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Boundary layer thickness (d) :

The velocity within the boundary layer increases from zero at the boundary surface to the veloc-
ity of the main stream asymptotically. Therefore, the thickness of the boundary layer is arbitrarily
defined as that distance from the boundary in which the velocity reaches 99 per cent of the velocity
of the free stream (u = 0.99U). It is denoted by the symbol 8. This definition, however, gives an
approximate value of the boundary layer thickness and hence 8 is generally termed as nominal thick-
ness of the boundary layer.

The boundary layer thickness for greater accuracy is defined in terms of certain mathematical
expressions which are the measure of the boundary layer on the flow. The commonly adopted defini-
tions of the boundary layer thickness are :

I. Displacement thickness (8*)

2. Momentum thickness (8)

3. Energy thickness (3).

Displacement thickness (3°) :

The displacement thickness can be defined as follws :

“lt is the distance, measured perpendicular to the boundary, by which the main/free stream is
displaced on account of formation of boundary layer.”

Or

“It is an additional “wall thickness™ that would have to be added to compensate for the reduc-
tion in flow rate on account of boundary layer formation.”

The displacement thickness is denoted by 8*.

Let fluid of density p flow past a stationary plate with velocity U as shown in Fig. 7.2. Consider
an elementary strip of thickness dy at a distance y from the plate.

A
-« >
Boundary layer f—— ,:.__} ,
—li - e Velocity
g dy | distribution
—_— /// i
—_— v / 4 )
/ ¥
S -'
4 l
> -

Stationary plate

Fig. 7.2. Displacement thickness.
Assuming unit width, the mass flow per second through the elementary strip

Mass flow per second through the elementary strip (unit width) if the plate were not there

=p Udy ...{ii)
Reduction of mass flow rate through the elementary strip

= p (U - wydy

[The difference (U - u) is called velocity of defect]
Total reduction of mass flow rate due to introduction of plate

b
= [pw - wady ...(iii)
0

(if the fluid is incompressible)
Let the plate is displaced by a distance 8* and velocity of flow for the distance 8* is equal to the
main/free stream velocity (i.e., U). Then, loss of the mass of the fluid/sec. flowing through the
distance §*

= pUs* (i)
Equating eqns. (iii) and (iv), we get

8
pUS* = IP(U - u)dy
0

or, 3 ?(' - 5)4)’ (7.

0




Momentum thickness (8) :

“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. It is denoted by 8.

It may also be defined as the distance, measured perpendicular to the boundary of the solid
body, by which the boundary should be displaced to compensate for reduction in momentum of the
flowing fluid on account of boundary layer formation.

Refer Fig. 7.2. Mass of flow per second through the elementary strip = p u dy

Momentum/sec of this fluid inside the boundary layer = p u dy x u = p w’dy

Momentum/sec of the same mass of fluid before entering boundary layer = pu Udy

Loss of momentum/sec = puldy - pu’dy = pu(U - u) dy

Total loss of momentum/sec.

‘ -
- fput - wyay A0
0
Let 6 = Distance by which plate is displaced when the fluid is flowing with a constant velocity U.

Then loss of momentum/sec of fluid flowing through distance 8 with a velocity U
=p0U? i)
Equating egns. (i) and (ii), we have

]
poU? = JPuU - u)dy
0

8
u u
_ 9= __(1 . —-)d
or !U T (12

The momentum thickness is useful in kinerics.

Energy thickness (d) :

“Energy thickness" is defined as the distance, measured perpendicular to the boundary of the
solid body, by which the boundary should be displaced to compensate for the reduction in K.E. of the
Slowing fluid on account of boundary layer formation. It is denoted by §,.

Refer to Fig. 7.2. Mass of flow per second through the elementary strip = pudy
K.E. of this fluid inside the boundary layer

W :
—EMU -2 (pudy)u

K.E. of the same mass of fluid before entering the boundary layer
1
o (pudy) U?

Loss of K.E. through elementary strip
1 1 1
o (pudy) U? - 3 (pudy) u* = S Pu (U? - u?) dy i)

)
1
Total loss of K.E. of fluid = IEP“(U’ - u’)dy
0

Let, §, = Distance by which the plate is displaced to compensate for the reduction in K.E.
Then loss of K.E. through 8_ of fluid flowing with velocity U

1 2
- (pUS, U i)
Equating eqgns. (i) and (if), we have

%([’UG,)U2 = lpu(U2 - u’)dy

oo._.o-

5
or, =— u(Uz u)dv
3, 0 OI
u u’
o 1 w{1.3
OIU( u’) e
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u_y
Example 7.1. The velocity distribution in the boundary layer is given by : U = E . where u is
the velocity at a distance y from the plate and u = U at y = 8, 8 being boundary layer thickness. Find :

(i) The displacement thickness., (if) The momentum thickness,
at
(iii) The energy thickness, and (iv) The value of e
Solution. Velocity distribution : % = % ...{Given)
(i) The displacement thickness, §* :
5
u
5 = f("g]"’y ..[Eqn. (7.1)]
3
_ _2) [ u y]
=fl1 dy 5 B
103 e
,
| [
’[” 28]0
2
5‘:[5—8—]:6—§=£(A“-'
28 2 2
(ii) The momentum thickness, 8 :
i
&= Jm Vs Jay .[Eqn. (7.2
[{U U ' [Eqn. (7.2)]
-13(-%)o- 13-7)
=[2{1-2 |ay= [| -2 |ay
I3 o) 5%
e_[y_’__yi 8.8 8 8.8,
o 2% %), 2 3 2 3 A
(iii) The energy thickness, §_ :
8 2
5r= i{l-u—de 7.3
DIU vl .[Egn. (7.3)]
5 2 5 3
= l(l_y_]dy= [l_Y_]dy
Ist-w)o=lls-%
(2 »T.8_ 8 3 3.
L2 4L, 25 48 2 4 4
; 5=2a
ie., .—4(115-)
&
(iv) The value of F t
S _3/12_ .4 (Ans)
8 &/6
§ e o w_3y 1y
Example 7.2. The velocity distribution in the boundary layer is given by U = 25 3%—2- .0
being boundary layer thickness.
Calculate the following :
5
(i) The ratio of displacement thickness to boundary layer thickness (?} :
0
(i0) The ratio of momentum thickness to boundary layer Mfch:ess[g) x
Solution. Velocity distribution : '1:'2"{—']'2:' (Given)
n. ve 1y di ulion © U 25 282 ven
(i) 8/8:
. X 3 3 1y?
5 = [1_1]41 = [l-—Z o
! v)® ﬂj 28 257 /"
3.9 1.y
=y X =X
[y 2 28 2 3%
N 38 1§ _( )_s
-[5—;.?-&5)(—5]— d-=8+— -1_28
& _ 8
5 12
(i) 0/5:
B
u u
8= |—|1-—
Si(-5)e
5 2 2
3y Ly }[ 3y Iy]
= [ Sfe—t ||l ==t
J{zs 7§ 28 25 )?
5 2 3 2 3 4
=I[éz_zz:+1_y_;_1y_z+3__1y_)dy
gL28 45 4 & 2% 45 4%
= 31_(2y_’+1y_‘]+[§y_’+3y_j_1i dy
oL 28 45 2§ 45 4§ 45
5 2 3 4
3y Iy 3y 1y
=l == -—5+-5-—=|d
5[[26 452)'253 45‘]“



or,

2 3

x . x

K 3

=X

| 2 28 4 3% 2

(3 8 1n & 3 &
— +5x__

x —

| 226 4 3§
(25-35+§5-L5)=£8
4 12 8 20 120

9_ 19 (Ans)
5 120

Example 7.5. Air is flowing over a smooth flat plate with a velocity of 12 m/s. The velocity
profile is in the form :
2
u y y
—g | <]
7=(3)-3)

The length of the plate is 1.1 m and width 0.9 m. If laminar boundary layer exists upto a value of
Re = 2 x 10° and kinematic viscosity of air is 0.15 stokes, find :

(7)) The maximum distance from the leading edge upto which laminar boundary layer exists,
and

(i) The maximum thickness of boundary layer.

