HEAT AND MASS TRANSFER
UNIT-1
CONDUCTION
PART-A
1. State Fourier’s law of condition

The rate of heat conduction is propagation to the area measured normal to the direction of heat flow and to the
temperature gradient in that direction.
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Where A — area in m?

dT L

o Temperature gradient in K/m
X

K — Temperature conductivity W/mK
2. Defined Thermal Conductivity
Thermal conductivity is defined as the ability of a substance to conduct heat.

3. Write down the equation for conduction of heat through a slab or plan wall.

AT
Heat transfer Q = %MH
where AT =T, -T,
R = —— = Therrfilesiaance of Alab
KA

L = Thickness of slab
K = Thermal conductivity of slab
A = Area

4. Write down the equation for conduction of heat through a hollow cylinder

AT,
Heat transferQ = %ra"

where AT =T, -T,

R= ! in 3 thermal resistance of slab
2nLK |,

L =Length of cylinder

K =Thermal conductivity
r, = Outer radius

r, = inner radius

5. State Newton’s law of cooling or conservation law.



Heat transfer by conservation given by Newton’s law of cooling
Q= hA(TS —Tw)

Where A — Area exposed to heat transfer in m?

h — heat transfer co efficient in W/m*K

T — Temperature of the surface in K

T., - Temperature of the fluid in K

6. Write down the general equation for one dimension steady state heat transfer in slab or plane wall with
and without heat generation.
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7. Define overall beat transfer co efficient

The overall heat transfer by combined modes is usually expressed in terms of an overall conductance or overall
heat transfer co efficient U

Heat transfer Q = UAAT

8. Write down the equation for heat transfer through composite pipes or cylinder.

Heat transfer

_AToveraII
Q=R
Where
AT =T, -T,
In[2 | n| 2L,
Re—r toywbJ, L8] 1
2nL h,r, K, K, h,r,

9. What is critical radius of insulation or critical thickness?

Critical radius=r,
Critical Thickness =, —r,

Additional of insulation material on a surface does not reduce the amount of heat transfer rate always. In fact
under certain circumferences it actually increases the heat loose up certain thickness of insulation. The radius of
insulation for which the heat transfer is maximum is called critical radius insulation and the coprresponding
thickness is called critical thickness.

10. Define external surfaces

It is possible to increase the heat transfer rate by increasing the surface of heat transfer. The surface used for
increasing heat transfer are called extended surface used or sometimes known as fin.



11. State applications of fins.

The main application of fins are,

1. Cooling of electronic components
2. Cooling of motor cycle engines

3. Cooling of transformers

4, Cooling of small capacity compressors.

12. Define Fin efficiency.

The efficiency of a fin is defined as the ratio of actual heat transfer by the fin to the maximum possible heat
transferred by the fin

T]min = Qlim
Qmax

13. Define Fin effectiveness.

Fin effectiveness is the ratio of heat transfer with fin to that without fin.

Qwithfin

without fin

Fin effectiveness =

14. List the mode of heat transfer.
1) Conduction
2)Convection
3) Radiation,
15. List down the types of boundary condition.
1) Prescribed temperature
2) Prescribed heat flux
3) Convection boundary condition
16. What is meant by lumped heat analysis?

In Newton heating or cooling process the temperature through the solid is considered to be uniform at a given
time. Such an analysis is called Lumped heat capacity analysis.

17. What is meant by semi infinite solids?

In semi infinite solids, at ant instant of time, there is always a point where the effect of heating or cooling at one
of its boundaries is not fell at all. At this point the temperature remains unchanged. In semi-infinite solids, the
biot number value is infinite.

18. Explain the significance of Fourier number.



It is defined as the ratio of characteristic body dimension to temperature wave penetration depth in time. It
signifies the degree of penetration of heating or cooling effect of a solid

19. What are the factors affecting in thermal conductivity?
1. Moisture
2. Density of materials,
3. Pressure
4. Temperature
5. Structure of material
20.Explain the significance of thermal diffusivity?

The physics significance of thermal diffusivity is that tells us how fast heat is propagated or it diffuses through
a material during changes of temperature with time.

PART -B

1. Consider a 1.2 m high and 2 m wide double-pane window consisting of two 3 mm thick layers of glass
(k = 0.78W/mK) separate by a 12 mm wide stagnant air space (k = 0.026W/mK). Determine the steady
rate of heat transfer through this double-pane window and the temperature of its inner surface when the
room is maintained at 24'C while the temperature of the outdoors is -5°C. Take the convection heat
transfer coefficients on the inner and outer surfaces of the window to be 10 W/m?K and 25 W/m’K
respectively.

Given data
Thermal conductivity of glass

=K, =K, =0.78 W/mK

Thermal conductivity of air K, = 0.026 W/mK

Ta
o ¢ . $ T y T
Ty
Air Glass
K, K,
3mm 12mm 3mm

Height of double pane window = 1.2 m

Width of double pane window =2 m



Avrea of double pane window = 1.2 x 2 = 2.4 m?

Interior room temperature, T,=24° C

Outside air temperature, T, = -5° €

Thickness of glass, L; = L3=3mm = 0.003m

Thickness of air, L, = 12mm = 0.012m

Interior convective heat transfer coefficient,
h, = 100 W/m,K.

Outer convective heat transfer coefficient,
h, = 25W /m*K

To find:

(a) Rate of heat transfer, Q

(b) Inner surface temperature, T;

Solution:

Heat flow through composite wall is given by.

Q :% whereAT =T, - T,
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Ta_Tb
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Q R +R, +R,+R

Ta —Tb
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Q=
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1 1

R = — = ~ 0.04167°C/ W
hoA 1024
b= = 0008 4 016ociw
KA 0.78x24
Ry =2 =202 _ ¢ 1g03°c/w
KA 0.026x24
wme =208 g h0160c/ W
KA 0.78x2.4
Ropns = —— = ————0.01667°C/ W
hoA  25x24
o 24-(-5)
~ 04167+ 0.0016 +0.1923+ 0.0016 + 0.01667
29
0.25384
Q=11424W
0 2T,

R

convl
2. Derive the general 3 dimension heat conduction equation in Cartesian coordinates.
Consider a small rectangular element of sides dx, dy and dz shown in figure

The energy balance of this rectangular element is obtained from first law of thermodynamics.

Net heat
. Heat Heat
conducted into
generated Stored
= { element from +47 =4
. within inthe
all the coordinate
L. element element
directions
o(vuw) Q,

e
—

ol
Element volume

O(: +dz)

Net heat conducted into element from all the coordinates direction

Let gy be the heat flux in a direction of face ABCD and q,.4x be the heat flux in a direction of face
EFGH.

The rate of heat flow into the element in x direction through the face ABCD is
Q, =0,dydz=-k, gdydz
OX

Where k — Thermal conductivity, W/mK



Z—T — Temperature gradient
X

The rate of heat flow out of the element in x direction through the face EFGH is

0
=Q, +—(Q,)d
Qx+dx Qx + 6X (Qx) X
= —kgdydz +i[—kX ﬂdydz}dx
oX oX OX

0

oT
=-k, —dydz=—
Qx+dx X 8X y 8X

[kc ﬂ} dx dydz
oX
Substiting

oT [T o oT
- =k, 6 —dydz =| -k, —dydz-—| k, — |dxdydz
Qx Qx+dx X 6X y i X Gx y 6X|: X ax:l y :|

=-k, ﬁdyd29+ k,dydz +i{kx g}dx dydz
OX OX OX
=Q, - Quu = a%{kx Z—I: dx dy dz
similarly
Qy —Qy.g = %{ky %} dx dy dz
Q,-Q.p = %{kz Z_-ﬂ dx dy dz

Adding the equation

Net heat conductance = 9 K, a dxdydz+
OX OX

9 kyﬁ dxdydz+£{kZ ﬂ}dxdydz
oy| ’ oy oz| "oz

= i[kxﬂ}+i k U +£[kZ ﬂ} dxdydz
ox| “ox| oy| Yoy| eoz| *ez

Net heat conducted into element from all the coordinates direction

= i[kxg}+i k a +£[kZ g} dx dydz
ox| “ox| oy| Yoy| oz| "oz

Heat stored in the element

We know that

Heat stored Mass of Specific Risein
inthe =4the x < heat of the x4 temperature
element element element of element
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or
=pC, —dxdydz
theelement } P

Heat generated within the element

Heat generated within the element is given by

Q=qdxdydz

Substituting equations in

[..Mass =Density x Volume]

= i[kxﬂ}+i k 6— [k —} dxdydz + qudydz:pcﬁdxdydz
ox| “ox | oy| Yoy 82 0 ot
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Considering the material is isotropic. So,

K= ky= k;= k = Constant.

T oT oT ot
PP k+q=p C_
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Divided by k,

AN 48]

o oy o K

O, N Tl LT} (1.10)

o’ o o K

It is a general three dimensional heat conduction eluation in Cartesian co-ordinates

Where, o, = Thermal diffusivity =

-m?/s
pLy

Thermal diffusivity is nothing but how fast heat is diffused through a material during changes of

temperature with time.

Case (i) : No heat sources

In the absence of internal heat generation, equation (1.10) reduces to
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This equation is known as diffusion equation (or) Fourier’s equation.

Case (ii): Steady state conditions

- o oT -
In steady state condition, the temperature does not change with time. So, E =0. The heat condition

equation (1.10) reduces to

—
3
—
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The equation is known as Poisson’s equation.
In the absence of internal heat generations, equation (1.12)

Becomes:
*T &°T o°T
ox®  oy* oz

(or)

VP =0

=0 (1.13)

This equation is known as Laplace equation.
Case (iii): One dimensional steady state heat conduction

If the temperature varies only in the x direction, the equation (1.10) reduces to

o*T q
axz +E =08 ... (114)

In the heat absence of internal heat generation, equation (1.14)

Becomes:
o°T
. ..(1.15)
Case: (iv): Two dimensional steady state heat conduction

If the temperature varies only in the x and y directions the equation (1.10) becomes:

2 2
ngg‘Fﬂ:O ........ (116)
ox: oy* Kk

In the absence of internal heat generation, equation, (1.16) reduces to

2 2
9T 0T o (1.17)

Case (v): Unsteady state, one dimensional, without internal heat generation



In steady state, the temperature changes with time.

i.e., % # 0. So, the general conduction equation (1.10) reduces to

o*T 10T
= e, 1.18
ox* o ot (1.18)

3. Acylinder 1m long and 5¢cm in diameter is placed in an atmosphere at 45°C It is provided with 10
longitudinal straight fins of material having k = 120 W/mk. The height of 0.76 mm thick fins is 1.27 cm
from the cylinder surface. The heat transfer co-efficient between cylinder and atmosphere air is 17
W/m?K. Calculate the rate of heat transfer and the temperature at the end of fins if surface temperature
of cylinder is 150°C (16)

Length of engine cylinder, L= 1m
Diameter of the cylinder, d =-5cm = 0.05m
Atmospheric temperature, T,,= 45°C+ 273 = 318k
Number of fins = 10
Thermal conductivity of fin, k = 120 W/mK
Thickness of the fin, t = 0.76 mm = 0.76 x 10°m
Length (height) of the fin, L= 1.27 cm = 1.27 x 10?m
Heat transfer co-efficient, h = 17 W/m?K
Cylinder surface temperature
Or
Base temperature, Ty= 150°C+ 273 = 423K
To find:
1. Rate of heat transfer, Q
2. Temperature at the end of the fin.
Solution:

Length of the fin is 1.27 cm. So, this is short fin. Assume that the fin end is insulated.
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Fins; Thickness, t = 076 mm
Length, L= 127 ¢m

We know that,

Heat transferred, Q, = (thA)”2 (T, —T,)tanh(mL,)

Where,

P- Parameter = 2 x Length of the cylinder

=2x1

A- area = Length of the cylinder x thickness

=1x0.76 x 103

|A =0.76x10°m?|

B f 17x2
120x0.76x107°
m=19.30m™

(1)= Q= (hPkA)?(T,- T,) tan h (mLy)

1/

=[17x120%0.76x10° | x(423-318) x tan h (19.30x1.27x107? )

=1.76x105x0.240

Heat transferred per fin = 44.3 W

Heat transferred for 10 fins = 44.3 % 10

= 443 W



Heat transfer from unfinned surface due to convection is
Q2 =hA AT
=h(nd Ley- 10 x t x L )x (Tp-To)

[+ Area of unfinned surface = Area of cylinder — Area of finn

=17x[ (md0.05x1) ~ (10x0.76x10° x1.27x10°* ) |x(423-318)

So total heat transfer, Q = Q;+ Q,

=443 + 280.21

We know that,

Temperature distribution [Short fin, end insulated]

T-T, _cosh[m(Lf—x)]
T,-T,  cosh(mL,)

b 0

We need temperature at the end of fin. So, put oo.

T, cosh[m(L-L,)]
cosh(mL,)
1
T,~T. cosh(19.30x1.27x107)
T-318 1

423-318  1.030
T-318_ oo

 [r-a9eK
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T

T-T

T,-T,

T-
Tac

Result:
1. Heat transfer, Q = 723.21 W
2. Temperature at the end of the fin, T = 419.94 K
4. Explain the mechanism of heat conduction in solids and gases. 4)

Heat conduction is a mechanism of heat transfer from a region of high temperature to a region of low
temperature within medium (solid, liquid or gases) or different medium in direction physical contact.

(CONTINUATION OF ABOVE) in conduction, energy exchange take place by the kinematic motion of direct
impact of molecules pure conduction found only in solids

5. At acertain instant of time, the temperature distribution in a long cylindrical tube is, T = 800 + 1000-
5000 r? where, T is in °Cand r in m. The inner and outer radio of tube are respectively 30 cm and 50 cm.
The tube material has a thermal conductivity of 58 W/mK and thermal diffusivity of 0.004 m%hr.



Determine the rate heat flow at inside and outside surfaces per unit length rate of heat storage per unit
length and rate of change temperature at inner and outer surfaces.

Given Data: in cylindrical tube,
T =800 + 1000 r — 5000 r®
Inner radius, r; = 30 cm = 30 x 10%m
Outer radius, r, = 50 cm = 50 x 10°m
Thermal conductivity, K = 58 W/mK

Thermal diffusivity, o = 0.004 m’/hr

= 0'004><1.11><106m2 /hr
00

To find:
(i) Rate of heat flow at inside and outside surfaces per unit length.
(i) Rate of heat storage per unit length.
(iii) Rate of change of temperature at inner and outer surfaces.
@Solution:

(i) Rate of heat flow at inside surface per unit length,

Q, = KA [d—Tj =03
dr ri

d(8oo +1000r—5000r2)
Q,, =-58x2mx(0.3)x1x o =0.3

Q,, =—109.33[~2000] = 21.86x10* W

Rate of heat flow at outside surface per unit length, Qo

-k 5] -os
dr ).

800 +1000— 5000r)
=05
dr o

d(
Q,, =-58x3.14x

— _58x3.14[-4000]
Q,, = 72.84x10*W

Rate of heat storage per unit length,

‘.'Qstored = Qin _Qout
=(21.86-72.84)x10"

Quoreg = —50.98x10°W|

T =800 + 1000 r — 5000 r?



ar =1000-1000r
dr

2
d_'zl' =-10,000
dr

Rate of change of temperature at inner surfaces, at r;=0.3m\

d°T 1dT 1 dT

~t—— .
dr rdr o dt

~1000+ -1 (100010000 0.3) = ;G(dlj
0.3 1.11x10°  dt ), o,

(d—Tj =0.01851°C/s
ri=0.3

Rate of change of temperature at outer surfaces

2
d—-2|—+1d—T=£. ar —10000+i(100—5000x2x0.5)=;_6(d—-rj
dr® rdr o \dt) . 0.5 1.11x10° L dt ), o5
(d—T) _ 1800 g0pcss
dt ) s 9x10
6. With neat shetches, explain the different fin profiles. 4

It is possible to increase the heat transfer rate by increment the surface of heat transfer. The
surface used for increasing the transfer are called extended surfaces or fins.

Types of fins

Some common types of fin configuration are shown in fig:

(i) Uniform Straight fin



(ii) Tappered straight fin
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(iii) Splines

(iv) Annular fin



(v) Pin fins

Commonly there are three types of fin
1. Identify long fin

2. Short fin (end is insulated)

3. Short fin (end is not insulated)

7.A circulferential rectangular fins of 140 mm wide, and 5mm thick are fitted on a 200mm diameter tube.
The fin base temperature is 170°Cand the ambient temperature is 25°C. Estimate fin efficiency and heat
loss per fin.

Take Thermal cionductivity, k = 200 W/mK.
Heat transfer co-efficient, h = 140 W/m’K.
Given:
Wide, L =140 mm =0.140 m
Thickness, t =5 mm = 0.005 m
Diameter, d=200 mm = r =100 mm=0.1 m
Fin base temperature, Ty, = 170°C+ 273 = 443 K
Ambient temperature, T,,=25°C+ 273 — 298 K
Thermal conductivity, k = 220 W/mK.
Heat transfer co-efficient, h = 140 W/m?K.
To find:

1. fin efficiency, 1



2. Heat loss Q
Solution:
A rectangular fin is long and wide. So, heat loss is calculated by using fin efficiency curves.
[From HMT data book page no.50 (Sixth edition)]
Correlated length, L, =L +t/2

=0.140+ —0'205

L, =0.1425m

R2c =+ Lc

=0.100+0.1425

r, =0.2425m

As=2n [1.2(:2 - r12]

A =2 1 [(0.2425)* — (0.100)%]

|A, =0.30650m?|

An=1[rye—r11]

= 0.005 [(0.2425) —(0.100)]

=7.125x10"*m?]

10
30

Bl o

10 7
L==rT "I
0 05 1 15 2 25 3
1.5 _h_ 92
Le kAm

From the graph, we know that,

[HMT data book page no.50]



h 0.5
X“E::LSE{ }

kAm
0.5
_(0.1425)"°| M0
230x7.125x10
Xy =1.60
Curve — fe 202425 5 pog

rl
Xaxis Value is 1.60
Curve value is 2.425

By using these values, we can find fin efficiency, n from graph

fin efficiency, n = 28%]

Heat transfer, Q =n A h [Ty - T)

[From HMT data book page no]

= Q =0.28x0.30650x140x [443— 298]
Q=1742.99W
Result:
1. Fin efficiency, n = 28%
2. Heat loss, Q = 1742.99

8.A furnace wall is mode up of three layers of thickness 25 ¢cm. 10 cm and 15 cm with thermal
conductivities of 1.65 K and 9.2 w/mK respectively. The inside is expressed to gases at 1250°Cm with a
convection coefficient of 25 W/m?C and the inside surface is at 1100°C, the outside surface is expressed to
air at 25°Cwith convection coefficient of 12 W/m?K. Determine (i) the unknown thermal conductivity, (ii)

The overall heat transfer coefficient, (iiii) All the surface temperatures. (16)
Given:
B m
inner ﬂ- Ty ﬁ. T, T3 Ta e Outer
a
k1 k2 k3

Pt i)

Thickness, Li=25cm=0.25m

L,=10cm=0.10m



L;=15cm=0.15m
Thermal conductivity, k; = 1.65 W/mK
K, =k
Kz =9.2 W/mK
Inside gas temperature, T, = 1250°C+ 273
=1523 K
Outside air temperature, T, = 25°C+ 273
=298 K
Inside heat transfer co-efficient, h, = 25 W/m?K
Outside heat transfer co-efficient, h, = 12 W/m’K
Inner surface temperature, T,= 1100°C + 273
=1373K
To find: (i) Unknown thermal conductivity, k,
(ii) Overall heat transfer co-efficient, U
(iii) Surface temperatures Ty, T3, T,
@Solution;
We know that,

Heat transfer Q = h, A (T,—T)

:%: h,(T,-T)
— 25(1523-1373)

9=3750W/m2
A

We know that,

AT,
Heat flow, Q = %ra"

[From HMT data book, page no. 43 & 44]

Where, AT=T,-T,



Aol b L L1
hA KA KA KA hA
Ta_Tb
= T L L 1
414 + +
hAa kA KA KA hA
Ta_Tb

a

Q
- —_—=
ATT L. L. LT
ha k2 kZ k3 hb
1523-298
3750 = 1 025 010 015 1
e e T o
25 165 k, 92 12
=3750= 12250 10
0.2911+ k

2

= 3750(0.2911+ ok—lJ =1225

2

= 0.2911+% =0.3266

2

= | Thermal conductivity, k, = 2.816 W / mK

We know that,

Overall heat transfer co-efficient, U =

>R y=—+—+

total

otal .5 i+5+i [TakeAzlmz]
ha kl k2 k3 hb
1 025 01 0315 1
=—+ + + T—
25 165 2816 92 12

Ry = 0.3267 W /m?|

=U= &
Rtotal
_ 1
0.3267
lU =3.06W / m?K|

We know that,

Q

_Ta_Tb _Ta_Tl _Tl_TZ _T2 _Ts _Ta_T4 _T4_Tb
R R R, R, R, R,

a




Ll

- Q.
A

13730-T,
oz
1.65

= [T, =804.8K

3750 =

T,-T. L
(2)= Q=-2:—2whereR, =—2
R, k,A
Tz_Ts
L2
k,A

2
9 Tz_Ts
A

L2
kZ
804.8-T,
0.10
2816

=[T, =671.45K

3750 =

®)= Q=

671.45-T,
0.15
9.2

= T, = 610.30K

3750 =

9. Pin fans are provided to increase the heat transfer rate from a hot surface. Which of the following

arrangements will give higher heat transfer rate?(1) 6-fins of 10 cm length,

(2) 12-fins of 5 cm length. Take k of

fin material = 200 W/mK and h = 20 W/m?Ccross sectional area of the fin = 2 cm?; Perimeter of fin = 4cm ; Fin base

temperature = 230°C;Surrounding air temperature = 30°C

Given Data:

Thermal conductivity of fin material, k = 200 W/mK

Heat transfer coefficient, h = 20 W/m?C = 20 W/m?K



Cross sectional area, A =2 cm? =2 x 10™m
Perimeter of fin, P =0.04 m
Fin base temperature, T, = 230°C+ 273 = 503K
Air temperature, T., = 30°C+ 273 =303 K

To find: (i) Q,, Heat transfer rate (6 fins of 10 cm length)

(ii) Qo, Heat transfer rate (12 fins of 5 cm length)

@Solution: We know that,
E 3 20x0.04
k A 200x2x10™
m=4.4721

We know that,
Heat transfer rate, Q = n[(h P k A)*? (T, - T,,) tanh (mL)]
()n=6;L=0.1m

mL=44721x01 [From HMT data book, page no. 49]

mL =0.44721

=n[(hPKA)"*(T, - T, )tanh (0.447)

6[ (20%0.04x200x 210 )" x (503—308) x tanh (0.447)}

(if) Number of fins, n = 12, Length of finsL =5 cm = 0.05 m

m L =4.4721 x 0.05

Q,=n[(h P k A)* (T, - T, tanh (0.2235)]

~12(20x0.04x 200x 2x10°* | (503-300) x anh (0.2235)

Since Q, > Q,. The second case is better.

10. A steel ball 50 mm in diameter and at 900°Cis placed in still air 30°C Calculate the initial rate of cooling
of ball in °Cmin. Take p = 7800kg/m?; C = 2kJ/kg °C; h = 30 W/m? °C Neglect the internal resistance of the
ball. (8)

Given Data:

Steel ball diameter, D =50 mm = 0.05 m



Initial temperature, To =900°C+ 273 =1173 K
Air temperature, T,, = 30°C+ 273 =303 K
Density, p = 7800 kg/m®
Specific heat, C, = 2 kJ/kg°C= 2 x 10° J/kg°C
Heat transfer co-efficient, h = 30 W/m?°C
Time, t = 60 seconds

To find: Initial rate of cooling of ball in °Gmin.

@Solution:

T-T, [—h At
=exp

T,-T. pVC,
[From HMT data book, Page no.5]

hAt  30x4nR*xt
pVC,

p><%7‘cR3 xC,

30x4mx(0.025) x 60

7800><%Tc(0.025)3 x 2x10°

=0.01385

= = exp[-0.01385
T,-T x| ]

o

T =1161K 0r888'C|

Rate of cooling = To— T = 12°C/min

11.Derive the general 3- dimensional heat conduction equation cylindrical co-ordinates. Assume the material
as homogeneous isotropic continues.

General Heat Conduction Equation in cylindrical Co-ordinates

The general heat conduction equation in Cartesian co-ordinates derived in the previous section is used
for solid with rectangular boundaries like square, cubes, slabs, etc. But the Cartesian co-ordinates system is not
applicable for the solid, like cylinders, cones, spheres etc. For cylindrical solids a cylindrical co-ordinate system
is used.

Consider a small cylindrical element of sides dr, d@ and dz shown in fig. 1.2
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Fig. 1.2

The volume of element dv = r d@ dr dz
Let us assume that thermal conductivity k, Specific heat C, and density p are constant.

The energy balance of this cylindrical element is obtained from first law of thermodynamics.

Set heat
. Heat
conductedinto Heat
_y stored
=< elementfromall » +< generated withinthe ¢ +< . h
. inthe
theco —ordinate element
element

directions

Net heat conducted into element from all the co-ordinate directions
Heat entering in the element through (r, @) plane in time d
oT
=—k(rdpdr)—do
Q, =k (rdpdr)
Heat leaving from the element through (r, @) plane in time d
0

Qz—dz = Qz +§(Qz )dZ

Net heat conducted into the element through (r, @) plane time d6.



= Qz - Qz+dz

0
= —E(Qz)dz

- %[k(rdq).dr).[%}de}dz

o°T

2

Net heat conducted through(r,¢)Plane = k[g—l—}(dr.rdcb.dz)de
z

Heat entering in the element through (@, z) plane in time d6.
Q, = k(rdpdz) T do
or
Heat leaving from the element through (@, z) plane in time d6.
Qr+dr = Qr +2(Qr )dr
or

Net heat conducted into teh element through (@, z) plane in time dé.

= Qr _Qr+dr
0
- _g(Qr )dr

— 2] k(s d2>'[%}der

= k(drdd),dz),%[rg—:}de

&*T 1aT a
r or

= k(dr.rd¢.dz)[87 +-—|d

rZ

2
Net heat conducted through (¢, z) Plane = k(dr.rd(b.dz){aa—T + 1ot

Joo

Heat entering in the element through (z, r) plane in time d6.
oT
=-k(dr.dz)—d6
Q = —k(drz) =

Heat leaving from the element through (z, r) plane in time d6.

0
Qyras = Qy + %(Q‘b ) rd¢

Net heat conducted into the element through (z, r) plane in time d6.



