wim<C] k=237 [Wim-C] L=0.03 [rn]

m =15.37 [1/m] MNiine = 27778 P =0.007854 [m]
Qfinned = 15300 L] Cnfin = 2450 W] Cigtal = 17416 ]
Qurfinned = 2116 [#] 5 = 0.006 [rm] Top=100 [C]
To=30 [C]
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Thus:
Q_total = 17416 W .. total heat transfer from the array ... Ans.

€ =7.108 .... Effectiveness of fin array .... Ans.

In addition:

Plot the variation of Q_finned, Q_unfinned and Q_total as centre to centre distance (s) is varied

from 5 mm to 15 mm:

Parametric table:

|- |- ]« [
D 5 innned Qunfinned Qtutﬁl
H [m] [W] (W] [W]
Run 1 0.005 22032 1969 24001
Run 2 0.006 15300 2116 17416
Run 3 0.007 11241 2204 13445
Run 4 0.008 8606 2262 10868
Run & 0.009 G300 2302 9101
Run & 0.0$1 5508 2330 7835
Run 7 0.011 4552 2351 6903
Run 8 0012 3825 2366 6191
Run 9 0.013 3259 2379 5635
Run 10 0.014 2810 2389 5189
Run 11 0.015 2448 2397 4844
Plot of Q_finned, Q_unfinned and Q_total against centre-to-centre distance, s:
25000
23000
21000
19000
E 17000
= 15000 G
& 13000 — Quumed
% 11000 — Quniinned
= 9000
S 7000
T 5000
3000
1000
0.004 0.006 0.008 0.01 0.012 0.014 0.016

s [m]
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Note that as the c/c distance increases, no. of fins decreases; so, fin area decreases, and the heat transfer
from finned area decreases. But, un-finned area increases and heat transfer from un-finned area increases.
Since the heat transfer from the fins decreases at a faster rate, net result is a decrease in total heat transfer

from the array.

Prob. 1E.19. A plane plate extended surface cooler for air consists of Al tubing of I.D. 17 mm and O.D.
20 mm with 1 mm thick plane Al fins fixed on the outside of tubes at a spacing of 10 mm. The pipes are
located at a centre to centre dist of 60 mm. The inside and outside heat tr. coeft are 3600 and 32.5 W/
mA?2.K. The refrigerant and airside temp are -28 and 20 C respectively (avg. values). Find the outside
tube surface area and tube length for a heat exchange of 2.72 kW. k of Al is 200 W/m.K. Assume fin
efficiency for plane rect. fin as tanh(mL)/mL [M.U. - Dec. 1997]

h, = 3600 W/(m>.C) h, =32.5 W/(m.C)
T,=-28C T,=20C i=0.017m

a

d,=0.02m

t=0.001 m
k=200 Wm.C

0.06 m

Fig.Prob.1E.19

(]
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ra I n p O W e r electricity needs. Already today, SKF's innovative know-

how is crucial to running a large proportion of the

world’s wind turbines.

Up to 25 % of the generating costs relate to mainte-
nance. These can be reduced dramatically thanks to our
stems for on-line condition monitoring and automatic
jcation. We help make it more economical to create

Therefore we'need the best employees who can
eet this challenge!

T@f Power of Knowledge Engineering

'-r?a-.i

Plug into The Power of Knowlé: ngineering.
Visit us at www.skf.com/know1edg.\¢.

66 Click on the ad to read more

Download free eBooks at bookboon.com



http://www.skf.com/knowledge

Software Solutions to Problems on Heat Transfer

Conduction - Part Il Heat transfer with Fins
Mathcad Solution:
Data:

T,:=20 C T,=-28 C Wi=1 m ... width of in = length of tube, assumed

L:=002 m . length of fin. Since centre to centre distance between two tubes is 60 mm,
fin length is half the space between them = (60 - 20) / 2 = 20 mm.

di::D.Dl? m dn::[r.[rz m  t:=0001m

h; :=3600 Wim"2 K h_ =323 Wimr2 K Qt=2720 W

k=200 Wim K =:=0.01 m .. spacing between fins

N = N =6283 ile. N=6 _.ho. of fins on the circumference

P=2{W4+1t) P=2002 m .. perimeteroffin

A=Wt A=1:10" m"2 __. area of cross-section of fin

h P
m = m = 18.037 1/m .. fin parameter

k-A
uls - fanh(m1) n =083 . fin effey.

m-L

_-":.p =md - Nt _-‘Lp =0037  _m"2, prime surface area per metre length
Ap=N-WL2 Ap=024 ..m*2, fin surface area per metre length
A :=_—‘1p+ Ag A,=0287 _m*2, total outer surface area per metre length

Note that of the total outer surface area, prime surface area is 100% effective, but not all of the fin area

is effective. Effective fin area = fin effectiveness x total fin area = (n, A).

Therefore, effective outer surface area is:

_-I'fl.':I :::‘Lp+ 'I"| f:‘if

And,

A=nd, W e A;=0033 m"2 _inside surface area of tube per metre length
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To find overall heat transfer coeff.:

We have:

where:

u i':%.i==[: D-:a'0:=
tot

U = overall heat transfer coeff. based on inside area A,

1

U, = overall heat transfer coeff. based on effective outer area A,

R, = total thermal resistance

= convection resist on the inside, R__ + conduction resist of tube wall, R + convection resistance

convl

on outside, R
conv2

B Lonvl :=h 1_1 B oonvl = 520110 ° CAN . convection resist. on the inside
i
| ::h 1{ R conva =0.107 CAN . convection resist. on the outside
ot o
In E
dj
Rw'= 7 W R.= 1.293+1[I'_J' CANCAN ___ conduction resist. of tube wall
Riot “Reonvi+ Bcoma t B Rgge=0.113 CAN. . total resistance

Overall heat transfer coefficients:

U, =30961 Wimt2 K _Owerall U based on outside area

U.=-_—- U;=166342 Wimt2 K _Owerall U based on inside area

: Qt
AL L=
tot T
U D'{T a= T n::'
ie AL =183 m*2..total outside area reqd....Ans.
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Length of tube reqd:

i.e. Length=6.37% m....Ans.

Prob. 1E.20 : A cylinder 1 m long and 5 cm. dia is placed in an atmosphere at 45 C. It is provided with
10 longitudinal fins. k = 120 W/m.K. The height of 0.76 mm thk. fins is 1.27 cm from the cylinder
surface. h between cylinder and atmosphere is 17 W/mA2.K. Calculate the rate of heat transfer and the
temp. at the end of the fin, if the surface temp. of cylinder is 150 C. [VTU - VI Sem. B.E. - Aug. 2001]

t=0.00076 m

Wzlm/ﬂ L=0.0127m
T,=150C

D=0.05m
Total 10 no. of fins
k=120 W/m.C
h=17 W/m?.C
T,=45C

Fig.Prob.1E.20
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Conduction - Part Il Heat transfer with Fins

Mathcad Solution:

Data:
Treat the fins as a case of fin with convection off its end.

L :=0.0127 m.length of fin W=10 m; width of fin = length of cyl.

D=005 m t:=000076 m

T 0= 150 C Ta:=43 C E=120 Wim.k
hi=17 Wim*2 K N:=10 no.offins
Calculations:

A=Wt A= ?.l.‘ull}_J' m"2 _.. area of cross-section of fin

P=2W P=2 m . perimeter offin
m=|__ m=1%308 1fm _._ fin parameter

87=Tg-Ta Qe 8,=105 C
Heat transfer from a fin with convection off its tip:

tanh({m-L) L

Qpefin “r-AmE - e

1+i-tanh[m-1_}
m-k

ie. QPEIﬁn:Li.?ES _Watts per fin

Then, for 10 fins, heat transfer:

Qfins = Qpﬂﬁn-}{ 8. Qppe=437.275 W _ heat transfer from N fins

For unfinned surface (base):

Ay =(rD-N14-W e Ay,=0142 m"2__ unfinned (prime or base) area
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Therefore, total heat loss:

th = Qﬁns + Qbase

e Qo =724086 Watts......Ans.

Using simplified formula for fin with insulated end, with corrected length:

Le:=L+ Le =0.013 m .... corrected length

|

Q onefin =E-AmS jtanh{mLc) Q onefin = 43728 W .. same as obtained earlier.

To plot the variation of Qtot with h:
Let h vary from 10 to 200 W/im*2 k-

Write the involved parameters as functions of h:

hP
m(h) = (——
A

h

anh{m{h}-L
tanh(m(B) L) + e

Q perfin(h) =k-Am(h) & o

L+ tanh(m(h)-L)

m(h) %

Q fins(0) = Q peggin(W) N

th[h} = I:-‘-]'fi.-rls[h} + Qbase
Plot Qitot vs h:

h:=10,15. 200 _..define a range variable h, from 10 to 200 WWim"2 K
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5000

4500

3500
3000

Q ol B
2500

1500
1000

500

Qtot (W)vs h (Wim"2.EK)

Heat transfer with Fins

v

0 40 &0 B0 100 120 140 180
h

72

Download free eBooks at bookboon.com

180 200

Click on the ad to read more



http://s.bookboon.com/accentureCZintl

Software Solutions to Problems on Heat Transfer
Conduction - Part Il Heat transfer with Fins

To plot Qtot vs N for vatious values of h:

Q gl B ::Qperﬁn{h}-N ...Qfins as a function of h and M

Ap(N) =(zD-N1-W ... unfinned (prime or base) area as a function of M

Qpaselh.N) =h-A(N) -8, . (base as a function of h and N

Qo BN} =0 (B N) + Q el B.N) __Qtot as a function of h and N

Let no. of fins vary from N = 0 to 100:

N:=0,1.100 __define a range variable M, from 0 to 100

Qtot (W) vs I forvarious h

3
1410
'_"\:." 4 —_— - N L T
Z 10 — _
= = -
- —
= M
R A
E .
= 1
i)
_D
&
100
o 10 20 30 40 30 &0 70 80 o0 100
., Mo, of fins, W
— h=20Wm"2E ;
----- h=350 W/m"2K
—  h=100Wm"2K

Note:
As number of fins increases, Qtot increases for a given h.
As hincreases, Qtot increases for a given N.

M = 0 refers to the case of no fins, i.e. heat transfer is from the bare cylinder surface
only. Then, for example, Qtot = 329867 W for h = 20 Wim2_ K
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Plot of (Ubase, Ufins and Qtot against the no. of fins for a given h = 20 W/mA2.K:
h=20 Wim*2.K

MN:=0,1.100 __define the range variable M, varying from 0 to 100

) vs Mo, of fins, Nforh =20 Wm 2 K

140
R
e
el
T
,_.-::,*‘
- ~1.-7
14147
= F
b -
.5 P
= ]
= m—
g ; [
= k
3 : ——
100 [

10
o 10 0 30 40 50 & ™ 20 o0 10

No. offinz, N

Mote the variation of Qbase, Qfins and Qtot with M at various values of h.

M = 0 refers to the case where no fins are used, i.e. heat transfer is from the bare
cylindrical surface only.

“Prob.1E.21. A steel tube carries steam at a temp of 300 C. A thermometer pocket of iron
(k = 52.3 W/m.K) of inside dia of 16 mm and thickness 1 mm is used to measure the temp. The error
to be tolerated is 2% of maximum. Calculate the length of pocket required to measure temp within this
error. How should the thermometer be located? Take the tube wall temp as 130 C and diameter as 90 mm.
Assume the convective heat transfer coeff as 95 W/mA2.K. [VTU -VII Sem. B.E. - Dec. 2006-Jan. 2007]”
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T,=130C

Thermowell, thickness =t=0.001 m
k=52.3 W/(m K)

Thermometer

Fig.Prob.1E.21

EES Solution:
“Data:”

d = 0.0016 [m]

t =0.001 [m]

T_0 = 130[C]

h =95 [W/mA2-C]
T_a = 300[C]

k =52.3 [W/m-C]

“Error to be tolerated = (T_a-T_L) =0.02* T_a ...i.e. 2% of max.. Here, T_L is the thermometer temp.
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Jane, Chinese architect
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“Calculations:”

Error = (T_a - T_L) “[C] ..error = (Actual temp. - measured temp.)”

Error = 0.02 * T_a “..error is 2% of max. ... by data”

“Treating the pocket as a fin insulated at its end:”

do=d_i+2*t“[m]... OD of thermo-well”

P =pi*d_o “[m]... perimeter”
A_c=pi*d_o*t“[mA2]... cross-sectional area of fin”
m = sqrt((h * P) / (k* A_c)) “[1/m]... fin parameter”
(T_L-T a)/(T_0-T_a)=1/cosh(m*L)*“..findsL”

Results:

Unit Settings: 51 C kPa kJ mass deqg

A= 000005655 [m2] di =0.016 [m] do=0018 [m] Error=6 [C]
h =495 [‘uf"-.-",."mZC] k=523 Mim-C] L=0.09472 [m] m =42 62 [1/m]
F = 005655 [m] t =0.001 [m] Tp=130 [C] T5=300 [C]
TL=294 [C]

Thus:

L =0.09472 m = 94.72 mm .... Length of pocket required. ... Ans.

Note that dia of the steel tube in which the thermometer pocket is placed is 90 mm.
Therefore the pocket has be located obliquely in the tube. ... Ans.

Prob. 1E.22. Annular Al fins (k = 240 W/m.K) of rectangular profile are attached to a circular tube
having OD = 50 mm and an outer surface temp of 200 C. The fins are 4 mm thick and 15 mm long. The
system is in ambient air at a temp of 20 C and h = 40 W/m»2.K.

a) What are the fin efficiency and effectiveness?

b) If there are 125 such fins per meter of tube length, what is the rate of heat transfer per unit
length of tube? [Ref.3]
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T,=200C k =240 W/m.C

‘7/‘[: 0.004 m

A h=40Wim20)

T,=20C
|
|
|
| L=0.015m
+——1,=0025m —»
|
|
r—1,=004m o
|
Fig.Prob.1E.22
Mathcad Solution:
Data:

rq:=0025 m inner radius of circular fin = outer radius of tube

ry:=r1+ 0015 m __outer rad. of fin (=} rq =004 M

t =001 m ... thickness of fin k=240 Wim.K

l'ﬂ =200 C T a =20 C ho=40 WWimt2 K

Ngns =123 _no. of fins per metre length

Calculations:
t . .
r3, :=r3+: I.B. rk:EI.EI-L_- m
mi= (— e, m=912¢ 1/m __fin parameter

Fin efficiency: 5ee Table 1E.2 for formulas.

o Kl{m-r 1} -Il{m-r:c} - Il{m-r 1} -Kl{m-r_wlc}
T ._L;.Iﬂ{m-r 1} -Kl{m-r 3::} + ED {m-r 1} -Il{m-r _w.E}
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e mp=099 ...Fin efficiency ... Ans.

Heat transfer from a single fin: [Ref. 3]

Kifmr g} Ifmeryh - I {mer g} Kifmer )

B SR A P B <7 PN IS T AP TPy

=3 Q= 43761 W ... heat transfer from a single fin .... Ans.
Mow, heat transfer from the base area, if there were no fin:
Q pofin :=h-(2-x-rl-t) -{T,D— Ta}
ie. Q hofin = 1724 W

Therefore, fin effectiveness:

_ Qs

Ef-—
anﬁn

e = §= 9673 ...Fin effectiveness ... Ans.

DUKE

= THE FUQUA
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Temp profile in the fin:
=T T, ..excesstemp atradiusr

89=Typ-T, ..excesstemp atthe base offin, atr=r1

Then, we have, for temp distributon, from Ref.[3]:

I0{m1)-K1 {m-: 2} + K0(m1) 11 {m-r 2}

o * 0fwe ) Kifme ) + K0fme ) Ifm )

Draw the temp profile fromr=r1to r=r2:

r:=0.025,0.026.. 0.04 ....define the range variable r

I0(m 1) Kl {m-r ;.} + K0(m+1) 11 {m-r ;.}
II]'.I'IZI'{ﬂ'l-r 1} K1 {m-r 2} + K{I'{m-r 1} 11 {m-r 2}

00 Temperature vs radius for annular fin

1265

Temp. ()

1085

]

\R

H“-—-\,_____‘

——

g
0.025 0.026 0.027 0.028 0.020 003 0051 0.032 0.0533 0.034 0035 0.036 0.057 0.038 0.050 0.04

Radivs (m)
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Total heat transfer from 1 m length of tube:

Consider surface area of (both surfaces) 125 fins and the un-finned area:

"‘iﬁns ::}iﬂns-[}:-[rz‘ - 1‘”

8. Ag,.=0766 m'2 __ surface area of Nfins
A ynfin = (277 ) {1- Nggne 1)
e Agn =007 m'2 __ unfinned surface area of cylinder
Now, note that of all the fin area, the effective area for heat transfer is: (Afins. hf),
whereas, all of the un-finned area is effective.
Therefore:
Qfins =B A fins {To- T o)

e Qgns= 5457107 W .... heat transfer from fins

Qtotal =9 fins + Qunfin
=3 Qiotal = 6.022+10° W ... total heat transfer from 1 metre length of tube...Ans.

Draw the variation of Q _ withhand N_

total
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Express the relevant quantities as functions of h and N__:
'J"ﬂ.ﬂs {H ﬁns} 125&15'[2'5'{:[ -_J,‘ -1 1‘] ]
_J'Lm]ﬁn{:‘: ﬁns} = (2.'.‘:':[ 1) : {1 - }Cﬁﬂs 't}

Q fins (BN fins) =01 £ 2 fins (N fins) (T o~ T o)

Qunfin{® N fins} =0 A unfin (N fins) {To- Ta)

Q totat{h N fins} = Qfins{h N ins} + Q unfin{b-N fins
Mow, draw the graphs:

Let h vary from 20 to 200 W/m*2 K, and Nfins vary from 0 {i.e. no fins) to 200 per metre

length of tube:

h:=10,12..200 .. define a range variable h, frorm 10 to 200 Wim*2 K
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Qtotal vs h for vanous Nfins

1+10°

‘\ L

110

Ctotal (WA
N

17107

100
4] 0 40 &0 B0 100 120 140 160 1BD

No finis B (W 2K

----- Nfins = 50
—  Nfins = 100
— - Nfins =130

Nfins =200

Note that at a given h, Q,,, increases as the no. of fins is increased.

Also, at a given N, , Q,_  increases as h is increased.

Heat transfer with Fins

“Prob.1E.23. Aluminium fins of triangular profile are attached to a plane wall whose surface temp is

250 C. The fin base thickness is 2 mm and its length is 6 mm. The system is in ambient air at a temp
of 20 C and h = 40 W/m»2.K. (a) What are the fin efficiency and effectiveness? (b) What is the heat

dissipated per unit width by a single fin? [Ref. 3]”
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k=240 Wm.C

h =40 W/m"2.C

t=0.002 m T,=20C

L=0.006 m

Fig.Prob.1E.23

EES Solution:

“Data:”

t =0.002 [m]

L =0.006 [m]

W =1 [m] “..width of fin, assumed as 1 m”

T_0 = 250[C]

h = 40 [W/mA2-C]

T a=20[C]

k =240 [W/m-C]

“Calculations:”

m =sqrt((2*h)/ (k*t)) “[1/m]... fin parameter”
A_f=2*W*(LA2 + (t/2)A2)A\(1/2)

“Fin efficiency:”

eta_f=(1/(m* L)) * (Bessell(1, 2* m * L) / Bessell(0, 2 * m* L))
“Fin effectiveness:”

Q fin=eta f*A_f*h* (T_0-T_a) “[W] ... heat transfer from fin”

Q_base=h* (W *t) * (T_0 - T_a) “[W] ... heat transfer without fin, from base area”

epsilon_ f= Q_fin / Q_base “ ... effectiveness”
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“Temp. profile:

Note: In the following eqn for temp. profile, x is measured from the end of fin. i.e. x = 0 is the tip of fin

and x = L is the base”

B=sqrt(2*h*L)/ (k*t))

x =0 [m] “...tip of fin”

(Tx-T_a)/(T_0 - T_a) = BesselI(0, 2* B * xA0.5) / Bessell(0, 2 * B* LA0.5) “...gives temp Tx at any X~

Results:
Unit Settings: 51 C kPa kJ mass deg

Ap = 0.01217 [m2] B =1 s = 6.065 [] np = 0.997 [
h=40 [#/mZC] k=240 [W/m-C] L = 0.00 [m] m =12.81 [1jm]
Olpase = 16.4 [i] = 111.6 4] t = 0.002 [m] T = 2486 [C]
Tg= 250 [C] Ta=20 [C] W=1 [m] =0 [m]
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Thus:

eta_f =0.997 .... fin efficiency ... Ans.

epsilon_f = 6.065 .... fin effectiveness .... Ans.

Qfin = 111.6 W .... Heat transfer from the fin ... Ans.

Tx =248.6 C ... temp at the tip of fin, i.e. atx =0 ... Ans.

Draw the plot of Q_fin vs h, wth h varying from 10 to 200 W/mA2.K:

600

Heat transfer for a Triangular fin

80 120 160 200
h [W/mA2.K]
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Now, draw the temp. profile in the fin:

(Remember x = 0 is the tip and x = L is the base of fin)

250

h =40 Wim"2.K

249.8
2496
2494

249.2

Tx [C]

249

248.8

248.6
0 0.001 0.002 0.003 0.004 0.005 0.006
x [m]

“Prob.1E.24. In order to decrease the thermal resistance from a surface of a vertical plane wall of size
500 mm x 500 mm, one hundred pin fins of 10 mm dia and 100 mm long are attached. If the fins are made
of material of k = 350 W/m.K and the h = 17.5 W/mA2.K, calculate the decrease in thermal resistance.
Also calculate the consequent increase in the heat transfer rate from the wall if it is maintained at 200 C
and the surroundings are at 30 C. [VTU - VI Sem. B.E. - Feb. 2002]”

T,=200C
h=17.5 W/(m2.C)

- ﬂTazz,oc d=001m
Square plate: 0.5 m x 0.5 m A | /

N, =100 {
|

fins

k=350 W/m.C

0.5m

L=0.1m

Fig.Prob.1E.24
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EES Solution:

“Data:”

d =0.010 [m]

L =0.100 [m]

T_0 = 200[C]

h =17.5 [W/mA2-C]
T_a = 30[C]

k =350 [W/m-C]
N_fins = 100

“100 fins are fixed on a plate of size: 0.5 m x 0.5 m; i.e”
A_plate = 0.25 [mA2]
“Calculations:”

“This is the case of fin array.

We will use the concept of fin efficiency.

Refer to Table 1E.2 for formulas for fin efliciencies.”
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P =pi*d “[m]... perimeter”
A_c =pi*dr2/4 “[mA2]... cross-sectional area of fin”
m = sqrt((h * P) / (k* A_c)) “[1/m]... fin parameter”

eta_fin = tanh(m * L)/(m * L) “.fin effcy”

A_fins = ((pi*d* L)+ (pi*dA2/4))* N_fins “[mA2] ... total fins area”
A_unfin = A_plate - N_fins * (pi * d*2 / 4) “[mA2] .... total un-finned area”

“Out of the fin area of A_fins, only the area (eta_fin * A_fins) is effective,

whereas all of A_unfin (or, prime area) is effective:

Therefore:”

Q_finned = h * (eta_fin * A_fins) * (T_0 - T_a) “[W] .... heat transfer from finned area”
Q_unfinned =h * A_unfin * (T_0 - T_a) “[W] .... heat transfer from un-finned area”

Q_total = Q_finned + Q_unfinned “[W] ... total heat transfer fromthe array”

“When there are no fins:”

Q_nofin=h*A_plate * (T_0 - T_a) “[W] ...heat transfer when there are no fins; now area = 0.25 mA2”
Q_increase = (Q_total - Q_nofin) “[C/W] ... increase in heat transfer rate due to fixing the fins”
“Therefore: Effectiveness of fin array:”

epsilon = Q_total / Q_nofin “..effectiveness”

“Thermal resistances:”

R _no_fins = (T_0 - T_a) / Q_nofin “[C/W] ... thermal resistance when there are no fins”
R_with_fins = (T_0 - T_a) / Q_total “[C/W] ... thermal resistance when there are fins”

>

R_decrease = (R_no_fins - R_with_fins) “[C/W] ... decrease in thermal resist. due to fixing the fins’
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Results:

Unit Settings: 51 C kPa kJ mass deqg

A= 0.00007854 [m2]

Afine =0.322 [m?]

-"é"plate =0.25 [m2]

Aunfin = 0.2421 [m?] d=0.01 [rr] £=2177
Miin = 0.9383 h=175 [Wim=C] k=350 [Wim-C]
L=01 [rn] = 4.472 [1/m] Mg = 100

P =0.03142 [m]

Clpafiey = 743.8 []

Fdecrease = 0.1236 [CAd]
Tp=200 [C]

Thus:

Cinned = 898.9 [W]
Dygtal = 1619 [uv]
Rina fins = 0.2286 [Chw]
Tg=30 [C]

Dincreaze= 870.5 [W]

upfinmed = 72004 []
Fiith fins = 0.105 [CAY]

R_decrease = 0.1236 C/W .... decrease in thermal resist. Due to putting fins .... Ans.

Q_increase = 875.5 W ....increase in heat transfer due to putting fins .... Ans.

Additionally:

Plot the variation of Q_total as h varies from 10 to 200 W/m~2.K and N_fins varies from 50 to 250:

26000
24000
22000
20000
18000
16000
E§H4ooo =]
£12000 o -
10000 - |
8000 & X O ) . I ? ’ —°_Nfins = 50
2 B e = —o—Njins = 100
4000 ; . 1 : o :Nﬂ.nsi;gg
o = < Nips = 250
0 40 160 200

80 120
h [W/mA2.K]
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Note that Q_total increases with h and also with No. of fins.

“Prob. 1E.25. One end of a copper rod (k = 380 W/m.C), 300 mm long is connected to a wall maintained
at 300 C. Its other end is connected to a wall maintained at 100 C. Air is blown across the rod with h =
20 W/mA2.C. Diameter of the rod is 15 mm and the temp of air is 40 C. Determine: (i) the net heat
transferred to air (ii) the heat conducted to the end at 100 C. [M.U.]”

_ h =20 Wm"2.C
T1—300C\ 74Ta=40C T,=100C
/

\ d=0015m| k=380 Wm.C

<« »
L=03m

Fig.Prob.1E.25
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EES Solution:

“Data:”

d =0.015 [m]

L =0.3 [m]
T_1=300 [C]

T 2 = 100 [C]

k =380 [W/m-C]
h =20 [W/mA2-C]
T a=40[C]

“Calculations:”

“This is a fin with specified temps at the two ends.

Let us solve this problem from fundamentals:

General solution for temp distribution in a fin is:

theta(x) = A.cosh(m.x) + B. sinh (m.x) ... eqn (1)

where A and B are constants, determined from Boundary conditions.

theta(x) = (Tx — Ta) and ‘m’ is the fin parameter.

A_c=pi*dr2/4“[mA2] ... area of cross-section of fin”

P=pi*d“[m] ... perimeter”

m =sqrt (h*P)/ (k* A_c)) “[1/m] ... fin parameter”

theta 1=T 1-T_ a
theta 2=T 2-T. a

“BC’s:

l.atx=0,T=T_1

2.atx=L, T=T 2
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Applying these BC’s to eqn. (1), we get:”

theta_x = A * cosh(m * x) + B * sinh (m * x) “....eqn. (1)... general solution for theta at x”

theta_1 = A * cosh (0) + B * sinh (0) “...from BC - (1)”

theta_2 = A * cosh (m * L) + B * sinh (m * L) “...from BC - (2)”

x = 0.15 [m] “..mid-point ...to draw temp. profile ... will be commented out later”

theta_x =T _x - T_a “.finds Tx, temp at x”

“Heat transferred at the left and right ends:

Use Fourier eqn. Q = -k * A_c* dT/ dx

d(theta) / dx = dT / dx”

“Atx =0

dT\dx_0=A*m * sinh(m * 0) + B* m * cosh (m * 0) “....eqn (a)”

“Atx=L=0.3"

dT\dx_L =A*m * sinh(m * 0.3) + B* m * cosh (m * 0.3) “...eqn (b)”

“eqns. (a) and (b) determine values of constants A and B”

“Therefore:”

Q_left = -k * A_c* dT\dx_0 “[W] ... heat transferred at left end”

Q_right = -k * A_c* dT\dx_L “[W] ... heat transferred at left end”

“Therefore:”

Q_air = Abs(Q_left - Q_right) “[W].... heat transferred to air”
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Results:

Unit Settings: 51 C kPa kJ mass deq

A =260 A= 00001767 [me] B =-2778
d=0015 [m] dTchen =-1047 [Cfm] dTdx =-4301 [Tfm)
=20 [m=C] k=380 MYm-C) L=03[m]
m = 3746 [1/m] P =0.04712 [m] Qgir=41.01 Y]
e = 6989 ] Qright = 28.88 ] By = 260 [C]
Bz =60 [C] B, =137.7 [C] Tq=300 [C]
T2=100 [] Ta=40 [C] T,=1772.7 [C]
x =015 [m]
Thus:

Q_left = 69.89 W ... heat transferred to rod at the left end (from left to right, since +ve)

Q_right = 28.88 W ... heat transferred from rod at the right end

(from left to right since +ve) ... Ans.
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Q_gqir = Abs(Q_left - Q_right) = 41.01 W .... Net heat transferred to air from rod (by convection)
.. Ans.

Tx =177.7 C at x = 0.15 m, i.e. at mid-point of rod ... Ans.

Plot the temp. profile in the rod:

300
Temp. profile in the rod with specified temps af two ends

260

220

Tx [C]

180

140

B

100
0 0.05 0.1 0.15 0.2 0.25 0.3

X [m]

Further, plot the variation of Q_left, Q_right and Q_air as h varies from 5 to 200 W/m~2.C:

250
220

Varigtion of Qigy. Qyigry @nd Qg with h

190
160
130
100

Heat transfer, Q [W]

A

0 20 40 60 80 100 120 140 160 180 200
h [W/mA2.C]
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It is observed that Q_right becomes —ve, i.e. heat flow from the right end at 100 C becomes from right to
left beyond a value of h = 75 W/mA2.C (approx.). Q_left i.e. from left end at 300 C is from left to right

and of course, the Q_air is the sum of these two quantities and is dissipated to ambient by convection.

Let us also draw the temp. profile in the rod for values of h = 5, 75 and 150 W/m~2.C:

300
Temp. profile in the rod for different values of h
250 —o—h=5W/m'2.C
—o—h =75 W/m*2.C
—a—h =150 W/m*2.C
200 —»—h =200 W/m*2.C
)
=
F 150
100
50 2
0 0.05 0.1 0.15 0.2 0.25 0.3

X [m]

It can be seen that after a value of h = 75 W/mA2.C (approx.) is reached, the slope of the Tx vs x curve

becomes - ve at the RHS, and a minimum in the curve occurs somewhere within x = 0 and x = L.
To determine the position and value of min. temp. in the rod, with h = 200 W/m~2.C:

“Let the minimum temp occur at x = x_min.

Then, at x = x_min, dT/dx is zero.

Put that condition and solve for x_min. Then, substitute this value of x_min in the eqn for temp profile

(i.e. eqn (1)) and get T_min:”
dTdx_xmin = A * m * sinh(m * x_min) + B * m * cosh (m * x_min) “....eqn. (¢)”
dTdx_xmin =0 “....eqn. (d)”

“Solving eqns. (c) and (d) simultaneously, we get x_min.
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Then, substitute this x_min in eqn. (1) to get Tx_min:”

theta_x_min = A * cosh(m * x_min) + B * sinh (m * x_min) “...eqn. (1)... solution for theta at x_min.

theta_x_min = Tx_min - T_a “.finds Tx_min, temp at x_min”

Result:

Unit Settings: 51 C kPa kJ mass deq

A =260 A= 0.0001767 [m2] B =-257

d=0.015 [m] AT by, = 1 dTydg = -3045 [C/m]
dTydb = 535.6 [C/m] h=200 [#/mac] k=380 [W/m-C]
L=0.3 [m] m =11.85 [1/m] P =0.04712 [m]
Qi = 2404 [W] Qleit = 204.4 [W] Qiight =-35.37 [w/]
By = 260 [C] B2 =60 [C] B, = 52.62 [C]

By min = 39.45 Toeiy = 78.45 [C] Tq=300 [C]
To=100 [C] T,=40 [C] T, = 9262 [C]

x = 0,15 [m] weniry = 0.2172 [
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We observe that x_min = 0.2172 m .... position where min. temp. occurs,
and its value is: Tx_min = 79.45 C.

Now, see the plot above and observe that the values match.

“Prob.1E.26. One end of a long rod of 1 cm dia is maintained at a temp of 500 C by placing it in a
furnace. The rod is exposed to air at 30 C with a heat transfer coeft of 35 W/mA2.K. The temp measured
at a distance of 78.6 mm was 147 C. Determine the thermal conductivity of the material. [VTU - VI
Sem. B.E. - May/June 2006]:”

T,=500C
h =35 W/(m>C)

T,;=30C
il

d=001m
/

@

x=00786m x 147C
Fig.Prob.1E.26

This is the same Problem as Prob.1E.2.

But, now, we will solve it with EXCEL:

EXCEL Solution:

Following are the steps:

1. Set up the EXCEL worksheet, enter data, and name the cells:

T x - £ | 147

fil B c D E
1
2 Data:
3 d 0.01 m
a T O 500 C
5 T inf 30 i
b h 35 W/m2.C
7 X 0.0786 m
8 T x 147 _||::
9 k 10 trial value
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We have entered a trial value for k, since it has to be found out later by applying Goal seek in EXCEL.

2. Enter the preliminary calculations such as: cross-sectional area, A_c, Perimeter, P, and Fin

parameter ‘m’

m - Jx | =SQRT((h*P)/(k*A_c))
il B C ] E
4 | T 0 500 |C
5 T inf 30 L
] | h 35 W/ mn2.C
i b 0.0736 m
8 | T x 147 |C
9 k 10 .trial value
10 | Calculations:
11 Ac 7.85398E-05 m"2
12 _ P 0.031415927 m"2
13 Fin parameter m 3?.41&5?38?!m“-1

3. Now, with the existing value of k (and ‘n’), find out the value of temp T_x_1 at x = 0.0786

m. It should be equal to 147 C if the assumed value of k was correct. However, it is not

equal to 147 C:

| D14 - fe | =T_inf+ EXP{-m*x}*(T_0-T_inf)
A B C | D E. F G H 1 J K

1k

2 | Data:

% d 0.01 m

a| T 0 00 C

5 T inf 1 C

6| h 35 W/mA2.C

i E 0.0786 m

8 | T x %7 5 M _.fin parameter

9 k 10 ..trial value kA c

10| Calculations:

1 A c  7.85398E-05 m"2 = LTl ms . for infinitely long fin

0.031415927 m*2 e

(o
Bw e

P
Fin parameter m 37.41657387 mA-1 -
X

o i ol | |54.82348023.|C

a
n

T.0- T_inf

. T_x=T_inf + exp(-m-x)-(T_0 - T_inf)

Formula for Tx for an infinitely long fin can be seen in the Formula bar above.

28
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4. So, now, we apply Goal seek to make cell D14 equal to 147 by changing cell D10 (i.e. by
changing k). Go to Data - What If Analysis — Goal seek:

()1 d 9 - i Bookl - Microsoft Excel
[
Home Insert Page Layout Formulas Data Review View Developer Add-Ins CodeCogs
[fx From Access =y k, “  [Lb) Connections T ™ i = B |2 Data Validation - | & Gre
=i T | @ : ANEIR | 7 = i
_,3 From Web j— : [ Properties i Reapply ——— |Iu Consolidate A Un
o From Other Existing Refresh i ﬁi Sort Filter 7. Textto Remove = T
[s5] From Text Sources - Connecions All~ =2 Edit Links M7 Advanced | Columns Duplicates =P What-If Analysis ~ ﬁlf_" Sut
Get External Data Connections Sort & Filter Dat: Scenario Manager...
D14 - fe| =T_inf+ EXP[-m=x)*(T_0-T_inf) Goal Seek..
A B | & | D | E | F | G | H | I | J Data Jable...
4 T_0 500 (&3 |

Click on Goal seek. We get:

set cell: D14
To value: | 147
By chanaing cell; | k| s

[ Ok l[ Cancel ]

In the above, suitable values have been filled up. Press OK. We get the message:

Goal Seek Status

Goal Seeking with Cell D14
found a solution.

Target value: 147
Current value: 146.999334

See that Target value has converged to 146.99938, which is almost equal to 147. Accept it by pressing
OK. Note the value of k in cell D14:

| k @ fe | 44.7292018266394
A B £ | D | E F G H | ] K
1 4
2 Data:
3 | d 001 m
a T 0 500 C
5 T inf 0 c
6 h 35 W/mn2.C
7 | x 0.0786 m _
8 | Tx 14/ L ] BE ___fin parameter
9 | k @!...trialvalue kA c
10 Calculations:
1| A c  7.85398E-05 m~2 = 1] Is-Tinf  p(cms forinfinitely long fin
12 P 0.031415927 m"2 / sty
13 Fin parameter m 17.69165426 m™-1 X
= 1 S 146.999384 C Lle. T x=T_inf + exp(-m-x)-(T_0 — T_inf)
15
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Thus: Thermal conductivity, k = 44.729 W/m.C .... Ans.

Prob.1E.27. A cylinder 5 cm dia and 50 cm long, is provided with 14 longitudinal straight fins of Imm
thick and 2.5mm height. Calculate the heat loss from the cylinder per sec if the surface temperature of
the cylinder is 200 C.

Take h = 25W/(m2 K), k= 80 W/(m.K), and Ta = 45 C.

T,=200C

Total 14 no. of fins
k =80 W/(m.K)

h =25 W/(m2K)
T =45C

Struggling to get
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Professional CV consulting & writing assistance
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N Take a short-cut to your next job!

._ =) Improve your interview success rate by 70%.

TheCVagency
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This is the case of a fin with convection from its end.

For this case, for the fin, we have:

[tanh[m-l_} +£)
Qg kA gmt o nEL (6.11)
[1+£-tanh[m-L})
mk

Total heat transfer is calculated as the sum of:
1) heat transferred from all the 14 fins, and
2) the convective heat transfer from the ‘un-finned’ base surface of the cylinder, which is at a

temp. of 200 C.

EXCEL Solution:

Following are the steps:

1. Set up the EXCEL worksheet, enter data and name the cells:

theta 0 - fe| =T 0-T.a
A B C D E
1
2 Data:
2 L 0.0025 m
4 w 0.5 m
3 t 0,001 m
b N 14
7 D 0.05 m
8 k 80 W/m.C
9 TO 200 C
10 T a5 C
11 h 25 W/ma2.C
%2 Excesstemp: theta 0 I 155 .I
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2. Make the calculations such as Area of cross-section A_c, Perimeter P, fin parameter, ‘m, Q_

fin... etc. as shown. The formulas used are also shown in the worksheet for ready reference.

| Q_fin -0 £ | =aa*se/cc
A B c b | E _F G H 1 ] K L

T3 A c =wt

14 Calculations: A c 0.0005 m#2 Pi=2(w+1)

15 P 1.002 m»2

16 m 25.02499 mA-1 o BT i

1l Calculate Q_fin: kAL {ta.ﬂh[m-l_} + _)

18 AR 155.1549 g __ Qgq kA m$ ohi’“ ______ (6.11)
19 BB 0.074968 {1+—_-ta.ﬂh[m-]_})

20| cc 1.00078 o m

21| For one fin: Q_fin I 11.62266_|W}’fin | Qe FQpa

22 Foriafins: | @ tetl 162.7173 W/fin ~——

23

24 Calculate Q_unfin: A unfin = (7 D-Nt)w

25 A_unfin  0.07154 m”2

26 Q-unfin Q tot2 27721688 W _——— Qo2 ::h""unﬁn'{rf Ta}

27

28 Q_total Qtot 4399341 W.ans. _— 2ot T Qeori + Qeon

29

Thus: Q_fin = 11.623 W for one fin, Q_totl = 162.717 W for 14 fins, and Q_tot2 =277.217 W

for the un-finned (or, base area) portion.
Therefore, Q_total = 439.934 W ... Ans.

Note the way in which the calculation for Q_fin is done in parts. This way is convenient to

work in EXCEL and avoids errors in entering long or complicated formulas.

3. Now, if we have to make the calculations for different values of k, or h, it will be very
convenient to have a VBA Function to calculate Q_fin. Q_unfin, of course, does not change
with k.

4. Following is the procedure to write the VBA Function: Go to Developer-Visual Basic:

(On) i 9 - - Prob.1E.27 - Microsaft Excel
o=y
Home Insert Page Layout Formulas Data Review View Developer Add-Ins
; 2 Record Macro Pl * Properties f 7 Map Properties  [Fpl Import
hm e ¢ BE Torene | [B] Jum e G
=l =a EUSE Relative References e t};‘View Code a Expansion Packs = Export
Visual |Macros ) Insert Design . Source ., - -
Basic & Macro Security - Mode # Run Dialog “4 Refresh Data
Code Controls XML
102
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5. Press Visual Basic: We get the following window.

‘% File Edit View lnsertiFgrmat Debug  Rur

[l bgl - B | X B3| *= Erocedure. | @
Project - VBAProject B UserForm —
6@ Module I

¥ Class Module

- %% VBAProject (AirW e
- [Z7 Microsoft Excel =
=5 Modules

: «3{3 AirWaterPropertie

+ .@ VBAProject (excelEqui

- %% VBAProject (Prob.1E.2
=-E5 Microsoft Excel Objec

B Sheetl (Sheetl)

Sheet? (Sheet?)

Sheet3 (Sheet3)

g ] Thisiorkbook

6. Click on Insert Module. We get:

% Eile Edit View [nset Format Debug Run Iools Add-ns  Window Help Type aqueston forhelp = _ &

EE-E %R o s @ N @, cn =
Pro [(General) =] [tpeciarations) ]

— — ki
7 &% THTADDIN (THTXLxla)
- -&% VBAProject (AirWater
#-[] Microsoft Excel Objec
=-E5 Modules
w22 AirWiaterPropertie
+ & VBAProject (excelEqui
= -&% VBAProject (Prob.1E2

crosoft Excel Objec
Sheetl (Sheetl)
Sheet2 (Sheet2)
Sheet3 (Sheet3)
E This\Warkbook
=25 Modules
2 Module1

7. Type the code in the blank window:

Cption Explicit

Function Fin convection from tip Qfin(k &z Double, Lc A= Double,
m A=z Double, _

TO As Doukle, Tamb As Doubkle, L As Doubkle, h As Doukle) As Doukle
Dim A As Doukle

Dim B &3 Double

Dim C A= Double

L=k * Ac * m * (T0 - Tamnk)

B AZpplication.Tanh({m * L) + h / (m * k)
C=1+(h/ (m* k)) * Application.Tanh{m * L}
Fin convection from tip Qfin = &4 * B P

End Function

103
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Line 1: declares that all variables should be explicitly declared in the beginning of the code. This is

recommended as a good programming practice.

Line 2, 3, 4: declares the Function name. The variables are also declared within the Function definition.

Note that code is continued to the next line with an underscore (i.e. _) at the end of the previous line.

Line 5, 6, 7: dimensions of dummy variables used inside the code only.

Lines 8, 9, 10: calculate the variables A, B and C

Line 11: Calculate Q_fin using A, Band C

Line 12: End statement of Function

While saving, save as ‘Macro enabled worksheet.

EXPERIENCE THE POW

FULL ENGAGEMENT...

