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Heat Trangfer by Forcsd Convechbion

Introduction

The vroblerm of healt transfer by coavection seemgs
t0 have attracted the atbention of Physicists both
from the bheoretical and expverimental polints of view

nee the time of Bossinesg (1903) and Rayleisgh (1915).
Hore systemalbicerd accurate measuremente on heab
transfer by forced convection were made ©ty J.a. Hughes
(1916). He measured bhe heat losses from cylinders and
tubes tlaced In a tunnel & TH. wide and 10 £t. lonz.
From his measurements he concluded (1) bthat at all
velocities of wind, bthe heat transfer per unit lengbh

. B 0.87 _, . o
is proportional to @ ' where 'd' is the diamber of

the tube, and (11) that the heat loss E varles as vn,
where v is the wiﬁd veloclty and where n increases

from 0.55 for the smallest cylinder to 0.96 for the
largest one. I% however the wind velocibles were low,

n appears to tend to the value 0.6, Davis (1921 to
1934) has made a careful study of convection from

wires in g stresw of slr and has extended the agreemehﬁ
of the similitude equation with published data on heat
transfer from cylinfers and its relation with resistance
gue to dynamical effect. By combining Hydrodynamical

theory with dimensiongfanalysis, he suggested the



following formila for forced convechbion.
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where I i1s the heatb transfer,coeffioient,( bthe
characteristic length, X the coefficient of thermsal
conductivity, 'f  the density of the fluid, M the
coefficient of viscosity and V is the velocity of
the fluld. Experiments of A.H. Gibson {(1924) and
and J. Small (1935} also yield similar relabions.
Hilpert's data (1933) surveys a very wide range of
Reynolds number (Re_ - -é-f_...v) for cylinders and he
concludes from his experiments that the index vower
‘m! in—‘;‘uhe relation Nu:C(Re_ )M increases steadily
from 0.33 to 0.805 as Re. increases from (1.0=2.5)3C1ds
where Nu is Nusselt number( hé) and Re. the Keynolds
number ( U; V)' He has invegbigabed the dependance =2 on
bemperatures of heab bransfer cosfficient and. hasg
found i‘o/ t0 e about 6 % only.

Hilpert has also investigated the relation bebween

Nu and Re for tubes of non~circular cross sechion and
has found that for tubes of rectangular cross sechion

3
the value of m = 0,675 for bhe range of Reynolds nurber, Stoxmp

4+, -0 % 10%

Recently Kapadnis and Gogate (1952) and Kapadnis
(1953, 1955) have investigated the variation of
convectlive heat losses from vessels of different shapes

and sizes and have tried to determine the shape constants

N
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. (convection constants) for differently shaped vessels.

They have found that the convective heat loss depends
largely upon the shape of the vessel and varies
avproximately as the square root of the alr velccity.
Yapadnis studied the effect of fluid mobion fa?? heat
trangmission and debtermined the convective heat losses
from vertical cylinders. He has shown as a result of
his experiments that the rate 0f healt transfer is
provortional to O.Szth vower of the air velocity. He
has also studied the heat losses due to forced
convection from cylindrical, spherical and rectangular
vessels and has tried to esbablish a gquantitative
relation between the Nusselt number and xeynoldsnurber
on the basis of his experimental data. -

e have investligabed the heal losses by forced
convection from vessels of different shanes and sizes,
particularly for two ranges of Reynolds number, the
lower range (4 X 105) 0 {3 X 104) with air velocities felow
240 om/sec. and the upper range (2 X 10% to0 1.5 X 105)
with air velocities above 300 cm/sec. This was done
with a view to find out how far the shape constanig
(convechbion congtants) retained their congtancy
wibthin bthese ranges and also to determine the variation

of G and m in the zeneral relation Nu = ¢ (Re)® in these

ranges. 8 I ek o ?ﬁﬁis chanter deals with the experiments

on forced convection for the lower range of Reynolds



numbers while the investigations in the upper range
‘i &"Mbt ‘ le}r

of Reynolds nurwbers
also gives an account of the work in comnectlon with

the friction drag coefficient.

btu@,;r of Healt Transfer in the lower range of ﬁavnoms

nU mber

Theory

We know thab in dealing with problems of thermal
\
/. - .
convechbion, the heat trsnsfer H can be conveniently

represented by a relation of the form:
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Where the Nusselt number N U= kf ol is the dependent
b
vamable and the quantities within the three brackets

on the right hand side are the independent vari able —

dimensionless groups knovn as the Reynolds number
the Prandbtl number Pr. and the Grashol nurber Gr.