Qy = Quuss =~ (Q, )1l

)

N T
= r62¢[ k(drdz). 20 de} rdd

:KG{UW
od| r oo

10T
= l{rz P }(drrdq)dz)

}(drd¢dz)

2
Net heat conducted through(z,r)plane = k{ 19 T}(dr rdpdz)de| ... (1.22)
r?

Net heat conducted into element from all the co-ordinate directions

o°T

=k—
0z°

(drrd$dz)de
+

o°T 1 oT
drrdddz do
k(drrdg ){ o ror }

1 6*T
k[ g }(drrdq)dz)

[Adding equation 1.20, 1.21 and 1.22]

2
_k(drrdodz)de| &1 4 &T (10T LET
oz® or® ror r? o

2
— k(drrdgdz)de| ST o°T 16T+16T+8T
o’ ror r*o¢ oz’

Net heat conducted int oelement from all the co — ordiante directions

2 2 2
(drrdq)dz)deaT 18T+i2+2+g .........
ot ror r* oy oz

Heat generated within the element

Total heat generated within the element is given by
Q=q(drrdpdz)d®d ... (1.24)
Heat stored in the element

The increase in internal energy element is equal to the net heat stored in the element.
Increase in internal energy,

=Net heat stored in the element



= p(drrdodz)C, 2—Txd9 ......... (1.25)

Substituting equation (1.23), (1.24) and (1.25) in (1.19)

o°T 10T 10°T o°T

1.19) =k(drrd¢dz)de
(1.19) = k(drrd¢dz) {62 ror ¢ oy’ o

} q(drrd¢dz)do
=p(drrdgdz)C, %xde

Dividing by (dr rd¢ dz) do

o°T 10T 10°T o°T oT
k —2+——+—2—+—2 +q=pC,—
o ror ¢’ oz 00

2 2 2 C
_[oT e 1ot oT] a oSt (1.26)
o> ror rPop® oz | k k00

It is a general three dimensional heat conduction equation in cylindrical co-ordinates,

oT, Ao 10T T a_10T

ot ror rPop* oz ko« oo

B

If the flow is steady, one dimensional and no heat generatin, equation (1.26) becomes:

o°T o1

=0 ... 1.27
or? i ror (1.27)

(OR)

[Ld [r dT} N . (L.28)

rdr| dr

12 The wall of a cold room is composed of three layer. The outer layer is brick 30cm thick. The middle layer
is cork 20cm thick, the inside layer is cement 15 cm thick. The temperatures of the outside air is 25°Cand
on the inside air is 20°C The film co-efficient for outside air and brick is 55.4 W/m?K. Film co-efficient for
inside air and cement is 17 W/m?K. Find heat flow rate.

Take:
K for brick = 2.5 W/mK
k for corbk = 0.05 W/mK
k for cement = 0.28 W/mK
Given:
Thickness of brick, L;=30cm =0.3 m
Thickness of cork, L, =20cm =0.2 m

Thickness of cement, L; = 15cm = 0.15m



Inside air temperature, T, = -20°C+ 273 = 253 K
Outside air temperature, T, = 25°C+ 273. =298 K
Film co-efficient for outside, h, = 55.4 W/m?K
Kurik = k3 = 2.5 W/mK

Keork = k2 = 0.05 W/mK

Keement = K1 = 0.28 W/mK

—

Inside Cement Cork Brick

h L Li"‘—"*r-—-——L,

To find:

Heat flow rate (Q/A)

Solution:

Heat flow through composite wall is given by

AT

Q=—4

Where

253-298
1 015 02 03 1
—+ + +——=+
17 028 005 25 554

=Q/A=

|Q/A=-95W/m?

—overal, [ From Equation no.1.42or HMT Data book Page no.43and 44|



Result:

The negative sign indicates that the heat flows from the outside into the cold room.

Heat flow rate, Q/A = -9.5 W/m?.

13. A wall is constructed of several layers. The first layer consists of masonry brick 20 cm. thick of
thermal conductivity 0.66 W/mK, the second layer consists of 3 cm thick mortar of thermal conductivity
0.6 W/mK, the third layer consists of 8 cm thick lime stone of thermal conductivity 0.58 W/mK and the
outer layer consists of 1.2 cm thick plaster of thermal conductivity 0.6 W/mK. The heat transfer
coefficient on the interior and exterior of the wall are 5.6 W/m*K and 11 W/m?K respectively. Interior
room temperature is 22°C and outside air temperature is -5°C.

Calculate

a) Overall heat transfer coefficient

b) Overall thermal resistance

c) The rate of heat transfer

d) The temperature at the junction between the mortar and the limestone.
Given Data
Thickness of masonry L; =20cm =0.20 m
Thermal conductivity K; = 0.66 W/mK
Thickness of mortar L, =3cm =0.03 m
Thermal conductivity of mortar K, = 0.6 W/mK
Thickness of limestone L; = 8 cm = 0.08 m
Thermal conductivity K3 = 0.58 W/mK
Thickness of Plaster L, =1.2cm =0.012 m
Thermal conductivity K4 = 0.6 W/mK
Interior heat transfer coefficient h, = 5.6 W/m*K
Exterior heat transfer co-efficient h, = 11 W/m?K

Interior room temperature T, = 22°C + 273 =295 K

Outside air temperature T, = -5°C + 273 = 268 K.

Solution:

Heat flow through composite wall is given by

AT
Q= %m” [From equation (13)] (or) [HMT Data book page No. 34]



Where, AT=T—-T,

L L + L, + L + L. !
hA KA KA KA KA hA

a

T,-T,
:>Q: a b
i+L1+L2+L3+L“+i
hA KA KA KA KA hA
295-268

= QI A=7"550003 008 0012 1

—+ + + —
56 066 06 058 06 11
|Heat transfer per unit area Q/A =34.56 W/m? |

We know, Heat transfer Q = UA (T, — Tp) [From equation (14)]

Where U — overall heat transfer co-efficient

__Q
Ax(T,-T,)
34.56
" 295268
|Overal| heat transfer co - efficient U=1.28 W/m2K|

=U

We know

Overall Thermal resistance (R)

L L,
_1+L1+2+L3+4+1

hA KA KA KA KA hA

For unit Area

R:i+i+i+i+i+i

h, K K, K, K, h

1 020 0.03 0.08 0.012 1
= —+ + + + +—
56 066 06 058 06 11

R=0.78 K /W

Interface temperature between mortar and the limestone T3

Interface temperatures relation



295-T, 1
= __ 1 . R -
o Tk R

295-T,
1/h,

295-T,
1/5.6

- [=795K]

:>Q=T1_T2

=>Q/A=

= 34.56 =

K,A
278.3-T,
L,

KZ
278.3-T,
0.03
0.6

- [=275K

Temperature between Mortar and limestone (T is 276.5 K)

=Q/A=

= 3456 =

14.A furnace wall made up of 7.5 cm of fire plate and 0.65 cm of mild steel plate. Inside surface exposed
to hot gas at 650°C and outside air temperature 27°C. The convective heat transfer co-efficient for inner
side is 60 W/m’K. The convective heat transfer co-efficient for outer side is 8WW/m?K. Calculate the heat
lost per square meter area of the furnace wall and also find outside surface temperature.



Given Data
Thickness of fire plate L; = 7.5 cm =0.075m
Thickness of mild steel L, = 0.65 cm = 0.0065 m
Inside hot gas temperature T, = 650°C + 273 = 923 K
Outside air temperature T, = 27°C + 273 = 300°K
Convective heat transfer co-efficient for

Inner side h, = 60W/m’K
Convective heat transfer co-efficient for

Outer side h, = 8 W/m?K.
Solution:

0] Heat lost per square meter area (Q/A)
Thermal conductivity for fire plate

K, = 1035 x 10 W/mK [From HMT data book page No.11]

Thermal conductivity for mild steel plate
K, = 53.6W/mK [From HMT data book page No.1]

AT
Heat flow Q = %ﬁ‘” , Where

AT=T Ty

L. Lo L

1 1
hA KA KA KA hA

= Q= Ta A Tb

al L
hA KA KA KA hA

a

[The term L; is not given so neglect that term]



T,-T,
= Q: a b
i+ L + L, + L +i
hA KA KA KA hA

The termL, is not given so neglect that term]

— Ta_Tb
ST L1
hA KA KA hA
e 923300

1 0.075 0.0065 1
+ + +=

60 1.035 536 8

IQ/ A=2907.79 W /m?

(i) Outside surface temperature T;
We know that, Interface temperatures relation

T,-T, T,-T, T,-T, T,-T, T,-T,

-2 -3_b A
Q R R, R, R, R, A
T.-T
(A=>Q="-2
Rb
where
R - L
h A
_TS_Tb
BAREEY
h A
= Q/A= Lot
1
hb
290779 = 1 _1300
8

T, = 663.473K

15. A steel tube (K = 43.26 W/mK) of 5.08 cm inner diameter and 7.62 cm outer diameter is covered with
2.5 cm layer of insulation (K = 0.208 W/mK) the inside surface of the tube receivers heat from a hot gas at
the temperature of 316°C with heat transfer co-efficient of 28 W/m?K. While the outer surface exposed to
the ambient air at 30°C with heat transfer co-efficient of 17 W/m’K. Calculate heat loss for 3 m length of
the tube.

Given

Steel tube thermal conductivity K; = 43.26 W/mK
Inner diameter of steel d; =5.08 cm = 0.0508 m
Inner radius r, = 0.0254 m

Outer diameter of steel d, = 7.62 cm = 0.0762 m
Outer radius r, = 0.0381 m

Radius r3 = r, + thickness of insulation



Radius r; = 0.0381 + 0.025 m r; =0.0631 m
Thermal conductivity of insulation K, = 0.208 W/mK
Hot gas temperature T, = 316°C + 273 = 589 K
Ambient air temperature T, = 30°C + 273 =303 K
Heat transfer co-efficient at inner side h, = 28 W/m?K
Heat transfer co-efficient at outer side hy, = 17 W/m?K
LengthL=3m

Solution :
ATovera\ll H
Heat flow Q = R [From equation No.(19) or HMT data book Page No0.35]

Where AT=T-T,

1 1 1 ] 1 . [e] 1 [r] 1
— | —+—In|=|+—In| =2 |+—In| * |+ —
2zL | h,ry K |n| K, || Ky || hr

:>Q: Ta _Tb
1 1 1 r, 1 r, 1
| =+ 1In| & [+ —In| 2|+ —
2zL | h,n Ko | K, || hn
589 - 303
=0=
1 1 1 0.0381], 1 In{o'063l}+ 1
27rx3 | 28 x 0.0254 43.26 ]0.0254| 0.208 |0.0381]| 17x0.0631

Q=1129.42 W

Heat loss Q = 1129.42 W.
16.Derive an expression of Critical Radius of Insulation For A Cylinder.

Consider a cylinder having thermal conductivity K. Let r; and ry inner and outer radii of insulation.

Heat transfer Q = T __T°°_ [From equation No.(3)]

In|—

27KL

Considering h be the outside heat transfer co-efficient.



-1

Q= —=—=
r0
In| 2
r 1

+ -
27KL  Agh
Here A, = 2zr1,L
Ti-T,

><,:
rO
In| =
|:rl} 1
+

27KL  27zrLh

To find the critical radius of insulation, differentiate Q with respect to ry and equate it to zero.

o—(Ti—Tw){ L2 }
dQ _ 27KLr, 2zhLr,

dr, 1 A 1
In| 2 [+ ———
27KL I 2zhLr,
since (T.-T,)#0
1 1
_ ~=0
27KLr, 2zhLr,
= r —E—r
0 h Cc

17. A wire of 6 mm diameter with 2 mm thick insulation (K = 0.11 W/mK). If the convective heat transfer
co-efficient between the insulating surface and air is 25 W/m?L, find the critical thickness of insulation.
And also find the percentage of change in the heat transfer rate if the critical radius is used.

Given Data

d;=6 mm

rr=3mm=0.003 m
rh=r+2=3+2=5mm=0.005m
K=0.11 W/mK

h, = 25 W/m?K

Solution :

1. Critical radius I', = [From equation No.(21)]

K
h
1

=21 44

°© 25
r.=4.4x10°m

0°>m

Critical thickness = r. —rq
=4.4%x107° -0.003

=1.4x10° m



Critical thickness t, = 1.4 x 10° (or) 1.4 mm

2. Heat transfer through an insulated wire is given by
Q — Ta — Tb
1

In Ty
1 r 1

+
27L| K, h,r,

[From HMT data book Page No.35]
27L (T, -T,)

In 0.005
0.003 1
_l_

0.11 25x0.005

Q1= 27zL (T, -T,)
12.64
Heat flow through an insulated wire when critical radius is used is given by
T T,
Qz = 2 : [I’2 - rc]
In {rc}
1 r 1

+
27zL| K, hp,

_ 27L (T, =T,)
_ln[44xlo*}
0.003 | 1
0.11 25x 4.4%107
_272L(T,-T,)
L= e

.. Percentage of increase in heat flow by using

Critical radius = MxlOO
1
L 1 100
_ 1257 12.64
1
12.64

=0.55%



Calculate the critical radiu=s of insullation for asbestos (k =0.1 72 W/ mK)

1S8S.

- smrrounding 2 pipec and cxposcd to room air at J00 K with h
- 2.8 W/naTHK. Calculate thae Beat loss from = 475 K. 60 mos diameter
pPipe whemrm covercecd with the criticml radius of insulation and withowt
imsulation.

Ginern:

Thermal conductivity of asbestos, k= 0.1 72 Wo/mikK
Room temperature, T, — 300 K

Heat transfer cocflicient,. h = 2.8 W7k

Diamcter of the pipe. d = 60 mm — D.OS m
Temperature inthe pipe, T, = S75 K

To Sind:

Critical randius of insu lation of aasbestos

o Do Ficat loss from the pipc.
Solaetiorn - &
| I8 Critical radius of tnsulatiom - = r
= S% = 005132 nr &61.42 mm
2x -
2. Q—-lt insul et ion = hﬂ‘i_—.r&
o)
- | I
£
o . 2nx (475 —300)
with inswlateoe 1n 0_06.42J
ool /) 1
0.172 2 B=<006142
1099
Ow-lh wmssal st vons = 4 1624+5814
Q‘il insular.e - 1,0'16“,!""
Bx 2rl(l, = T,) 2=i(T;-T3)
o—..oul s ulat.cn = l/h_’ = 17 hﬂ’i

A, 2 (0 — Th) = 28x 2 x n = {.03 (475—-300))
= 9231 Wim ,

l Q--ishcu smswl atvon
Result:
B2 Crnitical radsus of insulation ~61.43 mm

2= Hecatloss Q.. . . e = 110.16 W/m
10, Aluminum fins of rectangular profile are attached on a plance wall with S
mm spacing. The fins have thickness ¥y = 1 mm and length = 10 mam and
the thermal conductivity k = 200 W/ mK. The wall in maintained at a
temperature of 200°C and the fins dissipate heat by connection into the

ambient air at 40°C with heat transfer coefficient h = S0 W/mTIK.

Determine the heat loss

Given:
Findimensiony = 1 mum; 0001l m
7= 10mm;:; 001l m



Finspacing =35 mm
Thermal conductivity of fins, k =200 W/mk
Wall temperature of fin, T, =200 + 273 = 473K
To find:
Heat loss
Solution:
No heat loss from the tip of fin, (ie) tip is insulated. This is short fin end insulated

type problem.

Heat transferred, [Short fin, end insulated]
)

Q = (hPkA)? (T,-T.)anh(mL)  [From HMT data book page no; 50]

]
= (50x1x2x200x1x0.001)2 (473 - 313)tanh(mx0.01)

= 4472 = 160 Tan i (m = 0.01)

where,
hP = hx(b+y)x2 -
m =\ J E(bxy) Assuming b>>y
hx2¥ N P2
J KAy Jb'

2x50
= Jzooxo.om s

m =2236m"

Q =4472 =160 xTan h (22.36 = 0.01)
= 715.52 = tan h (0.2236)

Q = 15738 W/m

Result:
Heatloss, Q= 157.38 W/m.




20. To reduce frosting if 15 desired fo keep the outside surface of a glazed window ot
4°C. The outside is at — 10°C and the convection coefficient is 60 W/m K. In order to maintain
the condifions a uniform heat flux is provided at the inner surface which iz in contact with
room air at 22°C with a convection coefficient of 12 W/ m®K. The glass is 7 mm thick and has a
thermal conductivity of 1.4 W/mEK Determine the heating required per m® area

The data are shown 1z Fig. P 2.9,
Solution: The heat flow through the barrier = heat convected on the outside
=h(T-T_))
=60 (4 —(— 10)) = 840 Wim?
The heat flow through the barrier is the same
AT -4

840 = —

= — = 8.2°C
R 0007/14 T,=82°C

The heat flux + heat recerved by convection from room = heat flow through barrer

heat flux = heat flow through class barrer - heat convected from mside
=840-12(22-82)=840-162.6=6744W

k= 1.4 Wimk

Q
-10°C
Res
0.007 mm Q
(a) (b)

Fig. P. 2.9, Problem model.

[f1t 15 demired that the inzide well temperature and room temperatures should be equal
for comfort, determine the heat flux. In this case T} = 22°C and T, 1z not known

But heat conducted = heat convected
22-T,
m =60 (T, - - 10))
solving 22-T=03T+3T,=1462°C

29-1462
Q= o7 e - AW

Check @=hT-T )=60x2462=14T72W



21. A long evlinder of radius 15 cm initially af 30°C is exposed over the surface to
gases at 600°C with a convective heat transfer coefficient of 65 W/m K. Using the following
praperty values determine the temperatures at the centre, mid radius and outside surface affer
20) minutes. Density = 3550 kg/m7, sp. heat = 586J/kg K, conductivity = 19.5 W/mE Also
calculate the heat flow.

Solution: The procedure 15 described in articles 6.1.2 and 6.1.3.

B__E_ﬁﬁxﬂ.lﬁ_DEF _ ot _ 195 . 20x60

Tk 105 T R? T 3550x586 015x015

Entering the chart for centre temperature az schematically shown mn Fig. 6.14 {a) the
temperature ratio iz read as 0.72.

Centre temperature 1= found using

0.5

T, -600
30-600
T =189.6°C
0T

To calculate the temperatures st the surface snd mid radius, the location chart as
schematically shown in Fig. 6.14 (b) is entered at Bi = 0.5 and walues are read at n/8 =1 and
0.5, as 0.75 and 0.92.

PR =05 sz fe—>
DTz r R
0.7 [+
o=
To =T Teu—Ta
T.-T, —Tﬁ_.r 1
b= Y os e
Fig. 614 [a, )
o~ Surface temperature is obtained wsing
Tp.-T. Tp.-600
T._T.  30_&00 1 =
=072 =0.78 ==
a5 T =a7a.e>C

. R
Mid radius temperature is obtained using

a, /
L.-T.
LT _piasoe: 1

[2]
ke

-5
T _==222.4°C DI
Heat flow: Caleulating the value of hfou'k®, as h =ik
schematically showm the heat flow chart is entered at this Flg. 8.14 (c)

valuae 0125 and the mestng point with B =0 .5is read of as
¥ ic equal to 054 (Fig. 5. 14 (e))
G5=65=105 30 =60
3350 = 586 19.5 = 195

o @ = x0.15% »x 1 = 3550 = 586 = (GO0 — 300 = 0.54

= 46.26 ¥ 10* J'm lengzth

INote that the cylinder of equal dimension gets heated up gquicker due to larger surface

ares for a given volome.

R* o ikt =

=012



= A body of an electric motorin 360 mm in diameter and 240 mm long. It
dissipates 360 W of heat and its surface temperature should not exceed
55°C. Longitudinal fins of 15 mm thickness and 40 mm height arc
prepared. The heat transfer coefficicnt in 40 W/m2K when the ambient
temperature 30°C. Determine the number of fins required, if k of the
fin material in 40 W/mK.,

Given data:

Diameter, D =360 x 107> m

Length, L=240 x 107 m

Base temperature, T, = 55°C

Q, heat dissipated = 360 W

Longitudinal fin

=15 %107 m

h. orlensthof fin._ =40 % 1072 m



Heat transfer coefficient, 1 = 40 W/m2K
Thermal conductivity, k=40 W/mK

0
Ambient temperature, T, = 30°C

To find:
No. of fins required (N)
Solution:

Here length (or) height of fin is given. Itis short fin (end not insulated)
[From HMT data book, Page No. | 50]

h
Tan} —
nh(mL) + p

Q= JhpkA(T, - T,) —,
14+ — Tanh(mL)
m

) 40x051  _11gm
40 % 3.6 x 1073

m=119m™"

h
[ —
Tanh(mL) o

Q = JhpkA (T, - T,.) 7
1 + — Tanh(mL)
m

0.443 + 0.089 }

1713 25
NS [1 + 0.084 x 0.443

5
=1713% 25 x il
1.0372

=21.96 W

Number of fins = i = ﬂ =16.39

Qﬁ,, 21.96
=16 fins

Result
Number of fins = 16 fins



Unit -2
CONVECTION
Part — A
1. Define convection

Convection is a process of heat transfer that will occur between a solid surface and a fluid medium when they
are at different temperature.

2. Define Reynolds number (Re).
Reynolds number is defined as the ratio of inertia force viscous force

R — Inertia force
¢ Viscouseforce

3. Define Nusselt number (Nu)

It is defined as the ratio of the heat flow buy convection process under an unit temperature gradient to the heat
flow rate by conduction under an unit temperature gradient through a stationary thickness(L) of meter.

Qconv

cond

Nusselt number (Nu) =

4. Define Grashof number (Gr)

It is defined as the ratio of production of inertia force and Buoyancy force to the square of viscous force

Inertia force x Buoyancy force
Gr = - 2
(Viscous force)

5. What is meant by non-Newtonian fluids?

The fluid which obey the Newton’s Law of viscosity are called Newtonian and those which do not
obey are called non-Newtonian thinks.

6. What is meant by Stanton number(St)

Stanton number is the ratio of Nusselt number to the product of Reynolds number and parandtl
number

Nu

St=
Rex Pr

7. What is meant by free or natural convection?

If the fluid motion is produced due to change in density resulting from temperature gradients, the mode
of heat transfer is said to be free or natural convection

8. Define boundary layer thickness

The thickness of boundary layer has been defined as the distance from the surface at which the velocity
or temperature reaches 99% of the external velocity or temperature.



9. What is the from of equation used to calculate heat transfer for flow through cylindrical pipes?

Nu =0.023(Re)"* (Pr)"
n = 0.4 for heating of fluids
n = 0.3for cooling of fluids

10. What is dimensional analysis?

Dimensional analysis is mathematical method which makes us the study of dimension for solving
several engineering problems. This method can be applied to all types of fluid resistance, heat flow problems in
fluid mechanism and thermodynamics.

11. What are all advantage of dimensional analysis?

1. Itexpressed the functional relationship between the variable in dimensional terms

2. ltenables getting up a theoretical solution in a simplified dimensionless form

3. The result of one series of tests can be applied to a large number of other similar problems with the
help of dimensional analysis.

12. What is hydrodynamic boundary layer?
In hydrodynamic boundary layer, velocity of the fluid less than 99% of free steam velocity.
13. What is thermal boundary layer?
In thermal boundary layer, temperature of the fluid is less than 99% of the free stream temperature.
14. What are the dimensionless parameters used in forced convection?
1. Reynolds number (Re)
2. Nusselt number (Nu)
3. Prandtl number (Pr)
15.Indicate the concept or significance of boundary layer.

1. A thin region teh body called the boundary layer where the velocity and the temperature gradients
are large.

2. The region outside the boundary layer where the velocity and the temperature gradients are very
nearly equal to their free stream values.

16. Define displacement thickness.

The displacement thickness is the distance, measured perpendicular to the boundary, by which the free
stream is displaced an account of formation of the boundary layer.

17. Define momentum thickness.

The momentum thickness is defined as the distance through which the total loss of momentum per
second be equal to if it were passing a stationary plate.

18. Define energy thickness.



It is defined as the distance, measured perpendicular to the boundary of the solid, by which the
boundary should be displaced to compensate for the reduction in Kinetic energy of the following fluid on
account of boundary layer.

19. Define Prandtl number (P,).
Prandtl number is the ratio of the momentum diffusivity of the thermal diffusivity.

_ Momentum diffusivity
" Thermaldiffusivity

20. Define Stanton number (Sy).

Stanton number is the ratio of nusselt number to the product of Reynolds number and prandtl number.

S, = Nu
Rex Pr

21. What is meant by forced convection.

If the fluid motion is artificially created by means of an external force like a blower or fan, that type of
heat transfer is known as forced convection.

21 What is mcant by displacement thickness?

It is the distance measured perpendicular to the boundary, by which the main free
stream is displaced on account of formation of boundary layer. The displacement thickness
isdenoted by &%

22 State the characteristics of a boundary layer.
The characteristics of 2 boundary layer

1. The thickness of boundary layer increases as distance from leading edge
incrcecascs.

Thickness of boundary layer decreases as U increases.

3. Thickness of boundary layer increase as kinematic viscosity increases.

1. A'long 10 cm diameter steam pipe whose external surface temperature is 110°C passes through some open
area that is not protected against the winds. Determine the rate of heat loss from the pipe per unit length
when the air is 1 atm and 10°Cand the wind is blowing across the pipe at a velocity of 8 m/s.(8)

Given data:
Diameter of steam pipe,d=10cm=0.1m
Surface temperature, T,, = 110°C
(Air) fluid temperature, T,, = 10°C
Velocity, u =8 m/s

To find: rate of heat loss from the pipe per unit length

Q=hA(T,-T.)



Solution:
Film temperature,

o _T,+T. 110410 120 ...
f 2 2 2

From HMT data book, page No.34 (Seventh edition) Properties of air at 60°C.
Density, p = 1.060 kg/m°

Kinematic viscosity, v = 18.97 x 10® m?/s

Prandtl number, Pr = 0.696

Thermal conductivity, K = 0.02896 W/mK

Reynolds number,

Re=WD_ 801 4 a0
v 18.96x10
— 42194 <5x10°

Nusselt number, Nu = C (Re)™ (Pr)®3*
From HMT data book, page No. 116 (Seventh edition)
Re value is 42,194, corresponding C and values are 0.0266 and 0.805respectively.

Nu= 0.0266 (42194)°% (0.696)"**

Nu = 124.67
We know,
Nu = h_D
K
he Nu.K 124.67x0.02896
D 0.1

Heat transfer co-efficient, h = 35.91 W/m’K
(-~ A=nDL)
Heat transfer, Q =h A (Ts- T,,)
=35.91 x (mx 0.1 x 1) (110 — 10)
Q=1128.14W
Result:
Rate of heat loss from the pipe per unit length
Q=1128.14W

2.Air at 0°Cflow over a flat plate at a speed of 90 m/s and heated to 100°C The plate is 60 cm long and
75cm wide. Assuming the transition of boundary layer take place at Re = 5 x 10°. Calculate the following:



1. Average friction transfer co efficient.
2. Average heat transfer co-efficient
3. Rate of energy dissipation.
Given: Fluid temperature, T,, = 0°C
Speed, U = 90m/s
Surface temperature, T,, = 100°C
Length, L=60cm =0.60 m
Wide , W=75cm=0.75m
To Find:
1. Average friction co-efficient
2. Average heat transfer co-efficient
3. Rate of energy dissipation.
Solution:

T, +T,
2

100+0
2

T, =50°C

T

Film temperature, =

Properties of air at 50°C:
[From HMT data book, page no. 33 (sixth edition)
P =1.093 kg/m®
V =17.95 x 10°m’/s
Pr=10.698

K =0.02826 W/mK

We know,
Re = UL
v
Reynolds Number, = QOX—OGO_G
17.95x10

[Re = 3.0x10° > 5x10°|

Since Re > 5 x 10°, flow is turbulent.

[Note: Transition occurs means flow is combination of laminar and turbulent flow. i.e. the flow is said to be
laminar upto Re value is 5 x 10°. After that flow is turbulent]



For flat plate, Laminar- turbulent flow
[From HMT data book, page No. 114 (sixth edition)]

Averagefriction

—0.074(Re) " —1742(Re) **
Coefficient }C“ 0.074(Re) (Re)

-1.0

= C, =0.074[3.0x10°]** ~1742[3.0x10°]
C, =3.16x10"

Average friction
co —efficient

}cm =3.16x10°°

Average Nusselt
Verageuisse }Nu:(Pr)o'm [0.037(Re)* -871]
number

[ From HMT data book, page no. 114 sixth edition) |

0.

