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CHAPTER THREE

One-Dimensional, Steady-State Conduction

3.1 The Plane Wall

Consider the plane wall of Figure (3.1) where a direct application of Fourier’s law
may be made. Integration yields

dT kA
qx = —kA—= _E(TS,Z - Ts,l) (3.1)

kA Tsl - TSZ }1
Q=7 T —T) =—F—— (3.2) \
t,cond.

Thermal resistance for conduction is

Ax L
Rt,cond. = k_A = k_A (3.3) L |
X x=1L

Figure (3.1) Heat Transfer through a Plane Wall.

\ Lz

=y

The equivalent thermal circuit for the plane wall with convection surface conditions
is shown in Figure (3.2). The heat transfer rate may be determined from separate
consideration of each element in the network. Since(q,.) is constant throughout the network,

it follows that
Too,l - Ts,l _ Ts,l - Ts,Z _ Ts,Z - TOO,Z

=" mAa ~ L/kA  1/h,A
t ) — .. T AAA, o T.z
I A & A
e e ®
oo b

Figure (3.2) Heat Transfer through a Plane Wall. (a) Temperature Distribution.
(b) Equivalent Thermal Circuit
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The thermal resistance for convection is

1

Rt,conv. = m (3-4)

In terms of the overall temperature difference (T, 1 — T 2), and the total thermal
resistance (R;,) the heat transfer rate may also be expressed as

3.2 The Composite Wall

As shown in the figure below there are three walls in series with each other a situation
which is similar to an electrical circuit consisting of three series resistors and battery across
them.

T; T, T, To Ax, Ax, Ax,
Ry R, R3 ka4, K24, k3d;
— N\ “NNOANNAOANN~
1\ T; T, T, To
k, K, ks
AXl AXZ AX3

The total resistance through the Composite wall is given by

Ax1 sz Ax3
+— 4
klAl kZAZ k3A3

thOt:R1+R2+R3=

And gives a total heat flow (q) is

_ AToverall _ Ti - TO
% Reot Axy/kiAy + Axy /ky Ay + Axs/k3As

q = UAAT

Where U is the overall heat transfer coefficient
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1
U=
Ax;/ky + Ax, [k, + Axs [k
UA = ! (3.5)
ZRtOt .

Noting that the heat flow across the first wall is equal to the second and third walls.

-7 Ti—-T, T,—-T,
U= A, Jki A, Dy /kyA,  Axs/kyAs

There are many other connect of thermal resistance. For example, the composite
wall as shown below the overall resistance is:

— 1 1 - 2
ZRth—R1+|:R_2+R_3:| +R4 1 |£|

And when the case is a combination of conduction and convection as shown in the
figure below the electrical analogy will be

A
h Ax 1
4 T. kA hA
—NANA—ANNA~
Tl ’ T; T, T.

Ax

and the heat flow (q) is
. T-T,
1= Ax/kA + 1/hA

The general case of a combination of conduction and convection as shown in the figure

below .
Tfi T1 T2 T3 TfO o !. y Ax 1 Ax 2 L
> kiA, kA, hoA ]
h' k ho fi i vV VA "'“V:_ﬂ]
l 1 k2 T1 TE Ta
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q AToverau _ Tfi B TfO 2 1 Axy Ax, 1

= = , Ry =7—+ + +
YRior X Reot T RA T kA kA, T hoA

Example (3.1): A laboratory furnace wall is constructed of (0.2 m) thick fireclay with (k, =
1 W /m.K) this is covered on the outer surface with (0.03 m) thick layer of insulation
material having (k, = 0.07 W /m. K) the furnace inner brick surface is at (1250 K) and the
outer surface of the insulation is (310 K). Calculate the steady-state heat transfer rate through
the wall in W /m?, and determined the interfacial temperature (T,) between the brick and
insulation.

Solution:
A B
q T, —T; I T, T3
A Axy/k, + Axy/ky kq ky
q__1250-310 _ . W /2
A~ 0.2/1+0.03/007 m — 02 e
0.08m
q _ T, -T,
A Ax,/k,
1405 1250-T;
- 0.2/1
T, = 951K

Example (3.2): A (0.1 m) thick brick wall (k=0.7 W/m. K) is exposed to a cold wind at (270
K) through a convection heat transfer coefficient of (40 W/m?2.K) on the other side is air at
(330 K) with a natural convection heat transfer coefficient of (10 W/m?.K). Calculate the
rate of heat transfer per unit area.