respectively. Here V denobes the forced velocity of

the f‘luid, { +the linear size of the vessel, a® the

tempersture difference between the fluld and the
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surface of the vessel, /u vigcogity, K thermal
-conauetivity, 'f Gemsity G specific heat of the
fluid at constant p*essure/(f—‘x‘j/ ) - the product of
ccefficient of thermal expansion and acceleration
due 10 gravity and X1y Xg; X3 are unknown indices.
For bqnveotion in gases Pr. may be taken as constant
as it?nearly the same for zll gases and over a wide
range of temp'eraturee For aix; Fre.= 0.72. Agair in the
case of Torced convection, the effects of buoyancy
being negligible, the variable(pxj)may be drouped. outb
since gravity no longer affechs the problem. Pubtting
¢, =0 1in the above relation, the Grashof nunber is
eliminated and Nu. becomes dependent upon Re. and Pr.
only or in the case of gases, uron RPe. only. Thus we

have,
™
Nu= B C—Re’)

where B 1g a consbent and m = Xq

Experimental srrangement

A spherical vessel of copper V, with a clean, whibe
and wiform alwninium paint on its ouber surface, was
filled with some hot wabter and was placed alt a distance
of 40 cm. from a electric fan ¥ (fig.Ij. A stream of

alr proceeding from the fan was directéd on to the vessel
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after allowiné it to pass through a wire grid G situated
at a distance of 15 cm. from the fan. The grid G served
%0 render bthe dlvergent sbream of air from the fan into
ond Neon
8 uniformhparallel stream. The top of the vessel was
closed with a 1id having two holeg in it. Through one
of the hole% Dassed a sensitive thermomeber and through
the obher a stirrer was kevt working wm and down in the
vessel s0 thab a uniform terperature was maintalned
throughout the whole mass of waber at any instant.
A very thin layer of oil was spread on the surface of
water inside the vessel to help in vreventing evaporation,
The speed of the air sbtream proceeding from the fan could
be varied by changing the strength of the current in the

3,

cireuit of the fan and the air velocity was measured LY



means of a sensitive three;cup anemometer. The latter
was s0 sensitive that it was Dossible 10 measure quite
easily, air-velocities within the range 15 H0 300 ciy/sec.,
ﬁith.spfficient aCCUracy. Svecial care was bLaken to avoid
reflected alr streams from the front wall by using
varioug tilfed screens at different angles. These screens
helped in diffusing and directing upwards, the oncoming
air sbreams. The teumerature of the watér in the vessel
was measured by focussing a small telescope s on the
vertlical thermometer 1 passing through the 1id of the
vessel. This procedure elimingted bthe vossibility of
affecting the tempersture of the vessel by the breath of
the cbserveér. The stirrer was moved vertically un and
down in the vessel by connecting it to a string passing

over a pulley as shown in fige. T. The other end of the

s

string was passed round a éulley and bhewconnected 1o an
eccentric arrangement attached to the shaft of a low
speed electric motor ¥. The air-velocity was measureld by
placing the sensitive anemoneber exactly in the place of
the vessel before and after every set of readinss for
the rate of cooling. The usual precautions were btaken
t0 minimize the hewt losses due té conductbion, radiabtion
and evaporation. Losses due 1o natural convection were
determined.ﬁy separate experiments in still alr and all

subsequent Observations were corrected for losses due



t0 nablural convection and radiatione. The heat losses
from the vessel, Underl' these eircumstances, were due
to forced convection alone.

Different values of alr-velocity ranging from 47 %o
293 cm./sec. were used thus obbalining a nuuber of
corresoonding cooling curves for the vegsel. From these
cooling curves the rate of fall of temperature (cgéya(j;)
for any mean btemperature B could be calculabed. The
values of( f‘_ﬁ/) are then used 40 calculate the totai
neat losses by the vessel at various verperaburssand

air-velocibies.