= (Pr)™™® [O.O37(3><106) : —871}

0.333

- (0.698) [0.037(3x106)°'8—87]
We know,
nu="E
K

Average Nusselt number, h =198.5W /m?K

Average heat transfer
co —efficient

}h =198.5W /m*K

Q= hA(TW —TOO)
= h><L><W(TW —Tw)
2198.5x0.60x0.75(100—0)

Rate of energy dissipation,

Result:
1.Cq=3.16 x 10°
2. h=198.5 W/m’K
3.0 =89325W

3.A 6 m long section of an 8 cm diameter horizontal hot water pipe passes through a large room whose
temperature is 20°C If the outer surface temperature and emissivity of the pipe are 70°Cand 0.8
respectively, pipe by

(1) Natural Convection
(2) Radiation. (10)

Given data:



In horizontal hot water pipe (cylinder and internal flow)
Length of hot water pipe = 6m

Diameter of hot water pipe =8 cm =0.08 m

Emissivity of the pipe, € = 0.8

Outer surface temperature, T,, = 70°C

Hot (fluid) water temperature, T,, = 20°C

To find:

Rate of heat loss from the pipe,

(1) Natural convection, Qgony

(2) Radiation (Qyag)

Solution:
Film temperature, T, = Tu ZT‘” = 70+20 =45C
10° < Gyp. Pr< 10%
01672
1.868x10°

=:0.60+0.387

0.5625 ) 0-2%
14 0.559
0.7241

Nug, =22.89
We know,
NP
K
he K.Nu _ 0.02699x 22.89 —7.7225W / m2K
D 0.08

Rate of heat loss from the pipe

Qconv = hAs (Ts _Too)
= 7.7225X1.508><(70—20)
Q.ony =582.46 W

Area of the surface,
A;=n DL
=xx0.08 x6

A, = 1.508 m?



Qui=¢€Aso (T —T*)
= 0.8 x 1.508 x 5.67 x10°® x (343* — 293%)
Qrag = 442.65 W
Result:
Rate of heat loss from the pipe by,
(M Natural convection, Qo= 582.46 W
(i) Radiation, Q.= 442.65 W
4, (i) Explain the concept of hydrodynamic and thermal boundary layers.
(1) Velocity distribution in hydrodynamic boundary layer.
(2) Temperature distribution in thermal boundary layer.

(3) Variation of local heat transfer co-efficient along the flow. (8)

Fig. 1. Velocity boundary layer on Sat plage
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5. Discuss briefly the development of velocity boundary layer for flow through a pipe.

The velocity at any cross section of a pipe varies from zero at wall to a maximum at the centre, and that
there is no well defined free stream. There is a need to define and work in terms of a mean velocity, uy,. It is



defined as that velocity which is multiplied by the fluid density and the cross-sectional area of the tube gives the

rate of mass flow through the tube.

Thus,
Y
m=pu, Z.DZ\

The velocity distribution for fully developed, stead laminar flow can be determined by considering the force
equilibrium of a cylindrical fluid element in fig. 1.

u(r, x) \
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Fig. 1. Flow regions in a circular tube

The various forces are,
(i) Shear on the cylindrical surface.

(if) Normal force due to pressure on the ends.

Since for a fully developed flow,
V, =0 and[a—uj =0
OX

The axial velocity u,is only a function of .

L2 S adl u=U(n) ~

/——
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Force balance on a differential element in laminar development flow and the net momentum
flow is zero everywhere.

6. Water at 60°C and a velocity of 2 cm/s flows over a 5 m long flat plate which is maintained at a
temperature of 20°C Determine the total drag force and the rate of heat transfer per unit width of the
entire plate.

Given Data: T, = 60°C (fluid temperature)
Velocity, u =2 cm/s = 0.02 cm/s
X=5m, T, =20°C, L =5m
To find:
(i) Drag force, Fp
(i) Rate of heat transfer per unit width of the entire plate.

@ Solution: We know that,

T,+T, 60°+20°

Film temperature, T, =~ 5 = 40°C

Properties of water @ 40°C
[From HMT data book, page no. 33, 6 edition]
P =995 kg/m®

V =0.657 x 10°m?%/s

Pr=4.34
K =0.628 W/mK
uL_ 00255
v 0.657x10°
6
Reynolds’s number, Ry= = 0.1x10
0.657

Re, =1522x10°|<5x10°

Since, Re < 5 x 10°, ~ The flow is laminar.

C, =1.328xRe,

Average friction co-efficient, =1.328x (1.522 x10° )70‘5

1.328

=———=34x10"
390.128

Drag force, Fp = Area x Average shear stress



2

=1><5><(3fL p2U

995(0.02)°
= 5><%><3.4><103

:3.4x10*3x%

=0.995x3.43x10°°
F, =3.41x10°N|

Local heat transfer co-efficient, h,:

Local Nusselt number, Nu, = 0.332 (Re)*®  (Pr)**%

= 0.332(1.522x10° ) * (4.34)°*"
— 0.332x390.128x1.6303

Nu, =211.168
Nu, = hXTL N 211.165>< 0.628 —h,

h, =26.52W/m?K
h=2xh, =2x26.52=53.04W/m’K

(ii) Rate of heat transfer

Q=hA(T,-T.)
—53.04x5x (333 - 293)

7. Considering a heated vertical plate in a quiescent fluid, draw the velocity and temperature profiles.
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8. A horizontal pipe of 6m length and 8 cm diameter passes through a large room in which the air and
walls are at 18°C The pipe outer surface is at 70°C Find the rate of heat loss from the pipe by natural
convection.
Given Data:

Length of the pipe, L =6m

Diameter of the pipe, d=8 cm =0.08 m

Surface temperature, T ;= 70°C+ 273 =343 K

Fluid temperature, T,, = 18°C+ 273 =291 K

To find: Q/L
@ Solution:
T - T.+T,
Film temperature, 20 1;
= 5222 _aac(or)317K

The properties of air @ 44°C~ 45°C
P=1.11 kg/m®

V =17.45 x 10° m?/s



o = 25.014 x 10° m%/s

K =0.02791 W/mK

Pr =0.6985
B= 11 0.00315K™
T, 317
3
Gr= —gBAZTd
Vv

_ 9.81x0.00315x (343—291)(0.08)°
(17.455x10° )2
| 8.229x10° x10"

=2.7x10°
304.677
Gr.Pr =2.7x10° x0.6985
Gr, Pr=1.88x10°
For horizontal cylindrical,
0167 2
Nu, =10.6+0.387 G Pr
{ 0.559 0.5625 ) "
1+( : )
Pr
10° < Gr, Pr <10”
- 01672

1.88x10°
0.5625 ) 0-2%
1+( 0.559 j
0.6985

"1.88x10° ]
~10.6+0.387 —}

0.6+0.387

1.2058

=10.6+0.387(1559130.86 )" 167}

{0.6+0.387(10.819)}’
={0.6+4.186953}"

Nup =22.916| = Nu, _hd

k
~22.916x0.02791
0.08
Q=h A(TS —Tw)
=7.99%xtx0.08x6x (343— 291)

Q=626.529W

=7.99



9.Castor oil at 30°C flows over a flat plate at a velocity of 1.5 m/s. The length of the plate is 4m. The plate
is heated uniformly and maintained at 90°C Calculate the following.

1. Hydrodynamic boundary layer thickness,
2. Thermal boundary layer thickness,
3. Total track force per unit width on one side of the plate,

4. Heat transfer rate.

90+30

At the mean film temperature T, = =60"C.
Properties are taken as follows:
P =956.8 kg/m®, v = 0.65 x 10* m%s;
K =0.213 W/mK; o« =7.2x10%m?s.
Given: Fluid temperature, T.,= 30°C

Velocity, U = 1.5 m/s
Length, L =4m
Plate surface temperature, T,, = 90°C
At T¢ = 60°C, p =956.8 kg/m?
k=0.213 W/mK
v =0.65 x 10™* m?/s
o« =7.2x 108 m?/s
To find:
1. Hydrodynamic boundary layer thickness,
2. Thermal boundary layer thickness,
3. Total drag force per unit width on one side of the place

4. Heat transfer rate.

Solution: We know that,
Re = &
v
Reynold’s Number, = L{‘
0.65x10

[Re = 9.23x10* < 5x10°]

Since Re < 5 x 10°, flow is laminar.

For flat plate, laminar flow:



[Refer HMT data book, page No. 112 (Sixth edition)
1. Hydrodynamic boundary layer thickness:

8, =5xxx(Re)h—-0.5
=5x4x(9.23x104)
[-x=L=4m]

2. Thermal boundary layer thickness:

By, = 8y, x(Pr) %
=0,

065x(902.77) ™
-4
pr= ¥ 000 _ 445 77
a 72x10
(5, =6.74x10°m|

3. Total drag force on one side of the plate:

Average skin friction co-efficient,

C, =1.328(Re)**
C, =1.328x(9.23x10*) "

C. =4.37x107

T

CfL = pU2
2
We know =  437x10°=——
956.8x (1.5)
2
= 1=470N/m’

Average shear stress T = 4.70N/m?
Drag force, Fp = Area X Average shear stress
=(Lx W) x4.70

=(4x1)x4.70 [+ W=1m]

Drag force, F,, =18.8N|

4. Heat transfer rate:
We know that,
Local Nusselt Number

Nux = 0.332 x (Re)05 (Pr)0333



=0.332 x (9.23 X 104)05 x (902.77)0:333

We know,
Nu, = h,L
k
h, x4
Local Nusselt Number 972.6= 0.213

= h, =51.7W/m?K

local heat transfer co —efficient,h, =51.7W/m?’K

Average heat transfer co-efficient
h=2xh,
h=2x51.7
Ih=103.58 W/ m?K|

Heat transfer, Q=h A (Tw - Tw)
=hXLXW(Ty-To)

=103.58 x 4 x 1 (90-30)

Q =24.859kW

Result:
1.8nx = 0.065m,
2.8x=6.74 x 10-3m,
3. Drag force, Fp = 18.8 N,
4. Heat transfer, Q = 24.859 kW.

Example 2: A vertical plate of 0.7m wide and 1.2 m length maintained at a temperature of 90°C in a
room at 30°C, calculate the convective heat loss.

Given: Wide, W =0.7m
Height (or) Length, L = 1.2m
Wall temperature, T,, = 90°C
Room temperature, To= 30°C
To find: Convective heat loss (Q),
Solution: Velocity (U) is not given, So, this is natural convection type problem.

We know that,



T +T

w 0

Film temperature, T, =

90+30

Properties of air at 60°C:
[From HMT data book, page No. 33 (Sixth Edition)]
p =1.060 kg/m3
v=18.97 X 10 m2/s
Pr=0.696

k=0.02896 W/mK

we know,
Co —efficient of 1
thermalexpansion|~ T, inK
= B= L 30k
60+ 273
B=3x10"°K™
3
Grashof Number, Gr = M
v

[From HMT data book, page No. 134 (Sixth Edition)]

9.81x3x10°x(1.2)° x(90-30)
(18.97x10°)’

Gr=Pr=8.4x10°x0.696

GrPr=5.9x10°

Since Gr Pr > 109, flow is turbulent.

For turbulent flow,
Nusselt Number, Nu = 0.10 (Gr Pr)0333

[From HMT data book, Page no.135 (Sixth edition)]

Nu =0.10[ 5.9x10° ]m

Nu=179.3

We know that,



hL
k-

hx1.2
0.02896
Convective heat
transfer co — efficient

Nu =

Nusselt number, 179.3 =

}h =4.32W/m’K

Heatloss, Q =h A (AT)
=h X W XL X(Tw-Tew)

=432 % 0.7 X 1.2 X (90 - 30)

Q=218.16 W

Result: Convective heatloss, Q =218.16 W.

10. Calculate the heat transfer from a 60 W incandescent bulb at 115°C to ambient air at 25°C. Assume the
bulb as a sphere of 50 mm diameter. Also find the % of power lost by free convection.

Given Data:
Assume bulb as a sphere, D = 50mm = 0.050 m
Surface temperature, T, = 115°C + 273 =383 K

Ambient air temperature, To= 25°C + 273 = 298 K

T,+T
Tf= W+oc

To find: Film temperature,

To properties of air at 70°C,
k= 0.02966W/mK
v=20.02 X 106 m2/s
Pr = 0.694

1 1
T, inK 70+273

-~ B

= 1 =2.915x10°K™
343

_ gDSﬁ(TW _Tw)
_T

© 9.81x(0.050)" x 2.915x10°* x (383 298)
(zo.oleo*")2

Gr

Grashof number,

Gr=7.58 x 105



Gr Pr=7.58 x 105 x 0.694
=5.26 x 105
[Refer HMT data book , page no. 137]

Nusselt number, Nu = 2 + 0.50 (Gr Pr)025

Nu =15.46

= hTD =15.46

lh =9.15W / m?K|

Q=hA(T,-T,)
Heat transfer, Q =9.15x4xr?(383-298)

Percentage of power lost by free convection

= 2><100
60

_ 6'20 «100 =10.18%

11. Define teh velocity boundary layer and thermal boundary layer and thermal boundary layer thickness
for flow over a flat plate.

Velocity boundary layer and Thermal boundary layer

The thickness of the boundary layer has been defined as the distance from the surface at which the velocity or
temperature reaches 99% of the external velocity or temperature.

U,
Free 3 !__::/
stream —* __;>/
velocity — 7u
IS IS AA SIS I

O

Y L¥7Y KPR o PLEE

In velocity boundary layer, velocity of the fluid is less than 99% of free stream velocity and in thermal boundary
layer, temperature of the fluid is less than 99% of the free stream.

12.Air at 30°C, at a pressure of 1 bar is flowing over a flat plate at a velocity of 4 m/s. If the plate is
maintained at a uniform temperature of 130°C, calculate the average heat transfer co-efficient over the 1.5

m length of the plate and the air per 1m width of the plate.
Given: Fluid temperature, T.=30°C
Velocity, U =4 m/s

Plate temperature, T,, = 130°C



Length, L = 1.5m

Width, W = 1m
To find: 1. Average heat transfer co-efficient, h
2. Heat transfer, Q.
Solution: We know that,
T - T, +T,
2
130+130

Film temperature, =
Properties of air at 80°C:
[From HMT data book, Page No. 33 (Sixth Edition)]
p=1kg/m?3
v=21.09 x 106 m2/s
Pr =0.692
k= 0.03047 W/mK.

UL

T v
4x1.5

21.09x10°°

Re = 2.84x10°| <5x10°

Since Re < 5 X 105, flow is laminar flow,

Re

Reynolds number, =

For flat plate, laminar flow,

Local nusselt

0.5 0.333
Number, Nu, } =0.332(Re) " (Pr)

[From HMT data book, page No. 112 (Sixth edition)]

0.333

= Nu, =0.332(2.84x10°)" x(0.692)

We know that,

h L

X

k

Local Nusselt Number, Nu, =



B h, x1.5
©0.03047
= h, =3.179W/m*K

156.51

Local heat transfer

=3.179W/m’K
coefficient, h, }

We know that,

Average heat transfer oxh
=4X

coefficient, h Y
=2x3.179

h =6.358

We know that,
Heat transfer, Q =h A (Tw - Tw)
=h X WXL (Ty-To)

=6.358 x 1 X 1.5% (130 - 30)

Result:  1.h=6.358 W/m2K
2.Q=953.7W

13. A steam pipe 80 mm in diameter is convect with 30mm thick layer of insulation which has a surface
emissivity of 0.94. The insulation surface temperature is 85°C and the pipe is placed in atmosphere air at
15°C. If the heat lost both by radiation and free convection, find the following:

1. The heat loss from 5m length of the pipe.
2. The overall heat transfer co-efficient.
3. Heat transfer co-efficient due to radiation.
Given: Diameter of pipe =-80 mm
=0.080 m

Insulation thickness = 30 mm = 0.030 m

Actual diameter of

. =0.080+2x0.030
the pipe.D

=0.14m
Emissivity, e = 0.94
Air surface temperature, T, = 85°C

Air temperature, Te= 15°C



Insulation

30{ 80 mm \30

To find: 1. Heat transfer from 5m length of pipe, Q
2. Overall heat transfer co-efficient, h,.

3. Heat transfer co-efficient due to radiation, h,.

Solution: We know that,

+T

w ©

Filmtemperature, T, =
~85+15

T, =50°C
Properties of air at 50°C:
[From HMT data book, Page no. 33 (Sixth edition)]
p = 1.093 kg/m?
v =17.95 X 106 m?/s
Pr=0.698

k =0.02826 W/mK

Co —efficent of thermal 1
expansion, 8 } 4 T inK
- 1

 50+273

B =3.095x10°K *

We know that,

3
Grashof number, Gr = M

[From HMT data book, Page No.134 (Sixth edition )]

| 9.81x3.095x10°° x(0.14)’ x (85 -15)
) (17.95x10° )
GrPr=18.10x10° x0.698
|GrPr=1.263x10'|




For horizontal cylinder,
Nusselt number, Nu = C [Gr Pr]m

[From HMT data book, Page No. 137 (Sixth edition0]
C=1.263 x 107,

Corresponding C = 0.125, and m =-0.333

7 0.333
= Nu = 0.125[1.263x10 ]
Nu = 28.952
We know that, Nu = hTD
= 28,052 = 1x0.14
0.02826
= h =5.84W/m?K

|C0nvective heat transfer coefficient,h, =5.84 W/ m’K

Heat lost by convection,

Quon =A(AT)
:hanxLx(TW —TOO)
=5.84x71x0.14x5%(85-15)
Q. =898.88W|

Heat lost by radiation,
Qua=e0 A [T T%]
Where, € = Emissivity
A= Area—m?
o = Stelen Boltzman Constant
=5.67 X 10-8W/m?2 K4
Ty= = Surface temperature, K.

To= Fluid temperature, K.

T, =85+273 T, =15+273
= Qu =exoxmDLx[ T, -T, ]

=0.94x5.67x10° x x0.14x 5 x| 358° — 288" |
Q.4 =1118.90W|




Total heat loss, Q; = Qconvt Qrad

=898.99 + 118.90

Q, =2017.89W

Total heat transfer, Q= h, AAT
=hy X TDL X (Tw-Tw)
2017.89 =h¢x mx 0.14 X 5 X (85 -15)

= h, =13.108W/m’K
Overall heat coefficient,h, =13.108 W / m2K|

Radiative heat transfer coefficient,
H, = hi-h,

=13.108 - 5.84

h, =7.268W/m?K

Result:
1. Heat loss from 5m length of pipe
(i) By convection, Q. = 898.99 W
(ii) By radiation, Q,== 118.90 W
2. Overall heat transfer coefficient, h= 13.108W/m*K
3. Radiative heat transfer co-efficient, h,= 7.268 W/m?K.

14. Air at 40°C flows over a flat plate, 0.8 m long at a velocity of 50 m/s. The plate surface is maintained
at 300°C. Determine the heat transferred from the entire plate length to air taking into consideration
both laminar and turbulent portion of the boundary layer. Also calculate the percentage error if the
boundary layer is assumed to be turbulent nature from the very leading edge of the plate.

Given : Fluid temperature T., = 40°C, Length L =0.8 m, Velocity U =50 m/s, Plate surface temperature T,,
=300°C

To find :
1. Heat transferred for:
i.  Entire plate is considered as combination of both laminar and turbulent flow.

ii. Entire plate is considered as turbulent flow.
2. Percentage error.

; ; w Too
Solution: We know Film temperature T, = *—=T

2



:M:443K

T, =170°C

Properties of air at 170°C:
p=0.790 Kg/m®

v =31.10x10"° m?/s
Pr=0.6815

K =37x10"° W/mK

We know
Reynolds number Re=%
%
- _20x08 ;56,108
31.10x10

Re =1.26x10° >5x10°
Re > 5x10°,s0 this is turbulent flow

Case (i): Laminar — turbulent combined. [It means, flow is laminar upto Reynolds number value is 5 x 10°, after
that flow is turbulent]

Average nusselt number = Nu = (Pr)*** (Re)®® — 871
Nu = (0.6815)*** [0.037 (1.26 x 10°)*® — 871

Average nusselt number Nu = 1705.3

We know Nu = r:(_L
1705.3= <08
37x10

h=78.8 W/m’K
Average heat transfer coefficient
h=78.8 W/m°K
Head transfer Q, =hxAx (T, +T,)
=hxLxWx(T, +T,)
= 78.8x0.8x1x(300 - 40)
Q, = 16390.4 W

Case (ii) : Entire plate is turbulent flow:
Local nusselt number} Nux = 0.0296 x (Re)*® x (Pr)®3%

NU, = 0.0296 x (1.26 x10°°2 x (0.6815)**%



NU, = 1977.57

We know NU, = hx xL
K
1977.57 = h,x0.8
37x10°°

h, =91.46 W/m*K

Local heat transfer coefficient h, = 91.46 W/m?K
Average heat transfer coefficient (for turbulent flow)
h=1.24 x h,

=1.24x 91.46

Average heat transfer coefficient} h = 113.41 W/m?K
We know Heat transfer Q, =h x Ax (Ty, + T,,)
=hxLxWx(Ty,+T,)

=113.41 x 0.8 x 1 (300 — 40)

Q, =23589.2W
2. Percentage error = Q-Q
1
_ 23589.2-16390.4 <100
16390.4
= 43.9%

15. 250 Kg/hr of air are cooled from 100°C to 30°C by flowing through a 3.5 cm inner diameter pipe coil
bent in to a helix of 0.6 m diameter. Calculate the value of air side heat transfer coefficient if the
properties of air at 65°C are

K =0.0298 W/mK
p =0.003 Kg/hr —m
Pr=0.7

p = 1.044 Kg/m®

Given : Mass flow rate in = 205 kg/hr



_ 205 yo/s in = 0.056 Kgls
3600

Inlet temperature of air T; = 100°C
Outlet temperature of air Ty,, = 30°C

Diameter D = 3.5 cm =0.035m

Tmi + Tmo

Mean temperature T_ = =65°C

To find: Heat transfer coefficient (h)

Solution:

ubD
Reynolds Number Re = —

14
Kinematic viscosity v = Jad
P
%Kg/ s—-m
3600
1.044 Kg/m®

v=7.98x10" m?/s
Mass flow rate in=p A U

0.056 = 1.044x%x D? xU

0.056 = 1.044><%><(0.035)2 xU

= U=55.7m/s
(1)= Re= ub
14
_ 55.7x0.035
~ 7.98x107
Re = 2.44x10°



Since Re > 2300, flow is turbulent

For turbulent flow, general equation is (Re > 10000)

Nu = 0.023 x (Re)*® x (Pr)®?
This is cooling process, son =0.3

— Nu =0.023x(2.44x10°)°® x (0.7)°?
Nu= 2661.7

hD
We know that, NU = ?

hx0.035
0.0298

2661.7 =

Heat transfer coefficient h = 2266.2 W/m?K

16. In a long annulus (3.125 cm ID and 5 cm OD) the air is heated by maintaining the temperature of the
outer surface of inner tube at 50°C. The air enters at 16°C and leaves at 32°C. Its flow rate is 30 m/s.
Estimate the heat transfer coefficient between air and the inner tube.

Given : Inner diameter D; = 3.125 cm = 0.03125 m
Outer diameter D,=5cm =0.05m

Tube wall temperature T,, =50°C

Inner temperature of air T.,; = 16°C

Outer temperature of air t,, = 32°C

Flow rate U = 30 m/s

To find: Heat transfer coefficient (h)

Solution:

+T

mi mo

Mean temperature T, = 5



16+32
T2
T,=24°C
Properties of air at 24°C.:
p =1.614 Kg/m®
v =15.9%x10° m?/s
Pr=0.707
K =26.3x10°W/mK

We know,

Hydraulic or equivalent diameter

an Ax5[07-D7]
P z[D,+D]
(D, +-D,) (D,-D))
(D, +D))
-D,-D,

[0} 1

D, =

=0.05-0.03125

Dy=0.01875m

uD,
1%

Reynolds number Re =

30x0.01875
15.9x10°

Re =35.3 x 10°®

Since Re > 2300, flow is turbulent

For turbulent flow, general equation is (Re > 10000)

Nu = 0.023 (Re)®® (Pr)"

This is heating process. So n = 0.4

— Nu = 0.023x(35.3x10%)°%(0.707)"*
Nu =87.19



We know Nu = hK&
hx0.01875
26.3x10,
= h=122.3 W/m’K

= 87.19=

17. Engine oil flows through a 50 mm diameter tube at an average temperature of 147°C. The flow
velocity is 80 cm/s. Calculate the average heat transfer coefficient if the tube wall is maintained at a
temperature of 200°C and it is 2 m long.

Given : Diameter D =50 mm =0.050 m
Average temperature T,, = 147°C

Velocity U =80 cm/s =0.80 m/s
Tube wall temperature T,, =200°C

Length L =2m

To find: Average heat transfer coefficient (h)

Solution : Properties of engine oil at 147°C

p =816 Kg/m®
v =7x10% m?/s
Pr=116

K =133.8x10° W/mK

We know
Reynolds number Re = up
14
~ 0.8x0.05
7x107°
Re =5714.2

Since Re < 2300 flow is turbulent

L_L=4o

D 0.050

10<£<4OO
D



For turbulent flow, (Re < 10000)
D 0.055
Nusselt number Nu = 0.036 (Re)*®(Pr)°* (fj

0.055
Nu = 0.036 (5714.2)°% x (116)°* x (_0-‘;5(’)

Nu=142.8
We know Nu = h—D

hx0.050
133.8 x10°
= h =382.3 W/m’K

= 1428 =

18. A large vertical plate 4 m height is maintained at 606°C and exposed to atmospheric air at 106°C.
Calculate the heat transfer is the plate is 10 m wide.

Given :
Vertical plate length (or) Height L=4 m
Wall temperature T,, = 606°C
Air temperature T,, =106°C

Wide W =10m

To find: Heat transfer (Q)

Solution:
Film temperature T, = T ;T“’
~ 606+106
2
T, =356°C

Properties of air at 356°C = 350°C
p =0.566 Kg/m®

v = 55.46x10° m?/s

Pr=0.676

K =49.08x10° W/mK

Coefficient of thermal expansion} g =

T, inK



B 1 1
356 +273 629
B =158x10°K™

(- gx BxL>xAT

Grashof number G >
v

= Gr=

_9.81x2.4x10° x(4)® x(606 —106)

(55.46x10°°)?

Gr=1.61 x 10"

GrPr=1.61x 10" x 0.676
GrPr=1.08 x 10"

Since Gr Pr > 10°, flow is turbulent
For turbulent flow,

Nusselt number Nu = 0.10 [Gr Pr]*%3

— Nu =0.10 [1.08 x10"]°%*
Nu = 471.20

We know that,

h
Nusselt number NU = ?

hx4

= 472.20= —
49.08x10°

Heat transfer coefficient h = 5.78 W/m?K

Heat transfer Q = h A AT

=hxWxLx(T,-T,)
=5.78x10x4x (606 —-106)
Q=115600 W
Q=115.6x10° W



19 Airatatmospheric pressure and 200°C fMlows over a plate with a velocity
of S m/s. The plate is IS mm wide and is maintaincd at a temperature
120°C. Calculated the thicknesses of hydrodynamic and thermal boundary
laryer and the local heat transfer cocfficient at a distance of 0.5 m from
the leading edge. Assume the flow is on onc side of the plate. Take
£ =0.815kg/m’, p=24.5 x 10*Ns/m?, Pr = 0.7 and & = 0.364 W/mK.

