
A Study of Heat-transfer by free and forced convection

.Introduction

It is well known that Heat transfer takes place by the 
processes of conduction, convection and radiation. We are 
concerned here exclusively with convection, in this process, 
the fluid and the heat contained in it move in a systematic 
manner so as to transport heat from one region to another. 
Eeat transfer hy convection means the exchange of heat 
energy "between moving parts of the fluid or between these 
parts and other surfaces at a different temperature. Bow 
convection can be of two types (i) natural or free 
convection and (ii) Artificial or forced convection. In 
natural or free convection the motion of the fluid is 
caused solely by gravity forces due to difference of 
density between the hotter and cooler parts. The lighter 
parts which generally are those of higher temperature, 
move upwards while the heavier ones fall down under the
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action of gravity. In forced convection the fluid motion 
is caused by forces independent of the temperature of the 
fluid, such as externally applied pressure differences 
as in the flow through a tube, streams of air rising about 
warm surfaces like that of a hot metal cylinder are examples
of free (natural) convection v/nereas the heating of a vessel

\

by a current of hot air and the cooling of a surface with an 
electric fan are examples of forced convection.

A knowledge of the convective processes of heat transfer 
and the lav/s governing them is very important and useful in



■various 'branches of engineering like electrical,chemical, 
mechanical etc. It is finding an ever increasing 
application in nuclear engineering because in almost all 
nuclear reactors it is the process of forced convection 
by ushich heat is removed from the fuel.

In the following sections we shall discuss the 
fundamental and basic equations of thermal convection and 
obtain from them the various dimensionless groups that 
are frequently used in our investigations of heat transfer 
by free and forced convection. The dimensionless groups 
will be first derived by means of differential equations 
and later by using the dimensional equations. The last 
section of this chapter will deal with the importance 
of these dimensionless groups.
Thermal convection;-

- -- •Thermal convection may be regarded as a combination 
of fluid flow and heat conduction, or it can be looked 
upon as a hydrodynamieal flow accompanied by a thermal 
flow. In obtaining basic equations of thermal convection 
therefore, we must consider the equations of mechanical 
(hydrodynamieal) flow and the equation of thermal 
conductivity.
■Equations of Fluid glow:-

The mechanical flow of fluids is governed by Mewton* s 
Second law of motion Viz:-

!orce=lass X acceleration ................. (1)



-3- 7

considering the change of velocity vz of a fluid in 
a path element dz and in time interval dt. Let us imagine 
a parallelopiped of volume dx ay dz at a distance x, y, z, 
from the origin. If we consider the fluid flow along the 
direction of z axis with velocity vz at distance z and at 
time t, we can express** the change in the velocity vz as

~ ^ eUr -+- dt. _ _ _ _ (2. )
dt

The first term in the above expression for dvz 
represents the change of velocity at a fixed distance z 
in the time interval dt while the second term denotes 
the difference of velocity at time t between two points 
in the fluid separated by a distance dz 

Dividing by dt throughout we get

IS ................

In the above equation the first term on the right,
( 7rt ) ^ 138 Galle<3- local acceleration, since it arises

from a change of state of flow at the point z while the 
second term^^^raay be called convective acceleration 

because it arises from the fact that the particle under



consideration comes from a neighbouring place where it 
had a different velocity. For simplicity we restrict 
ourselves to unidirectional flow and neglect the velocity 
components V3L L - Vy in the directions x and y.

How the force in Newton's second law of motion is 
composed of three differ ait types of forces (a) Inhrtia 
force Ig due to gravity (t>) frictional force JP^due to 
viscosity and to) dynamical force ff due to pressure drop. 
Thus Newton's equation (1) applied to the motion of unit 
volume of the fluid in the direction of z-axis becomes*

+ —,4’