Resulbs & Discussion
The values of Re. and Nu. were determined for
several values of the air velocity at different mean
temperatures of the vessel. These are recorded in table I.
The value of H,'bhe heat loss due to convection alone,
required for the evaluabtion of the Nusselt number was
obtained by subbtracting the healt loss H2 by radiation
Hy= 1-73%10 » E% CT!?-T;)
frog the Hotal heat loss Hy given Dy
Ht - CH%NO)(%)
Here M 1s the mass of the hob waber in the vessel, )

the water value of the containing vessel, B - the



'emissivity of bthe surface takeﬁ as 0.55 for aluminium
vaint, T1, the absolute temperature of the vessel and
T2 is tﬁe absolute tLemperature of the surroundings.

ror a bemperature difference A @ between the vessel and

the surroundings, we therefore have H = Hi - Hge

The values oi ﬁe.’and Nu. wers. debermined for
several values of the alr veloclbles abt dirfferent mean
vemperabures for vessels of ﬁhree different shapes ViZ.
spherical, cylindrical and rectangular. These.values
are recorded in btable 1 given below:=

i

Lgble Lo
Bhape of - . Gharacte-. .Alr .. . Nusselt - neynolds
the r&sblc ve1001ty Number Number
vessel. 1a%§ in cms./sec. Nue Re.
Cmg...._
Sphere 4'7+6 48,5 4468
756 65,0 7106
109.7 7069 8191
1548 1573 106.0 14790
185.3 112.0 17390
219.0 131.0 20270
248.0 142.0 23320
29360 154.0 27560
48.0 2645 5916
94,5 88.0 11470
121.0 99.0 14640
20.8 1370 113.0 16640
16640 128.0 201890
205.0 141.0 24880
27%.0 152.0 27550
256.0 1630 31060

276.0 170.0 33540
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iShape .of . .Characte- Air - Nusselt Heynolds
lthe ‘ ristic veloecit Number  Number
vesgel. % ggt‘ in.%?./gec. Nu. Re.
i Clle
ﬁ% .............. T R E
ICylinder 155 7i.1 12900
242 897 20100 ]
326 111.7 27100 ]
405 - 123.0 33700
15.0 487 134 «6 40500
y 563 147 .9 46800 1
- .. 644 157.8 53600 -
| 721 196,.0 59900
805 173.0 66900
E 882 180.0 73300 |
] - ] !
186 135.0 24690
239 163.0 31780
1 311 201.0 41300 |
1 354 2580.,0 46970 |
] ' 20.8 390 248 .0 51820
484 282.0 64370
B 509 293.0 67670 1}
558 30140 74090
697 304.0 79360
655 326.0 87040
’ . |
Rectangular 173 6445 10020
Vessel : 299 96.8 17590
. - 216 90.4 12750 |
] 421 117.0 25080 1
! 9.2 427 123.0 25130 |
451 134.0 26570
521 156.0 30690 |
564 169.0 33210 1
640 175.0 37690 ]
4 - 665 171.0 39130 {
) 723 186.0 42530
: 764 188.0 45050
]
204 142.0 27340 1
, - 289 171.0 34680 |
! 370 203.0 42430
| 381 244 .0 51000
20.8 437 260.0 58350
472 279..0 63240 [
530 306.0 7080
579 303.0 77540
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Tne plots Of hiv. against Kee for the differenv shapes
of veagsels are given in figures 2 to 7. They all are curves

convex towards the Ku-axis. As weyhave alrealy shoun
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{page Y ) in the case of heab transfer by forced
convecbion, Wu. and Re. are connected by the relation:

: Nu = B (Re)™

L. }bpnere. 1=20.4 cms.]
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where B and m are consbants which can be easily determined
from the data given in Table 1 above. & grapn of log Hu.

agains®t log He. 1s found te De linear in every casce.

fable IT.
e — A {
%Sha:pe of the tnor.e THange of Ree 3. 4
N eacol. ; Author. DHange of Re. m B ;
g e Hed«Desal 4.52{.102 to 061 ~ 0.296 g
W 3s3%10
.. ] cadamse B0 %0 1.8 0.60 0.340 ]
j Spherical 100 g
i o .
1 Kepadnis = 4.7KI0f b0 0.65  0.208 |
i & 1,150 i
§ Gogate - §
g HeS:Desai 1.2?:182 50 0461  0.205 ¥
i » 84731 A
¥ rlindric Hilpert  4.0X10% to 0.618 0.174 4
i Uylindrical LS 4.053104_, g
' Kepadnis  4.0410% to 0.62  0.185 |
i 1.3}{10 X
4 He3.Desal 1.03{134 50 0466  0.15 E

7 «7X10% i
gfiecoangula; Hilpert 5.8'3&1108 o 0.675 04092 g
y 1.0x10
i Kapaduis 274102 to 0.6564 -0.12
i 14%10°
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The slope of ’shis sbraight line graph gives the value
of wm while bhe intercept on the log pu~axis gives the
value of log B. (See figures & & 9J). A comparison of
the values of tie consbanits B &am éetérminept_ _i_‘rom the

re’sgl“p;:s' of our experiments ;ii’i;h thoss obtalned by others
is givea in Table };I. Considering the uncervalnsies
iﬂ‘leVei‘i. in sxyperiments of vhese types, 'b%}e agreement
between our values and bthose of obier workers appears

0 De Tairly sabtisfactorye.

Shape constantse
. .
T} 3 e o ! B Je “r Ty xs ey R
The shape (couvectlon) constant O may be defined by
the relations

H=CAV a8 .