Givernr’
Temperature of air, T = 200C
Velocity of air, U= S m/s
Widthofthe plate, W= I15mm=0015m
Tempcrature of plate = 120°C
To find:
i1. Hydrodynamic boundary layer
2. Thermal boundary layer
3. Local heat transfer coefficient atdistance ~ 0.5 m
Solution:
We know that,
o _ T, +T. _200+120 _ 320
I 2 2 2
| T, = t60°C|
Properties of air at 160°C
Density, p=0.815 kg/m’
Absolute viscosity, u = 24.6 x 10—6 Ns/m’

Prandtl number, Pr=0.7
Thermal conductivity, k = 0.0364 W/mK.

e
v =B a288 T 10 018 x 103
P 0.815

- _ Ux T S=05
eynold number = Re = 3018 < 10-°

I Re = 828363 I




Since. Re is < $ = 10, hence. the flow is laminar.
i Refer HMT Data book Pg.no: 113)
For flat plate, Laminar flow | s Bt
1. Hydrodynamic boundary layer thickness
S5x
ato.s

52038 _O0S%S o onscom

= J82836.3 287.81

Spe = 5x(Re) ™ or

.. Thermal boundary layer thicknessatx=0.5m

b 0.00869
S = p 0333 . 070383 0.00979m

[_6,,. =9 79 mm
_ocal heat transfer coeflicient, Nu
Nu= 0.332 (Re)?? (Pr)*?**
= 0.332 ~ (82836.3)°% =(0.7)**"?

"—'kﬁ - 0.332% (82836.3)%* x(0.7)"*

h @ .E x 0.332x(82836.3)°% x(0.7)°**

0'3356" x 0.332 x (82836.3)%% x(0.7)°*V?

h, =6.177 W/m°K

=

tesult:
1. Hydrodynamic layer thickness, §;,, = 8.69 mm
2. Thermal boundary layer thickness, §,, = 9.76 mm
3. Local heat transfer coefTicient, i, = 6.177 W/m*K



20. A horizontal heated plate measuring 1.5 m * 1.1 m and at 215°C, facing
upwards, is placed in still air at 25°C. Calculate the heat loss by natural
convection. The convective film coefTicient for free convection is given
by the following empirical relation & = 3.05 (T ' W/m**C where T, in
the mean temperature in degree kelvin.

Given:
Horizontal platesize=1.5m=1.1m
Temperature of the plate =215 + 273 = 488 K
Temperature of the air =25 + 273 = 298IK
Heat transfer coefficient, i = 3.05x (T,)*

To find:

Heat loss by natural convection

Solution:

= 393K.

: 488 + 298 786
Fulmtempemmm'l‘l = > >
3
b= 3.05x(T,)?

1
=3.05 x (393)*

A =13.58 Wm'K

Rate of heat loss by natural convection

Q= h\ (T, -To)
=1358 x 1.5 x 1.1 (215 -25)=4257.33 W

Q =4257.33 W

Result:
Heat loss by natural convection, Q = 4257.33 W.



N

1.

The two concantric spheres of diamebers I, = 20 cm and £, = 30 ocm shown in
Fig. 930 are saparated by air at 1 atm pressure. The surface tempoaratures of
the two spheres enclosing the airare T, = 320 K and T, = 280 K, respectivaly.
Datarmine the rate of heat transfer from the inmer sphara to the owuber sphare by
natwral conwaction.

SOLUTION Two surfaces of a spherical enclosure are maintained at specifiad
temperatures. The rate of heat transfer throwush the enclosure s to be determinad.

Aszumyrtions 1 Steady operating conditions exist. 2 Air is an ideal gas. 3 Radi-
ation heat transfer i=s not considerad.

Fropemies The properties of air at the averapge temparature of 7. = (T; + T2
= (3220 + 2B0NWZ2 = ZI00 K = 27°C and 1 atm presswure are {(Table A-15)

k= 002568 Wiim - "C Pr = L7294
w = 1.580 > 10 * m¥/= B = =

-
-
=
Analysi We hawve a spherical enclosure filled with air. The characteristic
22

length in this case is the distance betwesn the two spheres,
L =(D, —DN2=(03—02)y2=005m
The Rayleigh number is
(r, — T3
= [ ol Pr

1__-2
(9.81 m/sT[ 1A300 K))320 — 280 KN0.05 m)®

a (158 = 10 = m3%s)z (07290 = 4. 776 = 10F

The effective thermal conductivity is

— L,
T DD, AD T3 D TiE)s
- 0.05 m

C 002 m0.3 m) P02 m- T + (0.3 m) TSP

REI_ =

= 5229

ke = 0,748 ——— =l (Fo Ra, )
e = 0.740 geey i ) (FamRac)

_ y . 0.729
= 0.74(0.02566 Wim C:'[mgm T

0.005229 > 4776 > 105~

= 01104 Wim - "C
Then the rate of heat transfer betweean the spheres bacomes

D, D,
Q:i-.,un( T jIEIL—T.,J
= (11 Wim - "'C}.n.[{ﬂ_'l mMH0.3 m}

005 m 320 — ZBDK = 16.T W

Theraefora, heat will be lost from the inner sphere to the outer one at a rate of
167 W,



(i) Anairstream at 0°C js flowing along a heated plate at 90°C at 4 Speed
of 75 m/s. The plage is 45 ¢m long and 60 cm wide. Calculate ¢,
average values of frjction coefficient for the full length of the plate,
Also calculate the rg¢e of enersgy dissipation from the plate,

(8)

Given data

Fluid temperature, T_ = °C
Speed, U = 75 m/sec
Surface temperature, T‘. =90°C
Length of the plate, L =45cm=0.45m
Width of the plate, W = g0 cm=0.60m
To find
1. Average friction coefficient for full length of the plate.
2. Rateofenergy dissipation from the plate.

Solution
We know that, film temperature, T/
Ty = TotTs _90+0_ 450
2

2
Properties of air at 45°C

[From HMT data book, Page No.34 (8" edition))
p=1.1105 kg/m’
v =17.45 x 107 m?%/sec
Pr=10.6985
k=0.02791 W/mK

We know, Reynold number, Re = l—JL
Vv
75 x 0.45

RN _193x10°
17.45x 107°

Re=1.93 x 106> 5 x 10°
Since, Re> 5 x10°, flow in turbulent

For flat plate, Lummar — turbulent flow
[From HMT data book, Page No.115, 8" edition]



\yerage friction P e g [ Q.13

Coefficient = Cﬂ.

=0.074 (Re)02 _
Cn=0.074 (1,93 , 10502
=0.074 x 0.0553
CJL= 3.188 x 103
Average Nusselt Number, Nu= (Pr)0-333

1742 (Re)1.0

[0.037 (Re)*8 _ g7y,
0.33 [From HMT data book P
= (Pr) 333 [0.037 (Re)o.a _ 871]

=(0.6985)0-333 _ [0.037 (1.93 x 10608 _ 871]

= 0.887 x [3079.451= 2731 4
Nu=127314

age No.115, 8% editio;

Nu = —hL < h= Nux k
k L
2731.4 x 0.0279]
h= =169.40
0.45

h=169.40 W/m2K
Rate of energy dissipation, *
Q=hA(T,-T,)
=169.40 x 0.60 x 0.45 (90 - 0)
Q=4116.42 W

Result el
1 Average fraction coefficient for full length of the plate, C 1 3

2. Rate of energy dissipation, Q =4116.42 \\Y



23.

! » he idealised as a
The crankcase of an 1.C engine measuring 80 cnx 20 em may be ideali it at the
. ) .C. en; ! o 3 T
flat Plﬂh’_ The engine runs ar 90 knv/h and the crankcase is cooled by the air flowing [’l;»\.’  atvat
; i 50 . ambien
same speed. Calculate the heat loss from the crank surface maintained at 85°C, to the ambi

: ; it B . leading edge
15°C. Due to road induced vibration, the boundary layer becomes wrbulent from the lec
itself.

Solution. Given : U =90 km/h =

o 7 — R0 em = 0.8 m;
90 x 1000 _ i o= BSRCHE= 15°C: L=80cm=0
- 3600 - '
p=20cm= 0.2m.

)

. . 85+ 15
The properties of air at 1= =

= 50°C are :

k=0.02824 W/m°C, v =17.95 x 10 m%/s, Pr=0.698 ... (From tables)
Heat loss from the crankease, Q :

UL 25x 0.8 10°
»lds number, Re;, = — = ——"" _=1.1 14 X
i L7y T 17.95%10°
Since Re, > 5 X 105. the nature of flow is rurbulent.

For turbulent boundary layer,

— hL , 6,08 (0.698)03 = 2196.92
. Nu = IT = 0.036 (Re,)*® (Pr)*¥ = 0.036 (1.114 60%)%* (

S 0.02824
h =

k N 5 = 77.55 W/m"°C
ol o) o P& _1969_
- 7 x 2196.92 o

Q= jA (-1 )=77.55Xx (0.8%0.2) (85-15) = 868.56 1,
24.



The forming section of a plastics plant puts out a continuous sheet of plastic
that is 4 ft wide and 0.04 in. thick at a velocity of 20 fi/min. The temperature

of the plastic sheet is 200°F when it is exposed to the surrounding air, and a
2-fi-long section of the plastic sheet is subjected to air flow at B0°F at a veloc-

ity of 10 fi/s on both sides along its surfaces normal to the direction of motion

F of the shest, as shown in Figure 7—15. Determine (2) the rate of heat transfer

m Froom the plastic shest to air by forced coneection and radiation and (B the team-
= perature of the plastic shesat at thee &and of the cooling section. Take the dens=sity,
m specific heat, and emissivity of the plastic shest to be p — 75 Ibmffi3, ©_ — 0.4
= Btwilbm - F and & — U9

SOLUTPON FPlastic sheeis are cooled a= they leawe the forming section of
a plastics plamt. The rate of heat loss from the plastic sheet by comeection amnd
radiation amnd the sxit temperature of the plastic shest are o b= determined .
A= s i s 1 Steady op=rating conditions exist. 2 The critical Reynolds meuem-
ber i=s Re_, — 5 = 107 3 Air is an ideal gas. 4 The local atmospheric pressure is
1 abm. 5 The surrounding surfaces arae at the temperatere of the noom air.
Froperfes  The properties of the plastic sheet are given in the problem state-
m=mt. The properties of air at the film termperatore of T — (T + T-WZE — {200
+ BONWZE — 140°F amnd 1 afm pressure ans | [ablk= A—15E)

k£ — 165 Bl - £t - “IF Pr — 07202
w o= T34 AR — 0204 = 007 fitls

Analypzs L[F) We expeck the termpesratore of the plastic sheet fo drop somewhat
as it flows through the Z2-ft-long cooling ==ction, but at this point we do naot
kneoww the magnitwde of that drop. Therefore, we asseme the plasiic sheet o b
isotherrmal at ZO00°F to get started. 'We will rep=at the calculations iT neces=ary
to acooumt for the temperature drop of the plastic sheat.

Moting that £ — 4 §fi, the Reynolds nuismber at the end of the air flow across
the plastic sheet is

WL 1D Frdfswd fih

— — — |
ey, ] — D08 > 10 ° s o el = 10

which is les= than the critical Heynolds nuember. Thus, we have 2oninar flow
owear thie antire sheaet, and the M=t nmber is determined from the laminar
flow malations for a flat plate 1o be

Hu—% — ILGEG6d RefHPr? — Dua6d < (1961 = 10525 = (0.T20207F — 2635

Ther,

[ DLll62E Bia'h - fE - 7
h =g Nu— A

A= 1Z M4 2 sides) — 16 f<

F[m.a}— 107 Bowh - it - °F

e — BALT, — T ¥
— (1.07 Bia'h - fi* - “FH16 fiFW200 — S0°F
— 2054 Bow'h
g — woA T — T2
— (DLOMO.ITI4 = 10 % Biah - fi? - RO 16 A0 R — (540 R¥]
— 2584 Brw'h




Tharefore, the rate of coocling of the plastic shweet by combined comeaection and
radiation is

Pt = P onge + g = 2054 + 2584 — 4638 BiwT

LBy To find the temparature of the plastic sheset at the end of the cocling sac-
tion, we neasd o know the mass of The plastic mollirg out per unit time (or the
mass Flow rate), which s determined from

4 = DD 30

= pA W pepe — (75 Ibmffdy == f Eﬁ.rs:]-=4:|-j Ibmfs

Thean, an aargy balance on the ocooled soction of the plastic sheoet yiaelds
o

MNoting that & is a negative guantity {haeat loss) for the plastic sheet and substi-
ftuting, thae tempoarature of the plastic sheset as it leaves the cooling section is
deftermined to =

B — 4638 Bru/h 1h
T2 = 200°F + 8 S Thawa 0 4 Bm/lbm - °F) (351:-0

= 1893.6"F

Discussion The avaerage temparature of the plastic sheet drops by abowt & 4°F
as it pas=es through the cooling section. The calculations now can e repeated
by taking the average temperature of the plastic shaet to e 196 8°F instead of
2030°F for better accuracy, but the change in tha results will be insignificant ba-
causa of the small change in temperabura.

25.

Tha two concaniric sphares of diameters O, =20 cm and O, = 20 cm showr im
Fig. 920 are separated by air at 1 atm pressure. Thea surface temperatures of
the two sphares anclosing tha air are 7, = 320 K and T, = 280 K, respoctively.
Deftarmine the rate of heat transfer from The inmer sphere to the cuter sphera by
nabural comvection.

SOLUTION Two surfaces of 3 spherical enclosure are maintained at specified
temperatures. The rate of heat transfer through the enclosure is o e determined.

Assumptions 1 Stoeady oporating conditions axist. 2 Alr i=s an ideal gas. 2 Radi-
ation heat transfer is not considerad.

Propemies The proparties of air at the average tempearature of T = (T, = T W2
= (F2Z20 =+ 2802 = IDK = Z27C and 1 atm pressurne are (Table A-15)

E = Q2566 Wi - "C Pr — 0.7290
» — 1580 > 105 m¥/s p—at — 1




Apalysis We hawve a spherical enclosure filled with air. The characberistic
lengih inm this case i= the distance bebween the two sphearas,

= (i, — 2 = (0.3 — D22 = 005 m
The Rayleigh number is
ZEBTy — TLu2

1_.2

(981 mfsT[1LA300 K320 — 280 KNO.05 m)?
— LS < 105 —=r)® (D.729) — 4776 > 107

Ba, =

The effective thermal conductivity is

g — L.
e COP, IR DALY 705 | TSy
. OLOS m
T M2 mMHD3 miEEZ e ™ 4+ (L3 m) T

Keer = D-“"*{ﬁ}“ CF et

= LT IES665 Wim - 'm[ﬂ_ﬂﬁ?_?l—zg_?zg DIDOSZZ9 = 4 FTTE > 105

= 0.1 I Wim - O
Thean tha rate of heat transfar bobwesan the sphoares becomeas

O — kg 2 T, — T2

— (0.1104 Wim - 'C}rr{{ﬂ_: 03wy o0 2EMK — 16.7 W
0.05 m

= UMDS2FD

Tharefora, heat will b lost from the inner sphare 1o the outer one at a rate of
1657 W,

Discwssion MNMobe that the sir in the spherical ancloswre will act like a statiion-
ary Tlukd whos= thermal conductivity is kel = OLL 10900 025658 = 4.3 times
that of air as a mesult of natural copvection cwrants. Also, radiation heat tram=-

far betweaan sphares is uswually vary significanmt, and showuld B2 considared Iin a
complete analysis.
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8.

Unit-3
PHASE CHANGE HEAT TRANSFER AND HEAT EXCHANGERS
Part-A
1. what is meant by boiling and condonation?
Ans: The change of phase from liquid to vapour state is known as condensation.
2. Give the appliocations of boiling and condensation?
Ans: Boiling and condensation process finds wide applications as mwntioned below.

Thermal and nuclear power plant.
Rrfrigerating systems.

Process of heating and cooling

4. Air conditioniong systems

wn e

3. what is meanrt by pool boiling?

Ans: If heat is added to a liquid from a submerged soliod surface, the boiling process referred to as
pool boiling. In this case the liquid above the hot surface is essentially stagnant and its motion near the
surface is due to free convection and making induced by bubble growth and detachment.

4. What is meant by film wise and Drop wise condenstaion?

Ans:  The liquid condensation wets the solid surface, spreads out and forms a continuous film over
the entire surface is known as film wise condensation.

5. Give the merits of drop wise condensation?

Ans: In drop wise condensation, a large portion of the area of the plate is directly exposed to
vapour. The heat transfer rate in drop wise condensation is 10 times higher than in film condensation.

6. What is heat exchanger?

Ans: A heat exchanger is defined as an equipment which transfer the heat from a hot fluid to cold
fluid.

7. What are the types of heat exchangers?
Ans:  The types of heat exchangers are as follows:

Direct contact that exchangers
Indirect contact heat exchangers
Surface heat exchangers
Parallel flow heat exchangers
Counters flow heat exchangers
Cross flow heat exchangers
Shell and tube heat exchaangers
Compact heat exchangers.

8. What is meant by direct heat exchanger (or) open heat exchangers?

Ans:

fluids.

In direcrt contact heat exchanger, the heat exchange takes place by direct miding of hot and cold

9. What is meant by Indirect comtact heat exchanger?



Ans: In this type of heat exchangers, the transfer of heat between two fluids could be carried out by
transmission through a wall which separates the two fluids.

10. What is meant by Regenerators?

Ans: In this tyype of heat exchangers, hot and cold fluids flow alternatively through the space.
Examploes: IC engines, gas turbines.

11. what is meant by recuperator (or) Surface heat exchangers?

Ans: This is the most common type of heat exchangers in which the hot and cold fluid do not come into
direct contact with each other but are seperated by a tube wall or a surfacxe.

12. wehat is meant by parallel flow and counter flow heat exchanger?

Ans: In this type of heat exchanger, hot and cold fluids move in the same directions.
In this type of heat exchanger hot and cold fluids parallel but opposite directions.

13. What is meant by shell and tube heat exchanger?

Ans: In this type of heat exchanger, one of the fluids move through a bundle of tubes enclosed by a shell.
The other fluid is forced through the shell and it moves over the outside surface of the tubes.

14. What is meant by compact heat exchangers?

Ans: There are many special purpose heat exchanegrs called compact heat exchangers called compact
heat exchangers. They are generally employed when convective heat transfer co-efficient associated with one of
the fluids such smaller than that associated with the other fluid.

15. What is meant by LMTD?

Ans: We know that the temperature difference between the hot and cold fluids in the heat exchanege
varies from Point in addition various modes of heat transfer are involved. Therefore based on concept of
appropriate mean tempoerature difference, also called logarithmic mean temperature difference, the total heat
transfer rate in the heat exchanger is expressed as

Q=UA (AT)m
Where U — Overall heat transfer co-efficient W/m’*K A — Area m?
(AT)y, — Logarithmic mean temperature differnce.
16. What is meant by fouling factor?

Ans: We know the surfaces of a heat exchangers do not remain clean after it has been in use for some
time. The surfaces become fouled with scaliong or deposits. The effect of these deposits the value overall heat
transfer co-efficient. This effect is taken care of by introducing an additional thermal resistance called the
fouling resistance.

17. What is meant by effectiveness?

Ans: The heat exchanger effectiveness is defined as the ratio of actual heat transfer to the maximum
possible heat transfer.

Actual heat transfer . Q

Effectivenesse = - - =
Maximum possible heat transfer  Q

max



18. Give the application of boiling and condensation?
Ans: 1. Thermal and nuclear power plant
2. Refrigerating systems
3. Process of heat and cooling
4. Air conditionaring systems.
19. What are the method of condensation?
Ans: 1. Filmwise condenstaion
2. Dropwise condenstaion
20. Draw the difference regions of boiling and what is nucleate boiling?

Ans: Nucleate boiling exists in regions ii and iii. The nuclear boiling begins at region ii. As the excess
temperature is further increased, bubbles are formed more rapidly and raoid eveporartion take place. This is
indicated in region iii. Nucleate boiling exists upto T = 50°C.

21. What is meant by counter flow heat exchanger?

Ans: In this types of heat exchanger, hot and cold fluids move in parallel but opposite in direction.



2 What is meant by dropwise condensation?

In dropwise condensation the vapour condenses into small liguid droplets of various
sizes which fall down the surface in mandom fashion.

23. Two fluids A and B exchange heat in a counter flow heat exchanger. Fluid A
enters at 420°C and has a mass flow rate of 1 kg/s. fluid B enters at 20°C
and has a2 mass flow rate of 1 kg/s. The effectiveness of heat exchanger is

75%. Determine the exit temperature of Mluid B.
Given:
Inlet temperature of fluid A= 420°C
Inlct temperature of fluid B= 20°C
Mass flow rate of A -1 Kg/s
Mass flow ratcof B -1 Kg/s
Effectivencss of heat exchanger = 75%
Toe find:
Exiticmperaturcof B
Solution:
We know thart,

T, — T,
Effcectivencss = :i."_—.rl
' [
420 - T
PR e+ L
0.75 = %20-20
0.75 = 400 = 420 - T,
300 =420-T,

T, = 420 - 300

T, = 120C

Exit temperature of B = 120°C.

Result:



22.

What is meant by dropwise condensation?
In dropwise condensation the vapour condenses into small liguid droplets of various
sizes which fall down the surface in random fashion.

23, Two fluids A and B exchange heat in a counter flow heat exchanger. Fluid A
enters at 420°C and has a mass flow rate of 1 kg/s. fMluid B enters at 20°C
and has a mass flow rate of 1 kg/s. The effectiveness of heat exchanger is

75%. Determine the exit temperature of Mluid B.
Given:

Inlet temperature of fluid A= 420C

Inlet temperature of fluid B= 20°C

Mass flow rate of A - 1 Kg/s
Mass flow ratcof B -1 Kg/s
Effectivencss of heat exchanger = 75%
Te find:
Exitiecmperaturcof B
Solution:

We know thar,

T, -T;
Effectivencss = T. — T
' 1

420 - T

|

0.73 = %20-20

0.75 = 400 =420 - T,
300 =420-T,
T, = 420 - 300

Exit temperature of B = 120°C.

Result:

PART-B

1.A heating element is added with metal is 8 mm diameter and 0 emissivity is 0.92. The element is horizontally
immersed in water bath. The surface temperature of the metal is 260°C under steady state boiling
conditions. Calculate the power dissipation per unit length of the herater.

Given:
Diameter, D=8 mm =8 x 10°m
Emissivity, € = 0.92
Surface temperature, T,, = 260°C.
To find:
Power dissipation
Solution:

We know that, saturation temperature of water is 100°C.



AT=T,-=T,

— Tsat

Excess temperature, AT =260-100

>50°C
So, this Film pool boiling

. T, +T
Film temperature, T, = —*—2

~ 260+100
2

Properties of water Vapour at 180°C. (Saturated Steam)
[From HMT data page no.39 (Sixth edition)]

P, = 5.16 kg/m’

K, =0.03268 W/mK

Cpv = 2709 J/kg K

U, = 15.10 x 10°® Ns/m?
Properties of saturated water at 100°C

[From HMT data book page No. 21 (Sixth edition]
P, = 961 kg/m®
From steam table At 100°C
[R.S Khurmi steam table Page No. 4]

h,, = 2256.9k1/ kg

h, =2256.9%x10°J/kg

In film pool boiling, heat is transferred due to both convection and radiation.
Heat transfer co-efficient, h=heony + 0.75 Wy o.oeato. (1)

3 0.25
K®, xp, x(p, —p, ) xgx [hfg +0.4(C,, AT)]
pn,DAT

h,,, =0.62

conv

[From HMT data book page No. [42]

0.25

, (32.68x10°°)° x5.16x(9615.16) x 9.81x | 2256.9x10° —(0.4x 2709 160) |
15.10x10°° x8x10° x160

h

conv



6 1025
h. =062 4.1O><105
1.93x10
N =421.02W/MK| L. (2)
T4 _T4
h,y=0c¢ {TW—TSM} [From HMT data book page no.142]
w ~ Usat

(260+273)" —(100+273)°
(260 +273)— (100 + 273)

N =5.67x108><0.92{

[« Stefan boltzman constant, 6 = 5.67 x 10" W/m?K*]

I =20W/mK| ... (3)

rad

Substitute (2), (3) in (1)

(1) = h = 421.02 + 0.75(20)

h =436.02W / m*K
| |

Heat transferred, Q = h A (T, — Tsa)
=hxaxDXL (Ty— Te)
=436.02 x 1 x 8 x 10°% x 1 x (260 — 100)

Q =1753.34 W/m [+ L=1m]

(or)
Power dissipation, P = 1753.34 W/m
Result:
Power dissipation, P = 1753.34 W/m.

2.Hot oil C, =2200 J/kg K is to be cooled by water (C, = 4180 J/kg K) in a 2-shell- pass amd 12-tube- pass
heat exchanger. The tubes are thin walled and are made of copper with a diameter of 1.8 cm. The length
of each tube pass in the heat exchanger is 3m, and the overall heat transfer co-efficient is 340 W/m K.
Water flows through the tubes at a total rate of 0.1 kg/s, and the oil through the shell at a rate of 0.2 kg/s.
The water and the oil enter at temperatures 18°C and 160°C respectively. Determine the rate 0, heat
transfer in the heat exchanger and the outlet temperatures of the water and the oil. (16)

Given Data:
In a 2-shell- pass and 12-tube pass heat exchanger, specific heat capacity of hot oil. Cyn= 2200 J/kg K
Specific heat capacity of water, Cp,; = 4180 J/kgK

Diameter of copper tube, d =1.8 cm=0.018 m



Length of heat exchanger L = 3m
Overall heat transfer co-efficient, U = 340W/m’K
Mass flow rate of water, m. = 0.1 kg/s
Mass flow rate of oil, m, = 0.2 kg/s
Inlet temperature of cooling water, t; = 18°C
Inlet temperature of hot oil, T,;= 160°C
To find:
(i) Rate of heat transfer in the heat exchanger, Q
(ii) Outlet temperature of the water. T,
(iii) Outlet temperature of hot oil, T,.
Solution:
Capacity rate of hot liquid,
Ch=my x Cyrn=0.2 x 2200
Ch = 440 W/K
Capacity rate of cooling water,
Ce=m x Cype = 0.1 x 4180
C. = 418 W/K
Maximum possible heat transfer,
Qmmax = Cin (T1 — 1)
=418 (160 — 18)
Qumax= 5.935 x 10* W

Chmin = C. = 418 W/K

Cmax = Cn =440 W/K

Cmin _ @

C 440

max

=0.95

o _ 0,95
C

max

Surface Area, As = 12 tube xA

=12x@D L)



=12 x (% 0.018 x 2)
=2.04 m?

Number of transfer units, NTU = Cl:J—A

[From HMT data book, page no. 152]

NTU = 340x2.04 1.659
418

To find effectiveness ¢, refer HMT data book page No. 165.
(2 shell — 12 tube pass heat exchanger)
From graph,

Xaxis — NTU — 1.659

Curve —» Crin =0.95
C

max

Corresponding Y s Value is 58%

le,e=0.58

Q =€ Qmax = 0.58 (5.935 x 10%)

=3.442 x 10* W

Q=my, Cpy (T1-Ty)

34423 = 0.2 x 2200 (160 — Ty)
T,=160 - 78.23
T,=81.76°C Effectiveness
Q=mCpy (b—1t,)

34423 =0.1 x 4180 (t, — ;)

T,=8235+18

T, =100.35°C

58%

NTU 1.659



Result:
(i) Rate of heat transfer in the heat exchanger, Q = 34423 bW
(ii) Outlet temperature of the water, t, = 100 35°C

(iii) Outlet temperature of the hot oil, T, = 81.76°C

3.Boiling heat transfer phenomena

Boiling is a convection process involving a change of phase from liquid to vapour state. This is possible only
when the temperature of the surface (T,,) exceeds the saturation temperature of liquid (T ).

