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A COPPER BlOCK AKiOLiJTE RADIOMETER

by

D. I. Lawson, D. L. Simms, M. Law and R. W. Pickard

Introduction

During recent studies of the iEnition of materials, intensities
of radiation of up to 50 W/r::n2 have been used. 1. copper: block
absolute radiometer has been devel oped so that this rM13e. of radiant
intensities may be measured. This paper dcscrabes tho development of
the radiometer and compar-es thG results obtained from it with fhose of
other- instruments (1, 2).

2. Description of !!l2PEat~!,-!,nd_~erimentAlmothod :

~hc 8pp~rotus (Figure 1, E18to 1) c02sists cf 0 squ8rc-faccd
copper block set flush with A water-coolcd guard ring; this prevents
radinti.on from striking the edges of the b l.ock a".:'. also acts as a
frame to hold it. The surface of the copper i" c0;ted with a b.l ack
paint having an nbsorptivity of 98 per cent, ·T:1oBsurod by comparison
with carbon bLack having an nbsorptivity of 95 per cent (2). 'I'he
temperature of the block is measured by a thermocouple consisti~, of
a constantan wirc a t t ached to the front face and a copper wire nttached
to the black face.

'l'he radiometer is exposed to the r-ad in td on "rod the rise in
temperf,tuce of the block is recorded; it is then shieldGd from the
r-adLat i.on and a cooling curve is taken. 1. t.hcrrnopd.Lo (3) is used to
ensurG th"t the intensity of rndi"tion from the source remains constant
during ench experiment •

3. CalculatkQU of the intensity of thc rndintion

Preliminary calculations and expor-Lmorrt s 'ser«: made to find whether
there wa s a t empcr-atur-e gr"dient across the block during its exposure
to radiation (Appendix I). The differcncc in bcmpor-a tur-e between the
front and back surfaces of the block was ncgligible for t.emper-at.ur-e
rises of the or-der- 1000e.

Tho calculation of the temporature distribution "cross the faco
of the block is difficult. It WAS therefore determined experimentally
by coating the f'ace of the block with a temperature indicating paint
which, When the block was exposed to radiation, melted at the snme
time over the Whole surface, showing that the face Vias at a uniform
t.empcr-abur-e,

The laY! of ceoling from the block was t~en detf>rmined.
plotting the rate of fall of temperature, .~!' corresponding
excess temperature Q, ,the law Was founcr'"'€& be Newtonian in
(Figure 2), the slope of the line being

I d.Jr
9",- :rl = 0.0075 : 0.00028

The rise in temperature, Q I -1 .of the copper blook time t after the
beginni.ng of the experiment is shown to be (Appendix.. 1;1:)

9== Q. (I
and the temperature /48c. any time aft"r
off is given by

()
c.

.e- el:)
tho radiation has been cut

...... (2)



-2-

where o. = r, t:I~

M is the mass of the copper block

s iI II specific heat
A u It Drea exposed "Go rndIatiOl1
I " It intensiJ"y of ·~he radiation

and ~
~ i II cooling conscant

The v aIues of these constants together with the dimensions of' the block
are given in Append.ix III.

Two methods of co.lculating the intensi "LJr of radiE':tiou have been
derived (Appendix IV).

If the intensity of radiation I, be cut aff at time 'I , 9 .:::'"SH

M(1 the tangent to the cooling curve at this point cuts the temperature
axxs at eo (l~igure 3).

then

Method B

I • • • • •• (3)

Expression (2) may be rearranged as an explicit .function of the
intensity of radiation I.

• + .....

As the rman val.ue of' b is known from expression (1), the values of t he
intensity of radiation corresponding to various values of temperature
rise and time can be calculated (b'igure l)-).

There are two main sources of error:

( 1 ) The anission of the second and higher order 'cerms in ..I,"j' fro~
expression (2) in Appendix IV; this results in D. calculated value of:
intensity of radiation which is 3 per cent higher than the true value
when or is 100 seconds. "P.rovided that this same heating time is used
in a series of experiments, the intensity of radiution can be deduced
by reducing the calculated intensity by 3 per cent. For experiments
carried out using different henting periods, the individual readings
can be corrected by a f£:..ctor 977'2 x 10-4

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

The total error in the observed readinG will therefore be between
+ 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

I = ~. q!" (I t ,if - y~e" .. )...... (5)
zc. ~" /

The error due to the terms inside the br-acket 02 expr-easaon (5) is
less than ~ per cent since the error in bt is small compared with unity.
The error in measuring radiation intensities is therefore not likely to
exceed the error in the term ~.. ~Ii which is of the order 3 per cent.

