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A copper block has been used as an abrsolute radiometer by
measuring its transient temperature rise on beins exposed to radiation,
Two methods have been derived and used for calzulabing the intensity of

radiation;

the values obtained agree satisfucroriiy with those obtained

using other instruments operating in the some range of intensities (1, 2),
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A COPPLR BIOCK ABSOLUTE RADIOMETER t\

by

D. I. Lewson, D. L. 5imms, M. Law and R. W. Pickard

1. Introduction

During recent studies of the ignition of materials, intensities
of rediation of up to 50 ¥/em2 have been used. A coppar block
absolute radiometor has been developed so that this range of radiant
intensities may be measured. Th:ig paper describes the development of
the rediometer and compsarcs the results obteined from it with those of
other instruments (1, 2).

2. Description of apparstus and experimental method -

The apparatus (Figure 1, Flatc 1) consists of a squarc-faced
copper block set flush with a wator-~cooled guard ring; this prevents
radintion from striking the edges of the block anl also acts as a
freme to hold it. The surface of thc copper is coated with a black
paint having an sabsorptivity of 98 per cent, wcesured by comparison
with cerbon black having an sbsorptivity of 95 per cent (2). The
temperature of the block is meagured by a thermocouple consisting of
a constantan wire attached to the front face and a copper wire attached
to the black face.

The radiometer is exposcd to the radintion ard the rise in
temperatucre of the block is recorded; it is then shiclded from the
radiation and a cooling curve is taken. A thermopile (3) is used to
ensure that the intcnsity of radiation from the source remains constant
during each cxperiment.

3. Calculatign of the intensity of the radiation

Preliminary calculations and expcriments werc made to find whether
there was a temperature gradient across the block during its exposure
to radiation (Appendix I). The differcnce in temperature between the
front and back surfaces of the block was negligible for temperature
rises of the order 100°9C.

The calculation of the temperature distribution across the face
of the block is difficult. It was therefore determined experimentally
by coating the face of the block with a temperature indicating paint
which, when the block was exposed to radiation, melted at the same
time over the whole surface, showing that the face was at a unifarm
temperature.

The law of cooling from the block waiif en determined. By
plotting the rate of fall of temperatwre, “Gumc corresponding to an
sxcess temperature % » the law was foun t5 be Newtonian in form

(Figurc 2}, the slope of the linc being
1 A4
8 IF
The rise in temperature, Gg,d .of the copper block time t after the
beginning of the experiment is shown to be (Appendix.IJ)

g, = o (i __Q-»ﬂc") ceeena(2)
and the temperatwre E}c any timec after the radiation has been cut
of f is given by

= 0.0075 £ 0.00028 ~ ceeees (1)

3

o = -4 &
c BRI
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where & = L& /,E end A = ¥ /m &
M is the mass of the copper block

i " specific head
i " area exposed to rediation
intensity of the radiation

and cooling constiant

r -

The values of these constants together with the dimensions of the block
are given in Appendix 11T,

Two methods of calculating the intensity of radiation have been
derived (Appendix IV),

Method 4

If the intensity of radiation I, be cut off at time T , €& =0

]
and the tangent to the cooling curve et this point cuts the temperatwre

axis at 8, (Figure 3),

then
14 t O’
= IS
- M2 (0af8) (3)
Method B

Expression (2} mey be resrranged as an explicit function of the
intensity of radiation I,

i = m e Ir cﬁ £17 R (lf-)

i — &

As the mean value of b is known from expression (1), the values of the
1nten31ty of radiation corresponding to various values of temperature
rise and time can be calculated (Figure 1.).

4, Accuracy of the instrument

Method A
There are two main sources of error:

(1) The omission of the second and higher arder terms in. 47 from
expression (2) in Appendix IV; this results in o calculated value of
intensity of radiation which 13 3 per cent higher than the true value
when v is 100 seconds, Provided that this some heating time is used
in a series of experiments, the intensity o radiation can be deduced
by reducing the calculated intensity by 3 per cent. Ior experiments
carried out using different heaulng periods, the individual readings
can be corrected by a fector 9772 x 1074

(2) 'The value of b is dependent on the construction of the
tangent to the cooling curve at the instant at which heating ceases,
By constructing large numbers (about 150) of tangents to the cooling -
curve, it was found that b was constant to within 3 per cent for
confldence limits of 95 per cent.