2
. S R LA P
Solution. Velocity distribution : T 2(3) -(E)
Velocity of air, U= 12 m/s
Lengthof plate, L= 1.1 m
Width of plate, B=09m
Reynolds number upto which laminar boundary exists, Re = 2 x 10°
Kinematic viscosity of air, v=0.15 stokes = 0.15 x 10* m?/s

(/) The maximum distance from the leading edge upto which laminar boundary layer exists, x:

Re,zgor 2x|o’=ﬂ3
v 0.15x10
4
o x=2x10’x0.l5x|0 = 035m (Ans)

12
(if) The maximum thickness of boundary layer, §:

For the given velocity profile, the maximum thickness of boundary layer is given by
8= 548 x
Re,

= 3A48x 0.5 =0.00306m or 3.06mm (Ans.)
32 x 10°



Example 7.8. Air is flowing over a flai plate 5 m long and 2.5 m wide with a velocity of 4 m/s at
I5°C. If p = 1.208 kg/m’ and v = 1.47 x 107 m%s, calculate :
(#) Length of plate over which the boundary layer is laminar, and thickness of the boundary
layer (laminar).
(i) Shear stress at the location where boundary layer ceases to be laminar, and
(iii) Total drag force on the both sides on that portion of plate where boundary layer is laminar.

Solution. Length of the plate, L=5m

Width of the plate, B=25m

Velocity of air, U=4mfs

Density of air, p = 1.208 kg/m?

Kinematic viscosity of air, v = 1.47 x 10° m?s
(i) Length of plate over which the boundary layer is laminar :
Reynolds number Re, = L L =1.361 x 10°

Yov 147x107
Hence on the front portion, boundary layer is laminar and on the rear, it is turbulent.
Re, = Y _sx10°
v
4xx
147x10° =3 %10°

-5
e 5x10° x:.ﬂxlﬂ e

Hence the boundary layer is laminar on 1.837 m length of the plate. (Ans.)
Thickness of the boundary layer (laminar), &

or,

5¢r _ 5x1.837

Re, \[5x10°
(ii) Shear stress at the location where boundary layer ceases to be laminar, T :

=0.01299 mor 12.99 mm (Ans.,

Local coefficient of drag, Cp = D664 = (0.000939

-\lsxm’

- cﬂ,x%puz = 0.000939 x%x 1.208 x 42

= 0.00907 N/m? (Ans.)
(iiif) Total drag force on both sides of plate, F , :

= 1 2
Fﬂ'= ZCIXEP‘AU‘
1.328

Jsxmf

1
F,=2x1878 x 103 x 5 X 1.208 x4.59 x4°=0.167N (Ans.)

where, E; = Average coefficient of drag (or skin friction) = =1.878x107°

and A = Area of the plate = 1.837 x2.5=4.59 m?
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Grashof number (Gr) :

The Grashof ber is a di i ber in fluid dy and heat fe
mmmmmdmmoymmmmmmmmw
« Itarises in the study of situations involving natural ion and is gous 10 the
Reynolds number

« Using the Energy equation and the buoyant force combined with Dimensional Analysis
provides two different ways to derive the Grashof number.

gﬂ(Ts - TO )Lg

2

Gr =

buoyant forces

Gr= :
viscous forces

+ In forced convection , the Reynolds number ( Re) governs the fluid flow
= But, in natural convection the Grashof number ( Gr ) is the dimensionless parameter
that governs the fluid flow

where:

g is acceleration due to Earth's gravity

B is the coefficient of thermal expansion (equal to
approximately 1/T, for ideal gases)

Ts is the surface temperature

T IS the bulk temperature

L is the vertical length

D is the diameter

v is the kinematic viscosity

Rayleigh Number (Ra) :

The Rayleigh number ( Ra) is a dimensionless number that characterizes
convection problems in heat transfer. Rayleigh Number is the product of Grashof
number (Gr) and Prandtl Number (Pr).

Rayleigh Number,Ra = Gr.Pr

Grastz Nwmbor
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HIGHLIGHTS

Important Formulae

L

If

(if)

(iii)

(iv)

(v}

(vi)

(vii)

(viif)

(ix)

(x)

(xf)

{xii)
(xiif)

{xiv)

(1)

(i)
(1if)
(iv)

A. Laminar Flow

Flow aver flat plate :
Ux
T <5x10° ...boundary layer is laminar (velocity distribution is parabolic)
Ux 1
= >5x10 ..boundary layer is furbulent on that portion (velocity distribution fol-

lows log law or, a power law)

u
Displacement thickness, 8= _c [l - E] dy
i u
Momentum thickness, 6= I: m [1 - E) dy
u Ilz

Energy thickenss, 8 = E U 1- el dy

wn

&
—-= (Blasius)
X JRe,

4,
§= . (Von-Karman)
X Re,
8, 5 b
. Re, o for Pr=1
? - [Pr}“j (Pﬂhlhﬂustn)
o, o 0664 _
e = JH (Blasius)

x
0.646

C, = == (Von-Karman
‘f JRTJ[ i }

G o 1328
d \’REL

k
h=0.332 — (Re )" (P)'"

(Blasius)

Nu, = f’;—“" =0.332 (Re,)"? (Pr)'?

h= th
ﬁu = _{:_f_‘ = 0.664 (REL)EFE (P‘r)”]
Laminar tube flow :

2
r
w=u,, lt - [E] :I ... Most commeonly used equation for the velocity distribution for

laminar flow through pipes.

p =28k
11D
Nu = 4.364

Nu = 3.65 ... For constant wall temperature.




B. Turbulent Flow

—
-

For flat plate :
8§ 0371
T W

_pU’ 00576 [_ omsapu*]

(i) % 2 (Re)” (Re. )"
x x
0.0576
(iir) C”-W
x
(i ,-(_:":_7:5 Valid for $ x 10° < Re, < 107
f,-—‘%i-’—m .. Relation suggested by Prandtl and Schlichting, for Re between,
(og1o Rev) 107 and 10°, when the boundary layer is turbulent from the lead-
ing edge onwards.
0435 1670 for laminar and urbulent flow at Re, = § x 10°

" Glog,g Re P Re
(v) Nu,=00288 (Re )** (Pr)'?
k
h, = 0.0288 (;) (Re "% (Pry'®
(v) Nau =0.036 (Re,)"* (P)'®
k
& =003 (7_) (Re,)** (Pr)?
(vi) Nu =(Pr)"” [0.036 (Re,)** - 836) ..when Re_=5x 10°
II. For tubes :
Nu =0.023 (Re)** (Pr)'”
k
A =003 5 (Rey** (P)\?

The above expressions are valid for
le0‘<k<lxlo’;05<h<lm:—l'5>w.

L. Turbulent flow over cylinders:
(nmpmwmum,wmmmm-mqw
Ma= -?--cmr(m“’
where C and n are constants and have the values as givn in the table below:

Table: Constants for eqn. (7.175) for flow across eylinder (Hilpert, 1933; Knudsen, 1958)

S.No Re & n
1. D4w4 0.989 0.330
- A 4w 40 oen 0.385
3 40 10 4 x 10" 0.683 0.466
4. 4x10"w04 x 10¢ 0.193 0618
5. 4x 1004 x10° 0.026 0.805

(if) Churchill and Bernstein have suggested the following comprehensive empirical correlation
which covers the entire range of Re and wide range of Pr.

