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I INTRODUCTION

Pyrhehometers are usually: calibrated by companson observa-

‘tions with a standard pyrheliometer which has been calibrated
" by exposing’ the receiver to a measired quantity of electrical
- energy, or to radiation of long wave lengths emitted by a radiator
electrically heated to a' temperature- shghtly above ‘that of the
_room, both  the: instrument under. test and the ‘standard’ being
sighted upon ‘the sun. ‘There are no pubhshed ‘measurements of
a calibration made by exposing the receiver to a known amount.
~ of energy of radiation from a radiator at high temperatures. - Such
a calibration is highly desirable, for always the question may arise
as to whether the thermal processes taking place in' the pyrheli-
ometer receiver are exactly similar during the electrical calibration
- and during the radiometric use of the instrument. In the present
. work both methods were employed for the cahbratmn ofa Marvm
311ver-d1sk pyrhehometer :

e DESCRIPTION OF INSTRUMENT"

., The Marvm pyrhehometer has been.the “working " mstrument
*of the United States Weather Bureau for several years., A com-
plete descnptmn of the mstrument and methods of use is now in
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preparation by Prof. Marvm, Ch.lef of the Weather Bureau. This
pyrheliometer is dynamic in type in that it is necessary to consider
the rate at which the receiver gains heat when exposed to radiation,
and the rate at which the receiver loses heat when shaded from
radiation,!

The essent1a1 feature of the mstrument is the receiver. In the
form used in the present work it consisted ‘of a silver disk about
4.5 cm in diameter and 0.3 cm thick, in an annular space inside
of which is carefully mounted with the best p0551ble thermal con-
tact a noninductive spirally’ wound coil of No. 35 silk insulated
nickel wire in the form of a 3-lead resistance thermometer, having
a total resistance of from 20 to 25 ohms. The coil serves both as
the thermometer and as the heater for the purpose of an electncal
calibration, the rise in temperature of ‘the thermometer being
observed when-a known amount of electrical energy is d1551pated
in the coil.. The receiver is mounted -within a metal shell,' which
is incased by a'wooden shell in order-to reduce local temperature
variations. to a_ minimum, and the:type: of suspension of the
receiver is such that thermal losses.by. conduction are neghg1ble
Before the .front,face of-the:receiver-a limiting diaphragm is
placed .and leadmg from this® through .a hole in the metal and
wooden shells-is a-diaphragmed-and blackened tube. whrch serves-
the purpose of limiting the cone of rays to a convenient solid angle
greater -than that subtended. by the sun. - The end. of the tube
carries' a double-walled. aluminum. shutter, . operated. by a mag-
netic release controlled by a chronograph which may-be so set as
to open or close. the shutter at any -desired:instant.. For solar
work the. mstrument is mounted as an equatorial telescope and is
driven by clockwork so- that the surface:of the receiver is always
presented normally ‘to the sun. The mstrument is shown in
Fig..x. - .
. III. METHOD OF CALIBRATION GENERAL

The electrical calibration was made by subJectmg the mckel coil
of the thermometer toa measured current and observmg the change
in temperature mdrcated by the thermometer The’ radjometnc
calibration was made in a similar manner except that the heat was
supplied by radiation from an outside -source.” “The source em-
ployed was a Lummer-Kurlbaum 2 black body, or a black body of
similar type, electrically heated, with a compensating winding to

§ Ximball, Bull, Mount Weather Obs,, 8, Part 2, p. 73; 1910. .
* Waidner and Burgess, this Bulletin, 8, p. 165; 1907 (Scientific Paper No. s5).
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reduce the temperature gradient and to approximate temperature
uniformity. - The temperature of:the inner inclosure, from which
the radiation was ‘taken, was measured' by standard - platinum,
platinum-rhodium thermocouples,' accurately calibrated in-terms
of the melting points of zinc (419.4°), antlmony (630. 5°), and cop-
per (10839 A water-cooled diaphragm was mounted directly
in front of the opening to the furnace. This diaphragm acts as
the effective source of radiation. The equation of rate of energy
transfer from the furnace to the pyrheliometer receiver is as fol-

lows when R is large compared Wlth f— and +/4;.
g=< (T* A A

where J = =energy. transferred per unlt time from furnace to re-
. ceiver., :
A, =area. of water cooled dlaphragm in front of furnace.
A, =area of inmost or eﬁectlve dxaphragm in the. pyrheh-
ometer. -
T =absolute temperature of furnace .
T, =absolute temperature of pyrhehometer receiver and
surroundings. :
o =the Stefan-Boltzmann coeﬁiment of radlatlon
R =distance from A, to A,. ,
The quantity T,* is neghglble, for the present Work in companson
with T4 :

‘The coefficient’ ¢ has been determmed in a vanety of Ways by
many investigators, with widely discordant results. Within the
past two or three years, however, the agreement has been quite
satisfactory, values of - different observers showing o=s5. 7><10'“’
watts cm-? deg.~+ This value is also the mean of all determina-
tions to the present date. - The constant is closely connected with
the value of the electronic charge, the constant C, of the Planck
equation of spectral distribution of the energy of‘a black body,
and with the energy of emission of electrons. in -photoelectric
phenomena. - All of these interrelations pomt to a numerical value
of ¢=5.7X 10" The'most recent work on a direct determination
of o is by Cobléntz? who fourid as a mean of extended experiments
o =5.72." -Any error in the ‘assumed value of ¢ will enter directly
into the calibration of the pyrhehometer It appears unlikely,
however, that the value o=571s in’ error by more than 1 per cent.