Solution:

_ AT T, Ty

q
A~ 1/h, + Ax/k + 1/h,

B 330 — 270
~1/10+40.1/0.7 + 1/40

<+«— 0.1m —»

o N I T N

= 2239 W /m?
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Example (3.3): Consider a (0.8 m) high and (1.5 m) wide double pane window consisting
of two (4 mm) thick layer of glass (k = 0.78 W /m.°C) separated by (10 mm) wide stagnant
air space (k = 0.026 W/m.°C). Determined the steady rate of heat transfer through this
double pane window and temperature of its inner surface for a day during which the room
Is maintained at (20 °C) while the temperature of outdoor is (-10 °C) take the convection
heat transfer coefficient of the inner and outer surface of the window to be (h; =
10 W/m?.°C), (hy = 40 W /m2.°C).

Solution: Glass Glass
A=08%15=1.2m?

1
R: = = = U. °

(T hA T 101z 0083TC/W

Ry = Ry = R,ppey = L = 0004 = 0.00427 °C/W

TS T gl T AT 078120 ol
Ry = Ry = ~2 = —21___ 3205 c/w

2= Mair =104~ 0.026%12 / s

Ry = —— = = 0.02083 °C/W

 hpd 40x12 7 /

; R 1
Riotar = Ri + R + R; + R3 + R, Iy B R B R o Ty

Riptar = 0.083 + 0.00427 + 0.3205 + 0.00427 + 0.02083
Riptq; = 0.4332 °C/W
The steady rate of heat transfer through the double-pane window is:

AToverau _ Too1 = T _ 20 — (—10)

= = =69.2W
Rtotal Rtotal 0.4332

q:

The inner temperature is:

_ Tool - Tl
692 =011

7 0.083
T, = 14.2°C
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3.3 Radial Systems

3.3.1 Cylinders

Consider a long cylinder of the inside radius (r;), outside radius (1), and length (L),
such as the one shown in Figure (3.12). We expose this cylinder to a temperature differential
(T; — T,). For a cylinder with length very large compared to diameter, it may be assumed
that the heat flows only in a radial direction so that the only space coordinate needed to
specify the system is (r;). Again, Fourier’s law is used by inserting the proper area relation.
The area for heat flow in the cylindrical system is

A, = 2mrlL

= —kA dT— 2Lde 3.6
qr = T‘E_ T E ()

The solution of the above equation is

(T, = To) _ (T;=T)

= 2mwLk = 3.7
U n(ro/ry ~ Ren (37)
and the thermal resistance in this case is
In (ry/77)
_ 7 i/ 3.8
th Lk (3.8)
S S
T T,
O MM -]

In{r_ ;)
th I mkL

Figure (3.12) One Dimensional Heat Flow through a Hollow Cylinder and Electrical
Analog.
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The thermal resistance concept may be used for multiple layer cylindrical walls just
as it was used for plane walls. For the three-layer system shown in Figure (3.13) the solution
IS

C(Ti—Ty) 2rL(T; — Tp)
ar = Ry In(ry/m)/ka +1n(rs /1) /kp +In(ra/15) /K¢

_Inry/my Inrs/ry Inn/rs
th ™ 2mLk, ' 2mLks = 2mLk,

—_—

I R, Iy Ry Iy Re r
O—ANA—O—NNA—O0—ANA—DO
In(ry/ 7)) In(rs/ry) In(ry/ry)
2k 4L kgl 2kl

Figure (3.13) Thermal Resistance of Multiple Layer Cylindrical Walls

The hollow cylinder whose inner and outer surfaces are exposed to fluids at different
temperatures Figure (3.14). The overall heat transfer would be expressed by

_ (Too,l - Too,z) _ (Too,l - Too,z)
Riot 1/A;h; +In(ry /1) /2nkL + 1/A,h,
Hot fluid
3 Ty by
Tt /

I, I I, I.»
L gr—> NNV~
1 In(ry/ry) 1

N
w h2rrnl  2#iL h2nnl
/ \/
I,
Figure (3.14) Hollow Cylinder with Convective Surface Conditions.
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Example (3.4): A thick-walled tube of stainless steel (18% Cr, 8% Ni, k = 19 W/m - °C)
with (2 cm) inner diameter and (4 cm) outer diameter is covered with a (3 cm) layer of
asbestos insulation (k = 0.2 W/m. °C). If the inside wall temperature of the pipe is
maintained at (600 °C) and the outside wall temperature is at (100 °C), calculate the heat
loss per meter of length. Also calculate the tube insulation interface temperature.