— 0.62(Re)" ()" ( Re )“ '
Nume ||+(oum"‘r”[“ %200

0% Lj,cmf j’{tuncm @J’LL

This is valid for 100 < Re < 107, and Re.Pr> 0.2 and correlates very well all available data.

(i) The following equation may be used in the mid-range of Reynolds numbers, i.e. 20,000 < Re
<400,000:

— ®D 0.62(Re)™* (Pr)” ( Re ]"
=0 1
Nu= =03 oA o r®| 25200

for 20,000 < Re < 400,000, and Re.Pr>0.2
(iv) The following relation is recommended by Nakai and Okazaki for Pe (= Re.Pr) <0.2:

e — i 8927 1dDa S0



Example 7.22. Castor oil at 25°C flows ar a velocity of 0.1 m/s past a flal plate, in a certain
process. If the plate is 4.5 m long and is maintained at a uniform temperature of 95°C, calculate the
following using exact solution :

(1) The hvdrodynamic and thermal boundary layer thicknesses on one side of the plate,

(i) The total drag force per unit width on one side of the plarte,
(iir)y The local heat transfer coefficient at the trailing edge, and
(iv) The heat transfer rate.
The thermo-physical properties of oil at mean film lemperature of (95 + 25)/2 = 60°C are :
p = 956.8 kg/m*, a0 = 7.2 x 10°* m¥s; k= 0.213 W/m°C; v = 0.65 x 10°* m*ls.

Solution. Given : t_=25°C, t =95°C, L=4.5m, U=0.1 m/s,

(i) The hydrodynamic and thermal boundary layer thicknesses, §, §, :

Reynolds number at the end of the plate,

Since Reynolds number is less than 5 x 10°, hence the flow is laminar in nature.

The hydrodynamic boundary layer thickness,
5 S5x _ 5xL _5x45

N JR&!jr - JR&L - J6923
=02704 mor 2704 mm (Ans.)
The thermal boundary layer thickness, according to Pohlhausen, is given by :

D
th {Pr)lil
v (0.65x107*)
— = =902.77
where, Pr (Prandtl number) o 22%10°
0.2704

5,_., = {9{]2?7)“'3 =0.02798 m or 27.98 mm (.A.lllo}

(i) The total drag force per unit width on one side of the plate, F,:
The average skin friction coefficient is given by,

& 138
? \,l RFL

G, = —oame o 0.01596
e r-Jeo23 =%

= _1
The drag force, F,=C; X 3 pU? x area of plate (for one side)

1
or, Fp,=0.0159 x o 956.8 x 0.17 x (4.5 x 1) = 0.3436 N per meter width. (Ans.)

(iii) The local heat transfer coefficient at the trailing edge, h_(atx = L) :
Nu = }‘Tx =0.332 (Re )" (Pr)'?

0.332 x (6923)'% (902.77)'7 = 266.98

i, Kl 26698 x k _ 26698 % 0.213
x x 45

(i) The heat transfer rate, Q :
Q=h A (t-1)

where, h =2h =2 x12.64 = 25.28W/m*°C

Q=2528x(45x1)(95-25)=T79632 W (Ans.)

=12.64d Wim?°C  (Ans.)

= =V as



Example 7.23. Air at 20°C and at atmospheric pressure flows at a velocity of 4.5 m/s past a flat
plate with a sharp leading edge. The entire plate surface is maintained at a temperature of 60°C.
Assuming that the transition occurs at a critical Reynolds number of 5 x 10°, find the distance from
the leading edge at which the flow in the boundary layer changes from laminar to turbulent. At the
location, calculate the following :

(i) Thickness of hydrodynamic layer,

(if) Thickness of therml boundary layer,

(iti) Local and average convective heat transfer coefficients,
(iv) Heat transfer rate from both sides for, unit width of the plate,

(v) Mass entrainment in the boundary layer, and

(vi) The skin friction coefficient.

Assume cubic velocity profile and approximate method.

The thermo-physical properties of air at mean film temperature (60 + 20)/2 = 40°C are :

p = 1128 kg/m®, v = 16.96 x 10°° m*ls, k = 0.02755 W/m°C, Pr = 0.699.

Solution. Given: 1_ = 20°C, = 60°C, U = 4.5 m/s.

x{'
v
_ Re,xv _5x10° x16.96 x 107

U 45
(where, x_ = Distance from the leading edge at which the flow in the boundary layer changes from
laminar to turbulent).

(i) Thickness of hydrodynamic layer, & :

The thickness of hydrodynamic layer for, cubic velocity profile is given by,

5= 4.64 x,

4.64 x 1.88
% pl— g 0.01234 m or, 12.34 mm (Ans.)
JS x 10

(if) Thickness of thermal boundary layer, §, :
The thermal boundary layer is given by,

At the transition point, Rer = (Re)"\wu. =

=188 m (Ams.)

or, Xe

09758
5, = (P
0.975 x 0.01234
or, = W =0.01355 m or, 13.55 mm

(iii) Local and average convective heat transfer coefficients:
The Nusselt number at x = x_is given by
Nu_=0.332 (Re )" (Pr)""
=0.332 (5 x 10%)'2 (0.699)'" = 208.34

Nu, x k
Put Nu, = A %R or, k. =—%
k X
(where, h_= Local heat transfer coefficient at x = x )
or, h. = w =3.05 Wm?°C (Ans.)

Average heat transfer coefficient,
— 1 px
h= 5 [, heds
h = 2!!{: 2 % 3.05 = 6.1 Wm*C (Ans.)
(iv) Heat transfer rate from both sides for, unit width of the plate; Q :
Q=p(2A)At=6.1 (2x 1.88x 1)(60 -20)=91744 W (Ans.)
(v) Mass entrainment in the boundary layer, m :
5
m=2p U(d,-3)
Here, 3, =0atx=0and 3,=0.01234 matx=x = 1.88 m

Sm= % x 1.128 x 4.5 (0.01234 - 0) = 0.039 kg/s or, 140.4 kg/h (Ans.)
(vi) The skin friction coefficient, Cpt
0646
5= Re,
0.646

{Ans.)

or, C,= =9.136x 107
# ;]leo’



Example 7.33. Ambient air at 20°C flows at a velocity of 10 m/s parallel to a wall 5 m wide and
3 m high. Calculate the heat transfer rate if the wall is maintained at 40°C. The critical Reynolds
number is equal to 5 x 10°. The properties of air at the mean film temperature may be taken as :
k = 0.0263 W/m K, v = 15.89 x 10° m*/s and Pr = 0.707.

If the entire boundary layer is assumed turbulent, what will be the percentage error in the
computation of heat transfer rate ? Comment on the comparable values of the two results.

Appropriate correlation from the following may be used :
Nu =0.664 Re,"* Pr'?
Nu = 0.0375 Re,*8 Pr'”
Nu = 0.0375 [ReLB's - 23200] Pr'? (AMIE, Summer, 1999)
Solution. Given : 1, =20°C;U=10mfs; L=5m; B=3m; 1 =40°C;(Re)  =5x 10°
k =0.0263 W/m K; v = 15.89 x 10 m%s; Pr=0.707.

a7

—»

Wind ——» Wall J Bt
»
—

t, = 20°C “’ = 40°C) | l
|
!