:%This Bulletm. 12, p. 53} 1916 (Scientific Paper No. 262).
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IV. SIMPLE THEORY OF THE MARVIN PYRHELIOMETER -

Pursuing the: general treatment given by -Kimball ¢ and others
for various pyrheliometers, the .following: describes ‘the action of-
the Marvin instrument, omitting the consideration of certain cor-:
rections. which are discussed. later. - The case considered is. for
alternate heating and cooling periods of 60 seconds’ duration.

Let. . g=intensity of solar: radxatlon at the earth’s: surface mj

- cal./em? min. : s
S =entire surface of receiver. The front face is assumed:
- to be a perfect absorber. : :
s =area receiving radiation. - ..
C =water equiivalent of receiver.
h=mean coefficient of heat loss from receiver, assuming
Newton’s law of coolmg

; 4—% a constant for any partlcular mstrument

T =temperature of receiver.
‘T’ =temperature of surroundings.
T, =temperature at beginning of cooling.
T, =temperature at beginning of heating.
t=time in seconds. . .
The variable thermometric state is expressed by
CdT =qsdt—h S (T—T') dt’ S (D)
Cooling.—When the shutter is closed q o Whence -
4T d (T-T") " kS

— I
T—T = T=T == dt smceT is assumed constant

¢
oo

s, o
T-T'=Ac© =Ae*Et :

whent=o0" T=T, : o
Whence T T’ +(T,—-T" e‘Et the equatxon for coohng (2)
Heatmg ——From (1) ____{1_?____3_ =—Edt
\ o (T-T" —~— _

: and since T = T, when t=o
T= T' (’I‘, T’ qs) “E‘ the equatlon for heatmg'
EC ~EC o (3)

The amount of coolmg 1n 6o seconds is. found from equat1on»
(2) by substituting o and (%) for t and subtractmg, Whence :
Cooling in 60 seconds =A Te =T, — T’ = Tye-%8 + T'e-%E. 4)

4 Bulletin Mount Weather Obs., 8, Part 2; 1930, « -+
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By similarly. using equation (3)- , :
Heating in 60seconds = ATh =T+ EC+ (Tz -T'— E‘%)ev‘“"_ —T,(5)

In the use of this instrument the temperature' of the receiver
is so adjusted that the amount of cooling AT, equals the amount
of heating AT}, so that after a two-minitte period, consisting of
one heating and one cooling, the réeceiver returns to its original
temperature. Whence on equatmg (4) and (5) one obtams

T,= T'——T,+EC+T’ e

But T,— T,=AT=the total change in temperature during. a
60-second period. Whence from (6) and (2) it can be shown that
gs T—etE
AT._,0 EC 110 constant cg= —FAQ 0
where F is a constant and AQ the heat incident upon the receiver
in 60 seconds. . o o
“ Equation (7) states that the change in temperature in 60 seconds
equals a constant of the instrument times the intensity of solar
radiation and is 1ndependent of the room temperature. “This
conclusion is. derived on :the" assumptxon of Newton’s .law . of
cooling, but since.all the temperature differences usually observed
are fairly small,.there is probably noserious question in regard
to.the applicability of this law. : Questions of greater moment
are those regarding the temperature distributions in the receiver
under the four different conditions.of cooling and heating, elec-
tncally and radiometrically, and the lag of the thermometer
These are considered later, ..+ 3 :
An expenmental condition Wh1ch is of mterest as W111 appear
below, is that in which the readings over the first 10-second period
immediately following a shift of the shutter are discarded, and
the change in temperature of the receiver is observed for the 50-
second interval immediately following. :: It will be shown that the
fall in temperature during such a s0-second-interval of ‘cooling
is equal to the rise in temperature dunng the correspondmg 50-
second interval of heating. - SRR S
From equatlon (2) dunng coohng

T TBO = (T‘ TI) (e‘loﬂ _ e'soE) " . : (8)
From equatlon (3) durmg heatmg

Tao=Tho= — (.T, -7/ ~&F ) ’(,;m.‘_’ em) e
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But from (2) and (3) evaluated over a 60-second interval we
obtam the followmg :

T T, AT,,, 1 qs

—~ t;e¢ . (O
rnig o

Substltutmg (10) and (1 1) in (8) and (9) it is seen that the coolmg
in 50 seconds equals the heatmg in 50 ‘seconds.