Stainless steel

Solution: T, = 600°C
/L _ 2T[(T1 - Tz)
V5 T Gy /) ks + InGrs /1) kg
27-[(600 - 100) Asbestos |
q/L = 15 = 100°C
In(2/1)/19 +1In(5/2)/0.2
T, T,
O—AMAN—O—NN—D0
q/L = 680 W/m In {ry/r) In (r;/rs)
kL Tk L

This heat flow may be used to calculate the interface temperature between the outside tube
wall and the insulation. We have

_ (Ta - TZ)
q/L =
In(rs/7,)/ 21k,
2n(T, — 100
680 — (T, )
In(5/2)/0.2
T, = 595.8 °C

Example (3.5): Water flows at (50 °C) inside a (2.5 cm) inside diameter tube such that (h;
= 3500 W/m? - °C). The tube has a wall thickness of (0.8 mm) with thermal conductivity of
(k=16 W/m. °C). The outside of the tube loses heat by free convection with (h, = 7.6 W/m?.
°C). Calculate the heat loss per unit length to surrounding airat (20 °C).

Solution:

D; =0.025m =1, =0.0125m

Dy =D; +2t =0.025+ 2 % 0.0008 = 0.0266 m = 1, =0.0133m
for unitlength L=1m

A; =nD;L = m*0.025 %1 = 0.0785 m?
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Ay =Dyl = m=0.0266 * 1 = 0.0835 m?

_(T—Ty) _ (T = To)
Riot 1/A;h; + In(ry/1;)/2mkL + 1/Ayhy

(50 — 20)
~ 1/0.0785 * 3500 + In(0.0133/0.0125) /2w * 16 * 1 + 1/0.0835 * 7.6

q =19W

3.3.2 Spheres

Spherical systems may also be treated as one-dimensional when the temperature is a
function of radius only. The heat flow is then

g, = (Ti - To) _ 47Tk(Ti - To)
’ Rip 1/ = 1/7,

1 1 1

th = gk G T %) (3.10)

(3.9)

The hollow sphere, whose inner and outer surfaces are exposed to fluids at different
temperatures Figure (3.15). The overall heat transfer would be expressed by

(Th B TC) _ (Th B Tc)
- 1 1 1 1
Rtot 1/Aihh+ (Z—E)/47TkA+ (E—E)/‘l'ﬂ'kB + 1/A0hc

q:

where A; = 4mrf

and A, = 4nrf

Cold fluid
T h,

Figure (3.15) Hollow Sphere with Convective Surface Conditions.
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Example (3.6): A spherical, thin-walled metallic container is used to store liquid nitrogen
at (77 K). The container has a diameter of (0.5 m) and is covered with an evacuated,
reflective insulation composed of silica powder with (k = 0.0017 W/m. K). The insulation
IS (25 mm) thick, and its outer surface is exposed to ambient air at (300 K). The convection
coefficient is known to be (20 W/m2. K). What is the rate of heat transfer to the liquid
nitrogen?

Solution:

Thin-walled spherical
container, r; = 0.25 m

Air Insulation outer sal Tmz
surface, = AN —— AN —
l l l r; =0.275m -1 -1 -1 1
dnk'ry T 4mrlh
I.,=300K Liquid nit
= 20 Wik - LUl nrogen
q

D, _05_ .
n=—=—/7—=U m

2 2

rp,=r+t=025+0.025=0.275m

q= (Too,z - Too,l)
Rtot
q= (Teo2 = Too1)
(= —2)/4nk + 1/4nr2h
T1 T
(300 — 77)
7 (555 — 552 )/4m * 0.0017 + 1/4m % 0.2752 20
025 0.275 ' '
223
1= 17,02+ 0.05
g =13.06 W
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3.4 Critical Thickness of Insulation

Let us consider a layer of insulation that might be installed around a circular pipe, as
shown in Figure (3.16). The inner temperature of the insulation is fixed at T;, and the outer
surface is exposed to a convection environment at T... From the thermal network, the heat
transfer is

_ 2nL(T; — Ts)
U= (o /r)/k + 1/7ohy

(3.11)

Now let us manipulate this expression to determine the outer radius of insulation
(ro) which will maximize the heat transfer. The maximization condition is

1 1
dq . —27L(T; — Too)(k_ro - h_roz)

dry [In(ro/7)/k + 1/krp)2

(3.12)

The result of the above equation (3.12) expresses the critical radius of insulation concept.