U=10m/s —
le—L=Sm—»

Fig. 7.20.

Percentage error in computation of heat transfer rate :
UL 10x5

R9L=—=

- 6
v - 1585%10E =3.1466 x 10

ie,>(Re),
Using the following equation, we get

Nu = 2= = 0.0375 [ Re,*® - 23200] P

a-lt..,,l

...(Combination of laminar and turbulent flow)

= % x 0.0375 [ Re,”* - 23200] Pr'”?

B 0-0;’-63 x 0.0375 [(3.1466 x 10°)°® — 23200] x (0.707)"*3

=0.00019725 (157860.4 - 23200) x 0.8908 = 23.66 W/m?°C
Heat transfer rate,
0 = hA (1,-1.)=23.66 x (5 x 3) x (40 - 20) = 7098 W
If entire boundary is assumed turbulent,
Nu = % = 0.0375 Re,"* Pr'?
k= % x 0.0375 Re,"* Pr'

_0.0263

x 0.0375 x (3.1466 x 10%)°® x (0.707)"?

= 0.00019725 x 157860.4 x 0.8908 = 27.74 W/m?°C
Q =2774x(5%x3)x20=8322W

Percentage error = 8322 - 7098 x 100 =17.24%  (Ans.)

7098
Comments. The difference between the two values is nearly 17%. Further the correlation for

turbulent heat transfer are empirical, which may have a variation of + 25%. Hence, the rate of heat
transfer in such cases may be calculated for all purposes, by assuming the boundary layer to be
entirely turbulent.




Example 7.34. Air flows over a heated plate at a velocity of 50 m/s. The local skin friction
co-efficient at a point on a plate is 0.004. Estimate the local heat transfer coefficient at this point.
The following property data for air are given :

Density = 0.88 kg/m’; viscosity = 2.286 x 10~ kg m/s;

specific heat, ¢, = 1.001 ki/kg K; conductivity = 0.035 W/m K.

c
Use St Pr'® = —-2’i~ (U.PS.C., 1993)

Solution. Given : U = 50 m/s; C;, = 0.004; p = 0.8 kg/m’; p = 2.286 x 10~ kg m/s;
= 1.001 kJ/kg K; k= 0.035 W/m K.
Local heat transfer coefficient, /i :

i -5
Prandtl number, p = B-c, _ 2,286 x 1077 x (1.001 x 1000) —0.654
k 0.035
Stanton number, St = hy = hy = hy
prc,- U 0.88x(1.001x1000) x50 44044
c X
Now, St (Pr)¥? = % ..(Given)
h k
—=_(0.654)%° = M
44044 2
or, E ugod M0 _ 1169 Wim?K (Ans.)

T Y065

Example 7.35. The crankcase of an 1.C. engine measuring 80 cm x 20 cm may be idealised as a
flat plate. The engine runs at 90 km/h and the crankcase is cooled by the air flowing past it at the
same speed. Calculate the heat loss from the crank surface maintained at 85°C, to the ambient air at
15°C. Due to road induced vibration, the boundary layer becomes turbulent from the leading edge
itself.

90 x 1000
Solution. Given : U=90km/h = ————— =25m/s; 1, =85°C;1_=15°C; L=80cm = 0.8 m;
B=20cm=0.2m.
85+15
The properties of airat 1, = = 50°C are :

I
k=10.02824 W/m°C, v = 17.95 x 10°° m¥/s, Pr= 0.698 ... (From tables)
Heat loss from the crankcase, Q :

The Reynolds number, Re, = UL o Bx08 o idxao®

v 1795x10°®
Since Re; > 5 x 10°, the nature of flow is turbulent.

For turbulent boundary layer,

- L
Nu = — = 0.036 (Re)"* (Pr)*** = 0.036 (1.114 x 10%)°# (0.698)"*** = 2196.92

x 219692 = 0'%2:24 % 2196.92 = 77.55 W/m?°C

or, h =

Q= fA (1,—1)=71.55x (0.8 x 0.2) (85 - 15) = 868.56 W (Ans.)

Example 7.36. Air at 20°C and 1.013 bar flows over a flat plate at 40 m/s. The plate is Im long
and is maintained at 60°C. Assuming unit depth, calculate the heat transfer from the plate. Use the
Jfollowing correlation : (M.U,)

Nu, = (Pr)° [0.037 (Re,f'* - 850]
Solution. Given : 1_,=20°C; U=40m/s; L= 1m; B= 1 m: 1, = 60°C,
Properties of air at (60 + 20)/2 = 40°C, from the tables:
p = 1.128 kg/m?; ¢, = 1.005 kJ/kg°C: k = 0.0275 W/m°C; v = 16.96 X 1076 m?¥s; Pr=0.699.
Heat transfer from the plate, 0 :

Reynolds number, Re, =— = e 236 x10°
v SJ0 X

L
Nu, = vl_ = (0.699)°3 [0.037 (2.36 x 10°)"% — 850] = 3365.6

’T - 0.0275 )l( 3365.6 =92.55 w;mgoc
Q=j A, (t,—1)=9255x (1 x 1) (60-20)

TO2W  or, 3702 kW (Ans.)

or,



Example 7.41. A square plate maintained at 95°C experiences a force of 10.5 N when forced air
at 25°C flows over it at a velocity of 30 m/s. Assuming the flow to be turbulent and using Colburn
analogy calculate :

(i) The heat transfer coefficient;
(if) The hear loss from the plate surface.

Properties of air are :

p = 1.06 kg/m’, ¢, = 1.005 ki/kg K, v = 18.97 x 10° m%s, P, = 0.696.
Solution. Given : Fj, = 10.5N, 1, =95°C,1_=25°C,U =30 m/s

(i) The heat transfer coefficient, j :

For turbulent flow, the drag force is given by

F=E,x%pAU=

or, ws:%x%xl.ﬂexmx Lyx (30)°

(RfL)
Vv e 1 »
=0072| — x —x 1.06 x [* %900
[UL] g

” 02
169710 x-l-xl.Oﬁxsz‘)OO
25x L 2

2

=0.072 [

=1.424 x

=2.05 (L)*®

L}U,Z

1118
or, L= (E] =2478 m
2.05

The Reynolds number at the end of the plate,

Re, = UL M =3.919 x 10°
v 18.97 x 10
= 0.072
Average skin friction coefficient; “f . W
=002 __ _3457%10°
(3.919 x 10°)y™*
From Colburn analogy, we have
St =4
2
— : E
o, (Pry? =L
YopeU 2
AT P Cﬂ U E!
h = X —
Or'v (Pr)l.'l 2
— 1.06x(1.005x10°)x30 [3457x107°
or, h= 0666 x
(0.696)" 2

= 70.32 W/m*C (Ans.)
(ii) Heat loss from the plate surface, 0 :
Q= hAAr=7032x(2.478 x 2.478) x (95 - 25) = 30226 W
30.226 kW (Ams.)




CONVECTION HEAT TRANSFER

Chapter - 2

NATURAL ( OR FREE ) CONVECTION
HEAT TRANSFER

Dept. OF Mechanical fongineering
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PHYSICAL MECHANISM OF NATURAL CONVECTION

Many familiar heat transfer applications involve natural convection as the primary
mechanism of heat transfer. Examples?

Natural convection in gases is usually accompanied by radiation of comparable
magnitude except for low-emissivity surfaces.

