1= l'l"\"ﬂb'lli //
D RY F*:F',‘,“g’* s SAT T

.
i1

. 6y W .
ﬁ-v:qlz..»u.;'.u:;ué dﬁ-&.lh Ew ui‘u:.ns.u..a L’LL

S o FOC
. F,R, Note No. 258/1956 ;Am‘n'-m};{!

Research Prograﬂ{me TOERENCE L'RARY

DEPRRTHFTT CF SCIENTIFIC AID INDUSTRIAL RESEARCH AMD PITE (OUFICES' CUMJITTET
JOINT FIRE RESEARCH ORGANIZATION

21. AUG. 1956

This report has not been published and
should be considered as confidential advance
information. No reference should be made
to it in any publication without the written

. consent of the Director, Fire -Research
Station, Boreham Wood, Herts, (Telephone:
ELStree 1341 and 1797),

P
[

it

ON TFs CONVECTIUN : RDM DISKE AT LO7T GRASHOF NUMMERS
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Summary

Data originally obtained in the calibration of a 1 in., diameter
disk radiometer have been used to evaluate the natural convection
heat transfer coefficient for a vertical disk, It is suggested that
the correlation between the Nusselt number and the Grashof number for
large rectangular vertical plates can be applied to disks if it is
modified to allow for the variation in height across the disk and for
the limiting value of the Nussclt number at zero Grashof number. It
is found trat the predicted results are generally in agreement with
thoze found experimentally.
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ON THE CONVECTIUN IFRCM DISKSuAT LOW GRASHCF NUMBERS
Lot 'by . N

F. I, Thomas

Introduction

There do not appear to be ‘any published data for the heat transfer
coefficient for comvection from a small vertical disk so that the few
results deriv?? from the calibration of 1 in. diameter disk for use as
a rediometer (1) may be of interest to others in this field, These’
results do not cover a wide range of Grashof numbers since the increase
of kinematic viscosity with temperature reduces the effect of increasing
the disk temperature on the Grashof number, :

The disk con51sted of copper with asbestos paper on cach face;

chromel.and constantan wires being attached at oprosite ends of a
' diameter to act as a thermocouple, The instrument Wag used, to measure

radiation intensitics in the range 005 ~ 2°0 cale cm™“ sec” -1 incident
on one side of the disk in terms of the output of the thermocouple. '
Three radiation sources of different temperature were used in the -
calibration which is affceted by considerable changes in the spectrum
of the rediation. Over the useful range of the instrument, the disk .
temperature varicd from a few degrees to 500°C.above ambient but because
of the increase in kinematic viscosity of air m1th uempegaturc
the actual variation in Grashof number, from 30 C to 500°C, was only
about 3 - 10 x,10t .

Calculation of heat transfer coefficient

The temperaturc was caleulated from the thermo- electrlf gutputfof
the chromel constantan thermocouple and calibration tables

separate direct calibratioh was made for temperatures up to 100°C and
this agrced with the one tabulated, From this calculated value, of
temzerature and the value of incident radiation the heat.transfer
coefficient was.calculated by means of the following heat balance
equetion. o

1€, . - TA).. (2H + c').e-n'-‘ 266.'.(1‘4- TA4)

where I is the measured incident intensity of radietion.

T is the calculated absolute disk. temperature (assumed unlform)

Tap . is the absolute ambient temperature

H is the requlred convection hcat transfer coefflclent

¢s 1s the emmisivity of the disk to incident radiation

er . is the emmisivity of” the disk at temperature T,

. & - is the Stefan-Boltzman rediation constant

and.C ' is a constant ‘to allow for conduction loss into tharmocouple '

wires, :
Values of I and T here obtalned for three radlatlng sources at
different temperaturcs. ~ These, together with values I and T for a -
blackened disk cnabled the emmslva.ties 6 s and .C T to be calculated,
the later being, slightly depondent - on T, . Tlc value of 'C! was
calculated approximately from conduction.theory and shovn to amount to
a correction in H of 5 or less, No-correction was found to be
necessary for the smell difference in temperature across the disk,



Mean values of fluid properties

. Prom the measured values of H the Nusselt number can be calculated
and these may then be correlated with the Grashof number. In order to
obtain eppropriate values of the physical properties of air to insert
in the dimensionless parameters disirl'blng heat transfer the ' mean
properties as defined by Nusselt were used These are

