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B.E.
Sixth Semester Examination, December-2008

Heat Transfer (ME306E)

Mote @ Answer any five questions, All questiony, carey cgual marks,

Q. 1. (a) Define the term ‘Critical Insulation thickness.” What is its significance 7 Derive an
expression for the critical insulation radius of a spherical system.

Amns. Critical Thickness of Insalation : It is the thickness of insulation to avoid the heat conduction
through it

Commen beliel s that addition of insulating material on a surface decreases heat transfer rate. But it 15
true at codain limit of thickness. After that heat transfer rate may increase. So, detcrmination of cridical
thickness 1s necossary.

Tov establish a relation, consider o thin walled metallic cylinder of length £, radius r; and transponing a
Muaed at temperatures ¢, which is higher than ambient temperature 1, Surrounding this cylinder 15 an ansular
section of insulation of tkckness (r - #; ) and conductvity K The heat transmission cun be expressed as

(t; =1,)

) S
| 2mrdh, +1 2akixlog, (r)+l 2urlh,

where fi, and fi,, are the film coefficient at inner and outer surface.
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(). 1. (b) Derive from st principles, the steady-state temperature distribution in o plane slab of
thickness 217, in which there is uniform internal heat generation of qw/m # throughout. The end faces
of the wall are exposed to a Muid at temperature Tyy Tpy with fy, hy being the corresponding
convective heat transfer coefficients. Locate the eccurrence of maximum/minimum temperature in the
wall.

Ans. Conductivn Through a Plane Wall : Consider one dimensional heat conduction through a
hennogzencous, isotopic wall of thickness 8 with constant thermal conductivity k£ & constant cross-sectional
arca A, The wall is insulated on its lateral faces & constant but different temperature r; & #2 are maintained at
its houndary surfaces. Ghviously temperature varies only 0 the direction normal to the wall and the
temperature polential causes heat lemperature transfor in the +ve dircetion,
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The conduction eguation transfonms to

=T 3
&t it
= ; =“ nr g :“
(il g oly”
The second order differential equation can be twice integrated with respect to r o give,
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The constants of integration are evaluated with regard to the boundary conditions relevant to the Tow

situation. Here the boundary conditions are known temperatures. That is
t=r w = & (=1 al r=d

when these boundary coaditiens are aoplied Lo the cquation for wemperatine distnbuation,

.f1 =f=+r»1 & l':'_! =1 8+ a
From these identitres, the integration constants arc obtained os
fy —t
Oy =y & | = o .."_1'
il

Accordingiy the expression for lemperatuie poolile become

Fz - 5
=t =% .|
1 +[ 5 ] 1

The rempe-ature distribution is thus linear across G wa'l, Since equation (i) does not invelve thermal
conductivity, a conclusion may be drawn that temperatuee distabution is independent of the matenial; wheher

it is steel, wood or ashesios,

L4 I no heat fiow in this direction

Area A
Thermal conductivity K

Stready state conduction through a plane wall
Computation for heal flow can be made by substifuting the value of temperature gradient into the

Founer equution

it
=—k4 —
¢ efx
oL PR e T e
i LA a
ty =1 KAy =13}
=—.k1.—'——=———'
gn=iTy 5

Q. 2. A bar of square Cross-section connects two metailic structures. One structure is maintained
al a temperaiure of Z90°C and the other at 56°C. The bar is 20mm x 20mm in Cross-section and
100 mmi long and has a theemal conductivity of K = 60 W/nkK. The ambient air is at 20°C and tie heat
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transfer cocfficient between the bar and the ambient air is 10W/m % K. Derive an expression for the
temperature distribution along the bar and calculate the steady-state heat flow rate from the bar to the

surroundings.
Ans. Consider heat flow along the bar between (wo temperstures at £, and 1. The system will be

subjected 1o convective heat flow from the har 1o the surroundings.
Surroundings at I

ty jﬂ}“‘ 7 L,

dx e
I
Let a infinitesimal element of bar with thickness &,, at distance x from temperature

dt
0, =—k A, E;

——

Qo =~k A, [f + .j’. a.r]

X
Qe =P Bt =1,)
where A, is the cross-sectional area, P is the perimenter of bar, & is convective transfer coelficient, & is
thermal conductivity and r, is the ambient temperature.
y Eiﬁ =Qmu’ +Qr'nr:r.
it d dt
= =k A —=—kA, —|t+—8x|+hPE (r-1,)
“ dx : dx[ dx ] -
Upon simplification,
d*t  hp