= (3.13)

If ry < 1, then the heat transfer will be increased by adding more insulation.

If ry > 1, then the heat transfer will be decreased by an increase in insulation
thickness

o, T
O ATATA o AMAN—O
In(r,/r;) 1

27kl 2ar Lh

Figure (3.16) Critical Insulation Thickness.
The critical radius of insulation for the sphere is

2k

=7 (3.14)
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Example (3.7): Calculate the critical radius of insulation for asbestos (k = 0.17 W/m - °C)
surrounding a pipe and exposed to room air at (20 °C) with (h = 3.0 W/m? - °C). Calculate
the heat loss from a (200 °C), (5 cm) diameter pipe when covered with the critical radius
of insulation and without insulation.

Solution:
_ k _ 0.17 — 00567
., = p=—=3 =0 m

With insolation

_ 27T(Ti - Too)
VL= Tk + 1/mh
o 27(200 — 20)

" In (0.0567/0.025)/0.017 + 1/0.0567 * 3
q/L=1057W/m

Without insulation
q/L = 2nr;h(T; — Ty,) = 2m * 0.025 * 3 * (200 — 20)

q/L =848W/m

3.5 Heat Transfer from Extended Surfaces

The term extended surface is commonly used to depict an important special case
involving heat transfer by conduction within a solid and heat transfer by convection (and/or
radiation) from the boundaries of the solid. The most frequent application is one in which
an extended surface is termed a fin, which is used specifically to enhance heat transfer
between a solid and an adjoining fluid. Different fin configurations are illustrated in Figure

(3.17).
o D 8 L

(b) () (d)
Figure (3.17) Fin Configurations. (a) Straight Fin of Uniform Cross Section. (b) Straight
Fin of Non-Uniform Cross Section. (c) Annular Fin. (d) Pin Fin.
Al-Mustagbal University College 12 http://www.mustagbal-college.edu.ig/
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Consider the one-dimensional fin exposed to a surrounding fluid at a temperature (T.,)
as shown in Figure (3.18). We approach the problem by making an energy balance on an
element of the fin of a thickness (dx) as shown in the figure. Applying the conservation of
energy required to the differential element of Figure (3.18), we obtain

Ax = Qx+dx T A9cony (3.15)
dT
qy = —kAca (3.16)

where (A) is the cross-sectional area, which may vary with (x). Since the conduction heat
rate at (x + dx) may be expressed as

dq

Ax+dx = qx T d_xxdx (3.17)
dT d dT

Ax+dx = —kAC a - ka (Ac a) dx (318)

dqcony = hdAg(T — To,) (3.19)

Where dA; is the surface area of the differential element.

( dqony = h Pdx (T-T,)

<

Base

—

Figure (3.18) Sketch Illustrating One Dimensional Conduction and Convection through a
Rectangular Fin.

Substituting the foregoing rate equations into the energy balance, Eqg. (3.15), we obtain
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kA ar _ kA ar kd(A dT)d + hdA,(T — Ty) 3.20
“dx cax  Cax\“eax) S ® (3.20)
d( dT) hdAS(T T.)=0 391
dx\"“dx) k dx o (3.21)

The general equation of heat transfer in a fin is

L T dTdA;_hdA,
“dx?  dx dx k dx

(T—T,) = (3.22)

For constant cross-sectional area A, and dA; = Pdx, where A; is the surface area
measured from the base to x and (P) is the fin perimeter. So that Eq. (3.22) reduces to
d*T hP

dx?> kA,

(T—T,) =0 (3.23)

Let (T — Ty) = 6(x)

. d*T B d?o
Tdx? dx?
d?6
——-m?0 =0 (3.24)
dx?
hP
where m = KA.

The general solution for Eq. (3.24) may be written
9 = Clemx + Cze_mx (3.25)

The boundary condition depends on the physical situation. Several cases may be
considered:
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CASE (1): The fin is very long, and the temperature at the end of the fin is essentially that
of the surrounding fluid.