The moation that results from the continual replacement of the heated air in the
vicinity of the egg by the cooler air nearby is called a natural convection current,
and the heat transfer that is enhanced as a result of this current is called natural
convection heat transfer,
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A free convection flow field is a self-sustained
flow driven by the presence of a temperature
gradient. (As opposed to a forced convection flow
where external means are used to provide the
flow). As a result of the temperature difference,
the density field is not uniform also. Buoyancy
will induce a flow current due to the gravitational
field and the varation in the density field. In
general, a free convection heat transfer is usually
much smaller compared to a forced convection
heat transfer. It is therefore important only when
there is no external flow exists.

Buoyancy effects:

Surmundings_ fluid,
cold,p,

Net force = (p..—p)gV
The density difference is due to the temperature
difference and it can be characterized by their

volumetric thermal expansion coefficient, 3 :

B 1[@12 Llpa=p) 1[51]

plaT),  p(T.-T) plAT
Ap ~ BAT

For Ideal Gas,

B=1/T




* Buoyancy forces are responsible for the fluid motion
in natural convection.

« Viscous forces appose the fluid motion.
* Buoyancy forces are expressed in terms of fluid
temperature differences through the volume expansion
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Grashof number (Gr) :

The Grashof number is a dimensionless number in fluid dynamics and heat transfer
which approximates the ratio of the buoyancy to viscous force acting on a fluid.

¢ |t arises in the study of situations involving natural convection and is analogous to the
Reynolds number

* Using the Energy equation and the buoyant force combined with Dimensional Analysis
provides two different ways to derive the Grashof number.

T, — T L‘g
Gr:gﬂ( 0) |

12

buoyant forces

Gr = _
viscous forces

« In forced convection , the Reynolds number ( Re) governs the fluid flow.
« But, in natural convection the Grashof number ( Gr ) is the dimensionless parameter
that governs the fluid flow.

where:

g is acceleration due to Earth's gravity

B is the coefficient of thermal expansion (equal to
approximately 1/T, for ideal gases)

Ts is the surface temperature

Teo Is the bulk temperature

L is the vertical length

D is the diameter

v is the kinematic viscosity.

Rayleigh Number (Ra) :

The Rayleigh number ( Ra) is a dimensionless number that characterizes
convection problems in heat transfer. Rayleigh Number is the product of Grashof
number (Gr) and Prandtl Number (Pr).

Rayleigh Number,Ra = Gr.Pr

The ratio of the Grashof number to the square of the Reynolds number ( this
characteristic ratio is called Richardson number , Ri )may be used to determine whether
forced or free convection may be neglected for a system, or if there's a combination of
the two as follows :

Gr

Ri = >> 1 forced convection may be
Re

ignored
Gr ,

= ~ 1 combined forced and free

Re?

convection

Ri= < 1 free convection may be
Re

neglected
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Grashof number (Gr):
= —————— _————4

It is ratio between Buoyancy force and Viscos

force
L, p’L.PgAT _( . 3
Gr = 82 L E = (0L= BgAT)E;-
v H H
pV’L, ‘

(L. peAT )WLE)

Inertia force

r, Gr=Buoyancy force x

(Viscnus fi urce)z

Gr - Buijancyfnrce <Re
Viscous force

L. = charactenistic length

f3 = fluid coefficient of thermal expansion
g = acceleration due to gravity

AT = temp difference (T, — T.,)

p = density

W > dynamic viscosity
v = kinematic viscosity

s C f
h=L. . h=
ertical plate Vertical tube
- !
L. = surface area /perimeter D=L

Horizontal plate Horizontal tube



« The Grashof number provides the main criterion in determining whether the
fluid flow is laminar or turbulent in natural convection.

+  For vertical plates, the critical Grashof number is observed to be about 107,

Ho

surface When a surface is subjected to external
/ flow, the problem involves both natural
" Friction and forced convection.

force

Cold The relative importance of each mode of
fluid heat transfer is determined by the
value of the coefficient Gr/Re?:

« Natural convection effects are
negligible if Gr/Re” << 1.

+ Free convection dominates and the
forced convection effects are negligible

Buoyaney

lorce lf G”REE >> 1,
The Grashof number Gris a + Both effects are significant and must
measure of the relative be considered if Gr/Re* = 1 (mixed
magnitudes of the buoyancy convection).

force and the opposing viscous
force acting on the fluld. 1
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Natural convection in rectangular cavities:

T

N

7
41 e
H

In case of horizontal rectangular cavity of height
L and width H as shown above figure, it is
assumed that aspect ratio (H/L) is large. The
bottom surface is heated and maintained at a
temperature T, while the top surface is at a
temperature T> with T, >T,. The remaining two
are insulated.

For small values of temperature difference
(T;-Tz), the buoyancy forces are not strong
enough to overcome the viscous forces in the

fluid. As a result, the fluid is stationary and the
heat transfer takes place by pure conduction in
the upward direction.

As a temperature difference 1s increased, natura
convection flow begins at a certain value of
(T\=T2). This observation is expressed in terms of
a Rayleigh number defined by

~T
RaL = GI‘L Pr= (—u—-———gB(T] zTI) ]Pf
\Y

External Flows:

e local Nusselt number Nu, for mixed

convection on vertical plates is given by

£y

Nu, =0.332(Re, )" (Pr)"” if[%]g A

Nu, =0.508(Pr)"*(0.952+ Pr)""(Gr, )" gr{%-} A

¢

Where, A = 0.6 for Pr< 10
A=1.0for Pr=100

For horizontal plates when [Gf’;
_ R;

]

] < 0.083 the

following equation for forced convection may be
used.
Nu, =0332 R} Pr'”

Internal flows:

(i) For mixed convection in laminar flow, Brown
and Gauvin recommended a correlation of the
form as:

0.14
_— 3
Nu= 1.75[-’-‘-’!’-] l62+001 2(6:.6.-“’)‘”]
A,



Where, Gz = Graetz number = Re Pr(D/L)
Mo, Mg = Viscosities of the fluid at the bulk

mean  temperature and surface
temperature respectively.
(i) For mixed convection with turbulent flow in
horizontal tubes, Metais and Eckert suggest

1\‘7" - 4.69(Re)°'27 (Pr)o.zl(Gr)om (D/L)O'M

B ——

Example 09 ;

In laminar natural convection a vertical wall is
maintained at 150°C having average Nusselt
number 45 with surrounding air at 30°C, If the
wall  temperature becomes 45°C, all other

parameters remaining same, what would be the
average Nusselt number?

(@) 24.56  (b) 23.67 (€)26.75 (d)30
Sol: T;=150°C, T,= 30°C, T,=45°C
AT,=150-30=120°C
Nu; =45
AT, =45-30=15°C
In laminar flow natural convection

Nu= (Ra)% =(Grx Pr)%
Nu o (Gr)% = Nu o (AT)y4

AT, % _ Nu,
AT, Nu,

15 Ve
Nuy=45x —) ~26.75
120

T e e

Example 10:
Air at 35°C flows across a cylinder of 40mm
diameter at a velocity of 50m/s. The cylinder

surface is maintained at 180°C. Find the heat -
per unit length. Properties at mean temperatyr, .
50°C are; p = | kg/m', = 50x107 kg
k =0.08 Wm°C, ¢, = 1.0 kl/kg°C.

