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1. The subject repor? describes thermal radiation calorimeters constructed
with relatively thick disks te permit the direct recording of integrated
thermal erergy received as a functlion of time. It is shown thatynotwith-
standing the use of a thick disk which permits measurement of high
irradiance leveis, the rate of change of recorded temperature can be made
proportioral to the rate of delivery of energy within a reasonably short
time constant. Thus, differentiation of the recorded temperature data
gives an accurate picture of the irradiance vs. time relationship.

2. These calorimeters have veen successfully used, both in the laboratory
and in the field,to measure, with a time constant of 20 milliseconds or
less, radiant energy pulses up to 100 cal/sq cm with peak irradiances up
to 200 cal/sq cm/sec.
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ABSTRACT

Thermal radiation calorimeters have been constructed with
relatively thick receivers which permit the direct recording
of integrated thermal energy dose as a function of time, How-
ever, it is shown that the rate of change of recorded tempera-
fure can be made proportional to the rate of delivery of energy
within a reasonably short time constant. Thus, differentiation
of the recorded temperature data will give an accurate picture
of the irradiance-time history of an impinging pulse, Calori-
meters have been successfully used, both in the laboratory and
in the field, to measure,; with a time constant of 20 milliseconds
or less, radiant energy pulses up to 100 cal/sq cm with peak
irradiances up to 20C cal/sq cni/sec,
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The Problem

Instrumentation for measuring short, intense pulses of
radiant energy in the visible and near visible portions of the
specirum was required in the research program ccncerning
the effects of thermal radiation emitted during nuclear deto-
nations, Additivnal requirements were that these instru-
ments be small, rugged, and portable, and that their signals
can be easily recorded directly on a high speed oscillo-
graphic recorder.

Findings

Thermal radiation calorimeters have been constructed
with relatively thick disks to permit direct recording of
integrated thermal energy received as a function of time,
These calorimeters have been successfully used both in the
laboratory and in the field,
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REPORT OF INVESTIGA TION

1 INTRODUCTION

The prosecution of 2 program on the effects of thermal radiation
emitted during nuclear detonations requires the development of instru-
mentation for measuring short, intense pulses of radient energy in the
visible and near visible portions .of the spectrum, -In particular, the
thermal radiation program at the U.S. Naval Radiological Defense
Laboratory required instraments for the field measurements of the
radiant energy and power of the thermal pulses eniitied during nuclear
detonations, and similar measurements of intense thermal pulses pro-
duced in the Laboratory to simulate the field pulse., The requirements
placed upon a sailisfactory justrument were that it should measure, with
a time constant of 20 milliseconds or less, radiant energy pulses up to
100 cz21/sq cm with peak irradiances asv high as 200 cal/sq cm/sec.
Because of the difficulties encountered in field use and the desirability
of minimizing complex electronic instrumentation in ithe field; additional
requirements for a field instrument were that the instrument be small,
rugged, and portabie and that it provide a signal that could be recorded
directly on 2 high speed osciilographic recorder,

Although instruments for the measurement of thermal radiation have
been in use for many years, it is readily apparent that it would be diffi-
cult to find commercially available one instrument to meet all the
requirements sei forth above., Practically all available instruments are
designed to work in the region below 0,01 cal/sy cm/sec and hence are
not suited to the high irradiance levels under consideration, Further,
the requirements of high energy levels and fast response times seem
mutnally exclusive since fast response times are generally achieved
using thinner .receiving surfaces which, in turn, would be destroyzsd by
high level irradiation, The requirement of simplicity for field use
tends further te eliminate systems which might otherwise be satisfactory.

A water-flow calorimeter! has been developed at USNRDL for use as
a primary standard in the measurement of intense therrnal radiation beams,
but this instruwment has a very long time constant and hence is not suitable
for the measurement of short pulses of radiation, Secondary devices may,
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however, be calibrated against the water-flow instrument 2nd then used
for measuring ibe short pulses, Two distinct types of instrument have
been designed and built to meet the needs set forth above. Both types

of instrument utilize a blackened receiving surtace with a thermocouple
attached to the back of the receiver to measure the temperature te which
the receiver rises. In each type of instrument a different artifice is
used toc obtain the desired response time and stilil prevent the receiver
fruvin melting down,

Ir one instrument, termed a calorimeter and described in detail in
this report, a reiatively thick receiver is used, so that the instrument
has a long time constant in the usual sense zud thus records the inte-
grated energy as a function of time, However, it is shown that differen-
tiation of the recorded temperature data will give an accurate picture of
the irradiance -time history of a pulse within the required time censtant,
The other instrument, called a radiometer®, utilizes a very thin receiv-
ing disk with a corresponding short time constant, However, the edges
of the receiving disk are placed in contact with a massive heat sink and
thus the receiver is kept from melting down. In effect, the thermocouple
measures the temperature difference between the center and edge of the
receiving disk, This instrument records irradiance as a function of
time. and, of course, this record may be integrated to give the results
obtained directly with the calerimeter.