The inertia force 3T_ generally occurs as a buoyancy&

and according to Archimedes principle, the unit volume of
v »fluid of density fin a medium of density fuis subjected 

to a buoyancy force given by ( fD - f )g. Thus we get
CS“J>

The difference ( fb~f) in a homogeneous fluid is 
caused by a corresponding temperature difference (T 
and we have

f>0=f{l + pcr-z)j ~ (r.-f)=fK^; = fP*
where 9 stands for (j~- V). Thus we get

% = (ft-f)f = ff0? -----------■f°
„ The frictional force due to viscosityJ*. may be 

obtained as follows
The force due to viscous drag over an element of

3V
surface dy-ta aSdistance x is (p ^ fly • to ) and tbat
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at a distance ioc. + *l*0 t- 

Thus the net force over the element of surface (dyx dz)
7S.)Jy cLr-

will he 
9K(}* Si V 3

2L
ct>C.

X-
-yM j e(ydr -

Hence for unit volume,the viscous force is given by
2l

U 1&
' "B3C:

- - _ - - - - --C*)
The dynamical force Ip due to pressure drop of a fluid 
which flows in the direction z apparently is -(^J^zrelated 

to the length dz and the unit of the cross-sectional area 
perpendicular to z. lor unit volume it "becomes

•>=-(&)--------------------- ;cs;
Substituting for I' 1 and 2U from (6),(7),(8) in

g f*» JT
equation (4) we get

•xjOy 9|X nnfsr, , ^ ^ ^ t'O

f S *■If=m y- ^ ^ '
Equations of Heat Oonvection

If T he the temperature at a distance z and (T - dT) 
at a distance (z + dz), the quantity of heat absorbed 
by the volume element Ox x dy * dz per second will be

f cl*-dr.'ll 9, it -
where V -(M) How the amount of heat entering per second 

z \l)k}* q_
at z will be K and the heat leaving per second
at (z + dz) will be k ce the net
amount of heat absorbed will be K ^-^Writing
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the heat balance equation, we get,

------------------ -(")
1 r 9^2-

Again the heat transfer by conduction and convection 
is given by the general expression

olQ - - k 4jTcM = &AT-4A ---- {»)

Where z is the direction of heat normal to surface element 
and K is the thermal conductivity of fluid close to the 
surface. Here is replaced by h, which is known as
heat transfer coefficient. Equations (9) ,(i0) and (ll) 
may be regarded as the fundamental or basic equations ^ 
of thermal convection from which we can derive the 
various dimensionless numbers (groups) which have been 
used in the present work.

Derivation of dimensionless grains

According to the principles of similarity, the 
following equations should be valid for two similar 
systems, denoted by suffixes (1) and (2)

Vz — j 3C'3-~: Ati-XX, j ©2. ~

-tf,,cr?, a J

Here the Greek letters X, 6, A, <pv >] t <r anq the

, -(/*;
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letters n, r, b, s, and i without subscript designate 
constants, we rewrite the basic equations (9), (10) 

and (11) for systems (2) and (1) as follows.
3v* 
di.^4. fLI*2- 4-

fzCh V, 37;
* 9z.

*".2.

k,fl--On
dzi'

-9K
— *
9*. ' ' l

^2- — 
2'3z<

- /*)
-~(!Z )

<X**-eL
f> II- + = f.p.e.f, 4-/, M:

3-t, ' 3i, ■ ' «*. d 1

f av -W»; = A'iT' —
r‘ 2< az, '

4'<0

Substituting from (12) in (13) we get 2
l?*} 3i/^ _ 1 15 /})cocrn oVz, <rap Bvz , 

TZ+-— r,Vz,— =<rb- 
& dtt d*,

tA? /, q. V;
A 1

■2-

*1

l^k 15
' 9x,

15 _ jL ky 25 .... 
3z, " ^ 9*,*~

- 7j "^"A, AT,-------

(H)

A ^ -
how equations (15) must be indenticai with equation (14) 

and this will occur only if the following relations are 

satisfied:-

OsJ

- 2_60 C— &<r-
s a

<T~A «

^ <7~5 fy) =

A
How from (16)

Ax
- VV

A7*

A '

60 M- cp y- X

Ck/yi^eL. KJf
A'

a-, *j ■

4>" v- t-*—

...-0O

__0«?

- w
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from (19) ama. (IP) ^ * 2. .