Use relation: (Nu)p = 0.023 (Re)"® (Pr)"3

Sol: Given, D =40mm = 0.05m, t, =35°C,
t,=145°C, V= 50m/s

Heat lost per unit length, Q/L:

‘ pVD
Reynolds number, Re = _}1—
_1x50x0.04 P
N P
Prandtl number, Pr= :
50x107° x1000
= 025

T 008
~. Nusselt numbér is given by
(Nu)p = 0.023 Re"® Pr'”
- =0.023x(40000)*#x(0.625)"" = 95
Nu, = L8 95
v k
Hgat transfer coefficient,

295.16x0.0312
0.05

=190W/m?°C
- Heat transferred, Q=4 4, (ts —tw)

h=

= 190x(mx0.04xL)x(180-50)
Heat transferred per unit length,

Q '
==3103.89



Grashof number has a role in free convection
similar to that played by Reynolds number in
forced convection.
convection, buoyancy driv
sometimes dominates the flow inertia,
therefore, the Nusselt number is a function of
the Grashof number and the Prandtle number

en flow

b¢ 1mportant if there is
an extemnal flow. (combined forced and free
In many instances, it is better to combine the
Grashof number and the Prandtle number to
define a new parameter, the Rayleigh number,
Ra = Gr. Pr. The most important use of the
Rayleigh number is to characterize the
laminar to turbulence transition of a free
convection boundary layer flow.

Ra < 10’ (laminar flow over flat plate)

10° < Ra < 10" (Transition flow over flat
plate) :
Ra> 10" (turbulent flow over flat plate)

Empirical Correlations for free convection:

(1) Nusselt number Nu = %

L feit
u?

(i1) Grashoff number Gr =

uc
(i11) Prandtl number Pr= = £

l. Flow over vertical plates & cylinders
(natural convection):

t!
tt L *

L| 4r, ot v b

=4}
f "
Te
Heated vertical plate Cooled vertical plate
T' > T- «< T:

Ra < 10’ = Laminar flow
Nuy = 0.59 Ra"*

R, 2 10” = Turbulent flow
Nu, =0.1Ra"™

L = characteristic Length

All the fluid properties are evaluated at the

T +T,
mean film temperature (T, = ]
For laminar flow:
(Nu). = 0.59(Gr.Pr)"*
b )
hx _ .59 8BATX’ Mo |
k v’ k
=1
hox 4 /
1
hy _ (:_J‘
h, xl V

1.33x%0.59(Ra)’™

Nu = 0.78 x (Ra )™



Flow over Horizontal Plate:
Incase of an irregular plate, the characteristic
length is defined as the surface area divided by
the perimeter of the plate.

a) Upper surface cooled

e

(To<T.) T

b) Upper surface Heated

P

(Tw<Ta)

c¢) Lower surface cooled
(Tw<Ta)

d) Lower surface heated
(T <To)

For the figure b & ¢ (upper surface heated o,
the lower surface cooled):

Ra < 107 = Laminar flow

Nu, =0.54 Ra"* for 10" <Ray < 107

Ra > 10" = Turbulent flow
Nu, =0.15 Ra®” for 107 < Rag < 10"

~ For the figure a & d (the lower surface heated

or upper surface cooled):
Ra <7x10* = Laminar flow

Nu, =0.27 Ra"* for 3x10° < Ra, < 3x10"
Ra >7x10" = Turbulent flow

Nu, =0.107 Ra***

For the above case the characteristic
dimension L is to be taken as the length of the
side for a square plate, the mean of the two
sides for a rectangular plate and 0.9 times the
diameter for a circular plate.

Flow over Horizontal Cylinders:

[©

Ra<10’ = Laminar flow
Nu, =0.53 Ra"*

Ra 210" = Turbulent flow
I_\_’ul =0.13Ra""

All the fluid properties are evaluated at the

AT )
2

mean film temperature (T, -
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et Notes

ic Diam 3 :
HydraU“C iameter, Dy : In order to find Reynolds number , friction factor etc, we

/ ¢ i 1
mse a parameter called hydraulic diameter which is given by below equation
Hydraulic Diameter (D,,) = 2ee
P

Az area of cross-section
p= wetted Perimeter (perimeter of cross section in contact with fluid)

So .Dh f’elé?tes t.he. non-circuk’Jr section to circular section and thus we can use this
Dy in finding friction factor(f” or Cy, ) using Moody’s chart

Also, For a fullv fi A o
hvdials ‘(, Iy 1l‘|1(~d duct or pipe whose cross section is a regular polygon, the
€ C = sMler 1 3NN , . ' . . . 5
, diameter is equivalent to the diameter of a circle inscribed within the wetted

perimeter. It can be calculated by —
Y
Equivalent Diameter D,: It is the diameter of a circular duct or pipe that gives the

same pressure loss as an equivalent rectangular duct or pipe for particular flow

rate.

In real life , we use equivalent diameter in duct sizing where we know the flow
rate(Q) and we need to find the size of the rectangular duct which gives same

pressure drop as circular duct.

It is very easy to get confused and it seems Dh and De are the same thing. But
flow rate plays an important role since to find De flow rate should same. Now
without confusing you much let’s see all these mathematically:

Characteristic Length, L :

(1) In conduction mode of heat transfer , Characteristic Length, Lc is defined as the

volume of one body divided by its surface area ( e, b = Z ). Tt is used mainly
! 3 5 Bl 1

in unsteady state of heat conduction across solids and when Biot's number (Bi)
& Fourier's number (F,) are being calculated.

(2)In convection mode of heat transfer , Characteristic Length, Lc is defined as the

surface area of one body divided by its perimeter (e, Ee=-="1). Atjissusesd
1 natural convection heat transfer across flat plates,cylinders, ducts‘ete

mainly 1
bulk fluid and when Grashoff’s number (Gr) & Nusselt Number

surrounded by
(Nu) are being calculated.

£
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Natural Convection Heat Transfer

MCQs with Answers

1. Generally, natural convection occurs due to

a. change in velocity of a fluid

b. change in density of a fluid

c. change in molecular structure of a fluid
d. none of the above

ANSWER: b. change in density of a fluid

2. The buoyancy forces which give rise to the natural convection are called as

a. convection forces
b. fluid forces
c. body forces
d. none of the above

ANSWER: c. body forces

3. The intensity of mixing of fluid in natural convection is
a. more than the intensity of mixing of fluid in forced convection
b. less than the intensity of mixing of fluid in forced convection
c. equal to the intensity of mixing of fluid in forced convection

d. unpredictable

ANSWER: b. less than the intensity of mixing of fluid in forced convection

63 o j{u/:m% gm



4. What is the relation between convection heat transfer coefficients of natural

convection and forced convection?

a. convection heat transfer coefficient of natural convection is lower than the convection heat

transfer coefficient of forced convection
b. convection heat transfer coefficient of natural convection is more than the convection heat

transfer coefficient of forced convection
c. convection heat transfer coefficients in both natural and forced convection are the same for

same system

d. unpredictable

ANSWER: a. convection heat transfer coefficient of natural convection is lower than
the convection heat transfer coefficient of forced convection

5. Below figure shows a natural convection heat transfer on a vertical flat plate
surrounded by a fluid.

-

I
I

Fluid Flow

I

'

Vertical Flat Plate

Natural convection heat transfer on a
vertical flat plate surrounded by a fluid

What is the relation between the upward velocity of the fluid and the distance from the
bottom of the plate, when plate is hotter that fluid?



a. as the distance from the bottom of the plate increases, the upward velocity of the fluid near
the plate surface decreases

b. as the distance from the bottom of the plate increases, the upward velocity of the fluid near
the plate surface increases

c. the upward velocity of the fluid near the plate surface is same all over the plate

d. unpredictable

ANSWER: b. as the distance from the bottom of the plate increases, the upward
velocity of the fluid near the plate surface increases

6. Assume a natural convection heat transfer on a vertical flat plate surrounded by a
fluid. Where will be the fully developed turbulent layer of fluid established, if the plate is
hotter than the fluid?

a. At the bottom of the plate

b. At the middle of the plate

c. At the top of the plate
d. Nowhere

ANSWER: c. At the top of the plate

7. Below figure shows a natural convection heat transfer on a horizontal flat plate and
fluid is above it. Which condition satisfies the figure below?