— (1 =1,)=0
d.'.t = Mq' =
Since, ambient temperature is assumed constant, {t —£,,) is replaced by 6,
d*t d*0
— becomes —
dx” dx”
Lt R, B

dx® KA,
Solving the differential equation
O=cie"™ +e &

My

where m= —ﬁ---

kA,

Applying boundary conditions
Ah=8; at x=0
=08, at x=l
Applying these conditions, equation becomes
By =g +03
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By =cpe™ + g™ i)
Solving, we get
" ﬂ: -'ﬂlﬁ"-mj d [E" —'Gz
r == [ A
e_.lﬂl e em! —iril

Substituting ¢ and ¢5 in the equation

=-_-_-_-_-_-_-_."aI2 -E'E_”I e™ + ?'EM -.E.:i. R
Emf g em’ _ F-mf
:'E}, sin hmil — x) " B sin e

sim Al sin fml

a9

_ Oy sinhm (I = x) + Oy sin fimy
sin himf

] is the expression for temperature distribution.

Also, rdte of heat flow
1

!
0= j’ hPdrit—t,)=[ hPde®

i

a'x

o
=-‘IP]' 6y sin hm (§ —x) + &, sin finx
3 sinfum{

__hP
i sin bl
Substituting  m o= “E‘E’"A-:

{B] -+ ﬂz }{EDS h [m-l'} —”

S s h (ml) =1
0= [Pk A, (8, +0; }[w}
L

sin Arrnd

€). 3. (a) Obtain the correlation between Nusselt number, Grashoff number and Prandtl number
for a vertical heated plate losing heat to the surrounding air in Natural Convection using. Dimensional
analysis.

Ans. Let Nu = Nusselt No., Gr = Grashoff No., Pr = Prandt] No.

Variables Symbol Dimension
Fluid Viscosity " ML r!
Fluid Density p ML
Thermal Conductivity K HU' ™ et
Heal Capaeny C. M et
Coclheient of Thermal Expansion 8 n!
Temperatore Difference At H
Significant Length ! L
Heat Transter Coeflicient h HE? TV 97

Using Buckingham s 7 method
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Functional Relanonship f(u.p, K, C . B, AT, h)=0
There are 8 physical quantitics B, and AT are counted separately} and five fundamental units.
Hence, (8 =5) or 3mterms will be used.
ny =t K7 (B, AT 17 p
=ML 70 e T e (e T i « ML
Equating exponents of fundamental dimensions

at l=0—a-bece+rd=3z=0-a-b-2c=0-b=0 h=a
a=-l b=0, c=1/2, d =32
u
Similarly, ~ m =ptK* B AT) 1 C, m =%
wy = K" (B, AT) 17 4 ;%

Relationship becomes :

1Y o p, AT uC
b= | P .”—f’.ﬂ =0

ot Nu =p(Gr, pr),

Q). 3. (b} Using the tenets of boundary layer theory derive the governing equation for boundary
layer flow over a flat plate at zero angle of incidence.

Ans. Consider an infinitesimal, two dimensional control volume {dx = dv = unit depth) within the
boundary laver region and assume that

(1) Flow is steady and fluid is in compressible.

{11} Viscosity is constant.

{1ii) Shear in y direction is negligible.

' i
T v ay
oo [ C
—— Confrol
Ldy volume  L—ey + ‘E—“dx
o

dx

A F B
W

Let w represent the velocity of fluid a* the left hand face AD. The change in velocity along v axis is

Fu - o
assumed to be — and along v axis it is assumed 1o be —
oy - Ay

; . &
Velocity at face BC =u + ﬂ_u i
ox

Velocity at face CD =v 4+ @d}'
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The mass entering the left face of the control volume during time interval dt is give
Fluid influx =density = (velocity = area) = time
=pudydrt
During same time
. e '
Fluid efflux =p | + — di {dy dT.
i
Likewise, the mass flow entering the bottom face 15 pudedr and mass leaving top face

P {u +[:E] ﬂ"_v} dx dt
ay

Mass halance of element yields :

pudydr+pudrdr=p u+§-u;ix dydr+p u,.ﬁﬂr}.-ldxﬂ-r
ox o |

Simplification gives

==+ ‘;E =0 ' is the required equation of boundary layer flow,

(). 4. (a} A thorium fuel rod is in the form of a Solid eylinder of 20mm diameter. It is covered with
a thin aluminivm cladding of Zmm thickness. The melting point of thorium is 2023 K and Aluminium
loses its mechanical strength above a temperature of 700 K. The fuel rod has uniform internal heat
generation of 400 MW/m 3 The system loses heat to the surrounding fluid at 90°C with h = 6kW/m *K.
K = 237 W/mK for Aluminium and K = 54W/mK for thorium. Determine if the system is safe.