According to convection law,

Q hA(Tw—Ts)
Q h A (AT)
Where

AT = (T, — Tsy) is known as excess temperature.

If heat is added to a liquid from a submerged solid surface the boiling process referred to as pool boiling. In
thios case the liquid above the hot surface is essentially stagnant and its motion near the surface is due to free
convection and mixing induced by bubble growth and detachment.

Fig. 3.1 shows the temperature distribution in saturated pool boiling with a liquid — vapour
interface.

g - ---- . . ':"I_ '- ) ) \-\- ..
bubb!ES . - i — — - — ) _- ) __ __D—_-7'r7_'-_-___,-——""

P ey

Solid surface

Fig.3.1 Pool Boiling



The different regions of boiling are indicated in fig. 3.2. This specific curve has been obtained from an
electrically heated platinum wire submerged in a pool of water by varying its surface temperature and measuring
the surface heat flux (q).
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4.What are the different types of fouling in heat exchangers?

Excess Temperature AT, = T,, - Ty

| — Free convection

I1 — Bubbles Condense in super heated liquid
Il — Bubbles raise to surface

IV — Unstable film

V — Stable film

VI — Radiation coming into play

Fig. 3.2. pool Boiling Curve for water

The surfaces of a heat exchanger do not remain clean after has been in use for some time. The
surface becomes fouls with scaling or deposits. The effect of these deposits affecting the value of overall heat
transfer co-efficient. This effect is taken care of by introducing an additional thermal resistance called the

fouling resistance.

Types of fouling in heat exchanger:



(i Corrosion fouling,
(ii) Chemical fouling, and

(iii) Biological fouling, etc.

5. Hot exhaust gases which enter a cross-flow heat exchanger at 300°C and leave at 100°C are
used to heat water at a flow rate of 1 kg/s from 35 to 125°C. The specific heat of the gas is 1000 J/kg. K
and the overall heat transfer co-efficient based on the gas side surface is 100 W/m?. K.

Find the required gas side surface area using the NTU method and LMTD method.
Given Data: In cross flow heat exchanger,
Hot Gas: (Hot fluid)
Inlet temperature, T, = 300°C
Outlet temperature, T, = 100°C
Water: (Cold fluid)
Inlet temperature, t; = 35°C
Outlet temperature, t, = 125°C
Overall heat transfer co-efficient, u = 100 W/m*K
Specific heat of hot gas, C, = 1000 J/kgK
Specific heat of water, Cy,, = 4186 J/kgK
To find: (i) Area (LMTD method)
(ii) Area (NTU method)
@Solution:
(i) LMTD method:
For cross-flow heat exchanger,

Logarithmic mean temperature difference, LMTD

_ (Tl_tz)_(Tz _tl)

|n[T1_t2]
Tz_tl

175-65 110
AT =———=—7-=111.06
( )L""TD In[l?S) 0.99
65

To find correction factor, F (both fluids unmixed):
[Refe3r HMT data book, Page No. 162]

From Graph,



. t,—t
X —axisvalue,P = 21

1_t2
_125-35_ 90 _ ;4
300-35 265

T,-T.
Curvevalug,R = 12
t2 _t1

_300-100 200 _, .,
125-35 90

X- axis value is 0.34, curve value is 2.22, corresponding

Y — axis value is 0.87.
ie, F=0.87

Q=m;Cpy (t—t)

=1 x 4186 x (125 — 35)

Q =376.74 kW

We know that, Q=UA,F(AT).uwmo

376.74 x 10° = 100 x A, x 0.87 x (111.06)

o |A, =38.99m?
(iii)NTU method:

Q=my Cpng (T1—T))

376.74 x 10° = m;, x 1000 (300 — 100)

Capacity rate of hot liquid, Cy, = mj, x Cy, = 1.883 x 1000

Chmin = C,, = 1883.7 W/K
Capacity rate of cold liquid, Cc = m; x Cyc x =1 x 4186

Ciax = C. = 4186 W/K
C.. 18837
C_. 4186
Quax = Crin (Tl _tl)
=1883.7 (300 - 35)
=499180.5W

=0.45



Q

Effectiveness, e = ——

Qmax
_MCultoh) g 7
499180.5
To find NTU: [Refer HMT data book, page no. 166]
From graph,
Curve — Coip _ 18837 _ 0.45
C 4186

max

Y —axis > &¢=0.75

Corresponding X-axis value is NTU = 2.1

NTU = UnAn
| _100xA,
1883.7

A, =39.55m’

6.Water is to be boiled at atmospheric pressure in a polished copper pan by means of an electric heater.
The diameter of the pan is 0.38 m and is kept at 115°C. Calculate the following

1. Power required to boil the water
2. Rate of evaporation
3. Critical heat flux.
Given:
Diameter, d = 0.38 m;
Surface temperature, T,, = 115°C.
To find:
1. Power required, (P)

2. Rate of evaporation, (m)

3. Critical heat flux, (%j



Lt = 100°C

Polished
copper : : |ty = 115ec
pan - - -

1 L]

:

Fig. 3.3
Solution:
We know that, saturation temperature of water is 100°C
Properties of water at 100°C.
[From HMT data book page no. 21, sixth edition]
Density, p; = 961 kg/m?
Kinematic viscosity, v = 0.293 x 10® m?/s
Prandtl Number, P, = 1.740
Specific heat, Cy = 4216 J/kg k
Dynamic viscosity, 1 = p; X v = 961 x 0.293 x 10_°
= 281.57 x 10°® Ns/m?
From steam Table [R.S. Khurmi Steam table page No 4]

At 100°C
Enthalpy of evaporation, hyy = 2256.9 kJ/kg
Hy, = 2256.9 x 10° J/kg

Specific Volume of Vapour, vy = 1.673 m* kg

Density of vapour, p, = 3
%
g

1
1.673

p, =0.597kg/m?*

AT = Excess temperature = T,, — T = 115° - 100 = 15°C



AT =15°C| <50°C. So this is Nucleate pool boiling process.

1. Power required to boil the water

For Nucleate pool boiling

0.5 3
- C, xAT
Heatflux,gzulth gx(p, pv) y pl
A ’ o C, xh,P",

[From HMT data book page no. 142 (sixth editionQ]

Where, o = Surface tension for Liquid vapour interface
At 100°C
c=0.0588N/m [From HMT data book page No.144]

| For water —copper = C,, = Surfacefluid constant = 0.013|

N=1 for water [From HMT data book page No. 143]

Substitute

w,hy.pp.p,.0,C,, AT,Cy, hy ,nandP, valuesin Equation (1)

(1) = 2 = 281.57x10° x 2256.9x10° x {9'8“(961_ 0'597)}05 x[ 421615 : 3
A 0.0588 0.013x 2256.9x10° x (1.74)
Heat qux,% =4.83x10°W/ m?
= Heat transfer, Q = 4.83 x 10° x A
= 4,83x10° xgdz

— 4.83x10° xg(0.38)2
Q =54.7x10°W
= Q=54.7x10° =P
- |Power =54.7x10° W/

2. Rate of evaporation, (m)
We know that,

Heat transferred, Q = m x hg,



_ 54.7x10°
 2256.9x10°

m =0.024kg/s

3. critical heat flux

For Nucleate pool boiling, critical heat flux,

Q oxgx(p-p,) ]
= 048hy xp, |

v

0.25

0.0588x9.81x (961~ 0.597)
(0.597)°

=0.18x2256.9x10° x 0.597 x [

Q =1.52x10° W /m?
A

Critical Heat flux,q = % =0.52x10°W / m?

Result:
1.P=547x10°W

2. m = 0.024kg/s

3. %: q=1.52 x 10° W/m®.

(OR)

7. Calculate for the following cases, the surface area required for a heat exchanger which is
required to cool 1200 kg hr of bezene (C, 1.74 kJ/kg°C) from 72°C ro 42°C. The cooling water (Cp, 4.18
kJ/kge°C) at 15°C has a flow rate of 200 kg/hr.

(i) Single pass counter-flow
(ii) 1- 4 exchanger (one-shell pas and four-tube passes and

(iii) Cross flow single pass with water mixed and benezene unmixed. Assume all the cases U =
0.28 kW/m’K. (16)

Given:
Hot fluid-Benzene Cold fluid-Water
(T, T2) (1)

Mass Flow rate of benzene, m,, = 3200 kg/h

=0.889 kg/s



Entry temperature of benzene, T, =72°C
Exit temperature of benzene, T, = 42°C

Specific heat of benzene, C, = 1.74 ki/kg°C

= 1.74 x 10° J/kg°C
Specific heat water, C,; = 4.18 kJ/kg°C
=4.18 x 10° J/kg°C
Entry temperature of water, t; = 15°C
Mass flow rate of water, m, = 2200 kg/h i.e., 0.611 kg/s
Overall heat transfer co-efficient, U = 0.28 kW/m’K
=0.28 x 10° W/m’K

To find:

(i) Surface area for single pass counter flow.

(ii) Surface area for 1 — 4 exchanger.

(iii) Surface area for cross flow single pass with water mixed and benzene unmixed.
Solution:
Case (i):

Heat lost by benzene (Hot fluid)

= Heat gained by water (Cold fluid)
Qn=Qc
Mhp Cpn (T1— T2) = mc Cpye (t2- 1)

= 0.889 x 1.74 x 10° (72 — 42) = 0.611 x 4.18 x 10° (t, - 150 )

“f==zd

= Q=my Cp (T1—T2) or mc Cp (2 —t)

= Q=0.889 x 1.74 x 10° (72 — 42)

|Q = 46.405x10°W/|

We know that,
Heat transfer, Q= U A (AT)y, ~ coeii. (D
[From HMT data book, page no. 151]

Where, (AT),, = Logarithmic Mean Temperature



Difference (LMTD)

For counterflow,

(AT), = (Tl‘tZ)T—_(E —t)
"
(72-33.2)—(42-15)
In[72_33'2}
42-15

(AT) =325C

Substitute (AT)y, and Q values in equation (t).

46.405x10° = 0.28x10% x A x (32.5°)

v -~ [a=san]
Case (ii):
One shell pass and four tube passes,
To find correction factor F, refer HMT data book, page no. 158.
From graph,
X — axis value, P = 2 :tl =0.32
1L
Curvevalue,R = L-T =1.65
2 tl
X-axis value is 0.32, curve value is 1.65, corresponding Y -axis value is (From graph) 0.9.
i.e., F=09
= Q=FUA (AT)m
46.405 % 10° = 0.9 x 0.28 x 10° x A x 32.5
-
Case (iii):

Cross flow single pass with water mixed and benzene unmixed. To find correction factor, F, refer HMT
data book, page no. 160.

From graph,



X —axisvalue,P = Loh
T1 4
=0.32
Curvevalue,R = L-T
tz b
=1.65

From graph, corresponding Y-axis value is 0.92,
ie., F=0.92
= Q=FUA (AT)n

46.405 x 10° = 0.92 x 0.28 x 10° x A x 32.5

-

8. Consider laminar film condensation of a stationary vapour on a vertical flat plate of length L and
width b. Derive an expression for the average heat transfer co-efficient. State the assumptions mode.

Laminar Film wise condensation on a vertical plate:

- o e - I
. Filimwise LR -
Laminar

— *

du ] |
e it

et of =

nu'r-n:
I‘.|r|r=‘7I T

- T geraiure profie

- .--m:.. ~endensation makes the I'ﬁHnu.mH

Nusselt’s analysis of film condensation makes the following simplifying assumptiuons.

1) The plate is maintained at a uniform temperarture T..

(2) Condensate flow is laminar.

3 Fluid properties are constant.

(@) Shear stress at the liquid vapour interface is negligible.

(5) Acceleration of fluid within the condensate layer is neglected.

(6) Heat transfer is pure conduction and temperature distribution is linear.

The momentum equation is given by

du_1dp B,
ay* podx o,
Where B, is the body force in x-direction. The body force within the filmis p; g, .. d_p =p,0.



Integrating twice usingu=0aty=0and %u =0aty=39

u(y) = 0PI I)V)SZ {%‘%@}

The condensate mass flow rate through any x-position of the film is given by

_ 3
m(X)=g(p1 pv)8
3
_ 2
Also dm:pl(pl pv)g6 ds
Ly

The heat transfer at the wall is given by

K (T — T, )dx

sat

dx.g. =
qs 6

The heat removed by the wall is given by,

kIMI (Tsat _Ts)

5°dd =
gpl (pl _pv)hfg

dx

The local heat transfer co-efficient may now be expressed as

h, :LorhX ={

3(x)

The average value of heat transfer co-efficient is given by

gpi(pl_pv)k3lhfg "
4“| (Tsat ol )X

S

N 4
hL=Etho|x=§hL

4 _ k3 h 1/4
hL=Og43l:gp1(pl pv) | fg}

1y (Tsat - Ts ) L

what is meant by Fouling factor?

We know, the surfaces of a heat exchangers do not remain clean after it has been in use for some time.
The surfaces become fouled was scaling or deposits. The effect of these deposits affecting the value of
overall heat transfer co-efficient. This effect is taken care of by introducing an additional thermal
resistance called the fouling resistance .

10.In a cross flow both fluids unmixed heat exchanger, water at 6°C flowing at the rate of 1.25

kg/s of air that is initially at a temperature of 50°C. Calculated the following

1. Exit temperature of air



2. Exit temperature of water
Assume overall heat transfer co-efficient is 130 W/m*K and area in 23 m%
Given:
Cold fluid-water Hot fluid-air
Inlet temperature of water, t, = 6°C
Mass flow rate of water, m, = 1.2 kg/s
Initial temperature of air, T; = 50°C
Overall heat transfer co-efficient, U = 130 W/m2K
Surface area, A = 23m?
To find:
1. Exit temperature of air, (T>)
2. Exit temperature of water, (t2)
Solution:
We know that,
Specific heat of water, Cpc = 4186 J/kg K
Specific heat of air, C.,n = 1010J/kg K (Constant)
We know
Capacity rate of water
C=m X Cpy

=1.25 x 4186

@)

Capacity rate of air

C=m,xC,
=1.2x1010

@

From equation (1) and (2), we know that,
Chmin = 1212 W/K

Cmax = 5232.5 W/K



UA

NTU = _C [From HMT data book page no.151]
Number of transfer units, _130x23
1212
NTU = 2.46 (4)

To find effectiveness €, refer HMT data book page No 165]

(Cross flow, both fluids unmixed)

From graph,

X, = NTU =2.46

Curve — m =0.23
C

max

Corresponding Y, valueis 0.85

ie,[c=0.85]

Maximum heat transfer

Qmax = Cmin (TI _tl)
~1212(50-6)

Q.. =53.328W

85% Coin _goc
c

max

Effectiveness
€

NTU 2.46%



Actual heat transfer rate

Q=exQ,.,
=0.85%x53,328

Heat transfer, Q=m¢ Cpy (1)
45,328 = 1.25 x 4186 (t - 6)
= 45,328 = 5232.5 t,- 31,395

= t2 = 14.6°C

outlet temperature of water,t, =14.6° C|

We know that,

Heat transfer,Q =m, C,, (T, - T,)

45,328 =1.2x1010(50~ T, )
= 45.328 = 60,600 -1212T,
= T, =12.6C

Outlet temperature of air, T, =12.6° |

Result:
1.T, =12.6°C
2.t = 14.6°C

11. In a cross flow heat exchangers, both fluids unmixed, hot fluid with a specific heat of 2300 J/kg K
enters at 380°C and leaves at 300°C. Cold fluids enters at 25°C and leaves at 210°C. Calculate the
requirement surface area of heat exchanger. Take overall heat transfer co-efficient is 750 W/m2K. Mass
flow rate of hot fluid is 1 kg/s.

Given:
Specific heat of hot fluid, Cpn = 2300 J/kg K
Entry temperature of hot fluid, T1 = 380°C
Exit temperature of hot fluid, T, = 300°C

Entry temperature of cold fluid, t; = 25°C



Exit temperature of cold fluid, t; = 210°C
Overall heat transfer co-efficient, U = 750 W/m2K
Mass flow rate of hot fluid, mi, = 1 kg/s.
To find:
Heat exchanger area (A)
Solution:
This is cross flow, both fluids unmixed type heat exchanger

For cross flow heat exchanger,

Q =FU A(AT)m[counterﬂOW] (1)

[From HMT data book page no. 15] (sixth editiuon)
Where
F Correction factor
(AT)m - Logarithmic mean temperature difference for counter flow

For Counter flow,
I:(Tl - tz )(Tz - t1 ):'

Inrl tz}

T2 tl

(380-210)— (300 25)
In |:380 - 210}

(AT), =

300 25
(1), = 2183 C|

Heat transfer, Q=m, C, (T, -T,)
= Q=1x 2300(380—300)

Q=184x10°W
To find correction factor F, refer HMT data book page no 161 (Sixth edition)

[Single pass cross flow heat exchanger - Both fluiods unmixed]

From graph,
X, ValueP = Lot 210225 5
T,-t, 380-25
CurvevalueR = Tz 3802300 40

t,—t, 210-25



Xaxis Value is 0.52, curve value is 0.432, corresponding Y s value is 0.97,

ie[F=097]

0.94 0.97
09 T
08 —
R = 0.432
0.7 €W
06 T
05 —
0 P =052
\Fig.3.15

Substitute Q, F, (AT),, and U value in Equation (1)



(l) = Q= FUA(AT)rn
184x10° =0.97x750x A x218.3

= A=1.15m?
Result:
Surface area, A = 1.15 m?

12.) In a refrigerating plant water is cooled from 20°C to 7°C by heat solution entering at 2°C and leaving at 3°C.
The design heat loan is 5500 W and the overall heat transfer co-eficient is 800W/m?k. What area required
when using a shell and tube heat exchange with the water making one shell pass and the brine making is
tube passes.

Given:
Hot fluid- water Cold fluid- brine solution
(T1-T2) t-t)
Entry temperature of water, T, - 20°C
Exit temperature of water, T, - 7°C
Entry temperature of brine solution, t; - 2°C
Exit temperature of brine solution, t, - 3°C
Heat load, Q = 5500 W
Overall heat transfer co-efficient, U = 800 W/m?K
To find:
Area required (A)
Solution:
Shell and tube heat exchanger — One shell pass and two tube passes

For shell and tube heat exchanger (or) cross flow heat exchanger.

Q =FUAx (AT)m[counterflow] """" (1)

[From HMT data book page No. 151]
Where
F — Correction factor
(AT)m — Logaritmic mean temperature difference for counter flow.

Fpr counter flow,



(AT) _ [(Tl_tz)_(Tz _tl):l

" In Tl_t2:|
_Tz _tl

(20-3)~(7+2)
_20—3}

| 7+2
(A1), =1257°C|

To find correlation factor refer HMT data book page no. 158
[One shell pass and two tube passes]

-t 3+2 15

X, value, P = =
T,-T, 20+2 22
P=0.22
curvevalug,R = 112 - 2077 _13
t,+t, 3+2 5
R=26

Xaxis Value is 0.22, curve value is 2.6, corresponding Y axis vaiue is 0.94,

ie,
1
0.94

09 —
0.8 — R=2.6
0.7—
0.6 —]
0.5

0 P=0.22

Substitute (AT)m, A, U and F value in Equation (1)



1)= Q=FUA(AT)_
5500 = 0.94x800x A x12.57

S
Result:

Area of heat exchanger, A = 0.58 m%.



13. {a) (i) Discuss the different types of process for condensation of vapours

on & solid surfaces.
(i) What are the factors affecting Nucleate bailing.
(i) Different types of condensation:

Condensation occurs whenever a saturated vapour comes 10 60
at a lower temperature.

There are two modes of condensation:
*  Filmwise condensation

ntact with a surface

*  [Dropwise condensation
Filmwise condensation:

The condensation wets the surface forming a continuous film which covers the
entire surface.

Dropwise condensation:

The vapour condenses into small droplets of vanous size, which fall down the surface
in a random fashion.

Filmwise condensation generally oceurs on clean uncontaminated surface. In this
type ef condensation the film ¢overing the entire surface grows in thickness as it moves
down the surface by gravity. These exists a thermal gradient in the film and so it acis asa
resistance 1o heat transfer.

In dropwise condensation a large portion of the area of the plate in directly exposed
to the vapour, making heas transfer rates much higher than those in flimwise condensation,

Dropwise condensation can be obtzined under controlled conditions with the help
of certain addilives to the condensate and various surface coating, but its commercial
viability has not yet been proved. For this reason the condensation cquipments in wse are
designed on the basis of filmwise condensation.

(i) Factors affecting Nucleate boiling:

+  Materials shape and condilion of the heating surface
»  Liquid properties

*  Pressure

+  Mechanical agitation.




14 A Counter flow heat exchanger is to heat air entering at 400°C with a
flow rate of 6 kg/s by the exhaust gas entering at 800°C with a flow rate
of 4 kg/s. The overall heat transfer coefficient is 100 W/m’K and the
outlet temperature of air in $51.5°C. Specific heat of air Cp for both air
and cxhaust gas can be taken as 1100 J/kg K. Calculate.

(i) Heat transfer arca needed
(ii)Number of transfer units.
Given:

Counter flow heat exchanger

Temperature of air entering T, =400°C

Mass flow rate of airm_ = 6 kg/s

Temperature of exhaust gas entering = 800°C

Mass flow rate of exhaust gas = 4 kg/s

Outlet temperature of air Ty =551.5C

Specific heat of air and exhaust gas = 1100 J/kg K

To find:
1. Heat transfer area needed
2. Number of transfer units

Solution:

We know that,
Capacity of air -m‘-Ck-6-ll00-6600
Capacity of exhaust gas = m, » Ca =4 %1100 =4400

C_wmC, = 4400
we know that,
Heat transferred to cold air = Heat transferred from hot gases

P Cre (3 =1)) = m, Cou (T, - T)
6600 (551.5 — 400) = 4400 (800 — T,)

3300 - 800-T,

T,= 800 — 572.75
T,= 572.75




Q = 999900 Joule = 999 9k]

[Q@ =5359° )]
Heat transferred area needed
Q= UA AT,

(Tl—l;’—(-r:‘(L)

AT, for counter flow = T, — 7> ]
ln e cm—
T — &

(800 — 551.5) — (572 74 —<00)

AT. ~ 1 [ 8005515
572.74—-300
75.76 _ 7576 _ 507.21°C
= (248_5 0.3658
ll"l e s
172.7
[aT. = 207.21°C|

Substitute AT, . U, Q in cguation (1)
Q-UAAT,,
999900 = 100 = A = 207.21

999900
100> 20721

l A = 38 m? ]
(ii) Number of transfer units (NTU)

A - 48m7

UA lOOx-‘lS: 4800

= 1.09

NTU = =

Ch 2300 2300

| NTU=1.09 ]

Result:

1. Heat transfer area needed, A= 48m”*
2. Number of transfer unit = 1_09

15. Water is boiling on a horizontal tube whose wall temperature is maintained ct 15°C above the
saturation temperature of water. Calculate the nucleate boiling heat transfer coefficient. Assume the

[From HMT data book page no:- 152]

s (1)

water to be at a pressure of 20 atm. And also find the change in value of heat transfer coefficient when

1. The temperature difference is increased to 30°C at a pressure of 10 atm.

2. The pressure is raised to 20 atmat A T = 15°C
Given :

Wall temperature is maintained at 15°C above the saturation temperature.

T, =115°C. T, =100°C T, =100+15=115°C
=p=10atm =10 bar

case (i)




AT =30°C; p=10 atm = 10 bar
case (ii)

p =20 atm = 20 bar; AT - 15°C

Solution:

We know that for horizontal surface, heat transfer coefficient

h=5.56 (AT)® From HMT data book Page No.128

h =556 (Ty— Tex)®

= 5.56 (115 — 100)*

lh =18765 w/m?K|

Heat transfer coefficient other than atmospheric pressure

ho=hp®*  From HMT data book Page No.144

= 18765 x 10%*

Heat transfer coefficient h) = 47.13 10°W /m?K

Case (i)
P =100 bar AT =30°C From HMT data book Page No.144
Heat transfer coefficient

h=5.56 (AT)® = 5.56(30)°
lh =150 x10°W /m?K|




Heat transfer coefficient other than atmospheric pressure

hp = hp®*

=150x10°(10)**
h, =377x10°W/m’K

Case (i)

P =20 bar; AT = 15°C

Heat transfer coefficient h = 5.56 (AT)* = 5.56 (15)°

lh =18765 W/mK|

Heat transfer coefficient other than atmospheric pressure
hy = hp®*

= 18765 (20)**

h, =62.19x10° W/m’K

16. A vertical flat plate in the form of fin is 500m in height and is exposed to steam at atmospheric
pressure. If surface of the plate is maintained at 60°C. calculate the following.

1. The film thickness at the trailing edge

2. Overall heat transfer coefficient

3. Heat transfer rate

4. The condensate mass flow rate.

Assume laminar flow conditions and unit width of the plate.

Given :

Height ore length L = 500 mm =5m



Surface temperature T" = 60°C

Solution

We know saturation temperature of water is 100°C
i.e. Tge = 100°C

(From R.S. Khurmi steam table Page No.4

hey = 2256.9Kj/kg

heg = 2256.9 x 10° jlkg

We know
Film temperature T, = %
~ 60+100
2
T, =80°C

Properties of saturated water at 80°C

(From HMT data book Page No0.13)

p - 974 kg/m®
v=0.364x10° m?/s

k = 668.7 x10°W/mk
1 = pxv=974x0.364x10°

1 =354.53x10°Ns/m?

1. Film thickness &,



We know for vertical plate

Film thickness

0.25
Sx — 41K x X x (Tsatz— T,)
gxhyx p
Where

X=L=05m

S - 4x354.53x10°x668.7x10°x0.5x100-60
X 9.81x2256.9x10° x 974
o, =173 x107*m

2. Average heat transfer coefficient (h)

For vertical surface Laminar flow

0.25
h :0.943{k3 xp° ng%}

uxLbxT, —T,

The factor 0.943 may be replace by 1.13 for more accurate result as suggested by Mc Adams

| 13/ (668.7x10°)° x(974)’ x9.81x 2256 9x 10’ o
' 354,53x10°x1.5x100 - 60

h=6164.3 W/m’k.