- If we denote the amount of heating or cooling in the 50-second
mterval defined above by AT, the relation between AT50 and
AT oo 1S glven by equatlons (4) and (8) as follows

I - e-GOE

AT = ATy . (12)

Equation (12) is discussed later.

V. METHOD OF CALIBRATION——DETAILED DESCRIPTION

In the radiometric cahbratlon the pyrhehorneter was alternately
exposed to and shaded from the radiation:emitted through an
opening in a blackened, water-cooled diaphragm- placed. in front
of the black body.  The opening through the water-cooled com-
partment was conical and of ‘greater angle than that required by
the pyrheliometer.. Care was always taken to operate the pyrheli-
ometer at such a distance from this diaphragm that the radiation
striking the receiver came from the portion of .the black body fur-
nace of which the temperature was measured by the thermocouples:
The temperature gradient throughout this:section of the black
body was easily made practically negligible.® ‘ :

‘The electromotive forces of the two thermocouples. were meas-
ured by a Leeds and Northrup potentiometer, shown in Fig. 1, and
in converting the electromotive force readings to temperature due
consideration was given to the correction of the * thermoelectnc
scale to the thermodynamic scale.®

-./I'he resistance_of the thermometer of the pyrhehometer was
measured by the precision thermostated bndge described in detail
by Mueller.”

This dial bridge reads. dxrectly to 0.0001 .ohm, and by mterpo-
lating the readings of the galvanometer, the sensibility of which

& Waidner and Burgess, this Bulletin, 8, p. 167; 1507 (Scientiic Paper No. ss).
¢ This Bulletin, 9, p. s63; 1913 (Scientific Paper No. z03).
7 This Bulletin, 13, p. 547; 3916 (Scientific Paper No. 288).
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was determined at all points of the scale used, at least one more
figure in the resistance measurement cotlld be relied upon. The
scale deflections were always maintained as nearly zero as possible.
* ‘The small measuring current passing through the thermometer
corl in general had an appreciable heating effect.” The current was
maintained constant by using rather hlgh voltage  and "external
resistance so-that the small variations in resistance of the ther-
mometer were negligible in their effect upon the magnitude of the
current. - When necessary, the current was measure_d by the

pyrheliometer

3

, dar
‘ rgg\%anoe

Dn G-

o otentiometer
3 pole double tnrow switch P

FIG 2 —-Wmng dzagram for obtaining observations during both heatmg and coalmg
of an electrical calzbrahon

Mazmtude of heatmz and mea.sunnz current controlled by rheostats (o and D. Galvanometer G criti-
cally damped and maintained at the same sensibility during heating and coolmz by rheostats 4
and B . .

potentlometer method and controlled by .an adJustable low-
resistance slide wire, The constant current was allowed to flow dur-
ing the entire radiometric calibration, during both heating.and
cooling of the receiver, so that it produced no net effect upon the
measurements. Fig, 1 shows the expenmental arrangement for a
radrometnc calibration. : v
-:’The main drﬂiculty with the electncal cahbratmn was to de-
vise ‘a:suitable means for measuring- the resistance during the
period -of heating. ‘The wiring diagram is given in Fig. 2. The
maximum current required for heating was small enough to permit
. the use of the bridgé‘in the manner illustrated The galvanometcr

vvvvv
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currents durmg both heatmg and coolmg, and the galvanometer
was critically damped-in each case by suitable series and shunt
resistances. - Both thermometer currents were: measured with a
potentiometer and were mairitained constant by adjusting a slide-
wire rheostat.. The heating by each current was computed, using
the mean resistance of the thermometer coil throughout the
periods of heating and of cooling. The net heating effect is equal
to the difference between the heat developed during the period
of heating and that developed durmg the period of cooling.

In a large portion of the work, for both'the radiometric and the
electrical calibrations,; readings were taken every 10 seconds in
order to determine accurately the forms of the heating and cooling
curves. - For enabling the observer to obtain readings exactly at
the txme desired, the chronograph was arranged to tap a bell at
the proper instant. One observer operated the bridge and another
the potentiometer.

The determination of the relation betwéen the temperature of
the thermometer and its resistance requires an independent ex-
periment in which the recerver is removed from the pyrhehometer
and mounted in a. constant temperature bath, the temperature
of which may be varied over the range required. The temperature
relation so found may be accurately expressed by a parabolic
equation. Thus, for silver block No. II, R=23. 041 +0.10033¢+
o.001093t? and for silver block No. IIT R=19.521+0.08394¢+
0.00010127t ? where ¢ is the temperature centigrade. These data
were obtained by Prof. H. H. Krmball of the Umted States
Weather Bureau.