Fluid, T_
Goorn Sl
7 pd
- I
¥y : :—]-oo
s )
0 =Cie™ + Cre™™ (D)
BCliatx=0 T =T,
T—Ty,=T,—T, = 6sub. InEq. (1)
Oy, = C,e™0 + Cre ™0
0, = C; + C, (2)
B.C2:atx = T=T,
T—Ty, =Ty —T, =0=0sub.inEqg. (1)
0=Ce™® + Ce™ ™ where e =0 and e®* = o0
0=C,+0 ~ C; =0 sub.inEq. (2)
O, =0+ C, ~ C, = 6, sub. in Eq. (1)
0 =0,e ™
6 _ T—Ty, IR
5T T " e (3.26)
dT do
7 N
q = —kAO,(—m)e "], -, = kAm6,
q = kA |~ 6, = VkARP®, (3.27)
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CASE (2): The fin is of finite length and loses heat by convection from its end.

Fluid, 7
q{:l:ll'l".l'
T, el
- m
e -Gl —— |l—> T - 1]
il
l:{}x L
0 =Cie™ 4+ Cre™™ (D

BCliatx=0 T =T,
T—Ty,=T,—Tsx = 6 sub. in Eq. (1)
Oy, = C,e™0 + Cre ™0

O, =C, +C, (2)

BC2atx =L Qcond = Yconv
kA d@] = hA(T — T,
dx el - ( oo)x=L
—k(mCie™ —mCye™™") = h(Cre™ + C,e™™") Divided by (—km)

mL i — —mL _L
Cie 1+ Cye (1

km km
. Cze_mL(l—%) .
C; = emL(1+%) (3) sub.inEq.(2)

Cre™ ™ (1 — -2
eb = fem + C2

e™mL (1 + %)
e™L (1 + %) 0y
eml (1 + %) + e ML (1 — L)

km

C, = sub.in Eq. (3)
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= pN .
A\

e ™L(1 — &)emL (1 + %) oy
e () fer (1) + e (1=
e (1= )6

eml (1 +%) + e ML (1 —L)

km

Sub. C; and C, in Eq. (11)

—mlL h mL L
e (1 - )8, e (1+-) 6,

0= n et n e
eml (1 +Q)+e‘mL (1_E) eml (1+%)+e‘mL (1—%)

_ e*—e™* e*+e™*

sinhx = —— and coshx = ————
2 2
-m(L—x) _h m(L—x) h

o _emo(1 ’fm)” (+i) 2
6 L R -mL (1 _ 2

e (i) e (1o )

g coshm(L—x)+ 2 sinh m(L — x)
- kfrln (3.28)
O cosh(mL) + asinh(mL)

kA dT] — A de]
1= dx x=0 B dx x=0

R [—m sinhm(L — x) + % * —m coshm(L — x)]
cosh(mlL) + Lsinh(mL)
km x=0
h
sinhmL + —coshmlL

q = kA.hPO, km (3.29)

o
cosh(mlL) + — sinh(mlL)
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d6 =0atx=1L
dx at X
Tb Insulation
- I de
_— . —_— T — ﬂ
dx
l:;>x L
9 - Clemx + Cze_mx (1)
BCliatx=0 T =T,
T—Ty,=T,—T, = 0 sub. in Eq. (1)
eb - Clem*o + Cze_m*o
eb - Cl + Cz (2)
aog
B.C2:atx =L —=0
dx
d—9= 0 = mC;e™ —mC,e ™k
dx 1 2
e—mL
Cl = CZ W sub.in Eq (2)
-mL
eb == CZ mL + Cz
9 emL
CZ = me —
emL 4 g—mL
0 e—mL
)
eml 4 g—mL
Sub. C; and C, in Eq. (1)
_ ebe—mL emx QbemL e_mx
emL + e—mL emL + e—mL
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2 e—m(L—x) +em(L—x) 2

— XK —

0, eml 4 e—mL 2
6  coshm(L —x) 330
6,  coshmlL (3:30)
— —kA dT - —kA de]
1 dxly—o dxly=o
— —kAG —m sinhm(L — x)]
1= b coshmlL =0
sinhmL
q =\ kA hPO,———— = VkAhPO, tanh mL (3.31)
coshmL
CASE (4): The temperature at the end of the fin is fixed.
T,
-
E— T=T,
L x L
0 =Cie™ + Cre™™ (1)