3. Heat transfer rate Q

We know
Q=hA(T_-T,)
=hxLxWx(T, -T,)

= 6164.3x0.5x1x100-60
|Q = 123286 W|




4. Condensate mass flow rate m

We know
Q=mx hfg
m-Q
hy
_1.23.286
2256.9x10°
m = 0.054 Kg/s|

17. Steam at 0.080 bar is arranged to condense over a 50 cm square vertical plate. The surface
temperature is maintained at 20°C. Calculate the following.

a. Filmthickness at a distance of 25 cm from the top of the plate.

b. Local heat transfer coefficient at a distance of 25 cm from the top of the plate.

c. Average heat transfer coefficient.

d. Total heat transfer

e. Total steam condensation rate.

f.  What would be the heat transfer coefficient if the plate is inclined at 30°C with horizontal plane.
Given :

Pressure P = 0.080 bar
Area A =50 cm x 50 cm = 50 x 050 = 0.25 m?
Surface temperature T,, = 20°C

Distance x=25cm=.25m

Solution

Properties of steam at 0.080 bar

(From R.S. Khurmi steam table Page no.7)



Tonyiig = 41.53°C

h, = 2403.2Kj/kg = 2403.2x10%j/kg

We know
Film temperature T, = %
_ 20+41.53
2
T =30.76°C

Properties of saturated water at 30.76°C = 30°C

From HMT data book Page No.13

p—997 kg/m®

v = 0.83x10° m?/s

k= 612x10°W/mK
1=pxV=997x0.83x10"°
1 =827.51x10°Ns/m’

a. Film thickness

We know for vertical surfaces

0.25
S 2(4,uK><x><(Tsat —TW)]
gx hfg x :02
(From HMT data book Page No0.150)
5 = 4x827.51x10° x612x107° x.25%(41.53 — 20)100
g 9.81x2403.2x10° x 9972
5, =1.40x10"m

b. Local heat transfer coefficient hy Assuming Laminar flow



h k

X = 5
_ 612x10°
* 1.46x10™*

hx = 4,191 W/m°K

c. Average heat transfer coefficient h

(Assuming laminar flow)

k® x p? xgxh, o
uxbxT, —T,

h :0.943{

The factor 0.943 may be replaced by 1.13 for more accurate result as suggested by Mc adams

0.25
k3ng hfg
uxLxT, —T,

h :0.943{

Where L=50cm=.5m

|0.25

(612x10°)% x (997)2 x 9.81x 2403.2 x 10°
827.51x10 ° x.5x 41.53 - 20 |

h =5599.6 W/m?k

h=1.13

d. Heat transfer (Q)

We know

Q=hA(Tea—Tu)

hxAx(T, -T,)
=5599.6x0.25%x(41.53-20
Q=30.139.8 W



e. Total steam condensation rate (m)

We know

Heat transfer

Q=mxhg
m=2
hy,
~30.139.8
2403.2x103

m =0.0125 kg/s

f. If the plate is inclined at 6 with horizontal

hinclined = hvertical X SinHlM
hinclined = hvertical X (Sin 30)1/4
1/4
hinclined =5599.6 x (%)
Niined = 4-708.6 W/m?k

Let us check the assumption of laminar film condensation

We know
Reynolds Number R, = L
wu
where
W = width of the plate = 50cm = .50m

B 4%x.0125
¢ 0.50x827.51x10°
R, =120.8 <1800

So our assumption laminar flow is correct.



18. A ecross flow heat exchanger with both fluids unmixed 15 used to heaf water

flowing at a rate of 20 kgs/s from 25°C to T5°C using gases available at 300°C fo be cooled fo
180°C. The overall heat transfer coefficient has a value of 85 Wsm E Determine the area required.
For gas €, = 1008 Jr kK.
Solution. The properties of gas can be taken as equal to that of air

Heat transfer rate Q=20x=4180 (75 —-25)=418 = 108" W

(300 — 75) — (180 — 25) s
7300 — 75 = 187.831°C

Lu| 180 —25 |

LMTD counter flow =

To find correction factor F:

_ 300-180 120
R= T5—-25 ~ &D
Reading from chart Fig. 8.9 (c)
F=087
A=0Q/T7. LMTD.
A=418x 105/95 x 187.831 = 0.87 = 241.5 m*
Flow rate of air : 4.18 = 1051005 = (300 — 180) = 34 66 kg/s.




UNIT-4
RADIATION
PART-A
1. Define emissive power [E].

Ans: The emissive power is defined as the total amount of radiation emitted by a body per unit area. It is
expressed in W/m?.

2. What is meant by absorptivity ?

Ans: Absorptivity is defined as the ratio between radiation absorbed and incident radiation.
3. What is black body?

Ans: Black body is an ideal surface having the following properties.

A black body absorps all incident radiation, regardless of wave length and direction. For a prescribed
temperature and wave length, no surface can emit more energy than black body.

4. State planck’s distribution law.

Ans: The relationship between thee monochromatic emissive power of a black body and wave length of a
radiation at a particular temperature is given by the following expression, by planck.

CAS
7]
AT,

Where Ep,; = Monochromatic emissive power W/m?

Ep =

A =wave length —m
C,=0.374x 10" W m?
C,=14.4x10° mK.

5. State Wien’s displacement law.

Ans: The Wien’s law gives the relationship between temperature and wavelength corresponding to the
maximum spectral emissive power of the black body at that temperature.

Amas T = Cg3
where ¢; = 2.9 x 10 [Radiation constant]
= Anas T = 2.9 x 10° mK.
6. State Stefan-Boltzmann law.
Ans: The emissive power of a black body is proportional to the fourth power of absolute temperature.
Epoo T

E,=oT!



Where E,, = Emissive power, w/m?
o = Stefan, Boltzmann constant
=5.67 x 10° W/im* K*
T = Temperature, K.
7. Define Emissivity.

Ans: It is defined as the ability of the surface of a body to radiate heat. It is also defined as the radio of emissive
power of any body to the emissive power of a black body of equal temperature.

Emissivity € = £
Eb

8. State Kirchoff’s law of radiation.

Ans: This law states that the ratio of total emissive power to the absorptivity is constant for all surfaces which
are in thermal equilibrium with the surroundings. This can be written as:

It also states that the emissivity of the body is always equal to its absorptivity when the body remains in
thermal equilibrium with its surroundings.

a1=E;; a,=E;and soon.
9. Define intensity of radiation (Iy).

Ans: Itis defined as the rate of energy leaving a space in a given direction per unit solid angle per unit area of
the emitting surface normal to the mean direction in space.

E

)
| =—
T

10. State Lambert’s cosine law.

Ans: It states that the total emissive power E, from a radiating plane surface in any direction proportional to the
cosine of the angle of emission

Ey, o cos 6.
11. What is the purpose of radiation shield?

Ans: Radiation shields constructed from low emissivity (high reflective) materials. It is used to reduce the neet
radiation transfer between two surface.

12. Define irradiation (G).

Ans: It is defined as the total radiation incident upon a surface per unit time per unit area. It is expressed in
W/nm?,

13. What is meant by shape factor?



Ans: The shape factor is defined as the fraction of the radiative energy that is diffused from on surface element
and strikes the other surface directly with no intervening reflections. It is represented by F, . Other names for
radiation shape factor are view factor, angle factor and configuration factor.

14. What is meant by reflectivity?
Ans: Reflectivity is defined as the ratio of radiation reflected to the incident radiation.
15. What is meant transmissivity?
Ans: Transmissivity is defined as the ratio of radiation transmitted to the incident radiation.
16. What is gray body?

Ans: If a body absorbs a definite percentage of incident radiation irrespective of their wave length, the body is
known as gray body. The emissive power of a gray body is always less than that of the black body.

17. Define monochromatic emissive power.[Ep,]

Ans: The energy emitted by the surface at a given length per unit time per unit area in all directions is known as
monochromatic emissive power.

18. Define emissivity.

Ans: It is defined as the ability of the surface of a body to radiate heat. It is also defined as the ratio of emission
power of any body to the emissive power of a black body of equal temperature. Emissivity, * = E/E,,

19. Define radiosity (J).

Ans: It is used to indicate the total radiation leaving a surface per unit time per unit area. It is expressed in
W/m?,

20. What is meant by shape factor and mention its physical significance?

Ans: The shape factor is defined as “ The fraction of the radiative energy that is diffused from one surface
element and strikes the other surface directly with no intervening reflections”.



2]1. The cffective temperature of a body having an arca of 0.12 m? is 527°C.
Calculate the wavelength of the maximum monochromatic emissive power.

Given:

Arcaofabody =012 m?

Effcctive temperature of a body = $27°C
To find:

Maximum wavelength of monochromatic emissive power
Solution:

From Wien's displacement law, we know that

Pomax *T = 2898pumK
[From HMT data book, Page No.82 (Eighth Edition)]

P nan *B00 = 2898
2898

= 3.622um

[x__‘ = 3.622uml

Result:
22. Maximum wavelength of monochromatic cmissive power = 3. 622 um

What are the properties of black body?

The propertics of back body are

() It absorbs all the incident radiation falling on it and docs not transmit or reflect
regardicss of wave length and direction.

@Gi) It emits maximum amount of amount of thermal radiation at all wavelength at
any specific temperaturc.

Gii) It is adiffuse emitter (the radiation emitted by a black body is indecpendent of
direction).

PART-B

1) Two very parallel plates are maintained at uniform temperature of T; = 100 K and T, = 800 K and
have emissivities of &, = & = 0.2 respectively. It is desired to reduce the net rate of radiation heat transfer
between the two plates to one-fifth by placing thin aluminium sheets with an emissivity of 0.15 on both

sides between the plates. Determine the number of sheets that need to be inserted. (10)
I, K
' I, K
{ |
. R.Nli.llluu v ’
b | f
shicld, <
| !
red. / .
1 |
/,
¢, n=90 / 5
£ 0.2 ea r20.2

£=02;¢=02



T,=1000K: T
& =¢=0.15
To find:
Number of shields required
Solution:

Heat transfer without shield, i.e, n =0

Ac(T -T;‘)
(noshligld) B i-ﬁ-i—l
€& &

1x5.67x10"°(1000* - 800" )

1.1
02 02
_3.34x10*
9
=0.37 x 10*

Q, =3711.12W/m?,

(noshield)

we know that,

%thof Qu =%><3711.12=742.2W/m2

(noshield)

Heat transfer with n shield is given by.

0 Ac(T-T,')
withshueld 1 1 (ZH

g J—(n+1)

£ QE, N

S

1x5.67 x10% x (10004 —800" )

i+i+2—n—(n +1)
02 02 015

742.4

742.4[10+2—”—(n +1)} ~3.34x10°
0.15

1484.8n

7424 + —742.4n-742.4 =3.34x10"

1113.6 + 1484.8n — 111.36n — 111.36 = 0.15(3.34 x 10
= 5010

1373.44 + 1002.24 = 5010



~ 4007.76
1373.44

=29103
Result :

Number of aluminium sheets = 3
2. Define the following terms:

(1) Monochromatic emissivity

(2) Gray body (3) Shape factor

It is defined as the ability of the surface of a body to radiate heat. It is also defined as the ratio of emissive power
of any body to the emissive power of a black body of equal temperature.

Emissivity, €= E
Eb

If a body absorbs a definite percentage of incident radiation irrespective of their wave length, the body is
known as gray body. The emissive power of a gray body is always less than that of the black body.

The shape factor is defined as “ The fraction of the radiative energy that is diffused from one surface element
and strikes the other surface directly with no intervening reflection”. It is represented by Fj;. Other names for
radiation shape factor are view factor, angle factor and configuration factor. The shape factor is used in the
analysis of radiative heat exchange between two surfaces.

3) The spectral emissivity function of an opaque surface at 1000 K is approximated as
€1=-04,0<A<2pum;
€,=07,2um<A<6 um;
€3=-03,6 um<A<oco

Determine thee average emissivity of the surface and the rate of radiation emission from the surface, in
W/m?.

Given data :

€,=04:e=0.7;,e=0.3

T = 1000K

A =2um

A, =6 um

To find :

(i) Average emissivity of the surface.

(ii) Rate of radiation emission from the surface, in W/m?
Solution:

(i) Average emissivity of the surface,



~ B (0-nT) B (m-%,)  E (A, -%.)
€ b GT41 +e,—> Gfl_4 2 rg, 02T4 (1)

AT =2x1000 =2000 umK
A2 T =6 x 1000 = 6000 pmK
A1 T =2000 um K, corresponding Fractional Emission.

From HMT data book, page. No.83 (seventh edition)

=0.066728

E (0—AT
E.= b( 41)

ol
A»T = 6000 um K, corresponding Fractional Emission.

From HMT data book, page N0.83 (seventh edition)

E (0-A,T
Fp=——* (GT4 1) _ 737818
E (A, —A
ie F,—F, = “(1—42) =0.737818—0.066728
ol
=0.67109
E, (A, — %,
% = F)x: - sz =1- sz [ ano :l]
=1-0.73781
=0.26219

Equation (1) =
€ :Sl(l:kl)+82 (F>2 _Fx1)+83(1_|:x2)

£ =0.4(0.066728) +(0.7)(0.737818~0.066728) + 0.3(1- 0.73781)
=0.02669+ 0.46976+ 0.07865
£=0575

(ii) Rate of emission = e T*
= 0.575(5.67x107)(1000)'
=32.6 x 10° W/m’

Result:

(i) Average emissivity of the surface, ¢ =0.575
(ii) Rate of emission = 32.6 KW / m?

4) Emissivities of two large parallel plate maintained at 800°C and 300°C are 0.3 and 0.5 respectively.
Find net radiant heat exchange per square metre for these plates. Find the percentage reduction in heat



transfer when a polished aluminium radiation shield of emissivity 0.06 is placed between them. Also find
the temperature of the shield.

Given : T, =800°C + 273
=1073K
T, =300°C + 273
=573 K
=03
£ =05
Shield emissivity, g3 = 0.06

f crpissivity V.00 IS placed p =
! ] s
re of the shield. :

R;m.;,y o

Shie|e
lle]

273
l
€4 £3 | £y
273 3 j
3
N
N
I o
Plate 1 — T~ _
N
N
N
N N
)'06 T‘I T3 T5
Fig. 4.13.
To find:

1. Net radiant heat exchange per square metre. (Q/A)
2. Percentage reduction in heat transfer due to radiation shield.
3. Temperature of the shield (T5).

Solution: Heat exchange between two large parallel plates without radiation shield is given by
Q, =ecA[T!-T)]
[From equation no.(4.28)]

- 1 1
Where, ¢= =
l_‘_i_l i_}_i_l
g & 03 05




Q, =0.230xoxA[ T} -T) ]

=0.230x5.67x10* x Ax| (1073)' ~(573) |
QlZ

A =15,880.7 W/m? =15.88kW/m?

Heat transfer per square metre without radiation shield

Qp

=15.88kw/m’

(1)

Heat exchange between plate 1 and radiation shield 3 is given by

= Qu=ecA[T'-T/]

Heat exchange between radiation shield 3 and plate 2 is given by

Q, =ecA[ T, -T, |

Where,
oo 1
l + i _1
& &
oxA[T:-T;
= Q32 1 l: l :I """ ( B)
- N
E, © -
We know that, Q3= Q3
- wzﬁ;*l— T i [Ts‘l— 7]
St =4t
€ & & &
[T -1 ] [T:-T;]
1 1 1 1

N (1073)' —(T,)" T, —(573)"
19 17.6

, 176](1073)" ~(T,)' |

T = 573)*
=T S (57)




=T, =0926[ (1073)" (T, )" | +(573)°
= T# =0.926x(1073)° ~0.926x (T, )" +(573)"

T.) +0.926(T.)" =1.33x10%
3 3
1.926)(T.)" =1.33x10%
3
(T,)" =6.90x10™"

Radiation shield temperature, T, = 911.5K|

Substituting T3 value in equation (A) (or) equation (B),

Heat transfer with radiation shield

5.67x107 x Ax| (1073)" ~(911.5)" |

:>Q13 =

%:1895.76W/m2

Heat transfer with radiation shield

= % —1.89KW/m’ (2)

Reduction in heat transfer due to radiation shield

_ Qwithoulshield _Qwilhshield _ le _le
Qwithoutshield Q:LZ
_15.88-1.89

15.88
=0.88=88%

Result:

1. Heat exchanger per square meter without radiation shield
Q. = 15.88 kW/m?

2. Percentage reduction in heat transfer = 88%

3. Temperature of radiation shield T3 =911.5 K

5) State and prove Kirchhoff’s law of thermal radiation.

KIRCHOFF’S LAW OF RADIATION

The law states that the ratio of total emissive power to the absorptivity is constant for all surfaces which are in
thermal equilibrium with the surroundings. This can be written as



It also states that the emissivity of the body is always equal to its absorptivity when the body remains in
thermal equilibrium with its surroundings.

oy = Eq; o, = E; and so on.

6) What is a black body? A 20 cm diameter spherical bull at 527° C is suspended in the air. The ball
closely approximates a black body. Determine the total black body emissive power, and spectral black
body emissive power at a wavelength of 3 um

Black body : Refer Page no.4.3, section 4.6.
Given data: In sphere, (Black body)
Diameter of sphere, d =20cm =0.2 m
Temperature of spherical ball, T =527°C + 273 =800 K
To find:
(i) Total black body emissive power, E;,
(ii) Spectral black body emissive power at a wavelength 3 um
Solution:
(i) Total black body emissive power, E,
Ep=oc AT =567 x 10 x n x (0.2)* x (800)*

=23224.32x 0.12573

(ii) Spectral black body emissive power: @ A =3 um

G,

T

0.374x107"
-3
(2e10°) e J40010
X X

Ep. = 3824.3 x 10° W/m? (or) 3824.3 W/m? pum

Ey =

7) An oven is approximated as a long equilateral triangular which has a heated surface maintained at a
temperature of 1200 K. The other surface is insulated while third surface is at 500 K. The duct has a
width of a 1 m a side and the heated and insulated surfaces have an emissivity of 0.8. The emissivity of the
third surface is 0.4. Steady state operation find the rate at which energy must applied to the heated side
per unit length of the duct to maintain its temperature at 1200 K. What is the temperature the insulated
surface?

Solution: A=A, = A



Width = Lenpth
<1 lm

Ty = 1200 K 1 /\ !

Ly =

1038 Ay o PRI
&

1m AV AN
S 1-c, ! 112
> =500K -
tl:=0.4 Ay Ly Ay Faz "'\Z'I

Fig. 3. Electrical network diagram

From electrical network diagram,

== —-=025
eA,  0.8(1)
l-g, 1-08 025
egAr  08(1)
l-g, _1-04 .
eA, 04(1)

We know that, Fy; + Fi, + Fir =1

From symmetric of three surface enclosure, from one surface shares two equal radiations into two different
surfaces.

i.e., F12 =05
But Fll =0

0+05+FRr=1
Similarly, Foy +Fp+Fr=1
05+0+FRr=1
Fr =05
From electrical network diagram,

11

= =2
AlFlZ 05
1 = i = 2
AlFlR 05
AF. 05

From Stefan Boltzmann law,
Ep=0cT*

Ep = o T, =5.67 x 10 x (1200)* = 117573 W/m?



Ep = o T,* = 5.67 x 10°® x (500)* = 3544 W/m?

Er=Jr=0 T
The radiosities J; and J, can be calculated by using Kirchoff’s law.
At node J;:

Ebl_‘]l _ ‘]1_‘]2 +‘Jl_‘]R
l-¢ 1 1
81A1 A1F12 AlFlR
17573-0, _3-J, d-J

0.25 2 2

10J; — J, — Jr = 940584 (1)

At node J, :

Eb2 _‘]2 — ‘]2 _‘]1 +‘]2 _‘]R
l-¢, 1 1
&,A, ARy ARk

3544-0, 3= 3,

15 2 2

'Jl +3.33 Jz - JR =472 ... (2)
At node Jg :

EbR _‘]R _ ‘]R _‘Jl +‘]R _‘]2

1-e, 1 1
83AR ARFRl AR FZR
Jo =3 Jx -
-tk bk e iy
-J; -, +2JR =0 QO .. (3)

By solving equations (1), (2) and (3), we get
J; =1,08,339 W/m?
J, =59,093 W/m*
Jg = 83,716.33 W/m’

We know that,

EbR:‘]R:GTR4

( 83716.33 }%
T, =| ol228
5.67x10

Ty =1102.31K

8) Derive wien’s displacement law of radiation from planck’s law. (8)

Solution:



We know that, planck’s distribution law.

(1]

c 1 c
= 5c AP exp| =2 [+5¢, A% +¢,c, A ——exp| == |=0
' p(ij ' Y p(ij

Dividing both sides by 5 ¢; A®, we get

—exp Lo +1+lc2 xiexp S 0
AT 5 AT AT
Solving this equation by trial and error method, we get

Lo B 4965
T AT

= A T = G
4,965
_ 1.439x10°
4,965

pmK

= 2898 umK

= M T =2.9x10° MK

9) A black body at 3000 K emits radiation.

Calculate the following :
1. Monochromatic emissive power at 1 um wave length.
2. Wave length at which emission is maximum.
3. Maximum emissive power.

4. Total emissive power,



5. Calculate the total emissive of the furnace if it is assumed as a real surface having emissivity equal to
0.85.

Given : Surface temperature, T = 3000 K
To find :
1. Monochromatic emissive power Ey; at
A=1p=1x10°%m.
2. Maximum wave length, (Admax)-
.. Maximum emissive power. (Ep)max
4. Total emissive power, Ep,.
5. Emissive power of real surface at € = 0.85.
Solution:
1. Monochromatic Emissive Power:

From Planck’s distribution law, we know that,

cA”°

C
AT,

[From HMT data book, page no.81]

Ep =

Where ¢; =0.374 x 10° W m?
¢, = 14.4x10° mK

A=1x10°m [Given]

| 0.374x10*%[1x10°° 1

= E.B =
o 14.4%10°
°| 1x10°° x3000 | |

|E,, =3.10x10% W/m?|

2. Maximum wave length, (Amax):
From wien’s law, we know that,
Amax T =2.9x10° mK

2.9%10°
™ 3000

Mg =0.966x10°m

=




3. Maximum emissive power (Ep)max :
Maximum emissive power
(Ep)max = 1.307 x 10° I°

=1.307 x 10° x (3000)°

(Ep)pe =317 X 10% W/m?|

4. Total emissive power (Ep) :
From Stefan-Boltzmann law, we know that
Ep=cT'
[From HMT data book, page no 81]
Where o = Stefan-Boltzman constant
=5.67 x 10° W/m? K*

= E, = (5.67 x 10®) x (3000)*

E, =4.59x10° W/m?
| |

5. Total emissive power of a real surface:
(Ep)ea =€ T
Where ¢ - Emissivity = 0.85

(Eb)rear = 0.85 x 5.67 x 10°® x (3000)*

E =3.90x10° W/m?
b Jreal

Result:
1. By, = 3.10 x 10" W/m?
2. Amax = 0.966 X 10° m
3. (Epp)max = 3.17 x 10¥ W/m?
4.E, =4.59 x 10° W/m?
5. (Ep)rear = 3.90 x 10° W/m?

10)Two parallel plates of size 1 m x 1 m are spaced 0.5 m apart are located in a very large room, the walls
of which are maintained at a temperature of 27°C. One plate is maintained at a temperature of 900°C and
the other at 400°C. Their emissivities are 0.2 and 0.5 respectively. If the plates exchange heat between
themselves and to the room. Consider only the plate surfaces facing each other.

Solution:



Size of the plates =Ilmx1lm

Distance between plates =05m
Room temperature, T; =27°C+273 =300 K
First plate temperature, T, =900°C + 273 =1173 K
Second plate temperature, T, =400°C + 273 =673 K

Emissivity of first plate, €, = 0.2
Emissivity of second plate, g, = 0.5
To find: 1. Net heat transfer to each side plate.
2. Net heat transfer to room.

Solution: In this problem, heat exchange take place between two plates and the room. So, this is three surface
problem and the corresponding radiation network is given below.

o
b s
>
S AL,
1 b 1
Ay ,Nxd_‘r "'x.'\“ Fa3
o—WW—FC V:’V\ 3 & :
< . Jy _ 2 1-83 b
2 55 Ay Fya A€o

Fig. 4.62. Electrical network diagram

Area, A;=1x1=1m?

-

Since the room is large, Az =

From electrical network diagram.

-, _1-02_,

A, 1x0.2

l-g, 1-05 1

A, 1x05

1-¢ =0 [ A, =oo]

A,
1- 1- 1- . .

Apply G _4,2"% _1 "% _gvaluesinelectrical

Ak, Ak, Asg,



Epz=J3 \

AqFq2

Fig.4.63 Electrical network diagram

To find shape factor F,, refer HMT data book page no.91 & 92 (sixth edition).

A
N
B=1m
D=05m K
N
B=1m
Fig.4.64
D 05
v-B_1_,
D 05

X value is 2, Y value is 2. From that, we can find corresponding shape factor value is 0.41525.
i.e., F1, = 0.41525
we know that,

FiutFp+Fp=1

ButF;; =0

= Fiz=1-Fy

= F13=1-0.41525
F, =0.5847

Similarly, Fo; + Fp + Fs =1

We know that, F,, =0

= Fx=1-Fy
=1-Fp

=1-0.41525



From electrical network diagram,

L .1 172
AF, 1x0.5847

L __ 1 170
AF,, 1x0.5847

L 1 2.408

AF, 1x041525

From Stefan-Boltzman law,

Ep=cT’
Ebl =0 T14
=5.67 x 10°[1173]*

E,, =107.34x10° W/m’|

=5.67 x 10°[300]*
Eps = 459.27 W/m?

From electrical network diagram, we know that,

Ey, = J, = 459.27 W/m’|

The radiosities J; and J, can be calculated by using Kirchoff’s law.
= The sum of current entering the node J, is zero.

At Node J; :

[From electrical network diagram]

107.34x10° -0, ), -0, 459.27-,

4 2.408 1.7102
:26835—J—1+ Sz —J—1+268.54— ) =

4 2408 2.408 1.7102
At Node J,:

3 -3, , 459273, 1163x10°-),

+ =0
2.408 1.7102 2




3
YW dyoeges  Ja  1163x10° )

_ + _ Y2
2408 2.408 1.7102 2 2
0.415J, —0.415J, +268.54—-0.5847], }

5.815x10° —0.5J,

=

= 0.415J; — 1.499J, + 6.08x10° = 0
= 0.415J; — 1.4997J, = -6.08 x 10°  ....(2)
Solving equation (1) and (2),

—1.2497J, +0.415], = -27.10x10°
0.415J), —1.4997J, =—6.08x10°

Bysolving, J, =11.06x10° W/m?
J, = 25.35x10° W/m?

Heat lost by plate (1), Q, = %

1

Ak,

[From electrical network diagram]

_107.34x10° — 25.35x10°
- 1-0.2
1x0.2

|Q, =20.49x10°W|

Heat lost by plate (1), Q, = Elbz_—Jz

€
A282
11.63x10° -11.06x10°
- 1-05
1x0.5

Total heat lost by the 0-0.40
plates (1) and (2) oot

=20.49x10° +570
|Q=21.06x10°W|

Total heat received or }Q -3 3,

+
absorbed by the room 1 1

=0



_ 25.35x10° —459.27 . 11.06x10° —459.27
- 1.7102 1.7102
[Eyy =3, =459.27W/m” |

Q=20.752x10° W
| |

[Note: Heat lost by the plates is equal to heat received by the room.]
Result: 1. Net heat lost by each plates
Q; =20.49 x 10° W
Q,=570 W
2. Net heat transfer to the room
Q=120.752 x 10° W

11) Distinguish between irradiation and radiosity. (4)

It is defined as the total radiation incident upon a surface per unit time per unit area. It is expressed in W/m>.

It is used to indicate the total radiation leaving a surface per unit time per unit area. It is expressed in W/mZ.

11) ii Consider a cylindrical furnace with outer radius = height = 1m. The top (surface 1) and the base
(surface 2) of the furnace have emissivities 0.8 & 0.4 and are maintained at uniform temperatures of 700
K and 500 K respectively. The side surface closely approximates a black body and is maintained at a
temperature of 400 K. Find the net rate of radiation heat transfer at each surface during steady state
operation. Assume the view factor from the base to the top surface as 0.38.

The view factor F1.; can be obtained from summation rule.
FlatFiotFis=1

F13=1-0-0.38=0.62

Radiation resistance,

R :1—81 1-0.8

) = =0.0796m
gA,  0.8x3.141
oime 1704 4 e
e,A, 04x3.141
R,-——-— 1 __0g38im?
AF, 3.141x03
R, = — L _os5137m?

