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Cooling of Insulators, Machines and Cables

Heat generation in a solid

Chemical
reactions
e,
s et

Muclear

fuel rod

uel rods £ W

Electric
resistance

wires At steady conditions, the entire heat

Heat generation in solids is generated in a solid must leave the

_ _ solid through its outer surface.
commonly encountered in practice.
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Cooling of Insulators, Machines and Cables

Heat generation in a solid

Heat peneration 15 ustually expressed per unit volume of the medrumm, and
5 denoted by , whost unit i5 M’ For example, heat peneration in an

electrical wite of outer radus r, and length [ can be expressed as
E dlectric I ERE

T Heat generation
- =

7]

Wirg 0
whete [ 15 the electric cument, 7, 15 the wire volume and R, 15 the
electrical reststance of the wite

E_ =V

gen

Mechanical Engineering (2) - 2nd year - Electrical Power Dept.




b

Cooling of Insulators, Machines and Cables
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Heat generation in a solid

Under steady conditions, the energy balance for this solid can be
expressed as

Rate of energy genernation Rate of heat transfer
within the solid - from the olid
Sy
o=Ve For Plane wall
Q- - hAE (TI _Tm)
_ For Cylinder

T =T7_+ &V

hA,

For Sphere
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Cooling of Insulators, Machines and Cables

_6
Maximum temperature in a symmetrical solid with
uniform heat generation

Mechanical Engineering (2) - 2nd year - Electrical Power Dept.



Cooling of Insulators, Machines and Cables

Maximum temperature in a symmetrical solid with uniform heat
generation

dT
—kd,— =gV
r d}" g F
where 4,=277] and V,=xr’] at any location r. Substituting these

expressions into Eq. (5.33) and separating the variables, we get

—k(2zri )j—T:g(ﬂlf) — dl == rdr
r

Integrating from r = 0 where 7(0) = Ty to r = r, where I(r,) = T yields

el
Er,
ﬂTmax,r:}'ﬁfmﬂer —4, 4 — 4k
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Cooling of Insulators, Machines and Cables

Maximum temperature in a symmetrical solid with uniform heat
generation

radius r,, with these results:

The approach outlined above can also be used to determine the maximum
temperature rise in a plane wall of thickness 2L and a solid sphere of

T2
AT &

max, plarewall — Zk

For Plane wall

.2
. . . gF,
ﬂ‘Tmﬂc}Iﬂﬁar :T::- _Ts — T

Ak For Cylinder

: ,.“
- 2
7
AT o sphere = 7 For Sphere
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Cooling of Insulators, Machines and Cables

Critical radius of insulation

Insulation
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Cooling of Insulators, Machines and Cables

Critical radius of insulation

1::}' = =
- Rins + R-:'-:-nv ]"'['FE"Tl} + |
2Lk h(27rr,L)

dQ/dr, = 0 (zero slope)

_k
Fer, cylinder — h (Il]}
JI:i:nm:-i. insulation
'r-:r max
II!.lmjn
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Cooling of Insulators, Machines and Cables

Finned or extended surfaces and heat sinks
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Cooling of Insulators, Machines and Cables

Finned or extended surfaces and heat sinks
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Cooling of Insulators, Machines and Cables

Finned or extended surfaces and heat sinks

Fin Equation

Eate of hieat Rate of heat Rate of freat
conduction into | = | conduction from the | + | convection from
the element at x element at x + Ax the element

Qﬂﬂﬂd,_‘{ — annd,_]; + Ax + anuv

Q-:-:-mr = hip ﬁ.I:}(T — 1)

Q cond, x + Ay Q cond. x
Ax .
Volume element of a fin at location x

Taking the limit as Ax — 0 gives having a length of Ax, cross-sectional
. area of A_, and perimeter of p.
dQ cond

dax

+ T —T1,=0

+ AT —T)=0
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Cooling of Insulators, Machines and Cables

Finned or extended surfaces and heat sinks

Fin Equation
: al
Qc-:uu-:l = _MEE
d arl _
{H(mf dx) hpT—T,) =10
d-a . . hp
e a’fd =0 where «&*= 7y
and 8 = T — T, 1s the temperature excess. At the fin base we have
HJ.'J — Tﬁ. — T;,;..
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Cooling of Insulators, Machines and Cables

Finned or extended surfaces and heat sinks

Fin Equation
the general solution of the differential equation

H{I} — C]-IE':H + EE-E_M

where €| and C, are arbitrary constants whose values are to be determined
from the boundary conditions at the base and at the tip of the fin. Note that we
need only two conditions to determine C; and C; uniquely.

