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Summary

The slow change in output of a Moll-type thermopile when exposed
to rediation has been shown to depend upon the relative rate of rise
in temperature of the thermojunction housing and the hot junction, and
not as usually stated, upon the ambient temperature, By surrcunding the
housing with a water jacket, stable readings have been cbiained. The
sensitivity of the thermopile has been derived ia terms of the
dimensions and thermal properties of the thermojunotion metals. Two
instrumcn%s built for work ?t intensities of radiation up to 12,5
watts cm™® (3 cal om 2 sec™') have stable readings almost independent
of the quality of the radiation. o later instEumen§§ are suiteble
for measurements _up to 40 watts cm < (10 cal ecm “ sec ') and 200 wattis
em™2 (50 cal o2 sec” ) respectively, but the stability of their
calibrations is not yet known.
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THERMOPILES FOR MEASURING HIGH INTENSITY RADIATION

by

D. L. Simms and R. W. Pickard

1. Introduction

The study of the ignition of materials by high intensity radiation
reguires instrumen 53 capable of measur;rng radiation 1ntens:|.1'1es ranging
froE 0.4 watts em™ (0.1 eal cm™ 2 gec™') to 200 watts em~2 (50 cal

sec” ) The sources in use &t the Fire Research Station covering
thl% range of intensities are a gas fired furnace panel working at
10F as measured by a Thwing pyrometer, a tungsten f ilament lamp
working up to 3000%K as measured by an optical pyrometer, and a high
» intensity car ?$3 arc working at an effective black body temperature of
about 5800°K: The instruments therefore had to have a reading
‘independent of the quality of the incident radiation. They had also
to be robust, simple to calibrate, and to have a quick responsé and an
output signal which could be recorded automatically.

The Moll-type themnopile (2) has these characteristics and its
suitability as a radiometer for this work was thercfore investigated.

2. Theoretical analysis and discussion

The Moll microthermopile consists of a number of thin thermo-
junetions in series, supported on, but electrically insulated from,
a brass block, When thc thermopile was exposed to a constant intensity
of radiation the output after an initial rapid rise, continued to
increase slowly instead of reaching equilibrium, Further, if the
radiation was cut off, even for a short time, the output did not
immediately regain the value it had before the interruption.

Bach junction of the thermopile can be considered to be a thin
metallic strip receiving heat from the source of radiation and from
the junction housing, and losing heat by radiation and convection from
its surface and by conduction through its ends. Since it is thin, the
strip may be considered to be uniform in temperature in cross-section
and to vary in femperature along its length, In the following enalysis
a mean temperature has been .assuncd for the length of the strip in
order to calculate the heat losses from it by radiatian and convection:
it is further assumed theat the end of the strip which is the cold

Junction, is at the same temperature as the housing.

. Let I e the Antensity of the incident radiation
: T " " temperature of the hot junction
" " tewperature of the cold junction
¥ " 0 nean effective temperature of the strip
~and let Ty " " eambient temperature

At equlllbrlum

IA=2AET (Tl‘"-TL“)+2AH(T1-T)1 -25 _i(ﬂ_‘f_Kz)_(T-To)

- B%E:(T (Tol‘- - T1l‘-) - RBH(TO - T1)1'25 sscsese (1)

where A ils the surface area of one face of the strip
a is.the cross-sectional area of the strip
X4 KE are the thermal conductivities of the Junction metals

is the length of the strip - .

< .is the emissivity of the surface

<’ is the Stefan-Boltzmen constant

B is the surface area of the mounting visible to the strip
and £-is its confipuration factor

R i1s the convection transfer coefficient
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The expression AET (T“" - T1l") and AH(T‘I T4)* > represent
the radiation and. convection losses from one face of the strip, and
the expression 2a (K1_+ Kp) (T - T ) represents the conduction loss.

The hot junction is agsumed to be located at the centre point between
the two mounting posts and hence conduction tekes place along each of
the two metals over a length L/2. The expression ‘

Bg€o (Th-1k) ana mEH (T, - T9)

represent the heat gaincd by'the strip due to radiation and convectiaﬂz
from the mounting block,

The output’ from the thermoPile is proportlgnal to (T - T,) and
any change in- output is given by the value of . This may be

obtained from equatlon,(1) As a first apﬁroxlmatlon put T = T1
assuming that the temperature ‘of the strip is uniform and equal to that
of the hot Junctlon with a dlscontlnulty at the cold Junctlon posta.

leferentlatlng the modi fied form of equatlon (1) with respect to

T, gives: . A
ST oT /CnEa T2 s AH(T-T) = 1*5 el "*5‘““4" )
ST T 5T GAEsT® wasmn (r1)  + a (KK )/

0 S

4 8¢ e T+ 125 BHATTY "R am (4 )L

o)
+ ‘Z‘r’%é;%'hT‘B;@j-léf{tH(lf"—’.;-)'D? +aa ("\ +K )b

a7, ' n S 1

7, is probably very small and the value of - %4& < is .
therefore defermined by the value of the second expression‘in eqpatlon (2).