The simple theory denved in Sectlon v requlres certam mod1-
fications to fit the actual experimental conditions. The room tem-
perature 7’ did not remain constant during a run of an hour
required for any one set of measurements. The result was that there
was a gradual variation back and forth in the equilibrium position
of the thermometer temperature so that the thermometer did not
return exactly to its initial temperature after a complete cycle of
one heating and one cooling. Each observed heating and cooling
curve may be readily corrected to the ideal curve by assuming a
linear change in temiperature over the complete cycle in question.
Thus, for example, if, after a cycle of two mlnutes the tempera-
ture of the thermometer coil had risen 0.001°, the measurements
at every 10-seconds interval were corrected by adding 1/12, 2/12,
3/12, etc., of 0.001° to the first, second, third, etc., reading of the
cycle. A correction method developed by Prof. Marvin, which
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is'more convenient and accurate and which will be described in his
paper referred to above, was frequently employed. The corrected
curves were always used in the computation ‘of ‘the results. 'In

general, variations of - the - above description tend to eliminate .

theinselves over a long period, the temperature rising for part of the
series and falling for the rest of the time. However, riins were ob-
tained. for all possible conditions,: namely, continually increasing
temperature, continually decreasing temperature, and practically
constant temperature. No dependence of the results upon such
cond1t1ons could be observed. .

- VI. EFFECT OF LAG-

A second modification of the simple theory d1scussed in Section
IV is required by the _presence of a lag in the temperature or resis-
tance measurements.: In order to obtain electrical insulation of

the thermiometer coil from the silver receiving disk, the wire is
silk' covered. This silk covering, of course, acts also as a thermal
insulator.. The result.is that the temperature of the thermometer
lags behind that of the disk when the heating is radlometnc, and
leads the temperature of the disk when the heating is electrical.
In the case of an entire cooling following a- radlometnc heating
and for a part of the cooling followmg an electrical heatmg, the
thermometer - temperature again lags behind that of the disk.
. If the lag eﬁ'ect is not corrected for, the experxmentally deter-
mined value of the constant F (Sec. IV, equation (%)) increases for

radiometric exposures and decreases for electrical exposures as

the time of exposure is shortened. When the heat is supplied
electrically directly in the thermometer coil, the lag effect due
to thermal insulation increases the observed AT over the value
of AT for the disk, and thus the measured F is too low. The
reverse is true when -the heatmg 1s radlometnc In order to
detect the presence of lag, the receiver was exposed to radiation
or to the heating current and then cooled, the periods of heating
and coolmg bemg equal and of the followmg duratlons 10, 20,
30, 60, and ‘120 seconds. Observations were made at the begin-
ning and the end of the coolings and heatings;that is, at the instant
of -shifting from a cooling to a heating and vice versa. - The re-
sults of several expenments with Marvin pyrhehometer No. 7,
disk No. 3, are given in Fig. 3. Here the ordinates are values of
F ’ obtamed by multlplymg the value of F, Sectlon 1v, equatxon

7, by -(—5—‘?;(1—17—29)— The constant F ’-is-more convement than F

110990°—19——9
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in reducing solar measurements to:calories / cm? min. and will be
used exclusively hereafter. ‘If there were no lag effect whatever,
the two curves in Fig. 3 would coincide exactly and would pass
through the point F’=2.135 at t=60 seconds. The curve F'
versus ¢ then' would - differ. slightly from:a  horizontal straight
line, because of the fact that the cooling of the disk follows New--
- ton’s exponential law instead of a 11near relatlon Wlth time, - The

40”

30

. 2.8 )\\O\ L ! . e . . :
R . Radiomeeric ]
q 2° — el —

. k e l/ . ) - correct yalee . e
Q / ;
Lot "f —d - =
Ry
; " Ty
49, 25 2

~o 20 40 ) ~ &80 /.no " 720"
6eqonds time 0l exposyre. '
- Fre. 3 —Observed F’ as @ function of time of expa:ure -
i there were no laz the curves for radxometnc and electrical calibrations would be comcxdent and
w intermediate to the two curves shown : : :
above expenment demonstrates ‘clearly the’ presence of a lag
effect. The magnitude of th1s lag may be calculated in the
manner shown below :

VII. ANALYSIS OF THE HEATING AND: COOLING CURVES

Hwtmgs and coolmgs Were made alternately every minute for‘

_a period of one half to one hour, during which time bndge readings
of the thermometer temperature were ‘taken every 10 “seconds,
" The heatings and coolings for the entire period were used to form
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‘a typical-heating and cooling curve. .This curve was found to be
an exponent1al as would follow from Newton's law of cooling.’
Thus, in the case of cooling according to Newton'’s laW we have,
" as in Section IV; '

‘Z= -E (T—T') o ()

Since re51stance is measured dxrectly, instead of temperature,
it is more convenient to express equation (13) in- terms of resis-
tance R, ' Over small ranges of temperature, change in temperature
is proportional to change in resistance, that is:

'R.r,-a;-}-bT-
dR dT.
» and bdt
Hence
dR _ _ , ,
G- ER- R) S (14)
R=R'tAe® (15)
R —aBen (16)

g ~AR
logm( AL —-logm AE-o. 434—3Et - (x7)
If the obseriratiox}s, accor_(_i_ingly, satrsfy Newton’s law of coOling
the plot of logm( ?5) versus £ will be a stralght line. The slope

of this straight line determmes E the coeﬁ‘lment of coohng As
an illustration of this method the followlng examples may be cited:

TABLE l—Coolmg and Heatmg Curve Data, Electncal Cahbration

> "R : (R—Ro)
Tk“ &)bs‘etve:° 1 S : ~Time | ghserved
Seconds | Ohms ' o "] Seconds | Ohms
: 0 0.00000 . W - Co T 10 0.02612
10 « 00690 . 20 «02053
- 20 .01241 . - 30 .01521
n L COOMN wtarearsaresaransonns 9 :
Heatiog e sresencseesecneens 30 | .omso ok ‘ 40 | .o1004
. .40 ) . 02296 50 00495
I oqloso . 02808 IR . 60 » 00000
: 60 . 03292
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. TABLE }2.7-Ax‘ulysls, of Heating and quling Curves, Electricgj Calibration ..

. - ={AR/AL10 see- . f’,’lo:(jr .
Mean time o v - —AR/AL,
Heating Cooling " Mean Observed ' Curve’

Seconds co e
5 0.000690 0, 000680 0. 000585 6.836-10 6,748-10 . 0. 000560
15 . 831 . 557 LS| e .. 546
28 539 Y834 " 536 T2 groane 532
©-35; 516 (817 oo 516 W3 oWT14 10 518
45 s9 | o osee | s | .707. .703 - . 508
’s5 487 495 B - S Y+ B N 491
6.84
[«]
6.82
[9:14 \\ L.1% =10
" \
o« [ )
¥ [ \'
3 . 612
N 618 <
o~ o
2 \
3 . \
. 616 6.10
T .
- :; \\ N . con”
<. 674 -
9 \ ‘s
R o N _ g
b
6.72 606
- a0 R
q' 6".70 \\ t,a? E ,
3, = s
T >
.
.. 6.68 . — J. 6.02
i 0. 70 20 30 3 JO &

7ime in Seconds

- F16. 4.—Method of plotting heating and cooling curves

_'The plot of log (:Aif-e)vgrsus gt‘isv given by circles in Fig. 4.

Columns 6 and 7 of the above table are obtained from the values
given by this plot. On account of the lag (in this case a lead) the
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observed value of AR/A¢ in the interval o to 10 seconds is far too
great.  After the first 10 seconds, however, the observations lie
very satisfactorily on the straight line of Fig. 4. -The coefficient
E determined by the slope of the straight line is E=0.0027. From
columns 2 and 3 it is seen that the heating curve is similar in type
to the cooling curve as demanded by the theory developed in
Section IV. This series was picked at random from a large num-
ber. - Some of the series obtained showed exact agreement of the
heating and cooling curves; others showed somewhat poorer
agreement than the example cited. -Since every point on the
cooling.curve except the point taken for time o to 10, mean ¢=5,
lies well upon-the straight line of Fig. 4, it is clear that the error
due to lag is negligible (see below) after 10 seconds. Hence, in
the general use of the instrument it is sufficient to take readings
10 seconds and 60 seconds after ‘the starting of a heating and of a
cooling, thus giving a heating or cooling over a 50-second interval.
To obtain the correction factor, [, to convert a’ 5o-second heating
or cooling into the equwalent 6 6o-second mterval use is made of
quatlon ( 2)

eI —e*f‘°E _
f"e—on e—GOE“I°2I7 ;
.
.|
- for E =0.00269 _ _
TABLE 3 —»Coolmg and Heating Curve Data, Radlometnc Calibration
. | ®—R0) .l R~R
Time | Shserved — ~ Time gbsewe‘g
Seconds | Ohms | . - | seconds | Obms
o | 0.0000 10 | 0.00646
10 1z’ 20 su
20 247 - 30 31
Heating.vveveeneeneress winfl T30 B R 0 | 2
S N 40 | o508 | ' 50 - 124
50 634 | - T 60 000
60 759

'TABLE 4.~Analysis of Heating aad Cooling Curve, Radiometric Calibration

. . B AR/AL - log (—AR/AY) —AR/AL,

: . Heating Codling - | .. Mean Observed _ Cumve - | computed
© Seconds R sl B I . ’
5 0.000112 0.000113' o ooouz‘ | eos9 | o644 - 0,000139

018 135 135 " s ) .0 - | L83 136
.25 , 134 134 S| az 122 L 182
35 ; 127 127 YY) 204 - g1 129
C4s 1 126 126 126 .100 100 126
55 125 124 124 093 ,089 123
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The plot of log ( - ‘Aj) versus ¢ is given by dots in Fig. 4.
Columns 6 and 7. are obtained from the values given by this plot.
On account of the'lag.effect the observed value of AR/A¢ in the
interval o to 10 seconds is too small (in the case of electrical heat-
ing it is too great). After the first 10 seconds; however, the
observations lie satisfactorily on the straight line of Fig. 4. The
coefficient E was foind to be 0.0025. Columns 2'and 3 show.that
the heating and cooling curves are similar. - “The correction factor
to convert a so-second heating or cooling interval into the equiva-
lent for a 60-second interval is f=1.215. ,