Boundary condition at fin base. Bo)y=8,=1,— T,
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Cooling of Insulators, Machines and Cables

Finned or extended surfaces and heat sinks
Fin Equation

Boundary conditions at the fin base and the fin tip.
T T
\ L

. speciflied
temnperature

-
X

{a) Specified temperature
(&) Negligible heat loss

{c) Convection

() Convection and radiation
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Cooling of Insulators, Machines and Cables

Finned or extended surfaces and heat sinks

Fin Equation
Negligible Heat Loss from the Fin Tip
(Insulated fin tip, @, ip = 0)

=0

x=15L

Boundary condition at fin tip: dx

Nixy— T, coshall —x)

Adiabatic fin tip: T, — T, _ coshal

| - _ dr
_:fl{g".'['{ﬁ?f.:'ff{'%.fu'."! rp. ':-._} insulated tip — _Lq'f m

=1

= ~/hpkA_ (T, — T.) tanh al

>
< _4
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Cooling of Insulators, Machines and Cables

Finned or extended surfaces and heat sinks
Fin Equation

Infinitely Long Fin (T, 4, = T.)

Boundary condition at fin tip:  6(L)=T(L) —T.=0 as L — =

I(x)— T,
Very long fin: ; }_ T = X — o= *\/hpikA,
b oo
. : dT
Very long fin: anng fin — _MEE = VhpkA, (T, — T..)
x=0
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Cooling of Insulators, Machines and Cables

19 |
Finned or extended surfaces and heat sinks

Fin Efficiency

O g max = Mgy (T, — T

Q g Actual heat transfer rate from the fin
Ideal heat transfer rate from the fin

l"l'Iﬂu jum— Q jr—
fin. max
if the entire fin were at base temperature

(@) [deal

Qﬂu — Mfin Qﬂu-n‘m — Min iju {Tb o Tu:-.}

_ Q fin _ W hpk-'q-: {Tﬁ - Tp:} tanh al _ tanh al.
s " Q fin, max hA fin [Tb = T1.) al
 Om  VHpKA (T, —T.) | [kA. | &) Actual 56°C
"]Iong fin Q P - Mﬁn (Tb — Tm) o L ‘.‘l hp - al.
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Cooling of Insulators, Machines and Cables

Finned or extended surfaces and heat sinks

Fin Effectiveness Heat transfer rate from
L @ g _ [ _ the fin of base area A,

Hn .-;_jw_m hA; (T, — T,,)  Heat transfer rate from

the surface of area A,

1) An effectiveness of &, = lindicates that the addition of fins to the

surface does not affect heat transfer at all. That is, heat conducted Q_ﬂn -
to the fin through the base area A4, is equal to the heat transferred from
the same area A4, to the surrounding medium.

2) An effectiveness of €4, < lindicates that the fin actually acts as

inisulation, slowing down the heat transfer from the surface. This

Qﬁn

situation can occur when fins made of low thermal conductivity

T N
' ™
R

materials are used.
3) An effectiveness of &g, > lindicates that fins arve enfrancing heat /C
b

transfer from the swface, as they should. However, the use of fins _
Qﬂn

cannot be justified unless €4, is sufficiently larger than 1. €fin= 17)
o fin
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Finned or extended surfaces and heat sinks
Fin Effectiveness

Mo Mgy (T, — 1) A,

6 = Qﬂu _ Qﬂu _ _
fin Qmﬂn hA, (T, — T,) hA, (T, — T,,) Ay T
o Oun _ VIPKA(T, — T.) _ (kp
ll:II]E fin Quﬂﬂu h:d.l.b{.rb T } ﬁqmc
Q,.,,, \/_hpkA (T, — T,,) tanhaL ..'F o
hA, (T, — T.) ~ \na,

8iudal¢d tip
Q no fin
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Cooling of Insulators, Machines and Cables

Finned or extended surfaces and heat sinks

Fin Effectiveness

To increase fin effectiveness, one can conclude:

1. The thermal conductivity of the fin material must be as high
as possible

2. The ratio of perimeter to the cross-sectional area p/Ac
should be as high as possible

3. The use of fin is most effective in applications that involve
low convection heat transfer coefficient, i.e. natural

convection.