The total error in the observed reading will therefore be betwsen
+ 6 per cent and the observed reading for confidence limits of 95 per cent.
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Method B

A more convenient form than expression (4) from which to calculate
the possible errors of method B is

Ms & ; oy X \
I = -A-g.‘T:ﬂ-’ ‘* Ié.'c‘: - _).’—j)"‘"‘""‘t "")ucccoo (5)
g - 2k
4
The error due to the terms inside the braclket of expression (5) is
less than & per cent since the error in bt is small compared with unity,
The errar in measuring radiation intensities is therefore not likely to
exceed the error in the term E;éd %ﬁ. wnich is of the order 3 per cent.

The accuracy of any value of the intensity of radiation may then be
checked by comparing the calculated heating curve with the corresponding
experimental one, These are compared in Figure 5 for an intensity of
radiation of 8-8 ﬂ/cmz. Providing that a heating period of two minutes
and a temperature rise of 120°C is not exceeded, the curves coincide.

Both methods have been used to calculate intensities of radiation;
the results are given in terms of the calibration of a thermopile
(Figures 6, 7)., Both give substantially the same calibration,

This calibration of the thermopile has been compared with one made
in the range 0 - 12-5 W/cm2 usin% a water-flow calorimeter % nd with
one made in the range O - 2 W/cem® using Guild's standard scele 1)
(Figure 8). G%i}a's radiometer is stated to be accurate to one part
in a thousand {1}, The readings of the water flow calorimeter have a
root mean square deviation of 2+¢8 per cent and the probable exrror of
any reading is 1.8 per cent. The thrce methods agree therefore to
within the estimsted limits of error.

5. Conclusions

The copper block radiometecr which is simple to use can be used o
measure intensities of radiotion up to 12:5 W/em?, Two methods of
calculating the intensity of radiation falling on the block have been
described, The accuracy of the better method is {three per cent and the
agreement between this instrument and other instruments working in the
same range is well within the estimated limits of maximum crror,

St by - —
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APPENDIX I <\

UNIFORMITY I¥ TEMPERATURE OF THE
COPPER BIOCK

The temperature rise 2 ofa parallel sided slab being irradiated
from a medium at temperatm(e T at the surface x = 1, losing heat
from both its surfaces is ) ' .

& bk

8. AT - 4TS o s B
a(1+ A4) o (e l(5 4 2 Jams 4
_ .
T-Ar 5" et ()
Lar AlaladD) ] cond

.*a

L
3

where h (l; / K .
‘\y‘ Newtonian cooling constant
k thermal diffusivity = Kps
K thermal conductivity and /O = density of copper and
the other symbols have the same meaning as in the main text and

&l s v = 1, 2, 3 are the positive roots of

Ktan «L = h

and 4 ,m-=1, 2, 3 are the positive roots of

/
ﬁcot ﬂl:-h

e
The boundary condition at the irradiated surface, x =1 is (&)
KOO . 1.}-"(@ 'T) £>0
dx | :

If the slab is exposed to radiation of intensity I +the boundary
condition becomes

I3 1 . ’

a e _ . - f > {2
{/\ r_. = ‘ly ( = | :&';. ) E/
Using this boundary condition

T

T

et
¥

i

and equation (1) may be rewritten

S A1

0 1. S Y X
2KGAY K A= (L2 (groke) [ 3 T
) f»Zafﬂ‘,{- |
I _ T ” &
+ 9{ —'EI;- K %l < e

[:g,a» L)+ ,,?_,}‘)ICM 94,‘2
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APPEDIX I (contd.)

The temperature of the front surface & 5 x = 4. A4

a 2 “f: X ot
L 18 LS e S /i 4
-.——-'—-""":,'."'",l W fma
21+ 4L AR L" s (g2 E) ey
t & 11’ R = A LADS e (3
: 58 Yo ;—if\x% 4 ﬂ ,_.-lcodc{,h £

The temperature of the back surface &g I = ~&

9,3:-_,_1;__2@ + I Z e’ﬂé/ft S Lon
ak(1+ L) K A [hr £ +J*)I£ 'y
| . .- %Y
| 4 L - L 3 ‘-;z."{ ™ C,m_ coset, 4
A Ar K o= [*}V+P{>{;4+,IL‘}] C&.‘w,mf