-+ Several series of expenments were made to determme the form
of the heating and cooling curves as illustrated-above, for various
amounts of energy expended both- electncally and radiometrically
in the receiver. -These are summarized in the following table.
The first column g1ves the total energy supplled to the receiver in
a one-minute interval. : L Sy

TABLE 5. —Summary of Prelumnary Calibrations
" ELECTRICAL CALIBRATION

[E

Calorles per | Reduced Rss=Rug N § Observed | ap. sate
minute ARa =ARsy t E.16° AR’ ARso/ AR's
. 0.830 . 0.01756 0.01443 ;.217 . 265 0.01936 0.898
.825 . 01765 . +01450 1.217 - 284 % .01961 +900
1,478 .03152 .02592 1,216 269 .03292 .938
.365 .00782 . 00642 e 1,218 - .- 288 -, 00827 946
D L T B EERTTTR T PIT SR T T PTET) COTPITOPIIECE CHIL SR LSS .938

RADIOMETRIC CALIBRATION

0.138 0.00323 0.00265 1.219 /] - 0.00307 1,052
~.197 .00470 00389 1,208 - 154 - 00452 1.040
A% "0 00373 . 00308 1.218 F269 00360 1.042
.253 00622 . 00510 12200 |- . 299 400598 1.040
7,320 +00785 00646 1.215 - 249 . 00758 © 1,036
Fioalmeans..ouieeeiorac]ierereaninenied| 7 L2160 | 261 Mean..... LLO4-

The above values were taken with the receiveriin various condi-
tions as to the blackening upon: its surface Alterations in the
surface affect the values of f and E to some extent. - In the later
work f—x 217 was employed, since this value has beeri used by.
the Weather Bureau for some time and is practically identical
with the above determmatwn However, the exact value of f is
of no material sxgmﬁcance, since it-simply cancels out in the final
computatmns The important point is whether f is the same for
an electrical calibration as for a radiometric calibration. That
the values are identical in the two cases is amply shown by the
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above table. On account of thelag, with readings taken over a

60-second interval; instead of a 50-second interval; the true change
in resistance, AR,,, is less than the obsetved ‘change;’AR’g, for the
electrical calibration, in the ratio AR,/R’y,=0.93. For the radio-
metric calibration- the-true change AR;, is'greater than the ob-
served ‘change, AR’y, in the ratio 1.04.- Hence, for one-minute
exposures with observations taken over 60o-second intervals the
electrical and radiometric calibrations will differ by about 12 per
cent. This again illustrates the necessity of correcting for the lag.

As -shown above, -the observed cooling curve follows Newton’s
law of cooling after the first 10 seconds. This is what would be
expected if the lag is small. The change in temperature of the

receiver in the so0-second period is equal to that of the thermometer, -

although the thermometer is actually at a h1gher temperature,

during cooling, than the disk. The observed lag is the result of

two causes—the, 1nsu1at10n around the thermometer coil and .the
" lag of the galvanometer. It will be shown later that in the case
of the radiometric. calibration, the measured temperature of the
coil lags from one to two seconds behind the effective temperature
of the disk. On the assumption that the temperature of the disk
is uniform throughout, the effect of the lag can be estimated in
the manner shown by Harper.® : :

- u=temperature of disk at time ¢ ,
.~ 8 =temperature of thermometer at t1me t
‘N=lag in seconds.

%3.—.;\(:;—0) ..... ..... ..(19)

. u=A4Be~F Newton’s law for the penod of coolmg .(19)
Suppose that at time ¢ =0, u =u, =0 =8,
Substltutmg (19) in.(18) and integrating. B}
g 0~ u==(0 +E>‘AE;‘° e't/*+1ﬂ>‘(qu).., ..... (;o)
© For an actual case, when the pyrheliometer was sighted on- the
sun the following values of 6,, %,, and A were obtained by convert-
ing the resistances observed into equivalent:temperatures.
A=2 _ '
E==00026 N
. %=10.0139 +23. 8763e" ozt o
A=100139 :
%, =0,=33.8902

8 This Bulletin, 8, p. 666; 1913 (Scientific Paper No. 135).
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Substituting these values in (20) one finds: S
L ef—u=—0.125%+0.00523 (L —10.0139) . vl L. (21)
and evaluatmg equation (21) for various tnn&s, the followmg table
is obtained: .
TABI.E &——Compuhtwn ol Thetxnomemc I.ag

ot % s cﬁ.mr«d CoSZI (al4) R
. Secands - | o b Tec ] ol Tl e
6. | B2 0.225 t s e
s l w2 | 3 z amy T
e Cazes | &4 anr’ RIEREIRS - U
T U - X% 4 i W L1858 oo, 118
x 20,0055 .uuss \ .16
e T sens ! .1%8 ! BRT R
. . 3 o .