'I'he accuracy of any value of the intensity of radiation may then be
checked by comparing the calculated heating curve with the corresponding
experimental one. 'I'heae are compared in :B~igure 5 for an intensity of
radiation of 8·8 ~/cm2. ProvidinG that a heating period of t~o minutes
and a temperature rise of 1200C is not exceeded, the curves coincide.

Both methods have been used to calculate intensities of radiationj
the results are given in t erms of the calibration of a thermopile
(li':Lgures 6, 7). Both give substantially the same calibration.

This calibration of the thermopile has been compared ,,~.tl.1 one made
in the range 0 - 12· 5 W/cm2 using a \vatcr-flm'l calorimeter ~ 2) 1;U1d ,lith
one made in the range 0 - 2 wicm2 using Guild I s standard scale (1)
(Pig-ure 8). G!A-:l.d IS r-adf.ometer is stated to be accurate to one part
in a thousand ~ 1 ) . The readings of the water flow calorimeter have a
root mean aquare deviation of 2·8 per cent and the probahl.o error of
any reading is 1.8 per cent. '11he three methods agree therefore to
within the eatdmated limits of error.

5. Conclusions

The copper block radiometer which is simple to use can be used to
measure intensities of rudin.tion up to 12·5 w/crn2• Two methods of
calculating the intensity of radiation falling on the block have been
described. The accuracy of the better method is three pCI' cent and the
agreement between this instrument 3.L"1d other instrwnents working in the
same range is well within the estimated limits of maximum error.
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APPENDlX I

mID1QRMITY IN TEMPERATURE OJ:!' THE
COPPER BIDCK

AI.,,,, 1'1 X

[L+J.~;1jJ~! l

. ....~

The temperature rise e of a parallel sided slab being irradiated
from a medium at temperat~e) T at the surface x = L, losing heat
from both its surfaces is ~4

where h = f/K
"':f = Newtonian cooling constant ."
k = thermal diffusivity = KIfS
K = thermal conductivity and ~ = density of copper and

the other symbols have the same meaning as in the main text and
O'l",;:, J ~ = 1, 2, 3 are the positive roots of

c( tan ~l::: 11

and t3 ,fY\..-- = 1, 2, 3 are the positive roots of
';yo.,.

P cot ~ 1 = -h

The boundary condition at the irradiated surface, x = 1 is (4)

If' the slab is exposed to radiation of intensi"bJ I the boundary
condition becomes

Using this boundary condition

__ ~A.X

(~r L(;;:J.J;-.JJ~Ji.L -

-~ ~~.t
.Q. ~d"","X.

~+ L (Q'~ +l~Jc~v-r_R
T ..1. .f.

A-w

and equation (1) may be rewritten

r:l _ r·. ..,. ~ - PI2"t
V' - -:r.---P-iJ -~ L' e ;,:;..

2kt1+rfIi) . K """=1
.- .



The temperature of the front surface eF ;
l' .{

'f U I S .-- ":/]:;.1;e -..:. ,- ..{..- - --- L e ,..
~ Av...(l t- -1..£) \< <~~I

APPE:'IDIx: I (contd.)

••• the temperature difference between the front and back' surface,

9;;. -913 = ..£_L _.1;£ i ~_I:P':~ t . __
r\ (I rlJ) A. r; 'lV;I' £J, +- -f (f,.~ to~ )J



APPEi>IDIX I (contd.)

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

(3 l == -J.57J
I I

1il th these values, only the first t erm of the series need be considered.
Equation (2) may be 'written

(jJ ;j I~~-to
= 1~. (, - 'J.,' .e..- r'h ):

ff.. -e .'
The rise in temperature of the front and back surfaces ,lith time are
sketched in Figure 9a. 'fhe change in temperature difference is sketched
in ]rigure 9b. ACter O· 25 seconds, the temperature difference between
the front and back surf'aces is established and ,tithin 10 per cent of its
equilibrium value,

that is,
= Ii-

The uniformity in temperature of the block was then examined experimentally.
Using short exposure times giving small temper::::.ture 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 radia.tion was
cut off (Pigure 10). The thermocouple thus folIO/red the rise in temperature
of the f)'ont surf'ace (i?igure 90.). By increasing the exposure time to about
100 seconds, the mean ten~erature rise was increased so that the percentage
error due to the difference in temperature between the front and back surface
was negligible. A typicp.2. curve is shown in l~igure i 1.



APPEiillIX II

DERlVAT ION Ol<~ ill': EQtTNt'ION li'OR THE nf.IlEHSI:ry m~ RADIATIOn If'ALLTIlG
ON THE COPPER ELOC:C TIT TERMS O:P THE 1"lfu\J~sm.rr TEMIERA2.'URE RISE

The following expressions are derived on the assumptions thnt

the temperature throughout the block is uniform (Appendix I)
the heat Loa sen frc!1l all the surf'aces of the b'Lock obey -the
same law whach has been found, by experiment, to be Newtonian
(}:,igure 2).