The validity of changing the thickness of the receiving disk to convert
from an instrument which measures directly radiant energy densities
{2 calorimeter) to one which measures radiant power (2 radiometer) may
be seen from the following analysis, Consider the heat balance equation
for an inert body subject to thermal radiation (the receiving disk)., The
rate of energy absorbed equals the rate of rise of heat content plus the
rate of heat loss or

de

aAl = 75 MC + h (6 - 60) (1)

where I = irradiance incident on the receiver in cal/sq cm/sec

g

average temperature of receiver in degrees C

e
o

ambient temperature in degrees C

* This instrument will be described in detail in a subsequent report. It is similar to the one describad by
Gatdon, Review of Scientific Instruments, Voi, 24, No. 5, May 1953, pg. 366. The instruments nsed at
this Laboratory were, in fact, modifications ot the design suggested by Professor . C, Hottel cf the
Massachusetis Mstitute of Technology. The principal modification invoived the sulstitution of a silver
foil for the constantan receiver. Because of the greater conductivity of silver, the inicinal dimensions
could be increased considerably (thereby facilitating ccnstiuction) without sacrifice of sensitivity or
response time. Drift conld be eliminsted rnrough the nse of constantan wires run to the back of the heat
sink as well as to the edge and center of the receiving disk. For Laboratory models, water cooiing could
be utilized also.

-2 -
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t = Lume in sec

a = absorptivity of receiver

mass of receiver in gm

. specific heat of receziver material in cal/gm/deg C

0 £
n

heat loss coefficient of receiver in cal/sec/deg C
A = irradiated area in sq cm

Assuming a constant irradiance I and assuming that h is independent of
temperature, equation (1) can be sclved to give

¢ =6-86 =282( . (2)

wheze A = Hhc = decay constant,

Now, if » is made very large, so that for all times At of inierest
At is also very large, the exponential term can be neglected and
equatiion (2) gives
o'~1, (3)

the ideal radiometer condition., On the cther hand, if A is made very
smalil, so that for all times At of interest At is also very small, the
exponential term can be approximated by (I - At) so that equation (2)
gives

& ~-1t, (4)

the ideal calorimeter condition,

2 TRECLEY

2.1 Pxrinciples of Opexation
The calorimeter consists, basically, of a metal plate receiver which

is blackened on one side and has a thermocouple attached to the other side,
Absorption of radiant energy by the blackened surface preduces a

3.




temperature increase in the plate, and this increase is measured
by means of the thermocauple, Under conditions of aniform
delivery of energy to the entire front surface of the receiver, the
neat flow can be restricted to a directionn perpendicular to the
receiving surface, Therefore, at any insfant the temperature at
the rear surface of the plaie can be obtained by a sirgle thermo-
couple mounted at any point on the rear surface (usually the center),

The plate is kept sufficiently thin so that the temperature
gradient across it is small and the back surface temperature may
be used 2s an approximation to the average plate temperature., If,
during the period of irradiation, the ideal calorimeter conditions
apply and the heat losses are negligible (or if they are zmall enoughk
to be corrccted for), the back surface temperature at any time is a
direct measure of the energy delivered up to that time and the rate
of change of back surface temperature may be used to obtain the
rate of delivery of energy. In order to determine the limitations of
the foregoing theory and to obtain actual design criteria for the cal-
orimeter, it is necessary to consider in some detail the effect of
temperature gradients across the plate (i, e,, the relationship
between back surface temperature and mean temperature) and the
effect of heat losses.

2.2 Temperature Gradients Across the Plate

Neglecting heat losses and assuming that the front surface of
a plate of thickness 1L is uniformiy irradiated so that he=t flow takes
place only in a direction perpendicular tc the plate, the basic equa-
tion for heat flow in the plate is:

where K = E—"kC: = thermal diffusivity
and P = density in gma/cm?
k = thermal conductivity in cal/sec/cm/deg C

The solution to equation {8) must fit the initial condition

when t=0,8‘=6-ﬂo=0
and the boundary conditions

where % = 0 {the hack surface}), w-~ = 0

!
G
|
i
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and where x = L (the front susiace), I = k %—S
The soiution? is
f‘ . . o - 2, /72 -
o = &- , 3xf - L* A Z 0\ (-l)n e En’n L cos nirx (6)
® 1? r 612 =/ n? L
n =1

The back surface temperature, q). is obtained by setting x = 0, thus

r . -anﬂzt/Lz
= f"i. 2 E (127 " ] (7)

n =1 -l

Differentiaiing, the rate of change of back surface temperature is
obtained:

d
dat 'C_Ig'f_.' [I:l + 2 E (- E'an"zt/Lz:] (8)

where e‘m is the mean plate temperature,

o0
——

d% 2 n -Kn%nt/ 12

d—;-— T—[l + 2 (-1) e (9)
n =1

For reasonably small values of the exponential term in equation (9), the

scries conver%es sufficiently rapidly (due to taz presence of the conver-
gency facior n®) to be approximated by the first term. Thus,

d da¢
i,\, m -Kn?t/ L2
it =g (1 - 2e / ) . (10)

It c2n be sea2n that the expression in parentheses in this equation is simi-
lar to that in cquation (2) except for the factor of two.

X
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The time constantT of an instrument whose response is given by
eguation (2) is defined as T = 50 o€ dtis the time necessary for the

response of the instrument to reach {I - € !) or 63 per cent of its f{inal
value. Because of the similarity of equations (2) and (10}, the differen-
tiated time constant 7' will be defined in & similar manner, i.e,, as the
time in which the rate of change of the back suriace temperziure reaches
63 per cent of its {inal value which is, of course, the rate of change of
the mean plate temperature, Thus,

since 28 L7 = g1,

2 2
1,7 _ 1.7L 1.,71°P (11)

TR T Kn? T Tk

Ag long as the characteristics of the receiver are chosen so that 7' can
be made less than 20 ms, the measure of the rate of change of back sur-
face temjerature presenis a valid method of determining the rate of
delivery of energy in so far as the time constant requirement is concerned.’