RUN FASTER.
RUN LONGER..
RUN EASIER...
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8. Now, this Function becomes available in the worksheet like any other built-in Function in
EXCEL. And, let us find out Q_total for h varying from say, 5 to 100 W/m2.C. Let us plan
the worksheet as shown below. h and k are in separate columns and other variables are also

in the same row:

E32 - fx | =SQRT(C32%P/(D32%A_c))
A B c D E F & H I
29 |
30
31 h (W/ma2.c)| k (W/m.c}| m(ma-1) | Q fin{w) |q tot1 (w)|a tot2 (w)] a tot (W)
32 5 80 111915 | 23280 325921  55.443358
33 | 10
34 15
35 | 20
36 25

In the above scheme, first, we change ‘h] keeping ‘K’ constant at k = 80 W/m.C.
If we look at the formulas for fin parameter ‘m’ and Q_fin, we find that both contain h and k which are
variables. See in the above screen shot how formula for ‘m’ is entered. ‘b’ and ‘K’ are written with relative

reference as C32 and D32, so that when we copy by dragging, the cell references automatically up-date.

9. See how Function for Q_fin is entered in cell F32:

| F32 e #« | =Fin_convection_from_tip_Qfin(D32,A_c,E32,T_0,T_a,L,C32)
A B _ c b | E | F G H I
29
30 |
31 | h (w/ma2.0) |k (w/m.c)| m (ma-1) | _fin (w) [Q_tet1 (w)]a_tot2 (w)] Q_tet {w)
32| 5 80 111915 | 23280 | 32.5921 55.443358
33 10
34| 15

Note again that h and k are entered with relative reference and the other unchanging variables are entered
as absolute references. Procedure to enter the Function is as follows: Go to Formulas — Insert Function

(button on extreme left):

(D) d C B Prob.1E27 - Microsoft Excel
e
—/I Home Insert Page Layout Formulas Data Review View Developer A
ﬁ % AutoSum - ﬁ Logical = E_i Lookup & Reference = @ =) Define Mame -
- Recently Used = [[A Text ~ B Math & Trig = i Use in Formula =
If =
Insert i : MName
Function @3} Financial = E’_ff Date & Time ~ ﬁ_] Mare Functions = Manager B Create from Selection
Function Library Defined Names
105

Download free eBooks at bookboon.com



Software Solutions to Problems on Heat Transfer
Conduction - Part Il Heat transfer with Fins

Click on Insert Function. We get:

Insert Function

Search for a function:

Type a brief description of what you want to do and then didk G0
Go
Or select a cateqory: | Most Recently Used F

Mast R tly Used

Select a function: .ﬁ.llljs s %

Finandal —
ATAM MEI'HTI EE.TFIQ
TREMD Statistical
EXP Lookup & Reference —
| BESSEL] Database |
| VLOOKLP 'L"E“_t | i b

ogica
ASIN(number) Information
bif2.

Help on this function 0K ] [ Cancel

Select “‘User Defined’ category. We get:

Insert Function

Search for a function:

Type a brief description of what you want to do and then dick Go
Go

Or select a category: |User Defined w |

Select a function:

~
IHT _alpha_300k T
IHT _alpha_T
IHT Beta_P
IHT Beta T
IHT cp_300k
HT o T

[£

Fin_convection_from_tip_Qfin(kAc,m,T0,Tamb,Lh)
Mo help available.

Help on this function QK l [ Cancel
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Now, click OK and the Function entering window will appear:

Function Arguments

Fin_convection_from_tip_Qfin

I
>

I

=
(| 9 | |

Tamb |

Mo help available,

Formula result =

Help on this function L 04 J [ Cancel J

This e-book Y o N
ismadewith SETASIGN

SetaPDF h Y 4

\7\‘ PDF components for PHP developers

www.setasign.com
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In the above window, enter the variables (by pointing and clicking, to avoid errors), as shown below:

Function Arguments

Fin_convection_from_tip_Qfin
K I = 80 ~
Ac |Ac = 0.0005
M E32 = 11.19151464
T0 |10 = 200 &
Tamb T .= = 45 v
= 2.328004925
Mo help available,
K
Formula result = 2,3230
Help an this function Ok ] [ Cancel

Note that final result also appears. Click OK.

10. Now, fill cells D33 to D51 with 80, and select cells E32 to 132 and drag and copy downwards

up to cell I51. And, immediately, all calculations are made:

| I51 - fi | =G51+H51
B c D E F G H o I
31| h (W/mr2.¢) | k (W/m.c)| m (ma-1) | @_fin (w) |Q_tot1 (w)|a_tot2 (w)| Q_tot(w) |
32 5 80 11,1915  2.3280  32.5921 55.443358  88.0354
23 | 10 30 15.8272  4.6543  65.1598  110.8867
34 15 80 19.3843  6.9788  97.7032  166.3301
35 | 20 80 22,3830 9.3016  130.2224 2217734
36 25 80 25.0250  11.6227 162.7173 277.2168
27 | 30 30 27.4135  13.9420  195.18380 332.6601
38 35 80 29.6100  16.2596 227.6345 388.1035
39 | 40 80 316544  18.5755  260.0568  443.5469
40 45 80 33.5745  20.8897  292.4551 498.9902
a1 50 30 35.3907  23.2021  324.8293 554.4336
a2 55 80 37.1181  25.5128 357.1794  609.8769
43| 60 80 387685  27.8218  389.5055  665.3203
a 65 80 40.3516  30.1291 421.8076 720.7636
45| 70 30 41.8748 324347  454.0858  776.2070
46 75 80 433445  34.7386  486.3401 831.6504
47| 80 80 44.7661  37.0407 518.5704 887.0937
a8 85 80 46.1438  39.3412  550.7769 942.5371
49| 30 30 474816  41.6400 582.9596 997.9804
50| 95 80 48.7827  43.9370  615.1185 1053.4238
51/ 100 80 50.0500  46.2324  647.2536 1108.8672
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11. Now, draw the plot of Q_total vs h:

Heat transfer with Fins

Q tot (W)

2000
1800
1600
1400
1200
1000
800
600
400
200

Q_totvs h (k=80 W/m.C)

20

40

h{w/mn2.C)

60

80

100

120

12. Now, if we have to calculate Q_total for say k = 5 to 100, keeping h = 25 W/mA2.C, simply

change these values in columns C and D in the Table, and other values up-date themselves

immediately:
| 151 ~ (3 fe | =G51+H51
B € D E F a H I

31| h (W/mn2.0) |k (w/m.c)| m (ma-1) | _fin (w) |Q_tot1 (w)|a_tot2 (w)] a_tot (w) |
32 25 5 1001000 113082  158.3151 277.21679  435.5319
33| 25 10 70.7814 114733 160.6268 277.2168

34 25 15 57.7927 115297 1614155 277.2168

35 | 25 20 50.0500  11.5581  161.8134 277.2168

36 25 25 447661 115752  162.0533  277.2168

37| 25 30 40,8656 115867 162.2136 277.2168

38 25 35 37.8342 115949 1623284 277.2168

23 25 40 353907 116010  162.4146 277.2168

40 25 as 33.3667 116058  162.4818 277.2168

a1 25 50 316544 116097 162.5355 277.2168

42 25 55 30.1813 116128 1625795 277.2168

43 25 60 28.8964 116154 1626162 277.2168

a4 25 65 27.7627 116177 162.6473 277.2168

45| 25 70 26.7528 116196  162.6740 277.2168

46 25 75 25.8457 116212 162.6971 277.2168

47| 25 20 25.0250 116227 1627173 277.2168

43 25 35 242778 116239 1627351  277.2168

43 25 50 235938 116251 1627510 277.2168

50| 25 95 229645 116261 1627652 277.2168

51| 25 100 223830 116270 1627780 277.2168
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13. And, plot Q_tot against k:
Q_totvs k (h =25 W/ m~2.C)

44050 -
44000 -

43950 A
43900 -
43850 -
438.00 -
43750 A

Q tot (W)

437.00
43650 -
436.00 -
43550

435':”:' T T T T T 1
a 20 40 60 80 100 120

k(W /m.C)

14. For any other combination of h and k, simply change both h and k in a given row and look
at the last column for the value of Q_tot. For example, if h = 80 and k = 60, we enter these

values in cells C32 and D32 respectively, and see the result in cell 132. We get:

132 - fe | =Ga2+H32

A B c D E F G H | I
30
31| h (w/ma2.c)| k (w/m.c)| m(ma-1) | @ fin (w) [Q_tot1 (w)|a_tot2 (w)| a_tot (w)
32 80 60 51.6914  36.9677 517.5477 887.09372| 1404.6414

We see that Q_tot = 1404.64 W.

Thus, EXCEL is very useful for parametric analysis and quick, graphical representation of results.
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1F Conduction with heat
generation:

Learning objectives:

1. When there is no internal heat generation in the system, the temperature distribution is
determined purely by the boundary conditions. However, there are many practical cases
where there is energy generation within the system and we would be interested to find out
the temperature distribution within the body and the heat flux at any location, in such cases.

2. Examples of situations with internal heat generation are:

a) Joule heating in an electrical conductor due to the flow of current in it

b) Energy generation in a nuclear fuel rod due to absorption of neutrons

c) Exothermic chemical reaction within a system (e.g. combustion), liberating heat at a
given rate throughout the system

d) Heat liberated in ‘shielding’ used in Nuclear reactors due to absorption of
electromagnetic radiation such as gamma rays

e) Curing of concrete

f) Magnetization of iron

g) Ripening of fruits and in biological decay processes
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Conduction with heat generation

3. Temperature distribution and heat flux are of special interest in some cases where safety

of the system or personnel is involved, e.g. ‘burn - out’ of nuclear fuel rods may occur due

to excessive heat, causing a catastrophe, if suitable precautions for adequate cooling are

not taken. Also, analysis of electrical machinery, transformers and electrical heaters would

require that the generation of internal energy is taken into consideration.

4. We shall solve problems in heat transfer in simple geometries (i.e. plane slabs, cylinders and

spheres), with uniform internal energy generation. Several possible boundary conditions

will be considered. We will study the cases with constant thermal conductivity as well as

temperature dependent thermal conductivity.

5. Solving the problems in this section would give a good foundation to solve many interesting,

practical problems.

Formulas used:

Relations for steady state, one dimensional conduction with internal heat generation, and constant k

Governing 2 q 2 q 2 q
diff. Eqn. ﬂ + g=O ﬂ + g=0 ﬂ + 7g=()

ax’ k e k g k
Temp. q 2 2 dg (T2-T1) q 2 2
distribution | T(x)=T ,+ T2 @) To=Ti4 (L x)- & (T22TD T(O)=T y, + “g (22

2.k 2.k L 2.k
Heat transfer | Q=q AL tx=0 AL
q T atx q
rate at the g Q e~ k-A-d ) &
surface, Q, dx
(W) dT(X) atx=L
Q right_’ kA

T~ T, (© 12 Equate dT(x)/dx to zero; Subst. Resulting x 12

dg inT(x) to get_ dg

2k 2k

Comments L is half thickness of L is the thickness of slab L is the thickness of slab;

slab; Max. temp. occurs Max. temp. occurs on the

on the centre line insulated surface

Table 1F.1
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Relations for steady state, one dimensional conduction with internal heat generation and k varying
linearly with temperature as: k(T) =k (1+fT)k_=k (1+BT ); T =(T1+T2)/2

Governing diff. eqn. d dT
— | K(T)—|+q g=0
X dx
Temp. distribution
-1 1 7 2x qgX
T(x)=—+ |[—+TIl —7'(T1—T2)'<1+[3~Tm>+ (L-x)
BB BL X,
Heat transfer rate at the atx=0
surface, Q, (W) Q lof= k,A,dT(X)
dx
_ dT(X) atx=L
Q right™ kA
T .. Equate dT(x)/dx to zero; Subst. resulting x in T(x) to get T_
Table 1F.2

Relations for steady state, one dimensional conduction with internal heat generation, and constant k

Governing diff. 2 2
d°T 1d17 4 dT 1dT
Egn 7+7.7+7g=0 7+,.7+7g=0
g rdr Kk g rdr k
Temp. distribution q 202 . 2
2 2
T(r)=TW+7g'<R 7r> T(r)=T , + E L0 om0 L
4.k o ]
4k g r T
Heat transfer rate 2 < 2 2>
at the surface, Q, dg™ ROL dg™\To ~Ti L
(W)
Tmax _Tw, (C) q .l{2 qQsT '2 T 2 r
e E L0 o2
Comments L is length of cylinder; L is length of cylinder;
Max. temp. occurs at the centre Max. temp. occurs on the inside surface

Table 1F.3

113

Download free eBooks at bookboon.com



Software Solutions to Problems on Heat Transfer
Conduction - Part Il Conduction with heat generation

Relations for steady state, one dimensional conduction with internal heat generation, and constant k

Governing diff. 2 2
d&°T 1dT 4 d°T 1d4dr 4
Egn 7+,.7+7g=0 +,7+7g=0
a? rdrk a4 rdr Kk
Temp. L2 2 ) 2
distribution T(r)=T ;+ g0 2-ln<i>+ Tl (i> In/ = ;o\ | In Bl I
4k ril \rg Ty T(r)-T; ril dg <r0 —ri> T, r;
— + _ . —
T —-T: r 4k (T,-T r 2
N A
ri ri I'i
Heat transfer < 2 2> atr=r
rate at the Qg™ \fo 1 L Q inner= kA i‘dT(r) i
surface, Q, (W) dr
_ dT(I‘) atr= I'0
Qouter= kA o g
r
T~ T, ©Q ot 2 . .2 q r2 2 .
€9 lom/- 2L 1 CINR N R P N
4.k T Ty 4.k T r;
Comments L is length of cylinder ; L is length of cylinder;
Max. temp. occurs on the outside Position of max. temp. is given by:
surface.
2 2
_ gl e ek Ty
= .
i
Table 1F.4
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Relations for steady state, one dimensional conduction with internal heat generation and k varying
linearly with temperature as: k(T) =k (1+pT);k =k (1+p T ); T = (TL+T2)/2

Solid cylinder
9 '<R2 B 2>
-1 1 q g r
T(r)=—+ |[—+Ty| + ———
p 2:pk,,
Hollow cylinder with inside surface insulated
11 2 qgri [ /)2
T(r)=—+ |[[—+T;| - ELIE —2m/t| o1
B 2 B k 0 r i r 1
Hollow cylinder with outside surface insulated
-1 1 2 r 02 To To ’
T(ry=—+ |[—+T,| -2 % J2m-2|- -2 -1
B 2B ko r r

Table 1F.5

Relations for steady state, one dimensional conduction with internal heat generation, and constant k

G ing diff. E
overning diff. Eqn d2T+2.dT qg_o

dr2 r dr k

Temp. distribution q < >
g 2 2
T(r)=T,+—=-\R°—r
Y 6k

Heat transfer rate at the surface, Q, (W) 4 3
3 g
Tmax - Tw, (C) 2
dgt
6k
Comments Max. temp. occurs at the centre.

Table 1F.6

Relations for steady state, one dimensional conduction with internal heat generation and k varying

linearly with temperature as: k(T) = ko (1 + B T)

k =k (1+BT);Tm = (Tl + T2)/2
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Governing diff. E
verning @it kan T 24T dg_

g rdr k

Temp. distribution 5 5

1 2 q g <R - >
T(r)=—+ ||[—+ Ty +———
3Bk,

Heat transfer rate at the 4 3

surface, Q, (W) 5'” Rq,

Comments Max. temp. occurs at the centre.

Table 1F.7

Prob. 1E.1. A plane wall 6 cm thick generates heat internally at the rate of 0.30 MW/m®. One side of
the wall is insulated, and the other is exposed to an environment at 93 C. The convection heat transfer
coefficient between the wall and the environment is 570 W/m2.K. Thermal conductivity of the wall is

k=21 W/m.K. Calculate the maximum temperature in the wall. [M.U.]

360°
thinking.

Deloitte.

DiSCOVCI‘ the truth at WWW.dClOittC.Ca/CaI‘CCI‘S © Deloitte & Touche LLP and affiliated entities.
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k, q,

Temp. distribution

Insulated
Tmax
T, h
L
X

Fig.Prob.1F.1

Mathcad Solution:

Data:

L:=008 m ... thickness of insulated slab

1z :=03-10° WimA3 ___ heat gen. rate

T =% C _ambient temp. h=370 Wim*2 K ___ convective heat transfer coeff

k=21 Wim.K .. th. conductivity
Calculations:

ie. T . =124579 C ... wall temp. exposed to ambient

Temp. distribution is given by:

(Wl
]
1
i
[3=]
|
e
[3=]
_—

O

MNote: x is measured from insulated left side of slab
Mow, max. temp occurs at the insulated surface, ie. at x =0

Therefare:

T(0)=150293  C...max temp. in the wall ... Ans.
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Draw the temp. profile in the slab:

x:=0_0.005.0.06 __define a range variable x, varying from 0 to 0.06 m

Temp (C) vs x(m) - 3lab-LEHS insulated

Ti=)

/] 0.01 0.02 0.03 0.04 0.05 0.06

Note that T occurst the insulated face and its value is 150.293 C. On the right face, the temp is 124.579 C.

Also, plot the variation of max. temp in slab when h varies from 20 to 200 W/m~2.K:

Write the temp distribution as a function of 2 and h:

=]
i)

I

T(x.h) =T +gq,—+ -{LJ - xl} ...temp defined as a function of x and h

=
[
el

x =10, since max. temp. occurs on the insulated surface

h=20.25.200  __define a range variable h, varying from 20 to 200 W/m*2 K
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Vanation of Tmax (C) with h {W/m”"2.K)

1200

1100

1000

T{0.h)

r—
-
i g

—t—

20 30 40 50 &0 T B S0 100 110 120 130 140 150 160 170 180 180 200
]

Note that the max. temp reached in the slab (on the insulated left face) goes on decreasing as h increases.
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Temp. profile with h = 200, 500, and 1000 W/m/2.K:

x:=0,0005..006 . define a range variable x, varying from 0 to 0.06 m

L 9z /2 2 .
Tixh) =T +gq,—+—-1L"-x ...temp defined as a function of x and h
=h 1k
0 Temp {C) vs x (m) for various h
210 ——
— |
200
120 ‘E\
180
a0
=170
=
= 18
5150 — 1= e
140 e —
~——4 e
130 =S
T—
120 e
e
—
110 =
100
o .61 0.02 0.03 D.04 0.05 0.06

— Distznce Fom insulsted Sce x {m)
— h=200Wm'2K e

""" h =300 Wm 2K
— h=1000Wm"2K

It may be noted that temp profiles are of the same shape, temperatures being uniformly higher for lower

values of h.

Temp. profile when heat gen. rate is doubled: (with h = 570 W/mA2.K):

q
T{x,qg} =T+ qE%"':._E {I_ - x} ....lemp as a function of x and qg
x:=0,0005..006 ... define a range variable x, varying from 0 to 0.06 m
120
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Temperature vs distance x

Temp. (degi)

— |

o 001 0.02 0.03 0.04 0.05 0.08

— qz= 0.3 % 10°6 “,mm%fmme Fom insvlated laf Sc2 (m)

----- qg =0.6% 10°6 Wim'3

Note that for higher value of q,, temperatures in the slab are higher.
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Solve the above problem with Finite Element Heat Transfer (FEHT) Software:
We shall show the steps involved:

1. Select Subject — Heat Transfer after starting FEHT:

w%mp Craw Display View Examples Help

? W Heat Transfer
Extended Surfaces

Bio-Heat Transfer

2. 'Then, from Setup —choose Cartesian cords — Steady state - Temp in deg. C:

File SubjectDraw Display View Examples Help
#=1.19%=  Scale and Size

v Cartesian
Cylindrical

v Steady-state
Transient

v Temperaturesin C
Temperatures in K

v Auto Save

3. Again from Set up - choose the Scale and Size:

Units Scale: 1 cm =
i 1.0000 cm
" Enghsh

Ongin [cm] Gnd Spacing

®0=0.0 Horz [1.000 cm
Y0=|0.0 Vert |1.000 cm

-

In the above, 1 cm on the screen represents 1 cm on the model and grid spacing is also chosen as 1 cm

for both horizontal and vertical.
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4. Next, from Draw menu, choose Outline to draw the model:

File Subject Setup EMERM Display i View Examples Help
H=2 46 =176 cm

Outline Ctrl+0

New Text Cirl+T

(]
B By 2020, wind could provide one-tenth of our planet's
ra I n p O W e r electricity needs. Already today, SKF's innovative know-
how is crucial to running a large proportion of the
world’s wind turbines.
Up to 25 % of the generating costs relate to mainte-
nance. These can be reduced dramatically thanks to our

stems for on-line condition monitoring and automatic
jcation. We help make it more economical to create

Therefore we'need the best employees who can
eet this challenge!

Tr)_af Power of Knowledge Engineering

'-r:-‘%.i

e
Plug into The Power of Knowle‘ngineering.
Visit us at www.skf.com/knowledge
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5. Draw the model:

Fle Subject Setup Draw Display =—pecify Fun View Examples Help
#=197%=143em | [

6. Now, choose Draw Element lines from the Draw menu:

File Subject Setup Display Specfy Fun View Examples Help
a0 -2 ek 2

Cutline Ctrl+0
Element Lines Ctrl+E
Reduce Mesh Ctrl+w/
Reposition Nodes Cirl+R
Delete Del

MNew Text Ctrl+T

Size/Move Templat
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7. And prepare a rough mesh of triangular elements:

File Subject Setup m Display View Examples Help
®=4.37 v=0.0 cm |

CQutline Ctrl4+0

Element Lines Cirl+E

Reduce Mesh Crl+w

Reposition Modes  Cirl+R

Delete Del

New Text Ctrl4T =

& N A N R N N S N O N RSN

8. 'Then reduce the mesh by choosing Reduce Mesh from Draw menu:

File Subject Setup Draw View Examples Help
#=4 55%=0.0 cm Zoom Ctrl+Z |
Hide Grid

Hide Blement Lines
Hide Mode Positions
Show Mode Mumbers
Show Patterns

Hide Bound. Conditions
Hide Text

Show Axes

Refresh Screen )

e S N M

There are many choices to hide or show grid, Element Lines, Node positions, Node nos. etc.
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9. After getting a fine mesh, go to Specify menu and enter Material properties, Heat

generation:

File Subject Setup Draw Display Run View Examples Help
%=5,27 \¥=-2 G46E -02 cm 1.not|  Material Properties 3 Area[1]=42.08 cm2
Generation

Guess Temperatures

10. Material properties:

A Py - i
Wi Mame = |not specified . .
Ea-'fjwn%d[ick Type = Distributed
il Conductivity = [21.0000 WimK
Plaster .
Aluminum Density = |1.0000 ka/m3
Copper
Silver Specilic heat = |1.0000 Jikg-K
Steel
Soil
Concrete
gi’:d 7 Help | X Cancel |
i — :

Properties may be entered az a function of T, 5. and/or Time

Note that k = 21 W/m.K is entered. For Steady state heat transfer, density and sp. Heat values are not

important; leave them as they are.
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11. Now, enter heat gen. rate:

File Subject Setup Draw Display mﬂ Run View Examples Help

| H=B9RY=-0106cm | 1. notl  Material Properties 3 Areall]=42.08 cm2

Guess Temperatures

e P P A S e I e T T

AR A A

i Enter Internal Generation [W/m3]

13905

/ 0K ? Help I x Cancell

The walue may be a entered az a function of Time, T, %, %, FLUX, DTADE, and/or DTADY |

We have entered qg = 3E05 W/m~3, as given in data. Note that you can also enter qg as a function o

T X, Y etc.

With us you can
shape the future.
Every single day.

For more information go to:
WWw.eon-career.com

Your energy shapes the future.
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Conduction with heat generation:

12. Next select the top, left and right sides to enter Boundary conditions: Left face is insulated,
as given in data. Also show top and right sides as insulated, to make the heat transfer

one-dimensional:

File Subject Setup Draw DisplayRun Wiew Examples Help
®=h.87=0.0cm Lin m2  Area = 0.7474 cm2/cm

Boundary Conditions.

Guess Temperatures

RS N

%]

Specify Boundary Conditions

[ Temperature | *‘C

¥ Heat Flux 0] Wim2

[~ Conv. Coef | W/m2-K
Fluid Temp. | *C

? Help x Cancel

Boundary infarmation may be a function of Time andar T

In the above, heat flux = 0 means that the face is insulated. Note that if the face is at a constant temp,
tick the first choice and enter the value of temp. If there is convection condition on the face, tick that

choice and enter values of h and T_inf.

13. After finishing entering all BC’s, go to the Run menu. Press check:

Fle Subject Setup Draw Display Vlew Examples Help

530 =0 O e l
Calculate F2

O N N SR SRS
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You get:

File Subject Setup Draw Display Run View Examples Help
#=14.0%=-2 67 cm Mo emors found. 132 elements

It shows that No errors are found, and the no. of elements in this case is: 192.

14. Next, from the Run menu click Calculate (or, press F2):

File Subject Setup Draw Display LN View Examples Help
#=8.15"=-2 B46E-02 cm Check Ctrl+E lelements
Calculate F2

-

S

R

Following message appears: Click Continue:

S

atio ompleted in 0 se

Ho. Unknown Temperatures = 117

Matrix Bandwidth = 11

b T S S N
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il

Conduction with heat generation:

15. Now, view Results from the View menu: Many choices of output results are available:

File Subject Setup Draw Display Specify Run mExamples Help

[ #=7.B5Y=0.0 cm [

R

v Input

Temperatures

Temperature Contours
Gradients

Heat Flows

Modal Energy Balances

Tabular Cutput

Input Data Summary

=

N A
/1

AT

e

B B

=

You can view Temperatures at different nodes, Temp. contours in many ways, Gradients, Heat flows,

Node energy balances and you can also get the results in a Tabular form to copy and paste in some other

application such as Excel for further processing or graphing etc.
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File

16. Now, view the temperatures at different Nodes:

ady-State

Ste.

#=0.02'=-2.646E-02 cm

m _ \\s\\\\\
D @8@%@@

é@@@@@@@

\\Av\\\\

44444

You can Zoom the results, from the Display menu:

AR O T
TR % U
40 A4 8 2 A VA
A A
U Vs e Vi)
AR A L
VA0 1 08 2 A A VAV
UTTTA s TV
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It is better to see these results with another window showing the Node Nos:

File Subject Setup Draw Display Run View Examples Help
¥=423Y=10.1cm

/]
/
/
/]

() —e) e

i
4
/

':?
/
14
/
1/
i/
1/
1/

4
@?
7
Y,
L
,;4
Y
Y

7/
7/
i/
«?
1/
Y
.
/

D

%
2
,u
,,u
%
%
iz
m

LA
i
2
I,
I,
I
I
i

/]

A
L]
e
e
e
I

[l
e
it
it
i
/7
Wl

R

I/
/)
.
L
’
/l
/)
Il

Now, to get the temp. profile: on the LHS, see the Node no. 22. Along that line we have the node nos.
22, 46, 24, 108, 33, 81, 29, 92 and 28. Corresponding temps are: (from the earlier picture): 150, 150,
149, 147, 144, 140, 136, 131 and 125 C approxly. To draw the temp profile accurately, view the Tabular
Output in the View menu and copy and paste it to Excel, edit and draw the graph:

Tabular Results:

11 Tabular Nodal Results g]

Close = | Select Al | By | 2
Node X ‘ Y ‘ T Hode Balance
] [rn] ['C] [t /]
1 0.0500 -0.0233 150.4 3.3307E-16
2 01103 -0.0293 124.4 -44.39
3 01098 01 1247 -4E.06
4 0.05001 01 180.2 a
b 0.05001 -0.05027 150.4 E.BE13E-1B
g 0110 -0.045974 1248 1114
7 0.05001 -0.07364 150.3 -3.9920E-16
g 01093 -0.07964 1248 1133
& 0.0793 -0.0293 144 1.1102E-16
10 0.07964 -0.05001 1441 -B.8818E-16
11 0.07964 -0.07964 144 1]
12 0.0793 01 1434 -4.4409E-16
13 0.05001 -0.04008 150.4 -4 4403E-16 o
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il

We get:
Node Mo. X (m) T{deg.C)
22 0 150.3
46 0.0074 149.9
24 0.01481 148.7
108 0.02222] 146.8
33 0.02963 144
81 0.0372 140.4
29 0.04478 136
92  0.05239 130.7
28 0.05999 124.6

Conduction with heat generation:

Temp vs distance for Slab with heat
generation
160
150 A
- 140
<
Fig
2 13
-3
5
= 120 4
110 A
100 T T T T T 1
a 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Dist. (m)

17. From the View menu, we can also get Temp contours in a variety of ways: Click on Temp

contours. A screen appears:

Temperature Contour Information

Auto  Scale °C

Minimum |[FI¥]

[ Show outlines

[~ Show element lines
{+

~

M aximum |1 5.4

T

Type
{* Shaded bands 10 3

" Continuous

| Full spectrum

" lzopotential lines |1l] ﬂ

T
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Conduction with heat generation:

Press OK: Note that you can show outlines or element lines, Contours can be of Shaded bands, continuous

or Iso-potential lines . For the choice shown above you get shaded bands as follows:

Fie Subject Seop Draw Display Soecfy Run View Examples Help
[ ®-185v-6%3em | Stcady State 1244 M127.0 W 1296 E122.2 [E134.8 [0 137.4 C0140.0 (1426 C11452 C147.2 E150.4°C

Note that on the top of the window, colour codes for temp range are shown.

“I studied
English for 16
'years but...
...I finally o
learned to
speak it in just
Six lessons”

Jane, Chinese architect

OUT THERE

Click to hear me talking

before and after my

unique course download
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18. If we click on Heat flow in the View menu and select the surface on the RHS through which

heat will flow out, we get the following screen. Note on top of that window that total heat

flow is 1262 W/m.:

File Draw Display View Examples Help
¥=17.2 ¥'=4.52 cm Steady-State 0[48.3]=92w'/m  Sum(0)=1262 W/ /m

-

e N o o A A A R A S o N L S N O S RS NN

As a check: Note that for this slab, L = 0.06 m (by data), H is arbitrarily taken as 0.07 m (see the fig.),

and the depth perpendicular to the screen is 1 m.

Now, the total heat transferred from RHS must be equal to the heat generated in the slab. It is equal to:
Volume x heat generation rate = (0.06 x 0.07 x 1 x 3 * 10A5) W = 1260 W. This matches well with the

result Q = 1262 W/m.

Prob. 1F.2. Heat is generated uniformly in a stainless steel plate having k = 20 W/m.K. The thickness of
the plate is 1 cm and heat generation rate is 500 MW/m3. If the two sides of the plate are maintained
at 100 and 200 C respectively, calculate the temperature at the centre of the plate. Also find the distance

of the plate at which maximum temperature occurs from the 200 C surface.

Download free eBooks at bookboon.com



Software Solutions to Problems on Heat Transfer
Conduction - Part Il Conduction with heat generation:

Temp. distribution

Fig.Prob.1F.2

Mathcad Solution:
Data:

L:=001 m .. thickness of plate

qg = 300-10° W/m*3 ___ heat gen. rate

T =200 C _temp. on left face T,:=100 C _temp. on right face
k=20 Wim K __ th. conductivity
Calculations:

Temp distribution is given by:

T =Ty |(Lop ey T2
i) =T 4+ —E)—=+ " " |x
1 1k L

Note: x is measured from the left face. L is the thickness of plate.
Check: T(0)=200 C T(001) =100 C
Therefore, temp. at the centre of the plate, i.e. at x = 0.005 m:

T(0.005) =4625  C... Temp. at centre... Ans.
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Conduction with heat generation:

Plot the temp distribution in the plate:

x:=0,00005..001 _.define a range variale x, from 0to 0.01 m

Temp (C) vs distance {m)

500

[

430

350

w/ \
. \

150

Tix)

100
L] 0001 0002 0003 0004 0005 0006 0007 O00E Q0D 001

R

Where does the max. temp. occur, and what is its value?

DUKE

= THE FUQUA
SCHOOL
OF BUSINESS

-

Learn More »
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Conduction with heat generation:

At the location where Tmax occurs, dT/dx = 0.
Apply this condition and use the root function of Mathcad to find the xmax.

Then substitute the value of xmax in T(x} and get the value of max. temp:

9, I[,-T
We have:  T(x):=T + (L—x}-j_f#‘Tl i

Let Tix) :==T(x) ...define the first derivative of T{x) w.r.t. x
x:=0.004 _trial value for xmax
X iy = 100t T(x) %) ..using the root function

=3 }:r_l,mx=-L.|.‘.~‘1[I'_J m ... location where Tmax occurs, distance from left....Ans.

T{xmax} =4645 C ... max. temp.....Ans.

In addition, draw the temp profile if the heat gen. rate is doubled:

Define the temp as a function of x and qg:

9z Ty-T,y

Ffrag Tue|@on g2 2

q,=510° Wimn3

x:=0,00005..001 __define a range variale x, from 0 to 0.01 m

Temp vs dist. for different values of gz

300

700

600

500

400

Temp. (deg)

300 —

200

100

L]
L] 0001 0002 0005 0004 0005 0006 0007 0008 0000 001

.. Diztznc fom LHS {m)

— gg=3*10"8 Wm"3
""" gz = 10"8 W/m"3
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Prob. 1F.3. A 3.2 mm diameter stainless steel wire 30 cm long has a voltage of 10 V impressed on it.

The outer surface temperature of the wire is maintained at 93 C. Calculate the centre temperature of

the wire. Take the resistivity of the wire as 70 mW-cm and the thermal conductivity as 22.5 W/m.K.

(b). The heated wire in the above example is submerged in a fluid maintained at 93 C. The convection

heat transfer coefficient is 5.7 kW/m.K. Calculate the centre temperature of the wire.

EES Solution:

“Data:”

d=3.2mm, k=225 W/(m.C)
D=70x 10® Ohm.m

T,=93C

L=03m
E=10V

Fig.Prob.1F.3 (a) Wire with an impressed voltage,
T, is known

h=5700 W/(m2K)
d=3.2mm,k =22.5 W/(m.C)
T,=93C D=70x 10®* Ohm.m

L=03m
E=10V

Fig.Prob.1F.3 (b) Wire with an impressed voltage,
T, is known

d = 0.0032 [m] “.dia of wire”

L =0.3 [m] “..length of wire”

E =10 [V] “..voltage impressed”

T_w =93 [C] “...outer surface temp of wire”
rho = 70e-08 [W-m] “..resistivity of wire”

k =225 [W/m-C]

T a=93[C]

h =5.7e03 [W/mA2-C]
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Conduction with heat generation:

“Calculations:”

A_c =pi*dr2 /4 “[mA2] .. area of cross-section of wire”

Volume = A_c * L “[mA3] ... total vol of wire”

Resist = rho * L / A_c “[ohms] ...electrical resist of wire”

Q_gen = EA2 / Resist “[W] .. total heat generated”

q_g = Q_gen / Volume “[W/mA3] ... heat gen. rate per unit volume, W/m3”

“Case 1:

For a cylindrical wire, we have the centre temp. (= max. temp), in the first case:”

T_centrel =T_w+ (q_g* (d/2)"2) /(4 * k) “[C] .. centre temp, which is also the max. temp. in case 1”

Join American online

Interactive Online programs

Special Christmas offer:

enroll by December 18th, 2014
start studying and paying only in 2015
save up to $ 1,200 on the tuition!
Interactive Online education

visit to find out ma@

vVvyvVvyyVvyy

Note: LIGS University is not accredited by an
nationallg' recognized accrediting agency listed
by the US Secretary of Education.

ore info here.

—
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“Case 2:

When there is convection at the surface:”

“By heat balance at the surface:”

Qgen=h*(pi*d*L)*(T_wall - T_a) “..finds the wall temp. T_wall”
“Then, the centre temp in the second is given by:”

T_centre2 =T _wall + (q_g* (d/2)A2) / (4 * k) “[C] .. centre temp, which is also the max. temp. in case 2”

Results:

Unit Settings: 51 C kPa kJ mass deqg

A= 0000008042 [m? d=0.0032 [m] E =10 [V]
h=5700 [W/mZC) k=225 [W/mC] L=03 [m]

tg = 1.587E+08 [/m ] Olgen = 3830 [W] Resist = 0.02611 [
p = 7.000E-07 [¥-m] Ta=93 [C] Teertrel = 1381 [C]
Teertren = 3608 [C] T =93 [C] Tosl = 315.8 [C]

Yolume =0.000002413 [m?]

Thus:

T_centrel = 138.1 C .... Centre temp. when surface temp is 93 C... Ans.

T_centre2 =360.9 C ... Centre temp. when there is convection at the surface to a fluid at 93 C... Ans.
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Now, plot the variation of centre and wall temp. when h varies from 1000 to 6000 W/m~"2.K:

1000

Cylinder with heat gen. g, = 1.587E09 W/m"3
900 Variation of wall and centre temp with h

i Tcen1re2

800

_

wall

700

600

Temp. [C]

500

400

300 4
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
h [W/mA2.C]

Also draw the temp. profile along the radius when there is convection at the surface (i.e. case 2):

370

|Temp profile along the radius |

0 0.0004 0.0008 0.0012 0.0016 0.002
r [m]
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“Prob. 1F.4. A long hollow cylinder has inner and outer radius as 5 cm and 15cm respectively. It generates
heat at the rate of 1.0 kW/mA3. If the max temperature occurs at the radius of 10 cm and the temperature

of the outer surface is 50 C, find

1) Temperature of the inner surface.
2) Maximum temperature in the cylinder.
Assume k= 0.5 W/m.K. [M.U.]”

k= 0.5 W/(m.K)
q,= 1 kW/m’

R

r,=0.05m
r,=0.0lm

vy ]

r,=0.015m

Fig.Prob.1F.4
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Conduction with heat generation:

EES Solution:

“Data:”
r_1=0.05[m]
r_2=0.15 [m]

q_g = 1000 [W/mA3]
r_m=0.1 [m]
T 2 =50 [C]

k =0.5 [W/m-C]

“Calculations:”

“It is a cylindrical system with heat generation.

So, the governing differential eqn is: d2T/dr2 + (1/r).(dT/dr) + (q_g/k) =0
ie rd2T/dr2 + dT/dr=(-q_g.1r) / k
ie.d/dr (r.dT/dr)=(-q_g.1)/k

Integrating once: r. dT/dr = -(q_g . r*2) / (2 .k) + C1

ie. dT/dr=-(q_g.r)/ (2 k) + Cl/r

And, integrating once again:

Tr=(-q_g.r"2) /(4 k) + Cl.In(r) + C2

Constants C1 and C2 are determined from BC’s”

{r =0.06 [m] “..trial value of r .. will be commented out later to draw the temp profile”

Tr=-(q_g *r72) / (4 * k) + C1 * In(r) + C2 “eqn. (1) .... general solution for temp. profile”

“B.C.....(1): whenr=r_2, Tr =T2.”

T 2=-(qg*r 2/2)/(4*k)+Cl*In(r_2) + C2 “...eqn.(2) ... from BC-(1)”

“B.C.....2):whenr=0.1, Tr = T_max: i.e. dT/dr =0 at r_m = 0.1

144
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Now, dT/dr = - (q_g.r) / (2.k) + Cl/r’

0=(qg*rm)/(2*k)+Cl/r_m“...eqn (3) .... from BC-(2)”

“Eqns. (2) and (3) determine C1 and C2, and then eqn. (1) gives the temp profile:”

T_max = -(q_g*r_mA2) / (4 *k) + C1 * In(r_m) + C2 “..gives the max. temp. at the radius r_m”

T 1=-(q_g*r_17r2)/ (4*k) + Cl *In(r_1) + C2 “.... gives the temp T_1 at the inner surface, i.e. at

radiusr_1”

Results:

Unit Settings: 51 C kPa kd mass deqg

1 =10 CE =§0.22 k=05 [m-C] fjg=1000 [ ]

t =0.06 [m] i =0.05 [m] tz =015 [m] try = 0.1 [rm]

Tr=45023 [C] T1=44.01 [C] Tz=h0 [C] Trnae =522 [C]
Thus:

T_1=49.01 C... temp at the inner surface ... Ans.

T_max = 52.2 C ....max. temp .....Ans.

In addition:

Plot the temp. distribution along the radius:

525 Hollow cylinder with heat generation

Temperature profile

“\_\

52

51.5

51

Tr [C]

50.5 Max. temp.

0.04 0.06 0.08 0.1 0.12 0.14 0.16
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“Prob.1 E5. A hollow conductor with r1 = 0.6 cm, r2 = 0.8 cm, and insulated on the outside, is made up of
metal of k = 20 W/m.K and electrical resist. per metre of 0.03 ohms. Find the max. allowable current if the

temp is not to exceed 50 C anywhere in the conductor. The cooling fluid at the inside is at 38 C. [M.U.]”

Insulated

k =20 W/(mK)
R,=0.03 S/m

e

T,=T,,,=50C

r, = 0.008 m

Fig.Prob.1F.5

EES Solution:

“Data:”
r_1=0.006 [m]

r_2 =0.008 [m]

T_1 =38 [C] “.temp. on inside surface”

T_2 =50 [C] “...temp on outside surface”

k =20 [W/m-C]

R_e = 0.03 [ohm/m]

L =1 [m] “..length of conductor”

“Calculations:”

“Max. temp. occurs on the insulated surface, i.e. on the outer surface.:

“It is a cylindrical system with heat generation.

So, the governing differential eqn is: d2T/dr2 + (1/r).(dT/dr) + (q_g/ k) =0
ie rd2T/dr2 + dT/dr=(-q_g.1r) / k
ie.d/dr (r.dT/dr)=(-q_g.1)/k

Integrating once: r. dT/dr = -(q_g . r*2) / (2 .k) + C1

ie. dT/dr=-(q_g.r)/ (2 k) + Cl/r
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Conduction with heat generation:

And, integrating once again:

Tr=(-q_g.r"2) /(4 k) + Cl.In(r) + C2
Constants C1 and C2 are determined from BC’s”

r = 0.007 [m] “..trial value of r .. will be commented out later to draw the temp profile”
Tr=-(q_g *r"2) / (4 * k) + C1 * In(r) + C2 “eqn. (1) .... general solution”
“B.C....(1):whenr=r_1,Tr=T_1

T 1=-(qg*r_172)/(4*k)+Cl*In(r_1) + C2 “...eqn.(2) ... from BC-(1)”
“B.C....2):whenr=r2,Tr=T_2"

T 2=-(q_g*r 272)/(4*k) +Cl*In(r_2) + C2 “...eqn.(3) ... from BC-(2)”

“BC .. (3): Also,T_2 is max. temp; i.e. dT/dr=0atr =r_2."

0=-(qg*r 2)/(2*k)+Cl/r_2 “eqn. (4) ....i.e. temp is max atr = r_2"
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“Eqns. (2), (3) and (4) determine C1, C2 and q_g ; then eqn. (1) gives the temp profile:

Q_gen = Ir2 * R_e “[W] ... total heat generated by passage of electric current”

Vol = pi * (r_2A2 - r_172) * L “[mA3] .. vol. of conductor”

q_g = Q_gen / Vol “[W/mA3] ... heat gen. per unit volume”

Results:

Unit Settings: 51 C kPa kJ mass deqg

C1 =1741 C2 =977 6
k=20 [im-C] L=1 [m]
Ogen= 9571 W] r =0.007 [tm]

r= = 0.008 [m] =0.03 [©fm]
Tq1=38 [] Tg RO [C]
Thus:

I =564.8 A ... max. allowable current ... Ans.

q_g = 1.088E08 W/mA3 .... Volumetric heat gen. rate....

| =564.8 [A]

»

0g = 1.088E+08 [wv/m]

r{ =0.006 [m]
Tr = 47.15 [C]

Yol = 0.00008796 [m]

Ans.