X - _—(-——-— )\dT (2)
=T Ta |

where >\ may be K the ‘thermal ccnduct:.vity,/ the 'aensitwthe viscosity
or —J_-'l_, _ . ‘ ) "

Results

1

| 1
Us:l.ng the mean values for /0 /u and -—as deéfined in equatlon (2)
t

the Grashof number
- —Th
N Sb(“r )P (-Ir,\ s

Gv - -1
wes calculated as 'a function of temperature, ‘g! being the gravitatimal
constant and D the disk diameter, Since the kinematic viscogity (/“/,ﬂ)
of air increascs with temperature faster than tle temperature itself the
calculated Grashof -mumber passes through a mximum, Thus at two
different temperatires tlere may be only one value of the Grashof
number, I‘rn::m the calculated values ofi H and X, the Nusselt Number

b . NNn , K | .

was calculated for various points on the calculated curve of disk
temperature. against. radiatian, It was found that at two temperatures
giving the sawue Grashof number thé two calculated Nusselt numbers were
not the same, so that, when the Nusselt number is plotted against the -
product of -the Grashof number and the Prandtl number -Ne (= Ace /K
where (p 1is the specific heat at constant pressure, a curve giving two
values of Nusselt number for one Grashof Number is obtained, This is
shown in Figure {(1). The curve turns back on itself when the )
temperature reaches 300°C, higher values of the Nusselt number being
obtained at the higher temperatures, for the same Grashof number,: It
is not poss:Lble on the basis of the limited data aVallable to say how
far the ambiguity for temperatures in excess of, say, 300 % is
experimental variation or can be removed by a different mcthod of
calculeting the Grashof number, where there is large temperature
difference across the boundary layer.

ey

Dlmensa.onless Correlation for a dJ.sk

\

Also in Fi gure (1) is shown the correlation (&) between the Nusselt,
Grashof and Prandtl numbers far- free convectlm from vertical rectangular
rlates, the height 'ben.ng taken as the characterlst:l.c d:l.mensicn. This
is given by .

- N 055(N«-Nm>f AR (5)

This equation is seen to underestlnmte the Nusselt number far the
disk by as much as 50/, It is suggested hovever that this expression .
can be used as -a basis far- derurln‘g the a; rroprmte expreselon for a
di sk, two modlflcatlons be:mg necessary o ". ,

The f':.rst is found by cms:Lderlng the' disk to be a- series of
elementary: rectangles, ™ Thus if” ‘x' is the helght and ! Jw‘ “the.
width of an elemen'tary strlp, o



we have from Fig (2)
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Figure 2. Crleulation of effective he ight of disk

We asaume that each elementary strip satisfies a relstiom of the kind in
equation (5), ' Substituting from expressions (3) and (&) in (5) using
» as the characteristic dimension gives

H = OL/)L\A' | C (8)

n

where 'a' is a constant

The total heat transfer 13

T i -
JH oo 2 H @

where H is the required mean heat transfer coefficient. From this
definition we have from equations (6) ~ (9)r
1
T~ /1 - 7/L{-
H = -~ y Siv O dB
U N ¢ _
. - D
0S5 a
= ..____—b iy

This suggests that the factor 0:55 in equation (5) should be replaced
by 105 x 0:55 i,e, O 58. _ A

The second and more important correction is to allow for the fact
that the heat transfer for a finite bedy is not zero when free comvection
is absent: the heat transfer is thus determined by conventional heat
conduction analysis, tho result Heing obtained by analogy with Weber's
problem of the electrified disk (2), The mean heat flux to one helf of
an infinite medium at temperature Tp from a thin disk of diameter D

at uniform temperature T is :
Q = ——-—a | .l | ‘)
* 97 ‘

where K denotes thé comductivity of the medium,

Substituting the above expression in (4) gives

- @D ? ..
s Fr%r— "
This may be compared with the value 2 or a sphere ard zero for an
infinitely wide plate, Frossling (6) and Ranz and Marshall (7) have
shown that for a sphere this limiting value cen be added to the term
involving the Grashof number and by analogy the following equatim is
suggested far vertical disks,

NN‘.\ = 25  + 6-58 (Nq N!’v)

This is shown in Figure (1), In view of the fact that the data were

not obtained in the first place in an experiment designed.to evaluate
free convection the agreement may be regarded as satisfactory in the

range of these experiments up to temperatures of 300°C,

/
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FIG.I. THE NUSSELT NUMBER AS A FUNCTION OF THE
GRASHOF- AND PRANDTL NUMBERS FOR A VERTICAL DISK.