"H. 3 ?. cp o~ ir o~ _ _ _ _ w ('Ll )

Substitute from (12) gives
m£~ _ 4* . &. ^ %- ^

>,*- 4S ©« f, ^ f i ' ft
ihere if = 2 or x stands for any considered length
(e.g. diameter of cylinder or sphere)

Thus
4*0* Pxfr.fi.

A2-
Again From (17)

and from (16) 

Hence

/*

Ce,(,%,?* l&
y^.2" ~~

I z % 0-^ w 

yi - \ cr£d

l - 7a 5

or 5 , p,.
J^\ *“f°, ^ I

Similarly from (12) and (18) we have
^ ^ ^ -- t z w‘-0^4-
A-l 2. * f^ihumJaa-^ y

Kz ^

K /

ana substituting (12) in (16) we obtain
■P,*

A'1
1 'Vz,

44

^ 2.
= /?€ £ R^7nd<L tOu^U/J

r
finally from (17) and (18) we get ' V /t

and C-'Xd'^iO Hence — £r-4<5j

Thus / k ^
Ji* _ z V

A-1 , fi ^

Ai
_ -2- #-V
V*, f, ‘f.A'z. f</-4

-st. i slZ^C^- ^**w«vy



Derivation of dimensionless groups by the 
dimensional method

Let us suppose that for free convection the heat 
transfer coefficient 'k' is giv$n£ "by the relation:

- &*)
where c is a constant, l is the characteristic length

fe.g. diameter of a cylinder or a sphere) jut is viscosity, 

K is the thermal conductivity and the other symbols

per unit area per unit time per unit change of temperature, 
its dimensions will he those of heat divided hy L~r&
Thus we can write:

The letters If, L, T, H and # are used here for the basic 
units of mass, length, time(heat and temperature, 
respectively.

Substituting the dimensions of i/ 6, ff /* ) P*, ^ 

and IC in equation (22) and using (23) we get,

have their usual meaning. Since 'k denotes the heat loss

[HT l“V'J - C *
H

»1

Hence,

- jy + l- )Vt
— L ' %.H. -

m-h'?'



From these equations we can express the five exponents 
t.a, Ip i, r in terms of the remaining three viz:»

J, m, n thus: ;

C\, ~ 3>7-I ^ L~ ^ — 2. >t j C - V>t —2. O'- — /—y*T_

'14

Substituting these in equation (22) we get,
3»-/ i z*— C. * <9

(Hv- j = c

Since ^ p and $ appear only in the form of a product 
in equations (6), & (9), they must have the same 

exponent. Therefore j = n and the above equation

becomes kl __ 
k ' C

M.

It can be easily seen that the terms in brackets
have zero dimensions and they are known as Nusselt
number(Vu. - ) Grashof number ^<fY ^and
Prandtl number (K - Siti ) as already indicated in 

^ k /
the derivation by the method of differntial equations. 
Again let us assume that in the case of forced 

convection, the heat transfer coefficient xl\ is given
by:-

cl . G- (r } ^ >L
C V -l J* K f Cf - - (2.4;



Where C is a constant,^ is the characteristic length, 
e.g. diameter of a cylinder or sphere, V is the 

velocity of the fluid and the other symbols have their 

usual meaning. Thus we write, as in the case of free
K l *convection, for the dimensions of h

= lH t~ c e "J __ _ fa i
Substituting the dimensions of V, L J* , ^ j> f, and in 

equation (24) and using (25) we. get
-*--i HT L B V-* ^ £-}-**>C- * M >c i.

-H-

^ > + >*- * H 6 v
ecomparing indices

l + n =.)

-1-*.

— cl- Ir'}' ~~1 
a_ f L~- £ - 3 M = -

f vn - >L - o
from these equations we can express the four exponents, 
o-, | , j- in terms of the remaining two viz: m and n.
Thus we have

CL. =r >H

L -
j_ _ -H" >n.