Y

(see Gogate and Kepadnls 1952, Ind. Jour. Bhy. DV £.173).
Where H = the amount of heab lost in KilosUalories f
Der [our.
A = Arsa of the suriace in square metres.
A B= Tenperature difference between the surface
. of the vessel and vne alr sbrean surrbmucling iGe
@ = Shape consbantb.

Asst&"inﬂ n = 0.5 1in the avove syuabion l.e. asswping that
tie healt transfer varies as the sguare oot of alr velocliy,
as has beea done DY Gogate & Kapadnis (1952) & others J

for lower range of Heynolds numbers, we can deberniue. the
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the value of ¢ by using bthe daba of =¥ {able 1. Thig has

been Qone for bhe different shapes of vessels used and

the resulbts are. exhibited in table 1ii.(given below)

T@ble 1Il,

Sbage Ghééac@~ 4ﬂange 0 Range 0of 1ndex ‘ Shape ‘ §
ot the eristic veloclity  Heynolds consbanol
Vegsel  length in ca/sec. Number o i
47 cm. v * ke’ = ¢ %
Sphere 1548  47=293 4.5 X 10 0.5 1433 1§
ko,
2.8 X 10
L] - ‘
. 20.4 48276 5.9 X 109 0.6  1e81
< - 0 4 ¢
3.3 X 10 iy
oylinder 15.0  165-882. 1.2 £ 10% 0e5  1e12
50, ‘ B
7.3 X 10 i
u 20.8  185-655 2.5 L 10% 0.5 1.15 5
to i
8.7 4 10 !
'
Rectangular 9.2  175-764 1.0 X 10% 0.5 1.32
Vegsel o 4 3
—_ 4.5 X 10 |
g 20,8  204=579 2.7 X 10% 0.5  1.12 3
[]e) 4 * ﬁ
77 X 10 g
- i

+

A glance at the above bable shows bhat amongst the diilerent

shapes of vessels employed in our experimeitvs, the shape

consbautd U has the lowest value for cylinders. Hence the
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convecblive heat loss appears 0 e least in the case of

vessels having a cylindrical shape. Vur experimenbs have

ahown that the value of the index W in the relation

NU - B (KE.JM

in the different ranges of ULeynolds nuabers covered by

turbulence.

Debween 0.5 and 0.7 depeading upon the inbtensity off

A redebermination of the shape constants was

therefore undertaken using the Alifereny values Of the

VPR e
3

index " as Gebermined from the plobg of log Lu. against

. b N : Veyley
our experiments is generally higher than 0.5 and veies

log be. These values of the shape constants redetermined

for the higher values of index ‘m.are
s

fable IV

shown in table LV,

g pe

Characb= Rahge of

Hange of Index Shape

+
o~

of the eristic Velocity IHeynolds consbant
Vessel lengbin Cms/SECe mgpber )
! ' v T
s
) : .
Sphere 15.8 47-293 4.5§;82 £0 0.61 0.75
2.8X1
a 2044 48=276 5.9&102 50 0.61 068
35410
Oylinder 15.0  155-882 %.gxlgi 50 0461 0.41
“3X1
" 20.8 185=655 2.5x102 50 065 0446
r 8.7X10
:
|Hoobang=  9e2 175764 1.0218: 50 0466 0450
fular 4,51
Vegsel
" 20,8 204579 2.7xaoi 50 0466 0045
7 7%10

'
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It is obvious fLrom ths above bable that the value of the
éhape consbant € is again minimum for cylindrical vessels
and thatb eﬁ%ﬁg'alsq (i.e for nigher values of/M) the
convechive heat loss is minimum in the case of Vessels
having a cyliadrical éhéipe. Lhe values of sinape consvants
appearing in tableslill and IV also indicabte bthab.bthe
convective heat loss is greéter for rectangular vessels
than for cylindrical vessels and it is maximum for vessels

of spherical shave .
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