BCliatx=0 T =T,
T—-T,=T,—T, = 6 sub. inEq. (1)
Oy, = C;e™0 + Cye~™*0

Op = C1 + G, (2)
B.C2:atx =L T =T,
T—T,=T,—T, =6, sub.inEqg. (1)
0, = Cie™ + Ce~™E

6, — Cre™™ :
g sub.in Eq. (2)
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e

b = ——a—+ C;
o Co = Qbeml‘ - QL
.. 2 - emL J— e_mL
Ope™ ~0L _mi
HL T omL_,-mL
C _ e —e
1= emL
- (e™o, —e ™P,) + (—0,e™e ™ + g, e™)
HL — Bbe_mL
Cl -

Sub. C; and C, in Eq. (1)

HL —Bbe_mL BbemL—H
6 = eMm* 4 e~ mx
emL — e—mL emL — e—mL
(6,/6,) sinhmx + sinhm(L — x)
6 =0 3.32
b sinh mL ( )
— kA dT — A de]
7 dx x=0 B dx x=0
_ _kAB {(6,,/6,)m coshmx + (—m) coshm(L — x)} sinhmL
1= g (sinhmL)?
i x=0
{(6,/0,)m — m coshmlL}
= —kAB
1 b i sinhmL
[coshmlL — (6,,/6,)
q = kAGym sinhmL

3.33
sinh mL ( )

q = kA:hpb, [
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-
e

o 2 ,'/: b
D

Note:
Rectangular fin Pin fin
P =2W + 2t P =mnD
T
A, =Wt A, = ZD2

Example (3.8): A very long rod (5 mm) in diameter has one end maintained at (100 °C).
The surface of the rod is exposed to ambient air at (25 °C) with a convection heat transfer
coefficient of (100 W/m?. K). Determine the temperature distributions along rods
constructed from pure copper (k= 398 W/m. K). What are the corresponding heat losses
from the rods?

Solution:

The temperature distributions are determined from CASE (1) Eqg. (3.26), which may be
expressed as

0 _ T—-T, _
Bb_Tb_Too_

e~mx (3.26)

T =T, + (T, — T,,)e ™
q= VkAhPQb

T
qz\/k*ZDz*h*nD(Tb— o)

T
q= \/398 + 7 (0.005)2 % 100 * 7 * 0.005(100 — 25)

q=83W

3.6 Fin Performance
1- Fin Effectiveness (g5): It is defined as the ratio of the fin heat transfer rate to the heat
transfer rate that would exist without the fin. Therefore

Afin
- 3.34
= ha,e, (3:34)

where A, is the fin cross-sectional area at the base. The use of fins may rarely be justified
unless & > 2.
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2- Fin Efficiency (If):

_ Yfin _ Yfin

]’l =
d Qmax hAf eb

(3.35)

Where Af Is the surface area of the fin.

For a straight fin of uniform cross-section and an adiabatic tip, yield

tanh mL
Ny =——7

(3.36)

mL
Another method to find the fin efficiency (I1y) is:

100

80

60

17y (%)

40

X L'::L
AP= L2

20

0 0.5 1.0 1.5 2.0 2.5
(WA

Figure (3.19) Efficiency of Straight Fins (Rectangular, Triangular, and Parabolic Profiles).
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100

80

60

e (%)

40

20

0

0 0.5 1.0 1.5 2.0 2.5
LP(HkA)'?

Figure (3.20) Efficiency of Annular Fins of Rectangular Profile.

Example (3.9): The extent to which the tip condition affects the thermal performance of a
fin depends on the fin geometry and thermal conductivity, as well as the convection
coefficient. Consider an alloyed aluminum (k =180 W/m. K) rectangular fin whose base
temperature is T, = 100 °C. The fin is exposed to a fluid of temperature T,, = 25°C, and a
uniform convection coefficient of (h = 100 W /m?. K) may be assumed for the fin surface.
For a fin of length (L = 10 mm), thickness (¢t = 1 mm), and width (w > t), determine
the fin heat transfer rate per unit width, efficiency (I1;) , effectiveness (&f) and tip
temperature (T}).