2.3 Heat losscs

For a calorimeter receiver of thickness L uniformly exposed to a
constant irradiance I,

kR _ h
A = MC ~ APCL (12)

and equation (2) may be written as

. alt At 2 1
E!OPCL[I - 2 +1L‘ﬂ‘ --.l_] (13)

The sensitivity S of the calorimeter may be defined as

-

H

|

. (14)

.
S=It

[ —t v—bo

it

In order to evaluate the effeci upon th= docay constant  of the
parameters in the denominator in eqration (12), one must first consider
the effect of ihese parameters upon the heat-loss coefficient h, This
heat-loss coefficient is composed of three parts -- the radiative heat-loss
coefficient, h , the convective heat-~loss coefficient, hv' and the conductive

heat-loss coeff1c1ent, hd' By restricting the temperature rise of the

e ———— e ——

® Prof. Hortel i3 pointed onr that a somewhat sharter time constant may be chiained by wtilizing the
temperanwre at e tuickuess x = 0,578L, the thickness at which the temperature equals the mean
remperature of the plate under eguilibrium conditions.

-6
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receiver to reasonably small vaiues and by making the edge area of the
receiver small with rcspect to the surface area, h may he inade almost
independent of the temperature and thickness of the receiver. Since

hr and hv are boih dependent upon A, a decrease in A could be effected

by increasing A only to the extent that h, contributes to the total heat

loss coefiicient. Since h is esseuntiallv independent of L, a more effec-
tive method of decreasing A is by increasing L. However, the thickness
cannot be increased without limit because of the effect upon time constant
[equation (11)] and because the sensitivity decreases with increasing
thickness [equation (14)].

The characteristics of the optimum receiver material may be deter-
mined by eliminating thickness from the equations for the tirne constant,
Eequation (11){ , the decay constant[equation (12)j, and for the sensitivity

equation (14 Thus,
o 1,7a% 1,7h? (15)
T = kn*s?pC - kn? A? AZEC

It may be seen that for given values of and S, the minimum value of
T' is obtained by choosing the metal (copper) which has the largest value
of kPC,

The upper thickness limit for a copper receiver may be calculated
from equation {11) as

< k‘nz‘r' %<
L =198l = 0.36 cm (16)

An estimate of the thinnest receiver for which the heat losses may be
neglected (say %ES 0.01 for a pulse time of 10 sec. corresponding io

A 2 2x107%) may be made by assuming hd to be negligible and hv to be
equal to hr; thus,

h = 2h = 4h'A
r T

.
[
~J

—r

where h;_ is the radiative heat loss coefficient per unit radiating area,

Therefore,

L .
L = avcx = BEx (18;

UNCLASSIFIKD
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LZ':C.SE-I-O—;T.F‘SE—- 2.4 x 10 hl' (1,,

The radiative hzat-loss coefficient per unit radiating area may be caicu-
lated using the Stefan-Boltzman law, For a temperature rise of 100°C
and assuming an emissivity of unity, K, turns out to be 2,4 x 10°% so

L 22,4x10x2.4x10*2 0.57cm (20)

Since this calculation neglected h,, the true lower limit of thickness would
be somewhat greater than 0,57 cm.

Comparison of equations {14) and (20) indicates that the two condi-
tions irnpcsed upon L are nol compatible, so that, in general, the heat
losses may not be completely neglected, It may be shown, however, that
all terms after %E in equation (13) may be neglected. The energy delivered

to a calorimeter in the time t, therefore, is:

el
E = t¥ 77 3% {21
s(1-3%) \21)
and the rate of delivery of energy is
et

2,4 Determination of Variable Radiation

Equations (21) and (22) were derived for a pulse of constant irradi-

- ance, In cases of variable irradiation in which the pulse shape is known,

equaticn (1) may be solved directly, utilizing the known function I(t),
However, for pulses in which the radiation is varying in an unknown man-
ner, it is nccessary to divide the total pulse time into small intervals in
which the irradiation may be assumed constant, For these cases, the
form of equations (21) and (22) may be derived by considering the iili time
interval,

The temperature during the ith timme interval is given »y the solu-
tion of equation {!) with the initia! conditions of & = & and t = 0, Thus,

: “h - AL 2
o =22 Mg (@M s s oA e g Doa s B30

(23)

8.
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The energy &Ei delivered during the ith time interval Ati is:

{ - a) (8,, + 8) aat,
_ . ‘itl i’ itl i i
AE; = Lat = 3 + 3 S {24)

where I, is the average irradiance during the ith interval, ﬁ{+l ;s the

temperature at the end of the ith interval, and & is the temperature at

i
the beginning of the ith interval. The total energy delivered to the end
of the i'? interval is:

i e . (¢ . + 8)
_ _ 1+l A jt+i J
Ei = jZ: IAEj = -5 + z ————Z-——Atj (25)

As may be seen from this equation, the total energy is obtained by add-
ing to the observed energy (Bi+l) the summation of the corrections for

each time interval., The shape of the thermal pulse is obtained by
dividing the energy received during the it" time interval by the duration

8}

of the i*P time interval, giving from equation (24):

. _AEi _ (ei'+1 - &) + (ei'-o-l + &) A (26)
*i T At Sat, 2 S

By usz of equations (25) and (26) the total energy and irradiance-
time shape of the thermal pulse may be calculated from the temperature-
time curves of the caloriineter. The number of time intervals necessary
to obtain the total energy with any degree of accuracy depernds on the
magnitude of A and on the shape of the pulse., The number of intervals
necessary to obtain a reasonably accurate value of irradiance is influ-
enced, also, by the desired time resolution. As will be shown later, a
compromise is sometimes necessary between the desired iime resolution
and ilie accuracy to which the value of irradiance during that time interval
may be measured.