Now, draw the temp. profile in the conductor:

50

Temp profile in a hollow conductor
48 |—insulated on the outside

46

44

Tr [C]

42

0.006 0.0064 0.0068

0.0072 0.0076
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“Prob. 1F.6. A hollow cyl. 6 cm ID, 9 cm OD has a heat generation rate of 51026 W/mA3. The inner
surface is maintained at 400 C and outer surface at 320 C. k of material is 3 W/m. C. Determine:
(i) the location and value of the max temp. (ii) the temp at mid radius, and (iii) fraction of heat generated

going to the inner surface. [M.U.]”

k=3 W/(m.K)
q,= 5 MW/m’

r,=0.045 m

Fig.Prob.1F.6

EES Solution:

“Data:”
r_1=0.03 [m]
r_2 =0.045 [m]

q_g = 5E06 [W/mA3]

T_1 =400 [C] “.temp. on inside surface”

T_2 =320 [C] “...temp on outside surface”

k =3 [W/m-C]

L =1 [m] “..length of conductor”

“Calculations:”

“It is a cylindrical system with heat generation.

So, the governing differential eqn is: d2T/dr2 + (1/r).(dT/dr) + (q_g/k) =0
ie r.d2T/dr2 + dT/dr=(-q_g.r) / k
ie.d/dr (r.dT/dr)=(-q_g.1)/k

Integrating once: r. dT/dr = -(q_g . r*2) / (2 k) + C1

ie. dT/dr=-(q_g.1)/ (2 k) + Cl/r
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And, integrating once again:

Tr=(-q_g.r*2)/ (4 k) + C1.In(r) + C2
Constants C1 and C2 are determined from BC’s”

r = 0.0375 [m] “..mid-radius value of r .. will be commented out later to draw the temp profile”
Tr=-(q_g*r*2) /(4 * k) + CI1 *In(r) + C2 “eqn. (1) .... general solution”
“B.C....(1):whenr=r_1,Tr=T_1

T 1=-(qg*r 112)/(4*k)+Cl *In(r_1) + C2 “...eqn.(2) ... from BC-(1)”
“B.C....2):whenr=r 2, Tr=T 2: ¢

T 2=-(qg*r 2~2)/(4*k) +Cl*In(r_2) + C2 “...eqn.(3) ... from BC-(2)”

“Eqns. (2), (3) determine C1, C2 ; then eqn. (1) gives the temp profile:”

The Wake
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“Location and value of max. temp.:

First, draw the temp profile:”

420

400

380

Tr [C]

340

320 4
0.028 0.032 0.036 0.04 0.044 0.048
r [m]

“It is seen that max. temp. occurs at about r = 0.034 m. and the approx. value is about 412 C.

We know that at the max temp, slope dT/dr = 0. Use this condition to get corresponding location, r_m.
Then, substitute r_m in the expression for temp distribution and get T_max:

Now, dT / dr = 0 gives:”

0=(-q_g*2*r_m)/ (4*k)+ Cl/r_m “..gives value of r_m, where max temp occurs”

“Then, max. temp:”

T_max = -(q_g*r_m”2) /(4 * k) + C1 *In(r_m) + C2 “[C] ... value of max. temp.”

“Fraction of heat generated going to the inner surface:”

Vol = pi* (r_2A2 - r_172) * L “ [mA3] ... vol. of conductor of 1 m length”

Q_gen = q_g * Vol “[W] .heat gen. in the conductor”

Q in=pi* (r_mA2 -r_172) *L* q_g “[W] ... heat that is generated between r_m and r_1, which has

to go to inside surface only, since r_m is the location of max temp”
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“Therefore:”

<

Fraction = Q_in / Q_gen “... fraction of heat gen. that goes to the inner surface”

Results:

Unit Settings: 51 C kPa kJ mass deqg

1 =9588 cz =4137 Fraction = 02227
k=3 Mm-C] L=1 [m] Og=5.000E+06 [ ]
Qgen=17671 [] O, = 3936 [W] = 0.0375 [m]
r1 =0.03 [m] tz = 0.045 [m] try = 0.03392 [rm]
Tr=403 [] T1=400 [C] To=320 [C]
Trnax = 94133 [C] Yol = 0.003534 [m]

Thus:

T_max = 413.3 C .... Value of max. temp ... Ans.

r_m = 0.03392 m ....location of max. temp. ... Ans.

Tr = 403 C ... temp at mid-radius, i.e. at r = 0.0375 m ... Ans.

Fraction of heat gen. going to inner surface = (Q_in / Q_gen) = 0.2227 = 22.27 % ... Ans.

“Now, check these results with direct formulas for a hollow cyl. from Ref:[1]”

r_m_check = sqrt((q_g* (r 222 - r_172) -4 *k*(T_1-T_2))/ (q_g*2*In (r_2/r_1))) “..see the

eqn for r_m”

“Temp. profile: is given by:”

(T_mid-T_1)/(T_2-T_1)=A+ B*(C-D) “. T_mid is the temp at mid-radius.

Verity this with the value of Tr calculated above at mid-radius, r = 0.0375 m”

“where:”

A=In(/r_1)/In(r_2/r_1)
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B=qg*(r 2/A2-r 172)/(4*k*(T_2-T_1))
C=In(r/r 1)/In(x_2/r_1)

D=((r/r_1)A2-1)/((r2/r_1)A2-1)

<«

Conduction with heat generation:

»

“Also, Check the max. temp.”

(T_max_check - T_1)/(T_2-T_1) = A11 + B11 * (C11 - D11)
All =1In (r_m_check/r_1) /In (r_2/r_1)

Bll=q g*(r2A2-r_1A2)/(4*k* (T_2-T_1))

Cll =In(r_m_check /r_1) /In (r_2/1r_1)

D11 =((r_m_check / r_1)A2 - 1) / ((r_2/r_1)A2 -1)

retention strategies.
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“We see that we get exactly the same values for r m, T_mid and T_max:”

Unit Settings: 51 C kPa kJ mass deq

A = 05503 A1l = 03025 B =-5.859
B11 =-5.859 C =05503 Cl =958.8

C11 = 0.3028 C2 = 4137 D =045

D11 =0.2227 Fraction = 0.2227 k=3 [W/mC]
L=1 [m] g = 5.000E+06 [/m] Qgen=17671 W]
Ch, = 3935 W] t =0.0375 [m] r1 =0.03 [m]

t2 = 0.045 [m] o = 0.03382 [rm] . check = 0.03392
Tr=403 [C] Ty =400 [C] To=320 [C]
Trnax = 413.3 [C] T man.check = 413.3 Trid = 403

“al = 0.003534 [

Note that: Tr = T_mid. ... mid-radius temperatures by both methods match.
r_m = r_m,check .. position where max, temp occurs calculated by both methods match.

Also, T_max = T_max_check = 413.3 C ... value of max temp by both the methods are the same.

Solve the above problem by Finite Element Heat Transfer (FEHT) Software:

See prob. 1E.1. Steps are the same as for that problem. However, now choose Cylindrical from the Setup

menu:

File Subject Draw Display
R=1.142 Scale and Size |

Cartesian
v Cylindrical

v Steady-state
Transient

v Temperatures in C
Temperatures in K

W Auto Save
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1. Node positions and Node Numbers:
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2. Node Temperatures:
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Conduction - Part Il Conduction with heat generation:

3. View Tabular output, copy to Excel, edit and draw the plot of T vs R:

Node Mo. R{m) T{deg.C)

5 0 400

93  0.00182 409.4

47 0.00364 412.9

208 0.00546 410.8

18 0.00728 4032.1

206 0.00919 390.4

35 0.01111 372.1

6 0.01495 320

DO YOU WANT TO KNOW:

What your staff really want?

The top issues troubling them?

How to make staff assessments
work for you & them, painlessly?

How to retain your
top staff

FIND OUT NOW FOR FREE

Get your free trial
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Hollow cyl - with heat gen.- Temp profile

420

380
o
o)
% I
= 360 o
o |
E
=
340
320
300
0 0.005 ¢ ial dist. (m) ©°2 0.015
Note that Tmax = about 412.9 C at R = 0.0036 m.
T = about 403 C at R = 0.0075, i.e. at mid-radius.
4. Heat transfer on the left side, Q_L:
File Draw Display View Examples Help
F=1312=-234 cm Steady-State Q74 41=7.2w Sum[Q]=146.4 "W

]
A
A
7
7
7,
]
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Q_L =146.4 W for a cyl length of 5 cm in the model.
Therefore, for 1 m length of cyl, Q_L = 146.4 x 20 = 2928 W.

Similarly for heat tr on the RHS, Q_R:

Draw Display View Examples Help
9. 70 Z=-3.55 cm Steady-State [[80,3]=31.8w  Sum(Q]=633.0'w

s
.~
-

LT T
s Pl R
S R

BRANABAIRE I IBIALARAA]

For 1 m length of cyl, Q_R =633 x 20 = 12660 W.

Therefore, Total Q = Q_L + Q_R = 15588 W.

So, Q_L as a percentage of Q_Total = 18.8%

Prob. 1E.7. A thin hollow tube with 4 mm inner diameter and 6 mm outer diameter carries a current
of 1000 amperes. Water at 30 C is circulated inside the tube for cooling the tube. Taking heat transfer
coefficient on the water side as 35,000 W/m2c and k for the material as 18 W/m°c, estimate the surface
temperature of the tube if its outer surface is insulated. Electrical resistance of the tube is 0.0065 ohms

per meter length. [M.U/]
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Conduction with heat generation:

T,

Insulated

k=18 W/(mK)
R, = 0.0065 Ohms/m

T,

T,=30 CV}
h,= 35/ kW/(m2.K)

oo >

r, = 0.002 m

r,=0.003 m

Fig.Prob.1F.7

Mathcad Solution:

This is the case of a cylinder, cooled on inside, insulated on outside:

We shall first solve this problem from fundamentals and then verify the results by applying the

direct formulas given in the Table.

Struggling to get
interviews?

Professional CV consulting & writing assistance
from leading job experts in the UK.

N Take a short-cut to your next job!

._- =) Improve your interview success rate by 70%.

TheCVagency

Visit thecvagency.co.uk for more info.
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Data:

rq:=0002 m. inner radius 15 :=0.003 m... outer radius
k=18 Wim.K

1:21000 A
R, :=0.0063

Ohmsim  L:=1 m .. length of tube
T,=30 C  h,:=35000 Wm2C

Outer surface is insulated.

Calculations:

Vol ::r-[r:J —r 12] L

m*3 ... vol. of tube

T i —_ . 3 i
Qgen =IR, 18 Qggn=6510 w
Q Fefl .
== l.E.
qg Vol

qq=4138:10°

Wim*3 ___wolumetric heat gen. rate

Since the outer surface is insulated, all the heat generated has to travel only to inside surface
and then to cooling water by convection.

Let T1, T2 be the temp on the inner and outer surfaces respectively.

Then, by heat balance at the inner surface:

o (2ar L){TI-T }=Q .y

0
Therefore: Tl = gen

T1=44778

C .... temp. on the inner surface

Now, for a cylindrical system with heat gen. the controlling differential eqn is

2 q
drl rodr

—==0
k
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Integrating once:

- ot .
dr-2 G __eqn.(a)
dr 2% r

And, integrating again, we get its general solution as:

_qE.r_ .
T(r)=— = + Clin{r) + C2 ..eq.(1)
ik

where C1 and C2 are obtained by applying the Boundary Conditions.
Now, for this problem:

BC..(1):atr=rl1, T=T1

BC....(2): at r = r2, dT/dr = 0 since insulated.

Apply these conditions and get C1 and C2 and substitute them in eqn.(1) to get the solution for temp

distribution:

Use the Solve Block of Mathcad. Start with guess values for C1 and C2:

Ccl:=10 2 =10 ...guess values
Given
-qQ f 2
Ti=_5 1+c1-1n{r1}+c:
ik
_q -r-_\ -
0=__2 '+E
2k e

_ 103.451
Find(C1.C2) =

710673

ie. C1:=103431 C2:=T10.673
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Conduction - Part Il Conduction with heat generation:

Therefore, temp distribution is given by:

2

T(1) = ( et L ctminsc eq(l)

Then, temp of insulated, outer surface is:

T{r 2} =37486 C ... max. temp. occurring at the insulated, outer surface ... Ans.

Immediately, let us draw the temp. profile:

r:=0.002,0.00205. 0003  __define the range variable r

Temp {C) vs rdius {m)

]

55 /

d

T{r)

L]
0002 0.0021 0.0022 0.0{23 0.0024 0.0025 0.0026 0.0027 0.0028 0.0020 0.003
r

Verify the result by applying the direct formula:

For an annular tube, insulated on the outside:

Therefore: temp on the outer surface, i.e. atr=r2:

T{rl} =57938 C ... max. temp. occurring at the insulated, outer surface ...

same Ans. obtained earlier.
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Now;, plot the variation of T2 with ha. What happens to T2 if the coolant water stops? (i.e. h = 0)

First, write T2 as a function of r and h,_:

Tifh ) ::£+T

[ha.{g..ﬂ;.rl.]_}] a

qz172

ety

1k
T{rz,h a} =57988  C.__temp. at r = r2 with ha = 35000 W/m*2.C ____ verified.

If the coolant stops, i.e. h, =0:

10

T{r.0.00001} =5.173-10 ..o

i.e. T2 attains a very high value that the material will melt. Note that we have put
h, = 0.00001, a very small value, instead of 0, to avoid dividing by zero in the

expression for T1.

EXPERIENCE THE POW

FULL ENGAGEMENT...

RUN FASTER.
RUN LONGER..
RUN EASIER...

164 Click on the ad to read more

Download free eBooks at bookboon.com



http://s.bookboon.com/Gaiteye
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Conduction - Part Il Conduction with heat generation:

Plot of T2 vs ha:

h, :=1000,2000.. 40000 ... define a range variable h,.

g Temp of outer surface vsh

Tmp. of outer insulated surface

14107 1t 1416°

Heat transfer coeff b (W/m*2.C)

Plot of Temp profle for h = 10000, 20000 and 40000 W/m~*2.C:

r :=0.002, 0.00203 . 0.003 ...define a range variable r

Temp profile for different values of h

100
L5
—
_,_,_,—o—'—'_'"'_'_'_'_'_
_,_,—o—"'_'_'_'
o0
as/
20
PR
=
& N T T T T T
k|
T e
5 B £ |
—_
,—"_'-'__'_F — — -4
55 —= — ==
—_— —_-T -
| ~t
50 =
— z
L L -
-
43
-

40
0.002 00021 0.0022 00023 0.0024 00025 00026 00027 00028 0.0020 0.003

Radivs {m)
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“Prob. 1E.8. A nuclear fuel element is in the form of a hollow cylinder insulated at the inner surface.
Its inner and outer radii are 50 mm and 100 mm respectively. Outer surface gives heat to a fluid at 50 C
when the unit surface conductance is 100 W/mA2.C. Thermal cond. of the material is 50 W/m.C. Find

the rate of heat generation so that max temp in the system will not exceed 200 C. [P.U.]”

k =50 W/(m.K)

q,=?
h=100 W/(m’ K)
< T,=50C

Insulated
T,=200C |
r,=0.05 j 4
r,=01m
Fig.Prob.1F.8
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“Data:”

r_1=0.05[m]

r 2=0.1[m]

T_1 =200 [C] “.temp. on inside surface, max. since insulated”
k =50 [W/m-C]

h =100 [W/m*2.C]

T a=50[C]

L =1 [m] “..length of conductor”
“Calculations:”
“All the heat generated in the hollow tube is dissipated by convection at the outer surface.
Let q_g be the heat gen. rate per unit volume. And, let T_2 be the temp of outer surface. Then:”
Q gen=q g* (pi* (r_2/2-r_172)* L) “[W] ... total heat generated ... eqn. (A)”
Qgen=h*(2*pi*r 2*L)*(T_2-T_a) “. by heat balance .... eqn. (B)”
“It is a cylindrical system with heat generation.
So, the governing differential eqn is: d2T/dr2 + (1/r).(dT/dr) + (q_g/k) =0
ie rd2T/dr2 + dT/dr=(-q_g.1) /k
ie.d/dr (r.dT/dr) =(-q_g.1)/k
Integrating once: r. dT/dr = -(q_g . r*2) / (2 .k) + C1
ie. dT/dr=-(q_g.r)/ (2 k) + Cl/r
And, integrating once again:
Tr=(-q_g.r"2) /(4 k) + Cl.In(r) + C2
Constants C1 and C2 are determined from BC’s”

{r =0.06 [m] .. any radius r .. will be commented out later to draw the temp profile”}

Tr=-(q_g *r72) / (4 * k) + C1 * In(r) + C2 “eqn. (1) .... general solution”
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“B.C....(1):whenr=r 1, Tr=T_ 1

T 1=-(qg*r_172)/(4*k) + Cl *In(r_1) + C2 “...eqn.(2) ... from BC-(1)”

“B.C....2):whenr=r2,Tr=T_2:”

T 2=-(qg*r 272)/(4*k)+Cl*In(r_2) + C2 “...eqn.(3) ... from BC-(2)”

“Also, max. temp occurs at the insulated inner surface:, i.e. dT/dr=0atr=r_1."

0=-(qg*r_1)/(2*k) + Cl/r_1“...eqn.(4)”

“Eqns. (2), (3) and (4) determine C1, C2 ; then eqn. (1) gives the temp profile.

Eqn. (A) gives the heat gen. rate per unit volume, q_g, and eqn. (B) gives T_2”

“Now, check these results with direct formulas for a hollow cyl. insulated on the inner surface:
from Ref:[1]”

(T_1-T_2)=((q_g check*r_172)/(4*k)) *((r_2/r_1)A2 -2*In(r_2/r_1) - 1) “..gives qg_check”

“Temp. profile: is given by eqn. (1).

Using it plot the Tr vs r:”

Results:

Unit Settings: 51 C kPa kJ mass deq

C1 =9.49 Cczo=2332 h=100 [imeY
k=50 [w/rn-C] L=1 [rm] Og= 379582 [wm3]
Clgen = 8344 [W] Og.check = 379582 [Ww/m3] | r =0.06 [m]

ry =0.05 [rr] tz = 0.1 [rn] Tr=199.6 [C]
Ty=200 [C] T2=192.3 [C] To=50 [C]
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Thus:

q_g = 379582 W/mA3 .... Heat gen. rate per unit vol.....Ans.

q_g as per ready formula is: qg_check = 379582 W/mA3 .... Checks.

T_2=192.3 C.... Temp. of outer surface .... Ans.

Temp. profile along the radius:

200

Hollow cylinder with heat gen., insulated on the inner surface
199

198
197

196

Tr [C]

195

194

193

192 £
005  0.06 007 008  0.09 0.1 0.11 0.12
r [m]

Solve Problem 1F.8 with Finite Element Heat Transfer (FEHT):

1. After starting FEHT, select Setup-cylindrical, and Steady State, and Scale and Size:

{1, FEHT - [Input Window - C:\Documents and Settings\personal\Deskid

Run  View Examples Help

Display

File Subject BEETsM Draw
AREAIL¥E]  Scale and Size

Cartesian
v Cylindrical

v Steady-state
Transient

v Temperatures in C
Temperatures in K

v Auto Save

169

Download free eBooks at bookboon.com



Software Solutions to Problems on Heat Transfer
Conduction - Part Il Conduction with heat generation:

2. Choose Scale: 1 cm =1 cm:

Units Scale: 1 cm =
* Sl
1.0000 cm

" Enghsh

Origin  [cm] Grid Spacing

10= |0.9525 Horz |1.000 cm
Z0=(17.65 Vert [1.000 cm
[~ Center

[~ Size to fill screen

« OK | ? Help ‘

RAND
MERCHANT
BANK

Adivision of FirstRand Bank Limited

YOU CAN WORK
AT RMB

Rand Merchant Bank uses good business to create a better world, which is one of the reasons that the country’s top talent chooses to

work at RMB. For more information visit us at www.rmb.co.za
Thinking that can change your world

Rand Merchant Bank is an Authorised Financial Services Provider
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3. To draw the model: click on Draw-Outline:

11 FEHT - [Input Window - C:\Documents and Settings\personal\Deskt
File Subject Setup EEEM Display Run View Examples Help
R=2.992=-0106 cr I

Outline Cirl+0
Element Lines Ctrl+E
Reduce Mesh Ctrl+w
Reposition Modes  Cirl+R
Delete Del
New Text Ctrl+T

And, draw the outline:

11 FEHT - [Input Window - C:\Documents and Settings\personal\Des|

Fie Subject Setup Draw Display Run View Examples Hep
R=17.2Z-00cm

4. Select Draw-Hide Patterns to have a clear picture of model:

11 FEHT - [Input Window - C:\Documents and Settings\personal\Deskd]

File Subject Setup Draw Fe==EN Run View Examples Help
R=357 Z=0.0 cm Zoom Crl+z |

Hide: Grid

Hide Element Lines
Hide Node Positions
Show Node Numbers
Hide Bound. Conditions

Hide Text
Hide Axes

Refresh Screen
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And, we get:

11 FEHT - [Input Window - C:\Documents and Settings\personal\Desktop\
Fle Subject Setup Draw Display of Run View Examples Help
R=16.52=00cm

5. Select Specify-Material Properties:

11 FEHT - [Input Window - C:\Documents and Settings\personal\Deski]
Fle Subject Setup Draw Display |Engelifl Run View Examples Help

F=4.762-00cm AR ol Popertes |
7

Generation

Guess Temperatures

AN

NN

We get the following screen:

Specify Properties ]

Mome - ot specied M
Type=  Distiibuted
Conductivity =[50 w/mK
Donsity =[TO00 kgt
Specificheat=[10000 koK

7 Help J X L'am:ecl

Froperties may be entered as a function of T.R. Z and/or Time

Enter thermal cond. value = 50 W/m.C.

For steady state problem, Density and Sp.heat are not required; so, leave the default values as they are.
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6. Now, draw triangular elements: Select Draw-Element lines:

1/ FEHT - [Input Window - C:\Documents and Settings\personal\Desktoy

File Subject Setup Display Specify Run View Examples Help
R=3.15Z=0.0 cm Undo ime[1]=2357 cm3

Outline Ctrl+0

| Element Lines Crl+E
Reduce Mesh Crl+w
Reposition Nodes  Cirl+R.
Delete Del
Mew Text Ctrl+T
Group crl4+G

360°
thinking.

Deloitte.

Discover the truth at www.deloitte.ca/careers © Deloitte & Touche LLP and affiiated entities.
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And, complete drawing element lines:

-

1 FEHT - [Input Window - C:\Documents and Settings\personal\Des!
Fle Subject Setup Draw Display Run View Examples Help
R=4.37 Z=-0.106 cm

-

7. Now, select the model and click on Specify-Generation to enter the Heat gen. rate in the

material:

11 FEHT - [Input Window - C:\Documents and Settings\personal\Des|

File Subject Setup Draw Display §s=sly M Run View Examples Help
Fi=4.95 2=0.0 cm 1.not  Material Properties 87 em3

Generation

Guess Temperatures \
|

We get the following screen:

Enter Internal Generation [W/m3]

[1e06

¢ 114 ? Help ‘ x Cancel‘

The walue may be a entered az a function of Time, T, B, 2, FLLE<, DTAD, and/ar DTADY
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In the above, we entered qg = 106 W/mA3. The reason is: we don't know the heat gen. rate and we have
to find it out such that for the given Boundary conditions(BC’s), we obtain the inside surface temp T1
as 200 C. So, qg = 1e06 W/mA3 is the first trial value.

8. Now, to enter the BC’s: Select the entire left side boundary, and select Specify-Boundary

conditions:

1% FEHT - [Input Window - C:\Documents and Settings\personal\Deskt
File Subject Setup Draw Display JEsC=i'¥ Run View Examples Help
F=4.237=7 538E 02 cm

Boundary Conditions

Guess Temperatures

We get the following screen. Enter heat flux = 0 since, by data, the left surface is insulated:

Specify Boundary Conditions

[ Temperature | o 1

v Heat Flux |of W/m2

[~ Conv. Coef | Wim2-K
Fluid Temp. | C

J 0K ? Help x Cancel

Boundary information may be a function of Time and/or T

Hit OK.
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Now, repeat the same BC’s for top and bottom boundaries also, so that the is 1D conduction in the

R-direction only:

-
-

FEHT - [Input Window - C:\Documents and Settings\personal\Desktof
File Subject Setup Draw Display Run View Examples Help

R=6.307=0132 cm

pery I RNy S T

9. Now, select the entire boundary on RHS and Specify-BC with given h and T_inf values:

Specify Boundary Conditions

[ Temperature | HE

[~ Heat Flux | W/m2

¥ Conv. Coef  [100 Wim2-K
Fluid Temp. |5[[ N

\/ 1].4 ? Help x Cancel

Boundary information may be a function of Time and/or T

10. Now, click on Run-Check to check whatever is done so far:

11 FEHT - [Input Window - C:\Documents and Settings\personal\DesH

Fle Subject Setup Draw Display View Examples Help
R=E.612=00cm Check  Cirl4K lements

Calculate F2
e

IR S SRR S
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We get following screen: No errors, and there are 50 elements:

11, FEHT - [Input Window - C:\Documents and Settings\personal\Deskto

%
/
%
%
%
%
.
%
%
.
.
.
g

File Subject Setup Draw D\sulay Speclfy Run View Examples Help
~ R=15.6 Z= 0.0cm - _[No eners found. 50 elements

PR RN Ly SN SR

oy,

I WANT T0 CHANGE DIRF.CTIO

GOT-THE-ENERGY-TO-LEAD.COM

We believe that energy suppliers should be renewable, too. We are therefore looking for enthusiastic
new colleagues with plenty of ideas who want to join RWE in changing the world. Visit us online to find
out what we are offering and how we are working together to ensure the energy of the future.

WE

o AR
The energy to lead
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11. Now, click on Run-Calculate: And we get following screen:

Calculations completed in 0 sec

Mo. Unknown Temperatures = 36

Matrix Bandwidth = 7

Click on Continue.

12. Now, we are ready to view the results. Click on View-Temperatures:

11 FEHT - [Input Window - C:\Documents and Settings\personaliDesktop)\Pri
File Subject Setup Draw Display Run RUENE Examples Help
R=5.137=-5.292E-02 cm v Input

Temperature Contours
Gradients

| HeatFlows
Nodal Energy Balances

: Tabular Qutput

Input Data Summary

TR DR Ry N S

We get the Temperatures at various Nodes:

11 FEHT - [Potentials: C:\Documents and Settings\personal\Desktop)\Pr
File - : Draw Display View Examples Help
R=15.7 Z=0.0cm Steady-State
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13. Now, observe that Temp on LHS is 445 deg.C. But, we have to get it as 200 C. So, reduce the

heat gen. rate and repeat the calculations. This is an easy trial and error process.

Enter Internal Generation [W/m3]

[3.8e05

¢ (114 ? Help | x Cancel

The value may be a entered az a function of Time, T, R, Z, FLUX, DTADX, anddor DTAYDY

Finally, with qg = 3.8e06 W/mA3, we get the temp on LHS as 200 C:

1§l FEHT - [Potentials: C:\Documents and Settings\personal\Desktop\P
File : : Draw Display View Examples Help
F=12.4 Z=-2 B46E-02 cm Steady-State
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14. Next, we would like to relate temperatures with Node nos. so that we can draw temp. profile
in the cyl. Shell. Choose Display-Show Node Numbers:

1 FEHT - [Input Window - C:\Documents and Settings\personal\Deskt(

File Subject Setup Draw EeEs=v@ “C=cify Run View Examples Help
R=323Z=00cm___ | | zoom cul4z |

Fide Grid |

Hide Element Lines

Hide Mode Positions

Show Node Numbers I\

Show Patterns

Hide Bound. Conditions

——+——+———H  HideText

| [ Hide Axes

Refresh Screen

FENRR NN SRR SANS VSN

bookbooncom

Corporate eLibrary

See our Business Solutions for employee learning

Click here

Management Time Management

Problem solving I Self-Confidence I Effectiveness

Project Management I Goal setting I Coaching
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And the Node nos. are displayed:

11 FEHT - [Input Window - C:\Documents and Settings\personal\Desktop\
File Subject B==:Vs@ Draw Display Fun View Examples Help
F=18.4 Z2=-0.265 cm

15. Next, let us view temp contours: Select View-Temp contours:

11, FEHT - [Potentials: C:\Documents and Settings\personal\Desktop\Prob.1F_.8.FET]

File Draw Display VSl Examples Help
F=4.97 2=-0.159 cm Steady-State Input
v Temperatures

J Temperature Contours

Gradients
Heat Flows
MNodal Energy Balances

Tabular Output

Input Data Summary
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We get following screen:

Temperature Contour Information

Aute  Seale °C ¥ Show outlines ]
[~ Show element lines

Minimum W (= White {~ Black

M aximum 1200.4 ]Full spectrum _1]

Type
+ Shaded bands 10 :J
~ Continuous ? Help

" lzopotential lines (10 :J ./ 1] 4 x Cancel

Click OK to accept default values. We get the Temp contours in color bands as shown below:

11 FEHT - [Contours: C:\Documents and Settings\personal\Desktop\Prob. 1F.8.FET]

File =it Seiup Draw Display Gpecly Aun View Examples Help
R=4.05Z-8.23cm Steady State 1924 B 152.2 I 1940 B 194.6 1956 01964 11972 (17980 [ 11998 1936 M 2004 °C

16. Next, we would like to find out heat transfer from the RHS: Select the entire boundary on
the RHS and click on View-Heat flows:

11, FEHT - [Heat Flows: C:\Documents and Settings\personal\Desktop\Prob. 1

o Draw Display Specify R 'S8 Examples Help

3 7=-2 646E 02 om Steady-State S Input ' Indaries.
Temperatures

a
m

=)
]
5

3.

Temperature Contours
Gradients

| v HeatFlows
Modal Energy Balances

:: Tabular Output

Input Data Summary

P
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We get:

11 FEHT - [Heat Flows: C:\Documents and Settings\personal\Desktop\Prob.
Draw Display View Examples Help
4 B3 7=-4.74 cm Steady-State Q[12.3]=182.5%  Sum[0]=895.7 W

FREEE BN F A T T

¥

Observe on the right hand corner of the above fig. that heat transfer from RHS is 895.7 W.

(]
B By 2020, wind could provide one-tenth of our planet's

ra I n p O W e r electricity needs. Already today, SKF's innovative know-

how is crucial to running a large proportion of the

world’s wind turbines.

Up to 25 % of the generating costs relate to mainte-
nance. These can be reduced dramatically thanks to our
stems for on-line condition monitoring and automatic
jcation. We help make it more economical to create

Therefore we'need the best employees who can
eet this challenge!

Tr)_af Power of Knowledge Engineering

'-r:-‘%.i

e
Plug into The Power of Knowle‘ngineering.
Visit us at www.skf.com/knowledge
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Conduction with heat generation:

Now, remember that model length in the Z-direction was arbitrarily taken as 10 cm.

ie. Q =895.7 for 10 cm long section.

Therefore, for 1 m length: Q = 8957 W.

17. To draw the Temp. profile in the cyl. Shell: Click on View-Tabular output:

We get Tabular results...

{1 FEHT - [Input Window - C:\Documents and Settings\personal\Desktop\P

File Subject Setup Draw Display

R=7.67 Z=0.159 cm
-

Run WIS Examples Help

v Input

N

AR

Temperatures

Temperature Contours
Gradients

Heat Flows
Modal Energy Balances

K Tabular Output

K Input Data Summary

RRRRRRK

18. Now, select and copy this Table to Excel to edit and draw the graph:

Again, part of the Table copied to Excel is shown below:

Node No. R{m)

e |
2
3
a
5
&
7
2
g

10
11
12
13
14
15
16
17
18
19
20
21
22
23

0.05001
0.1

0.1
0.05001
0.05001
0.1
0.05001
0.1
0.05001
0.1
0.05001
0.1
0.0598
0.0598
0.06006
0.06006
0.0593
0.05953
0.06985
0.07011
0.07011
0.06985
0.06985

Z{m) Tideg.C)
-0.01005 200.4
-0.01005 1824
-0.1101 1926
-0.1101 2001
-0.0299 200.3
-0.03016 1825
-0.04974 200.2
-0.04974 1925
-0.06985 2002
-0.07011 1975
-0.08996 2002
-0.08969 1925
-0.01005 200
-0.03003 1999
-0.04974 1999
-0.06998 1998
-0.08983 1998
-0.1101 1998
-0.01005 1989
-0.0301 198.8
-0.04974 1988
-0.07005 1989
-0.08976 1988

Mode bal.[W)

o

-89.99
-91.28
3.49E-16
o

-177.F

]

-178.9
-6.98E-16
-178.9

o

-178.9

o
-2.09E-15
-2 79E-15
-6.98E-16
o

-3 49E-16
3.49E-16
-3.49E-15
6.98E-16
o
-1.40E-15
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19. Let us choose Node Nos. 7, 15, 21, 27, 33 and 8 and plot the temps at these nodes against

the radial distance, in Excel:

Conduction with heat generation:

Mode Mo, Dist.fm] T(deg.C)
7 0.05001 2002
15 0.06005 1999
21 007011 1888
27 0.0799 197 .3
33 009022 1951
a 01 1925
Tvsx
201
200
199
_ 18
W]
3 197
=
2 196 \
£ N
F o185
154 \
193 \
~
192
0.05 0.06 0.07 0.08 0.09 0.1
Distance x (m)

20. Now, let us see if there is any effect on temperatures if we use a finer mesh of elements:

Click on Draw-Reduce Mesh:

11 FEHT - [Input Window - C:\Documents and Settings\personal\Desktop'P|
File Subject Setup Draw Display

v Run View Examples Help

)

=F.83 Z=-8.20 cm

0

7 CEEREERED
o SRRRRRISRRE)
. ST
% SIRERARARH
o ARRARRRARRL
% B rceceoan
. TR
. e
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Run-Check: gives

1 FEHT - [Input Window - C:\Documents and Settings\personal\Desktop\Prd
File Subject Setup Draw Display Specity Run View Examples Help
=100Z=887cm | [N errors found. 200 elements

o

% , @@@-9@@@
. DODORELENN, |
. R |
% MARRRRIRAR
7 ettt
. R |
o AARRRRRRAR]
7 eXak el el —
o NIRRT
% OO0 0aaEEdI0
7 DOLNMMBOOINAL |

i.e now, there are 200 elements as shown on the right hand corner of above fig.

With us you can
shape the future.
Every single day.

For more information go to:
WWw.eon-career.com

Your energy shapes the future.

e-on
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21. Click on View-Temps:

{1 FEMT - [Potentials: C:\Documents and Settings\personaliDesktop\Prd

File Draw Display View Examples Help
Fi=6.06 Z=-7.86 cm Steadp-State

RRRARRARE
Eoccoccooas
AVAVAVAYAYATANAYAYA
Eoerasonns
SRRRRBRRRT
(LR AL Ak
ATTLTAVIVIANAN Y
etorosesas
SAVAVAVASAVANAYANANAY
SERRARRARAY
Essocosecon

Observe that temperatures have remained almost the same as in the earlier case.

22. Also, clicking on View-Heat Flows gives:

11 FEHT - [Heat Flows: C:\Documents and Settings\personal\Desktop\Prot

%3.5? Z="5.69cm Steady-State 0[61.3]=91.2'w Sum[Q]=595.7 W
7

/ L
o _
% o
o L
%

. i
% -
o L
. L
%? R N e N R
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Again, we get:
Q = 895.7 for 10 cm long section..... same as with coarse mesh, got earlier.

Therefore, for 1 m length: Q = 8957 W.

Prob. 1E.9. A solid sphere of radius R = 10 mm and k = 25 W/m.K is exposed to a fluid at 200 C on its
surface with h = 1000 W/mA2.K. There is internal heat generation at the rate of 20 MW/mA3. Determine

the surface temp, and the max. temp in the sphere. Draw the temp profile along the radius.

k =25 W/(m.C), q,= 20MW/m"3

Q
T,=200C
h, = 1000 W(m”2.C)
S

Fig.Prob.1F.9

Mathcad Solution:
This is the case of a sphere, cooled on outside:

We shall first solve this priblem from fundamentals and then verify the results by applying
the direct formulas given in the Table.

Data:

r:=001  m..radius
k=25 WimHK qE:=_"-'EI-IEIi Wim"3

T, =200 C h = 1000 Wimn2.C

Outer surface is subjected to convection.

Calculations:

Q gon = [i -r-rj)-qg W ... total heat generated
- a
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Since the outer surface is subjected to convection, all the heat generated has to be removed at the outer

surface;
Let TO, Tw be the temp at the centre and outer surface of the sphere respectively.

Then, by heat balance at the outer surface:
h_- {1213, (Tw-Ta)"Qgen

Q
Therefore: T = g +T

w T T o a
[h a-{-‘1--'.‘l: -r"}]
ie. T, =266667 C...temp. atthe surface of sphere ... Ans.

Now, for a Spherical system with heat gen. the controlling differential eqn is:

2 q

dr? r dr k
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2 -q
.2 T d— T+2-r-d—l'= =
di dr 3
.l -9 T
e d— r‘-d—l' =_"%
drl  dr k

. -t
2d 1= "8 +Cl
dr 3k
-q ot
ie dr=_"¢ +E ...eqn.(a)
dr 3k 2

And, integrating again, we get its general solution as:

'qa'fl c1
Tiry)=—= 42 eq.(1
(1) T - q.(1)

where C1 and C2 are obtained by applying the Boundary Conditions.

Now, for this problem:

BC..(1): atr=0.001m, T=Tw

BC....(2): at r=0, dT/dr = 0 since temp is max at the centre.

Conduction with heat generation:

Apply these conditions and get C1 and C2 and substitute them in eqn.{1) to get the solution

for temp distribution:

Apply BC - {2) in egn. {a):

=3 Cl1:=0 _since T is finite at the centre
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Then, apply BC (1) in egn.{1):

-9 'IJ C1

= -2
T = - 42 fromB.C. (1)
&k T

2

T

q

. L g
B C2:=T__+

sk

ie.  C2=280

Therefore, temp distribution is given by:

'qg'fl c1
T(r) = R o5 ) _eq(1
(r) ( = —+ ) eq.(1)

Then, temp of centre, which is max temp. is:

T{0) =280 C .... max. temp. occurring at the centre ...

And,

T{0.01) = 266.667 C .... temp. at the surface ... verified.

Immediately, let us draw the temp. profile:

r:=0,0001.001 ...define the range variable r

Temp (C) vs rdius {m)

Conduction with heat generation:

Ans.

N

Ti1)

0 0001 0002 0003 004 005 006 0007 O0.00E 000 001

T
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Verify the result by applying the direct formula:

For a sphere, with convection on the outside:

r:=001 m ... rad. of sphere

QoT qgf _
Thar " T g+ —+— ....max. temp. i.e. at the centre of sphere
3h, 6k
ie T ey =280 C.... max. temp. .... verified.

“I studied
English for 16 P
L]

years but... »
...I finally
learned to
speak it in jus
Six lessons”

Jane, Chinese architect

OUT THERE

Click to hear me talking

before and after my

" unique course download

— — ‘I JJ ¥
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Plot the variation of Tmax and TO with ha:

First express Tw and Tmax as function of r and ha and then draw the plot:

Tmax{r=h a} ::Tw{r,h a} + g Tmax as a function of rand h

h = 100,200 3000 ...define a range variahle h

Variation of Tw and Tmax with h

650

|
|
FI::I:II
l
|
|

Temp. ()

|
ol
\.

— BSuface temp. Tw (C) b me

""" Centre temp. Tmax (C)
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“Prob. 1E.10. Radioactive wastes (k_rw = 20 W/m.K) are stored in a spherical, stainless steel (k_ss =
15 W/m.K) container of inner and outer radii equal to r_1 = 0.5 m and r_2 = 0.6 m. Heat is generated
within the wastes at a rate of q_g = 10A5 W/mA3, and the outer surface of the container is exposed to
a water flow with h = 1000 W/mA2.K and T_a = 25 C. (a) Evaluate the steady state outer surface temp.
T_2, (b) Evaluate the steady state inner surface temp T_1 (c) Plot the temp distribution in the radioactive

»

wastes and find the temp at the centre. [Ref: 3]

k.= 15W/m.C

Radioactive waste,
k,,=20 W/m.C

T,=25C
h= 1000 W/m"2.C

r,=0.5
%
r,=0.6m

Fig.Prob.1F.10

EES Solution:

“Data:”

r_1=0.5 [m]

r_2=0.6 [m]

k_rw =20 [W/m-K]

k_ss = 15 [W/m-C]

h = 1000 [W/mA2-K]

T a=25][C]

q_g = 1E05 [W/mA3]

“Calculations:”

Q_gen =q_g* (4/3) * pi * r_173 “[W] .... total heat gen. in the radioactive wastes”

Q gen=h*(4*pi*r_2A2)*(T_2 - T_a) “.heat balance .. finds T_2, the outer surface temp.

Rosph=(r_2-r_1)/(4*pi*k ss*r_1*r_2)“[K/W] ... thermal resist of stainless steel spherical shell”

Q_gen = (T_1-T_2) /R_sph “... finds T_1, the inner surface temp”
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“For the solid sphere of radioactive wastes:

It is a spherical system with heat generation.

So, the governing differential eqn is: d2T/dr2 + (2/r).(dT/dr) + (q_g/ k) =0
ie rA2.d2T/dr2 + 2.r.(dT/dr) = (-q_g . 172) / k
ie. d/dr (rA2.dT/dr) = (-q_g.1r"2) / k

Integrating once: rA2. dT/dr = -(q_g . r"3) / (3 .k) + C1

ie dT/dr=-(q_g.r) /(3 k) + Cl/r 2

And, integrating once again:

Tr=(-q_g.r"2)/ (6 .k) - C1/r + C2 ..... eqn for temp. distribution.

> »

Constants C1 and C2 are determined from BC’s.

DUKE

= THE FUQUA
SCHOOL
OF BUSINESS

iy

Learn More »
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“For the case of solid sphere:

C1 =0 since dT/dr =0 at r = 0 ... for max. temp. occurs at the centre.

Other B.C. is that at r = R, i.e. at the surface: T = Tw

So,C2=Tw + (q_g.R"2) /(6 . k)

And, T(r) = Tw + (q_g/ 6 . k) . (RA2 - rA2) ... temp distribn. in solid sphere with heat gen.

Also, (T_max - Tw) =(q_g.R"2) /(6. k) ©

“To plot the temp. distribution in sphere:”

Tr=T_1+ (q_g/(6*k.rw))* (r_1A2 - rA2) “... here, T_1 is wall temp. of radioactive waste sphere,

r_1 is outer rad. of radioactive waste sphere, and r is any radius < r_1"

r=0.0 [m] “..any radius < r_1 ...will be commented out later, to plot graph”

Results:

Unit Settings: 51 C kPa kJ mass deqg

h=1000 [Wfm=k] kpw = 20 [AYM-K] ke =15 [AYmM-C]
fq= 100000 [ ] Qlgen = 52360 [vy] r=0 [m]
ri =05 [m] ra = 0.6 [m] Fisph = 0.001768 [CAn]
Tr=13375[C] T1=129.2 [C] To= 3657 [C]
Ta=25 [C]

Thus:

T_1=129.2 C.....temp of inner surface of spherical shell ... Ans.

T_2=36.57 C .....temp of outer surface of spherical shell ... Ans.

Tr = T_max = 337.5 C .....temp of centre of solid, radioactive sphere (i.e. at r = 0) ... Ans.
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In addition:

1. Plot the temp distribution along the radius in the sphere:

350

Temp. distribution in solid sphere with heat gen.

300

250

Tr [C]

150

100

r [m]
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2. What will be the value of Tmax if suddenly the coolant flow stops? (i.e. h = 0)

Put h = 1E-06 i.e. a very small value (instead of putting h = 0), to avoid convergence problems during
solution. Results are shown below. It is seen that Tmax = 1.157E10 i.e. a very large value; this means that

the material will melt and the result will be catastrophic.