Thus, 2s shown by column 3 of the above table, the temperature
of the thermometer coil after the first 10 seconds of cooling' is
higher than that of the disk by practically a constant amoust,

vxxhh l " | - , i Ty )
B ] ', S ; H ! _‘:.' H A ‘ :
S T e O A N T P
v i Lo R .=:\\‘.!/" v
- T ‘ A 3 v
! ' t ; ,':-' ‘ By ' b
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! i ! t i ‘.,,,/ ! ! Vot ; )
4: A . o :
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I+ : - T - - - < -
NI YN
' :.s ! | ¢ /‘//' i ! ! e C Ny i 4
; D 3 B i 3 § PN
| : l VA D T B T A
- oo b A ! i [ S H & |
- R : ; t ; ) T
Y S + | S bt l - AN
I 2 T S O T O N O NV
F ] g . : i | ; ' s v AR -
[ r2F [ | | ! ) y AN |
RN I/ RS S S AP L :\q\ L
SN ) N
a2
: . =Time in ‘Seconds. .

F1G. 5.—Typical rodiometric quang axd cooling curre -

o.11 to 0.12%, for the series of observations made by sighting on
the sun. The change in the temperature of the thermometer
during cooling is therefore identical with the change in the tem-
perature of the disk over the s0-sezond’ mterval. If similar com-
putations are made for a heatmg curve, it will be found that the
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temperature of the thermometer is less than that of the disk by
essentially a constant amount over the s0-second interval and that

. the change in’ temperature of .the thermometer is agam 1dent1ca1
with the change in temperature of the disk. ,

A typ1ca1 heatmg and coolmg curve for a radiometric. cahbra-
tion is shown in Fig. 5." The small circles represent observed
points. = Theline ACE represents the corrected heating and cooling
curve. .The total change in temperature of the disk in terms of
the coil resistance is given by the distance CD.  This is equal to
the observed change in 50 seconds,PQ or P’Q’, multiplied by the

=5 -

] P L S E
a6 ~— - - '//1 -

‘af - g - 4
.20

7
,,,  | |

. < N
“ / 3 - . oo - N . .- u\ . s‘
'y AL . , L - - )
z : X B Iz
/ . ’ ’ :
¢ & :

el " : g ‘ R 73

. AR in Shms

70 Fi 36 7 v e =] 15 q r7) " o
Time in secondw

FIG 6. —Methad of determmmg lag

factor 1.217. Itis also. equal to the computed change RE in 50
seconds multiplied by the same factor Another way to obtain
the true change in 60 seconds is to extrapolate the observed curve
PQ back.to zero time (or to the time of the beginning of a cooling)
and take the difference in the ordinates of the points S and Q.

- The graphical ‘method of obtaining the lag for a. radxometrxc
calibration is shown m Fig. 6. .

‘The -observed - points are. represented by c1rc1es Through
points 2, 3, 4, 5, 6, 7, and 8, 9, 10, 11, 12, 13 pass the best com-
puted exponent1a1 curves. Extrapolate ‘the cooling curve to the
point b and move the heating curve up to the position 1 4. The
distance xy measured along the time axis is tw1ce the lag of thc
thermometer, . :
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_ In the case of electncal heatmg, the lag eﬁ'ect is somewhat more
comphcated Dunng the heatmg the thermometer coil is at a
higher temperature than the dlSk The thermometer “leads”
the disk on. this. account But the. galvanometer on the bridge
still lags. ~The net result may be eﬁectrvely either a lag or a lead.
It m1ght be poss1ble also, although this was not observed ‘that
the, -readings of the bridge represent the true. temperature of the
disk, the galvanometer lag exactly balancmg the thermometer lead.
In coolmg, the temperature of the thermometer rapldly falls
behind that of the disk, and the galvanometer and thermal msula-
tion of the coil act together to produce a'lag. The lag A was
taken as half the distance xy, Fig. 6, even for the electrical heat-
ings. © Thisis not exactly correct, but the main object of the follow-
ing table is to show that the effective lag was small.’ The lag due
to the galvanometer alone was about one. second ‘Hence, at
least for the radiometric heatmg, it would appear that the lag
due to the thermometer: were neghg1ble - The data, however,
can not be cons1dered quantitative. :

TABLE 7 —Thermometnc Lag

Method - (e | Method » ()