3. LABORATORY CALORIMETEFERS

3.1 Description

The first high-speed calorimeter developed for thermal measure-
ments at this Laboratory was required for routine use with the 36-in,
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sco.rchlight thermai source.® In this sonvce, a nearly parallel beam

from a Navy 36.in, searchlighi {alls on a second 36-in. paraboloidal
mirror which focuses the radiation into an unmagnified image of the
searchlight arc, The beam converges toward the focus in a cone of
vertex angle of 120 deg. The image of the arc has a central cross-
sectional area of 0.7 sq cm (a circle 1 cin in diamcter) with an irradi-
ance uniform within 10 per cent and with a maximum irradiance of

aboui 100 sq cm/sec, For most applications, exposures are limited to
this uniform area by means of a water-cooled aperture of 1 ¢m diameter,

If the carbon arc were 2 peoint source or small spherical source,
the ideal shape of the receiver (in order for the heat flow to be one-
dimensional} would be a spherical segment mounted in back of the center
of the image of the arc, at a distance equal tc the radius of curvature of
the segment (R), the area of thc segment being just large enough to inter-
cept all the rays diverging from the focus. On the other hand, if the
carbon arc were a small disk source (with diameter 1 c¢m), the ideal
shape of the receiver would be a spherical segment located on a sphere
passing ithrough the circurnference of the image of the disk source. If
the radius of curvature of the segment were identical with the radius of
the disk, the center of curvature of the segment would lie at the cenier
of the arc image (as in ine case of the point or spherical source), I the
radins of curvature of the segment were considerably greater than the
radius of the disk, the center of curvature of the segment would be a
distance R back from the center of the image (towards the focusing
mirrcr)., Actually the arc acts like 2 combination of a spherical and
disk source and the placement of the center of curvature depends on the
magnitude of R,

The sensitivity of a calorimeter of this type mounted behind a
limiting aperture may be varied either by a change in thickness of the
receiver or by a change in the radius of curvature of the receiver., How-
ever, the thickness of the receiver also influences the response time of
the instrument. In order to insure a sufficiently fast time constant, the
thickness of the receiver was chosen as 0.1 cm, In order to produce a
temperature rise of about 50°C under full beam conditions for 1 sec,
the radius, then, was chosen to be 2,5 cm and, for this radius, the
proper placzinent of the center of curvature was estimated to be about
0.5 cm back of the image,

The meihod of mounting the receiver in a laboratory calorimeter is
shown in Fig, 1, The edge of the receiver rests on three tapered knife
edges cut so as to provide proper centering in a Bakelite ring. The
receiver is held against these knife edges by a second BDakelite ring which
touches the receiver at only three poinis. The temperature of the receiver
is measured by the 5 mil copper-constantan thermocouple soldered to the
center of the vear surface, In the first design of this instrument (Mark IV)

-11:
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the Bakelite rings were fastened directly to a water-cooled aperture
(rig. 2). in the final design {Mark VI), the aperture and calorimeter
were mads in two separate parts so that the aperture could be left in
place at all times. In this way, experimental samples could be exposed
behind the same aperture that was used for prior calorimetric measure-
ments, Fig. 3 are photographs showing the Mark VI calorimeter,

3.2 Theoretical Consgtanis

The sensitivity of the laboratory calorimeter as used with an exter -

nal aperture may be defined as S = .&% (27)

where A = aperture area.

Since the recording element of the instrument is a thermocouple,
the data are recorded in terms of voltage rather than in terms of tempera-
ture, Consequently, a calibraiion constant fer the instrument may be
defined as:

B = Se _ aAe (28)

where e = thermoelectric power of the copper-constantan thermocouple,
Since both C and e are toc sorae extent temperature dependent, B is not
strictly a constant. Fortuitously, however, the variations with tempera-
ture of C and e are in the same direction and tend to cancel each other.
Thus, for the limited temperature range of use of these instruments
(20°C to 900C) an average value of C and e may be used, and the result-
ing average value of B represents o close approximation to the actual
value of B anywhere within this range of temperature,

Table 1 gives the valiies of each of the factors entering into
equation (28).

TABLE 1

Data for Calculation of Theoretical Calorimeter Constants

Mark IV Mark VI
Aperture area A (cm?) 0.758 1 0.003 0.705 ; 0,003
Receiver Mazc M (gm) 18,1 £ 0.1 17,1 1 0.1
Thermoelectric power e (jiV/°C) 41.5 + 2.8 41.5 1 0.8
Specific heat € (cal/gm/°C) €.0925 + 0.0014 6.0925 £ 0.00i4
Receivei absorptivity, a 0.875 &+ 0.01 0.975 + 0.01
-i3-
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The aperture arcas were determined by use of 2 comparator; the recei-
ver masses, by weighing; the thermoelectric power by compariscn with
an accurate thermomater, the aboorplvitly by measuring the diffuse
reflectivity of 2 similarly blackened flat piece of copper in a Cary spec-
trophotomeier; and the specific heat by values given in the literature for
20°C to 100°C, The theoretical calibration constants for ihe two calo-
rimcters using ithe data given above are:

By = 0.0487 + 0.0014 c3l/cm?/uV and
B, = 0.,0555 t 0.0016 cal/cm?/uVv

The errors shown are the r.m.s. errors calculated from the indivi-
dual uncertainties shown in Table 1.