Unit Settings: 51 C kPa kd mass deqg

h=0.000001 [W/mZkK] kpw = 20 [/m-K] ke =15 [Wim-C]

g =100000 [w/m3] Clgen = 52360 [#] r=0 [m]

ry =05 [m] ra =06 [m] Fisph = 0.001768 [CAW]
Ty=1.157E+10[C] To=1.157E+10[C] Ta=25 [C]

Toas = 1.157E+10[C]

3. To plot the variation of T1, T2 and Tmax with h:

400
360 W
320
280

O 240 o Ty

£ 200 —= Ty

2 160 WT2
120

80

40 \WM

0
0 500 1000 1500 2000 2500 3000 3500 4000 4500
h (W/mA2.C]

We see that:

1) For values of h beyond about 2000 W/mA2.C all the three temperatures remain constant.
2) For values of h between 200 and 1000, all the three temps show a rather steep fall.
3) For h =200, the max temp reached is about 380 C.
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“Prob. 1F.11. Internal heat generation in a cyl. fuel rod of a nuclear reactor is given by the expression:
q_g=q.0.[1-(r/r_0)A2 ] where q_g is local heat gen. rate (W/m~3), q_0 is heat gen. rate at the centre
(W/mA3), and r_0 is the outer radius of fuel rod. Estimate the temp drop from centre line to the surface
of a 3.5 cm OD rod if the heat removal rate at the outer surface is Q_per_sqm = 2.5 x 106 W/mA2.
Thermal cond. k of fuel rod = 30 W/m.K

(b) if the temp of the fluid surrounding the rod is 100 C and the max wall surface temp is limited to 200

C, find the surface heat transfer coeff”

k=30 W/(mK)
q, =4, - {1-(/r)*}

T, =200C

—>
1,=0.0175 m

Fig.Prob.1F.11

EES Solution:

“Data:”

r_0=0.0175 [m] “..outer radius of fuel rod”

Q_per_sqm=2.5E06 [W/mA2] “....heat removal rate from outside surface of rod, Watts per sq. meter area”
T_w =200 [C]“...wall temp.”

k =30 [W/m-C] “...thermal cond. of rod”

q.g=9.0* (1 - (r/r_0)A2) “ where r is any radius .. radial variation of heat gen.

r = 0.005 [m] “..trial value of r .. will be commented out later to draw the temp profile”

T_a =100 [C] “..surrounding fluid temp”

L =1 [m] “.length of fuel rod”

“Calculations:”

“It is a cylindrical system with heat generation.
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So, the governing differential eqn is: d2T/dr2 + (1/r).(dT/dr) + (q_g/ k) =
ie rd2T/dr2 + dT/dr + (q_g.1r) / k=0

ie.d/dr (r.dT/dr) +((q_0.1) /k).[1 - (r/r_0)A2] =0

Integrating once: r. dT/dr +(q_0/k) . (tA2/2 =174/ (4.1r_0/2)) =

BC - (1) :dT / dr=0atr = 0, i.e. at the centre, temp is a max. So, C1 =0

ie. dT/dr +(q_0/k) . [r/2 =173/ (4.1r_0/2)] =0

And, integrating once again:”

“Tr+(q_0/k)*(r"2/4 -7 /(16 * r_0A2)) = C2 ...eqn(1) .... gives temp distribution”

“Now, BC - (2) is: T = T_w at r = r_0. Then, we get:”

C2=T_w+(q0/k)*(r0r2/4-r_0/2/16) “..gives C2 .... eqn.(2)”

Tr+(q_0/Kk) * (rA2/4 -1/ /(16 * r_0/2)) = C2 “...eqn(1) .... gives temp distribution”
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“Max. temp. at r = 0: Then, from eqn (1), we have : Tmax = C2, i.e
T_max = C2 “[C] ... temp at the centre”

“Heat transfer from 1 m length of rod:”

dT\dr_wall=(-q_ 0/k)*(r 0/2-r_0/4) “...dT/dratr=r_0"
Q=-k*@2*pi*r_0*L)*dT\dr_wall “.determines Q/ m length using Fourier’s eqn.”
“But, Q is also equal to heat removed by convection from the surface. So, we get:”
Q=h*Q2*pi*r 0*L)*(T_w-T_a) “... determines h”

Q=Q_per_sqm * (2 * pi *r_0* L) “...heat removed from outside surface, by data”

“Also, plot the temp distribution in the fuel rod:”

Results:

Unit Settings: 51 C kPa kJ mass deqg

C? =1294 dThydryal =-83333
b= 25000 [mZC) k=30 PG
L=1 [rm] 0 = 274889 W]
g = 5.714E+08 [Wirm ] Og = 5.248E+08 [wim?]
Qper sqm = 2.500E+06 [/m?] r =0.005 [rr]

rg = 0.0175 [rn] Tr=1177 [C]
Ta=100 [C] Trnax= 1294 [C]
Ty =200 [C]

Thus:

Tmax = 1294 C ... temp at centre

Tw =200 C
Therefore, temp drop = (1294 - 200) = 1094 C .... Ans.
q_0=5.714 x 10A8 W/m~3 .... Heat gen. rate at the centre of rod.

h = 25000 W/mA2.C ... heat transfer coeff. from cylinder wall to fluid ... Ans.
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Plot the temp. distribution:

1400
1300 Temp. distribution in a nuclear fuel rod
1200 heat gen.rate: gg = ap ™ [1-(r/ 1g)"2]]

1100
1000
900
800
700
600
500
400
300

200 4
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

Tr [C]

Prob. 1F.12. Heat is generated uniformly in a stainless steel plate having k = 20 W/m.K. The thickness
of the plate is 1 cm and heat generation rate is 500 MW/m3. If the two sides of the plate are maintained
at 100 and 200 C respectively, calculate the temperature at the centre of the plate. Also find the distance

of the plate at which maximum temperature occurs from the 200 C surface.

k, q,

Temp. distribution

Fig.Prob.1F.12

This problem is the same as Prob.1E.2.

But, we will solve this problem with EXCEL:
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Conduction with heat generation:

EXCEL Solution:

Following are the steps:

1. Set up the EXCEL worksheet, enter data and name the cells:

T2 v fe | 100
A B c |
13 Data: L 0.01 m
14 A 1 m
15 | k 20 w/m.C
16 qg 5.00E+08 W/m3
17 T1 200 C

18 | T2 [0 Jc

2. Now, plan for calculating the temp. profile in the slab. For the Boundary Conditions of this

problem, the temp distribution is given by:

q T2- Tl
g+( )

T(x)=Tl1+|(L-x)—= X
2.k L

SMS from your computer

...oync'd with your Android phone & number

Go to

T e — T BrowserTexting.com
r:“"m‘h’mwm;;:-éwum:-s'ut o e e

T Gotmenbes B, 3243 154737

Ullay N
Oh_coeliZ)

and start texting from
your computer!

(...) BrowserTexting

203 Click on the ad to read more
Download free eBooks at bookboon.com



http://www.browsertexting.com/

Software Solutions to Problems on Heat Transfer
Conduction - Part Il Conduction with heat generation:

Since we have to find dT/dx at the LHS and RHS to determine the heat fluxes later, we prepare a Table
of x and Tx as shown below. At x = 0 and at x = L, a very small increment in x is also given in the Table,

so that dT/dx can be calculated at x = 0 and at x = L:

c - fe | =T_1+{(L-B21)*(qg/(2*K))HT_2-T_1)/1)*B21

A B € D E F G H I ]
16 qg 5.00E+08 W/m3 = A gmremg ]
17 T1 200 C T(x)=T1+|(L- x}-ﬁ e %
18 T2 w ¢ T
19
20 x{m) Tx{deg.C)
21 i) 200 1l Slope (dt/dx) atx =0: Qatx=0,i.e.onLHS:
22 0.0000001  200.0115 114998.7 -2200975 W
23 0.001 302.5
24 0.002 380 Slope (dt/dx) atx =0.01 m: Q atx =0.01, i.e. on RHS:
25 0.003 432.5 -134987 2699750 W
26 0.004 460
27 0.005 462.5
28 0.006 440
29 0.007 392.5
30 0.008 320
31 0.009 223.5
32 0.00999900 100.135
33 0.01 100

Referring to the above fig., note in the Formula bar the eqn entered in cell C21 for Tx. Eqn for Tx is
also separately shown for clarity. After entering eqn for Tx in cell C21, value calculated is 200 C, as it
should be, since it is the BC given on LHS. Now, select C21 and drag-copy till cell C33 and the Table is
completed. As a check, temp on RHS, i.e. at x = 0.01 m is 100 C, which is the BC on RHS. Temp at the
centre of plate (i.e. at x = 0.005 m) is 462.5 deg.C ... Ans.

3. Next, to calculate the heat flow at LHS: Slope at x = 0 is calculated as: (C22-C21)/
(B22-B21). This is entered in cell E22 and is calculated as 114998.7 C/m. Then immediately
calculate the heat transferred, Q_left at LHS as Q_left = -k * A* (dT/dx). This is shown in
cell H22 and is calculated as Q_left = -2299975 W. (-ve sign indicates that the heat flow is
from right to left). See the following screen shot where eqn in cell E22 can be seen in the

Formula bar:

E22 - I | =(C22-C21)/(B22-B21)
A B i D E F G H |
16 L.00E+08 W/m3
= / 9g (T2-TI)
17 T1 200 ¢ T(x)=T1+|(L- x}-j—;+# B
18 T2 100 C T
19
20 x{m) Tx({deg.C)
21 0 200 Slope {dt/dx) at x =0: Qatx=0,i.e. onLHS:
I3 0.0000001 200.0115 114558.?. -22009975 W
204
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Conduction with heat generation:

4. Similarly, the heat flow at RHS is calculated. Slope, dT/d at x = 0.01 m is calculated in cell
E25, and the heat flow Q_right in cell H25. We get: Q_right = 2699750 W.

E25 v fe | =(C33-C32)/(B23-B32)

A B & D | E | F G H I J
23 | 0.001 302.5
24 0.002 380 SIOEE ?dtfdx] at x =0.01 m: Q at x =0.01, i.e. on RHS:
25 . 0.003 432.5 -1345‘8?. 2699750 W
26 0.004 460
27 | 0.005 462.5
28 0.006 440
22 0.007 392.5
30 0.008 320
31 | 0.009 235
32 0.009993900 100.135
33 | 0.01 100

5. Temp vs x is plotted in EXCEL:

Temp vs Distance for slab
500 -
450 -
400 A
350 A
300 A
250 A

200

Temp (deg.C)

150

100

I:I T T T T T T T T T 1

a 0.001 0002 0003 0004 0005 0006 0007 0008 0002 001

Distance (m)

6. From the plot, we see that max. temp occurs at 0.046 m from LHS and is equal to about
465 deg.C... Ans.
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Conduction with heat generation:

Prob.1F.13. Solve the above problem if the thermal conductivity varies linearly with x as:
K(T) =k0 * (1 + BT) W/m.C, where k0 = 14.695 W/m.C, and = 10.208E-04 C-1 and T is in deg.C

EXCEL Solution:

For linearly varying k, w have for temp distribution:

1 2

T(x)=i+ —+T1
p

p

_ 22X T2)-<1+B~Tm> +E~(Lf X)
pL Bk,

where Tm = (T1 + T2)/2

The Wake
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Conduction with heat generation:

Following are the steps in EXCEL Solution:

1. Set up the worksheet, enter data, name the cells:

£2 - £ | 100
A B C D E F G

a
5 |Data: L 0.01 m
6 A 1 ma2
7 k 0 14.605 W/m.C  k(T) =k_0* { 1+ beta *T)
8 qe 5.00E+08 W/m3
9 beta 1.02E-03 1/C k{200) = 17.69513 W/m.C
10 T1 200 C k{100)= 16.19507 W/m.C

11 T2 I 100 _IC

Do preliminary calculations. Note that the eqn for Tx is solved in parts, to avoid errors
in entering the eqn.i.e. C-!, C_2 and C_3 are calculated first, and then they are used to

calculate Tx.

Gid - # | =gg/(beta®k_0)
A B C D E F G H I J K

4
5 Data: L 0.01 m
6 A 1 m2
7 ko 14.695  W/m.C  k(T) =k 0* ( 1+ beta *T) T sy bl
8 qg 5.00E+08  W/m3 " 2
9 beta 1.02E03  1/C k(200)=  17.69513 W/m.C . i
10 T4 200 ¢ k(100)= | 16.19507 W/m.C c1e=llem)
11 i 100 ¢ . | W
12 Tm 150 C o 2(T1 - T2){1+ B-T,)
13 c1 |mosiz3er | | T s BL !
14| €2  22592476.49
15 £ |333313?5519_| | c3=_%8
16 5 B-k_0

7. Prepare the Table of x and Tx. Enter the eqn for Tx for x = 0 in cell C23. Note in the fig.

below the eqn for Tx in the Formula bar. Then, drag copy it till the end of Table. Just as in
the previous case, dT/dx is calculated at x = 0 and at x = 0.01 m. Then, heat transferred at
LHS and RHS are also calculated. Q_left at LHS as Q_left = -k(200) * A* (dT/dx). Here,
k(200) is the thermal cond. at the left face which is at 200 C. k(200) is calculated in cell F9,
in the above Fig. Similarly, at the RHS, k(100) is calculated in cell F10. Formula for Q_left
is entered in cell H24 and is calculated as Q_left = -2330511 W. (-ve sign indicates that the
heat flow is from right to left). Similarly, the heat flow at RHS is calculated. Slope, dT/d at

x = 0.01 m is calculated in cell H27, and the heat flow Q_right in cell H25. We get: Q_right
= 2699750 W. Of course, sum of Q_left and Q_right should be equal to total heat generated
in the slab (= A*L*qg). This is verified in cells H29 and H31:
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il

Conduction with heat generation:

A B G D E

F G H I 1 K

i; ' r[x}=;1+J(l+ r1}‘_ oo T2)-(148-Tp) + G

£ B B L Fig
15 i
20 | 17 5
21 A Lie. Tx=— +\|fC_1—C_2-x+C_3-x-(L—x}
2 X (m) Tx (deg.C) P
23 | 0 200 Slope (dt/dx) at x =0: Qatx=0,i.e.on LHS:
24 0.0000001 200.0131704 131703.5 -2330511 W
25 | 0.001 312.2379217
26 0.002 391.3748714 Slope (dt/dx) at x =0.01 m: Qatx =0.01, i.e. on RHS:
27 | 0.003 442.9457963 -164803 2668997 W
28 0.004 469.8959154
29| 0.005  473.5956618 {Q_left+Q_right)= 4999508 W Verified.
30 0.006  454.225025 HE
31| 0.007 410.8201405 Total heat gen= 5000000 W
32 0.008 341.0133571
33 | 0.009 240.2806634
34 0.00999900 100.1648031
33 | 0.01 100

Thus: Temp at mid-plane (i.e. at x = 0.005 m) is 473.596 deg.C .... Ans.

Q_left =2.330511E06 W ... Ans.
Q_right =2.668997E06 W ... Ans.

Check: Q_left + Q_right should be equal to the total heat generated in the slab (= A*L*qg = 5E06 W);
We get Q_left + Q_right = 4.999508E06 W ... i.e. checks.

3. Plot Temp vs x:

400

Temp (deg.C)
(=]
u
(=]

Temp vs Distance for slab

D T T
0 0.002 0.004

0.006 0.008 0.01 0.012

Distance, x (m)
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Conduction with heat generation:

4. Max temp occurs at what distance? What is its value? Draw the above graph to a

magnified scale:

Temp vs Distance for slab
420 -

Termnp [deg.C)
e
o}
un

470 T T T T |
0.004 0.0042 0.0044 0.0046 0.0048 0.005

Distance, x (m)

Now, we can read : Max temp = Tmax= 474.4 deg. C, x =0.00476m... Ans.

Prob.1F.14. A large, 3 cm thick plate (k = 18 W/(m.K)) has an uniform heat generation rate of 5 MW/
m3. Both the sides of the plate are exposed to an ambient at 25 C, with h = 150 W.m/2.C. Find out the

max. temp. in the plate and where it occurs. Draw the temp. profile in the plate.

EXCEL Solution:

We note that temp distribution should be symmetrical around the centre-line of slab, since both sides
are subjected to same boundary conditions. So, we consider only the right half of the slab. In effect, it is

equivalent to a slab of thickness L subjected to convection on its RHS. See the following fig.
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Conduction with heat generation:

Mid-plane of slab---

k
Line of symmetry * e

Temp. distribution

Tmax —] \<
T h

L = half-thickness
of slab T,

Fig.Prob.1F.14

For a slab, with internal heat generation, insulated on LHS and subjected to convection on RHS, the

max temp occurs on the insulated face (since heat can flow out from that face towards the RHS only).
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Conduction with heat generation:

We have, for temperature distribution: (See Prob. 1E1)

Temp. distribution is given by:

L 9g /2 2
T =T+ agp+ AL - o)

Mote: x is measured from insulated left side of slab

Following are the steps in EXCEL solution:

1. Set up the EXCEL worksheet, enter data, name the cells:

_{LJ i x:}

MNote: x is measured from insulated left side of slab

L
Tix):=T e
Ta x C s ey

b
E

h I 150 .IW,J'm“E.C

| h - £ | 150
A B C D E F ] H | 1 K
1 {
2 3. Prob.5.2..MT..p. 215...5lab with heat gen.... both sides convection:
3
4 | Data: L 0.015 m...half thickness Temp_ distribution is gi\,ren by:
5 18 W/m.C
6 | qg  5.00E+06 W/m"3 g
? {
8 4
9

2. Set up the calculation table for Tx vs x: Enter the eqn for Tx in cell C11, as shown in

Formula bar:

| c11 - fe | =T_atqg*L/h+{qg/(27k))*(L"2-B1172)
A B |.e | ©D E F G H 1 J
4 Data: L 0.015 m..half thickness
5 18 w/m.C
6 gg  5.00E+06 W/m"3
7 | Ta 25 c Temp. distribution is given by:
8 h 150 W/mn2.C
9 (%) 3=Ta+qg%+?—f(ﬂ-x})
10| x{m) | Tx(deg.C)|] & e
11 | 0 I 556.250 [...Max. temp. Note: x is measured from insulated left side of slab
12| 0.001
13 0.002
14 | 0.003
15 0.004
16 | 0.005
17 0.006
18 | 0.007
15 0.008
20 | 0.009
21 0.01
2| 0.011
23 0.012
24| 0.013
25 0.014
26 | 0.015
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Conduction with heat generation:

3. Drag-copy the cell C11 downwards up to cell C26, to complete the calculations:

| C26 - S | =T_a+gg*L/h+{qg/(2%k))*(L"2-B26"2)
A B | 8 | D E F G H I ) K

4 Data: L 0.015 m...half thickness

5 k 18 W/m.C

6 qg 5.00E+06 W/mA3

7 | Ta 25 c Temp. distribution is given by:
| h 150 w/m"aC

9 | = T(x) :=Ta+qE-E+E-(LJ_xJ)

10| x{m}) Tx(deg.C) el =02

1 | i} 556.250 |...Max. temp. Note: x is measured from insulated left side of slab

12 | 0.001 556.111

13 | 0.002 555.604

14 | 0.003 555.000

15| 0.004 554.028

16 | 0.005 552,778

17 | 0.006 551.250

18 | 0.007 549,444

13 | 0.008 547.361

20 | 0.009 545,000

21| 0.01 542,361

22 | 0.011 530,444

23 | 0.012 536.250

24 | 0.013 532,778

25 | 0.014 529.028

26 | 0.015 525.000
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Conduction with heat generation:

We note that Max. temp is Tmax = 556.25 deg.C, at the centre of slab (i.e. at x = 0)

4. Plot Tx vs x:

Temp vs distance from centre line
560 -

555
550 -
545
540

535 -

Temp {deg.C)

530 -

525 -~

52':' T T T T T T T 1
a 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.01e6

Dist from centre line (m)

Note that the above plot is for the right half of the slab. Temp profile is symmetrical in the left half.

5. Plot the variation of centre-line temp with h:

Let h vary from 100 to 300 W/mA2.C.

For temp. distribution, we have the eqn:

W
L]

_{LJ _ :»:J}

In this eqn. we put x = 0, since we need temps at the centre-line only, for different values of h.

+

T(:‘} ::Ta'l' qg

=
b
e
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Conduction with heat generation:

Set up the EXCEL worksheet as shown:

D49 - § fe | =T_atqgeL/casH{qg/(27K))*(L"2)
A B C D E F
a6 Variation of centre-line temp with h:
a7
43 h (W/mA2.C) Tx (deg.C)
43 100 806.250 |
50 120
51 140
52 160
53 180
54 200
55 220
56 240
57 260
58 280
59 300

Note that the eqn entered in cell D49 is for h = 100 W.mA2.C, and can be seen in the Formula bar.
In writing the eqn reference to ‘I’ is relative reference in EXCEL, so that when we drag-copy cell D49 to

cell D48, the calculations automatically take care of varying h values:

Following is the result:

D59 - fe | =T_a+qg*L/C59+(qg/(27K))*(L"2)
A B C D E F
46 | Variation of centre-line temp with h:
a7
48 h {(W/mn2.C) Tx (deg.C)
49 100 806.250
50 | 120 681,250
51 140 591.964
52 | 160 525,000
53 180 472.917
54 | 200 431.250
55 220 397.159
56 | 240 368,750
57 260 344,712
58 | 280 324.107 |
59 | 300 [ 306.250 |
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Conduction with heat generation:

6. Now, produce the plot:

Centre-line temp vs Dist from centre

850 -+
800 -
750 -
700 -
650 -
600 -
550 -

Temp (deg.C)

200 -
450 -
400
350 -
300 -

25':' T T T T 1
100 150 200 250 300 350

h (W/m"2.C)

Prob.1FE.15. In a sphere of radius R, heat generation rate varies with the radius as: qg = qo [1-(r/R)2].
If the thermal conductivity k, is constant. If qo = 106 W/m3, R = 0.04 m, k = 12 W/(m.C), and if the
centre temp. is 200 C, determine the surface temp. Also, find the heat flow rate at the surface. Draw the

temp. profile.

k=12 W/(m.C), q,= qo.[1-(t/R)"2]
Q Qo= 10° W/m"3
R-004m '

Fig.Prob.1F.15
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EXCEL Solution:

This is a case solid sphere with variable rate of heat generation. From Ref [1], we have for temp distribution:

i.e.

q q

T=T, 2R 72— (R0 (d)
6k

Following are the steps in EXCEL Solution:

1. Set up the EXCEL worksheet, enter data and name the cells. Also, calculate wall temp (T_w)

as shown:

T w v I | =T_0-gq_O0*Radius"2/(6%k)+q_0*Radius"4/({20*k*Radius"2)

A B C D E F G H I
il
2 Data: me

=q_|1-1= __.varable heat gen.
3 Radius 04 m ig q"’[ [R) ] g
4 q_0 1.00E+06 W/m3
S5 Centre tem T0O 200 C q 72 q
6 i k 12 W/m.C T()=T 4 2R ). 2 1'{R4‘f4}
. 6k 1042

7 | r 0 ...at centre
8 | Surface temp. T w I 184.4444 _IC...Ans.. Putting r = 0 in expression for Tr
9

It is seen that when centre temp T_0 = 200 deg.C, we get T_w = 184.444 deg.C ... Ans.

2. Next, to plot temp profile, set up the worksheet and the Table of Tr vs r as shown below:

| D17 - fe | =T_w+q_0%(Radius*2 -C1742}/(6%k)-q_0*(RadiusA4 - C17°4}/(20*k*RadiusA2)
A B C D | E F G H 1 ]
13 To plot T as a function of r:
14 g
15 rim)  Tr{deg.C) T(r)=T + 2-(59 = r") = L}-(Rt r4)
16 | 0 200.000 | 7 i
17 0.002 I 199.944 |~
18 0.004
19 0.006
20 0.008
21 0.01
22 0.012
23 0.014
24 0.016
25 0.018
26 0.02
27 0.022
28 0.024
29 0.026
30 0.028
31 0.03
32 0.032
33 0.034
34 0.036
35 0.038
36 0.04
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In the above fig., centre temp, Tr at r = 0, is entered directly as 200 C. In cell D17, we have entered the
eqn for Tr for r = 0.002 m. See the Formula bar and verify the eqn.

Now, drag-copy the cell D117 up to cell D36. This fills up the Table:

A B C D

13 To plot T as a function of r:
14

15 rim) Tr{deg.C]
16 0 200.000
17 0.002 199,944
18 0.004  199.778
19 0.006  199.503
20 0.008  199.122
21 0.01  198.637
22 0.012  198.054
23 0.014  197.378
24 0.016  196.615
25 0.018  195.773
26 0.02  194.861
27 0.022  193.888
28 0.024  192.864
29 0.026  191.801
30 0.028  190.712
31 0.03  189.609
32 0.032  188.508
33 0.034  187.424
34 0.036  186.374
35 0.038 _185.374 |
36 0.0a [184.42a |

Note that at r = 0.04 m, i.e. at the surface the temp is 184.444 C as it should be. It shows that the eqns

are entered correctly.
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Now, plot Tr vs r:

Temp vs Radius for Solid sphere

Temp {deg.C)
=
(e
=]

190 -
188 A
186
184 -
182 T T T T 1
a 0.01 0.0z 0.03 0.04 0.05
Radius (m)

3. To find the heat flow rate at the surface: Q = -k * A_s * (dT/dr) at the surface. A_s is the
surface area of the sphere = 4 *  * R2. So, we have to find out dT/dr at the surface, i.e. at
r = 0.04 m. We do this by considering the increase in Tr for a very small increase in 1, say
0.000001 m. See the worksheet below:

Faz - fe | =(D27-D36)/(C37-C36)

A B c D E | F | @ H
14
15 rim)  Tr{deg.C) _T[r}=1““_+§-{R:—rJ}— R J-{R4—1'4}
16 0 200.000 ,—4 s
17 0.002 199844 |
18 0.004  199.778
19 0.006  199.503
20 0.008  199.122
21 001  198.637
22 0.012  198.054
23 0.014 197.378
24 0.016  196.615
25 0.018  195.773
26 002  194.861
27 0.022 193.888
28 0.024 192.864
29 0.026  191.801 As 0.0201062 m*2
30 0028  190.712
31 0.03  189.609 m
32| 0.032  188.508 | -a24.45556] 107.23571
33 0.034 187.424
34 0.036  186.374
35 0.038 185374 | /
36 0.039999 184.445 | | /
37 004 18341 |
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Note that we have introduced a very small increment in r’ between cells C36 and C37, and calculated
the corresponding increment in Tr in cells D36 to D37. And dT/dr at r = 0.04 is calculated in cell F32.
See the simple formula used in the Formula bar.A_s is calculated in cell G28. Then, Q is calculated as:
Q=-k*A_s*(dT/dr).

We get: Q =107.236 W ... Ans.
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1G Transient conduction:

Learning objectives:

1. “Transient heat conduction’ or, ‘unsteady state conduction, means ‘time dependent
conduction’ Obviously, in transient conduction, temperature depends not only on position
in the solid, but also on time.

2. Typical examples of transient conduction occur in:

a) heat exchangers

b) boiler tubes

c) cooling of I.C.Engine cylinder heads

d) heat treatment of engineering components and quenching of ingots
e) heating of electric irons

f) heating and cooling of buildings

g) freezing of foods, etc.

3. Analysis where the internal resistance of the body for heat conduction is negligible and
the whole body may be treated as a ‘lump’ as far as temperature increase or decrease is
concerned, is known as ‘lumped system analysis’.

4. In this section, we shall first study problems on the lumped system analysis; then, we
shall study analytical and chart solutions for some of the practically important transient
conduction problems for the cases of a large slab, long cylinder, sphere and a semi-infinite

medium.
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Summary of Basic equations:

Transient conduction

Basic relations for transient conduction

Relation Comments
2 Governing differential eqn. in
ﬂ=l dj Cartesian cords. for one dimensional,
dx2 o dr transient cond. without heat generation.
I Lumped system analysis,
g T(1)-T, “heAt if Bi<0.1....(7.12) hi, and v
= =eX Bi= Lc_=X
5 T(t)-T if Bi <0.1.....(7.13) .y = Fourier number, or relative time
—= =exp(- Bi-Fo) 0'72
0 i Ti-T, L
p-C. .V Time constant (seconds)
p
=t
h-A
dT W, (7.6,a) Instantaneous heat transfer rate
Qr)=mC,- ()
dt
W.....(7.6,b)
Q)=h-A(T(:) - T,)
J..(7.7,a) Total heat transfer from time =0 to t
Qo=mC <T(r )~ T i)
T J....(7.7,b)
Q tot— Q(r)dr
0
J...(7.8) Max. heat transfer
Qmax=m'cp'<T a T i>
b Temp. distribn. when transient condition
T(t)- T — 7.20 is induced by mixed B.C. (eg. a slab with
a=exp(f at)+ a (1-exp(-at)) ’ const. heat flux, g, at one surface and
T,-T, T,-T, convection at the other surface)
_ hA
a=
p-V-C D
b= AA
p-V-C p

Time reqd. to attain a given
temp. in the above case
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Transient conduction

Steady state temp. for the above case
(obtained by putting T =, in eqn. (7.20)

One term approx. solution for plane wall

T(x1)-T, Y 12.1:0 hopx ..F0>0.2...(7.24, a)
0(x,1)= =A qe -cOS
i—Ta
(no)-T, a2 i Fo>02..(7.24.b) One term approx. solution for long cylinder
0(x,1)= =A e Jo
1 T a R
5o One term approx. solution for a sphere
. 1
T(r,1) - T, PRCIN Sm( R ) ..F0>0.2...(7.24, c)
0(x,1)= =A je
i—Ta byt
R
One term approx.-centre temp. for plane
To-T 2 2Fo ....(7.25, a)
_0 a_ 1 wall
0 o =A 1 €
Ti-T,
One term approx.-centre temp. for long cyl.
To-T, & " Fo ...(7.25, b)
0 O= =A 1€
Ti-T,
One term approx.-centre temp. for sphere
Tog-T, A Fo ...(7.25, c)
0 0= =A 1€
T 1 T a
Dimensionless heat transfer for large, plane
Q oy sm<x 1) ...... (7.27, a) wall
= v
QmaX M 1
Dimensionless heat transfer for long
0 T 1) ..... (7.27, b) oylinder
—=1-20
Q max A 1
Dimensionless heat transfer for a sphere
sinfl )= peos(h )| e (7.27, )
Q o1
——=1-36,
3
max by
Semi-infinite slab: Dimensionless temp. distribn. in a semi-
T(x,t)— Ty x Ve (7.29) infinite slab, surface temp. suddenly
S =erf] changed to TO
i~ 0 2ala T
222

Download free eBooks at bookboon.com




Software Solutions to Problems on Heat Transfer
Conduction - Part Il Transient conduction

Temp. distribn. in a semi-infinite slab,

surface temp. suddenly changed to TO
, | WAt R (7.31)
T(x1)=T o+ <Ti—TO>~7- exp<7u >du
1 <0
Heat flow rate at the surface, for above
(To-T)) W......(7.33) W . v
Q =kA. case
surface
0T
Total heat flow during time period T for the
_ T J..... (7.34) above case
Qota=1-13k A (T~ T) "

Semi-infinite slab:

Temp. distribn. in a semi-infinite slab, surface is subjected to const. heat flux, g,

o1
290 [— 2
} QoX/ | g\ (7.35)
T(x,1)=T;+ r ~exp< X .20 1-erfl >~
k k 2401

401

EXPERIENCE THE POW
FULL ENGAGEMENT...

RUN FASTER.
RUN LONGER..
RUN EASIER...
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Semi-infinite slab:

Temp. distribn. in a semi-infinite slab, surface is subjected to convection at its surface:

‘[1—er +
TafTi

20T 20T

T(X,T)*Ti=17 erf< X ) h-x hz'(l T X hoalo ot || e (736)
k

Multi-dimensional transient conduction:

Temp. distribn. for a body formed by intersection of three bodies:

0 0 0 U (7.38)
! solid ! system1 ! system2 !

system3

Temp. distribution in long, rectangular bar:

T(X’y7T ) - T a
— =0 wall(% 1) 0 wan(y, 1) (7.40)

rect_bar

Ti-T,

Temp. distribution in short cylinder:

T(r,x,1)-T
@ =0 yalf(%7) 0 cyy(r,7) (7.41)

T;-T
short_cyl

Heat transfer in two dimensional transient conduction:

oo,
Qmax - Qmax | Qmax ) Qmax |
Heat transfer in three dimensional transient conduction:
Q -/ Q Q Q Q Q Q
o P o L ot B oot R s | U o
Qmax votal Qmax | Qmax ) Qmax | Qmax 3 Qmax | Qmax )

Table 1G.2 [Ref. 1]

Transient heat conduction in a plane wall, long cylinder and sphere-coefficients

for one term approximation

Sphere Plane wall Cylinder
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Transient conduction

B, 8 A 8, A 8 A
0.01 0.0998 1.0017 0.1412 1.0025 0.1730 1.0030
0.02 0.1410 1.0033 0.1995 1.0050 0.2445 1.0060
0.04 0.1987 1.0066 0.2814 1.0099 0.3450 1.0120
0.06 0.2425 1.0098 0.3438 1.0148 0.4217 1.0179
0.08 0.2791 1.0130 0.3960 1.0197 0.4860 1.0239
0.1 03111 1.0161 0.4417 1.0246 0.5423 1.0298
0.2 0.4328 1.0311 0.6170 1.0483 0.7593 1.0592
0.3 0.5218 1.0450 0.7465 1.0712 0.9208 1.0880
0.4 0.5932 1.0580 0.8516 1.0931 1.0528 1.1164
0.5 0.6533 1.0701 0.9408 1.1143 1.1656 1.1441
0.6 0.7051 1.0814 1.0184 1.1345 1.2644 1.1713
0.7 0.7506 1.0918 1.0873 1.1539 1.3525 1.1978
0.8 0.7910 1.1016 1.1490 1.1724 1.4320 1.2236
0.9 0.8274 1.1107 1.2048 1.1902 1.5044 1.2488
1.0 0.8603 1.1191 1.2558 1.2071 1.5708 1.2732
2.0 1.0769 1.1785 1.5995 1.3384 2.0288 1.4793
3.0 1.1925 1.2102 1.7887 14191 2.2889 1.6227
4.0 1.2646 1.2287 1.9081 1.4698 2.4556 1.7202
5.0 1.3138 1.2403 1.9898 1.5029 2.5704 1.7870
6.0 1.3496 1.2479 2.0490 1.5253 2.6537 1.8338
7.0 1.3766 1.2532 2.0937 1.5411 2.7165 1.8673
8.0 1.3978 1.2570 2.1286 1.5526 2.7654 1.8920
9.0 1.4149 1.2598 2.1566 1.5611 2.8044 1.9106
10.0 1.4289 1.2620 2.1795 1.5677 2.8363 1.9249
20.0 1.4961 1.2699 2.2880 1.5919 2.9857 1.9781
30.0 1.5202 1.2717 2.3261 1.5973 3.0372 1.9898
40.0 1.5325 1.2723 2.3455 1.5993 3.0632 1.9942
50.0 1.5400 1.2727 2.3572 1.6002 3.0788 1.9962
100.0 1.5552 1.2731 2.3809 1.6015 3.1102 1.9990
oo 1.5708 1.2732 2.4048 1.6021 3.1416 2.0000
Table 1G.3
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Zeroth and first order Bessel functions of the first kind

....define range variable x from 0 to 3.2, with an increment of 0.1

x'=0,0.1. 3.2
X JO(x) J1(x)

0 1 0
0.1] 0.9975 0.04994
0.2 0.99002 0.0995
0.3 0.97763 0.14832
0.4 0.9604 0.19603
0.5 0.93847 0.24227
0.6 0.912 0.2867
0.7 0.8812 0.329
0.8 0.84629 0.36884
0.9 0.80752 0.40595
1 0.7652 0.44003
1] 0.71962 0.4709
1.2 0.67113 0.49829
1.3 0.62009 0.52202
1.4 0.56686 0.54195
1.5 0.51183 0.55794
1.6 0.4554 0.5699
1.7 0.39798 0.57777
1.8 0.33999 0.58152
1.9 0.28182 0.58116
2] 0.22389 0.57672
2.1] 0.16661 0.56829
2.2 0.11036 0.55596
2.3 0.05554 0.53987
2.4 0.00251 0.52019
2.5 -0.04838 0.49709
2.6 -0.0968 0.47082
2.7 -0.14245 0.4416
2.8 -0.18504 0.40971
2.9 -0.22431 0.37543
3] ~0.26005 0.33906
3.1 -0.29206 0.30092
3.2 -0.32019 0.26134

Table 1G.4. Values of ‘error function’
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1 erf(l 4 0y erf(? )
0 0 1 0.8427
0.03 0.0338 105 0.8624
0.06 0.0676 11 0.8302
[0.09] 0.1013 1.13 0.8961
0.12 0.1348 12 0.9103
0.13 0.16% 123 0.9229
0.18 0.2000 13 0.934
0.21 2335 133 0.9438
0.2 0.2637 14 0.9323
27 0.2074 143 0.9397
03 03286 15 0.9651
0.33 0.3393 133 09716
03 0.3893 15 0.9763
03 04187 163 0.9304
042 04475 17 0.9838
043 04735 173 0.9367
048 0.3027 18 0.9391
0.31 0.3202 183 09911
0.34 0.3340 10 0.9928
0.37 0.3798 193 0.9942
0.6 0.6039 2 0.9933
0.63 0.627 2.05 0.9963
0.66 0.6494 21 0.997
10.68] 0.6708 215 0.9976
0.72 0.6914 22 0.9031
0.73 07112 235 0.9935
0.78 0.73 23 0.9959
l0.81] 0.748 235 0.990]
084 0.7651 24 0.9953
10.87] 0.7814 245 0,995
02 0.7960 23 0.9006
0.93 08116 255 0.9997
0.96 0.8254 256 0.9908
l0.20] 0.8383 263 0.9008
— 27 0.9999
275 0,990
28 0.9000
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Graph of error function:

(Gaussian error function
1 —
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Transient conduction — Heisler charts and Grober charts: [Ref. 2]

1. For Plane wall:

Mid-plane temp:
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Position correction chart:

il R
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o [CTHITIH Plate
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o S
Bi = AL
Grober chart for heat transfer:
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2. For along cylinder:X

Centreline temp:

4o 00T
?: T Ta
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07 q . 2 mmmm Cylindar
- e e
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Grober chart for heat transfer:
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3. For a Sphere:
Centre temp:
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Position correction chart:
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“Prob. 1G.1. An Aluminium sphere weighing 5.5 kg and initially at a temp of 290 C is suddenly immersed
in a fluid at 15 C. The convective heat transfer coeff is 58 W/m»2.K. Estimate the time required tio cool
the aluminium to 95 C using lumped capacity method of analysis. For Aluminium: rho = 2700 kg/mA3,
cp =900 J/kg.K, k = 205 W/m.C. [VTU - VI Sem. B.E. - Dec. 2010]:”

Aluminium sphere,
Mass =5.5 kg
k=205 W/m.C
D= 2700 kg/m"3
cp =900 Jkg.C

T,,=15C
h=58 Wm"2.C

>
1,=0.07864 m

Fig.Prob.1G.1
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EES Solution:
“Data:”

mass = 5.5[kg]

T i = 290[C]
T_inf = 15[C]

h = 58[W/mA2-C]
T = 95[C]

k = 205[W/m-C]
rho = 2700 [kg/m~3]

cp = 900(J/kg-C]

“Calculations:”

V = mass / rho “[mA3] ... finds Vol, V of sphere”

V =(4/3) * pi * r_oA3 “[m]... finds rad r_0”

alpha = k / (tho * cp) “[mA2/s] .. thermal diffusivity of Al”
Biot=(h*r_o/3)/k*“...Biot No”

“It is found that: Biot = 0.007416 < 0.1; so, lumped system analysis is applicable:”
“Then, we have:”

(T - T_inf) / (T_i - T_inf) = exp(-h * tau / (rtho * ¢p * r_o / 3)) “ Finds tau”

Results:

Unit Settings: 51 C kPa kJ mass deq

. = 000008436 [rmefs] Biot =0.007416 []
cp =900 [Jkg-C] h=58 [AmeC]
k=205 M- mass = 5.5 [ko]
p=2700 [kofm] ro = 0.07364 [m]
T =495 [(] T=1356 [5]

T; =290 [C] Tinf =15 [C]

Yo= 0002037 [m?]

Thus:

tau = 1356 s .... Time required to cool to 95 C ... Ans.
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Next, plot the variation of temp with time for h = 20, 50 and 200 W.m"2.K:

300
280
260
240
220
200
180
160
140
120
100

80

60

40

20
0 4

0 1000 2000 3000 4000 EIIZ:JO:? 6000 7000 8000 9000 10000
T IS

Variation of temp. with time and h for a sphere

h =200 Wim*2.K
h =58 Wim"2.K
h =20 Wim"2.K
A

T [C]

Observe, starting from T = 290 C, how much time elapses for steady state temp of 15 C is reached.
This time, of course, decreases as h increases.

It is noted that time required to reach a temp of 16 C is 17889, 6169 and 1789 s when h is 20, 58 and
200 W/mA2.K respectively.
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Prob. 1G.2. A solid copper sphere of 10 cm dia (density = 8954 kg/mA3, cp = 383 J/kg.C,
k = 386 W/m.C), initially at a uniform temp of 250 C is suddenly immersed in a well stirred fluid
maintained at a uniform temp of 50 C. Heat transfer coeff between the sphere and the fluid is 200 W/
mA2.C. Determine the temp of the copper block at 5 min after the immersion. [VTU - VI Sem. B.E. -
June 2012]:

Copper sphere

k=386 Wm.C
D= 8954 kg/m"3
cp =383 Jkg.C

Q

T,;= 50 C
h=200 W/m"2.C

R=01m

Fig.Prob.1G.2
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Mathcad Solution:
Data:
E:=01 m p=8934 kg/m"3  cp:=383 JkgC k=386 Wim.C.
h=200 Wm2K  T;:=250 C  Tyei=30 C

taun =300 s

Calculations:

Le ::E ie. Le=0033 m ... characteristic dimension
a

Biot Humber:

Bi = hlc s Bico0n v Iess: tl?an 0.1_; Therefore Lumped
I analysis is applicable

Mow, we have:

T-T; AL

—mf=exp(- ha tau) _.where Ais the surface area and V is the vol of the

Ti-Tinr cpp-V sphere

T-T; )
o —mf=e; ( h-tau ) _..since Lc = V/A = R/3 for a sphere
= Ti=Tinr cp-p Le
Therefore:
T =T, r+ {Ti‘ Tj_ﬂf}'Exp _ htau
cp-p-Le

ie. T=168326 C .... temp after 5 min.....Ans.

Plot the Temp vs time curve for different values of h:

Express T as a function of tau and h:

- hlc

Bi(h) : Bi{ 200) = 0.017

T(h,tau) =T, p+ {Ti' Tﬁf}-exp(- h-tau )

cp-p Le

237
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tau :=0.001,10.. 30000_.._define a range variable tau

Temp as a function of time and h

260
I SN

240 =t

1 -]

Temp ()

1 10 100 1+140° 1+1i_}4 1*111Ij

— h=20Wm'2C Time, s (5

----- h=100 Wm'2.C
—  h=200 Wm'2.C

Note:

T{20,30000) =31.051  C...temp. reached when h =20 W/m*2.C and tau = 30000 s
T(100,60007 =31.051  C..temp. reached when h =100 W/m#2.C and tau = 6000 s

T(200,50007 =30.032 C..temp. reached when h = 200 W/m#2.C and tau = 5000 s

238
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Prob. 1G.3. Heat transfer coeff for air flowing over a sphere is to be determined by observing the temp —
time history of a sphere fabricated from pure copper. The sphere, which is 12.7 mm in dia, is at 66 C
before it is inserted into an airstream having a temp of 27 C. A thermocouple on the outer surface of
the sphere indicates 55 C after 69 s. Assume, and then justify, that the sphere behaves as a spacewise

isothermal object and calculate the heat transfer coeft. [Ref: 3]

Copper sphere

k=401 W/m.C
D= 8923 kg/m"3
cp=385Jkg.C

Q
T,,=27C
—>
R=0.00635m
Fig.Prob.1G.3
360°
Deloitte
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Mathcad Solution:
Data:

B :=000633 m p=8923 kg/m*3  op:=383 JkgC k=401 Wim.C.