The transient heating equatrion is

wher-e

whi.ch may be integrated for the boundary conddtion e =
to give

The trf~sient cooling equation is

-i» j,'~f1~ + 'r fJ = (;

0, t = 0



APPENDIX: III

COl~STKI.'!TS USED nO;" THE CAlCU.LJJ:'IOH3 AND Dl.L:m:;SI01l:-S
o]P THE AF?i.RJ.TU3

mass of copper block

3£ specif'ic heat of
copper block

=: 175 gm

=side of square bfock

= (0'385 jo~les/gm/°C)

3-7'1 em

thiclmess of block =: 1·42 em

ar-ea of block receiving racli8,tion

13.8 cm2

O.50 :~. O' 01 9 'tT/oC (0. -I 2 + O· 0046
cal/se-c/OC)

l£ A mean value for the range 0° - 100°0

'.



APPEtIDD::. N

COOLTITG COj{S'ECTIOl~S iOR THE
COPPER BLOCK

The tr8.11sient heating curve is

/1 (I _ .,;).- -ff:;).
= ......... \. ~ '-'~

(Appendix II)

where =:: TA;r.:'
'i

If the radiation be cut of'f at time T
blook is

the temperature of the

Since the cooling is Newtonian the form of the curve is given by

At ~;he moment the radiation is cut off

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

11 • _ (;.. 1"')
•• .fr.o... (1- .e

'- .

This cuts the temperature axis at

.... ...... (1 )

Substituting from Appendix II and rearranging

... . ~+(~= a..{t_[h)(p¥)
P...

o , (. g " J 13 $
== a....(J' r -..:-! f:U: ....\ ........ (2)

.~ 2'-1 I

ep = 0·12.:!:. o-ocss cal/sec/OC (Appendix III)

?vIS = 16·.3 ccl.-/oC (;:.ppendix III)

foX' I' = 100 seconds, the error in assuming that

is 'three per cent



and

APPEL-IDIX IV (n::mtd.)

. . . . •• (3)

Method B-_.._..........._..... ~

T:1.e transient :~J.se in 'cemper-at.ur-e is (Appendix II)
l) ,

I £...1-""
D" ?:n" \G -,- /..'l !t i .....

l;- H-- \ - "I

Rearr-angi.ng (4) ana sl<.bstitu.ting for a and iJ

£A 4~1;
I ,.,

where a ::: and b ::: - j~ .. a f:"-7i.':;.-- fi <~.t_~
~ 1 4 : ,

• . . • •• (4)

gives

Since b is known, I, the intensity of radia.tion may be calculated
from corresponding vaJ.ues of' f\1 and t.

roo



FIG. I. REAR VIEW ·OF COPPER BLOCK RADiOMETER

PLATE.'1.
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BETWEEN RATE OF: COOLING & EXCESS TEMPERATURE OF THE COPPER

-
'V 0·6ClIJ

In

aU

(
o
z-
-J
0
0
U
u,
0

UJ
~«
~

0·2

.
,j

J
'. FIG.2. THE RELATiON

BLOCK

20

- . _... -_. ------------

40 60 80
EXCESS TEMPERATURE ~oC

100 120



<D

I
UJ
ton

a:

~e-------.-
::J H·
....-c
a:
UJ
a.
::E
UJ
~

o

~I

Tcnqent to cool ing curve
at t =.,...

TIME OF EXPERIMENT- t

FIG.3. DIAGRAM SHOWING SYMBOLS USED IN
CALCULATING INTENSITY OF P-.ADIATION

FROM THE HEATING AND COOLING
CURVES OF THE COPPER BLOCK



16012080

.. - . _._--- -- - - ----

40

2t--~___,~Hh~-------+-----_+- ---------l

I
I
I

12 _. -.- - - - ..-_. .J

10 -- ... -.-

4 t-------.Jr-t---f--r--r~c------i-----------------___l

13r-----~-----___;_------·-_r_----=.~-___.

et----------o-------1--I--I---I~

III......
o
~

(
>- 6 .----__----l -I----I'--I-~r-,.--+--/_---.- ----------1
....
en
Z
UJ....
Z

rJ
I
E
u

o
TEMPERATURE RISE OF BLOCK - C

FIG.4. RELATION BETWEEN TEMPERAT.URE ~ISE

AND I NTENSITY OF R.ADIATION FOR.
DIFFERENT EXPOSURE TIMES ~o ,.U



,)d
.

.

:(

1

/ D
I

I
I

I
;

I
I

! !

Thtl oreti co I curve

V I
~ 0-Ie -I °C- I

)=O'SOwatts CO· 119 cal sec

I~
I" !