Ans. Let ny and 5 denote the inner and outer radii of the plastic insulation. Then the heat flow rate per

metre length of the wire is given by

= Iy —1y
¢ l- log(m nl+ '
2kl 0 T i
= T - 50"
[ [12) 1
- % log| — ||+ -
[Zﬂxii?xl 10 2Znx 0-12 = | % G000
610 4 ;
_—— =26-15= 10" w per unit length.
1-224% 107 +22.10x107* e 2
4
Internal heat generation g, = M-ﬂ—— =§-32x 0% w,flm3
n(01* x1

Maximum temperature occurs at midpoint of wire and is equal to
gy R2
Fonge =HW + —
i ak
3 !
=00+ 8-32x10° (0n?
4 x 54
=475-18% K which is less than 2023 K,
So, design 15 safe,
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Q. 4. (b) Explain the analogy between heat conduction and electric current. What is the utility of
this analogy 7

Ans. Heat conduction and electric current are analogous and is understood as

Current 1) analogous 1o Heat Rate ()
Resistance (R) analogous 1o Resistanee to heat flow (R)
Voltage (V) analogous to Temperature Difference (AT)

Analogy i1s pseful as the heat conduction can be represented by the electrical circuits which can help in
casy calculations and visualisation of the problems related to the heat conduction.

—0 :
I
1 t A e g
1 = v, R Vv,
R

(). 5. Water (Cp = 41871/kgk) is heated at the rate of 1.4 kg/s from 40°C to T0°C by an oil (Cp =
1900)/kgk) entering at 110°C and leaving at 60°C in a counter Mlow heat exchanger. If the overall heat
transfer coefficient. Uy = 350W/m *k. Calculate the surface area required. If the water flow rate is

halved -etaining the same inlet temperatures and oil flow rate, calculate the exit temperatures of both
the fluids.

Ans. Heal transfer 1o the water, @ =m = Cpx AT
O =1-4kg/sx 4186 107 (70 - 40)
=1-76x 10" Us

Log mean temperature difference,
8 -8,
W R ma
log, (8, 92)
For counter flow heat exchanger
Oy =ty, ~1,, =l 108 = 40y =T0°

By =ty —1,, =(60°=70°) =-10°

o L 10°
TR s Y
fog (70 10)
Heat exchange, Q0 =VAB
5
|- Tax M}y 1s
Heating surface area, A= Q PRt =
VO, 350x41-11W'm°
A=12-23m?

Q. 6. (a) Define the terms :

(i) Black body

(i) Gray body

{iii) Monochromatic emissive power
(iv) Diffuse Emitter
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Ans. (i) Black Body : Black surfaces are effective absorbers ol radiation in the wavelengths that are
encountered in heat transfer. Black body is assigned 1o a perfect absorber of radiation.

(i) Gray Body : When asurface absorbs a certain ixed percentage of impinging radiations, the surface
is called gray bhody.

(iii) Monochromatic Emissive Power : When a surface emits a percentage of light {monochromatie)
falling at it or amount of light emilted by it is called emissive power.

{iv) Diffuse Emitters ; If o surface emits a diffuse light then it is called as a diffuse emitier

£}. 6. (¢) State and prove Kirchofl’s law of radiation,

Ans. Kirchoff's Law : It states that the ratio of the emissive power E to absorptivity is same for all
bodies and 15 equal 10 the emissive power of a black body at the same temperature.

Consider two surfaces, one absolutely black st temperatures Ty, and other non-black at temperature T,
The surfaces are arranged paralle] 1o each other and so close that the radiation of one falls equally on the other,
The radiant energy £ emitted by the non-black surfaces impinges on the black surface and gets fully absorbed,

Black 3 v Non-Black Surface
Surface a

N E [

3 v

] = -

%] [

3 2

N ::

b [

%] 4

] e

R Ep 7

b - =

3 v

5] e

3 2

o 1—a)E i

‘Q f — :' B 5

Under these conditions :

E-oak,=0
£ g
it
This relation can be extended by considering different surfaces in i, Therelore,
£ £ E E ,
.ql.-=—1!'— =—]= ....... = h :EI’I EJ‘ E’;';']
fp W2 Oy Oy

is the required prool of Kirchofl's law,

(. 7. {a) Describe the dilferent regimes of boiling and depict their ranges on a heat lux Vs, excess
temperature curve,

Ans. Boiling Regimes : Boiling phenomenon comesponds 1o pool boiling or forced circulation boiling,
there are three definite regimes of boiling associated with progressively increasing heat flus.