The theoretical differentiated time constants may be calculated
from equation (11) as:

F! = = 1.6 msec

]
v ’rVI
The average decay constant for the two instruments mav be calculated
from equations (12) and (17). Thus,

it
[=]
)
O
w
1]
0
3
-
]

3
3.3 Experimental Evaluation

Because of unceriainties in some of the factors used in calculating
the calibration factors, differentiated time constants. and decay constants
for the Mark IV and the Mark VI calorimeters, these quantities were
also evaluated experimentzlly, The experimental calibration factors
were obtained by comparison with the water-flow calorimeter! using the
36-in, searchlight sourcz, The thermoacouple output of the calorimeters
was recorded on a Heiland Oscillographic Recorder of the type used by
this Laboratoary for all caleorimetric and radiometric field measurements,
In this recorder a pencil of light about 0.2 mm wide is directed upon a
continuously moving strip of photographic paper by reflection from a
mirror fastened to the moving coil of 2 small D'Arsonval galvanomefer,
The results of the comparison are given in Table 2. The agreement
between the theoretical and the experimental calibration factors is very
good.

-15-
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TABIF, 2

Comparison of Mark IV and Mars VI Theoretical and Experimental
Cslibration Constants

= B

Run No. Experimental Calidration Constam {cal/cm?ALV)
Mark IV Mark Vi
1 0.0483 0.0570
2 0.0479 0.0548
3 0.0461 0.0535
4 0.0494 0.0578
5 0.0454 0.0584
6 0.0501 0.0576

0.0485 + C.C006 (5.D.)  0.0565 + 0.0008(S.D.)

Theorctical Constants 0.0487 0.0555

The time constants of the instruments were measured experiment-
ally using the 36-in. searchlight source and its associated high speed
air-driven shutter.? Although the thecretical time constant of the calo-
rimeter receiver was calculated to be 1.6 ms, the actual sime constant
cf the instrument would be svinewhat jarger due to the mass of the thermo-
couple wire and solder on ithe rear surface of the receiver and to the
small amount of sideways heat flow because of the non-ideal matching of
thermal bezam and receiver geometry. The time response of the entire
system, including the shutter and galvanometer, would bte greater yet,
However, since the shortest time response needed was about 20 ms, it
was deemed sufficient to show that the experimental value was less than
this number. Curve 1 of Fig. 4 shows a typical curve recorded when
the shutter is opened with one of the calorimeters in the focus of the
searchlight source. Curve 2 of Fig, 4 represents the curve that may be

. obtained by the differentiation of Curve 1,

The decay constants of the two instruments were determined by

i pletting, as 2 function of time, the log of the ratio of the temperature at

any time to the temperature immediately after stopping an exposure
(zero time), The values obiained from the curves shown in Fig. 5and
the resuits: are given in Table 3. The agreement beiween ihe experi-
mentzl and theoretical values is fairly good considering the rough naiure
of the thecoretical calculations,
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TABLE 3

Comparison of Mark IV and Mark VI Theoretical
and Expecrimental Decay Constants

Decay Constant (%/sec)

Mark IV Mark VI
Experimental 0.56 0.86
Theorerical 0.90 0.90

4 TFIELD (DISK) CALORIMETERS

4,1 Description

The second basic calorimeter design was required for field use in
a nearly parallel beam of essentially uniimited extent and cof uniform cross-
section, The ideal shape of a receiver for measuring this type of beam, of
course, is a flat plate, Since it was considered necessary to calibrate the
instruments in the laboratory with the 36-in, searchlight source prior to
field us.:, the surface area of the receiver was limited {0 a disk 1 cm in
diameter. Depending upon the total energy that the instruments were
expected to measure, tre thickness of the rveceiver disk was selected in
the range 0.05 to 0.32 crm, As with the laboratory calorimeters, the front
surface of the receiver was blackened with electrolytically deposited plati-
num, finished coated withhi camphor black, Although the external features
of the field calorimeters used by this laboratory changed from time t{o time,
the basic design of the instrument did not change and all field calorimeters
had the following characteristics in common,

In order ic minimize conductive heat losses, all receiving disks were
side mounted on needle points, The receiving disks are exposed through a
quartz or other appropriate filter in back of an aperture which is provided
io shield the other parts of the instrumeni, (Mo limiting aperiure is needed
for a {lat receiver in a nearly parallel beam of radiant energy since the
receiver itself limits the amount of energy it receives}. In general, the
aperture was made to accept radiation falling within 2 cone of 9CC vertex
angle. Except in the case of the thickest disk, a thermocouple consisting
of 5 mil copper and constantan wires is soldered to the center of the
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unblackened iace of the disl:, The other end of the thermocouple wirc is
fastened to the reference junction comprised of massive copper blocks
housed in the calorimeter case. The electrical signal generated by the
therrnocoupie is fed in to one galvanometer of a multi-channel oscillo-
graphic recorder. The basic design of the field calorimeter is shown in
Fig. 6.