AF, 3141x062



Substituting the numerical values,

136143, J,-J, 1452-), N
00796  0.8881 0.5137

3/4-3, -, 1543-), )
04777 05137 0.8381

Solving these equations

s szawjr]

Net rate of radiation heat transfer for top surface (1) and base surface (2).

o.- Eb,—J, 13614-11418 o = Z5EW
R, 0.0796

0, Eb, -J, _3544-4562 _ EETEY
R, 0.4777

Net rate of heat transfer at cylindrical surface

_ ‘J3 _‘]1 +J3 _‘]2
R,-3 R,-3

_ 1452 -11418 N 1452 — 4562 —.[Q, = —25455W
0.5137 0.5137

12) Considering radiation in gases, derive the exponential decay formula.

Qs

Exponential — Decay formula:

Consider absorption of thermal radiation by a gas layer.

Lo —

v
”n

' "L

A MNNNNRS

I,0 is radiation intensity at the left face and I, propagates in a gas layer is proportional to the thickness dx.
dl(x) = -m; 15, (X) dx

where the proportionality constant m;_ is spectral absorption coefficient of gas. Integrating both sides

by L
Jdlx(x):—mkj‘dx or In[lijz—m;L
0 I )

o L (X) 20

or |IxL =1, exp(—ka)|




The radiation intensity I, decreases exponentially with thickness of gas layer.
13) Two very large parallel plates with emissivities 0.5 exchange heat. Determine the percentage

reduction in the heat transfer rate if a polished aluminium radiation shield of € = 0.04 is placed in
between the plates.

Given:
Emissivity of plate 1, &, =0.5
Emissivity of plate 2, £, = 0.5

Emissivity of radiation shield, g3 = 0.04 = &

:

=] €3 . Ez

Radiation shield
Fig.4.23.

To find: Percentage of reduction in heat transfer due to radiation shield.

Solution:
Case 1 : Heat transfer without radiation shield:
Heat exchange between two large parallel plates without radiation shield is given by,

Q= ecA[T - T, |

Wh e= X
ere, e=-—
%7 L
81 82
a 1
I
05 05

Q, =0.333cA[ T, -T, |
Quithoutsnies ~ =0-3330 A[T14 -1, ] ..... (l)

Case 2 : Heat transfer with radiation shield :

We know that,



Heat transfer with n shield,

Ao[T-T)]
Qwithshield= 1 1 2n
—+—+——(n+1)
€ € &

Where, &, — Emissivity of radiation shield.

n - Number of radiation shield.

Ao[T!-T; ]

Quithshield =
1120 )
05 0.5 0.04
Ao|T!-T;]
52
Quingios =0.0192A0[ T =T, | ...(2)

f— =

We know that,

Reductionin heat transfer} ~ Quitnoutshiets ~ Quithshield

due to radiation shield Quithoutshield

_ 0.333Ac[T'-T,]-00192A0[ T, -T; |
- 0.333A0[ T/ T} ]

_ 0.333-0.0192
0.333

=0.942 = 94.2%

Result : Percentage of reduction in heat transfer rate

14. Two black square plates of size 2 by 2 m are placed parallel to each other at a distance of 0.5 m. One
plate is maintained at a temperature of 1000°C and the other at 500°C. Find the heat exchange between
the plates.

Given: AreaA=2x2=4m’
T, =1000°C + 273
=1273K
T, =500°C + 273
=773 K
Distance =0.5m
To find : Heat transfer (Q)

Solution : We know Heat transfer general equation is



o| T4 -T,"]
l1-¢ N 1 N l-¢,
Ag AR, Ag

where le = [From equation No.(6)]

Forblackbody & =¢,=1

= le = O-[T14 - T24] x A1F12
= 5.67x10°[ (1273)" - (773)" |x 4xF"

Q,, =5.14x10°F,| ...... 1)

Where Fy, — Shape factor for square plates

In order to find shape factor Fy,, refer HMT data book, Page No.76.

Smaller side
Distance between planes
2

0.5
Xaxis=4

X axis =

Curve —» 2 [Since given is square plates]

X axis value is 4, curve is 2. So corresponding Y axis value is 0.62.

ie. [F, =0.62

@) = Q,, =5.14x10, x0.62
Q,, =3.18x10° W

15. Two parallel plates of size 3 m x 2 m are placed parallel to each other at a distance of 1 m. One plate is
maintained at a temperature of 550°C and the other at 250°C and the emissivities are 0.35 and 0.55
respectively. The plates are located in a large room whose walls are at 35°C. If the plates located exchange
heat with each other and with the room, calculate.

1. Heat lost by the plates.
2. Heat received by the room.
Given:  Size of the plates =3mx2m
Distance between plates =1m
First plate temperature T, =550°C + 273 =823 K
Second plate temperature T, =250°C + 273 =523 K

Emissivity of first plate ¢ =0.35



Emissivity of second plate ¢, =0.55
Room temperature T3 =35°C + 273 =308 K
To find: 1. Heat lost by the plates

2. Heat received by the room.

Solution: In this problem, heat exchange takes place between two plates and the room. So this is three surface
problems and the corresponding radiation network is given below. Area A;=3x2=6m’

A =A, =6m

Since the room is large [A, =0

From electrical network diagram.

-2 _1-035 _ .
A, 0.35x6
1-¢ 1-055 _0.136
&A, 0.55x6
1% _g [ A, =od]
&R,
Apply 1-4 =0, L& =0.309, n =0.136 values in electrical network diagram.
3Rz &ahy &R,

To find shape factor Fy, refer HMT data book, Page No.78.

x=2_3_3
c 1
AN
ol
X value is 3, Y value is 2, corresponding shape factor [From table]
Fi,=0.47
F,=0.47
We know that,
Fiu+Fp+F=1 But, Fiu=0

= Fy=1-F,

= F,=1-047
F, =0.53




Similarly, F21 + F22 + F23 =1

We know
= F23 =1- I:21
= F,=1-F,
F,=1-0.47
F,, =0.53
From electrical network diagram,
1 1 o314 (1)
AF, 6x0.53
1 1 o314 ..(2)
A, 6x0.53
1 1 o354 ..(3)
AF, 6x0.47
From Stefan — Boltzmann law, we know
E,=c T
E,.= O'Tl4
=5.67x10°[823]'
E,, =26.01x10°W/m?| ... (4)
E,=0 T24
=5.67x10°[823]'
E,, =4.24x10°W/m?| .. (5)
Es= GT34
=5.67x10°[308]'
E,=J, =51025W/m? ... (6)

[From diagram]

F22:0

The radiosities, J; and J, can be calculated by using Kirchoff’s law.

= The sum of current entering the node J; is zero.

At Node J;:



Ebl_Jl + ‘]2 _‘]1 + Eb3 _Jl
0.309 1 1
A1F12 A1F13
[From diagram]

=0

26.01x10°-J, J,-J, 510.25-3,

0.309 0.354 0.314
= 84.17x10° - Jy + %, + i +1625 - vl =0
0.309 0.354 0.354 0.354
- -0.24J, +2.82J, =-85.79x10°  ..... 7)
At node j,

J-J + Ep—J, + Ep,—J, _
1 1 0.136
AR, ARy

3,-J, 51025-J, 4.24x10°-J,
0.354  0.314 0.136

J ) 51025 +4.24x103_ J,
0.354 0.354 0.314 0.314 0.136 0.136
= 2.82J,-13.3J, = -32.8x10° ....(8)

Solving equation (7) and (8),

= -9.24), +2.823, =-85.79x10° ..... (7)
= 2.823 -13.3J),=-32.8x10° ... (8)

J, =4.73x10°W /m?
J, =10.73x10°W /m?

Heat lost by plate (1) is given by
E,—-J
Q — bl 1
to(1- &
81A1
_ 26.01x10° -10.73x10°

< 1-0.35
0.35x6

Q, =49.36x10° W




Heat lost by plate 2 is given by
E.—-J
Q — b2 2
* (1- &,
&,A,
_ 4.24x10° -4.73x10°

Q: 1-0.55
6x0.55

Q, =-3.59x10° W

Total heat lost by the plates
Q=Q:+Q

=49.36 x 10° - 3.59 x 10°

Q=4576x10°W| .. 9)

Heat received by the room

A1F13 A1F12

~10.73x10°-510.25 4.24x10°-510.25

0.314 0.314
[“E, = J,=512.9]
[0=459x10° W| ... (10)

From equation (9), (10), we came to know heat lost by the plates is equal to heat received by the room.

16. A gas mixture contains 20% CO, and 10% H,o by volume. The total pressure is 2 atm. The
temperature of the gas is 927°C. The mean beam length is 0.3 m. Calculate the emissivity of the mixture.

Given : Partial pressure of CO,, PCO2 =20% = 0.20 atm

Partial pressure of H,o0, PHZO =10% = 0.10 atm.

Total pressure P =2 atm

Temperature T =927°C + 273



=1200K

Mean beam length L,, =0.3m

To find: Emissivity of mixture (gnmix)-

Solution : To find emissivity of CO,

Peo, XLy =0.2x0.3
P, xL,, =0.06 m - atm

co,

From HMT data book, Page N0.90, we can find emissivity of CO,.

From graph, Emissivity of CO, = 0.09

£co, =0.09

To find correction factor for CO,

Total pressure, P =2 atm

P.. L =0.06m-atm.

CO, =m
From HMT data book, Page No0.91, we can find correction factor for CO,

From graph, correction factor for CO, is 1.25

Ceo, =1.25

Eco, X Ceo, =0.09x1.25
Eco, X Ceo, =0.1125

To find emissivity of H,0:

PHZo xL,, =0.1x0.3

P, L =0.03m-atm

H,0—m

From HMT data book, Page N0.92, we can find emissivity of H,0.

From graph Emissivity of H,0 = 0.048



6,0 =0.048

To find correction factor for H20 :

P +P 0.1+2
2

=1.05

P., +P
———=1.05,
2

P, L =0.03m-atm

H,o —m
From HMT data book, Page No.92 we can find emission of H,0

17. Two black square plates of size 2 by 2 m are placed parallel to each other at a distance of 0.5 m. One
plate is maintained at a temperature of 1000°C and the other at 500°C. Find the heat exchange between
the plates.

Given: Area A=2x2=4m’
T, =1000°C + 273 =1273 K
T,=500°C +273 =773K
Distance = 0.5 m
To find : Heat transfer (Q)
Solution : We know Heat transfer general equation is
o [T14 - T24 ]
1_%+_ 1 +1—Q
Algl Al|:12 Ang

where Q,, =

[From equation No.(6)]

Forblackbody & =¢,=1

= le = O-[T14 - T24] X A1F12
= 5.67x10°[ (1273)" - (773)" |x 4xF"

Q,, =5.14x10°F,,| ...... (1)

Where F, — Shape factor for square plates

In order to find shape factor Fy,, refer HMT data book, Page No.76.



Smaller side

X axis = —
Distance between planes
_ 2
05
Curve — 2 [Since given is square plates]

X axis value is 4, curve is 2. So corresponding Y axis value is 0.62.

ie. [F, =0.62

@) = Q,, =5.14x10, x0.62
Q,, =3.18x10° W

From graph,

Correction factor for H,0=1.39

Cho =1.39
€40 % Chyo = 0.048x1.39

£4,0%Cy,o = 0.066

Correction factor for mixture of CO, and H,O:

PH20 _ 0 . 1

= =1.05
Pio+Pe, 0.1+0.2
IDH (o]
—=—=0.333
PHZO +PCOZ
Peo, XL +Pyo XLy = 0.06 +0.03

Peo, XLy + Py xL,, =0.09

From HMT data book, Page N0.95, we can find correction factor for mixture of CO, and H,0.



18.) The filament of & 75 W light bulb may be comsidered a black body
radiating into a black enclos ure at 0. The MNlament diameter is 0.1 L1
m amnd length in S cem. considering the radiation, determime the filament
femporaiarme.

G iven:
Capacity of filament =73 W'
Temperature of black enclosure = L
Diameier of the filamene=0.110 m
Length of the filament = 5 cm = 0.05 m
T fTerd:
Filarment emperatiune

Soleficrrr:
Heat exchange berween two black enclosures

Q = ceAc(T® —T) Assuame = g = | for black body
T5 = SE6Twl0 Exlmm=O, Ix0oS{ T, =343%)

75
Tt —343%) =
(% ) 56T 2 10" xreac 0. 1= 005

| 7w = 3029 K|
6 = 3029 — 273 = 2756°C

Result:
Filament temperature = 2756%C
ii) Explain the following:
(i) Toal Emissive pPow™er
(i) Stefan—Boltzmann Laws

iy Mefnition of Geometric factor, and air expression for the geometric
factor F, , lfor the inside surface of a black hemispherical caviny of



20.

(i) Total Emissive Power:

it is defined as the total am
time. It is expressed in W/m?.

ount of radiation emitted by a body per unit area and

(ii) Stefan's Boltzmann Law:
It states that the emissive power of a biack body is directly proportional to the
fourth power of its absolutc tempcralurc.

E~oT*

(iii) Ccometric factor:

It is defined as the fraction of radiative energy that is diffused from one surface
element and strikes the other surface directly with no intervening reflection.

Geometric factor F,_, for the inside surface of a black hemispherical cavity of
radius R.
With respect to itsclf

Eoy ™

(%)
e

19. A solar comceniroior oouses o heot flux of 2000 Wim* on febe of §0 mm 1D
Preassurised water flowss throwsh the fube of o rate of 0T k2 /5 I the bulk temperature of frelet
5 205, what will be the lemsth requared to oot the water to @ bulk temperciure af £0°C. Also
find the wall temperature at exzii.

Solution: Bulk mesn temperaturs = (30 + 20072 = 50°C.
The property valoes are
pP=990, w= 05675 = 10-%, Pr=3 68 =064 WimE = 4181 kg E
4G 4 = 000
x Dp'" x o« 0.06 x 900 = 05675 = 10~%
o Flow is laminar.

=37T7.7

Re=

me AT

= Lky

_ D0l = 4181« (B — 2 _
L=—F-oos-coo0 _ oeFm

n DG =mc AT . - L=

Nu=45364, - h= % = 46.565 Wim?* E
To find the temperaiure st =it :
-5 - -
Toe =3 + Tma= 3535 T20=12287°C.




: ‘oole ra 3 kel/s
A 4 Kg/s product stream from a distillation column is to be LUUILJL] |lnll”I i':ﬁc[
water stream jp counterflow heat exchanger. The hot and f.'(»l(‘ s ILI e
[emperatures are 00K and 300K respectively, and the area ol the L’\L {.://ir' K-
30 m~If (he overall heat transfer coeflicient 1s estimated to be .8..)() lk 'K-
determine the progy Sream outlet temperature, if its specific heat is 2500 J/kg
and the coolant outler lemper

Solution:
The effectivene

ature,

Ss of counterflow heat exchanger is given by
£= 1= eXPI-NTU(I - gy
= Rexp[-NTU (- g

where R = —Mmin_ NTU = U:If\n
nay C

min

C,=(m ol =4 x 2500 = 10,000 W/K

Co=Uie) =3 %4180 = 12.540 W/K
Ciin = 10,000 W/k

& - 10.000 .
12540 "
NTU = Yoo _ 820 x 30 7
Cvin 10,000
| - expl-. .
s expl=2.46(1 M T
1=0.797exp[-2.46(1 - 0.797)]
Also, ‘ -
Ch (Yh, 59 Ih,)
E= —— @
Cmm (7;1, o TL-, )
10,000(400 - 7, )
0alb1 = '

or. 10.000(400 - 300)
Ty 3239 K Ans.

: o lance:
By energy ba '
C (T, =Tp,) = Ck.(7t._‘ = Tcl)
thOOO '(400 —323.9) = 12.540 (7. - 300)
, I. = 360.7 K Ans.



UNIT 5 MASS TRANSFER
1. What is mass transfer?

Ans: The process of transfer of mass as a result of the species concentration difference in a mixture is known as
mass transfer.

2. Give the examples of mass transfer.
Ans: Some examples of mass transfer.
1) Humidification of air in cooling tower
2) Evaporation of petrol in the caburetor of an IC engine
3) The transfer of water vapour into dry air.
3. What are the modes of mass transfer?
Ans: There are basically two modes of mass transfer.
1) Diffusion mass transfer
2) Convective mass transfer.
4. What is molecular diffusion?

Ans: The transport of water on a microscopic level as a result of diffusion from a region of higher
concentration to a region of lower concentration in a mixture of liquids or gases is known as molecular
diffusion.

5. What is Eddy diffusion?
Ans: When one of the diffusion fluids is in turbulent motion, eddy, diffusion takes place.
6. What is convective mass transfer?

Ans : convective mass transfer is a process of mass transfer that will occur between surface and a fluid medium
when they are at different concentration.

7. State Fick's law of diffusion.

The diffusion rate is given by the Fick's law. which states that molar flux of an element per unit area is directly

proportional to concentration gradient..

m dcC

&= _Dab —

A dx

kg — mole
2

where, M, _ Molar flux,
A

D,, Diffusion co-efficient of species a and b, m?/s

dCa - concentration gradient, kg/m?®.
X

8. What is free convective mass transfer?
Ans: If the fluid motion is produced due to change in density resulting from concentration gradients, the mode
of mass transfer is said to be free or natural convection mass transfer. Example: Evaporation of alcohol.



9. Define forced convective mass transfer.

Ans: If the fluid motion is artificially created by means of an external force like a blower or fan, that type of
mass transfer is known as convective mass transfer. Example: The evaluation if water from an ocean w hen air
blows over it.

10. Define Schmidt Number.

Ans: It is defined as the ratio of the molecular diffusivity of momentum to the molecular diffusivity of mass.

s Molecular diffusivity of momentum
Molecular diffusivity of mass

11. Define Scherwood Number.

Ans : It is defined as the ratio of concentration gradients at the boundary

hm — Mass transfer co — efficient, m/s
D, — Diffusion co — efficient , m%/s
X - Length, m
12. Give two example convective mass transfer.
Ans:
1) Evaporation of alcohol
2) Evaporation of water from an ocean when air blows over it.
13. Define mass concentration or mass density.
Ans: Mass of a component per unit volume of the mixture It is expressed in Kg/m®.
14. Define molar concentration or molar density.
Ans: Number of molecules of a component per unit volume of the mixture, it is expressed in Kg mole/m®.
15. Define mass fraction.

Ans: The mass fraction is defined as the ratio of mass concentration of species to the total mass density of the
mixture.

16.. Define mode fraction.

Ans: The mode fraction is defined as the ratio of mole concentration of species to the total molar concentration.



17. Given any two examples of mass transfer in day to day life.
Examples of mass transfer
1. Dissolution of sugar added to a cup of coflee.
2. Humidification of air in cooling tower
3. The transfer of water vapour into dry air, drying and evaporation
18. What do you mean by equimolar counter diffusion.

Equimolar counter diffusion between species A and B of a binary gas mixture in
defined as isothermal diffusion process in which cach molecule of component A in replfaced
by each molecule of constituent B and vice versa

PART B

1.A 3 —cm diameter Stefan tube is used to measure the binary diffusion coefficient of water vapour in air
at 20°C at an elevation of 1600 m where the atmospheric pressure is 83.5 kPa. The tube is partially filled
with water, and the distance from the water surface to the open end of the tube is 40 cm. Dry air blown
over the open end of the tube so that water vapour rising to the top is removed immediately and the
concentration of vapour at the top of the tube is zero. In 15 days of continuous operation at constant
pressure and temperature, the amount of water that has evaporated is measured to be 1.23 g. Determine
the diffusion coefficient of water vapour in air at 20°C and 83.5 kPa. (10)

Given data:

Diameter d =3 cm =0.03 m

Deep, (X— %) =40cm=0.4m
Temperature, T = 20°C + 273 =293 K
Atmospheric pressure, P = 83.5 KPa

Dry saturated = 83.5 x 10° N/m?

m, =1.23 g.

| e |

To find :
Diffusion coefficient of water vapour, D,
Solution :

We know that, for isothermal evaporation.



Molar flux, My _Da Y PP | (1)
A GT (x,-X,) P-P,,

Area. A=§o|2 :gx(gxlo*)

A =7.068x10""m?
m, = 1.23 x 107 kg/15 days.

1.23x10°°

m, =———————kg/sec
15x24x 3600

m, = 9.49 x 10™° kg/sec

Molar flux, N, = m,
M.wt of vapour x Area

9.49x107™
18x7.068x10™*

=0.0745 x 10 = 7.45 x 10® Kmol/m?
Where,

J

G — Universal gas constant = 8314 ——
Kg-mole - K

P..1 — Partial pressure at the bottom of the (water vapour) Stefan tube corresponding to saturation temperature at
20°C.

At 20°C,

Puw1 = 0.0234 bar (From steam table, page, N0.2)

P.1 = 2.34 kPa

Partial pressure at the top of the Stefan tube.

PW2=0

m _Dy P (850
83.5-2.34

Dy = 3.06 x 10° m%/sec
Result:
Diffusion coefficient of water vapour.
Dy = 3.06 x 10”° m%/sec

2.State some analogies between heat and mass transfer.

S.No Parameter Heat transfer Mass transfer

il Driving force Temperature gradient. Concentration gradient.




Proportionality
constant.

Modes
Internal heat
generation

Convection
coefficients.

Dimensionless
numbers.

Thermal conductivity
(Fourier’s Law).

Conduction, convection
and Radiation

.Heat generation takes
place in systems.

Heat transfer coefficient

(h).

Depends upon Nusselt
number and parallel
number.

Diffusion coefficient
(Fick’s Law).

Conduction (Diffusion)
and convection only.

Species generation takes
place.

Mass transfer coefficient

(hm)

Depends upon Sherwood
number and Schmidt
number.

3.A thin plastic membrane separate hydrogen from air. The molar concentrations of hydrogen in the
membrane at the inner and outer surfaces are determined to be 0.045 and 0.002 kmol/m?, respectively.
The binary diffusion coefficient of hydrogen in plastic at the operation temperature is 5.3 x 10™° m%s.
Determine the mass flow rate of hydrogen by diffusion through the membrane under steady conditions if

the thickness of the membrane is (8)

(1) 2mm and
(2) 0.5 mm.
(.:rl ¢ 2
L
e
Given data :
Case (i)

Thickness of the membrane, | =2 mm = 0.002 m
Concentration at inner side, C,; = 0.045 kmol / m®
Concentration at outer side, C,, = 0.002 kmol / m®
Diffusion coefficient of hydrogen in plastic,
Cap = 5.3 x 10 m? / sec
Case (ii)
Thickness of the membrane, L = 0.5 mm =0.0005 m

To find :



(1) The mass flow rate of hydrogen by diffusion through the membrane. (m,)
Case (i) L =0.002 m
Case (ii) L =0.0005 m
Solution:
Case(i) L =0.002 m

We know that, for plane membrane

D (C.-C
Molarflux,& =N, = M
A L
_ 5.3x10™ x(0.045-0.002)
- 0.002

N = 1.139 x 10 kmol/m?.sec
Mass flow rate of hydrogen, m = N, x (Mol.wt of H,)
=1.139 x 10° x 2
m = 2.278 x 10°® kg/m’.sec
Case (ii)) L=0.5 mm = 0.0005 m

We know that, for plane membrane.

D,.(C.,-C
Molar flux,& =N, = M
A L
~5.3x10 x(0.045-0.002)
B 0.0005

Ny = 4.558 x 10 kmol/m?.sec
Mass flow rate of hydrogen, m = N, x (Mol.wt of H,)
= 4,558 x 10® x 2
=9.116 x 108 (or)
m =0.9116x 107
Result : Mass flow rate of hydrogen by diffusion through membrane.
Case (i) L =0.002 m; m = 2.278 x 10°® kg/m?® sec
Case (ii) L = 0.0005 m; m = 0.9116 x 10" kg/m? sec.

4.Dry air at 15°C and 92 kPa flows over a 2 m long wet surface with a free stream velocity of 4 m/s.
Determine the average mass transfer coefficient. (8)

Given data:

Fluid temperature, T,, = 15°C



Velocity, U = 4m/sec

Length, X =2m

Air flow pressure, P, = 92 kPa
Atmospheric pressure, P, = 100 kPa

To find :

Average mass transfer coefficient, hy,
Solution :

Properties of air at 15°C.

[From HMT data book, page No.34 ] (seventh edition)
Kinematic viscosity, v; = 1.47 x 10™° m?/sec
We know that

P_Vv,

PZ Vl
00__ v,
92 1.47x10°

V, =257 x 10° m%s

-5
Reynolds number, Re = Ux = % =544217.6
v 257x10
v 147x10°

Schmidt number, Sc=—=—"——++
D, 257x10

=0.5719
Sherwood number, sh = 0.664 Re®® Sc23%*
= 0.664 (544217.6)"° (0.5719)%3%
=0.664 (737.71) (0.8302)
Sh = 406.6

h,L —h - sh.D,,

Sherwood number, sh = m
Dab L

_406.6x2.57 x107°
2

h

m

=0.00522m/sec .

Result :
Average mass transfer coefficient = 0.00522 m/sec.
5.Explain equimolal counter diffusion in gases.

STEADY STATE EQUIMOLAR COUNTER DIFFUSION



Consider two large chambers a and b connected by a passage as shown in Fig.5.3

N, and N, are the steady state molar diffusion rates of components a and b respectively.

—_— o
Chamber | B | Chamber
g —» Nal q—"\‘l'h b
Pa- Cﬂ [_ | Phs Ch
————— _J S E— E—
Fig.5.3

Equimolar diffusion is defined as each molecules o, ‘a’ is replaced by each molecule of ‘b’ and vice versa.
The total pressure P = P, — P, is uniform throughout the system.

P=P,+Py,
Differentiating with respect to x

dp _d,  dp,
dx dx dx

Since the total pressure of the system remains constant under steady state conditions.

dp_dp, b, _
dx dx dx
_, |dp. _ _dpy
dx dx

Under steady state conditions, the total molar flux is zero
= N,+Npy=0
Na = 'Nb

A d Ad
e s B DTN (55)
GT dx G, dx

From Fick’s law,

Na = Dab A dpa
GT dx
_p Adp
© TR GT dx
We know,
dp, __dp, [Fromequations5.4]
dx dx

Substitute in equation (5.5)

5= p, Ada_ p Adn
GT dx GT dx



= [D,, =D, =D

ab

6.Discuss briefly the Analog between heat and mass transfer.

In a system consisting of two or more components whose concentrations vary from point to point, there is a
natural tendency for species (particles) to be transferred from a region of higher concentration side (higher
density side) to a region of lower concentration side (lower density side).

This process of transfer of mass as a result of the species concentration difference in a mixture is known as
mass transfer.

Some examples of mass transfer are

1. Humidification of air in cooling tower.

2. Evaporation of petrol in the carburetter of an IC engine
3. The transfer of water vapour into dry air.

4. Dissolution of sugar added to a cup of coffee.

7.Define mass transfer coefficient. Air at 1 bar pressure and 25°C containing small quantities of iodine
flows with a velocity of 5.2 m/s. Inside a tube having an inner diameter of 3.05 cm. Find the mass transfer
coefficient for iodine transfer from the gas stream to the wall surface. If ¢, is the mean concentration of
iodine in kg.mol/m? in the air stream. Find the rate of deposition on the tube surface by assuming the wall
surface is a perfect sink for iodine deposition. Assume D = 0.0834 cm?/s.

