Heat transfer

Steady heat conduction

1-D plane wall
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The rate of heat conduction through a
plane wall is proportional to the
average thermal conductivity, the
wall area, and the temperature
difference, but is inversely
proportional to the wall thickness

Energy balance
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Therefore, the rate of heat transfer into the wall must be equal to the rate
of heat transfer out of it. In other words, the rate of heat transfer through
the wall must be constant, Qgyng, wal cOnstant.
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Heat transfer Steady heat conduction
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Heat transfer Steady heat conduction

The thermal resistance network for heat transfer through a plane wall subjected to convection on
both sides, and the electrical analogy.

NetW()Fk subjected to convection on both sides

Rate of heat Rate of heat Rate of heat
convection into ~  conduction = convection from the
the wall through the wall wall
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wall 1 Wall It is sometimes convenient

. \rn to express heat transfer
A,ﬁ_\ - ; through a medium in an

2 »
’ analogous manner to
h " . B Newton’s law of cooling as
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The surface temperature of the wall can be

determined using the thermal resistance o Tm1 —Tl B Tc(,l —Tl
concept, but by taking the surface at which the Q= ]
temperature is to be determined as one of the T conv,1 AHA
terminal surfaces.
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Heat transfer Steady heat conduction

Two parallel layers

Insulation

4
i
A, - Q‘L__
& ks TI — . T:
A {;)‘ .
- ! -| 0=0,+0,
. . . Tl - T, Tl — T_’ 1 1 N
) I —* L= (T, -T,)| —+ —
Q Ql Q_ Rl R2 (1 _:‘[Rl RE_).
_ _L, L,
1 k4 1I : ko4,
: T, - T,
0 - L=
faial
1 1 1 R,R
= + R, . = 1t 2
where 7 R, R, i Rt R,
Insulation
) T — TCD If
" Rn 7
total 4]_'-
A O K .,
T, - A,
' ® & ©)
R ot Ry +R;+ R, = R\R, + R;+R_,. A2 ky I T,
R, + R,
_ L 1 _ L 2 R _ L ; L,=L, Ly~
1 f{lﬁll 2 ’:‘_qu 3 ;‘_SAS, o,
5 ——AAAAAS S )
1 “. R, .y
R COMV = T._‘ Q, AN A —e
;IA 3 ! —-»vad.\ R3 RConv =
Ry

Series and parallel composite wall and its thermal circuit
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Heat transfer Steady heat conduction
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Heat transfer Steady heat conduction

Heat conduction in cylinder

. dT

Qcond__cyl =_kAI A = 2xid
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Substituting A= 2mrL and performing the integrations give
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Q =2nlk—1 2 Qundel  =constant at steady state
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cyl
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Heat conduction in sphere

- T,-T,
Qcmd.__sphere = R
For sphere sph
L-f - outer radius - inner radius
Roph = Amnok 4m(outer radius)(inner radius)(thermal conductivity)

cylindrical
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The thermal resistance network for a cylindrical (or
spherical) shell subjected to convection from
both the inner and the outer sides.
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Heat transfer Steady heat conduction

Multilayered cylinder
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Radial heat conduction through cylindrical systems
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Integrating the above equation twice, T=C,Inr + C,
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Heat transfer Steady heat conduction

Critical Radius of Insulation

1. Steady state conditions

. One-dimensional heat flow only in Insulation
the radial direction
T..,h
. Negligible thermal resistance due to 3 .
i Thin wall

cylinder wall

. Negligible radiation exchange
between outer surface of insulation
and surroundings

Critical Radius of Insulation

* Practically, it turns out that adding insulation in cylindrical and spherical exposed walls can
initially cause the thermal resistance to decrease, thereby increasing the heat transfer rate because the
outside area for convection heat transfer is getting larger. At some critical thickness, r., the thermal
resistance increases again and consequently the heat transfer is reduced.