4,2 Theoretical Constants

As stated previously, one of the requirements for a satisfactory

calorimeter was that the output signal be large enough to record directly
a portable oscillographic recorder. The recorder selected for field use

was a Heiland Oscillographic Recorder Type A 500R. With this recorder
the most sensitive aalva.nometer available with a time response faster
than 20 ms has the sensitivity f 118,7 mm per milliampere, Since the
optimum damping resistance (60 per cent of critical damping) for this
galvanometer is 10.8 ohms, the corresponding voltage sensitivity is
6.35 mm per miliivolt.

It has be~n found that a total deflection approximating 3 cm is
necessary in order to get sufficieat accuracy on differentiating the recorded
trace. This deflection corresponds to a thermocouple output of 4.7 milli-
volts, which, for the thermocouples used, corresponds to a temperature
rise cf approximately 106°C., Such a temperature increase is too large
for the assumption of constant calibraiicn factor and decay constant to be
valid. The change in decay constant is due primarily to the change in the
radiative heat loss coefficient, as it may no longer be assumed that the
radiative losses are proportional to the first power of the temperature.
However, a curve of decay constant as a function of temperature may be
determined experimentally over the appropriate temperature range and
used in the analysis of recorded data,

As in the case of the laboratory calorimecter, the change in calibra-
tion factor is due to the changc in thermoelectric power of the thermo-
couple and to the change in specific heat of the receiver, For a copper-

«onsiantan thermeoecouple mounted on a copper disk, the quantity % may
be expressed in terms of the thermocouple output as:

$ = 2.359 - o.034v . 220 (29)
where V = output of the thermaocouple junction with respect to a juaction
at OC‘Co

This equation is accurate to 1%in the range - 40°C < T < + 190°C,
The calibration factor may, therefore, be represented by the following
equations

21
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R MO Sl (2359 - 0034y - 2209 (30)

In this equation M = ,‘ﬁdr may be considered a thermal calibration con-

ars . . . .
stant which must be determined separately for each receiver, while the
term within the parentheses applies to all receivers constructed of the
same materials,

As in the case cf the laboratory calsrimeters, the differentiated
time constant for the field instrument may be calculated from equation(11).

4,3 Experimenial Evaluation

The calibration factors, time consiants, and decay constants for the
field instruments wers determined in the laboratory in the same manner
as were the constants for the laboratory calorimeters., In the determina-
iion of the calibration factors, the field instruments were compared
directly with the Mark VI calorimeter which had previously been cali-
brated against the water -flow instrumer*, Representative values, both
thecreiical and experimentai, for the varioue rereiver thicknesses naed
are given in Table 4. In this table, column 2 gives the energy to which the
receiver must be exposed to attain a temperature 100°C above ambient and
give a trace deflection in the recorder circuit of about 3 cm. Both theo-
reiical and experimental values for time constants, calibration factors,
and decay constants are given for the temperature rise of 100°C,

TABLE 4

Theoretical and Experimental Constants for Representative
Field Calorimeters

B = e ———— o, ST T

Eneigy ot Calibration
‘thickness  100°C Temp.  Time Constant Factor Decay Constant

(in.} Rise (msec) (cal/sq cm) - (/sec)

(cal/:q cm) Theor. Exp.  Theor, Exp.  Theor. Exp.
0.125 21 i6 18 8.05 574 0.8 0.7
0.0625 15 4 4 3.20 323 1.8 1.5
0,0312 6.7 1 4 1,55 149 3.0 3.4
0,025 5.4 6.6 - 134 106 4.8 4.5
5.020 4, 0.4 4 0.8 098 5.8 6.0
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4,4 Use With a Variable Pulse

Since the method of analysis of pulscs of variable radiation is to
hreak down the total pulse time into small time intervals, the use of
curves of calibration facior vs temperature and decay constant vs tem -
perature dces not introduce much adaitional effort, Thus, for example,
equation (24) may be rewritten as:

AE, = - (31)

. 2 S,
i - s

- - it P n - -
M - % [(“iﬂ 8 Ay
- + -
5
Where S; and Ajare, respectively, the sensitivity an: decay constant
corresponding to the temperature existing during the it interval,

I the field, the disk calorimeters have been used to determine the
pulse oi thermal radiation emiited cduring a nuclear detonation. The
pulse shapes of interest are similar to the one given in Fig, 7. For such
a pulse, a typical disk calorimeter would record a trace like that repre-
sented by the solid line in Fig., 8, The appropriate decay constants for
the instrument could be obtained from the later portions of this curve and
using these decay constants, the curve could be corrected as shown by
the broken curve to give an accurate representation of the actual time
variation of the energy delivered to the instrument.