:
. _1- _." I l- I, ~_._-

r

.

o Ex per-irne ntn! points

20

40

80

60

120

100

140

oU

1
UJ
t.J)-a::

UJ
a:
~

i ~I . a::
UJ

i a.
~
UJ.-

30 60
TIME- sec

90 120

FIG.S. TIME TEMPERATURE CURVE FOR THE
COPPER BLOCK EXPOSED TO AN INTENSITY
OF a·Swath cm-2.(2·! cal cm-2s~c-l) Ceo",,- Il",?"



ult
IO...---------ro------r------.-----------.2· 4

8 - ".-.>-. .- I- I ---- ----1- ---~- 1·92r - -
, -I

(\1 I U

I til

E IA

'"u 'e
u

In
w -.. 0
0 \J
~

6 - ---j-~- -- - 1·44 I
Z

z 0
0 -
- ....
~

.c(

« -- 0
". 0 -c

« a:
a:

4 0·96
u,

u, 0
0

>- >-......... -- (/)lfJ
Z Z
UJ UJ
.... ....
z z
- -

2 -_. - - 0-48

eo604020
OL--------'------l---_---l~__·_----J

o
r~ERMoPILE OUTPUT -my

i -

FIG.6. CALIBRATION OF RADIOMETER A

METHOD A TO CALCULATE THE

OF RADIATION

USING
INTENSITY

~ r .. I .. V



- .

10r-----~-----.------..-------

80604020
oo~---~----~---~~-----::-'.

8 1·92

-(IJ I
I u

£: til
\I)

...,
Nu, 'E

.1 \,).#
CJ
3:

6 1·44
0---- u

2:
o Z--
J-- 0« -
C~

~
oct:

<I: i
Q~

. 1
a
-c4 ------- --~--j 0·96 ex:u. Ic U.

>. 0
....

)-
lI) ~

2~ l.I)
U.l Z.... l1J
2: ~

2 -- 0-48 z

THERMOPILE OUTPUT-mY

FIG.7. CALIBRATION OF RADIOMETER A
METHOD B TO CALCULATE TH E
OF RADIATION

USING
INTENSITY



10....-----.--------.--------.-----....... 2· 4·

')­

~

tJ')

Z
IJ.I
~

Z

-
I
U
e.I
II),..

IE
u

',92

1·44
o

""L
z
o
~
o
«
a:

I

.! -·---·---~O·96 U.
I

I 0

t •

>
~

t/)

Z
IJ.I
r
Z

II)....
o
~ 6
I

z
o-
~«
o
-c
a:.

LL 4----- --------- --~---
o I

2 f-------,~f---------------l------.....j 0·48

o 20 40 60 eo
THERMOPILE OUTPUT-mY

o Copper block rad i0 meter

X Watltr flow ector irnerer

A N.P.L. c.alibra.tion

FIG. B. COMPARATIVE CALIBRATIONS OF HADIOMETER A



-..

<D

I
w
(/)

a:

w
a:
::::>
~
4:
a:
w
a..
~
w.-

Front surface. eF

Back surfoce. eB

EXPOSURE TIME-t

. I

FIG.90. SKETCH OF RISE IN TEMPERATURE OF
FRONT AND BACK SURFACE OF COPPER
BLOCK EXPOSED TO A CONSTANT
INTENSITY OF R.ADIATION

dJ
co

II£.

<D

I

•

UJ
U
Z
UJ
a::
w
LL
u..-o Eq~i1ibrium

~--------- rz o d inq

EXPOSURE TIME - t

FIG.9b. SKETCH OF TEMPERATURE DIFFERENCE
BETWEEN FP..ONT AND BACK SURFACES
OF COPPER. BLOCK EXPOSED TO A,

CONSTANT INTENSITY OF RADIATION



fi
~

""'-lL_

I'
I

..

(

I

I

I

I

5

w
a:
:::l

t(
a:
w
o,
~ 10
w
t-

25

20

oU
I 15

w
en
a:

•

•

10 20 30

TIME - SIlC

FIG.IO. TIM E - TEMPERATURE CURVE OF THE BLOCK
WHEN EXPOSED. TO AN INTENSITY OF

6·' WATTS cm-\ I· 45 cal C'Ti"scc l) FOP. 19 SECON OS



90 _.- -_ .._-- ----

,.

60

oU,
UJ
(J)-
~

UJ
a:
~

~
ex:
UJ.". Q.
~
IJJ
I-

30

. ..
,

;
j ••

40 80
TIME - sec

120 160

FIG .ll. TIM E - TEMPERATU RE CUR.VE OF THE BLOCK

WHEN EXPOSED TO AN INTENSITY OF 6·9
WATTS cm-2 (1· 66cal c.m-"-sec-

I
) FOR. 90 SECONDS

...:: Col • ,? ) I \.J~.