Fluid

WL

i « T Sop
'//__' Flat Plate Iﬁ\\‘

Natural Convection on Horizontal Flat Plate



a. Plate temperature is lower than the fluid temperature
b. Plate temperature is higher than the fluid temperature
c. Plate temperature is equal to the fluid temperature

d. unpredictable

ANSWER: b. Plate temperature is higher than the fluid temperature

8. In heat transfer, the ratio of the buoyancy force to the viscous force acting on a fluid
called?

a. Prandtl number (Pr)

b. Reynolds number (Re)
c. Nusselt number (Nu)
d. Grashof number (Gr)

ANSWER: d. Grashof number (Gr)

9. In natural convection, the Nusselt number (Nu) depends on

a. Prand Re
b. Grand Re
c. Grand Pr
d. none of the above

ANSWER: c. Gr and Pr

10. Which of the following condition is correct for natural convection?

a. (Gr/Re?) =1

b. (Gr/Re?) << 1

c. (Gr/Re?) >>1

d. none of the above

ANSWER: c. (Gr / Re?) >> 1

11. If there are no externally induced flow velocities, then the Nusselt humber (Nu) does
not depend upon

a. Prandtl number (Pr)

b. Reynolds number (Re)
c. Grashof number (Gr)
d. none of the above

ANSWER: b. Reynolds number (Re)



12. The Grashof number in natural convection plays same role as

a. Prandtl number (Pr) in forced convection

b. Reynolds number (Re) in forced convection
c. Nusselt number (Nu) in forced convection
d. none of the above

ANSWER: b. Reynolds number (Re) in forced convection

13.

In free convection heat transfer transition from laminar
to turbulent flow is governed by the critical value of the

A. Reynold's number

B. Grashoff's number

C. Reynold's number, Grashoff's number
D

Prandtl number, Grashoff's number Ans:D



Example 8.1. A vertical cylinder 1.5 m high and 180 mm in diameter is maintained at 100°C in
an atmosphere environment of 20°C. Calculate heat loss by free convection from the surface of the
cylinder. Assume properties of air at mean temperature as, p = 1.06 kg/m’, v = 18.97 x 10°° m%/s,
¢, = 1.004 kJ/kg°C and k = 0.1042 kJ/mh°C. (AMIE Summer, 2000)

Solution. Given: L =15m; D= 180 mm=0.18 m, r = 100°C;

1, = 20°C; p = 1.06 kg/m?; v = 18.97 x 10 m%s;
c, = 1.004 kJ/kg°C; k= 0.1042 kJ/m h°C.

Heat loss by free convection, Q :
i =pv=106x(18.97 x 10 x 3600) = 0.07239 kg/mh
| 1 1
B=—= = =0.003K™
T 21348y a5 (IOO + 20)
LgBAt
Gr =
W
3
. (1.5)" x9.81x 0.003: (’100 20) = 2208 x 10'°
(1897 x107")°
Pr= ue, - 0.07239 x 1.004 — 0.6975
k 0.1042

Gr Pr = 2208 x 10" x 0.6975 = 1.54 x 10'°

For this value of Gr Pr (tubulent range),

- AL

Nuy = - 0.10 (Gr.Pr)'"  (for 10° < GrPr < 10'?)
=0.10 (1.54 x 10'%)'3 = 248.79

0.1042

iR

I-a=%x248.79=
Rate of heat loss, Q = EA(!, -1.)

= 17.283 x (m x 0.18 x 1.5) x (100 - 20)
= ll72.8kJII| (AIS.,

x 248.79 = 17.283 kJ/h m?°C

Bijan Kumar Giri



Example 8.2. A cylindrical body of 300 mm diameter and 1.6 m height is maintained at a
constant temperature of 36.5°C. The surrounding temperature is 13.5°C. Find out the amount of heat
to be generated by the body per hour if p = 1.025 kg/m*, c, = 0.96 kJ/kg°C; v = 15.06 x 10° m’/s;

k = 0.0892 kJ/m-h-°C and B = ﬁ K. Assume Nu = 0.12 (Gr. Pr)'” (the symbols have their usual

meanings). (AMIE Winter, 1997)
Solution. Given: D =300mm=03m;L=1.6m;r =36.5°C;1_=13.5°C;
p = 1.025 kg/m*; ¢, = 0.96 kl/kg°C; v = 15.06 x 107° m%s;

1 i
k = 0.0892 kJ/m-h-°C; B = 298 K™ Nu=0.12 (Gr. Pr)'3

The amount of heat to be generated :

3
Grashoff number, Gy = LgB(t, —1.)

ve

3 |
| X08Ix|—|x 5 < 13.
-_:(16} 81 (298) (36.5 - 13.5)

- =1.3674 x 10'°
(15.06 x 107%)?
ve ] X a i e
Prandul number.  Pr =M<z _ P _ 1025 X (15.06 x 10°° x 3600) x 0.96 ( v=_]
k k 0.0892 p
hL 13
Nusselt number, Nu = T =0.12 (Gr.Pr)
=0.12(1.3674 x 10'° x 0.598)'" = 241.75
h= % x241.75 = 29892 . 241,75 = 13.478 kI/h m2°C
Heat lost from the surface by natural convection,
Q=hA(t,-1)
= 13.478 x (m x 0.3 x 1.6) (36.5 - 13.5) = *467.5 kJ/h (Ans.)

* This is the amount of heat to be generated.



Example 8.6. Air flows through long rectangular heating duct of width and height of 0.75 m and
0.3 m respectively. The outer surface temperature of the duct is maintained at 45°C. If the duct is
exposed 1o air at 15°C in a cramp-space beneath a home, what is the heat loss from the duct per
metre length ?

Use the following correlations :

(i) Top surface :

Take L. =

Nuy = 0.54 (Ra )’ if 10 < Ra, < 107
=015 (.Ra,_)""u if 107 < Ra, < 10"
(if) Bortom surface :

Take L=—=0375m

(SO

S

Nuy, =027 (Ra )", 10° < Ra, < 10"

(ift)  Sides of the duct :
0.67 (Ray '

[ (0.492 )’”"r
1+ ——
Pr
Use the following properties of air :
v =16.2 x 10° m%s, a = 22.9 x 10 /s

k =0.0265 Wm K, B =0.0033 K and Pr=0.71.
(N.M.U. Winter, 1995)

mf_ =0.68 +

Solution. The configuration of the duct is shown in Fig. 8.5.

I, —1 2
ro, - BB

1 =15°C +D“°‘
Airflow — —>
inside the —— / \
duct —>
s — /
— — &
b A2
A 7
\ H=03m S
V —
1, =45°C
Fig. 8.5

_ 9.81x0.0033x (45 - 15) I3

= =2.62x10° (L})
(229 x107%) x (16.2 x 107%) L

For two sides :
L =H=03m

Ra, =2.62x 10° (0.3* = 7.07 x 107

7,025
0.67 (7.07x10") - 068+ 61.44

9116 T4
i [0.492} ]4
0.71

X w4794 = W = 423 Wim?°C

=4794

Nu; =0.68 +

or, he =

For top surface :

I~

€ =0.15 (Ra;)"™ = 0.15 (7.07 x 107)*** = 58.4

0.375

= 4.127 Wim?°C
[ L=2 =28 _ g5 m)
2 2
For bottom surface :

Nup =

"“k‘[f =0.27 (Ra, )"® = 0.27 (7.07 x 10")** = 24.76

= x x 24.76 = DIES
T 0.375
The rate of heat loss per unit length of the duct is given by,

0=0+0+0,
=R2xhx(03x1)+hx(075x1)+h, x(0.75x )] (£, ~1)
=[2x423x03+4.127x0.75x 1+ 1.75 x0.75 x 1] (45 - 15)
= 208.4 W/m (Ans.)

x 24.76 = 1.75 W/im>°C




Example 8.11. A nuclear reactor with its core constructed of parallel vertical plates 2.2 m high
and 1.4 m wide has been designed on free convection heating of liquid bismuth. The maximum
temperature of the plate surfaces is limited to 960°C while the lowest allowable temperature of
bismuth is 340°C. Calculate the maximum possible heat dissipation from both sides of each plate.