Solution:

To = 25°C
h= 100 WimK Ja Lay i iy Aluminum alioy

Tp = 100°C K =180 Win-K
"
f ;.e-— L=10mm —i t=1mm

sinhmL + I coshmlL
km

= JkA_hPO,

no .
cosh(mlL) + — sinh(mlL)

A, =Wt =1%0.001=0.001m?

P=2W+2t=2(1+4+0.001) =2.002m
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_ |hp _ |100x2002 ..
M= ka4, ~ [180+%0.001 >

q' = /180 % 0.001 * 100 * 2.002(100

sinh 33.35 * 0.01 + —2°
_ 95 180%33.35

cosh(33.35 * 0.01) + ——
180%33.35

cosh 33.35 % 0.01
sinh(33.35 x 0.01)

0.339 + 0.016 * 1.056
1.056 +0.016 * 0.339

q' = 15096 W /m

q' = 450.22 * [

. = dfin _ 150.96
f = hA.0, 100 %0.001 * (100 — 25)

g = 20.13

A =2L+t=2%0.01+0.001=0.021 m?

N, = Afin _ drin _ 150.96
I Gmax  hAs6, 100 0.021* (100 — 25)
N, = 95.85 %

ho
0 T,—Te coshm(l—x)+ —=sinhm(L —x)

Op Tp—To cosh(mL) + %sinh(mL)
T, — 25 coshm(L — L) + %sinh m(L — L)
100 =25 ¢osh(33.35 * 0.01) + —2°_sinh(33.35 * 0.01)
180%33.35
100 — 25 1.056+0.016 * 0.339
T, = 95.69 °C
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Home Work (3):

1- The rear window of an automobile is defogged by passing warm air over its inner surface
with (k = 1.4 W/m- K.). If the warm air is at (To,; = 40 °C) and the corresponding
convection coefficient is (h; = 30 W/m?.K), what are the inner and outer surface
temperatures of (4 mm) thick window glass if the outside ambient air temperature is
(Tw,o = —10°C) and the associated convection coefficient is (b, = 65 W/m? .K)?

2- The walls of a refrigerator are typically constructed by sandwiching a layer of insulation
between sheet metal panels. Consider a wall made from fiberglass insulation of thermal
conductivity (k; = 0.046 W /m.K) and thickness (L; = 50 mm) and steel panels, each of
thermal conductivity (k, = 60 W /m.K) and thickness (L, = 3mm) . If the wall
separates refrigerated air at (T, ; = 4 °C) from ambient air at (T, o = 25 °C), what is the
heat gain per unit surface area? Coefficients associated with natural convection at the inner
and outer surfaces may be approximated as (h; = hy = 5 W/m?2.K).

3- The wind chill, which is experienced on a cold, windy day, is related to increased heat
transfer from exposed human skin to the surrounding atmosphere. Consider a layer of fatty
tissue that is (3 mm) thick with (k = 0.2 W/m- K.) and whose interior surface is maintained
at a temperature of (36 °C). On a calm day the convection heat transfer coefficient at the
outer surface is (25 W/m2, K), but with (30 km/h) winds it reaches (65 W/m?. K). In both
cases the ambient air temperature is (15 °C).

(a) What is the heat loss per unit area from the skin for the calm day and that for the windy
day?

(b) What will be the skin outer surface temperature for the calm day? For the windy day?

4- The composite wall of an oven consists of three materials as shown below, two of which
are of known thermal conductivity, (k, = 20 W /m.K) and (k. =50 W/m.K), and
known thickness, (L, = 0.30m) and (L, = 0.15m). The third material, B, which is
sandwiched between materials A and C, is of known

thickness, (Lp = 0.15m), but unknown thermal T — -T

conductivity kz . Under steady-state operating S k, ky | &
conditions, measurements reveal an outer surface
temperature of (T;, = 20°C), an inner surface Rir
temperature of (T;; = 600°C), and an oven air ——
temperature of T,, = 800 °C. The inside convection Tm’ 5 Lﬂ LH 113
coefficient (h) is known to be (25 W /m?.K). What is the value of (kg)?
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5- A stainless steel tube with (ki = 14.2W /m.K) used to transport a chilled
pharmaceutical has an inner diameter of (36 mm) and a wall thickness of (2 mm). The
pharmaceutical and ambient air are at temperatures of (6 °C and 23 °C), respectively, while
the corresponding inner and outer convection coefficients are (400 W/m?. K) and (6 W/m?,
K), respectively.

(a) What is the heat gain per unit tube length?