5 C..temp aftert=69 s

Lh

T, =66 . T =

=60 5 T ip =27 C

Calculations:
+

Now, assuming that lumped system analysis is applicable for this sphere (i.e. Bi = 0.1):

Lc ':5 ie. Le=2117-10 ° m ... characteristic dimension
a
T-Tinr _ ht
Zexnp
T i- l'j-_ﬂf cp-p-L c

T-T,
cp-pLedn = IMf)
I h:= ! inf,
-T
e, h=3492 W/m#2.C ... heat transfer coeff. from sphere to air ... Ans.

To justify that surface temp of sphere, is in fact, the temp throughout the body of the sphere, i.e.

Biot No. should be less than 0.1.
Verify that Bi < 0.1:

Biot Humber:

. Biot number

Bi ::E

ie Bi=184310°

MNote that Bi < 0.1 ; Therefore, temp anywhere within the body does not differ
by more than 5 % and Lumped parameter analysis is applicable for heat

transfer calculations.
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Prob. 1G.4. A Thermocouple (TC) junction is in the form of 4 mm sphere. Properties of the material
are: cp = 420 J/kg. K, r = 8000 kg/m~3, k = 40 W/m.K, h = 45 W/mA2.K. Find, if the junction is initially

at a temp of 40 C and inserted in a stream of hot air at 300 C:

1) the time const. of the TC
2) the TC is taken out from the hot air after 10 s and kept in still air at 30 C. Assuming heat
transfer coeft. in air as 10 W/mA2.K, find the temp. attained by the junction 20 s after

removing from hot air stream. [M.U. 1997]

Thermocouple, R =0.002 m
T,=40C

I IS B e R
T, =300C  Air y )

hy =45 W/(m>K) 3
il N sl sl

Fig.Prob.1G.4 (a) Temperature measurement, with thermocouple placed in the air stream

Mathcad Solution:

Data:

R=0002 m p =8000  kg/m*3 cp =420 Jkg.C k=40 Wim.C.

T,=40 C T g =300 C._ temp of hot air hy=45 Wim*2 K _in hot air
1¢:=10 s . duration of stay of TC in hot air

T e =30 C._temp of still air hy =10 Wim*2 K in still air

T5:=20 s . duration of stay of TC in still air
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Calculations:

Le:= e, Lc =5.55?+15I_J' m ... characteristic dimension

s |

Time constant, tstar:

We have: hadr_©
P cp-".' tstar
ie tstar=P P
h-A

e tstar =P cple ..gince Lo = VWA = R/3 for a sphere, h1 is the heat transfer coeff
hy in first case.

=3 tstar = 49.778 5 ... time constant for TC .... Ans.

Case 1: When the TC is just taken out of hot air, its temp. T1 is given by::

=exnp . .T1is the temp of TC when it is just taken out of hot air

ie. Il:in.ﬂf'l"'{Ii_I:i.tﬂ}'Exp

byt
cp-pLe

ie. T1=8732 C .. temp. of TC when it is just taken out of hot air
Now, TC is held in still air.

And, T1 becomes the initial temp for this case:

Thermocouple, R =0.002 m
T,=8732C

Still air
T.n=30C
h,=10 W/(m>K)

Fig.Prob.1G.4(b) Temperature measurement, with thermocouple placed in still air
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Conduction - Part Il Transient conduction

Case 2: When the TC is taken out of hot air, and kept in still air for 10 s, its
temp. T2 is given by::

2-Tum -hyt4 _ L .
—=ep | — —— T2 is the temp of TC when it is just taken out of still
T1-Tine cppl, air after 10 s

. -hy1,
e, T2=Tym+ (T1-Typlepl —
cpp-Le

ie.  T2=82424 C..temp. of TC when it is just taken out of still air ... Ans.

“Prob. 1G.5. A 12 cm dia long bar initially at a uniform temp of 40 C is placed in a medium at 650 C
with a convective coeft of 22 W/m2.K. Calculate the time required for the bar to reach 255 C. Take k =
20 W/m.K, rho = 580 kg/m~3, and cp = 1050 J/kg.K. [VTU - VI Sem. B.E. - Dec. 2009-Jan. 2010]:”
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k=20 W/m.C
D= 580 kg/m"3
cp = 1050 J/kg.C

Q

T, ;= 650 C
h =22 Wm"2.C

1,= 0.06 m

Fig.Prob.1G.5

EES Solution:

“Data:”

r_o = 0.06[m] “...radius of cyl”

T_i = 40[C] “..initial temp.”

T_inf = 650[C] “.temp. of medium”

h = 22[W/mA2-C] “...heat tr. coeft”

k = 20[W/m-C] “.thermal cond”

rho = 580 [kg/m~3] “..density”

cp = 1050([J/kg-C] “...sp.heat”

T = 255 [C] “.final temp. reached”

“Calculations:”

“First check if lumped system analysis is applicable by calculating Biot No.”
Biot = (h*r_o/2)/k “..since, for a cylinder Lc = V/A =r_0/2”

“We find that: Biot = 0.033 < 0.1; so, lumped system analysis is applicable:”

“Then, we have:”

(T - T_inf) / (T_i - T_inf) = exp(-h * tau / (rho * cp *r_o / 2)) “Finds tau”
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Results:

Unit Settings: 51 C kPa J mass deg

Biot =0.033 [ cp=1060 [Jhg-C] h=22 Pm=C] k=20 [m-C)
p =580 [k to =006 [m] T =255 [C] T =36019 [s]

T, =40 [] Tini = 650 [C]

Thus:

tau = 360.9 s ... time required to reach 255 C .... Ans.

Plot the temp vs time curve:

;gg Transient heating of a cylinder - Lumped system analysis
650
600
550
500
450
400
350
300
250
200
150
100

50

T [C]

4

0
0 500 1000 1500 2000 2500 S?Of 3500 4000 4500 5000 5500 6000
T IS

It is seen that a temp of 649 C is reached after 5326 s have elapsed.
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“Prob. 1G.6. A Thermocouple (TC) junction, which may be approximated as a sphere, is to be used for
temp measurement in a gas stream. The convection coeff between junction surface and the gas is 400
W/mA2.K and the junction thermo-physical properties are: k = 20 W/m.K, cp = 400 J/kg.K, rho = 8500
kg/m~3. Determine the junction dia needed for the TC to have a time constant of 1 s. If the junction
is at 25 C and is placed in a gas stream at 200 C, how long will it take for the junction to reach 199 C?
[VIU - VI Sem. B.E. - May-June 2010]:”

TC junction -

sphere

k=20 W/m.C

D= 8500 kg/m"3
cp =400 J/kg.C

Q

T, =200 C
h'’=400 W/m"2.C

4>
r,="?
Given: time const. = 1 s

Fig.Prob.1G.6
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EES Solution:

“Data:”

T i=25[C]

T_inf = 200[C]

h = 400[W/mA2-C]

k = 20[{W/m-C]

rho = 8500 [kg/m~3]

cp = 400(J/kg-C]

T = 199[C]

“Calculations:”

“Time constant, by definition, is:

t_star = (tho* V*cp) / (h* A) = (tho * cp / h) * (r_o /3) since V/A = Lc =r_0/ 3 for a sphere
Therefore:”

(rho*cp/h)*(r_o/3) =1 “finds r_o, since time const = 1 s, given”
d_o=2*r_o “[m]...finds junction dia”

Biot = (h *r_o/ 3) / k “.Biot No.”

“Biot = 0.002353 < 0.1; so, lumped system analysis is applicable:”

(T - T_inf)/(T_i - T_inf) = exp(-h*tau/(rho*cp*r_o/3)) “ Finds tau”

Results:

Unit Settings: 51 C kPa kJ mass deq

Biat = 0.002353 [ cp=400 [Jkg-C] d, = 0.0007059 [m] h=400 [#mZc)
k=20 [h/m-C] p=8500 [kg/m] ry =0.0003529 [m] T =199 [C]
T =5.165 [g] T, =25 [C] T = 200 [C]
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Thus:

d_o0 =0.0007059 m = 0.7059 mm ... TC junction dia required .... Ans.

tau = 5.165 s .... Time taken for the TC junction to reach 199 C .... Ans.

“Prob. 1G.7. An egg with a mean dia of 40 mm and initially at 20 C is placed in boiling water for 4 min.
and found to be boiled to the consumer’s taste. For how long should a similar egg for same consumer be
boiled when taken from a refrigerator at 5 C ? Take the following properties for the egg: k = 10 W/m.K,
rho = 1200 kg/mA3, cp = 2 kJ/kg.K, and h = 100 W/m.K. [M.U. - May - 2000].”

Egg - sphere
k=10 W/m.C
D= 1200 kg/m"3
cp =2000 J/kg.C

Q

T,;= 100 C
h =100 W/m”2.C

1,=0.02m

Fig.Prob.1G.7

EES Solution:

“Data:”

r_0=0.02 [m]

T_i 1=20[C] “..starting temp in first case”
T_i_ 2 =5([C] “.. starting temp in case 2”
T_inf = 100[C] “.boiling water”

h = 100[W/mA2-C]

k = 10[{W/m-C]

rho = 1200 [kg/mA3]

cp = 2000(J/kg-C]

tau = 240 [s] .. time duration of boiling”
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“Calculations:”

“First case: Find the temp reached by the egg, starting with initial temp of 20 C, after 4 min. in boiling

water.

Then, in second case: Find the time required for the egg to reach the same temp, starting with initial

temp of 5 C”

“First, check Biot No.”

Biot=(h*r_0/3)/k“Biot No...= (h*Lc/k)where Lc=V /A =r_0/3 for a sphere”

“We get: Biot = 0.06667 < 0.1; so, lumped system analysis is applicable:”

(T1 - T_inf) / (T_i_1 - T_inf) = exp(-h * tau / (rho * cp * r_0/3)) “Finds T1 .. temp reached after

tau = 4 min. in first case”

“In the second case: starting temp is T_i_2 = 5 C, and final temp to be reached is T1, find the time

required tau_2:”

(T1 - T_inf) / (T_i_2 - T_inf) = exp(-h * tau_2 / (rho * c¢p * r_0/3)) “Finds tau_2 .. time required to
reach a temp of T1, starting with Ti =5 C”

Results:

Unit Settings: 51 C kPa kJ mass deqg

Biot = 0.0BEE? [ cp= 2000 [Jfkg-C] k=100 [‘u-'"-a",."r'nlC]

k=10 [fm-C] p=1200 [kg,-"ma] rg = 0.02 [m]

T1 =8215[C] =240 [£] 12 = 2675 [5]

Tiwg =100 [C] Ti1 =20 [C] Tiz=5 [C]
Thus:

T1 = 82.15 C .... Temp. of egg after 4 min. in boiling water, in first case.

tau_2 =267.5s.... Time required for the egg to reach a temp of T1 = 82.15 C, when the initial temp,
before being dropped in boiling water, is 5 C .... Ans.
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“Prob.1G.8. A steel ball of 50 mm dia and at 900 C is placed in still air at a temp of 30 C. Calculate
the initial rate of cooling of the ball in C/min. Take rho = 7800 kg/m~3, cp = 2 kJ/kg.K and h = 30 W/
mA2.K. [VTU - VI Sem. B.E. - July-Aug. 2003].”

Sphere

D= 7800 kg/m"3
cp =2000 J/kg.C

Q

T,=30C
h=30 W/m"2.C

>
1,=0.025m

Fig.Prob.1G.8
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EES Solution:

“Data:”

T_i=900[C]

T _inf =30[C]

h = 30[W/mA2-C]

r_o = 0.025[m]

rho = 7800 [kg/m~3]

cp = 2000(J/kg-C]

“Calculations:”

“By an energy balance at the surface of the ball:

Rate of energy lost from the surface by convection = Rate of decrease of internal energy of the ball”
“So, we write:”

h*(4*pi*r_or2)* (T_i- T_inf) =rho* ((4/3) * pi * r_o”3) * cp * dTdtau “...finds dtdtau in C/s”
“In the above eqn. dTdtau is the rate of cooling in C/s.

Then, the rate of cooling in C/min is given by:”

dTdtau_per_min = dTdtau * 60 [s/min]

Results:

Unit Settings: 51 C kPa kJ mass deq

cp= 2000 [Jfkg-C] dTdtau = 0.2008 [Cfs]
dTotauper min = 12.05 [C/min] h=30 [Wim=C]
p=7800 [k ] to =0.025 [m]
T; =400 [C] Ty =30 [C]

Thus:

dT / dtau = 0.2008 C/s = 12.05 C/min. .... Ans.
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Prob. 1G.9. The average heat transfer coeff for flow of 100 C air over a flat plate is measured by observing
the temp — time history of 30 mm thick copper slab exposed to 100 C air. In one test run, the initial
temp of the plate was 210 C, and in 5 minutes the temp decreased by 40 C. Calculate the heat transfer
coeft for this case. Take the properties of copper as: p = 9000 kg/m~3, cp = 0.38 k]/kg.K, k=370 W/m.K.
[VTU - VI Sem. B.E. - Feb. 2002]

)
o

Flat Plate

D= 9000 kg/m"3
k=370 W/m.C
cp=380J/kg.C

T,=210C

Fig.Prob.1G.9

Mathcad Solution:

Data:

L:=0015  m... halfthickness of slab cp =380 J/kg.C
p =900 kg/m*3 k=370 Wim.C.

T,:=210 C. T =210- 40 C...temp after = 300 s
=300 s Tp=100 C

Calculations:

Now, assuming that lumped system analysis is applicable for this plate (i.e. Bi < 0.1):
When (2.L) is the thickness of the slab:

Surface area (on both sides) = 2.A

Vaolume, WV = A(2.1)

Therefore, Lc = Vaolume / Area = L, half- thickness

252
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Le="=L for a slah. halfthickness of the slab. L is the characteristic dimension to
A calculate the Biot Mo.

T-T,.
cp-p-Ledn = Imf)
I.e h:= ! intf,
ie. h=7728%  W/m*2.C ... heat transfer coeff. from sphere to air ... Ans.

To justify that Lumped system analysis isvalid for this case, find out Biot No.,
i.e. Biot No. should be less than 0.1.

Verify that Bi = 0.1:

Biot Number:

_hle
k

Ei: _Biot number

ie. Bi=3133+10

Note that Bi < < 0.1 ; Therefore, temp anywhere within the body does not differ by more than 5 % and

Lumped system analysis is applicable for heat transfer calculations.

“Prob.1G.10. A 5 cm thick iron plate with k = 60 W/m.K, cp = 460 J/kg.C, rho = 7850 kg/mA3,
alpha=1.6 x 10A-5mA2/s,isinitiallyat 225 C. Suddenly both the surfaces are exposed to an environmental
temp of 25 C with a convective heat transfer coeff of 500 W/mA2.K. Calculate: (i) the centre temp at
t = 2 min. after start of cooling, (ii) the temp at a depth of 1 cm from the surface at t = 2 min. after
start of cooling, and (iii) the energy removed from the plate per m/2 during this time. [VTU - VI
Sem. B.E. - June-July 2009]: “
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Air
T,;=25C
h =500 W/m"2.C

2L=0.05m

Iron Plate

D= 7850 kg/m"3
k=60 W/m.C
cp =460 J/kg.C

T,=225C

Fig.Prob.1G.10

EES Solution:

“Data:”

L = 0.025[m] “.L is half-thickness of plate”
T_i=225[C]

T_inf = 25[C]

h = 500[W/mA2-C]

tau = 120[s]

With us you can
shape the future.
Every single day.

For more information go to:
WWw.eon-career.com

Your energy shapes the future.
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{alpha = 1.6e-05[mA2/s]}
alpha = k / (tho * cp) “[mA2/s] ... thermal diffusivity”
k = 60[W/m-C]
cp = 460 [J/kg-C]
rho=7850 [kg/mA3]
“Calculations:”
“First, calculate Biot No. to see if it is less than or more than 0.1:”
Biot = (h * L) / k “...Biot No.”
“Biot = 0.2083 > 0.1; So, use Heisler charts or one - term solution:”
“For a Slab, Biot No. to be used for Charts (or One term solution) is the same as already calculated”
“Find Lambda_1 and A_1:”
ke - tan {.:) = Biot Finds Lambda-

sin (g )
2yt osin{2 - Lq)

“Above eqns. to find lambda_1 and A_1 are entered in EES as:”
Lambda_1 * tan(Lambda_1) = Biot “Finds Lambda_1"
A_1=4*sin(Lambda_1) / ((2 * Lambda_1 + sin(2 * Lambda_1)))
“Centre temp at t = 2 min:”

Theta_o =(T_o - T_inf) / (T_i - T_inf) “For Heisler chart verification”

To — Tint

= A - expi-i:° - Fo)
T — T pi .

“Above eqn. to find T_0 is entered in EES as follows:”
(T_o - T_inf) / (T_i - T_inf) = A_1 * exp(-Lambda_1/2 * Fo) “Finds T_0”

Fo = alpha * tau / LA2 “Finds Fo”
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“What is the temp at 1 cm from surface (i.e. x = 1.5 cm) after 2 min?”

x = 0.015 [m] “..this is the distance from the centre line”

Tx - TF" '.:..' [ . F . R X
——— = Ay - BX — A9 : o) CO5 |y - —
T = Toe P : L

“Above eqn. to find Tx is entered in EES as:”

(T_x - T_inf) / (T_i - T_inf) = A_1 * exp(-Lambda_1/2 * Fo) * cos(Lambda_1* x / L) “Finds T_x"
“For Heisler chart verification:”

xbyL=x/L

Theta = (T_x - T_inf) / (T_o - T_inf)

“Energy removed after 2 min:”

A =1[mA"2] “...area”

V=A*2*L“mA3] ... volume”

Qmax =V *rho * cp * (T_i - T_inf) “J].... max. heat removed”

QbyQmax =1 - (T_o - T_inf) / (T_i - T_inf) *sin(Lambda_1) / Lambda_1
Q = Qmax * QbyQmax “[J] ...actual heat removed”

Results:

Unit Settings: 51 C kPa kJ mass rad

A =1 [md o =0.00001662 [mes] Aq=1.032

Biot =0.2083 [] cp =460 [JikgC] Fo =319

h=500 [A/mZC] k=60 [irm-C] L = 0.025 [rr]
h1=0.4412 0 =1.672E+07 [J] QbyOmax = 0.463
Qrnax = 3.611E+07 [J] p= 7850 [kim?] T=120 [s]

6 = 09652 B, = 0.5545 T, =225 [C]

Tinf = 25 [C] To=136 [C] T,=132.1 [C]

Y =005 [rn] x = 0.015 [rm] byl = 0.6
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Thus:

T_0=136 C .... Centre temp after 2 min. .. Ans.

T x=132.1C....Temp at a depth of 1 cm from surface (i.e. 1.5 cm from centre) after 2 min.... Ans.

Q =1.672E07] .... Energy removed during this time .... Ans.

Alternatively: One can use the chart solution:

See the charts given above for a plane wall:

For Fo = 3.19, and Bi = 0.2083, check that theta_0 = 0.5548.

Also, x/L = 0.6 and Bi = 0.2083, check that theta = 0.9652.

Further, from Grober’s chart, check that for x-axis value of BiA2. Fo and for Bi = 0.2083, Q/Qmax = 0.463
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Plot the temp profile in the plate (Tx vs x) for different times:

250
240 Transient cooling of a plate
230
220
210
200 tau=10s
190% _
_ 180 tau=30s
Q 1?0W
= 160 tau=60s
150
140
130 D RO e S N
120 tau=120s
Mmoo — -
100 T v 5 o tau=180s
90
80 Z
0 0.005 0.01 0.015 0.02 0.025 0.03

Also plot centre temp and surface temp of plate against time:

250

555 Centre temp and surface temp of plate vs time

200

© Tcenire

175

% Tsunace

150
125

Temp [C]

100

75

50

25 ol o L é

0 100 200 300 400 500 Ei:O{:)I 700 800 9200 1000 1100 1200
T IS

Note: In the above plot min value of tau is taken as 8 s since for one term solution to be valid, we should
have Fo > 0.2, i.e. tau > 7.52 s.

With advancing time, the difference between the centre temp and surface temp goes on decreasing and

after about 900 s, practically both the temperatures coincide.
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Prob. 1G.11. A slab of Aluminium 10 cm thick is originally at a temp of 500 C. It is suddenly immersed
in a liquid at 100 C resulting in a heat transfer coeff of 1200 W/mA2.K. Determine the temp at the centre
line and the surface 1 minute after the immersion. Also calculate the total thermal energy removed per
unit area of the slab during this period. Properties of Al for the given conditions are: a = 8.4 * 10A-5
mA2/s, p=2700kg/mA3,k=215W/mA2.K, cp = 0.9 kJ/kg.K. [VTU - VI SEm. B.E. - Dec. 2006-Jan. 07]

Aluminium Plate
" =8.4e-05 m"2/s

k=215 W/m.C
cp =900 J/kg.C
T,=500C
T,=100C
h=1200 W/m"2.C
>, <
2L=0.1m
Fig.Prob.1G.11
Mathcad Solution:
Data:
L =003 m...half thickness of plate
2284107 ms.__thermal diffusivity of Al
k=215 W/m.C)...thermal cond. of Al
cp =200 Jikg.C . sp. heat
T, =300 C...initial temp. of plate
T,=100 C....temp. of medium
h:=1200 Wi{m2.C)...._heat transfer coeff. between the surface and the medium

=80 5 ___time after immersion
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Let TO be the centre temp. after T = 60 s

To calculate the time T, surface temp. and fraction of heat transferred Q/Qmax.

First check if lumped system analysis is applicable:

Bi :=£ .._define Biot number
k
ie. Bi=027% __Biot number.

It is noted that Biot number is > 0.1; so, lumped system analysis is not applicable.
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We will adopt Heisler chart solution and then check the results from one term approximation

solution:

To find the time reqd. for the centre to reach 100 C:
For using the charts, Bi = hL'k, which is already calculated.

Therefare: L. 5.583 .for use in the graph
Bi

Fourier number: Fo =

e Fo=2016 ...Fourier na. Mote that this is greater than 0.2. So, one
term approx. is applicable.

Now, refer to the graph for Plate. For 1/Bi = 3.583 and Fo = 2.016, read from the graph the value of q as 0.6

T,-T,
But. g gt ——— ...definition of &,
T.-T
1 a
e T =6 ﬂ'{Ii‘Ia}"'Ia _value of T,
ie. Ty=340 C...centre line temp of slab after 1 min ... Ans.

Surface temperature:

At the surface, x/L =1. Enter position correction chart for a plate: on the x-axis with a value of
1/Bi = 3.583, move up to intersect the curve of x/L = 1, then move to left to read on y-axis the value of
8,= 0.85

. C..temp. on the surface

Therefore, T := EI.S:'--{I o-T a} +T

ie. T =304 C...temp. on the surface....Ans.
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Fraction of max. heat transferred, Q/Q

.
.
max

We will use Grober's chart, for a Plate:
We need Bi?Fo to enter the x-axis:

We get: Bi" Fo = 0.137

With this value of 0.157, enter the x-axis of Grober’s chart, move vertically up to intersect the curve of
Bi = 0.279, then move horizontally to read Q/Qmax = 0.45

Q gy = El.l-p-cp-{l' - T a} J ___ max heat transferred
= 972410 J

Therefare, actual heat transferred:

Q:=Q gy 043

=3 Q= 4.3?4+lﬂ? J ... actual heat transferred during =1 min. ... Ans.

We have, for the centre line temp of a Plate:

Centre of plane wall: [ —
(x=10) T,-T,

A and A have to be found from Table 7.1, against Bi = 0.279
OR: use the equations for Al and A1:
i.e. Al.tan(A1) = Bi ... to determine A1, and,

Al = [4.sin(A1)] / [2.A1 + sin(2.A1)] ... to determine Al
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Use the Solve Block of Mathcad. Start with guess values for A1:
nl=1 _..guess value
Given
i1 tan( 1) =Bi
i1 :=Find(i1)
e, il1=10303 ....AAlso check this value of 21 from the Table for 21 against Bi.

£-sin(11)

and, Aloa=_ — 777
21 4 sinf{2-11)

ie. Al=1.042 ....Also check this value of A1 from the Table for A1 against Bi.
Mow,
Th-T ..
Bom f=Are M
Ti-T4
Therefare:

TD‘ ::]'a+ {Ii_ Ta}'(:‘il-e_;"lJFa)

e, Tp=348347 C .. centre line temp of slab after 60 s ... Ans.

Compare this with the value of 340 C obtained earlier; the error is in reading the charts.

Surface temperature:

For surface temp, we have:
Plane wall: 'El:x:i}:—::‘il-E-?IIJ.FQ-EDS($) L Fo=02.
Here, ®/L = 1, at the surface of the plate. So, we get:
T={T;-T,) -(.—"s.l-e_hllﬁ-cos[}.l}) +T,

ie. T=318232 C..temp. at the surface...Ans.

Compare this with the value of 304 C obtained earlier; the error is in reading the charts.
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Fraction of max. heat transferred, Q/Qmax:

We have:
Plane wall: i=l -8 0-5’11“‘1} _where Qmax is the max. heat transferred
Q pnas il
To-Ta sin(in)

l.e. Fraction :=1- ....define Fraction. Q/Q,_ ..

T,-T, i
i.e. Fraction = 0.403

i.e. 40.3 % of the energy is removed by the time 1 min. is reached...Ans.

Compare this with the value of 45% obtained earlier; again, the error is in reading the charts.

Therefore, actual heat transferred:
Q :=Fraction-Q max

=3 Q-= 3.*3'13+1'I2I]r J ... actual heat transferred during =1 min. ... Ans.

DUKE
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Note: It is apparent from this example that the error involved in reading the graphs can be substantial;
this is because logarithmic scales are involved and also the lines are rather crowded in the graph. So,

one term approximation with table of values of A1 and A1 against Bi should be preferred.

To draw temp. profile in the plate at different times:
We have, for temp. distribution at any location:

Plane wall.  &(x,x)=— %=a e e 'Fa-cns(ﬂ) _Fo=02_
L

To-T,
And, Centre of plane wall:  8,=— =2,
(x=10) T;-T,

Fourier number as a function of Fo(1) = ..for slab
12

By writing Fourier no. as a function of t, and including it in egn. (A} below, itis ensured that for
each new T, the corresponding new Fo is calculated.

_J'J.I'E_;l'l_ .FG:I:I'EDS (ﬁ)] othersise -..-eqn. IB]
L

Then, T(x.t):= [T+ (T;-T a}-(.{l-e"“'l'“:"?') i x=0 eqn. (A)

l'a+{1'i-1'a}-

For a given 1, we will plot eqn.(A) against x; then, we will repeat for different times,

x:=0,00005.0035 __define a range variable x varying from zero to 0.05 m, with an
increment of 0.0005 m
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Transient cooling of a large plate

(=]

(3] s s
() in
(=]

—_
[=]

%

=
p

E.l
.n.
=
]
1
]
]
1
]

]
&

=
=
=

Temperature (deg. )

150

130 =
110

/] 0005 001 0015 002 0025 003 0035 004 045 005

Diztance Fom centre line {m
— after 30 zec. (em)

""" after 2 min.

—  after 3 min.

— - after 10 min.
after 20 mit.

Note:

1) Note that the above graph shows temp. distribution for one half of the plate; for the other
half, the temp. distribution will be identical.

2) See from the above fig. how cooling progresses with time. After a time period of about 20
min. the temperatures in the plate are almost uniform at 100 C.

3) eqn. (A and B) illustrates a small piece of Mathcad programming. It uses the “if...otherwise”
condition, i.e. if x = 0, the temp. at the centre is given by eqn.(A); otherwise, temp.

distribution is given by eqn. (B).
To plot temp. at the centre line and the surface against time:

1:=6,10. 1200  __define a range variable , from 0 to 1200 s
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Temp at centre and sutface against time

480 \

Temp ()

1D

1&0 B

-_;__,-:-‘

140

120 "

100
1 10 100 14107 1410

— Temp at centre line Tz (&)

""" Temp at suiface

Mote: 1 is taken from & 5 since for the one term solution to be valid, Fourier Mo. must be =
0.2, i.e. T should be more than 5.95 s.

It is noted from the plot that with increasing time, temperatures at the centre and surface
approach each other, and after about 900 s, they are practically same. i.e. steady state is
reached.

T(0,%00) = 100.187 C ... temp at centre after 500 s

T{0.05,200) = 100.164 C ... temp at surface after 500 s
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Solve the above Problem with FEHT:

1. Start FEHT, choose Cartesian cords. and Transient condn.

11 FEHT - [Input Window - C:\Documents and Settings\personal
Run View Examples Help

File Subject B2l Draw Display
¥582%!  scale and Size
v Cartesian

Cylindrical

Steady-state
v Transient

v Temperaturesin C
Temperatures in K

v Auto Save

2. And dlick on Scale and Size. We get:

Scale and Size

Units Scale: 1 cm =
« 51
jZ.I]I]I] cm
" English
Origin  [cm] Grid Spacing

x0=[0.0 Horz [2000  cm

¥0=17.65 Yert |2.000 cm

[~ Center

[” Size to fill screen

x Cancel J

? Help |

3. Select Draw-Outline:

11 FEHT - [Input Window - C:\Documents and Sef
File Subject Setup BENW Display Speclhy Run View

%=10.9=-0.106 cn |
Outline Cirl+0
| Element Lines Ctrl+E 1
Reduce Mesh Ctrl+w
Reposition Nodes Cirl+R
Delete Del
MNew Text Cirl+T
268
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4. And complete the outline:

11 FEHT - [Input Window - C:\Documents and Settings\personal)
File Subject Setup Draw Display Specfy Run View Examples Help
H=18.07=-4.02 cm Node 2 Initial T= = unspecified

Note that width is 10 cm as given in data, and height of the section is arbitrarily taken as 20 Cm. Depth
perpendicular to paper is 1 m, by default. So, 1D - heat transfer area on LHS is 1 x 0.2 = 0.2 mA2.

Similarly, heat transfer area on RHS is also 0.2 mA2.

Join American online

Interactive Online programs

Special Christmas offer:

enroll by December 18th, 2014
start studying and paying only in 2015
save up to $ 1,200 on the tuition!
Interactive Online education

visit to find out ma@

vVvyvVvyyVvyy

Note: LIGS University is not accredited by an

nationally recognized accrediting agency listed
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—
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5. Choose Specify-Material Properties:

11 FEHT - [Input Window - locuments and Settings\personal\D
File Subject Setup Draw Display Jai'll Run  View Examples Help

#=910"r=0.0 cm 1. nat cm2

Generation

Initial Temperatures

6. Choose Aluminium and fill in the k, rho and sp.heat values:

Specify Properties E‘
A =1 _ —
Water & Name = [amnel W
E;',‘d‘i:;'}f,ink Type = Distributed
Fiber Gl e
\indow Glass Conductivity = [215.0000 WimK
Plaster 5
Aluminum Density = |2700.0000 kg/m3
Copper
Silver Specific heat = |900.0000 J7kg-K
Steel
Soil L
Concrete
giaand ' OK ? Help X Cancel l
R rrr—
= Properties may be entered as a function of T, .Y and/or Time

7. Now, choose Draw-Element lines:

{1, FEHT - [Input Window - C:\Docum

File Subject Setup BEENVM Display Run \Vie

%=630v=00cm|  Undo Lines

Outline Ctrl+0
{“cenentines —— cuive
Reduce Mesh Ctrl+w
Reposition Modes Ctrl+R

Delete Del
Mew Text Ctrl+T

8. Complete the element lines:

11 FEHT - [Input Window - C:\Documents and Settings\personal)
Fle Subject Setup Draw Display fy Run View Examples Help

#=36.3Y=B.72 cm
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9. Select top and bottom surface boundaries and Specify-Boundary conditions:

11 FEHT - [Input Window - C:\Documents and Settings)
File Subject Setup Draw Display
| =11 6'Y=5 292602 cm

Ci=siil Run  View Exam

Boundary Conditions

Initial Temperatures

We get the following screen. Fill in heat flux = 0.

Specify Boundary Conditions

I Temperature | 5 e

[ Heat Flux |0f w/m2

[~ Conv. Coef | Wim2-K
Fluid Temp. | T

¢ 114 ? Help x Cancel

Boundary information may be a function of Time and/or T

This makes the top and bottom surfaces insulated, and the heat transfer is forced to be one-dimensional.

See the following screen:

11 FEHT - [Input Window - C:\Documents and Settings\personal\Des
File Subject Setup Draw Display = Run View Examples Help

X=35.8=0.0cm

N N R A
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10. Similarly, the BC’s for LHS and RHS:

Specify Boundary Conditions

[~ Temperature | o B

¥ Heat Flux | W/im2

W Conv. Coef  [1200| Wim2-K
Fluid Temp. |1|]|] c

J 1] 4 ? Help x Cancel

Boundary information may be a function of Time and/or T

i.e. Fluid temp and conv. heat tr. coeff. values are entered.

Next, Specify Initial temp by going to Specify-Initial temp:

11 FEHT - [Input Window - C:\Documents and Settings\
File Subject Setup Draw Display
| #=11.7 v=-5.292E-02 cm 146 Material Properties
Generation

Bi=slal Run  View Exam|

Initial Temperatures
PR L

Fill in Initial temp = 500 C:

11 Set Initial Temperatures |Z||§| [g|

T = [500.0 T

I~ Set nodes in all materials

¢ 1] & ? Help ‘ x Cancel

11. Now, check whatever is done so far by going to Run-Check:

11 FEHT - [Input Window - C:\Documents and Settings\personal'

File Subject Setup Draw Display Specilhy WEIGM View Examples Help
#=11.6%=6.292E-02 cm [ chek col+ |

Calculate F2
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We get following screen:

[1 FEHT - [Input Window - C:\Documents and Settings\personal\Desktop\Prob.1G.11@1.FET]
File Subject Setup EalGUM Display Speciiy Run View Examples Help
| W=37 6%'=-5 232602 cm : ] ~No enois found. 20 elements.  Critical time-step estimate = 0.9032 sec

7 A S Y e

There are 20 elements, and no errors.

12. Now, click on Run-Calculate:

11 FEHT - [Input Window - C:\Documents and Settings\personal\De

File Subject Setup Draw Display Specihy E=0GM View Examples Help
#=17.3 =-0.265 cm : B Chedk Ctrl+K ements.

Calailate F2

Following screen appears. Fill it up as shown:

Transient Calculation Setup

TIME sec [~ Do Nodal Balances

Start |
Stop |60.0
Step 50

Solution Method _‘?ﬂ‘
" Euler —

(¢ Crank-Micolson ¢

ok X Cancel ‘
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Click OK and we get:

Calculations completed in 0 sec

Mo. Unknown Temperatures = 18
Matrix Bandwidth = 4
Uszer/Critical Timestep = 5.536 [est ]

Click on Continue.

13. Now, we are ready to view results: Choose View-Temps:

{1 FEHT - [Input Window - C:\Documents and Settings\personal\Desk]

File Subject Setup Draw Display Run WUETH Examples Help
#=15.0%=0.0 cm v Input |

Temperatures vs Time
Temperature Contours
Gradients

Heat Flows

Energy Flow vs Time
Tabular Qutput

Input Data Summary

-~

R N |

EHHERN

# BUSINES"}
SCHOO!

FINANCIAI. TIMES

]

B 1 _
g gl "
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Following screen appears: Fill the time as 60 s:

Select Time

time = |60.00 sec
Kl Il

« DK X Cancel

Click OK, and Temps are displayed as shown below:

11 FEHT - [Potentials: C:\Documents and Settings\personal\Des
File 5u Set Draw Display = View Ewxamples Help
%=213¥=0794 om E0.00 seo

@3{\\\\\\\\\\@3}\\\\\\\\\\5@

14. To see the Nodes, click on Display-Show Node Numbers.

11 FEHT - [Input Window - C:\Documents and Settings\personal\l
File Subject Setup Draw a4y
H=7 62v=0.0cm | Zoom Crl+2

Hide Grid
Hide Element Lines
Hide Mode Positions

. Show Patterns
Hide Bound. Conditions
Hide Text
Show Axes

Run View Examples Help

Refresh Screen
| '
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15. Node Nos. are displayed. Now, we can correspond the Node Temps with Node Nos.

i.e. Centre Node no. 11 is at a temp of 316 C and Surface Node 12 is at 315 C after 60 s from beginning:

1, FEHT - [Input Window - C:\Documents and Settings\persong
File Subject Setup Draw Display Run View Examples Hel

#=7.51%=1.85cm

C\\ D
@\@
c\

4

A

("—V\\\\\\\\\\ el \\\\\\\\\\\-i)

16. Now, let us draw Temp vs Time: Choose View-Temp vs Time:

1 FEHT - [Input Window - C:\Documents and Settings\personal\Desktop
File Subject Setup Draw Display Specfy Run RUEUN Examples Help
#=16.8="-5.292E-02 cm MNode 11 v Input
Temperatures
| Temperature Contours
Gradients

PR Y
RS Heat Flows

Energy Flow vs Time
Tabular Output

Input Data Summary

R
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We get the following screen: For Centre Node, fill up Node No. as 11:

Temperatures vs Time Plot Setup

Modes [v Symbols
|11 [v Lines
v Legend

x Cancel

| \Modes i Temp. Scale 11 ime Scale 5 ize and Position |

Note that we can adjust Nodes, Temp and Time scales etc.

SMS from your computer

...oync'd with your Android phone & number

Go to

T e — BrowserTexting.com
r:“"m‘h’mwm;;:-éwum:-s'ut " e e

Andreas johnaon Tue, Dec 6, 2071, 15:08

P P 8. LA V7T Andrew McDonald Elias Naur: Oh... Coof 1)
Tue, B¢ 6,201, 11

il N
Oh_cocti D
Ang Peterien

and start texting from
your computer!

(...) BrowserTexting
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Clicking OK gives:

525.0

- 11

500.0

4750

450.0

425.0

400.0

Temperature [°C]

375.0

350.0

325.0

300.0 4
0.00 12.00 2400 36.00 48.00 60.00

Time [sec]

17. Temp contours can be drawn. Choose View-Temp contours:

11 FEHT - [Input Window - C:\Decuments and Settings\personal\Deskt
File Subject Setup Draw Display Run RUETE Examples Help
#=16.4"r=0.0 cm : w Input

Temperatures
Temperatures vs Time

| Temperature Contours

Gradients
Heat Flows

Energy Flow vs Time
Tabular Qutput

Input Data Summary

We get the following screen. Accept the default values, click OK:

Temperature Contour Information

v Show outlines
Auto  Scale *C i
[~ Show element lines

Minimum (EJIE! s o
M aximum |345.? |FuII spectrum :J

" From start to stop

Type I & Attime =[60.000  2|sec

+ Shaded bands |10 =%

" Continuous ? Help

" lsopotential lines |1I] ﬂ |¢ )4 | x Cancel J
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Following colour contour is presented:

11 FEHT - [Contours: C:\Documents and Settings\personal\Desktop\Prob. 1G.11@1.FET]
File Draw Display View Examples Help
®=332Y=-28.7cm E0.00 sec 3104 Il 3139 3175 B 3210 3245 3281 3316 3361 C33es M2z @457 °C

On the top of the screen, colour code for Temps is shown.

The Wake

the only emission we want to leave behind

Low-speed Engines Medium-speed Engines Turbochargers Propellers Propulsion Packages PrimeServ

The design of eco-friendly marine power and propulsion solutions is crucial for MAN Diesel & Turbo.
Power competencies are offered with the world’s largest engine programme — having outputs spanning
from 450 to 87,220 kW per engine. Get up front!

Find out more at www.mandieselturbo.com

Engineering the Future — since 1758.

MAN Diesel & Turbo
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18. Heat flows for the given boundary can be calculated at any given time:

Choose View- Heat Flows:

11 FEHT - [Input Window - C:\Documents and Settings\personal\Desktd

File Subject Setup Draw Display Zpe Run RIETM Examples Help
#=18.7=0.0 cm ; . : | w Input 1
Temperatures

Temperatures vs Time
Temperature Contours
Gradients

-
Heat Flows

Energy Flow vs Time
Tabular Output

Input Data Summary

We get following screen. Enter Time = 60 s:

Select Time

time = |6i0.00 sec
A& .

« OK X Cancel

Click OK. We get:

{1 FEHT - [Heat Flows: C:\Documents and Settings\personal\Desktop\Prob.1G
File sul Set Draw Display View Examples Help
®=17.1¥=00cm 0.0 ses. Q183119304 W/m  Sum(@)=96012 W/m

N
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Note that Q = 96012 W/m for RHS.

19. Choose View-Energy Flow vsTime, after selecting the RHS boundary:

11 FEHT - [Input Window - C:\Documents and Settings\personal\Desktop

File Subject Setup Draw Display Run RN Examples Help
#=18.9Y=5.292E-02 cm 00 sec w Input
Temperatures

Temperatures vs Time
Temperature Contours
Gradients

Heat Flows

Energy Flow vs Time

Tabular Output

Input Data Summary

——

We get following screen. Accept default values.:

Energy Flows vs Time Plot Setup

Energy Scale ¥ Symbols
Auto W/m ¥ Lines
Minimum |50000 * Rate
I

Maximum |1.0000E +05 Integral

¥ Gridlines | Draw zero line

Major intervals = |5 &5
? Help
Auto |2 3 e

Display
Axis Label Size |16 % X Cancel

ﬂ‘s‘E nergy Scals 4 Time Scale £5ize and Position [

Clicking on OK gives:

100000
90000
E
E 80000
2
©
o
B
S 70000
=
i}
60000
50000 4
0.00 12.00 24.00 36.00 48.00 60.00
Time [sec]
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20. Next, for accurate values, we can get the Tabular output from View-Tabular output:

FEHT - [Input Window - C:\Documents and Settings\personal\Deskto
File Subject Setup Draw Display Specihy Run RIS Examples Help
[ ®=135v=00cm | [ v Trput
Temperatures
Temperatures vs Time
Temperature Contours
Gradients

Q ms‘ Heat Flows -

rgy Balances

Energy Flow vs Time -
Tabular Output

?. k_ Input Data Summary

Problem Description

el
vl
e

AL

/@ \
s
L1

i

NN S R

TURN TO THE EXPERTS FOR
SUBSCRIPTION CONSULTANCY

Subscrybe is one of the leading companies in Europe when it comes to innovation
and business development within subscription businesses.

We innovate new subscription business models or improve existing ones. We do
business reviews of existing subscription businesses and we develope acquisition and

retention strategies.