Solution:
Mass transfer coefficient :

The mass transfer coefficient is a diffusion rate constant that relates the mass transfer rate, mass transfer area
and concentration gradient as driving force. (Unit is m/s).

Meconv

h =————
" A(pA,s _pA,oo)
Where, h, = Mass transfer coefficient;

A = Area

m = Mass transfer rate
pPasS- Paw = Concentration gradient

Mass transfer coefficient determines the rate of mass transfer across a medium in response to a concentration
gradient.

Given data:
Fluid temperature, T, = 25°C
Velocity, u=5.2 m/s

d=3.05cm=0.0305m



Diffusion coefficient, D,, = 0.0834 cm?/s
=0.0834 x 10 m?/s
Dy = 8.34 x 10° m°/s
To find:
(i) Mass transfer coefficient for iodine transfer, h,
(ii) Rate of deposition of tube, N = hp,(Cry — Ca )

8.Air at 25°C flows over a tray full of water with a velocity of 2.8 m/s. The tray measures 30 cm along the
flow direction and 40 cm wide. The partial pressure of water present in the air is 0.007 bar. The partial
pressure of water present in the air is 0.007 bar. Calculate the evaporation rate of water if the
temperature on the water surface is 15°C. Take diffusion co-efficient is 4.2 x 10° m%s.

Given :
Fluid temperature, T,, = 25°C
Speed, U =2.8 m/s
Flow direction is 30 cm side. So, x=30cm =0.30 m
Area, A =30 cm x 40 cm = 0.30 x 0.40 m?
Partial pressure of water, p,,, = 0.007 bar
P,., =0.007x10° N/m?|
Water surface temperature, T,, = 15°C
Diffusion co-efficient, Dy, = 4.2 x 10° N/m?
To find:
Evaporation rate of water,(m,,)
Solution:

We know that,

T _T,+T. _15+25
Film temperature, | 2 2

T, =20°C
Properties of air at 20°C
[From HMT data book, page no 33]
Kinematic viscosity, v = 15.06 x 10°® m?/s

We know that,



Reynolds Number, Re = ELS

_ 2.8x0.30
15.06x107°
Re = 0.557 x 10° < 5 x 10°
Since, Re <5 x 10°, flow is laminar.
For flat plate, Laminar flow :
Sherwood Number, (Sh) = [0.664 (Re)** (Sc)***] ... 1)
[From HMT data book, page no 175]

Where,

Sc — Schmidt Number = v
Dab

 15.06x10°°
4.2x10°°
Sc = 0.358

Substitute Sc, Re values in equation (1)

(1) = Sh=1[0.664 (0.557 x 10°)°° (0.358)"**

Sh=111.37 We know that,

h,x

Sherwood Number, Sh =
Dab

h, x0.30
4.2x107°
Mass transfer co—efficient, h,, = 0.0155m/ s|

=111.37=

Mass transfer co-efficient based on pressure difference is given by.

h, 00155

hop == ———
" “RT, 287x288
[T, =15°C+273 = 288K,R = 287J/kgK]

Ih,,, =1.88x10 mys|

Saturation pressure of water at 15°C

Pw1 = 0.017 bar [From steam table (R.S. Khumi) page no.1]

P, = 0.017x10° N/m?|

The evaporation rate of water is given by,



My, = hmp x Alpw1 — Pw2l

=1.88 x 107 x (0.30 x 0.40) x [0.017 x 10°— 0.007 x 10°]

m,, =2.25x10°kg/s|

Result:
Evaporation rate of water, m,, = 2.25 x 10” kg/s

9.0, and air experience equimolar counter diffusion in a circular tube whose length and diameter are 1.2
m and 60 mm respectively. The system is at a total pressure of 1 atm and a temperature of 273 K. The
ends of the tube are connected to large chambers. Partial pressure of CO, at one end is 200 mm of Hg
while at the other end is 90 mm of Hg. Calculate the following

1. Mass transfer rate of Co, and
2. Mass transfer rate of air
Given :
Diameter, d = 60 mm = 0.060 m
Length. (X,—X;) =1.2m
Total pressure. P =1 atm =1 bar
Temperature, T =273 K
Partial pressure of CO, at one end

200

——bar
760

P, =200mmof Hg =

= P, =0.263 bar [+ 1 bar=760 MM OF Hg|

= |P, =0.263x10° N/m?|[ 1bar =10° N/m?]

Partial pressure of CO, at other end
90
P, =90 mm of Hg = —bar
a2 g 760

= P, =0.118 bar

P,, =0.118x10° N/m?|

g

co d=60mm

|
i i
| JA"Q_-TI = | '3:']. |




To find :
1. Mass transfer rate of CO,
2. Mass transfer rate of air
Solution:

We know that, for equimolar counter diffusion

D, [P, -P
Molar flux, e = 2 | T ~Faz (1)
A GT| x,-X,

Where,
D, = Diffusion co — efficient — m?/s
The diffusion co-efficient for CO, — Air combination 11.89 x 10 m%s

[from HMT data book page no.180 (sixth edition)

D,, =11.89x10° m*/s|

g — universal gas constant —8314;
kg —mole—k
A—Area="d?
4
_w 2
= Z(O.OBO)

|A =282x10°m?|

(FNESLL x
2.82x10 8314x 273

11.89x10° {0.263><105 ~0.118x10° }
12

Molar transfer rate of CO,,m, =1.785x10* kg —mole

We know,
Mass transfer rate of CO, = Molar transfer x Molecular weight
=1.785 x 10 x 44.01

[Molecular weight of CO, = 44.01, refer HMT data, page no.182 (sixth editional)]

| Mass transfer rate of CO, = 7.85x107° kg /s|

We know,

kg —mole

Molar transfer rate of air, m, =-1.785x10"°
S

[ m; = - mb]



Mass transfer rate of air = Molar transfer x Molecular weight of air

=-1.785 x 109 x 29

Mass transfer rate of air =—5.176x10° kg /s|

Result :
1. Mass transfer rate of CO, = 7.85 x 10 kg/s
2. Mass transfer rate of air = -5.176 x 10 kg/s

10.Air at 25°C flows over a tray full of water with a velocity of 2.8 m/s. The tray measures 30 cm along
the flow direction and 40 cm wide. The partial pressure of water present in the air is 0.007 bar. The
partial pressure of water present in the air is 0.007 bar. Calculate the evaporation rate of water if the
temperature on the water surface is 15°C. Take diffusion co-efficient is 4.2 x 10° m?/s.

Given :
Fluid temperature, T,, = 25°C
Speed, U =2.8 m/s
Flow direction is 30 cm side. So, x=30cm=0.30 m
Area, A =30 cm x 40 cm = 0.30 x 0.40 m*
Partial pressure of water, p,,, = 0.007 bar
P,., =0.007x10° N/m?|
Water surface temperature, T,, = 15°C
Diffusion co-efficient, Dy = 4.2 x 10° N/m?
To find:
Evaporation rate of water,(m,,)
Solution:

We know that,

1 _Tu+T. 15425
Film temperature, 2 2

Properties of air at 20°C
[From HMT data book, page no 33]
Kinematic viscosity, v = 15.06 x 10°® m?/s

We know that,



Reynolds Number, Re = ELS

_ 2.8x0.30
15.06x107°
Re = 0.557 x 10° < 5 x 10°
Since, Re <5 x 10°, flow is laminar.
For flat plate, Laminar flow :
Sherwood Number, (Sh) = [0.664 (Re)*® (Sc)****] ... (1)
[From HMT data book, page no 175]

Where,

Sc — Schmidt Number = v
Dab

 15.06x10°°
4.2x10°°
Sc = 0.358

Substitute Sc, Re values in equation (1)

(1) = Sh=1[0.664 (0.557 x 10°)°° (0.358)"**

Sh=111.37 We know that,

h,x

Sherwood Number, Sh =
Dab

h, x0.30
4.2x107°
Mass transfer co—efficient, h,, = 0.0155m/ s|

=111.37=

Mass transfer co-efficient based on pressure difference is given by.

h, 00155

hop == ———
" “RT, 287x288
[T, =15°C+273 = 288K,R = 287J/kgK]

Ih,,, =1.88x10 mys|

Saturation pressure of water at 15°C

Pw1 = 0.017 bar [From steam table (R.S. Khumi) page no.1]

P, = 0.017x10° N/m?|

The evaporation rate of water is given by,



My, = hmp x Alpw1 — Pw2l
=1.88 x 107 x (0.30 x 0.40) x [0.017 x 10°— 0.007 x 10°]

m,, =2.25x10°kg/s|

Result:

Evaporation rate of water, m,, = 2.25 x 10” kg/s
Analogy between heat and mass transfer.
There is similarity among heat and mass transfer. The three basic equations dealing with these are
(i) Newtonian equation of momentum
(ii) Fourier law of heat transfer
(iii) Fick law of mass transfer

-~ The momentum, heat and mass transfer equation can be written as

ov

Continuity equation, —+—=0
dx dy

ov_

Momentum Transfer, u—u+v— >
dx dy oy

oT oT o°T
Heat transfer, U—+v—=0—-u
ox oy oy
2
aoc, D o°c,

Mass transfer, u—+v—— s
OX oy oy

11.Evaporation process in the atmosphere.

Ans. Refer Page no.5.34, section 5.16.
12. ISOTHERMAL EVAPORATION OF WATER INTO AIR

Consider the isothermal evaporation of water from a water surface and its diffusion through the stagnant air
layer over it as shown in Fig.5.4. The free surface of the water is exposed to air in the tank.



o\ | Waler vapour
X2 mg, \
- T T T T T T ==—Water
| i E ——————
_______ -— Tank
. A SO e
Fig.5.4

For the analysis of this type of mass diffusion, following assumptions are made,
1. The system is isothermal and total pressure remains constant.
2. System is in steady state condition.

3. There is slight air movement over the top of the tank to remove the water vapour which diffuses to
that point.

4. Both the air and water vapour behave as ideal gases.

From Fick’s law of diffusion. We can find

Molarflux.ﬂ=Dab P n w2 (5.9)
A  GT(x,-%) |P-P,

Where,

kg - mole
mZ

My _ Molar flux —
A

D,, — Diffusion co- efficient — m?/s

3
kg —mole—k

G —universal gas constant —8314
T — Temperature — K

P — Total pressure in bar

P..1 — Partial pressure of water vapour corresponding to saturation temperature at 1 in N/m?

P.. — Partial pressure of dry air at 2 in N/m?

13.A mixture of O, and N, with their partial pressures in the ratio 0.21 to 0.79 is in a container at 25°C.
Calculate the molar concentration, the mass density, and the mass fraction of each species for a total
pressure of 1 bar. What would be the average molecular weight of the mixture?

[Dec 2004 & 2005, Anna Univ]



Given:

Partial pressure of Oy, P, p =0.21 x Total pressure

=0.21 x 1 bar
=0.21 x 1 x 10° N/m?

Partial pressure of Np, P = 0.79 x Total pressure

=0.79 x 1 bar

=0.79 x 1 x 10° N/m?

Temperature, T =25° C + 273
=298 K
To find :

1. Molar concentrations, C, ,Cy

2. Mass densities, P, , Py,

3. Mass fractions, rhoz,r.nNz

4. Average molecular weight, M
Solution:

We know that,

Molar concentration, C = i
GT

P

__9%

= C02 -

~ 0.21x1x10°
8314x 298

[+ Universal gas constant, G = 8314 J/Kg — mole — K]

Co, =8.476x10 *kg—mole/m’ |

P

__N

C. =
N GT

B 0.79x1x10°
 8314x298



C,, =31.88x10 kg —mole/m° |

We know that,
Molar concentration, C = ﬁ F

= p=CxM

Po, =Co, X I\/Ioz
=8.476x107°x 32
— [~ Molecular weight of O, is32]

|po2 = O.271kg/m3|

Pn, = Cn, XMy,
=31.88x107°x 28
— [ Molecular weight of N, is 28]

|pN2 = O.893kg/m3|

Overall density p=p, +Py

=0.271 + 0.893

p=1.164kg/m’

Mass fractions :

« po, 0271
Mo, = —%+=—"——
p 1164

Mo, = 0.233

- pN, 0893
mN2 = =
5 1164

M, = 0.767

Average Molecular weight
M=P, M, +P, M,
=0.21 x32+0.79 x 28
M = 28.84

Result:



1. C,, =8.476x10"° kg —mole/m’
C,, =31.88x10"° kg—mole/m’

2. po, =0.271kg/m°
py, =0.893kg/m?

3.my, =0.233
my, =0.767
4.M = 28.84

14.Consider air inside a tube of surface area 0.5 m? and wall thickness 10 mm. The pressure of air drops
from 2.2 bar to 2.18 bar in 6 days. The solubility of air in the rubber is 0.072 m?® of air per m® rubber at 1
bar. Determine the diffusivity of air in rubber at the operating temperature of 300 K if the volume of air
in the tube is 0.028 m®.

Given:

A=0.5m?
L=10mm=0.010m
Pi = 2.2 bar = 2.2 x 10° N/m’
Py = 2.18 bar = 2.18 x 10° N/m?
$=0.072m?
T=300K
V =0.028 m®

To find : Diffusivity of air in rubber [D]

Solution: Initial mass of air in the tube,

PG 2.2x10°%0.028
" RT  287x300

m, =0.0715kg

Final mass of air in the tube

_ PV _2.18x10°x0.028
¢ RT  287x300

m, = 0.07089Kkg

Man of air escaped = 0.0715 — 0.07089 = 0.00061 kg

The man flux of air escaped is given by



_m, _ Man of air escaped
A TimeelapsedxArea
B 0.00061
~ (6x24x3600)x0.5

N

a

=2.35 x 10 kg/s — m?
The solubility of air should be calculated at the mean operating pressure,

M =2.19 bar

The solubility of air i.e, volume at the mean inside pressure,
S$=0.072x2.19
=0.1577 m*/m® of rubber

The air which escapes to atmospheric will be at 1 bar pressure and its solubility will remain at 0.072 m*® of air
per m® of rubber.

The corresponding mass concentrations at the inner and outer surfaces of the tube, from characteristic
gas equation, are calculated as;

PV,  2.19x10°x0.1577

Cal = =
RT, 287 x300
=0.4011kg/m’
c PV _ 1x10° x 0.072

¥ RT,  287x300
=0.0836kg/m’

The diffusion flux rate of air through the rubber is given by

ma D[Cal Ca2]
Ny = Ma
A (Xz X;)
- D[Cal _Caz]
L

D[0.4011-0.0836]
0.01

= 235x10°=

= D=0.74x10""m%s
Result : The diffusivity of air in rubber
D =0.74 x 10" m%/s
15. Derive an expression for mass flux in steady state molecular diffusion:
(a) A through non diffusing B

(b) Equimolar Counter Diffusion.



Ans: (a) Steady state molecular diffusion, A through non-diffusion, A through non — diffusing B

(A A)

N, =—-CDpg 3

Mass current

'YA1

h——L-—'q

(b) Steady state equimolar counter diffusion:

Reservoir Reservoir
A L B
yA1=pA1/p YA2=pA2/p
YB1=pO1/p y81=p02/p
Na ==Ng
N, =-CD, ¥a
x dx
N, =-CD,, e
dx
dya __dye
dx  dx
CD,s
NAX = (Xz _Xl)(yAl—yAz)

_ Dyg(CA —CcA,)

(x;=x)



16.NH, gas (A) diffuses through N»(B) under steady state condition with non — diffusing N, . The total
pressure is 101.325 kPa and temperature is 298 K. The diffusion thickness is 0.15 m the partial pressure
of NHj; at one. Point is 1.5 x 10* Pa and at the outer point is 5 x 10° Pa. The Dag for mixture at 1 atm and
298 K is 2.3 x 10" m?/sec. (i) Calculate flux of NH; (A through non diffusing B) . Calculate flux for

equimodal counter diffusion.(8)
Given : P =102.325 KPa.
T =298 k.
L=0.15m
P = 1.5x 10" Pa.
P.2 =5 x 10° Pa.

Ans : (a) Equimolar counter diffusion
ma _ nab % Pafpaz
A R, T X,—X;

R, =334 _ 4893/kgK.
17

a

=1.052x10"° kg/gm?

(b) A through non — diffusing B

15 x 10+ P, =101.325x10°
P, =86325Pa,
P, +P, =P

5x10° + R, = 101.325x10°

R,, =96325Pa.

3& B 2.3x10° x101.325x10°
A 8314 (208)(0.15) LN 96325]
17 86325

=1.168 x 10 kg/gm?.
17.Write a note on the convective mass transfer coefficients for liquids and gases. Ans: Convective

Mass Transfer Co-efficient:

A fluid of species molar concentration, C ., flouring a surface at which species concentration is Cas.



As long as Cas # CA,,, mass transfer by convection will occur:

Na = hin (Cas — Cax)

ii) Give a brief description on heat, momentum and mass transfer analogies.
Ans : Heat, Momentum and Mass Transfer Analogy:

In has been sent that there is a marked similarly between the laws governing the boundary layer growth of the
three transport phenomena, of momentum, heat and mass. These equations for a laminar boundary layer over a
flat plate are:

(i) Momentum Transfer

ou ou A4
U—+v—=

V_
ox oy oy
(ii) Heat Transfer

or oT 0T
U—+Vv—=a
ox oy oy?

(iif) Mass Transfer

2
ua :DAB% (3)
OX oy oy
It was shown that the momentum and thermal boundary layers are identical for v = o or when prandtl number
is unity.

Note the similarity between Equations. The velocity and concentration profiles will have the same shape when
v = Dag. The dimensionless ratio v/D a5 is called the Schmidt number

\'
Ss=W .. 4
¢ Dae ()

The Schmidt number is important in problems involving both momentum and convection mass transfer. It
assumes the same importance in mass transfer as does the Prandtl number to convection heat transfer problems.
Table 14.1 gives the values of the Schmidt for same common gases diffusing into air at 25°C and 1 atmosphere.

Obviously, the temperature and concentration profiles will be similar when o = Dag. The dimensionless ratio
a/Dag is called the Lewis number.

L, =—
DAB

Table : Schmidt Number for some Gases Diffusing



Into Air at 1 atm, and 25°C

Gas Schmidth Number

Ammonia 0.66
Carbon dioxide 0.94
Hydrogen 0.22
Oxygen 0.75
Water Vapour 0.6

Ethyl ether 1.66
Benzene 1.76

The Lewis number is of significance in problem involving both heat and mass transfer. All the three boundary
layer profiles will become identical when

Pr=Sc=Le=1

Just like the Nusselt number in convective heat transfer,. We define a non-dimensional parameter called
Sherwood number as:

h_x
Sh=-=m (B
D, ()

Where x is characteristic length.
Similarly, corresponding to Stanton number,

St N, __h
Re.Pr pu_C,

We have a dimensionless number in mass transfer St.,, given by:

Sh hm

St, = =1
ReSc pu,

We have a dimensionless number in mass transfer St.,, given by:

S _hy
" ReSc pu,

St

As seen, the forced heat transfer correlations are of thee form:
N, (Re, Pr)
Likewise in forced convection mass transfer, the correlations would be of the form:
Sh = sh(Re, Sc)
The free convection heat transfer correlations have been seen to be the form:
Nu= Nu(Gr, Pr)

pZBg L AT
2

7

Where Gr =



We need to define a new ,ass Grashof number, Gr,,, because the density variation in mass transfer is
due to concentration difference and not temperature difference., The buoyancy force in mass transfer is given

by:

pi(p—pw):—gﬁm(mA—mAw)

©

Where 8, =—1( o

is a quantity analogous to 3.
plom,

It indicates the variations of density with composition. The mass Grashof number is then defined as :

_ Bmgl—3 (mAw - mAW)

Gr, g e (6)

or Gr

m

_ gl—3 (poo _pw) (7)
—Vzpw ........

Where subscript w refers to the wall. The correlations for natural mass transfer can then be written in
the form:

Sh =sh Gry, Pr).
18. Ezxplainin Jetail the various maodesof mass transfer.
Various medes af mass transfer:
Twvere are 3 masies of mass transfer
I. Massiransfer by diffusion
2. Masstransfer by convection

3. Masstransfzr by change of phase.



1. Mass transfer by diffusion:

The transport of water on a microscopic level as a result of difTusion from a region
of high concentration to a region of low concentration in a system/mixture of liquids or
gases in called molecular diffusion. It oceurs when a substance diffuses through a layer of
stagnant fluid and may be due to concentration temperature of pressure gradients. Ina
gaseous mixture, molecular diffusion occurs due to random motion of the molecules.

7. Mass transfer by convection:

Mass transfer by convection involves transfer between a moving fluid anda surface
or between two relatively immiscible moving fluids. The convective mass transfer depends
on the transport properties and on the dynamic characteristics of the flowing fuid. Example:
The evaporation of ether.

3, Mass transfer by change of phase:

Mass transfer occurs whenever a change from one phase to another phase takes
place. The mass transfer in such a case occurs due to simultaneous action of convection
and difTusion some example are,

Hot gases escaping frem the chimney rise by convect'on and then diffuse into the
air sbove the chimney, mixing of water vapour with air during vaporation of water from
the lake surface,

Hydrogen gas in maintained at $barand 1 bar on opposite sides of a plastic
membrane, whichis 0.3 mm thick. The temperature is 25°C and the binary
diffusion coeMMicient of hydrogen in the plastic is 8.7 x 107* ms. The solubility
of hydrogen in the membrane is 1.5 % 107 kg mol/m’ bar. What is the mass
flux of hydrogen by diffusion through the membrane.

19.

Given:

Inside pressure of hydrogen= 5 bar

Outside pressure of hydrogen = 1 bar

Thickness of plastic membrane = 0.3 mm thick
=0.3107m

Diffusion coefficient, D,, =87x10% m's

Solubility of hydrogen = 1.5 10~ kg mol/m’ bar

Temperature =25°C



To find:
Mass flux of hydropgen

Solustiorn:
1. Molar concentration on inner side
C_y = Solubility = Inner pressure
— 1.5 10 3x5 =7.5 % 10"* kg-mol/m’

Coy = 7.5 = 10 kg mol/fm>.

Molar concentration on outer side.
< — Solubility = outer pressure

= 1.5=< 107 =1
[€ = 1.5 = 10 kg movm®. |

we know thart,

D
NMolar flux, ? - % [Cal = .rz]
8.7 = 10°%
=y o5 L7-5 =107 —1s=10~° 1
- >
MMolar fux, ‘—n;\a - 17.4 = 10 kg mol/m~s

Mass flux = BMolar flux = NMoleccular weight
= 17.94 = 107 = 2Z/mole
= 34.8 = 10 "kgfm’s

lhf‘lacs flux = 34 .8 = lO"kgfm’s,

Result:
Mass Mlux hydrogen — 34 .8 = 10 "kg/m°s.

20.

Lg— . . . .
A vessel contains a binary mixture of 0, and N, with partial pressures in
the ratio 0.21 and 0.79 at 20°C. If the total pressure of the mixture is 1.1

bar, calculate the following:
i) Molar concentrations
ii) Mass densities

iii) Mass fractions

iv) Molar fractions of each species




Given:

Partial pressure of UL

poy = 021 Total presure

=(.21 » 1.1 bar
021 x 1.1 x 10° N/’

Partial pressure of Na: P2 = (.79 x Total presure
=(.79 x 1.1 bar
=079+ 1.1 » 10°Nim?

Temperature, T = 20°C +273

=203K

To find:
I

o

3
4.

Solution:

Molar concentrations: Co, . Cy,
Mass densities. Po,® Py,
Mass fractions, g, Pin

Molar fractions, Xp+ *N;

We know that,

Molar concentration, C = P
GT

_p():

Oz'a
020xL1x10°
8314 x 293

(- Universal gas constant, G = 8314 J/kg -mole-K]

Co, =948 x 107 kg - mole/m’

PNy

Cy. 2—=
N) GT
0.79x 11 x10°
8314 x 293

Cy, =357 x 16 kg - mole/m’

yfolar concentration, € = 2

2 p=CxM
2 Po; =Co, x My,
= 948 X ]0-3 N 32
[ Molc .7
Po, = 0.303kg/ny? Flrveightof 0 is 37
2 pNz = CNZ X MN,
=35.67 x 10-3 x 28
[ Molecular wej
eightof N, i
PN, = 0.9987kg/m’ ,1528]
overall density, P=pg, * Pyy
= 0.303 + 0.9987
Mass fractions :
I"o.‘ = p& = m
p 1302
Mg, =0.233
; PNy 09987
Ny T
Soop o 1302
tity, =0.767

We know that,

Total concentration, € = Cy, +Cy
2 2

=048 x 107 +35.67x 107

Mole fractions:



Result:

_9.48x10™

0.045
Xo, =0.210
Cy,
XN, = —C—
35.67 x 1072
T 0,045

xy, =0.792

l. Co, =9.48 x 10~ kg — mole /m?
Cn, =35.67x1073 kg — mole/m’
po: = 0.303kg/m’
pN; = 0.9987 kg/m’
3. n’xo; = 0.233

ritgy = 0.767

9

4, X = 0.210

= 7
Xy, = 0.792

21.

Air at 25°C Slows over a tray Jull of water with a velocity of 2.8 m/s. The

tray measures 30 cm along the flow direction and 40 cm wide, The partial

pressure of water present in the air is 0.007 bar. Calculate the ¢
rate of water if the lemperature on the
co-efficient is 4.2 x 105 w27

vaporation
water surface is 15°C. Take diffusion



" rature T, = 259
U I‘Iuidtc’"p“ ' . C

Speed, U=34g m/s

aetion 15 30 cm side, S
Flow direction ! de. So, x = 30em=0.30m
Area,  A=30¢m , 40 em = 0.30 7 0.40 m?

paﬂial pressurce of water, P,y =0.007 o

Py = 0.007 x 1% N/m?

water surface temperature, lwn 150¢

piffusion co-cfficient,

roﬁ"d"

D,,=4.2 « 10~5 N/m?

Evaporation rate of water, (m )
w

lutio
We know that,

Film temperature, T/ = M 415 + 25
- W

rj= 20°C

Properties of air at 20°C

[From HMT data book, page no.34]
Kinematic viscosity, v= 15,06 x 106 m2/s

We know that,
Reynolds Number, Re = &
1%
_ 2.8 % 0.30
15.06 x 107°

Re =0.557 x 10° <5 = 10
Since, Re <5 = 10°, flow is turbulant
For flat plate, Laminar flow ,
Sherwood Number (Sh) = [0.664 (Re)®3 (Sc)?3%] (1)

[From HMT data book, page no.176]



where, v

Sc—SchmidtNumbcr < Dy (2)
% 42x10°3
Se = 0358

Substitute Sc, Re values in equation (1)
Sh~= [0.664 (0.557 x |05)0.5 (0.358)0‘333]

()=
sh=111.37

We know that,
’ hmx
Sherwood Number, Sh = D,,
h_ x 030
= L 10

=0.0155 m/s

Mass transfer co-efficient, h,
/ . . .
efficient based on pressure difference is given by,
g h, 0.0155

fmp = RT T 287 % 288
[ Tw= 15°C + 273 =288 K,R =287J/kg}

h,, = 1.88 10" m/s

Saturation pressure of waterat 15°C
P, = 0.017 bar [From steam table R.S. Khurmi) page ny

=0.017 x 10° N/m?

Mass transfer co-

Py
The evaporation rate of water is given by,
m, = hmp XA [Pwl _pWZ]
=1.88 x 1077 x (0.30 x 0.40)
x [0.017 x 10° - 0.007 x 10%)]

m_=225x 107 kg/s

Result :
Evaporation rate of water, m =2.25 10~ kg/s