Exact differentiation of the broken curve would, therefore, give the
curve of irradiance vs tirne shown in Fig, 7. This differentiation may be
accomplished approximate.y bv reading for a short timme interval t the
cnergy aq recorded during that interval and plotting the average irradi-
ance for the time interval, 49, as a close approximation to the true
irradiance iid%_. Depending upon the information desired, the diffcrentiation

technigques may be carried out in one of two ways. The difference between
the two techniques depends upon the fact that the errors in reading the
calorimeter traces are two types: (1) a calibration or scale error, which
is a constant percentage regardless of the magnitude of the deflection, and
(2) 2 reading error, which is constant in value and thus varies percentage-
wise with the magnitude of the deflection,

The difference in the two techniques may be illustrated by taking as
a typical case, a trace with a total deflection of 3 cm, which, for the
pulse shape given in Fig, 7, would have at peak irradiance a peak deflection
rate of about 6 cm/sec {alling oif at 2 sec to about 2-1/2 per cent of that
value. It has been established that, with the techniques used in this Lab-
. the error in reading a good galvanometer trace is not greater
than + 0,003 ¢m., The reading error for the total energy measurement
then is 3 + 0,003 or 0,1 per cent, & negligible value,

L]
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However, as a time recsoluticn of 20 ms is desired, the irradiance
curve musi be based upon the detlection of the galvanometer during the
20 me interval, At neak izvadiance the error in this deflection would
amount to 6 cm/’sec x 0,02 sec = 0,12 cm, and this value would be
known to + 0.003 c¢m, an error of + 2,5 per cent, llowever, at 2 sec
the deflaction during the 20 ms interval would be only 0.003 cm and the
uncertainty. then, would be cqual in magnitude to the deficction itself.

If one restricts the need for a 20 ms time resoclution to the interval
around the peak irradiance, it is possible by proper selection ¢f t to
maintain a {ixed percentage error in the irradiance value., Thus, if time
intervals are chosen so as to maintain the energy interval found at peak
irradiance, 0,12 cm in the example above, the uncertainty in the energy
for the time interval will remain constant and thus the uncertainty in the
irradiance will remain constant, This procedure gives the average irra-
diance fairly accurately for the time inierval ocver which the measurement
is made,

In obtaining irradiance-time curves, rectangles rzpresenting the
time interval selected and the corresponding error in the irradiance for
each point may be plotted rather than the point itseli, As may be seen
from Fig. 7, this procedure has the added advantage of having the long
axis of the rectangle of uncertainty lie parallel to the curve in regions of
slowly changing slepe, thus simplifying the drawing of the curve,

SUMMARY

The calorimeters described in this report were designed tc measure,
with a time constant of 20 milliseconds or less, radiant cnergy pulses up
to 100 cal/sq cm with peak irradiances as high as 200 cal/sq cm/sec.
Ezch instrument consists, basically, of 2 metal receiver which is blackened
on one side and has a thermocouple attached to the center of the other side.
Absorption of radiant energy by the blackened surface produces a tempera-
ture increase in the receiver and this increase is measured by means of
the thermocouple, The receivers are relziively thick, so that the instru-
ment has a long time constant in the usual sense and this records the inte-
grated energy as a function of time, However, ii is shown that with proper
receiver design, the raie of change of temperature at the thermocouple can
be made proportional to the rate of delivery of energy within the required
time constant, and thus differentiation of the reccrded iemperature data
will give an accurate picture of ihe irradiancec-time history of an imping-
ing pulse,
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Several hundred calorimeters of the {ype described have been
constructed, The instrumentis h2ave been in routine use, hath in the
laboratory and in ihe {ield. foxr several years, and have per{ormed
satisfactorily in all respects, Their prirnary advantages are that they
are small, simple, rugged, and that they provide a signal which may
be recorded without complex amplification equipment directly on a
high speed oscillographic recorder,

Approved by:
L MO
e

A. GUTHRIE, Head
Nucleonics Division
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131-132 Dliecterate of Int:lligence (AFOIN-1B2)
133 Directorate of Requirements (AFDRQ-SA /M)
134 Director of Plans (War Plans Division)
135 Director of Operaticas (Operations Analysis)
136 Commander, Alr Materiel Command (MCMTM)
137-138 Commander, Air Materiel Command (MCAIDS)
139 Commander, Wright Air Bevelopment Center (WCOES)
140 Commander, *Wright Alr Development Center {WCOESP)
141 Commander, Wright Air Development Center (WCRTY)
142 Co:nmander, Wright Alr Development Center (WCRTH-1)
143 USAF Instirutz of Technology, Wright-Patterson Air Force Base
144 Surgeon General (Bioiogical Defense Branch)
145-147 Commander, Air Res, and Dev, Command (RDPTDA)
148 Director, USAF Prcject RAND (WEAPD)
149-150 Commandant, Scnool of Aviation Medicine
151 USAF, SAM, Randolph Field (Brocks)
152 CG, Surzregic Alr Commasd, Offurt Air Force Base (LGABD)
153 CG, Strategic Alr Command (Operations Analysis Office)
154-168 Commander, Special Weapons Center, Kirtland Air Force Base
157 Comma2ader, Ait Defense Command, Ent Alr Force Base
158 CG, Tactical Air Command, Langley Air Force Base
i35 Director, Air Utiversity Library, dMaxwell Alr Force Base (CR-4030)
360-161 Director, Air University Likzary, Maxwell Air Force Base (CR-5464)
162-1€3 Commander, Technical Training Wing, 3415th Technical ‘I7aining Group
164 Ceminander, Hq., Techmicai Training Ai: Force, culfport
168 Zommander, Crew Training Air Force, Randolph
186 CG, Air Proving Ground, Eglin Air Force Bate (AF/TR®) ’
87 CG, Air Training Command, Scott Air Force Base (3C$/0, GTP)
165169 Commander, Flying Training Air Force, Waco
1ie Commaruier, Cambridge Research Center {CRHK)
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Commander, Cambridge Research Center (CRGST-2)
Assistzint for Atomic Evergy (DSC/0)

OTHER DD ACTIVITIES

Chisf  Armed Fonces Snecial Weapons Profect
AFSW?Y, 5WTG, Sandia Base (Library)

AFSWP, Hyg., Field Command, Sandia Base

Assistant Sccretary of Defense (Res, and Dev.)
Commandant, Armed Forces Staff College (Secretary)
U.S. Miiitary Representative, Hq., SHAPE

Director, Weapons Systems Evaluation Group

Armed Services Technical Information Agency

AEC ACTIVITIES AND OTHERS

Argenne Cancer Research Hosplial

Argonne Natlonal Laboratory

Atomdc Energy Commissjor, Washington

4 omic Energy of Canada, Ltd.