Learn more at linkedin.com/company/subscrybe or contact
Managing Director Morten Suhr Hansen at mha@subscrybe.dk

SUBSCRYBE - fofle fifur
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Part of the Table obtained is shown below:

Close | Select Al ‘ E3, | ER Save |
Node X ‘ Y ‘ T (#0) ‘ T (1) "ﬁ
[re] [rn] el I'ol

Time [zec] 1] 5
1 0.08 004022 500 453.8
2 01804 -0.04022 500 447
3 0.1804 0.2402 500 4501
4 0.08 0.2402 500 4485
5 0.12% -0.04022 500 508.6
& 0.12% 0.2402 500 508.5
7 0.08 0.0739 500 454.3
g 0.12% -0.08043 500 5081
3 0.1804 -0.08043 500 454.3
10 0.08 01201 500 454.3
11 0.12% 01156 500 508.5
12 0.1804 01201 500 4546 o

< >

21. However, it can be copied into Excel and processed to draw better graphs:

Node X Y TO (deg.C]T1 T2 T3 T4 T5 T6 7 T8 T3 Tio Ti1 Ti2
Time(s)—> ] 5 10 15 20 25 30 35 40 45 30 o5 &0
1 0.08| -0.04022 500 4588 4459 431 416.4 402.3 JBB8 3758 3635 3517 3404 329.6 3183

2 0.1804 -0.04022 300 447 434.1 417.8 403.8 350 3T 3646 3527 3414 330.6 320.2 3104
3 0.1B04| -0.2402 500 460.1 446.2 431.1 416.4 402.3 3887 3758 3635 3517 3404 329.6 3183
4 0.08 -0.2402 300 448.5 434.1 417.8 403.8 350 3771 3646 3528 3415 330.6 320.3 3104
5 0.1296| -0.04022 500 508.6 4885 4713 4545 4387 4235 408 3985.1 3819 369.3 357.2 3457
& 0.12%6 -0.2402 300 30B.5 488.2 4711 454.3 4385 423.3 408.8 385 3BlE 368.1 357.1 3455
7 0.08| -0.079% 500 4543 4413 426.2 4118 3978 3845 3718 359.6 348 3368 3263 316.1
8 0.12%6 -0.08043 300 30B.1 488.6 471 4545 438.6 4234 408.9 385.1 3BlE 368.2 357.2 3456
9 0.1804| -0.08043 500 4543 438.2 423 408.2 3844 3811 3685 3565 345 334 3235 3135
10 0.08| -0.1201 300 4543 440.2 425 4105 386.6 383.3 3706 3585 3468 335.8 3253 315.2
11 01296 -0.1196 500 508.5 488.4 4711 454.4 438.6 4234 408.9 395 3818 369.2 357.1 345.6
12  0.1804 -0.1201 300 4546 439.9 4242 408.7 385.7 3825 360.8 3577 346.1 3331 3246 3145
13 0.08| -0.1598 500 4541 433.8 4242 4087 3958 3825 360.8 3577 3462 3352 32486 3145
14 0.12% -0.1603 300 30B.5 4884 4711 4545 438.6 4234 408.9 385.1 3BlE 368.2 357.1 3456
15 0.1804| -0.1593 500 4547 4404 4251 4105 386.6 3833 3706 3585 3468 3358 3252 3151
16 0.08 -0.2 500 4538 438 423 408.2 3844 3812 368.6 3565 345 3341 3236 3135
17 0129 -0.2 500 508.1 4885 471 4545 4385 4234 408.9 3985.1 3818 3682 357.1 3456
18 0.1804 -0.2 500 4547 4415 426.3 4118 3878 3845 3718 359.6 348 336.8 326.2 316.1

Centre line temp vs Time
600
550 -+
500
450 4

400

Temp(deg.C)

350

SDD T T T T T T 1
a 10 20 30 40 50 &0 70

Time (s)
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22. Now, we can reduce the mesh, if we wish, and see the results:
Click on Draw-Reduce Mesh:

11 FEHT - [Input Window - C:\Documents and S¢
File Subject Setup EMECM Display  Specify Run Vie
 H=F4Iv=00cm :

Cutline Cirl+0
Element Lines Ctrl+E

: Reduce Mesh Ctrl+w

Reposition Modes  Cirl+R

Delete Del
MNew Text Ctrl+T

Group Cirl+G

DO YOU WANT TO KNOW:

What your staff really want?

The top issues troubling them?

How to make staff assessments
work for you & them, painlessly?

How to retain your
top staff

FIND OUT NOW FOR FREE

Get your free trial

Because happy staff get more done
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Transient conduction

Software Solutions to Problems on Heat Transfer
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We get:

timate = 9. 0434E-02 sec

al time-ztep es

g

Setup Draw

#=33.3=5.292E-02 cm

; Bfse R e 1S
£ Z 2
m (& /(s @@\\@ @9\\9’@@\ 09 w W : m o"@\ov‘@“@‘e‘@‘@\@‘e\w
52 (i 5] (1] (] 7 £ HE (i @\e\a\va\\
F - m va\\ 7@\\ UQ\ -@_\ -a\\ ’

File Subject

23. Click on Run - Check:
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We see on top of above screen that there are now 120 elements, and no errors.

24. Run-Calculate; and, View-Temperatures:

11 FEHT - [Potentials: C:\Documents and Settings\personal\Desktoy

File

X=44.9%'=-0.108 cm

Draw Display View Examples Help

?z‘:

l@!{é@?{/@‘
A

(8)

e

[ %)
7N
A

B

T
N

[ J8)
U
'%a
0

O
9
2
7
&

E0LOD sec

,//ez
oalle
]

(&
&

(i)
&

Note that Centre temp (Node 11) is 345 C and Surface temp (Node 12) is 314 C.

25. Click on View-Temp vs Time, and we get:

Temperature [°C]

500.0

460.0

420.0

380.0

3400

300.0

260.0

220.0

180.0

140.0

100.0

“e-o, Centreline temp
o,

o
0~g
e

Surface temp | D 0o

@0
.
&
<
T,
o
00
S
i
e

4

- 1
= 12

0.00 6.00

12.00

18.00

24.00

30.00 36.00
Time [sec]

42.00 48.00 54.00 60.00
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26. When is Steady state temp. reached?

Go to Run-Calculate and we get the following screen: Let us calculate for 600 s with a step of 5 s;

Transient Calculation Setup

TIME | sec [~ Do Modal Balances

g Aluminium
Start |00
Stop ]Buu.uu
Step |5.0000

Solution Method 7 ,..?—J
Hel

" Euler O

& Crank-Nicolson Im X Cancel

Struggling to get
interviews?

Professional CV consulting & writing assistance
from leading job experts in the UK.

N Take a short-cut to your next job!

._- =) Improve your interview success rate by 70%.

TheCVagency

Visit thecvagency.co.uk for more info.
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Hit OK:

We get the following screen:

Calculations completed in 0 sec

No. Unknown Temperatures = 75
Matrix Bandwidth = 11
Uszer/Critical Timestep = 5525 [est. ]

Hit Continue.

Now, choose View — Temp vs Time. We get:

Temperatures vs Time Plot Setup

Modes [v Symbols
|_|1 | | I; Lines
|12 | | v Legend

x Cancel

| \Modes {Temp. Scale fTime Scale [Size and Position /

Draw the plot for Node 11 (centre line) and Node 12 (Surface node): Press OK:
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We get:

=1
= 12

500.0 -
4500 |g
400.0
350.0

3000

Temperature [°C]

250.0

200.0

150.0

Y

100.0 =z
0.0 60.0 120.0 180.0 240.0 3000 360.0 4200 480.0 540.0 600.0

Time [sec]

Thus, we see that steady state is reached after about 540 s when the surface temp is almost equal to the

surrounding fluid temp (i.e. 100 C).

“Prob. 1G.12. A solid iron rod of dia 60 mm, initially at a temp of 800 C, is suddenly dropped into an oil
bath at 50 C. The heat transfer coeft between the fluid and the surface is 400 W/m~2.K. The properties
of iron rod are as follows: alpha = 2 x 10A5 mA2/s, k = 60 W/m.C. (i) Calculate the centre line temp 10
min after immersion in fluid (ii) how long will it take the centre line temp to reach 100 C? (iii) determine

»

the energy removed from the rod during 10 min time. [VTU - VI Sem. B.E. - May-June 2006]

T, = Centre line temp. Iron rod
| " =2e-05m"2/s
k=60 W/m.C
T,=800C
Oil
T,=50C

h =400 Wm"2.C

~1,=0.03m

289

Fig.Prob.1G.12
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EES Solution:

“Data:”

r_o = 0.03[m]

T_i =800[C]

T_inf = 50[C]

h = 400[W/mA2-C]
T o = 100[C]

alpha = 2e-05[mA2/s]
k = 60[W/m-C]

“Calculations:”

Biot=(h*r_o/2)/k*“..Biot No”

“Biot = 0.1; anyway, use Heisler charts or one - term solution:”

Biot_star = h * r_o / k “...this is the Biot No. to be used either with Heisler charts or with one term

solutions”

EXPERIENCE THE POW
FULL ENGAGEMENT...

RUN FASTER.
RUN LONGER..
RUN EASIER...
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“Find Lambda_1 and A_1 based on Biot_star:”

JiT, we) Biot
———— = Biotas
J{0, i) st
Ji1, )
Ay = 2 - =
Rt (00, RS+ (1, )T

“In EES, above eqns are entered as:”

Lambda_1 * BesselJ(1,Lambda_1) / Bessel](0,Lambda_1) = Biot_star

A_1=2*BesselJ](1,Lambda_1) / (Lambda_1 * ((BesselJ(0,Lambda_1))"2 + (BesselJ(1,Lambda_1))A2))
“Time to reach a Centre temp of 100 C:”

Theta_o =(T_o - T_inf) / (T_i - T_inf) “For Heisler chart verification”

T.:. - T nf

= A; - exp(—i:° - Fo)
T — T pi .

“Above eqn. is entered as:”

(T_o-T_inf) / (T_i - T_inf) = A_1 * exp(-Lambda_142 * Fo) “Finds Fourier no, Fo”

Fo = alpha * tau / (r_o)"2 “Finds tau ... required to reach 100 C at the centre”

“What is the centre temp after 10 min?”

tau_2 = 600(s]

Fo_2 = alpha * tau_2 / (r_o)*2 “...new Fourier no. Fo_2”

(T_o_2-T_inf) / (T_i- T_inf) = A_1* exp(-Lambda_1A2 * Fo_2) “Finds the centre temp. T_o_2”
“Energy removed after 10 min:”

Qmax =V * (k / alpha) * (T_i - T_inf) “ max heat transferred ... since (rtho * cp) = (k / alpha)”

V =pi*r_oA2* 1“.volume of 1 m long cyl”

abva 1 Toz — Tin J(1, iq)
yamax = - 2 :
! Ti — Tin L1
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“Above eqn. is entered in EES as:”

QbyQmax =1 -2 * (T_o_2 - T_inf) / (T_i - T_inf) * BesselJ(1,Lambda_1)/Lambda_1 “..ratio of
Q/Q_max”

Q = Qmax * QbyQmax “[W]... finds actual heat transferred, Q”

Results:

Unit Settings: 51 C kPa J mass deqg

o = 0.00002 [m/s] Aq=1.048 Biat = 0.1

Biotyy = 0.2 Fo =7.238 Foo=13.33

h=400 [WimZc] k=E0 [im-C] hq=0E17

Q =5.322E+06 [] QbyQrmax = 0,9938 Qrmax = 5.362E+06 [J]

ty = 0.03 [m] T=3257 [5] 12 = 600 [3]

6, = 0.066E7 T =800 [C] T =50 [C]

To=100 [C] Toz =5491 [C] Wo=0.002827 [m]
Thus:

tau = 325.7 s .... Time required for the centre temp, T_0, to reach 100 C ... Ans.

T_02 =54.91 C .... Temp at the centre after tau2 = 10 min (= 600 s) .... Ans.

Plot centre temp against time required:

900

Centre line temp vs Time for a long cylinder
800 p g

700

600

L4
o
o

400
300
200
100

Centre line temp (C)

0 200 400 600 800 1000 1200
Time (s)
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Also plot heat removed Q against time elapsed:

x 108

7

Heat remé)\.red vs fime Ifor along cylilnder
[

6

1/

Q [J]
I

0 4

0 200 400 600 800 1000 1200
T2 [S]

This e-book
ismadewith SETASIGN
SetaPDF h V' 4

\7\‘ PDF components for PHP developers

www.setasign.com
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Prob. 1G.13. A long cylinder 12 cm in dia and initially at 20 C is placed into a furnace at 820 C with a
local heat transfer coeff of 140 W/m2.K. Calculate the time required for the axis temp to reach 800 C.
Also calculate the corresponding temp. at a radius of 5.4 cm at that time. Take a = 6.11 x 10A-6 mA2/s,
k=21 W/m.K. [VTU - VI Sem. B.E. - June-July 2011]

Furnace
T, = Centre line temp.
Long cyl.,r,=0.06 m
T,=820C .
h =140 W/m”"2.C =6.11e-06 m"2/s
k=21 W/m.C
T,=20C
Fig.Prob.1G.13
Mathcad Solution:
Data:
L:=1 m...length of cyl..__assumed
1y =006 m...outer radius of cyl.
2 =6.11.107° ms.__thermal diffusivity
k=21 Wm.C)..._thermal cond.
T;:=20 C__.initial temp. of cyl.
T,:=820 C....temp. of surroundings
h =140 W/mZ2.C)...._heat transfer coeff. between the surface and the

surroundings

T,:=800 C.._centre temp after a time period of 1 seconds.

To calculate: (i) the time T for the centre to reach 800 C, (ii) temp. at a radius of 5.4 cm at that time

and, in addition, (iii) calculate the amount of heat transferred during this period.
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First check if lumped system analysis is applicable:

b
nh 0

Bi =

_..define Biot number__for a cylinder, L_= [W/A) = r0/2
" c

e Bi=102 ...Biot number.

It is noted that Biot number is > 0.1; so, lumped system analysis is not applicable.
We have to adopt Heisler chart solution, or one term approximation solution.

For using the charts, or one term solution, now, remember that Bi is defined as:

h'fﬂ
Bi star .= __define new Biot number
k

ie. Bi star=04  _ Biot number

-
L

Fourier number: Fo=_ ....define Fourier number

To

Solution by one term approximation:

Time required for the centre temp. to reach 800 C:

We have:
. To-T, -3 P Fo
Centre of long cylinder: St ——=A e ...eqn..{A)
(r="0) Ti-T,

A, and i, have to be found from Table against Bi.

OR: by using the eqns as follows:
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Use Solve Block of Mathcad to get A1: Start with a guess value for A1:

hy=l ...fguess value
Given
T{i )
':ru(;. 1)

i =Find{i. 1)

i =Bi_star

=3 hq=10832 value of 11

Therefore:

Ap=2 )

;. 1-(:m(;. )+ 11 1)1)

=3 Aq=1083 _.value of A1

RAND
MERCHANT
BANK

Adivision of FirstRand Bank Limited

Y O | l T I I I N K Traditional values. Innovative ideas.
]

YOU CAN WORK
AT RMB

Rand Merchant Bank uses good business to create a better world, which is one of the reasons that the country’s top talent chooses to
work at RMB. For more information visit us at www.rmb.co.za

Thinking that can change your world

Rand Merchant Bank is an Authorised Financial Services Provider
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Now use eqn. (A) and Solve Block of Mathcad to get time 1 required for the centre to reach 800 C:

t:=100 s ___. trial value

Given
-k 12' - ﬁ
Tp-T, [ f] : ) .
=A e ....since Fourier no., Fo = (ot / r0*2)
Ii_ T a
t :=Find( 1)

5 .... time reqd. for centre to reach 800 C .... Ans.

-
L

Mote: Mow, Fourier no. is: Fo =

-

o

ie. Fo=32 «..which is = 0.2. Therefore use of one term solution is justified.

Temp. at a radius of 5.4 cm at this time:

We have:

_ T(r.1)-T a Y 11 Fao b K
Long cylinder:  &(r1)=—— _=A e JO|— _.Fo=02_eqn. B
Ti-T, T

In eqn. (B}, J0 is the zeroth order Bessel function of the first kind. Its value can be read from
Table. However, while using Mathcad, JO can be got directly by typing J0 {21)="

ie. JEI.C;_ 1) = 0.827

But, while using Mathcad, it is not even necessary to separately obtain the value of JEI(;. 1)
See below the expression for T. While calculating the expression for T, value of JEI(;_ I)is

returned and substituted automatically, and we get the final value of T as shown.

Here, il = (5.24 / B), at the r = 5.4 cm. So, we get:

r:=0.034 m . radius at which temp is required

-1 12'FG T _
T={T;-T, ) lAqe Jo[— )|+ T, . define T(r1)
To
e T=2502851 C..temp.atr= 54 cm...Ans.
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Amount of heat transferred, Q:

For heat transfer, we have:

I.lh
Cylinder: Q =l-28 1.( 1) ....eqn.iC)

To-T, Jifiy)

i.e.  Fraction:=1- 2

_ ....define Fraction, Q/Q,__,
“1

i.e.  Fraction = 0.977

Now, Q= (E) -[:-r D,J-L] -{1’ Q- Ti} J.___max. heat transfer

[+

e Qua-3it10

To draw radial temp. distribution at different times:

Let us draw radial temp. distribution at t= 15 min., 25 min., and 1 h.

We have, for temp. distribution at any location:

. : a -k 11 Fo byt
Long cylinder:  &(r1)=——  _=A e Ty L Fo=02.

Centre of long cylinder: Bp=— =4,
(r=10) 0 T.-T L

. . CJ'.F
Fourier number as a function of = Fo{1) 1=

A P FeT)
Then, T(r.t) := Ta+{1'i—1'a}-[_—‘11-e ' )ifr=l}

- .
-k " Fal1) Lyt

Ta"‘ {Ti— Ta}- A 18 othersise

To

For a given t, we will plot eqn.(DY) against r; then, we will repeat for different times,

We use Mathcad to draw the graph. First, define a range variable r, varying from 0 to say
0.06 m, with an increment of 0.0005.
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r:=0.00005. 006 ____define a range variable r varying from zero to 0.06 m, with an
increment of 0.001 m

000 Transient heating of a cylinder
830
e e e e e e
o
o _
g ™
g B
_E."CID T L =
Z
5
g &
5
=
500
—"
_:—'_'_'-’_'_'_'_
350 — —
500
0 0005 00l 0015 0.02 0025 0.03 0055 0.04 0.045 0.05 0.055 0.06
after 15 miz. Radiz] distance Fom centre (m)
""" after 23 min.
— - after | hr.
360°
hinki
thin lng.
D I i
eloitte.
Discover the truth at www.deloitte.ca/careers © Deloitte & Touche LLP and affiated entities.
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Note:

1) see from the above fig. how cooling progresses with time. After a time period of 1 hr. the
temperatures along the radius are almost uniform.

2) eqn. (D) illustrates a small piece of Mathcad programming. It uses the “if...otherwise”
condition, i.e. if r0 = 0, the temp. at the centre is given by eqn.(A); otherwise, temp.

distribution is given by eqn. (B).

Plot centre temp and surface temp as a function of time:

Centre temp and surface temp are already defined as functions of r and 1 in egn. (D}):

-
-k 1 Fo(1)
T(r.t) = |T o+ {Tj-Top A e if r=0
2 e N T egn. (D
_;..1‘.1:'5{1:, .'.1-1' ] q ( }
Ta+ {Ti— Ta}- A e JO —— otherwize
Iy
1 := 120,130 4000 _..define a range variable, t
1050 Centre temp and Surface temp vs time
250
200
850
300 —
750 o
00 =
650 -
~ -
= 600 E i
2 sm
=
2 500
2 450
8 a0
350
300
250
200
150
100
50
o
100 1+10° 110t
— Centre temp Time (3
""" Sutface temp

Mote: We have taken the lower limit of  as 120 s since, to have Fo = 0.2, t should have a
value of 117.84 5 ar more. And, for the one term solutions to be valid, therefore, we should
have t = 120.
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Prob. 1G.14: An ordinary egg can be approximated as a 5.5 cm dia sphere whose properties are: k =
0.6 W/m.C, a = 0.14 x 10~-6 m~2/s. The egg is initially at a uniform temp of 8 C and is dropped into
boiling water at 97 C. taking h = 1400 W/mA2.C, determine how long it will take for the centre of the
egg to reach 70 C. Also plot Time against different temperatures at centre T_c (varying from 50 to 95
C) [Ref: 2]

T, = Centre temp.
Egg - sphere

" =0.14e-06 m"2/s
k=0.6 Wm.C

T,=97C
h = 1400 W/m”2.C

>
1,=0.0275 m
Fig.Prob.1G.14
Mathcad Solution:
Data:
+
£p:=00275 m k=06 L"J.e'[j%.c o =0.14-10° mt2is
Ti=% Ta:=97 h=1400  Wimt2.C

Tc:=70 C . temp at centre
Calculations:

First, calculate the Biot Mo. to see if It is less than or more than 0.1

T
Bi = Bi=2138% _ Biot No. .. Remember: for sphere Lc =10/ 3

Since Bi == 0.1, use one term solution. or Heisler charts.

For this, Biot No. is defined differently:
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Conduction - Part Il Transient conduction
h'I 0
Find new Bi: Bi star:=——
k
ie. Bi_star = 64.167

Find 21: Use Solve Block of Mathcad: Start with a guess value for &1:
i1:=01  ___trial value
Given

1 - il-cot{’1)=Bi_star

21 :=Find(1.1)

e Al=3003
Find A1:
AL = (=i L1) - Ll-cos(i1))

241 = sin(2-11)

e Al=1099§

£ _ :' 7

I WANT TO CHANGE DIRECTION,
WORLD.

W [
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Software Solutions to Problems on Heat Transfer
Transient conduction

Conduction - Part Il

Time required to reach a temp of 70 C at the centre:

We have, at the centre of sphere:

Te-Ta 4303

Ti- Ta
Therefare:
Fo:=03 _trial value
Given
Te- Ta=.—'!|.1-E:{p '(-}.1:-}'0} ...eqn. |A) ...for temp at centre of sphere
Ti-Ta
Fo :=Find(Fo)
ie. Fo=10.197 ....Fourier No.
Now,  Fo=2'
T D‘
For D,J 3
T = 1.064+10 s...time reqd to reach 70 C at

Therefore: 1 :=
o centre....Ans.

To draw the graph of Time vs. centre temp:

From eqn (A), we have:

(Te- Ta) }1;‘11.{: “T

Al{Ti- Ta) 2

y
)
(Tc- Ta) }_r 2

o et
Then: (Tc) = Al(Ti- l:a}
—oend”

....define T as a function of Tc

...Let Tc vary fram &0 C to 95 C with increment of & deg.
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Te ™{Te)
50 75141
55| 814,934
50| 886,519
55| 968.313
70| 1064 467
75| 1180.128
80| 1323.742
85| 1522454
20| 1826.862
25| 2534382

Time as a function of Centre temp.

3000

280D
2700

Time (=)
g
™

1700 /

1600
1500
1400
1300
1200
1100
1000

TOD

500
50 55 &0 65 TO 75 20 25 ol o5 10D

Centra t=mp. (deg.C)
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In addition:

Find the temp at the surface when centre temp is 70 C. Also plot the centre temp and surface temp

against timse for T = 1100 to 3600 s (since T required for Fo = 0.2 is 1080 s)

Surface temp when centre temp is 70 C:

For surface temp., we have:

[;.1 -:]
B(x T}:M:AI-E-L UEe o
Ti- Ta A

To

sphere: .Fo=02_ {eqgn. B)

Here, r/r0 = 1, at the surface of the sphere. So, we get:

Al M Fo sinf .1)
al

Ts :={Ti- Ta) +Ta _define T(r.7)

ie. Ts=26.373 C...temp. at the surface...Ans.
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Heat transferred during this period:

For heat transfer, we have:

Sphere: Q Liaa . sﬁl[}.l}—}.}-cns[}.l} _____ (eqn. C)
Q max al’
Mo Tc:=70 C

i.e. Fraction :=1- ....define Fraction. Q/Q,__,

a3

3_1'::— Ta [sin{il}) - il-cos(il)
Ti-Ta i1

i.e. Fraction = 0.903

Mow, Q pax=p VL p-[l'a— Ti) ....max. heat transfer possible
e Q. ::E.[_f-: p Eﬁ)-(ra_ Ty ) since(pcp)=(k/)
o 43
e Qg =33t
Therefore, @ '=Q gy Fraction J..__heat transferred in 1064 5 .
=3 Q=3.D[I'2+1[I'J' J....heat transferred in 1064 s....Ans.

To plot Tc against time:

Fourier number as a function of - Fol1) = i : .. for sphere
T D“
Then, T(r.t):= |Ta+(Ti- ra}-(_u-e""r'ﬁ'“:') =0 eqn. (D)
AR
M| —
AP Fa(t) o
Ta+ (Ti- Ta)|Al-e " ' T otherwise
it
o

t:= 1100, 11203600  ___define a range variahle <
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Centre temp (C) of sphere vs Time (s}

100

80
T(D.1) /

1/
/

1000 1500 2000 2500 3000

500 A0DD

L
L

It is observed that after about 3600 s, centre temp is almost equal to 97 C.

To plot radial temp distribution at different times:

Then, T(r.t) = |Ta+(Ti- ra}-(_u-e"'l”'F“{‘?') F=0 eqn. (D)
. ;.1-:]
Sl
2 . T
Ta4 (Tio Ta){ Al P00 00 | e
Al
To
r:=0,00005..00275  _._.define a range variable r
307
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Conduction - Part Il Transient conduction

100 Radial temp distribution in sphere

o8

il
{

]

28

/

Temyp (i)

i3

B0

T

T4

-0

1] 0.0025 0005 0.0075 001 ©0.0125 0015 00175 002 00225 0025 00275 0.03
Radizl dist fom cantra (m)

— tau=1100s fem

""" tau= 1800 =

—  tan=2400=

— - tau=3000=

It may be noted that after about 3600 s, the temperatures at the centre and surface are almost same.

“Prob. 1G.15. An Iron sphere (k = 60 W/m.C, cp = 460 J/kg.C, rho = 7850 kg/m~3, and alpha = 1.6 x
10A-5 mA2/s) of diameter d = 5 cm, is initially at uniform temp T_i = 225 C. Suddenly, the surface
of the sphere is exposed to an ambient at T_inf = 25 C with a heat transfer coeff h = 500 W/m2.C.
(i) Calculate the centre temp at time tau = 2 min after start of cooling, (ii) Calculate the temp at a depth
of 1 cm from the surface at time tau = 2 min after start of cooling, and (iii) Calculate the energy removed
from the sphere during this period. [VTU - VI Sem. B.E. - Dec. 07-Jan. 2008]:”
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T, = Centre temp.
Iron sphere

" =1.6e-05 m"2/s
k=60 W/m.C

cp =460 Jkg.C
D= 7850 kg/m"3

T,;=25C
h =500 W/m~2.C

1,=0.025m

Fig.Prob.1G.15

EES Solution:

“Data:”

r_0 = 0.025[m] “..outside radius of sphere”
T i=225[C]
T_inf = 25[C]

(]
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h = 500[W/mA2-C]
tau = 120[s]

alpha = 1.6e-05[m~2/s]
k = 60[W/m-C]

cp = 460 [J/kg-C]
rho=7850 [kg/m~3]

“Calculations:”

“First of all, calculate the Biot No. to see if it is more than or less than 0.1:”

Biot = (h *r_0/ 3) / k “...Biot No. for a sphere; remember Lc = r_0 /3 for a sphere”

“We see that Bi = 0.06944 i.e. Bi < 0.1. So, lumped system analysis is applicable and temp anywhere
within the sphere will be within 5 %.. But, Fo = 3.072 i.e. > 0.2 for this problem.

So, let us use One term solution (or Heisler charts) since they have asked for centre temp and temp at

another radius separately.:

For One term solution, we take characteristic dimension as Lc = r_0 in the new definition of Biot No.

as follows:”

Biot_star =h *r_0/ k “....Biot No. for use in one term solution or Heisler charts”

“We need to find out Lambdal and A1:”

“Find Lambda_1 and A_1:”

1
1 — 5wy - ——— = Biotzger ...eqnwhich Finds Lambda- for a sphere
tan ( ¢ )

fo- 4 sin(n:) — 7y - €COS (%) Finds A1
T 2 k- SiN(2 - he) wrines A

Above equations are entered in EES as follows:
1- Lambda_1 * (1 / tan(Lambda_1)) = Biot_star “... eqn which Finds Lambda_1 for a sphere”
A_1 =4 * (sin(Lambda_1) - Lambda_1 * cos(Lambda_1)) / ((2 * Lambda_1 - sin(2 * Lambda_1)))

“..Finds A1”
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“Centre temp at tau = 2 min:”
Fo = alpha * tau / r_0/2 “Finds Fourier No, Fo”
Theta_0 =(T_0 - T_inf) / (T_i — T_inf) “For Heisler chart verification”

To = Tins

= A; - exp(—i:°- Fo) FindsTo
Ti = Tint

Above eqn. for T_0 is entered in EES:
(T_0 - T_inf) / (T_i - T_inf) = A_1 * exp(- Lambda_1/2 * Fo) “Finds T_0”

“What is the centre temp at 1 cm from surface (i.e. r = 1.5 cm) after 2 min?”

r

sin|ny - —
T = Tins 2 Mo .
—— = A; - exp({—-i¢" - Fo}- Finds T
Ti — Tint '

With us you can
shape the future.
Every single day.

For more information go to:
WWw.eon-career.com

Your energy shapes the future.
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Above eqn for T_r is entered in EES:

(T_r-T_inf) / (T_i- T_inf) = A_1 * exp(-Lambda_1/2 * Fo) * sin(Lambda_1 *(r / r_0)) / (Lambda_1
*(r/r_0)) “Finds T_r”

“For Heisler chart verification:”

rbyro = (r / r_0)

Theta = (T_r — T_inf) / (T_0 — T_inf)

“Energy removed after 2 min:”

Qmax =V * rho * cp * (T_i - T_inf) “[J] ...max energy removed”

To = Tint sin(iy) — &y - COS (i)
QbyQmax = 1 - |3 - o — L ratio of Q7 Qe

Above eqn for ratio of Q / Qmax is now entered in EES:

QbyQmax =1 -3 * (T_0 - T_inf) / (T_i - T_inf) * (sin(Lambda_1)-Lambda_1 * cos(Lambda_1)) /
Lambda_1A3 “...ratio of Q / Q_max”

Q = Qmax * QbyQmax “[J] ... actual energy removed from the sphere in time tau”

Results:

Unit Settings: 51 C kPa kJ mass rad

c = 0000016 [mes] Aq=1.062 Biot =0.06344
Biotys = 0.2083 cp=460 [JfkgC] Fo =3.072

h=500 [/m>C] k=60 [m-C] Aq=07743

2 =38781 [J] Oy Cimax = 08416 Qrnax = 47268 [J]
r=0.015 [m] thyro =06 p= 7050 [kyfrn]

rg = 0.025 [m] =120 [=] B =0.9644
Bp=0.1653 Tp="58.66 [C] T; =225 [C]

Tif = 25 [C] T, =57.46 [C] Y = 0.00006545 [m]
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Thus:

T_0=58.66 C ... centre temp after tau =120 s ... Ans.

T_r=57.46 C ... temp at a depth of 1 cm (i.e. r = 1.5 cm) after tau = 120 s .... Ans.

Q =39781] .... Energy removed during the time 120 s .... Ans.

Note: Verify the results from Heisler charts. To help you in this, values of theta, theta_0 and rbyr0 are
readily calculated with EES. (See Results above).

Plot the centre temp against the time required to reach that temp:

250
Centre temp against Time for a sphere

200

150

To [C]

50

0 100 200 300 400 500 600
T [s]

Here the graph is plotted for the time tau = 8 s to 600 s. Min value of 8 sec is chosen since for the one
term solution to be valid, we should have Fo > 0.2, i.e. tau should be more than 7.8 s.
It may be observed from the plot that after about 360 s, the temp at centre is almost the same as that

of the surroundings.
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“Prob. 1G.16. A large slab of wrought iron is at a uniform temp of 375 C. The temp of one surface of
this slab is suddenly changed to 75 C. Calculate the time required for the temp to reach 275 C at a depth
of 5 cm from the surface and the quantity of energy transferred per unit area of the surface during this
period. Take k = 60 W/m.K and alpha = 1.626 x 10~ -5mA2/s. [VTU - VI Sem. B.E. - May-June 2010]:”

T,=75C T=275C
V Thick slab -
3 - semi- infinite body
x=0.05m A T=375C
" =1.626e-05 m"2/s
k=60 W/m.C

Fig.Prob.1G.16
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EES Solution:

“Data:”

T_i =375[C]

T_0 =75[C]

x = 0.05[m]

T = 275[C]

alpha = 1.626e-05
k = 60[W/m-C]
A =1[mA"2]

“Calculations:”
“Here, the thick slab is treated as a semi - infinite body. Then:”

T - T3
T, — Tg

X

- Finds t
7 . F] INas tau

= Erf

Above eqn to find out tau is entered in EES as follows:
(T-T_0)/(T_i-T_0)=erf(x/ (2 * sqrt(alpha*tau))) “Finds tau”
“And energy transferred is given by:”

“And energy transferred is given by:”

L

Qe = 113 - k- A - (Tg = Ti) - 5 4 energy transferred

Q_tot =1.13*k* A* (T_0 - T_i )*sqrt(tau/alpha) “[J] ... energy transferred”

Results:

Unit Settings: 51 C kPa kJ mass deqg

A =1 [md ¢ = 000001626 [mefs] k=60 [Am-C]
gt = -4.572E+07 [Jfm¥] T =275 [C] T=82.14 [g]
Tp=75 [C] Ti =375 [C] x = 0.05 [m]
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Thus:

tau = 82.14 s .... Time reqd for temp to reach 275 C at a depth x = 5 cm from surface ... Ans.

Q_tot = - 4.572E07 J ... heat transferred during this period ... Ans. (-ve sign indicates that energy
has flowed out of the slab).

Plot the temperatures at various depths from the surface after different time periods:

400| Temp at ditferent depths from surface atter difterent times ¢

R

0.4 0.5 0.6

0 0.1 0.2

0.3
x [m]
Temperatures at various depths upto 0.5 m are plotted for different time periods.

One can observe the progress of cooling of the slab with time.

Prob. 1G.17. In areas where ambient temperature drops to subzero temperatures and remains so for
prolonged periods, freezing of water in underground pipelines is a major concern. It is of interest to

know at what depth the water pipes should be buried so that the water does not freeze.
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At a particular location, the soil is initially at an uniform temperature of 12 C and the soil is subjected

to a subzero temperature of -10 C continuously for 50 days.

1) What is the minimum burial depth required to ensure that the water in the pipes does not
freeze? i.e. pipe surface temperature should not fall below 0 C.

2) Plot the temp. distributions in the soil for different times i.e. after 1 day, 2 days etc.

Properties of soil may be taken as: a = 0.138 x 10 m?/s, p = 2050 kg/m?, k = 0.52 W/(m.K), cp = 1840
J/kg.K.

Soil surface

T,=-10C Soil: semi- infinite body
T,=12C
" =0.138e-06 m"2/s
k=0.52 W/m.C
x=7?
Water pipe T=0C

Fig.Prob.1G.17
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Mathcad Solution:

Data:
2 =0.13810°  ms.__thermal diffusivity of soil
k=032 W/m_C)...thermal cond. of soilr
T.:=12 C._.initial temp. of soil

Tp=-10 C....temp. of surface

T :=010 C...temp. of freezing of water
1:=30-24.3600 s__. for 50 days
ie =432.10° 5....time duration of exposure of soil to subzero temp.

To find: the depth x reqd. to reach 0 C under these conditions:

We will consider earth’s surface as a semi-infinite medium, with the surface suddenly brought to and

maintained at a constant temperature, To.

So, eqn. (A) is applicable, to get temperature variation as function of position and time, i.e.

T(x.1)-T !
o El=m_ : —eqn(A)
T;-Ty ndat
T-T, . .
Mow, we get: = 0433 since all temperatures are given.

Ti-Ty

Use Solve Block of Mathcad to find the min. burial depth, x. Start with a guess value for x:

x:=035 m..._guess value for x

Given
T-T i
ﬂ=erf' X
Ti-To  Jaufan
x '=Find{x)

ie.  x=066 m...min. burial depth to prevent freezing of water line....Ans.
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To plot the temp. distributions in the soil at a depth of 1 m for different times, t:

Again, we use eqn. (A). From this eqn. temperature as a function of x and T is written as:

T(x.1) =T+ (T;- To)ef

2ot

x ) ....eqn. (B)

To plot eqn.(B) against x for different t, in Mathcad:

First of all, define a range variable x varying from 0 to 1 m at an interval of, say, 0.01 m:

x:=0,001..1 ...define a range variable x | varying from 0 to 1 m, with an increment of
0.01 m.

Semi-infinite medinm- Temp. profile on x

15
14
13
12 —
11
10 T —
o ,.-"J/ G - —
8 —
o~ 6 / . =
o / - -~
R / : I
L - -
g ,f'I a T
E 2 / .
21 : )
E 0 -
:E -1 'lll J_J s
L] .
N / . ~
-3 .
el |
-3 ||II .IJ
» i
_'5 |Ir E i ’
L
VIS
e
_g@-,
=10
[i] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 (%3 oe 1
— after 1 daw Depth fom surkcz (m)
""" after?dazvs
—  after 13 days
— - after 30 days
— after 30 days
319
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Note from the above fig. that:

1) even after a period of 50 days of exposure of the surface to an ambient at -10 C, temp. at
a depth o 1 m has reached only about 4 deg. C.

2) after 50 days, freezing temp. of 0 deg. C is reached at depth of 0.66 m, as calculated.

3) slope of the temperature curve, dT/dx, at the surface (i.e. at x = 0) decreases as time

increases; that means that heat extracted from the surfaces decreases as time increases.

Prob. 1G.18. A thick Aluminium block initially at 27 C is subjected to a constant heat flux of 3500 W/
mA2 by an electrical resistance heater whose top surface is insulated. Determine how much the surface

temp of the block will rise after 30 min.

x = 0 m at the surface Insulation
Electrical heater,

qo=13500 W/m"2
Thick Al block -
semi- infinite body
T.=27C

X " =97.1e-06 m"2/s
k=237 Wm.C

Fig.Prob.1G.18

Mathcad Solution:

Data:
0 :=97.1-107° m¥fs._thermal diffusivity of slab
k=237 VWim.C)... thermal cond. of Al
T,:=27 C...initial temp. of slab

qp:=3300  WimZ__const. heat flux on the surface
x:=0 m....at the surface

1:= 1500 5...time period

Ta find: the surface temp. after a period of time © = 1800 s.
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Temp. at the surface after a time period of 1800 s:

This is the case of a semi-infinite slab, with constant heat flux conditions at its exposed
surface. So, this is case, eqn. (A) given below is applicable:.

Eqn (A) to get temperature variation as function of position and time:

Substituting and calculating, we get,

e, T{x.1)=33867 C...temp. at the surface after a time period of
1800 s..Ans. .

Note: In Mathcad, there is no need to separately find out erf() and substitute etc. All calculations

are done in one step, since error function is one of the built-in functions in Mathcad.

Prob. 1G.19. A very thick slab (a = 5.6 x 10 m?/s, k =20 W/(m.C)) is initially at an uniform temperature
of 325 C. Suddenly, its surface is subjected to convective cooling with a heat transfer coeff. h = 100 W/

(m*C) into a coolant at 15 C. Calculate the temperature at the surface and and at a depth of 4.5 cm from

the surface 3 min. after the start of cooling.
(b) Also, plot the temp histories at the surface and at a depth of 4.5 cm at various times for:

1) a=5.6x107-7,5.6 x 10A-6 and 5.6 x 10A-5 mA2/s
2. k=2,20and 200 W/m.C [Ref. 3]

T,=15C
h=100 W/m"2.C

Thick Slab -
¢ ¢x 0.045 m semi- infinite body
T=325C

" =5.6e-06 m"2/s
k=20 W/m.C

>

Fig.Prob.1G.19
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Mathcad Solution:

Data:

o =36-100°  mfs. . thermal diffusivity of slab

k=20 W/m.C)... thermal cond.

T,;=323 C._.initial temp. of slab

T,:=13 C...coolant temp.

h =100 W/imZ2.C).__heat transfer coeff. between ambient and slab surface

1 =043 m....depth from the surface

T =180 5._..time period

To find: the temp. after a period of time = 180 5, at the surface and at a a depth of
0.045 m.

Temp. at the surface, i.e. x = 0, after a time period of 180 s:
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This is the case of a semi-infinite slab, with convection conditions at its exposed surface.
So, for this cae, the applicable eqn. is:

- )-(EXP(%+h_{f'r))-l—erf z +h"f'r eqn_(A)

i

I(z.1)-T;
- =l-ef
T a~ Ii

2enjo T “n] 0L T

At the surface: =x:=10

Use the Solve Block of Mathcad to solve for Ts. Start with a guess value for Ts,
say 50 C:

Tz =30 C.... guessvalue for Ts

Given
I=s-T: ) . 1 - || )
1=1—|=_~rf' * — |exp E+h ot 1= etf * +h ot
l'a—l'i - k L:J - k
2ealoi-T Denler T

Ts :=Find(Ts)
e Ts =27644 C .... temp at the surface after 180 s ... Ans.
Temp. Tx, at a depth of 4.5 cm, after a time period of 180 s:

Again, eqn. (A) is applicable, but with x = 0.045 m:

x:=0.043 m ... at a depth of 4.5 cm from surface

Again, use the Solve Block of Mathcad to solve for Tx. Start with a guess value for
Tx, say 50 C:

Tz =30 C.... guessvalue for Tx

(iven
Tx-T; _ . 2 i _|' _
1=1—er1f' * - |exp E.Fh ot 1= etf * +h et
T -T: k 12 k
a i I (LI

Tx := Find( Tx)

e Tx=314326 C ....temp at a depth of 4.5 cm from the surface after
180 s ... Ans.
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Note the ease with which above expression is calculated in Mathcad.
(b):

To plot the temp histories at the surface and at a depth of 4.5 cm at various times for:
(iye=56x10~7, 56 x 10~-6 and 5.6 x 10*-5 m*2/s
{ii) k=2, 20 and 200 Wim.C

We have, from eqn. (A), writing T as a function of x, a, k and

X )_ (Exp(ﬁ_,_hl'a"r))- 1o el * +h-»JcE
1o L dafur F

First, plot T vs t for x = 0 and k = 20 W/m.C and three different values of a:

T(x.o0k,1) =T 4 (T - Tjh{1- ef

k=20 Wm.C x:=0 __atthe surface
t:=0,1.300 ...define a range variable t_ varying from 0 to 300 s. at an interval of 1 5.

Semi-infinite slab with conv. at surface

§
——
r
f)

g
—1
v

20—}

E

g

Surface temp (deg. )

120

100 =]

20
O 20 40 & B 100 120 140 160 1BD 200 220 240 260 2BD 300

—— alpha=356x106m'2s o
""" alpha=36xz 10"-3m"2/s
—  alpha=36x10"4m"2's

324

Download free eBooks at bookboon.com



Software Solutions to Problems on Heat Transfer
Conduction - Part Il Transient conduction

Hext, plot T vs 1 for x = 4.5 cm and k = 20 W/m.C and three different values of a:

k=20 Wim.C x:=0.045 __at a depth of 4.5 cm from the surface

1:=0,1.300 ...define a range variable 1, varying from 0 to 300 s. at an interval of 1 5.

Semi-infinite slab with conv. at surface

18D \\

160

Temp atx = 4.5 em from surface (deg, )
‘_,_o{

140 ]

120 =

100

B0
o 20 40 &0 B0 100 120 140 160 1B 200 220 240 260 2BD 300

— alpha=36x106m'2s o
""" alpha=38x 10°-3m"2/s
— - alpha=36x10"4dm"2's

Next, plot T vs t for surface and alpha = 5.6 x 1046 W/m.C and three different values
of k:

o =5610°° mn2/s x:=0 __at the surface
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t:=0,1..300 ...define a range variable 1, varying from 0 to 300 s. at an interval of 1 .