(b) What is the heat gain per unit length if a 10 mm thick layer of calcium silicate insulation
(kins = 0.050 W /m.K) is applied to the tube?

6- Air flows at (120 °C) in a thin wall stainless steel tube with (h = 65 W/m?. °C). The inside
diameter of the tube is (2.5 cm) and the wall thickness is (0.4 mm). The tube is exposed to
an environment with (h = 6.5 W/m?. °C) and (T., = 15 °C). The thermal conductivity of the
steel is (k = 18 W/m. °C). Calculate the overall heat transfer coefficient and the heat loss
per meter of length.

7- A hollow aluminum sphere of (k=230 W/m. K), with an electrical heater in the center, is
used in tests to determine the thermal conductivity of insulating materials. The inner and
outer radii of the sphere are (0.15) and (0.18 m), respectively, and testing is done under
steady-state conditions with the inner surface of the aluminum maintained at (250 °C). In a
particular test, a spherical shell of insulation is cast on the outer surface of the sphere to a
thickness of (0.12 m). The system is in a room for which the air temperature is (20 °C) and
the convection coefficient at the outer surface of the insulation is (30 W/m?2. K). If (80 W)
Is dissipated by the heater under steady-state conditions, what is the thermal conductivity of
the insulation?

8- Aspherical vessel used as a reactor for producing pharmaceuticals has a (10 mm) thick
stainless steel wall (k= 17 W/m. K) and an inner diameter of (I m). The exterior surface of
the vessel is exposed to ambient air (T, =25 °C) for which a convection coefficientof (6
W/m2, K) may be assumed.

(a) During steady-state operation, an inner surface temperature of 50 °C is maintained by
energy generated within the reactor. What is the heat loss from the vessel?

(b) If a (20 mm) thick layer of fiberglass insulation (k= 0.040 W/m. K) is applied to the
exterior of the vessel and the rate of thermal energy generation is unchanged, what is the
inner surface temperature of the vessel?
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9- Calculate the critical radius of insulation for asbestos (k = 0.172 W/m. K) surrounding a
pipe and exposed to room air at (300 K) with (h = 2.8 W/m?. K). Calculate the heat loss
from a (475 K), (60 mm) diameter pipe when covered with the critical radius of insulation
and without insulation.

10- Find the amount of heat transferred through an iron fin of length (50 mm), width (100
mm) and thickness of (5 mm). Assume (k=210 W/m. °C) and (h=42 W/m?. °C) for the
material of the fin and the temperature at the base of the fin is (80 °C) and the surrounding
temperature is (20 °C). Also, determine efficiency (I1;), effectiveness (&) and tip

temperature T,. Assume the tip of the fin is insulation.

11- A straight fin of the rectangular profile has a thermal conductivity of (14 W/m. °C), the
thickness of (2 mm), and length of (23 mm). The base of the fin is maintained at a
temperature of (220 °C) while the fin is exposed to a convection environment at (23 °C)
with (h = 25 W/m?. °C). Calculate the fin heat transfer rate per meter of fin depth, efficiency
() and effectiveness (&f).

12- A (40 mm) long, (2 mm) diameter pin fin is fabricated of an aluminum alloy (k=140
W/m. K).

(a) Determine the fin heat transfer rate and effectiveness (&¢) for(T, = 50 °C), (T, =
25°C), (h = 1000 W /m?.K), and an adiabatic tip condition.

(b) An engineer suggests that by holding the fin tip at a low temperature, the fin heat transfer
rate can be increased. For T(x = L) = 0 °C, determine the new fin heat transfer rate. Other
conditions are as in part (a).

13- An experimental arrangement for measuring the thermal conductivity of solid materials
involves the use of two long rods that are equivalent in every respect, except that one is
fabricated from a standard material of known thermal conductivity (k,) while the other is
fabricated from the material whose thermal conductivity (kg) is desired. Both rods are
attached at one end to a heat source of fixed temperature (T), are exposed to a fluid of
temperature (T, ), and are instrumented with thermocouples to measure the temperature at
a fixed distance (x;) from the heat source. If the standard material is aluminum, with
(ks = 200 W/m.K), and measurements reveal values of (T, = 75 °C) and (T = 60 °C)
at (x,)for (T, = 100 °C) and (T, = 25°C), what is the thermal conductivity (kz) of the
test material?
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