2T . o '

57# may be grncter or less than unity depending on the

relative areas of the strlp and mountlng block and the geometry of the
system, . o

i;T- greater thqn unlty would account for the 1ncrcase in’
output measured when the thermopile already mentloned was exposed to a
constant intensity of radiation. The failure -tc régain its previous
value after interruption would then be due to the fall in temperature
of the mounting block during the period of interruption.

b...r- ..:'-‘ . |
Ir 57~ were less than unity, the output from the thermopile

would decrease as the mounting block temperature incressed. This was
.observed by Fastie ) On this ergument, the variation in output is
not prim 11y a function of the amblent temperature as is nonnally

thought (2» 3), o

A single junction thermopile was constructed with a water jacket .
surrounding the mounting block, The -ocutput from this instrument
remained constant when there was a high rate of water flow. With a
low rate of water flow the output increased as the water temperature

and therefore the mounting block temperature 1ncreased. The results .
are given in Iig, 1,

A Moll thermoplle thus modified may therefore be used as a
rediameter,
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3, Design of the instrument

The theory of the instrument may be used to give some guide to
the design of the thermojunctions.

Neglecting radiation and convection losses from the strip
(Appendix I) the equilibrium conditions are given by

IA = 2a (K1 + K2) (T - TO) sevece (5)
2
or (T - T,) = S

2d(X4 + K»)

where is the intensity of radiation

I
d is the thickness of the strip

Assuming a linear relation between (T - To) and the output “1)” of a
Junction then :

—

noe= C(T - T)

or for a thermopile of ¥, junctions the output isYuvi” or “RC (T = To).
Assuming that the measuring devi}?e has an internal resistance very much
greater than the instruments, the sensitivity of the instruments is
given by

,-fJ-— 2
5= = nCL

T " (x; + Kp)a

Hence a large output from the instrument may be obtained by having a
large number of long and thin junctions.

L Construction of the instruments

The method of constructing the junctions was copied from Moll's
original paper, but the metals used were copper and constantan.

The Junctions were mounted in the following way. An snnular brass
ring B was constructed in two halves (Fig., 2). Holes were drilled
through the two halves so thet insulated copper posts could be fitted
into the ring, A small cuavity was drilled out of each half of the ring
and filled with warm wax, After the ring had been fitted together the
copper posts consisting of 22 S.W.G. insulated wire were drawn through
the holes. When the wax hordened the posts were held rigidly in
position with their ends projecting from the faces of the ring, The
instruments in which more than one junction was used had the junctions
soldered in series so that the hot junctions lay 2long a straight line
(Fig. 2). The junction mounting was fit;‘:ed into a water jacket turned out
of brass with a wall thicknéss of about '/32 in. The ends of the

thermopile were connected to two terminals mounted on a panel fitted
into one end of the jacket.

Four instruments wers constructed, the first two had thirteen and
ten junctions and are referred to as Radiometers A and B respectively.

"Rediomcter B is shown in Plate I, The leads nnd

tubing to the instruments were protected from the radiation by an
asbestos wood shield fitted to the back of the water jacket (P1ote II).
The front face was covered with a thin metal plate C with a bevelled
cdge slit at the centre (Fig, 2). This served the dual purpose of
preventing damage to the junctions and protecting them from draughts. -
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In the two later models, Radiometers C and D (Plates III end IV),
which were designed for use at higher intensities, only one Jgnc?lon .
was used. The whole of the junction strip was exposed to radiation.

Talle I gives the dimensions and number of junctions used in each
of the instruments.

TABLE I

] e :
Radiometer | Nunber of | Length of Width of Thickness of
t junctions IJunutlon (in) ;junction (in) | junction (in)

—

A 0.75 0.02 0,002
B 10 0.75 0.01 0.002
C 1 0.15 0.05 0.003
D 1 0.09 0.05 0,006

5. Calibration of the instruments

Radiome A was callbrated “ 0L a co T ck ab
calorimeter %ES The output of th lns%rumc %Piasbi?nbur Eg%
intensity of incident rodictien over the ronge covefe%héF 3)e
Repes tc& calibrations shosed: that the SCHSLthltJ o inst
remained constant over a erlod of several months. |

This instrument was also calibrated in the range 0-2 watts cm™ -2
(005 cal em™? sec™!) by the National Physical Laboratory (Appendix II).
Comparison of these results with those given in Table I1 show that the
calibrations agree to within one per cent.

The variation of sensitivity with quality of radiation was also
exemined by the National Physical Laboratory (Appendix II) and the
results show that the sensitivity remains almost independent of the
quality of radiation for sources between 2850°K and 1250°K end it is
approximately 96 per cent of this value for a source at 4L70%K.. The
variation in sensitivity is due to the change in absorptivity with
wavelength of the paint with which the junctions were sprayed.