Semi-infinite slab with conv. at surface

280 S

Surface temp (deg. )

180 iy

160 \\

140

120

100

20

O 20 30 &0 B 100 120 140 160 1B0 200 220 240 260 280 30D

— k=2WmC Tima (2

""" E=20WmC
—  k=200W/mC

MNext, plot T vs « at x = 4.5 cm and alpha = 5.6 x 10*6 W/m.C and three different values
of k:

o =36-107° mh2is x=0.043 m...at a depth of 4.5 cm from the surface
t:=0,1.300 _..define a range variable 1, varying from 0 to 300 s. at an interval of 1 5.
326
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Semi-infirite slab with conv. at surface

|,

Temp atx = 4.5 em from surface (deg.C)

0 I 4 & B 100 120 140 160 1ED 200 220 240 260 28D 300

— k=2WmnC T @

----- k=20 W/m.C
— k=200 Wim.C

Prob. 1G.20. A solid copper sphere of 10 cm dia (density = 8954 kg/m~3, cp = 383 J/kg.C, k =
386 W/m.C), initially ata uniform temp of 250 C is suddenly immersed in a well stirred fluid maintained at
a uniform temp of 50 C. Heat transfer coeff between the sphere and the fluid is 200 W/mA2.C. Determine
the temp of the copper block at 5 min after the immersion. [VTU - VI Sem. B.E. - June 2012]. Also,

plot the Temp vs time curve for different values of h:
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Copper sphere

k=386 Wm.C
D= 8954 kg/m"3
cp =383 Jkg.C

Q

T, =50C

inf

h =200 Wm"2.C

R=0.1m

Fig.Prob.1G.20
This is the same as Prob.1G.2.
However, we will solve this problem with EXCEL:

In Lumped system analysis (i.e. Bi < 0.1), for temp distribution, we have:

Following are the steps in EXCEL Solution:

1. Set up the EXCEL worksheet, enter data and name the cells:

Transient conduction

tau - ( £ | 300

pil B C D E
1
2 Data:
3 Rad 0.1 m
4 rho 8054 kg/m~3
5 C 383 J/ke.C
] k 386 W/m.C
7 h 200 W/mn2.C
8 i 250 |C
9 T a 20 C

ta_u I 300 _|5

[y
[}

el
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2. Enter the calculations for Temp. Note that first, we check if Biot No is less than 0.1. If so,
Lumped system analysis is applicable. Then, time constant tau_star is also calculated. Finally,

temp after 300 s is calculated. Note how the long eqn is calculated in parts:

D19 - fe | =T a+{T_i-T a)*C_1
A B C D E F G H I il K
11
12 Calculations:
13 First, check if Bi = (h*L_c)/k is less than 0.1: i=T[’”}— Ta=e}\ -h-Aa ifBi < 0.1.._(7.12)
14 Surface area A s 0.125664 m~2 BT Ty p-C pj"
15 Ch. Dimension LG 0.033333 m
16 Check: Bi 0.017271 ..less than 0.1...So, Lumped system analysis is applicable
17 time const. tau_star 571.5637 s v
18 | C1 0.591629 . Le= :
19 | T | 168.3258 _|5.... G
epV peepl

20 | tau star= 2B o POPT
21 hA h
22 [ —tau )

C_l= exp| |
23 B \p"\tau_sta.t J

A4

Thus, temp of the sphere after 300 s is 168.326 deg.C .... Ans.
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3. Now, draw temp vs time for h = 20, 100 and 200 W/m~2.C:

Set up the worksheet as shown:

D31 - ( Fe | =T a+{T_i-T_a)*EXP(-$D$29*C31/(rho*cp*L_
A B C O E F &
25
26 Plot Temp vs time for h =20, 100 and 200 W/m"2.C:
27
28 Temperature of Sphere
29 h(w/mr2.C)= 20 100 200
30 | Time (s)
31 o 250 ! 250 250
32 100
23 200
34 300
25 400

This Table will calculate temps at various times for three different values of ‘i’ Time varies from 0 to
40000 s. In cell D31, the eqn for Temp is entered. See the eqn in the Formula bar. Take care to see
that for h = 20, i.e. cell D29 is entered as ‘absolute reference’ and time in cell C31 is entered as ‘relative
reference’ so that when you drag-copy cell D31 downwards, calculation for each row is automatically
adjusted. Similarly, enter the eqns for Temp with h = 100 and h = 200 W/mA2.C in cells E31 and E32
respectively. Note that the cells D31, E31 and F31 calculate to a result of 250 C, as it should be, since

these are the initial temperatures, i.e. at tau = 0.
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4. Now, select cells D31 to F31 and drag-copy to the end of the Table. All calculations are

immediately completed: Part of the Table only is shown below, to conserve space:

F31 - &J =T_a+(T_i-T_a)*EXP(-SFS29*C31/(rho*cp*L_c))
a | 8 | c [ o | ¢ |[NEG s |
Plot Temp vs time for h =20, 100 and 200 W/m"2.C:

Temperature of Sphere

250 250 I 250 .I
246.5313 233.2476 217.8983
243.1227 217.8983 150.94593
239.7732 203.3348 168.3258

236.4318 190.9493 1459.3335

SILIERIEEICEIEE RS

233.2476 179.1431 133.3896 B

230.0694 163.3258 120.0049
38 226.9463 158.4145 108.7686
39 223.8774 149.3335 99.33572
40 220.8617 141.0131 91.41693
4 217.8983 133.3896 84.76917
42 214.9364 126.4047 79.18843
43 212.1249 120.0049 74.50345
44 209.3131 114.1412 70.57044
45 206.55 108.7686 67.26871
46 203.8348 103.846 64.49694
47 2011668 99.33572 62.17006
48 198.545 95.20325 60.21667
49 195.9686 91.41693 58.57681
50 193.437 87.94775 57.20016
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F89 [ =T _a+({T_i-T_a)*EXP(-SFS29*C89/[rho*cp*L c})
[ B p | £ e | @6
66 | 60.21667 50.00007 a0
67 | 58.57681 50.00003 S0
68 | 57.20016 50.00001 S0
69| 56.04447 50.00001 S0
7L 55.07429 a0 a0
71 54.25982 50 50
7 23.57609 S0 S0
73 53.00209 50 50
gy 52.52023 a0 a0
I35 52.11571 S0 S0
e a1.77613 S0 S0
7 51.49104 S0 S0
8 51.25172 a0 a0
M9 51.05081 S0 S0
80| 50.88214 S0 S0
81 50.74055 50 50
B2 50.62169 a0 a0
83 | 50.5219 S0 S0
B 50.43813 S0 S0
85 50.36781 50 50
86 50.30877 50 50
87| 50.25921 S0 S0
BB | 50.21761 S0 a0
89| 50.18268 S0 I S0 .I

Note that the sphere cools to the ambient temp of 50 C after 11000 s, 21000 s and beyond 40000 s for
h =200, 100 and 20 W/mA2.C respectively.
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5. Now, plot the graphs:

Temp vs Time for different'h' values

300 4

250

200

130 —— h=20W/m*2.C

Temp (deg.C)

——h=100W/m"2.C
100 ——h=200W/m"2.C

30

1: 3000

Time (s)

Note that in the above plot, x-axis is in log scale for clarity since time varies through a large range.
To change to log scale, simply select the axis concerned, and right-click; we get:

Delete
£9  Reset to Match Style
A | Font.

adh Change Chart Type...
4 Select Data...

Add Major Gridlines

Format Minor Gridlines...

|23 Eormat Axis...
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Click on Format Axis to get:

Format Axis

s Options|| | Ay Options

Shadow [] valuesin reverse order

Mumber Minimum: (7 auto & Fixed |1.0 _|

Fill Maximum:  (7) auto {*) Fixed Mﬂ 1

Line Color Major unit: () auto @ Fixed [5000.0

Line Style Minor unit: (%) autg &) Fixed
|

2.0 Format Logarithmic scale  Base: |1IZI

Aligrment Display units: |Mane w

Major tick mark type: | Cutside W

Minor tick mark type: | None W
Axis labels: Mext to Axis W
Vertical axis crosses:

"EJ' Automatic

) Axds value:

) Maximum axis value

Close

Put a check mark on ‘Logarithmic Scale’ (of course, while using logarithmic scale, minimum of axis

should be 1 and not zero), click Close. And the Log scale is effected.

Prob.1G.21. A 50 cm x 50 cm copper slab, 6 mm thick, at an uniform temperature of 350 C, suddenly
has its surface temperature lowered to 30 C. Find the time at which the slab temperature becomes
100 C. Given: p = 9000 kg/m3, cp = 0.38 kJ/(kg.K), k = 370 W/(m.K), h = 100 W/(m2.K). Also find out

the rate of cooling after 60 seconds.
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EXCEL Solution:

g T(1)-T, ChA 1), temp distribution is given by:

—= =exp | —— if Bi<01._

gy Ti-Tg pC p"‘

Following are the steps:

1. Set up the EXCEL worksheet, enter data and name the cells:

Ta - | 30

A B c |.bp | E F
1
2 Data:
3 Length L 0.05 m
4 Breadth B 0.05 m
5 thickness delta 0.006 m
6 density rho 9000 kg/m~3
7 sp.heat cp 380 Jfke.C
g th. Cond. k 370 W/m.cC
g heat tr coeff h 100  W/m*2.C
10 Initial temp T 350 C
11 Ambient temp Ta I 30 .IC
12 Final temp T 100 C..to be attained
13 Find time tau required for the slab to reach 100 C.

2. Do the preliminary calculations, verify if Bi < 0.1:

D21 —_ e | =hL_c/k
5 B - F G H I J
Initial temp T 350
Ambienttemp T.a 30 cC g Tt)-T, hoA —_—
= = 3 s = =exp 2 if Bi = 0.1
Final temp T 100 C..to be attained e ErewWl p-C_N
s |
Find time tau required for the slab to reach 100 C. ; y
Lot=:—
- A
Calculations:
V -cp-L
tau_star = E oot
First, check if Bi = (h*L_c)/k is less than 0.1: h-A h
Surface area A s 0.005 |'m*2 s ey
= eNp 1
Volume v 0.000015 mA3 S T
Ch. Dimension Lc 0.0030 m
Check: Bi I0.0DDEH I..Iess than 0.1...50. Lumped svstem analvsis is applicable
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3. To calculate the time at which the plate will reach 100 deg. C, start with a trial value for
time tau, do the calculations to find the temp, T. Obviously, this will be different from the
desired value of 100deg.C

| e 1 - fe | =EXP(-tau/tau_star)
A B c | b | E F G H | J
15| Calculations: it
= tau star = il = pepl c
17| First, check if Bi = (h*L_c)/k is less than 0.1: - h-A h
13 Surface area A s 0.005 'mA~2 P e
19 | Volume V  0.000015 mA3 L g |
20 Ch. Dimension I.c 0.0030 m
21 | Check: Bi 0.000811 ..less than 0.1...50, Lumped system analysis is applicable
22 time const. tau star 102.6 s
23 | Trial value tau 100 s..trial value
i 2. :0'3??321! Start with a trial value for tau
25 | T 1507427 C.Bns. | jncelina,
26 1| ApplyGoalseekomake cell
27 D24 equal to 100 by changing
28 | | | cell 2.

29 L

4. Note that cell D25 shows 150.7427 C when the assumed value of tau in cell D23 is 100 s. So,
apply Goal seek in EXCEL to make cell D25 = 100 by changing cell D23. Go to Data-What
If Analysis — Goal seek:

O\ d9-c s Prob.1G.21 - Microsoft Excel

Home Insert Page Layout Formulas Data Review View Developer Add-Ins CodeCogs

gy From Access -0 &y

_IJ -_EI @ |_-:J:ﬂConnections %l E F . Clear

E R jData Validation ~ % Group ~

._aFrom Web ¢ Properties f.‘; Reapply |:Eu Consolidate ~@ Ungroup
= From Other Existing Refresh _ il Sort Filter Y Textto R = - i

-] From Text Sources* | Connections Al == Edit Links .7 Advanced || Columns Duplicates (5P What-If Analysis 7| | 5]i] Subtotal
Get External Data Connections Sort & Filter Data Scenario Manager... utline

D25 - fe| =T_at{T_i-T_a)*c_1 Goal Seek..

A B £ D | E 3 G H 1 ] Data Table...

1 | L
15 Calculations:

Click on Goal seek. Fill up the cell values in the window that pops up:

Set cell: | D25 5.5
To value: ! 100 |
By changing cell: | 50523 Rz

oK l’ Cancel ]
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Press OK. We get:

Goal Seek Status

Goal Seeking with Cell D25
found a solution.

Target value: 100
Current value: 100.0000251

Press OK, and see the result in cell D23:

| tau - (2 I | 155.934085587027
A B c b | E F 5 H | 1
18 | Surface area A_s 0.005 m~2 e
19| Volume VvV 0.000015 mA3 s T
20 | Ch. Dimension Lc 0.0030 m
21 | Check: Bi 0.000811 ..less than 0.1...5o, Lumped system analysis is applicable
22 | time const. tau_star 1026 s
] Trial value tau I 155.9341 _Is...trial value
o) e -2 875 | Start with a trial value for tau
25| T 100 C.... Ans. | incell D22.
26 | || ApplyGoalseekomake cell
27 | | | D24 equal to 100 by changing
28 | | || cellD23.
23
337
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5. To find dT/dtau at time = 60 s:

Transient conduction

First, construct a Table of Time vs Temp, as we did in the previous example:

D37 - [

fe | =T_a+{T_i-T_a)*ca7

29
30
31
32
33
34
35
36

37|

38
39
40
41

C

B E

To find rate of cooling after 60 S:

First, condtruct a Table of Temp vs Time:

tau (s) C1 T(degC)
0 1 I 350 I
o
10
15
20

C_1 is calculated for each value of tau, in column C. See how the formula is entered for Temp in cell D37.

Take care to enter ‘relative reference’ for C_1, so that all values will be correctly calculated when you drag-

copy cellsC37 and D37 downwards to the required time limit. Part of the Table produced is shown below:

| D51 - fe | =T_a#{T_i-T_a)*c51
A B £ D E F G B
35
36 tau (s) C1 T(deg.C)
37 0 1 350
38 5 0.952435 334.7793 At60s:  dT/dtau
39 10 0.907133 | 320.2827 -1.73792 C/fs
a0 15 0.863986  306.4755
a1 20 0.822891  293.3251
42 25 0.78375 | 280.8001
43 30 0.746472 268.8709
a4 35 0.710966 = 257.5091
a5 40 0.677149  246.6878
45 45 0.644941 236.3811
a7 50 0.614265 226.5647
a8 55 0.585047 | 217.2152
a9 60 0.55722 | 208.3104
50 | 60.000001 | 0.55722 _208.3104 |
51| 65 0.530716 | 199.8291 |

Note that at tau = 60 s, we have given a very small increment of 0.000001 s to time and found out the

corresponding decrease in Temp.
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We see that thus calculated value of dT/dtau (at 60 s) is -1.73792 deg.C/s ... Ans.
Here, -ve sign indicates that temp decreases as time increases.

6. Now, extend the Table up to time = 155.9341 s and observe that at that time, we get a temp
of 100 C, as we should.

D70 - @ fe | =T_a+{T_i-T_a)*C70

0.585047
0.55722
0.55722
0.530716
0.505473
0.48143
0.458531
0.436721
0.415349
0.396164
0.377321
0.359374
0.34228
0.326
0.310494
0.295726
0.281659
260
0.255503
0.24335
0.231775
0.220751
0.21875

n
b=

388288 RBBRBBEYRG R LLELLS

d
i
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7. And, now plot Temp vs Time:

Temp vs Time for Slab

400

350 _

300 ot

250 o

200 S

Temp ideg.C)

150

100 T

50

0 50 100 150 200

Time (s)
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Prob.1G.22. Plot a graph of Temp vs Time, in dimensionless coordinates, applicable to Lumped parameter

analysis of all the three geometries, viz. plane slab, cylinder and sphere.

EXCEL Solution:

When lumped parameter analysis is applicable (i.e. when Bi < 0.1), for temp distribution, we have the

relation:

= a=exp(_h"{'1') ifBi<01_ (712)

Using dimensionless numbers Biot No (Bi) and Fourier No. (Fo), this can be written as:

g I(1)-T
" = % =exp(-BiFo) ifBi < 0.1...(7.13)

8. T;-T

1 i

1. Now, let us set up the EXCEL worksheet to calculate (6/6i) for different values of (Bi * Fo):

169 - |

A B 2 D E
4 Lumped analysis or Newtonian heating or cooling:
5 Bi less than 0.1
6 Theta= T-Ta
7 Theta_i= T i-Ta
8 Theta/Theta_i= exp(-h*A*tau/(rho*cp*V)
9 tau= time of cooling/heating
10 tau_star= (rho*cp*V)/(h*A) time const.
11 Theta/Theta_i= exp(-tau/tau_star}
12 Bi= h*Lcfk Biot No.
13 Lc= - half thickness of Slab |
14 R/2 for cyl Ch. Dimension
15 | Rf3for Sphere [
16 _ L6 for cube of side L
17
18 Fo= alpha*tau/Lch2 Fourier No.
19 alpha= k/({rho*cp) Th. diffusivity
20
21 Theta/Theta_i= exp(-Bi*Fo)
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2. Next, generate the Table:

To draw graph Theta/Theta_i vs. Bi.Fo:

Transient conduction

Bi*Fo |Th eta/Theta_i =exp(-Bi.Fo)
0.00 1
0.05 0.951229
0.10 0.904337
0.15 0.860708
0.20 0.818731
0.25 0. 778301
0.20 0.740318
0.35 0.704688
0.40 0.670320
0.45 0.637628
0.50 0.006531
1.00 0.367879
1.50 0.223130
2.00 0.135335
2.50 0.082085
3.00 0.049787
3.50 0.0320197
4.00 0.018316
4,50 0.011109
2.00 0.006738

3. And plot the graphs:

(T-T_a)f{T_i-T_a)

Transienttemp. distribution in solids (Bi < 0.1)

1 4

01 A

001 A

0.001 T T T T T T T T T
0.00 0.50 1.00 150 2100 250 3.00 3.50 4.00 450

Bi.Fo

5.00
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And for a smaller range of Bi.Fo:

Transienttemp. distribution in solids (Bi < 0.1)
1 —
E ‘--""-._
.J.I —
=1
=
fluc
£
0.1
4] 0.1 0.2 0.3 04 a5 0.6 a7 0.8 09 1
Bi.Fo
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Above Table/graphs can be used to:

1) Calculate the time (tau) when the temp to be attained (T) is known, or

2) Calculate the Temp when the time (tau) is given.

Prob.1G.23. A steel plate (oo = 1.2 x 10 m?*/s, k = 43 W/(m.C)), of thickness 2L = 10 cm, initially at
an uniform temperature of 250 C is suddenly immersed in an oil bath at Ta = 45 C. Convection heat

transfer coefl. between the fluid and the surfaces is 700 W/(m2.C).
1) How long will it take for the centre plane to cool to 100 C?

2) What fraction of the energy is removed during this time?

3) Draw the temp. profile in the slab at different times.

EXCEL Solution:

Following are the steps:

1. Set up the worksheet, enter data and name the cells, calculate Biot No as the first step:

33 v £ | =h*L_c/k
A B = D E F G H
24 | Data: Lc 0.05 m
25 alpha 1.20E-05 m2/s
26 k 43 W/m.C
27 T 250 C
28 Ta 45 C
29 h 700 W/ma.c
30 To 100 C
31
32
33 Bi I 0.81395349_|...Greater than 0.1. So, adopt 1 Term approximation solution.

We see that Bi > 0.1.

So, Lumped system analysis is not applicable.

We can use Heisler’s charts or One-term solution for temp distribution.

Heisler’s charts are difficult to read since logarithmic scales are used and the curves are rather crowded.

So, when a computer is available, it is always recommended to use One-term solution.
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Note one important difference in defining Biot number now, while using the tabular or chart solution

or one-term solution:

Characteristic length in Biot number is taken as half thickness L for a plane wall, Radius R for a

long cylinder and sphere, instead of being calculated as V/A, as done in lumped system analysis.

To differentiate from Lumped analysis, we now call this Biot No. as ‘Biot_star".

For all these three geometries, as mentioned earlier, the solution involves infinite series, which are difficult
to deal with. However, it is observed that for Fo > 0.2, considering only the first term of the series and
neglecting other terms, involves an error of less than 2%. Generally, we are interested in times, Fo > 0.2.
So, it becomes very useful and convenient to use one term approximation solution, for all these three

cases, as follows:

Plane wall: T(x1)-T, Y 12.F0 hopx ...F0>0.2...(7.24, a)
0(x,1)= =A e -cOS
1 Ta L
Long cylinder: T(r,1)-T, A 12<F0 bt ...Fo>0.2...(7.24, b)
(x%1)=———=A ¢ Jo
i~ T, R
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LT
. 1
sphere: T(r,1)-T, Y 12.}:0 s R ..Fo>0.2....(7.24, c)
B(x,1)= =A e
i—Ta hopr
R

In the above equations, A and 8, are functions of Biot number only.
A, and 8 are calculated from the following relations:

For Plane wall:

% ytan (2 |)=Bi

4-sin(k 1)

2-(x 1) + sin[z-(x 1)]

Al:-

For Long cylinder:

N ‘Jl(x l)-Bi
! 10(2 1)

231 )

( 1)'(“’(” )+ 1)2)

Al:_

For Sphere:

1= 2 ot (L 1)=Bi

 fsnfe)- (s )]
e PR o)

Values of A and 8' are given in Table 1G.2. Function ] is the zeroth order Bessel function of the first

kind and its values can be read from Table 1G.3. (See Tables in the beginning of this chapter).
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Software Solutions to Problems on Heat Transfer
Conduction - Part Il Transient conduction

Now, at the centre of a plane wall, cylinder and sphere, we have the condition x = 0 or r = 0. Then, noting
that cos(0) = 1, JO (0) = 1, and limit of sin(x)/x is also 1, eqns. (7.24) become:

At the centre of plane wall, cylinder and sphere:

Centre of plane wall: Tog-T, a 12.F0
(X = 0) 0 O=7=A 1€ (7253)
Ti-T,
Centre of long cylinder: To-T % 2 Fo
(r - 0) 0 0= 0 a=A 1€ ! (725b)
Ti-T,
Centre of sphere: To-T 2 2F
(r=0) b= 0 C=Ape ' (7.25b)
Ti-T,

Therefore, first step in the solution is to calculate the Biot number; once the Biot number is known,
constants A  and 8 are found out using Tables (1G.2) and (1G.3), and then use relations given in eqns.
(7.24) and (7.25) to calculate the temperature at any desired location.

To find constants A1 and 81 when Biot No. is known:

We can use the Tables as mentioned earlier. However, while using EXCEL, it is very convenient if we

could quickly calculate these constants in the worksheet itself.

Following is the scheme:

| D10 - | e | =4*SIN(C10)/{2*C10+5IN(2*C10))
A B C D | E E G H | J K L M M C
1
2 = = -
- 1D Transient conduction (Bi> 0.1): DON'T manually alter any values
4 To find Lambdal and Al for a Plane Wall, Cylinder in Table |
: and Sphere:
(7]
7
2 Tablel For Plane Wall For Cylinder For Sphere NOTE:
9| Biot_star Lambdal Al Biot_star  Lambdal Al Biot_star Lambdal Al 1. Enter below Biot_star.(=h.L/kfor wall,
10 0.010000005 0.09933356' 1.00166084] 0.01 0.1412448  1.00249583| 0.01 017303  1.003 h*R/kfor cyl & sphere).
= 2. PressCommand Button
12| Tablell 3. Read Lambda1 and A1 for
13 For Plane Wall: For Cylinder: For Sphere: wall, Cylinder and Sphere from Table Il
14 on the left.
15 Bi_star 0.01 Bi_star 0.01 Bi_star 0.1
16 Lambdal 0.09983366 lambdal  0.1412448 Lambdal 0.17303 Biot star 0.1
17 Al 1.00166084 Al 1.00249583 Al 1.003
18 CommandButtonl

In this scheme, Biot_star is entered in cell L16. Then, click the ‘command buttonl’ shown below
Biot_star in worksheet above. Table-I calculates the parameters in background, and the user has to see
only the Table-II to get results. A NOTE in the box above Biot_star in the worksheet gives the procedure.

(Remember the definition of Biot_star).
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Conduction - Part Il

Now, eqns for A1 are non-linear and have to be found out by trial and error, i.e. GoalSeek in EXCEL.

So, we shall write a

Now, to run this program, we will have the above mentioned ‘command button 1, and link that command

small VBA program to do this job:

Transient conduction

button to this program. To do that, go to Developer-Insert-ActiveX controls:

:. \_EJ;/‘

Home Insert Fage Layout Formulas Data
== ] Record Macro |'.\'|3' % Prop:
=22 {5 Use Relative References ' | G5l view
Wisual Macros y Insert |Design
Bacic i\IMacm Security * | Mode H Runit
Code Form Controls |
1273 s _ft| mMEEe
BYE =
| A B ¢ |L]A« 3 ablH j_
2| ActiveX Controls
2 : . I EE & |
3| 1D Transient conduction 1:-‘;_5 o7 CH [l =
| : ol = 5] =
4 To find Lambdal and Al f sHeAAdF %“y

Press on first button in ActiveX controls and draw the button on the worksheet to a suitable size and

position it where you need.
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Conduction - Part Il Transient conduction

Then, press ‘View code’:

Home Insert Page Layout Formulas Data Review View Developer
"] Record Macro -y % Properties == 5% Map Properties
— FJRecord M [l Propert _ o Propert
=3 ﬁ Use Relative References 3 5 qﬂ‘-}iew Code | L= i..'.r_—zj Expansion Packs
Wisual Macros i Insert |Design ) Source .,
Basic _!"\, Macro Security - Mode A Run Dialog *§ Refresh Data

Code Controls ' XML

Private Sub CommandButton 1_Clic]-c ()

End Sub

Now, write the code in between ‘Private Sub .... End Sub, as shown below:

Cption Explicit

FPrivate Sub CommandButtonl Clicki)
Dim N As Double

N = Range ("L1&") .Value

If (N < 0.1) Then

Range ("C10") = 0.24
Range ("F10") = 0.34
Range ("I10") = 0.42
Elself (N »>= 0.1) And (N < 1%#) Then
Range ("C10") = 0.65
Range ("F10") = 0.34
Range ("I10") = 1.6
Elself (N >= 1) And (N < 10) Then
Range ("C10") = 1.38
Range ("F10") = 2.0%9
Range ("I10") = 2.72
Elself (N »>= 10) Znd (N < 301) Then
Range ("C10") = 1.54
Range ("F10") = 2.386
Range ("I10") = 3.07
Else
Range ("C10") = 1.57
Range ("F10") = 2.4
Range ("I10") = 3.14
End If|

Range ("B10"™) .GoalSeek Goal:=N, ChangingCell:=Range ("C10")
Range ("E10™) .GoalSeek Goal:=N, ChangingCell:=Range ("F10")
Range ("H10"™) .GoalSeek Goal:=N, ChangingCell:=Range ("I10")

End Sub
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In the above program:

Line 4: reads the value of N from cell L16

Lines 5 to 25: contains the ‘If .. End If” construct where the guess values for A1 are assigned to respective
cells in Table-I for slab, cylinder and sphere. It is important that proper guess values are allotted since
there are more than one roots for these eqns.

Lines 26, 27, 28: Goal Seek operation to determine A1 for all the three cases.

After getting A1, A1 is calculated for all the three cases using the eqns for Al in cells D10, G10 and J10

for slab, cylinder and sphere respectively.
In the above screen shot, observe the eqn for Al for slab, in cell D10, in the Formula bar.

Screen shot given below shows in the Formula bar, the eqn for A1l for the case of cylinder, in cell G10:

| G10 +( £ | =2*BESSELI(F10,1)/{F10%({BESSELI(F10,0))A2+{BESSELI(F10,1))A2))
A B L D E F G | H | ]
- ' —
7
8 Tablel For Plane Wall For Cylinder For Sphere
9 | Biot_star Lambdal Al Biot_star Lambdal Al Biot_star Lambdal Al
10 0.010000005 0.09983366 1.00166084 0.01 0.1412448 |1.00249583 0.01 0.173032 1.002993

Note that the eqn involves Bessel functions of the first kind, of order 0 and 1. They are built-in Functions
in EXCEL.

Similarly, the screen shot below gives the eqn for Al for sphere, as entered in cell J10:

| 10 - fie | =A*(SIN(I10)-110*COS(110})/{2*110-SIN{2*110))
A B C D E F G H 1 J
' r

6

7

g Tablel For Plane Wall For Cylinder For Sphere

9 | Biot_star Lambdal Al Biot_star Lambdal A1 Biot_star Lambdal A1

10 0.010000005 0.09983366 1.00166084 0.01 0.1412448  1.00249583 0.01 0.1?3032'1.002998
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In Table-II, the values of Biot_star, A1 and Al are grouped together for slab, cylinder and sphere, for

convenience in reading and using while solving problems.

2. Now, for the present problem, we have calculated Biot No. as: Biot_star = 0.81395349. Run
the program by clicking on ‘Command button 1}, and we get A1 and A1: We get:

D10 vl i | =4%SIN(C10)/(2*C10+5IN{2C10)) I
A B c D E F G H 1 ] K L 1
6 i 7’ [
7
& Tablel For Plane Wall For Cylinder For Sphere NO
9 Biot_star Lambda1 Al Biot_star Lambdal A1 Biot_star Lambdal A1 f
= = = 1. Enter below Biot_s
10 0.81395371 0.7963375 I 1.10290042 || 0.81395361 1.15709458 1.17495623 | 0.813953 1.442532 1.227157 &
h*R/k for cyl & spl
il 2. Press Command Bu
12| Tablen 3. Read Lambedal and
13 For Plane Wall: For Cylinder: For Sphere: Wall, Cylinder and 5;
14 on the left.
15 Bi_star 0.81395371 Bi_star 0.81395361 Bi_star 0.813953
16 Lambdal 0.7963375 Lambdal 1.15709458 Lambdal 1.442532 Biot_star 0.81305349
1ty | Al 1.10290042 Al 1.17495623 Al 1.227157
18 CommandButtonl

19

Note values of A1(=0.7963375) and A1 (= 1.1029). (Check these values with reference to the Table 1G.2.)
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3. To find time required for the centre temp to reach 100 deg.C:

We have, for centre temp:

Ty-T, -3 S Fo
Age (7.25, a)

T
|
|

Centre of plane wall: = "=
x=10 T,-T,

In the above eqn LHS is now known. In the RHS, only Fo is unknown. So, calculate Fo.

And, since Fo = (a.t / L_c/2), we can calculate 1. This is done in the following portion of worksheet:

| Fo —_ fi | =-LN(C39/A_1)/Lambdal/2
A B C D E F G H
33 Bi_star 0.81395349 ...Greater than 0.1. So, adopt 1 Term approximation solution.
34 " Lambdal 0.796337 From GoalSeek Table Il above.
35 1 fats 1.1029
36 " Centre temp is 100 C. i.e. (T_o - Ta)/{T_i - Ta) = 0.26829 = Al.exp(-Fo.Lambda1”2) ... eqn(7.25, a)
37 Caleulate Fo: 7
38
39 (T_0-Ta)/{T_i-Ta) = 0.26829263
40 | Fo [222014773]
a1 Therefore, tau= 454,406 5...ANS.

Thus, tau = 464.406 s ... Ans.

4. To find surface temp, we have:

-3 1"-]_:'{:, A 1'}2
FPlane wall: Blx1)s——— =A e COs 0 _Fo=02 (7.26, a)

Here, at the surface: (x/L) = 1. This is calculated below:

| C45 v 5 | =(T_i-Ta)*{A_1*EXP{-Fo®Lambdal”2)*C0OS{Lambdal))+Ta
A B i D E F 4

42
At the surface, x/L=1. Then,

43
44 | T=(T_i-Ta)*(Al.exp(-Fo.Lambdal/2).cos{Lambdal)} + Ta
45 i.e. T surface= 83.453_deg.(....An5.
Thus, surface temp when the centre has reached 100 C is: 83.463 C....Ans.

Eqn entered in cell C45 for T_surface can be seen in the Formula bar.
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5. Fraction of heat removed during this time:

This is given by:
sit1f L
Plane wall: Q =l-8 ( 1) (7.26, a)
Q max i |
Where
Qnax=p V€ (Tj- Toymm € {T;- T ) (7.26, a)
Also, for cylinder and sphere:
Tk
Cylinder L =1_2s, 1_( ) (7.27.b)
U max i |
sinfi 43— & q-coslh
Sphere: i=1— 36y ( 1) : ( 1)
Q A (7.27, ¢)
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Software Solutions to Problems on Heat Transfer

Conduction - Part Il

Now, for the present case:

Transient conduction

c49 - fe | =1-(T_o-Ta)/(T_i-Ta)*SIN(Lambda1)/Lambdal
A B C D E F
46 |
47 Fraction Q/Qmax =1-(T_o-Ta)/(T_i-Ta).sin{Lambda1}/Lambdal
43 |
49 i.e. QbyQmax= I ﬂ.?Eﬂl?ﬂﬂS!...AnE.
=n

Thus, Q/Q_max = 0.759 .... Ans.

Again, note the eqn for (Q/Qmax) in the Formula bar.

6. Prepare a Table of temp distribution in the plate at different times:

Use the following eqn.

ITp-T,
Centre of plane wall: f F—=
|:.X = U} Ti_ T a
Therefore,
At the centre, i.e. at x = 0:
-l IJ-F{:{:} L
ra+{ri-ra}-[_a1-e ) if x=0

And, at any other x:

(7.25, a)
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Now, in EXCEL, construct the following Table:

Transient conduction

| 56 +( e | =(T_i-Ta)*(A_1*EXP(-C54*Lambdal2))+Ta

'E' A B T E_ | F G H 1 1 K

30

51 | ‘To draw temp. profile at different times:

52

53 tau (s)= | 30 120 | 300 600 1500 -2 PRy

54 Fo= 0.144 0.576 1.44 2.88 73 Ta+ (T i-T a} '{Al e ) i x=0
E X Tx Tx Tx Tx hES

56

57 0.005 | 250709 201414 | 135432 81286 47.344

58| 0.01 248751 199.925 134571  80.540 47.322

59| 0.015 | 245502 197.455 133143 80.367 47.285

60 0.02 240,982 194.018 131156 79.570 47.233 PRy b
61| 0.025 235219 189637 128623  78.553 47.168 T Bio Ml Ayt b {T})
62 0.02 228252  184.339 | 125560  77.324 47.088

63 0.035 | 220122 | 178157 | 121986 75.890 46.996

64 0.04 210,883 171132 117.924 74.261 46.890

65| 0.045 | 200592 163.307 | 113.400 | 72.445 46.773

66 0.05 189.316 154733 108443 70.456 46.644

Note: For each tau, Fo is calculated. For centre and at x = L, (i.e. at the edge of slab), the eqn for Temps are

shown separately in the worksheet, for clarity. It is very easy in EXCEL to drag-copy and fill up the Table.

7. Now, plot the curves of Temp vs x for different times:

300

Trans. Cooling of large plate

280

260

240

220

200

180 —

160

140

Temp (deg.C)

100

BO

60

40

20

Q 001 0.0z 0.03

x(m)

0.04

0.05

after 30 s

after 120 =

after 300 =

after 500 s

after 15005 (25 min.)
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Prob.1G.24. An apple, which can be considered as a sphere of 8 cm diameter, is initially at an uniform
temperature of 25 C. It is put into a freezer at -15 C and the heat transfer coeff. between the surface of the
apple and the surroundings in the freezer is 15 W/(m2.C). If the thermo-physical properties of apple are
given to be: p = 840 kg/m3, cp = 3.6 kJ/(kg.C), k = 0.513 W/(m.C), and a = 1.3 x 10-7 m2/s, determine:

1) centre temp. of the apple after 1 hour,
2) surface temp. of apple at that time, and
3) amount of heat transferred from the apple.

4) draw the temp. profile along the radius for different times

EXCEL Solution:

For a sphere, we have:

For temp distribution:

{‘l lr}
T(r.1)-T o PEa =
sphere: %[xgj:#:ﬁ e pR_ RS LFo=02 (724 ¢c)
1—1— T a i 1'1’
E
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Centre of sphere: & p=—
(r=0) Ti-Tq

I
n
e

P

A1 and A1 are determined from:

15 y-cot{l )=Bi

PR e o e G e )

Following are the steps in EXCEL Solution:

(725 ¢)

Transient conduction

1. Set up the worksheet, enter data and name the cells, calculate Biot No in the usual way

(i.e. taking L_c = R/3) to determine if Lumped parameter analysis is applicable, as the first

step:
| D31 - #x | =h*(R_sph/3)/k
A B C D E H |
16 Data:
17
18 R_sph 0.04 m
19 alpha 1.30E-07 m2/s
20 k 0.513 W/m.C
21 cp 3600  J/kg.C
22 rho 840 kg/m3
23 Ti % C
24 Ta -15 C
25 h 15 W/m2.C
26 tau 3600 5
Ay Fo_star 2.9250E-01
28
29 First, check Biot No.:
30 |
: : = .
31 Bi I 0.3898&35_|>0.1, so, use 1 term appx. Soln. with Lc = Rsph!
We see that Bi > 0.1.
So, Lumped system analysis is not applicable.
We will use One-term solution for temp distribution.
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Download free eBooks at bookboon.com



Software Solutions to Problems on Heat Transfer
Conduction - Part Il

Transient conduction

And, when a computer is available, it is always recommended to use One-term solution.

Note that for all further calculations, i.e. to find out Biot_star, Fo etc., we use L_c = R_sph

2. To find constants A, and 8 when Biot No. is known:

We can use the Tables 1G.2 & 3 given earlier. However, while using EXCEL, it is very convenient if we

could quickly calculate these constants in the worksheet itself.

See the following is the scheme, which was described and used in solving the previous problem:

1o ~(a

fx | =4*(SIN(110)-110*COS(110))/(2*110-SIN(2*110))

Table |

Table Il

B

C D E F

1D Transient conduction (Bi = 0.1):

G

DON'T manually alter any values

To find Lambdal and Al for a Plane Wall, Cylinder in Table |
and Sphere:
For Plane Wall For Cylinder For Sphere ‘ NOTE:
Biot_star Lambdal Al Biot_star Lambdal Al Biot_star Lambdal Al ‘ 1. Enter below Biot_star.(=h.L/kfor wall,
1.169590606 0.90972828 1.13219359| 1.1695906 1.33283822 1.23404956| 1.169591 1.67139' 1.31312,1 h*R/kfor cyl & sphere).
2. Press Command Button
3. Read Lambda1 and A1 for
For Plane Wall: For Cylinder: For Sphere: Wall, Cylinder and Sphere from Table I
onthe left.
Bi_star 1.16959061 Bi_star 1.1695306 Bi_star 1.16959
Lambdal 0.50972828 Lambdal 1.33283822 Lambdal 1.67189 Biot_star 1.1695906
AL 1.13219359 Al 1.23404956 Al 1.31312

CommandButtonl

Note that after entering the value of Biot_star and pressing command button1, we got:

Al =1.67189, and Al = 1.31312. Eqn. for Al can be seen in the Formula bar.

So, they are entered in the worksheet:

D35 - fe | 1.31312481452846

A c D E F G H |
31 | Bi 0.3808635 =0.1, so, use 1 term appx. Soln. with Lc = Rsph!
32 New Biot Mo. applicable to further calculations, takingL_c=R_sph is:
33 | Bi_star 1.1695906
34 | Lambdal 1.6718872 |...From Table-ll in Prob.1G.23
33 | Al I 1.3131248
IR
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3. Now, to calculate the temperatures in the centre and also at any radius, since the eqns are a
little complicated, let us write VBA Functions: The procedure has been described in detail in

Prob.1E.23. Briefly, we proceed as follows:

Click: Developer-Visual Basic-Insert-Module. A blank window presents itself, and type the code therein:

COption Explicit

Function CneDTransCondn sph Tcentre(T_ i As Double, Ta As Double, ARl As Double, _
Lamipdal As Double, Fo_star Rs Double) As Doukle
'Finds centre temp of sphere when Al, Lambdal and Fo_star are given, i.e. when time tau is given.
'Remember: Fo star = alpha*tau/R_sph”2
Dim RH3 &s Doukle
RH5 = R1 * Exp(-Fo_star * Lambdal ~ 2Z)
OneDTransCondn sph Tcentre = (T_i - Ta) * RH5 + Ta
End Function
Function CneDTransCondn_sph tauforTQ(I_0 As Doukle, T_i &= Double, Ta As Doukle, Al As Doukle, _
Lamipdal &s Doukble, ARlpha Rs Doukle, E_sph As Doukle) As Doukle
'"Finds time tau for centre temp of sphere to reach TO.
'Remember: Fo star = alpha*tau/R_sph”™2
Dim AR As Double, Fo_star As Double
RBR = (T_O - Ta) / (T_i - Ta)
Fo_star = -Application.Ln (AR / A1) / Lambdal "~ 2
OneDTransCondn sph tauforTd = Fo_star * R_sph ™ 2 / hlpha
End Function

Function CneDTransCondn sph Tr(T_i &= Double, Ta As Doukle, Al Rs Doukle, _
Lamipdal &As Doukble, Fo_star ARs Doukle, r As Double, R_sph As Double) As Doukle
'Finds temp of sph at given (r/R_sph)
'Remember: Fo star = alpha*tau/R_sph”™2
Dim A% A= Doukle, BE As Doubkle
Ra = Rl * Exp(-Fo_star * Lambdal ~ 2}

BE = Sin(Lambdal * r / R_sph) / (Lambdal * r
OnelTransCondn sph Tr = Ta + (T_i - Ta) * RA
End Function

/ R sph)

BB

Function OneDTransCondn sph Cby(max (T i As Double, Ta A= Double, Al As Double,
Lambdal As Double, Fo_star As Double) As Double

'Finds Qbygmax for sphere
Dim Tcentre As Double, AL As Doubkle, BE As Doukle
Tcentre = OnelTransCondn sph Tcentre(T i, Ta, RAl1,

Lamkdal, Fo_star)

BA = 3 * (Tcentre - Ta) / (T_i - Ta)

BEE = (5in(Lambdal) - Lambdal * Cos(Lambdal)) / Lambdal ™~ 3
CnelTransCondn_sph QbyQmax = 1 - AR * BE

End Function

Above screen shows four Functions written in VBA. They are, in order, from top:

a) Function to determine the centre temp of sphere
b) Function to find time required for the centre temp to reach T0
c) Function to determine the temp of sphere at any given radius, and

d) Function to determine (Q/Qmax)

Read the comments given in the code.
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Save the worksheet as ‘Macro enabled worksheet. Now, these Functions are available in the worksheet
like any other built-in Functions of EXCEL. You can go to Formulas tab and click on ‘Insert Function’

and use the Functions.

4. Now, proceed with the calculations to calculate the centre temp: When you click on
Formulas-Insert Function, we get the following screen. Select the ‘User Defined’ category,

and choose OneDTransCondn_sph_Tcentre from the Function list:

Insert Function

Search for a function:

IType a brief description of what you want to do and then dick Go
Go
Or select a category: |User Defined W |

)| Select a function:

nu_hZo
OnelTransCondn_sph_QbyQmax
OneDTransCondn_sph tauforTO

[

OneDTransCondn s
OnebTransCondn_sph_Tr
pr_air

Pr_hZo

[ |

OneDTransCondn_sph_Tcentre(T_i,Ta,Al,Lambdal,Fo_star)
Mo help available.

Help on this function [ oK l [ Cancel ]

5. Click OK, and we get the following screen. Fill up the data required (by point and click to

avoid errors)

Function Arguments

OneDTransCondn_sph_Tcentre
Ti (T = 25
Ta [Ta = -15
Al D35 = 1313124815
Lambdal D34 = 1671887202
Fo_star |Fo_star| F&| = 0.2925
= 8.189303403
Mo help available.
Fo_star
Formula result = 8.1893
Help on this function Ok ][ Cancel
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6. Press OK. We get:

D38

@ S | =OneDTransCondn_sph_Tcentre(T_i,Ta,D35,D34,Fo_star)

28

29 |
30 |
31 |
32 |
33 |

34

35 |
36 |
37 |
38 |

- = . F G H |
First, check Biot Mo.:
Bi 0.3898635 =0.1, so, use 1 term appx. Soln. with Lc = Rsph!