.*. the temperature difference between the front and back surface,

O -Ca = r,E’ -2 = g"ﬁ&ft.’___m ! -
p\(trff) K %Z: ’ rf"“”(pé*ﬁ)]

for the present appoaratus
11" = 0.0103 watts/cm2/OC = 0-0025 cal/cm?/sec/°C

3.88 W/ em/°C (0-93 cal/cm/sec/0C)
072 cm
114 cm?/sec

) ' EE.‘@ = 1. 9x10‘3

| d
It n

£

O IZ =
XCE/AN

2lso feoknl - A

ﬁ[MﬁZ; AL 19 %1073




APPEDIX I (contd, ) 53

The first three solutions of this equation (5) are:-

b = "la ¢/‘-— . = .
BE =157, L=, /g»@ 7.85

With these values, only the first term of the series need be considered.
Equation (2) may be written

y ,'ﬁff":{f ‘
G- -6 =£@-(—- 2 o )
B ;f;' R 7 .‘

The rise in temperature of the front and back surfaces with time are
sketched in Pigure %9a. The change in temperature difference is sketched
in Figure 9b, after 0-25 seconds, the temperature difference between
the front and back surfaces is established and within 10 per cent of its
equilibrium value,

that is, - .
O--85 = LL (3)
28

The uniformity in temperature of the block was then examined experimentally.
Using short exposure times giving small tempercture rises, the heating

curves showed a sharp rise in temperature of the block at the start of the
experiment followed by a discontinuity in the curve when the radiation was
cut off (Figure 10}, The thermocouple thus followed the rise in temperature
of the front surface (Figure 9a), By increasing the exposure time to about
100 seconds, the mean temperature rise was increased so that the percentage
error due to the difference in temperature between the front and back surface
was negligible. A typicel curve is shown in Migure 11,




APPEDIX II 54
DERIVATION OF AN EQUATION FOR THE INTEISITY OF RADIATION FALLING
ON THE COFPPER HLOCI IN TERMS OF THE TRANSITNT TEMPERATURE RISE
~ The following expressions are derived on the assumptions that
1; the temperature throughout the block is uniform (Appendix I)
2) the heat losses frem all the surfaces of the block obey the

same law which has been found, by experiment, to be Newtonian
(Figure 2),

The transient heating equation is

<k
where a = {;L and A = &
qy S
which may be integrated for the boundary corndition = o, t=0
to give
&t

The transient cooling equation is

)

ft
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APPERDIX IIX

CONSTAMTS USED L7 THE CALCULLITIONS AND DIMELSIONS
’ 0¥ THE AFRiRATUS

1

mass of copper block 175 gm

x specific heat of 0-092 cal/gn/CC

copper block

i

(0:355 Joules/gm/°C)

31

side of square block = 3.71 en
thickness of block = 1.42 on
area of block receiving radiation
2 13%.8 cm2‘
@ = 0.5C + 04019 W/°C (0.12 + 0-0046
cal/sec/CC)

¥ A mean value for the range 0° - 100°C




APPRIDIX IV fﬂv
COOLII'G CORRECTIONS FOR THE
COFFER BLOCK
Method A

The tramsient heating curve is

(Appendix II)

where a - IA K= D

q/ / Ms

If the radiation be cut cff at time T’ , the Semperature of the
block is '

. e
(591-1),?, = QA ("'*3 /}

Since the céoling is Mewtonian the form of the curve is given by

ﬁ&— = - /-; QC
i

At the moment the radiation is cut off & = (\ - "‘>’t’

~

.*» the slope of the tangent to the cooling curve at this point is

d ‘:\ _ N ‘/‘7 . /’A, v &’}"
(8); 404"

This cuts the temperature axis at (3, (Figure 3).

o - (8, - T (EE) o

Substituting from Appendix II and rearrsunging

2 (-2 ) )

G +B
A

i

a b1 (-87" +:‘ff’) (2)

/3 24

3

0+12 + 00046 cal/sec/OC (appendix III)

Mg

for T

16:3 ¢01/9C (sippendix 1II)
100 seconds, the error in assuming that

_80 Tﬁ&{&-’— o,@’}* : | is '.th;c'e.ua per cent
5 .




APPENDIX TV (contd,) 'ﬂ !

and L{’J (@ )‘“ cenees (3)

Method B

The transient rise in temperature is (;Appendix 1T)
g i
. /‘5‘{:* n\
/

Pl

; 4/- ~
QH:; /(_(’ E'.‘\:i "= es e v (24*)

Rearranging (4) and substituting for a and D

where a = LA and b = i/ = Qj‘fq
C"E' Mig

( ol

. { f
glves I (_—-’ ‘ " ‘.-—--—w---,ﬁ.-': a5
< G / , b . ’e“'(ec 5 )&

Since b 1is known, I, the intensity of radiation may be calculated
from corresponding values of (3, and t.
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FIG.1. REAR VIEW OF COPPER BLOCK RADIOMETER

PLATE -I.
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