Radidmeter B was calibrated agalnst Radiometer A and the results

are given in Fig. 3 and it, too, has given stable readlngs over a
period of months,

RadiometersC and D hnve a much lower sensitivity and were therefore .
celibrated using a tungsten Tilonent lamp with an ellips01da1 mirror as

& source of high intensity rediation, These calibrations are given in
Flr"S. !4- arld 5. ’ )

he theoretical and measured sensitivities of all four 1nstruments
ore rdven in Table II below,

+ TAELE IT
Theoretical " Measured . NP L.
Rediomcter SenSIt%VItJ sensitivity . - meagugeq
mv watt” mv watt~! cm+2 A sen3131v1ty‘
' ‘mv watt cm"."2
: k6.3 10,0 9.9
B 35.6 7.5 -
C | 0.148 0,157 - |
D i 0,019 : 0.019 - 5

L2
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The theoretical and actual sensitivities of Radiometers C and D
are in good agreement. The junction strips were partly shielded in
Rediometers A and B whereas the theory assumes that the whole strip
was irradizated,

The time constants of the instruments were determined by
photographing the output trace on an oscilliscope and found to be less
than 0,5 seconds for all the instruments. An approximate derivation of
the time constant is given in Apoondix ITI,

6. Conclusions

The slow variation in oulprd of a Moll thermopile on exposure to
high intensity radiation has bzen shown to be due to the inerease in
temperature of the junction mounting and the geometry of the housing
of the thermmopile block, Stable readings have been obtained by
surrounding the mounting block with a water jacket and thus contreolling
its temperature. An approximate analysis has predicted the sensitivity
of a lioll thermopile, Yhere the whole of the junction is exposed to
radiation there is excellent sgreement between the predicted and
cxperimentel sensitivities,

Radiometers A and B have been in use for a yecr and have been
found to have stable characteristics and outputs almost independent of
the quality of radiation except in the far infra red.

The stability of Radiometers C and D is not known since thfy have
only recently been built,

This type of instrument can therefore be used as a substandard
radiometer for scurces whose temperstures are above 1100°K,
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APFENDIX I

Heat losses from a thermojunction

The heat loss by conduction was calculated assuming tempereture
aifferences between the hot and cold junctions of 250°C and 100°C.
The total radiation and convection losses were determined for Radiometer B
assuming mean effective temperatures of the strip of 1259C and 50°C,
The results are given in the table Dbelow.

i Teﬁperature Conduction Radiation and Total heat
| difference lesas convection loss: loss:
] oG watts i wathso watts
| .

250 0.14 {.038) | 0.021 {.005) 0.16 (.,038)
! : ’
¢ 100 Y 0,054 (,013) | 0.0063 (.0015) | 0,060 (.014)

The figures in parentheses are the values of heat loss in cal/sec.

The results show that the radiation and convection losses
represent 13 per cent of the total heat loss with a junction temperature

difference of 250°C and 10 per cent with a junction temperature
difference of 100°C, T

AFPENDIX IT

National Physical Laboratory calibration of Radiometer A

The sensitivity of the instrument was determined using a source
with a colour temperature of 2850°9K,. ' The sensitivity Sgy with an
incident radiant intensity of about 0,05 watts om™2 (.012 cal cm™2: sec~1)
was found to be : :

Sg = 9.9 mv watt=1 em*2 (41l mv cal™" emt2 sec+1)
For higher intensitics up to abou® 2 watis cm™2 (0.5 cel on™% sec™!)
the sensitivity S was found to be

8 =38, (1+ .0081)

where I is the incidert rediation intensity in watts cm™2. The
thermopile was examined for selectivity by measuring its scnsitivity
to sources at 12709 and 47C9K relative to its sensitivity with a
source at 2850°%K. The results are given in the table below.

Source Relative
temperature | sensitivity

2850% 1.000

1270% 0.992

P 470% . 0,962
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AFPENDIX I11

Derivation of time constant of the instrument

By neglecting radiation and comvection losses (Appendix I), and
by assuming thet the temperature of the thermojunction is the average
of the hot and cold junction terpcratures, then the transient heating
equation may be written, writing for the temperature difference between
the hot eand the cold junctions at any instant, G

Taw (B3P m252y s 2K + K)o B eeeess (1)
2 T

where my, m, are the masses of the two metals comprising the junction
and 34, s, are their specific heats

The solution to equation (1) is

i L2 ! - exp -8(Ky + K5)
2(k1 + Kp)d (RS, *f5)12

where d 1is the thickness of the strip and f,p, are the densities of
the two metals. The time constant T of an instrument is therefore

ﬂr = (_p ;1 *‘0&3; )T.z
8t (K1 ;thKg)

The calculated and actusl sensitivities are given in Table I.

TABLE T

Time constant -—1

S€C

Radiometor I Calculated Actual!
i

' |

A 0.80 0.45 |

B 0.05 C.15 i

! C 0.013 0.25 :

No great accuracy can be claimed for the theory, because of the
nurber of approximations made, but it does give a rough guide to the
time-constant to be expected,




PLATE.|1. FRONT VIEW OF RADIOMETER B

PLATE.2. REAR VIEW OF RADIOMETER B



RADIOMETER

PLATE.3. FRONT VIEW OF

PLATE.4. REAR VIEW OF RADIOMETER D
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