Mew Biot Mo. applicable to further calculations, takingL_c=R_sphis:
Bi_star 1.1695906

Lambdal 1.6718872 |...From Table-ll in Prob.1G.23
Al 1.3131248

T _centre I 8.1893![....aﬂer 1 hr..Ans.

i.e. we get: T_centre = 8.189 deg.C .... Ans.
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7. Similarly, get T_surface (i.e. at r = R_sph):

Transient conduction

| TREND ~ (X | =0OneDTransCondn_sph_Tr(T_i,Ta,D35,D34,Fo_star,R_sph,R_sph)
A B c | D | E F Function Arguments
= CELEET QgL OneDTransCondn_sph_Tr
28
Al 1.313124815 -
29 First, check Biot No.: |D35 T
| Lambdal |p34 1671887202
31| Bi 0.3898635 >0.1, 50, use 1 termap|  Fo_star |Fo_star 0.2525
32 New Biot No. applicable to further calculatig R |R_sph 0.04
33 | Bi star  1.1695906 R_sph |R_spH| 0.04 v
34 Lambdal 1.6718872 |...From Table-Ilin Prol
= -1.200675334
35 | Al 1.3131248 Mo help available.
20 R_sph
37 e
38 T_centre 8.1893 C....after 1 hr..Ans.
39
| Formula result = -1.2007
40 | T_5urface|h,R_5ph] .(....af'ter 1 hr..Ans.
2] Help on this function 0K ] [ Cancel
42 QbyQmax 0.5669 C....after 1 hr..Ans.
Press OK. We find:
D40 - I | =OneDTransCondn_sph_Tr(T _i,Ta,D35,D34,Fo_star,R_sph,R_sph)
A B C D E F 5 H I J
36
37
38 T_centre 8.1893 C....after 1 hr..Ans.
39
40 | T_surfacel —l.zm?_lc....after1hr..An5.

i.e. we get: T_surface = -1.2007 deg.C .... Ans.

8. And, similarly, get Q/Qmax:

I ‘ =CneDTransCondn_sph_QbyQmax(T_i,Ta,D35,034,Fo_star)

| D42 v
. A B C o E F G H |

36

37

38 | T_centre 8.1893 C....after 1 hr..Ans.

39

40 T _surface -1.2007 C....after 1 hr..Ans.

a1

42 qbqua)i 0.5669!(....aﬂer 1 hr..Ans.

43

i.e. Q/Qmax = 0.5669 ... Ans.

Formula entered for Q/Qmax in cell D42 can be seen in the Formula bar.

Download free
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Now, Qmax = rho * Vol * cp * (T_i - Ta). Then, heat transferred during this time duration is obtained

as: Q = (Q/Qmx) * Qmax. This calculation is shown in the screen shot below:

I 141 - \ fr| =rho*(4/3)*PI{)*R_sph*3*cp*(T_i - Ta)

RS, TR . W = D E F G | H b 1
38 | T_centre 8.1893 C....after 1 hr..Ans.
39 |
40 | T_surface -1.2007 C....after 1 hr..Ans.
41| Qmax= |32427.271 I
42 | ObyQmax 0.5669 C....after 1 hr..Ans. Q= 18384.61 J....Ans.

Note the eqn for Qmax entered in cell 141, in the Formula bar above.
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9. Next, let us draw the temp profile along the radius of the sphere at different times:

Set up the worksheet as shown below:

| D49 v fx | =alpha*D48/R_sph~2
A B c | b | E F G H
46 | To draw temp. profile at different times:
47
48_ tau (s)= 1800 1600 7200 10800 18000
43 | FO_StaI"=I 0.14625 I 0.2025 0.585 0.8775 1.4625
50 | r Tr Tr Tr Tr Tr !
51 ]
52| 0.005
53 0.01
54 | 0.015
50 0.02
56 | 0.025
57 0.03
58| 0.035
59 0.04

Here, for each tau, Fo_star is different, and tau and Fo_star are entered in rows 48 and 49. Eqn for Fo_atar

entered in cell D49 can be seen in the Formula bar. Let r’ vary from 0 to 0.04 m as shown.

Enter in cell D51 the eqn for T_centre since r = 0. Then, in cell D52, enter the eqn for Tr, taking care to

refer to cell C52 (i.e. radius, r) by ‘relative reference’ so that when we drag-copy downwards up to cell

D59, the calculations automatically adjust themselves. Repeat the procedure for other times. Completed

Table is shown below.

| D52 - fe | =OneDTransCondn_sph_Tr(T_i,Ta,$D$25,Lambdal,$D$49,C52,R_sph}
A c Lo | E F G H I )
a7
48 tau(s}= 1800 3600 7200 10800 18000
a3 | Fo star= 014625 02925 0585 08775 1.4625
50 r Tr Tr Tr Tr Tr
51| 19.900  8.189  -4.762 -10.480 -14.119 |..at the centre
52| 4836 -10.513 -14.125
53 5.058  -10.611 -14.144
54 5420 -10.770 -14.176
55| 5914 -10.988 -14.218
56 6526 -11.259 -14.271
57| 7.242 | -11.575  -14.332
58 8.042  -11.928 -14.401
59 8908  -12.310 -14.476
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Check: for time = 3600 s, check the centre temp and surface temp. They match with the values obtained

above.

10. Plot the graphs of Temp vs radius for different times:

Transient cooling of sphere
25 ~
20 A
15 4
o A0
Bl after 30 min.
@ 5 -
=
= o . after1 hr.
E
= & 3 ;i after 2 hrs.
10 - after 3 hrs.
15 | = after 5 hrs.
-20 T |
a Q.02 Q.04
r{m)

Note that after about 5 hrs, the steady state temp is almost reached.

11. Finally, let us find at what time the centre temp will reach -10 deg.C. We will use the VBA
Function that was written for this purpose. (See the VBA code above). Following is the

screen shot where we entered the Formula for tau:

TREND 2 K | =0OneDTransCondn_sph_tauforT0{D87,T_i,Ta,5D535,lambdal,alpha,R_sph)
A B C | D E F G H I 1 K 1 M N L8]
=
| - . ?
83 Find at what time the centre temp reaches -5 deg.C: filpction Areiments [.—|E|
84 OneDTransCondn_sph_tauforTo
85 Use the VBA Function written: T0 D87 -10 ~
£ T i 25
87 T 0= -10 € Ta h_a 5
88 tau = |a,R_sph} I
89 T o Al 150535 1,313124815
20 Lambdal lambdat 1671887202 v
a1 | = 10355.53458
92 Mo help available.
93 Lambda1l
94 |
95
% | Formula result = 10355.53458
97
ag | Help on this function
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Click OK. And, we get the calculated value of tau for the centre to reach -10 C:

| Da3 - I | =0neDTransCondn_sph_tauforTO(D&7,T_i,Ta, 50535, Lambdal,alpha,R_sph)
A B C D E F G H | ] k

85 Use the VBA Function written:

i)

87 TO= -10 C

28 | tau= [ 103555355 ... Ans.

i.e. tau = 10355.535 s ... Ans.

Prob.1G.25. A thick copper slab (a = 1.1 x 10-4 m2/s, k = 380 W/(m.C)) is initially at an uniform

temperature of 250 C. Suddenly, its surface temperature is lowered to 60 C.

1) How long will it take the temperature at a depth of 3 cm to reach 100 C?
2) What is the heat flux at the surface at that time?

3) What is the total amount of heat removed from the slab per unit surface area till that time?
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EXCEL Solution:

Since this is a very large slab, we will consider it as a semi-infinite medium, with the surface suddenly

brought to and maintained at a constant temperature, To.

Then, from Ref.[1]:

Temperature variation as function of position and time:

Heat flux at the surface:

This is obtained from eqn. (7.33), i.e.

To-Tj)

m-a-T

Q surface=k'A'

Total amount of heat removed, per unit surface area:

thal:zl.li-k-_—‘i-{'[ﬂ—Ii}-_ Jo(7.34)

Following are the steps in EXCEL Solution:

1. Set up the worksheet, enter data and name the cells:

C8 - I | tau
. B C D
1
2 Data: alpha 1.10E-04
3 k 380
4 j 250
5 N 60
6 X 0.03
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2. How long will it take the temperature at a depth of 3 cm to reach 100 C?

Here, we use eqn. (7.29) shown above. Now, x = 0.03 m. First, assume a value of tau. Then calculate T
with eqn (7.29). Obviously, the result will be different from 100 C. Note that the ‘error function’ ERF()
is a built-in Function in EXCEL:

| D12 e fe | =T_0+(T_i-T_0)*ERF(x/(2*SQRT(alpha*tau}))
A B C D E F G H | J
4 T i 250 C
3 TO o0 i
6 | X 0.03 m
7
8
. T(x.1)-Ty %
2 To find tau to make T_0 equal to 100 C: Serfl—t b . (7.29)
10 | T Ta 2 -1
11 ! Assume: tau 100 - |Assume any tau and find T by formula....(7.29)
12 T 00.45443 Then apply Goalseek to make T equal to 100
13 | ®  |by changing tau.
14|
15

See the eqn entered for T (cell D12) in the Formula bar.
Now, apply Goal Seek in EXCEL to make T equal to 100 by changing tau:

Go to Data-What If Analysis — Goal Seek:

¥
—/ Home Insert Page Layout Formulas Data Review View Developer Add-Ins CodeCogs

{5 From Access Sy & = .:_kﬂ Connections AL E \? i Clear
|3 =1 | Q £y |Z|a 7

3 pply

== Eg =] pata validation ~ | % Gre
EEE [ Consolidate

sy From Web S Properties Gr Reapply e
k From Other Existing Refresh e EL Sort Filter 7 Textto Remove — - o
-7 From Text Sources~ | Connections All- =2 Edit Links A2 Advanced || columns Duplicates =@ What-If Analysis =| | B
Get External Data Connections Sort & Filter Datg Scenario Manager...
D12 - ﬁ| =T_0+(T_i-T_O)*ERF(x/(2*SQRT(alpha*tau))} Goal Seek..
A B L D | E F G H | 1] K Data Table...

Click on Goal Seek. We get the pop up:

Goal Seek

set cell D1z s
To value: ! 100 |
By changing cell: | sDs11] &

[ oK l[ Cancel ]
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Fill it up as shown, and click OK. We get:

Goal Seek Status

Goal Seeking with Cell D12
found a solution.

Target value: 100
Current value: 99,999999495

..................................

(6]4 ] [ Cancel

Click OK and see the resulting tau in cell D11:

D12 - (- fe | =T_0+(T_i-T_0)*ERF(x/(2*SQRT(alpha*tau}))
A B C D | E F G H | 1]
7
E’ _ T(x1)- T i
9 To find tau to make T_0 equal to 100 C: =af|l—— (7.29)
10 TerTo {z.}.:}
11 Assume: tau L7.38738 S
&

12| T [0 1 <
Thus, tau = 57.3874 s ... Ans.

3. Find out the heat flux at the surface at that time:

| D17 ~ (3 f | =k*(T_0-T_i}/SQRT{PI{)*alpha*tau)
laJe e RN e Loe s el K L M N
13
Tgy-T;
1 - - O kT W (7.33)
15 Heat flux at the surface when temp at 0.03 m is 100 C:(i.e. at tau = 57.387 5) s SAHTaCE o
16 T z
17| q_surface |-5.1269E+05 |W/m2...Ans. Negative sign indicates that energy is leaving the surface.
12
See the eqn for q_surface in the Formula bar.
i.e. q_surface = -5.1269E05 W/mA2 ... Ans.
4. And, the total amount of heat removed:
| D22 » (2 fe | =113*K*1*(T_0- T_i) * SQRT{tau/alpha)
Avdwero e . s e les e kel aan
13| -
20 | Total t of heat d per unit surface area during tau = 0 to tau = tau: o Qiotal = l'lj'k'i'(r 0~ Ti) Jo\: Jooeo(7.34)
2| t
22 | Q_total{)) | -58928788])....Ans. Negative sign indicates that energy is leaving the surface.
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See the eqn for Q_total in the Formula bar.
Thus: Q_total = 5.893E07 J ... Ans.

5. Plot Temp at a depth of 3 cm vs tau: First, prepare a Table as shown below:

| D28 - { I | =T _O+{T_i-T_0)*ERF({x/{2*SQRT{alpha*C28)})
A B C D E F G H

24

25 To draw graph of T (x,tau) vs tau:

26 tau (s} |T{xtau), deg.C

2| i | il -k |Note tht tau is entered in the eqgn with'
28 . 1: 241.8083 relative reference’ so that drag-copy
29 2 3700043 downwards gives correct results
30 3 203.8474

31 4 190.7441

32 5 180.5147

33 6 172.2973

34 7 165.5285

35 8 159.8357

36 9 154.9650

37 10 150.7381

38 11 147.0257

39 12 143.7321

40 13 140.7843

a1 14 138.1263

42 15 135.7135

43 16 133.5105

a4 17 131.4888

45 18 120.6248

45 19 127.8991

47 20 126.2954

48 21 124.8001

49 22 123.4014

50 23 122.0893

51 24 120.8555

52 25 119.6022

53 30 114.7346

54 35 110.8364

55 a0 107.6674

56 45 105.0253

57 50 102.7788

58 55 100.8381

59 57.387 100.0001

60 65 07.6366

61 70 06.2045

62 73 05.0864
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And, plot the graph:

Transient conduction

Temp (deg.C)

300

250

200

150

100

50

Temp at a depth of 0.03 m vs time

10

20 30 40 50 [-11]

Time, tau (s)

7a

80

371

Download free eBooks at bookboon.com



Software Solutions to Problems on Heat Transfer
Conduction - Part Il Transient conduction

6. Finally, plot the variation in temp in the plate with time:

Set up the Table as shown. Initial temp is, of course, 250 deg.C. Only part of the Table is shown below.

| E67 - £ | =T_0+{T_i-T_0)*ERF(C67/{2*SQRT(alpha*20)})
N [ | D I E [ F — H | | J | K | L M
& |
64 | To draw Temp vs distance at different times:
65
56 | €| T(x.30), dez.C| T(x,50), dez.C |[T(x,60), dez.C| T(x,70), dez.C | T(x.B0), deg.C| T(x,90), deg.C F(»,100), deg.C
&7 0 60.0
88 | 0.01
89| 0.02
70| 0.03
71 0.04
A B c D E F G H ] J K L M
111 0.44 250.0
112 0.45 250.0
113 0.46 250.0
114 0.47 250.0
115 0.48 250.0
116 0.49 250.0
117 0.5 250.0

Eqn for temp at x = 0.01 m and tau = 20 s, in cell E67, can be seen in the Formula bar. Now, drag-copy

the same downwards to complete the calculations for tau = 20 s:

| E73 - e | =T_0+{T_i-T_0)*ERF{C73/{2*SQRT(alpha*20}})
A B C D R — F G H J K L M
64 To draw Temp vs distance at different times:
65
13 xim) | T(x.0). deg.C | T(x.20), deg.C | T(x.30), deg.C | T{x,40). deg.C| T(x,50). deg.C|T{x,60), deg.C| Tix,70). deg.C | T(x.80), deg.C | T(x.90), deg.C [(x.100), deg.
67 1] 250.0
68 0.01 250.0
69 0.02 250.0
70 0.03 250.0
71 0.04 250.0
72 0.05 250.0
73 0.06 250.0
74 0.07 250.0
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E117

fe | =T_0+(T_i-T_0)*ERF(C117/(2*5QRT{alpha*20)))

88
89
50
91
92
93
34
95
96
97
98
99
100
101
102
103
14
105
106
107
108
109
110
111
112
113
114
115

116
117

0.21
0.22
0.23
0.24
0.25
0.26
0.27
0.28
0.29

0.31
0.32
0.33
0.34
0.35
0.36
0.37
0.38
0.39

0.41
0.42
0.43
0.24
0.45
0.46
0.47
D.48
0.45
0.5

D
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0

E B G H
249.7
249.8
249.9
249.9
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
250.0
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7. Similarly, enter eqns for temp at tau = 30, 40, 50, ... 100 s, in cells F67 to M67, and drag-

copy them downwards to complete the calculations:

M&7 - fe | =T_0+{T_i-T_O)*ERF{C67/(2*SQRT{alpha*100}}))
A B C D E E G H 1 J K L | M
63
64 | To draw Temp vs distance at difierent times:
65
66 [ xtm) | T(x0). deg.C | T(x.20), deg.C |T(x30), deg.C| T(x.40). deg.C| T(x.50). deg.C|T(x60). des.C| T(x.70). des.C | T(x.80). deg.C | T(x.90), deg.C i1
67 | o 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0
68 0.01 82.768 78.613 76.130 74.432 73.178 71416 70.765
69 o.02 105.025 96.947 92.078 88.734 B86.257 82.768 81475 80.380
70 0.03 126.295 114.735 107.667 102.779 599.139 93.991 592.078 90.454
71 0.04 146.166 131732 122.735 116.446 111733 105.025 102.521 100,393
72 0.05 164.313 147.732 137.134 129.625 123.950 115.811 112.756 110,152
73 0.06 180.515 162.566 150.738 142.219 135.713 126.295 122.735 119.692
M117 +(a fe| =T_0+{T_i-T_0)*ERF{C117/{2*SQRT(alpha*100}))
A B C. D E F G H 1 1 K L M
102 0.35 2500 250.000 249,997 249.964 249,839 249.560 249,089 248.417 247,555 246.525
103 0.36 2500 250.000 249,998 249.976 249,886 249.672 249.293 248.735 248.002 247.108
104 0.37 250.0 250.000 249,999 249,985 249,920 249.757 249.455 248,995 248.375 247.604
105 0.38 250.,0 250.000 249,999 249.990 249,945 249.821 249.582 249,206 248.685 248.022
106 0.39 2500 250.000 250.000 249904 249962 249.869 249.682 249.376 243.940 243375
107 0.4 250.0 250.000 250.000 249,996 249974 249.905 249.759 249,512 249,150 243,670
108 0.41 2500 250.000 250,000 249.998 249,982 249.932 249.819 249,620 249,321 248.916
109 0.42 2500 250.000 250,000 249.999 249,988 249.951 249.864 249,706 249.461 249.120
110 0.43 250.0 250.000 250,000 249.999 249,992 249.965 249.899 249,774 249,574 249.289
111 0.44 250.,0 250.000 250,000 249.999 249,995 249.976 249.926 249,827 249,664 249.428
112 0.45 2500 250.000 250.000 250.000 249997 249,983 249.945 249.868 249.737 249.541
113 0.46 250.0 250.000 250.000 250.000 249993 249938 249.960 249.900 249.795 249.634
114 0.47 2500 250.000 250,000 250.000 249,999 2499952 249,971 249,925 249,841 249.709
115 0.48 250.0 250.000 250,000 250.000 249,999 249,954 249.979 249,944 249,877 249.770
116 0.49 250.0 250.000 250,000 250.000 249,999 249.956 249.985 249,958 249,906 249819 |
117] 0.5 250.0 250.000 250.000 250.000 250,000 249.997 249,939 249,969 249,923 249.858

8. Now, plot the results:

Temp vs distance at different times
300.0 4
250.0
=tau = 0 s, Initial temps
200.0 e tau = 20's
—_ e tau = 30 S
<
& e tau =40 s
% 150.0
g e tau = 50 S
(7}
= e——tau =60s
100.0 e——=tau=70s
e—=tau =80s
50.0 tau=90s
====tau =100s
0.0 + T T T T T i
0 0.1 0.2 0.3 0.4 0.5 0.6
Distance from surface, x (m)
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Prob.1G.26. A thick concrete slab (a = 7 x 10-7 m?/s, k = 1.37 W/(m.C)) is initially at an uniform
temperature of 350 C. Suddenly, its surface is subjected to convective cooling with a heat transfer coeff.
h = 100 W/(m2.C) into an ambient at 30 C. Calculate the temperature 8 cm from the surface, 1 h after

the start of cooling.

EXCEL Solution:

Treating this as a semi-infinite medium subjected to convection at the surface, we have the following

eqn for temp at given x and time, T(x,7):

X h=x h:--:x-r X h-nfoi-t
- |exp T+ [ 1 - exf] + (7.36)

Tix.1)-T;
=1 - eff

T,-T; I E el T k

ie.

T(x.7) =T+ (T - T {1-erf

X )_(Exp(%_l_h'-a-r))_ - erf X +h'nOI'T

=l 0T

Following are the steps in EXCEL calculations:

1. Set up the worksheet, enter data, and name the cells. Calculation for temp at tau = 3600 s

and x = 0.08 m, will be done in row 18 as shown:

tau - # | 3600

A B C .D E
10 Data: alpha  7.00E-07 |m2/s
11 k 1.37 |wW/m.C
12 350 |C
13 Ta 30 C
14 h 100 W/m2.C
15 X 0.08 |m
16 tau I 3600 |s
17
18 Temp. at { T{x,tau)= C....Ans
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2. Now, to calculate the temperatures according to eqn. (7.35) shown above, since the eqn is a
little complicated, let us write VBA Functions: The procedure has been described in detail in

Prob.1E.23. Briefly, we proceed as follows:

Click: Developer-Visual Basic-Insert-Module. A blank window presents itself, and type the code therein:

COption Explicit

Function Semi_infinite Solid Convecticnatsurface Tempxtau(T_i As Doukle, Ta As Doubkle,
Alpha As Doubkle, tau As Doubkle, k As Double, x A5 Doukle, h As Doukle) As Double
'"Finds temp at given (X,tau)when the surface is subjected to convection
Dim AR As Doubkle, BE As Double, CC As Doubkle, DD As Doubkle
If tau = 0 Then

tau = 0.000000001
End If
B = x / Sgr((4 * Rlpha * tau))
BE = Application.Exf (ARL)
cc h*x/ k+h™2 % Alpha * tau / k ™~ 2
Iy Application.Exf(AR + (h / k) ¥ Sgr((Llpha * tau)))

Semi infinite Solid Convectionatsurface Tempxtau = T 1 + (Ta - T i) =

(1 - BB - EXp(CC) * (1 - DD})

End Function

376

Download free eBooks at bookboon.com



Software Solutions to Problems on Heat Transfer
Conduction - Part Il Transient conduction

In the above code:

Line 1, 2: defines the Function name and dimension of variables used
Line 3: says what this program will do

Line 4: dimensions of internally defined variables

Lines 5, 6, 7: If ~End If construct which ensures that for tau = 0 the program does not give an error “Div
by 0!'”. Here, if tau = 0, then, tau is reset to some very small value almost equal to zero (of say 1E-09),

so that the program continues.

Lines 8 to 13: actual calculations. Note that the complex eqn is calculated in part to avid errors.
Line 14: End statement of Function.

Read the comments given in the code.

Save the worksheet as ‘Macro enabled worksheet’. Now, this Function is available in the worksheet like

any other built-in Functions of EXCEL.

a) Go to Formulas tab and click on ‘Insert Function” and select the ‘User Defined’ category, and

choose Semi_infinite_Solid_Convectionatsurface_Tempxtau from the Function list:

| Insert Function

Search for a function:

Ty'pe a brIEf dESD’IptIDn u:uf what you want 1J:| du:u and m;:hc_k | -

Go

Or select a u:ategnry' nUser Defined |

Select a function:

nu_gair -~
4 |nu_hZo

N |pr_air

Pr_hz2o

Retrievelmage4URL

irhu:u air

L
Semi_infinite_Solid_Convectionatsurface Temmrtauﬁ_l,'l'a,hlpha,_.}
Mo help available.

i Help on this function oK ] [ Cancel
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b) Click OK, and we get the following screen. Fill up the data required (by ‘point and click’ to

avoid errors)

Function Arguments

Semi_infinite_Solid_Convectionatsurface_Tempxtau

Alpha zlpha S| = o0.0000007 ~
Tau | tau = 3800
K | | = 137
1 = 0.08
H |h| e = 100 v
= 2873103864

Mo help available.

Formula result =

287.811

Help on this function

oK l [ Cancel

c) Press OK. We get:
| D18 - 5~ | =Semi_infinite_Solid_Convectionatsurface_Tempxtau(T_i,Ta,alpha,tau,k,x.h)
A B c D E F G H I J K
s | - . =
9
10| pata: | alpha 7.00E-07 |m2/s
11 k 1.37 |w/m.C
12 | T 30 |C
12| Ta 0 |c
14 | 100 W/ ma2.C
15| 0.08 |m
16 | tau 3600 |s
17|
18| Temp. at( T[x,tau]zl 287.811 _I[....Ans

an

i.e. we get: T(0.08, 3500) = 287.811 deg.C .... Ans.

In the screen shot above, we can see the eqn entered in cell D18 for Temp, in the Formula bar.
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4. Now, let us plot the variation of temp at x = 0.08 m for different times.

a) First, build a Table as shown:

Transient conduction

20
21
22
23
24

26
27
28
29
30
31
32
a3
34
35
36
37
38 |
39|
a0
a1
a2
a3

B G

D

E

F

G

H

To draw the graph of temp reached at x=0.08 m after different times:

tau(hrs)

T(x,tau),deg.C

0

(T RN~ T, B - TR Y
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b) Now, enter the eqn for Temp in cell D23, taking care to refer to tau (in cell C23) by
‘relative reference’ so that we can complete the Table by drag-copy up to cell D43. Also,
note that in the Table, tau is in hrs, and to use the Function, we need to have tau in
seconds; so, multiply the Table value in cellC23 by 3600 as shown. See the screen shot of

entering the Function variables below:

Function Arguments

Semi_infinite_Solid_Convectionatsurface_Tempxtau
Alpha |alpha 0.0000007 »
Tau |C23*3500 o
k 137
[x 0.08
(hl 100 v
= 350
Mo help available.
H
Formula result = 350
Help on this function [ OK ] [ Cancel l

c) Now, drag- copy the cell D23 up to cell D43 to complete the calculations:

| D43 > (a b | =Semi_infinite_Solid_Convectionatsurface_Tempxtau(T_i,Ta,alpha,C43*3600,k,x,h)
A B C D | E = G H 1 J K
20 To draw the graph of temp reached at x=0.08 m after different times:
21
22 tau{hrs) | T(x,tau),deg.C
23| 0 350
24 1 287.8110
25 | 2 236.2435
26 3 185.1025
27 | 4 166.5959
28 5 153.4257
29| 6 143.4448
30 T 135.5463
31 | 8 129.0949
2 9 123.6972
33 | 10 119.0945
34 11 115.1092
35 | 12 111.6147
36 13 108.5179
37 | 14 105.7487
38 15 103.2531
39 | 16 100.9880
40 17 08.9224
41 | 18 97.0264
42 | 19 95.2788
43 | 20 93.6610
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See in the above screen shot the Function entered in cell D43.

d) Now, plot the results:

Progress of cooling at x = 0.08 m

400

350

=
]

300

250 \

200

Temp (deg.C)

150 ~

100

50

a 5 10 15 20 25

Time, tau (hrs.)

Note that the plate has not cooled to the ambient temp of 30 C, even after 20 hrs.
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TH Two-dimensional conduction
Shape factor:

Learning objectives:

10. Applying 2D conduction shape factor’ is a simple method to analyse a particular type of
2-D conduction problems where steady state heat transfer occurs between two surfaces at
fixed temperatures, T1 and T2, with an intervening solid medium in between.

11. If Q is the rate of heat transfer between two temperature potentials T1 and T2, with the
thermal conductivity of intervening material being k, with no heat generation in the
medium, we write:

Q=kS(T1-T2) (1)
where S is known as ‘Shape factor’ and has dimension of length.

12. Note that eqn.(1) is applicable only when there is conduction i.e. in solids.

13. Immediately it follows that thermal resistance of the medium is given by:

Rth = 1/(k S) (2)
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14. Since we can write: S = 1/(Rth.k), we get:

A
S Wall_f

and, _4~n T,

15. S has been computed by researchers using electrical analogy or numerical methods, for

several cases of practical interest.

16. Tables below give conduction shape factors for a few selected two dimensional systems.

17. Some popular types of problems are solved below.

Table 1H.1.Conduction Shape factors:[Ref. 2]

, — T2} to determine the steady rate of heat

Conduction shap

e factors S for several configurations for use in 4 = kS
transfer through a medium of thermal )

the surfaces at temperatures T, and T

cl

(1} Isathermal cylinder of length L (2} Vertical isothermal cylinder of length L
buried in a semi-infinite medium buried in a semi-infinite madium
(L>>Dand z >1.50) (L>=D))

= el _ 2m
R T In{4L/D}
(3} Two parallel isothermal cylinders : (4} A row of equally spaced parallzl isothermal

cylinders buried in a semi-infinite medivm

placed in an infinite medium
(L>>D, z and w=1.50)

(L>>D), D, 2)

§= 2rlL

i e e |
In|-= .:.mh-u-)
IHD W

(per cylinder)
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(5) Circular isothermal cylinder of langth L (61 Circular isothermal cylinder of length L
in the midplane of an infinite wall at the center of a square solid bar of the

(z>0.5D) same length

Il

5= 2EL = | I L
In (1.08 w/ D)

“In{B/nD) S

(7) Eccentric circular isothermal eylinder (B} Large plane wall

of length Lin a eylinder of the same
length (L= D)
S: EEL 2 2 SI iL
'D'|+D§—iz"'|
e T
i3 /
(9} A long cylindrical layer (10} A square flow passage
la) Foralb> 1.4,
5= 2xlL e
T (DD ==tk
R 5 =353 (0.928a7)
(b) Foralb< 141,
i 2xL
0785 In {a/h)
(11} A spherical layer (12) Disk buriad paralll 10
the surface in a semi-infinite
medium (z »> D)
i 2z D,
bD.-0,
§=4D
‘ (§=2Dwhenz=0)
T,
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(13) The edpe of two adjoining (14} Carner of thres walls
walls of equal thickness of equal thicknass
S5=054w 5=015L
-~
5
- T,
m-zs.-"r [outside)
L
(15} Isothermal sphere buried in 2 (14} Isathermal sphere buried
semi-infinite medium in a semi-infinite medium at T
whose surface is insulated Insulated
i T, (medinm )y 5o -
Su_2ED . ;. B
1 - 02500z 1+ 0,230z
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Prob. 1H.1. A small cubical furnace 500 x 500 x 500 mm on the inside, is constructed of fireclay bricks
(k = 1.04 W/m.K) with a wall thickness of 100 mm. The inside of the furnace is maintained at 500 C,
and the outside is maintained at 50 C. Calculate the heat lost through the walls. Take shape factor for
walls S = A/L, edges: S = 0.54 D, and corners: S = 0.15 L. [VTU - M. Tech. - Dec. 2010]

Mathcad Solution:

Recognise that this problem can be solved by use of ‘Shape factors.

Also, recall that when the interior dimensions of the furnace are greater than one-fifth of the wall

thickness, we have, for Shape factors:
A

Swal"s © Seqge=03D  and S =0.15L

where, A =inside area of the wall, L = wall thickness, and D = length of edge

See Fig. below:

Note that for a cubical structure, there are 6 wall sections, 12 edges and 8 corners. Calculate the Shape

factors and compute the total Shape factor by adding all of them.

/)Q

/ T2=50C
0.1 m
0.5m
1=500 C 05m
0.5m
Fig.Prob.1H.1
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Data:

Size of furnace: 0.8 mx 0.5 m x 0.5 m i.e. dimension of each wall, D = 0.5 m
D:=03 m....dimension of one side of cubical furnace
L:=01 m._.thickness of each wall
A:=DD mZ__area of each wall
e A=023 m2___area of each wall
k=10 W/ m.C)....thermal cond. of fireclay brick
T1:=500 C. temp. of inside surface of furnace

T2 := 350 C..temp. of outside surface of furnace

Calculations:

S for Walls:
S for a single wall section is given by:
A
L

5= m...define S for single wall section

e, §=213 m... Shape factor for single wall section.

Therefore for 6 wall sections:

8 walls =56 m.__S for 6 wall sections

e 8 e =13 m...5 for 6 wall sections

S for Edges:
S for a single edge is given by:
§:=0.534D  m...define S for single edge

e 5=027 m... Shape factor for single edge.

Therefore for 12 edges:

edges =512 m...5 for 12 edges

edges =324 m...5 for 12 edges
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S for Corners:
3 for a single comer is given by:
§:=015L  m...define 5 far single cormer
e, §=0013 m... Shape factor for single comer.
Therefore for 8 corners:

8 comers =58  m._5for 8 comers

=3 5 0.12 m...3 for 8 cormers

COTNers

Total Shape factor:

Therefore, total shape factor is obtained by summing up the shape factors for all the walls,
edges and corers:

8 total =% walls + 5 edges * 8 comers m...total shape factor

e 8. .y =1836 m.__total shape factor
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Heat transfer rate, Q:

Therefore, total heat loss from the furnace is given by
Q=kS, 0 (T1-T2)  W.__defineQ

=3 Q= 9.59}103 W=58.592 k\W__ total heat loss rate from furnace...Ans.

Prob. 1H.2. A horizontal pipe 15 cm in dia and 4 m long carrying hot water is buried in the earth at
a depth of 20 cm. The pipe wall temp is 75 C and the earth surface temp is 5 C. Assuming that k = 0.8
W/m.C for earth, calculate the heat lost by the pipe. [VTU - M. Tech. - May-June. 2010]

{1} lsothermal .'}Ilrl..l:r af I:ns!l': £
bunad 10 2 semi=nfmle madum

iLesDand » »1.50

Fig.Prob.1H.2

Mathcad Solution:

Data:
0.13 m ... dia of pipe
=4 m ... length of pipe
T1:=73 C ... temp of pipe surface
T2:=3 (.. temp of earth surface
z:=02 m __depth at which pipe is buried.
k=08 Wm.C __ thermal cond.

See Table 1H.1, case (a).
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Calculations:

We see from Table that:

§=2" m ... Shape factor for the configuration

And, heat transfer:

0 =k8{T1-T2y W __.

e, ) =840.773 W ... heat transfer.....Ans.

Prob. 1H.3. Radioactive wastes are temporarily stored in a spherical container, the centre of which is
buried a distance of 10 m below the earth’s surface. The outside dia of the container is 2 m and 500 W
of heat are released as a result of the radioactive decay process. If the soil surface temp is 20 C, what is

the outside surface temp of the container under steady state conditions? [Ref. 3]

(15) Isothenmal sphere buried in a
semi-infinite medium

Fig.Prob.1H.3

Mathcad Solution:
This case refers to case (15) of Table 1H.1.
Data:
D=2 m ... dia of sphere
z:=10  m ... depth below the surface
Q=500 W ___ heat released

T2:=20 C . soil temp

k=08 Wm.C ___ for soil, assumed.
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Let the surface temp of sphere be T1.

Then,

5= m....Shape factor .._see Table 1H.1

and, Q=k-85{T1-T2) W ___ heat transferred

Two-dimensional conduction Shape factor

Therefare: T1 =9 + 12
k-5
ie. T1=4§1920 C ... temp of outer surface of Sphere .... Ans.

In addition: keeping T1 and T2 constant, how does Q vary with D? Plot the results:

Write Q as a function of D:

S(D) =" .5 defined as a function of D
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QD) =k-5D){T1- T2} __Qdefined as a function of D
Let D vary from 0.5 to 5 m:

D:=05051.5 m .. define a range variable D

QW) as afunction of D (m) for Sphere

1500
1400

1300

1200

1140 L

oDy 00

in
.

.

in
.
4
in
[

=

“Prob. 1H.4. Two parallel pipelines spaced 0.5 m apart are buried in soil (k = 0.5 W/m.K). The pipes
have outer diameters of 100 and 75 mm with surface temperatures of 175 and 5 C, respectively. Estimate

the heat transfer rate per unit length between the two pipelines. [Ref. 3]”

(3) Two parallel isothermal cylinders
placed in 2n infinite medium
(L>>D, D:, 7

Fig.Prob.1H.4
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“EES Solution:”

“Data:”

“See Table 1H.1, case(3):”

D_1=0.1 [m]
D_2 =0.075 [m]
T_1=175[C]

T 2=5([C]

k =0.5 [W/m-C]
z = 0.5 [m]“..spacing between pipelines”
L=1[m]

“Calculations:”

“S is given by:

4. 2% - D:% - Dy° [m] ... Shape factor

arccosh

And, it is entered as follows in EES:”

S=(2*pi*L)/arccosh((4*zA2 - D_1A2 = D_2A2) / (2* D_1 * D_2)) “ [m]
“Then:”

Q=S*k*(T_1-T_2) “[W] ... heat transfer”

Results:

Unit Settings: 51 C kPa kJ mass deq

Oy =01 [m] Oz =0.075 [m] k=05 [m-C] L=1 [m]
2 =109.5 MW 5 =1.288 [m] T1=175 [C] Ta=5 [C]
z =05 [m]

Thus:

Q =109.5 W ..... heat transfer between two pipelines .... Ans.

... Shape factor”
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Plot the variation of Q with space between the pipes, z:

300

Q vs z for parallel pipes in an infinite medium

250

200

< 150

100

0 01 02 03 04 05 06 07 08 09 1
z [m]

It may be noted that as the spacing between the pipes increases, initially the reduction in Q is rapid up

to about z = 0.5 m, and then the rate of reduction decreases.
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“Prob. 1H.5. A long power transmission cable is buried at a depth (ground to cable centre-line distance)
of 2 m. The cable is encased in a thin-walled pipe of 0.1 m dia, and to render the cable superconducting,
the space between the cable and pipe is filled with liquid nitrogen at 77 K. If the pipe is covered with a
super insulator (k_ins = 0.005 W/m.K) of 0.05 m thickness and the surface of the earth (k_g =1.2 W/m.K)
is at 300 K, what is the cooling load in W/m that must be maintained by the cryogenic refrigerator per

»

unit pipe length? [Ref. 3]

1} lsotharmal .':.ilrl.l:r af I:ng:l‘. L
Bunad g & femi=<nfule madim
(Le=Dand z>» .50
Ve
Fr—

Fig.Prob.1H.5

“EES Solution:”

“Data:”

“See Table 1H.1, case(1):”

D_pipe = 0.1 [m] “.dia of pipe”

D_ins = 0.2 [m] “..outside dia after putting insulation of 0.05 m thickness”
T 1=77[K]

T_2 =300 [K]

k_ins = 0.005 [W/m-K] ...thermal cond. of insulation”

k_g =1.2 [W/m-K] “.. thermal cond. of earth”

z =2 [m] “..depth at which the pipe is buried”

L=1[m]

“Let T_3 be the temp on insulation surface”

“Calculations:”

“In steady state, Q flowing through the earth,and that flowing through insulation to the pipe is same.

This is the refrigeration capacity required by the refrigerator:”
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“Shape factor, S for the Insulated pipe: See Table 1H.1. case (1):”

S=Q2*pi*L)/In((4*2z)/D_ins) “ [m] ... Shape factor”

Q=S*k g*(T_2-T_3) “[W] ... heat transfer between the earth’s surface and insulation surface”

Q=(T_3-T_1)/(In (D_ins / D_pipe) / (2 * pi * k_ins * L)) “[W] ... heat flow through insulation”

Results:

Unit Settings: 51 C kPa kJ mass deqg

O = 0.2 [m] Dpipe =01 [m] kg =1.2 [Wfrm-K]
Kire = 0005 Dfm-K] L=1 [m] 0 = 9888 A
5 =1.703 [m] T1=77 [K] To=300 [K]
Ta=2452 [K] z=2 [m]

Thus:

Q =9.888 W ... Refrigeration capacity required of the refrigerator .... Ans.

Also, S = 1.703 m .... Shape factor for the geometry, and

T_3=295.2K... temp on the surface of super-insulation.

Prob.1H.6. Hot water at an average temp of 80 C and an average velocity of 1.5 m/s is flowing through a
25 m section of a pipe that has an outer dia of 5 cm. The pipe extends 2 m in the ambient air above the
ground, dips in to the ground (k = 1.5 W/m.C) vertically for 3 m, and continues horizontally at this depth
for 20 m more before it enters the next building. The first portion of the pipe is exposed to the ambient
air at 80 C, with h = 22 W/mA2.C. If the surface of the ground is covered with snow at 0C, determine:

(a) the total rate of heat loss from the hot water, and (b) the temperature drop of the hot water.
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8 deg.C

0 deg.C

Jm

20 m ilrBIIII deq.C

Fig. 1H.6

EXCEL Solution:

Here, there are three sections of piping for which we have to calculate the heat losses:

1. Section of 2 m length, above the ground.... It loses heat by convection = Q

conv

2. Section of 3 m length, dipping vertically into the ground...loses heat by conduction = Q

condl

3) Section of 20 m length going horizontally in the ground.... Loses heat by conduction =
QcondZ

Q_,, is calculated by Newton’s Law, and Q_ , and Q_ . are calculated using the ‘Shape factor’ for the

respective configurations. Qcond = S. k. AT
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See from Table 1H.1 that eqns for Shape factors for cases 2 and 3 above are given as follows:

(1} Isothermal cvlingder of kength L (2) Vertical isothermal cvlinder of length L
bunad in & semi-infinite medium buriad in & semi-infinile meadium
(L>>Dand £ >1.500 (L=

2nl

2xL
= E&LID)

In (42/00)

Following are the steps in EXCEL Solution:

1. Set up the EXCEL worksheet, enter data and name the cells:

T _surface - 'i‘ | O

[ 4 B L c e
1 !

2 | Data:

3 | T _pipe 80 C

4 | U avg 1.5 m/s

5 | dia 0.05 m/s

6 | L1 2 |m

7 | L2 3 m

g | L3 20 m

9 | k_soil 1.5 W/m.C
10 | T amb 2 C
11| h 22 wW/mhr2C
12 T_surface 0 .IC
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2. Perform the calculations, as per the explanations and eqns given above:

| S 3 - fe | =(2* PIf) *L_3)/LN(4 * L_2/dia)
A B ¢ R E F G H I )
L3 20 m
9 k_soil 1.5  w/m.C
10 T_amb 8 €
11 h 22 wW/mrc
12 T_surface 0 c Qconv = h-{n-dia-L_1}-(T_pipe - T_amb)
13 -
— — 271 2
14 Calculations: & gD Sl
15 Conv. heat tr. Q_conv 497.6283 W .. Ans. ot ]_nﬁ’ J"L—ﬂ:
16 To find Qcond1: e | dia )
=
4 Shap foctar K e e Qecondl= 5 2k soil-(T_pipe — T_surface)
13 Cond. heat tr Qcondl 4127159 W .... Ans. <
= . 2xL3
20 | To find Qcond2: = 3= FAL 20
el In = |

21 | Shape factor 53 I 22.92855_|m | & )
22 Cond. heat tr Qcond2  2751.439 W ... Ans e ool 83k shl (T pipe-= T sufhce)
23
24 Total heat tr [atot=  3661.783|W .. Ans. < Giot= Qeony + Qeondl + Qcond2

ac

Thus, total heat transfer = 3661.78 W ... Ans.

In the above worksheet, the formulas used are shown separately for clarity.

In the Formula bar, eqn for S_3, the Shape factor for section-3 of pipe, can be seen.

3. Next, calculate the temp drop in water as it flows through the 25 m section. Heat lost is

equal to (m_dot * cp * ATde), where m_dot is the mass flow rate = (tho * A_c * U_avg), cp

is the sp.heat of water. This calculation is shown in the following section of worksheet:

D32 -l £« | =atot/(m_dot*cp)
A B - = E
26 To find temp drop in water:
27
28 Density of water rho 1000 kg/m~3
29 sp. heat of water cp 4180 )fkg.C
30 Area of crosssection of pipe A c 0001963 m”~2
31| Mass flow m_dot  2.945243 kg/s
32 Temp drop delta T Iﬂ.29T43'.~' _Ideg.C....Am.

b ks |

Thus, temp drop = 0.297 deg.C.
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