>
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Cooling of Insulators, Machines and Cables

Finned or extended surfaces and heat sinks
Fin Effectiveness

'-:E" total, fin — Qunfjn + Qﬂ" — //f
= Ii!:F-‘d‘unt'jn {T.!J — T, + Tkin hﬂﬂn {Tb — T, //;
:. __,f/

— Ii!:E'I-)""“um‘]n + ﬂﬂn‘qﬂn}{Tb o Tﬂﬂ}

Qmuﬂ.ﬁn B h':'-’q-unr'in + ﬂrinﬂrin][ria — T, | l‘_
Q total, no fin hA 1o fin T:!:- — T.) -__7-5/,

A gn=wxH
A =WHH-3X(txw)

A, =2xL¥w+txw(one fin}
=2x Lxw

Efin. overall —
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Cooling of Insulators, Machines and Cables

Finned or extended surfaces and heat sinks
Proper Length of a Fin

Heat transfer 0 5 _ VhpkA (T, — To) tanh al. anh al.
ratio: Qo in NVApEA (T, — T,) )
'ﬂfln : l
al —— =tanh at | |
Glungﬂn I I
0.1 0.100 | : : -
0.2 0.197 | | |
0.5 0.462 | | L
1.0 0.762 " High | Low | No |
1.5 0.905 heat I heat I heat I
2.0 0954 transfer | transfer | transfer |
2.5 0.987 | | |
T,
3.0 0.995 h‘ , ‘
4.0 0.999 ‘ ‘ ‘
5.0 1.000 BT,
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Cooling of Insulators, Machines and Cables

Finned or extended surfaces and heat sinks

The following must be noted for a proper fin
selection:

1. The longer the fin, the larger the heat transfer area and
thus the higher the rate of heat transfer from the fin.

2. The larger the fin, the bigger the mass, the higher the
price, and larger the fluid friction.

3. Also, the fin efficiency decreases with increasing fin length

because of the decrease in fin temperature with length.

Mechanical Engineering (2) - 2nd year - Electrical Power Dept.




B

Evaporation, and Condensation Processes
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CONDENSATION HEAT TRANSFER on solid surfaces
Condensation occurs when the temperature of a vapor is reduced below its
saturation temperature g, This is usually done by bringing the vapor into 80°C i
contact with a solid surface whose temperature T is below the saturation tem- B0C S
perature T, of the vapor. But condensation can also occur on the free surface \. o LLL e
of a liquid or even in a gas when the temperature of the liquid or the gas to N o e
which the vapor is exposed is below T, SR ,, bli
I.-LL,_ ":.: - -
- Droplets
Liquid film
{a) Film {b) Dropwise
condensation condensation
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CONDENSATION HEAT TRANSFER on solid surfaces

28|
FILM CONDENSATION
Vapor + NMoncondensable gas

L

(b) Vertical cylinder

(a) Vertical plate
FILM CONDENSATION
INSIDE HORIZONTAL TUBES

Tube
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Desirable and undesirable condensation

COLD AIR - TEMPERATURE

WARM AIR + HUMIDITY

OO OOOOOOO
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Evaporation Processes

The process of evaporation involves the vaporization of a liquid.
However, it should be noted that a key distinction for
evaporation is that it only happens at the surface of the liquid.
For example, this is different from boiling because boiling
affects the whole volume of liquid instead of just the top

surface.

Additionally, evaporation is considered to be part of a phase
transition. This phase transition refers to how molecules in a
liquid or water state suddenly become gaseous or suddenly turn
to water vapor. This phase transition is notable as a gradual
reduction of a liquid from matter due to the exposure of a

considerable amount of gas.

Generally, the molecules of water in a glass do not naturally
possess a sufficient amount of energy in the form of heat to

escape or remove themselves from the liquid.

i
=

WIJ

|
|

Industrial applications include

1.

A o

Assist  with the removal of
contaminants and byproducts,
Water desalination,

Printing and coating processes,
Recovering salts from solutions,
Drying a variety of materials
such as lumber, paper, cloth and
chemicals,

Evaporative coolers.
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