For the convection coefficient, the appropriate correlation is
Nu = 0.13 (Gr.Pr)*3%
where different parameters are evaluated at the mean film temperature.

9 2
Solution. The mean film temperature, f, = M = 650°C
The thermo-physical properties of bismuth are:
p = 10*kg/m?*; p=3.12kg/m-h; ¢, = 150.7 Jkg°C; k= 13.02 W/m°C
| -3 -l
=———=108x10" K
b= X
Pis Hep _ (3.12/3600) X 150.7 _ 001
k 13.02
o Lp’gBAr _ (22) x (10*)* 9.81x 1.08 x 10 x (960 — 340)
u? (3.12/3600)°
=9.312 x 10"

GrPr=9312x 10" x0.01 =93.12 x 10"
Using the given correlation, we get

Nu = % = 0.13 (Gr.Pr)"*»

o h =% %0.13 (Gr.Pr**®

1302
2.2

b~

x 0.13 (93.12 x 10'%)"** = 34500 W/m?*°C

Heat dissipation from both sides of each plate,
Q=2hA At
= 2 x 34500 x (2.2 x 1.45) x (960 - 340)
= 136.47 x 10°W = 136.47 MW  (Ans.)



Example 8.16. A steam pipe 7.5 cm in diameter is covered with 2.5 cm thick layer of insulation
which has a surface emissivity of 0.9. The surface temperature of the insulation is 80°C and the pipe
is placed in atmospheric air at 20°C. Considering heat loss both by radiation and natural convec-
tion, calculate

(i) The heat loss from 6 m length of the pipe;

(ii) The overall heat transfer coefficient and the heat transfer coefficient due to radiation alone.

Solution. Given : D=75+2x25=125cm=0.125m,e=0.9,1,=80°C, r_=20°C

80 +20 _ 50°C.

The mean film temperature, I, =

The thermo-physical properties of air at 50°C are:
p = 1.092 kg/m? €y = 1007 Jkg°C; u = 19.57 x 10° kg/ms; k = 27.81 x 10 W/m°C
1

=———=3 107K
07273 209610
-6
pr< Mo _ 19.57x10 x!DO? o DT
k 27.81x10"
p— D’p? gBAr _ (0.125)° x (1.092)* x 9.81 x 3.096 x 10~ x (80 - 20)
u? (19.57 x 10°%)?
= 11.08 x 10°

Using the eqn. (8.45), we get
Nu = % =0.53 (Gr.Pr)"*

h=h,, = % x 0.53 (Gr.Pr)'"*
_27.81x107?
© 0425
(i) Heat loss from 6m length of pipe:
Heat lost by convection,
Qo= h A, A1=6.24 x (1t x 0.125 x 6) x (80 - 20) = 882.16 W
Heat lost by radiation,
0, =€CA(T*-T,
=0.9 % (5.67 x 107*) x (1 x 0.125 x 6) [(80 + 273)* - (20 + 273)*]
= 980.81 W
Total heat loss, Q=0 +0Q,. =882.16 +980.81 = 1862.97 W (Ans.)
(ii) Heat transfer coefficients, overall (k) and due to radiation alone (h_,) :
Q =h. AN
o B = [} 1862.97

A.A1 (mx0.125% 6) x (80 — 20)
h, =h~h,, =13.17-624=693 Wm¥*C (Ans.)

Example 8.17. Calculate the heat transfer from a 60W incandescent bulb at 115°C to ambient
air at 25°C. Assume the bulb as a sphere of 50 mm diameter. Also, find the percentage of power lost
by free convection.

The correlation is given by: Nu = 0.60 (Gr.Pr)"*

Solution. Given : t = 110°C, 1_ = 25°C, D = 50 mm = 0.05 m.
to+1, 115+25
2 2

The thermo-physical properties of air at 70°C are:
k=2.964 x 1072 W/m°C, v =20.02 x 107, Pr=0.694,

p= L =2915x107
:f+2?3 70 + 273

x 0.53 (11.08 x 10° x 0.708)°* = 6.24 W/m*°C

=13.17 W/m?°C

=70°C

The film temperature, {; =




- D* gBAr _ (0.05) x 9.81x 2915 x 10 x (115 - 25)
v (20.20 X 107°)?
(" The characteristic length L = D in this case)

Using given correlation, we get

Nu = % = 0.6 (Gr.Pr)"*

Ko s 0 (Gr.Pr)'"*
D

_ 2964 %107
0.05
Heat transfer = j, A Ar=9.72 x (t x0.05%) x (115-25)=687W (Ans.)

x 0.6 (8.026 x 10° x 0.694)"* = 9,72 W/m?°C

6.87
% age of power lost by free convection = 3 x 100 = 11.45 % (Ans.)

Example 8.18. A horizontal high pressure steam pipe of 10 cm outside diameter passes through
a large room whose walls and air are at 23°C. The pipe outside surface temperature is 165°C and it
emissivity is 0.85. Estimate the heat loss from the pipe per unit length. Use the following correlation
for the calculation of film coefficient

— 0.387 (Ra)"”®

Nu=|06+
w6 827
{H(o.sng }
Pr

where Ra is known as Rayleigh Number and is given by

3
Ra = Gr.Pr = —Bg A7)k
VoL

Take the following properties of air :

k =0.0313 WmK; v =228 x 10° m¥s

a =328 x 10°m%s, Pr=0.697,p = 2.725 x 107 K",

(N.ML.U. Winter, 1999)

Solution. Given: D = 10em=0.1 m;r,=23°C; ¢ = 165°C; £ = 0.85
Properties of air : &k = 0.0313 W/m K; v = 22.8 x 10°° m%s;

o =328 x 10 m¥s, Pr=0.697, p = 2.725 x 103 K~!
Heat loss from the pipe per unit length, Q :
Heat lost by convection and radiation from the sphere is given by :

Q " Qmm'. + an‘

Q,uy =€AC(T}-TH=e(mDL) o (T}-T)

T 4
=0.85 (tx0.1x1)x5.67 [[165 + 273] B [23 + 2?3] ]
100 100

..(where L=1m)

= 1.514 [368.04 + 76.76] = 441 W/m
Q.. =hx(mDL) (1, —1)
where h is calculated by using the given relation.
Ra =GrPr = Bg (An) (;E.r)3 _ 2.725 x 10 x 9.81 x (165 — 23) x (0.1)

=5x%x10°
o 22810 x328x10°

616 T2 2
Mu=22 g OBTCOXIO) =[ : +_|5;{})Z] -
9/16 2
-2
0.698
po Kge 38 0.0313 23 =7.2 Wim?°C
D 0.1
Q.. =72%xmx0.1%1)(165~-23)=321.2W,whenL=1m
Hence, Q =441 +321.2

=762.2W/m  (Ans.)