Australian Atomic Energy Commission

Batielle Memorial Institute

Belglum, Union Miniere du Haut Katanga

Boeing Airplane Company

Brookhaven WNational Laboratory

Brush Beiyllisun Company

Californiz Forest Experimental Station (Fons)

Carbidec and Carbon Chemicels Company (C-31 Flaai)
Carhide and Carbon Chericals Company (K-25 Plant)
Carbide and Carbon Chemical: Company (ORNL)
Camegfe Institute of Technology

Centre d'Etudes powr les Applicarions de 1'Energie Nucleaire
Centro Informazioni Studi Esperienze

Chalk River Project, Canada

Chicago Patent Group

Columbla Toiversity (Failla)

Columbiz University (Havens)

Columbla University (Hasslalls)

Commlttee on Atomic Casualties (APO-182)
Commonwealth X Ray and %edium Lobararary
Consolidated Vultee Aircraft Corporation
Depaitne of Agricaiture, Fire Resezrch Division (Brown)
Plvision of Raw Materials, Denve:

Dow Chemical Company, Midland

Dow Chemical Company, Recky Flats

dubont Company, Augusia

duPont Company, Wilmingion
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521
328-342
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Eldorade Mining and Refining, Lid.

Forest Products waboratory {Bruce)

Geneial Elccric Company (ANPT)

General Electric Company (APS

General Electric Company, Richiand

Gondyear Arawmic Cosporation

Harshaw Chemilcal Corporation

Iowa Siate College

Kaiser Engineers

Knolls Atomic Power Laboiaiory

Yockheed Aircraft Corporation (Cleveland)
Loclheed Alrcraft Corporation (Moore)

Los Alamos Scientific Laboratory

Los Alamos Scientific Laboratory (Graves)
Massachuserts Institute of Technology (Hardy)
Massachusetts Institute of Technology (Hottel)
Massachusetts Institute of Techinology (Williams)
Medical Coilege of Virginia (Ham)

Mound Laboratory

Naticnal Advisory Coinimittee for Aeronautics
National Bureau of Standards (Library)

Nationzl Bureau of Standards (Taylor)

National Lead Company of Chio

Nauonal Research Corporation

National Research Council, Ottawa

New Brunswick Laboratery

Newport News Shipbuilding and Drydock Company
New York Operations Office

New York University

North American Aviation, Inc,

Nuclear Development Associates. Inc.

Nuclear Metals, Inc, {Kaufmann)

Osk Ridge Institute of Nuclcar Studies

Parent Eranch, Washington

Penpsylvania State University (Blanchard)
Phillips Fetroieum Company
Princeton University (White)
Puplic tieatiin Service, Washing:oi
2AND Corporation

Z-uaie Corporation (Appliel Ph,y
Sandfa Corporatton (Library)
Stong Memorial Hospital (Peirse)
Technical Operations, Inc. (Henriques)
Tokyo University

United Aireraft Corpoiation

JUnited Kingdom Scientific »Jission

U. 3. Geological Survey, Deaver (Librarian)
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U.8. Geslegioal Survey, Denvei RTS-TEPCO)

U. 3. Geological Survey, Washington (Librarian)

UCLA hedical Bogzarch Laboratory

Universsity of Czlifornia (Engineering Resesrch)
University of Californic Radiziien Lahoratrgy, Porkeley
Universiiy of Californiz Radiation Laboratory, livermorse
University of Michigan (Gomberg)

Univerzicy of Rochester (Technicel Rebort Uniij
University of Rochester (Marshak)

Unlvarsity of Utsh (Bowers)

Universtzy of Washington (Manley)

Vitro Corparation of ~mmerica

Wslter Kidde Nuclear Laborateries, Tnc,

Weil, Dr. Gessge L.

Western Reserve University

Westinghouse Electric Corparation

Yale University (Beit)

Yale University (Wadey)

Technical Information Service, Cak Ridge

USNRDL

USNRDL, Technical Information Division
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Defense Special Weapons Agency
6801 Telegraph Road
Alexandria, Virginia 22310-3398

TRC 28 April 1997

MEMORANDUM FOR DEFENSE TECHNICAL INFORMATION CENTER
ATTENTION: OMI/Mr. William Bush (Security)

SUBJECT: Change of Distribution Statement on AD-067003

The Defense Special Weapons Agency Security Office (OPSSI)
has approved the following report for public release:

AD-067003 AFSWP-797 (USNRDL-TR-35)

Measurement of Intense Beams of Thermal Radiation,
1 February 1955 by A. Broido and A. B. Willoughby.

Distribution statement "A" now applies.
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ARDITH JARRETT
Chief, Technical Resource Center

copy furn: FC/DASIAC
DASIAC