Substituting these in equation (24) we get
k (f



The terms in "brackets which have zero dimensions are
/ \known ,as Ifusselt lumber/) Reynolds number 

» I— y 'j and mandtl lumberJ as already 

indicated.
finally we may assume that in the case of forced 

convection the force upon the body, placed in a fluid 

stream dep ends|up on }f} l, and V where ^letters have 

their usual meaning^. Thus we may write

p - c ja ^

where C is a constant

f. c cL. 
I V

- Substituting the dimensions of the various quantities 

we get

HLT C N * L *. ~r
Equating indicies Ou+'b- - I

Ol- lit- ■+ c-h - j

a_ oL - -z.

Expressing b, c, d in terms of a we have
£ _ 2_— c\_ — cF

Thus

or

F

^1 

c M ) evl.
f vi! '

- ^
U-CA li}L?~\ V fvt J

t 2- / v
Where A stands for area having dimensions Laxid.

/*■



is the well known Reynolds number Re. Now F
a- tvy2: ls

known as the friction drag-. Coefficient G^-in •„
aerodynamics.ole have further, Stanton number St=0f/2

In the discussion of heat transfer "by either free 
or forced convection, the dimensionless groups like 

Husselt Humber, Reynolds Humber, Grashof Number etc., 
will occur over and oyer again. One great advantage 
of these numbers lies in the fact that any involved 
magnitudes can he changed in such a way that the 

numerical value of the dimensionless groups remains 
the same. Hence the effect of changing each one of 
these magnitudes in a group can he easily calculated

* We know . y»~i

Where o' is a constant. How m is always less than one 

as found experimentally hence vn-t r o say equal to -a
/O Nh_l

and for a given fluid (J rj is constant = c". Thus
St = ^/ke.-Tr =s

Where G = (c* X c”) = Constant.

Advantages of dimensionless groups

Re- fV
fsfu



"by determining experiment ally the influence of the 
variation of only one magnitude in that group.

\

1$

Equations of dimensionless groups are therefore very 
useful and they lead to a saving of considerable 
amount of work and time. For instance let us consider 
the well known dimensional equation of free convection:

Vvi / _ ^

O-v

hlu ~ c ^ ) £ fr J

ki. c f.AYts
k C

>1 x.
K-

If we wish to find the change in the coefficient of 
heat transfer *h* in the case of a sphere of diameter 
*1* for different variations of the involved magnitudes, 
we can proceed by changing first *1* taking say, four 
different sphere diameters, then conducting experiments 
with each of these and with fluids of four different 
thermal conductivities ’k* further varying four times 
and repeating the process with each of the seven 
independent variables (, f, It, Bj*and ^ This would 

require 47 = 16384 tests. On the other hard, if we 

use the dimensional equation given above, it would be 
sufficient to conduct experiments with four different 
values of the Grashof number (,Gr.}, each with four 
values of the Prandtl number Pr. i.e. 4^ = 16 

exoerime nt s in order to get about the same result as 
with more that 16000 tests by using the direct method. 
In actual practice however more than the minimum of

i



16 tests may "be necessary. Again all the variation 
of'the seven ind.epend.ent variables referred to above 
would not be found necessary or even possible. .Even 
then, the use of these dimensionless groups leads 
to an enormous saving of work and time.
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Dimensions of Quantities used in ths chapter.

Quality

: Characteristic length
J Temperature difference 
: between surface and
: fluid

• Density of fluid
• “Viscosity of fluid
i Coefficient of thermal 
: expansion of fluid

•Specific heat of fluid
• at constant pressure
? Acceleration due to
• gravity
t:Thermal conductivity of 
ifluid
i forced velocity of fluid,

• Heat transfer coefficient

Symbol Dimensions in terns » 
of Blass Length Time i 
Heat & Temperature ;
(M)(U (T) «) (a> j

t

©'

f
J*
cf

f
k

V
A

„ o o__ _ o •Cm] M Lrj M LB3- ;
’[KlC'-icriW'C&\ 

cmj

CMJL if&W&J

c„j'[Slt3 LHj

- X, O—- rjP‘

m'wcnofiodi
L -i ~5
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