* To find an expression for re,, consider the thermal circuit below for an insulated cylindrical wall
with thermal conductivity k:
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An insulated cylindrical pipe exposed
to convection from the outer surface
and the thermal resistance network
associated with it.
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Heat transfer Steady heat conduction

* Tofind r,, set the overall thermal resistance dR,’/dr = 0 and
solve for r:
Rt =—- = i
t= ok omn i Inner radius
darRy _ 11~
dr 2nkr 2xrh
r=rer = K Similarly for a sphere lep = %

* Forinsulation thickness less that r_, the heat loss increases
with increasing r and for insulation thickness greater that
r, the heat loss decreases with increasing r

* Ifk=0.03 W/(mK)and h =10 W/(m2-K):

kK _0.03W/(mK) _ 0.003m = 3mm

— cylinder r., = —=
Y “h 10W/(m2K)
k

— snhere I :% =6mm

Insulation

of ry, h and k are constant

N

To see the condition maximizes or
/ minimizes the total resistance
|
7
| d_Rtotal - _ 1 + 1
dry” 2nkr;  7r3h
.
* At ro=k/h
Total thermal resistance per unit length A Riotar __ 1 ll 1 \Iz L
ml/"—l\ dn?  alghP\k 2k 2md/h?
ot = =y 1 Always positive, total resistance
% omk  2mh at k/h is minimum
Heat transfer per unit length Qo = I, — 7, ey cofinder _k (m)
Cr. Cylim
L Rmraf ’ h
Optimum thickness is associated with ry ARy -0
dry
1 B I k
2mkty  2mesh - L=y
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Heat transfer Steady heat conduction
o

Insulation
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Crare
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Ter max h =0.0lm = lecm

min stw/m2°c) 0

We can insulate hot water pipes and steam lines without
worrying the critical radius of insulation

Insulation of electric wires:

-Radius of electric wires may be smaller than the critical radius

-Addition of insulation material increases heat transfer

2k
Critical radius of insulation for spherical shell: Ter sphere 3

Ex1: A 3-mm-diameter and 5-m-long electric wire is tightly wrapped with a 2-mm thick plastic
cover whose thermal conductivity is k = 0.15 W/m - °C. Electrical measurements indicate that a
current of 10 A passes through the wire and there is a voltage drop of 8 V along the wire. If the
insulated wire is exposed to a medium at T,, = 30°C with a heat transfer coefficient of h = 12 W/m? -
°C, determine

the temperature at the interface of the wire and the plastic cover in steady operation. Also determine
whether doubling the thickness of the plastic cover will increase or decrease this interface

temperature.

0
h
T.
Tl
. 1 L
O mmp AN AANY T.
Rpluslic Rcum-

30



Heat transfer Steady heat conduction
1D Conduction with Heat Generation
The Plane Wall g gl G
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If the surface temperature of the heat generating body is

unknown and the surrounding fluid temperature is T..
dT Find temperature gradient

Using energy balance — k

*

gl

We can obtain the surface temperature 7. =71 +-=—

] ‘;—:L: h(Ts _Tcx:). from the above Eq. at x =L
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Radial Systems
s \ .
li[ . EJ 9_y
rdr\ dr ) k
dr 2k
{:r 72 . . Conduction in a solid eylinder with uniform heat
T(r)=- T +C, Inr+C 2 generation.
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_ I(;»)z&l—’—,JnQ
dT IT(r,)=1, 4% |\ r
B |J'=D = 0 )
dr . )
. q(172L)= h(2MIr LX(T, - T,)
Cc,=0 C'}:T:+& .
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Ex2: A 3-m internal diameter spherical tank made of 2-cm-thick stainless
steel (k=15 W/m - °C) is used to store iced water at T, ; = 0°C. The tank
is located in a room whose temperature is T, , = 22°C. The walls of the
room are also at 22°C. The outer surface of the tank is black and heat
transfer between the outer surface of the tank and the surroundings is by
natural convection and radiation.

The convection heat transfer coefficients at the inner and the outer surfaces
of the tank are h1 = 80 W/m? - °C and h, = 10 W/m? - °C, respectively.
Determine (a) the rate of heat transfer to the iced water in the tank and (b)
the amount of ice at 0°C that melts during a 24-h period.

Take h o =5.34 , Noting that it takes 333.7 kJ of energy to melt 1 kg of ice

at 0°C, (hip)

Ex3: Steam at T, ; =320°C flows in a cast iron pipe (k = 80 W/m -
°C) whose inner and outer diameters are D; =5 c¢m and D, = 5.5 cm,
respectively. The pipe is covered with 3-cm-thick glass wool
insulation with k = 0.05 W/m - °C. Heat is lost to the surroundings at | [nsulation
T, =5°C by natural convection and radiation, with a combined heat
transfer coefficient of h, = 18 W/m? - °C. Taking the heat transfer
coefficient inside the pipe to be h; = 60 W/m? - °C, determine the rate
of heat loss from the steam per unit length of the pipe. Also determine
the temperature drops across the pipe shell and the insulation.
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