(i) Evaporation with no Bubble Formation {Interface Evaporation ) : This boiling takes place in a
thin layer af liquid which adjoins the heated surface. The liquid in the immediate vicinity of the wall becomes
superheated. The superbeated liquid rises to the liquid vapour interface where evaporation takes place.

(i) Nucleate Beoiling : When the liquid s overheated in relation to saturation lempearature, vapour
bubbles are formed at certain favourable spots called nucleation or active sites. The bubbles grow to certain
sive influenced by pressure. temperature and surface tension al the liguid vapour surface. Bubbles form and
collapse on the surface itself.
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(i} Film Boiling : The bubble formation is very rapid, the bubbles hlanket the heating surface and
prevent the incoming fresh liquid from wking their place. Eventually the bubbles coulesee and form a vapour
film which covers the surface completely. Insulating effect of the vapour film overshadows the beneficial
eilect of liquid agitation and consequently the heat Mux drops with growih in temperature excess.

1I.

Interface
Evaporation

log,h (Wim*-deg)

| ]

i d - 4

01 i 10 100 1000 10.000

Temperature Excess (1, -, )°C

(). 7. (b} Distinguish between laminar film condensation and dropwise condensation.

Ans. Laminar Film Condensation : The liquid condensate wets the solid surface, spreads out and
{orms a continuous film over the entire surface, The liquid flows down the cooling surface under the action of
pravity and the layer continuously grows in thickness because of newly condensing vapours. The continuous
fhn offers thermal resistance and restricts further transler of heat between the vapour and the surface. It
usually occurs when a vapour, relatively free from impurities, is allowed to condense on a clean surface.

Dropwise Condensation : The liquid condensate collects in droplets and does not wet the solid cooling
surface. The droplets develop in cracks and pits on the surface, grow in size, break away from the surface,
knoek off other droplets and eventually run off the surface without forming a film. A part of the condensation
surface 15 directly exposed to the vapour without an msulating [ilm of condensate liguid. Evidently there is no
filon harrier to heat flow and higher heat transfer rates are expenienced; heat transfer Nuxes of the order of 750

EW/m?® have been obtained with dropwise condensalion.

a

- ‘.

Vapour
T,z
i v lgat
ty =L
V=Tl Condensate Drops

Laminar Condensation
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Q. 8. Write short notes on any fwe ;

{a) Radiation Shields

ib) Fin effectiveness and Fin efficiency

Ans. (a) Radiation Shields : Many situations are encountered where it is desired 1o reduce the overall
heat transfer between two radiating surfaces. The task is accomplished by placing radiation shields between
the emilting surfaces. The shiclds are thin opagque partitions arranged in the direction perpendicular to the
propagation of radiated heat and made of materials of very low absorptivity and high reflectivity (aluminium
or copper etc.) The shields introduce a sort of additional resistance in the heat flow path and accordingly the
net heat Mux is reduced.

Shield

//

Comparisons has shown that the heat flow is reduced by using shields,
For n number of shields heat exchange reduces in the ratio of {n + 1),

(b) Fin Effectiveness and Fin Efficiency : Fin effectiveness represents the ratio of the fin heat transfer
rate (heat dissipation with a fin) to the heat transier rate that would exist without a fin.

[ ..
tin

NIEN

Wihth fin

Heat Transfer before fin = O=hA, (1, =1,)

Heat Transfer with fin -~ = @, =4PhEA, (1, =1,
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‘.'I'Fm_a-{ru = Eﬂ}

Fin Effectiveness = -————————

Fin efficiency relates the performance of an actual fin to that of an ideal or fully effective fin. A fin will
be mosteffective 1., it would dissipate heat at maximum rate if the entire fin surface area is mantained at the
hase lemperature,

Actual heat transfer rate from the fin

e Heat would dissipate if ;t':-u_]::'sa;face of fin s maintained at base emperature

Maximization of fin performanee with respect 1o its length does not constitute the design criterion for o
pin. The cificiency of fin, forms a criterion for judging the relative merits of fins of different geometrics or
materials.