Seconds ¢ - ‘ Seconds o

1.5 ST N ]

b - | RS ' - 3.2

k 1.7 | Electrleal..ciueeiareiiansconsncnnennces 3.0

: ' ' 1.3 - 1.4

Radiometrit.seenneuceececanncnnacncacans e sollb . . . : [ L7
1.2
S B 3
0’.9

L oMeanol all—x 7 seconds

That the lag can not be large is also clearly demonstrated every
time a pyrheliometer is used. If the lag were large, the resist-
ance ‘would  continue to increase, after an exposure, for some
time after the shutter was closed. Actually the galvanometer
reverses direction showing decreasing. resistance almost at the
instant ‘the shutter is closed.: In the derivation above showing
that:the lag effect is inappreciable after a few seconds, it was
assumed that both the coil and the disk were at the same tempera-.
ture at the instant of shifting the shutter; that is, when Z=o.
Actually, since the previous heating or cooling has an effect, the
two are at a slightly different temperature at {=o0, but at some
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later instant; asis seen fromt Fig. 5, the cooling: curve of the disk
crosses the cooling curve of the thermometer, and thus the two
show the same temperature -at that point. - Since the time that
the d1sk and thermometer show the same temperature is so
nearly t=o, the computations in the above discussion would be
not materially altered.” Accordingly it has been proven that the
actual lag is small and that its effect is negligible after 10 seconds
Cooling and heating curves were made for exposures of 120 sec-
onds; but in the actual use of the instrument it does not appear
that anything is gained by doublmg the time of exposure.

Blackening of the Receiver—The choice of a proper method of
blackening the receiver is of considerable importance. An
improperly blackened receiver may show a reflection coefficient
as high as 10 per cent. “One pyrheliometer examined had a
poorly blackened receiver. The result was that the radiometric
calibration (observed value of F —2—7'9, was far too high and the
electrical calibration too low The most sat1sfactory black sur-
face was prepared in the manner specified by Coblentz.® The
receiver is first given a thin coat of a mixture of fine lampblack
and platinum black in alcohol with sufficient turpentine to make
it adhesive. ' The disk is then smoked with soot from a sperm
candle. The smoke is produced by holding a small iron funnel
over the candle. -When properly prepared, such a surface absorbs
about 98.8 per cent of the radiation falling upon it.. The loss by
- reflection, 1.2 per cent,!® can be corrected for in workmg up the
. calibration data.:. .

‘VIII FINAL CALIBRATION OF MARVIN PYRHELIOMETER-—
“ " " 'RECEIVER NO. 3, CAREFULLY BLACKENED

.The following table summarizes the results of various experi-
ments with - .this instrument. ‘Each experiment represents a
- series of - observations ‘which in most cases extended over an
- hour. The first column gives the total energy supplied to the
- disk during each minute of heating. It is clearly shown that the
calibration constant F’, determined electrically, is ‘independent
of the amount of energy supphed although thxs latter extended
over a consxderable range. "

9 Coblentz, this Bulletin, 11, p. 140; 1915 (Scientific Paper No. 229),
10 Coblentz, this Bulletin, 9, p, 323; 1513 (Scientific Paper No. 191).
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TABLE 8.—Final Calibration of Receiver No. 3
. ELECTRICAL CALIBRATION . .

Cai./mlnute T ¥ o Cal./minute e e
0.2704- . |- 82104 earss. o | b2l
« 0.2113 8217 0.4925 . b2.116
0.4871 - - 62,089 0.4945 - © 52,099,
0.7659 - 62,098 . Co 077727 Rl < D 2.089 -
0,767 . -ez.100 ‘ L e
3.13 82,100 ' C ' za1
Lt s 62,008 : I RS S
13.181 . a2.115 ‘
21,321 ’ 62.101" .
82,109
2,110
_a Data taken in November, 1915. b Supposedly more accurate data taken March, 1916. -

oo Ce RADIOMETRIC CALIBRATION .

. e - T istance between
Cal./minute ¥ Tem;peratu{e of furnace llmltlnz diaphragms
o ' Degreesabs, S em
0.1983 2.200 16C1 94.0
. 0.3 - LR 1602 ‘ 2.4
0.4631 2.186 i 1731 719
0.3138. FR %3 L B 1649 o T2
2,200

_The above calibrations were made under widely different con-
ditions of room temperature, viz, warm, cold, rising, falling, and
steady temperature.  Rising and falling room temperatures were
corrected for by the methods described above. = - .

~The constant F’ showed no systematic changes Wlth changes
in the room temperature or rate.of change of room. temperature.
The final uncorrected values of F’, the means of the above data,
are electrical, F'=2, 110; radmmetnc, F'=2.200. Correctlons
must be applied to these means as follows: :

‘1. A correction of 1.2 per cent must be made for the reflection
of radiation from the surface of the disk. 7The measurements of
Coblentz establish this value fairly accurately and indicate:that
the reflection is about the same for solar radiation and-for radi-
ation from a furnace at 1606° abs. - Since this loss by reflection
enters alike in the general use and radiometric calibration of the
pyrheliometer, it may be omitted.. In order to reduce an elec-
trical calibration, however, to the same basis as the radiometric
calibration, the constant F’ determmed electncally must be in-
creased by 1.2 pgr cent.
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*2. The black body departs somewhat from the-ideal condition
of blackness. ‘It has geherally been assumed that a white porce-
lain radiator with diaphragms’increasing. in opening from the
outside to the inner ‘inclosure emits a lesser. quantity of radiation
than that. corresponding ‘to the temperature measured: by the
thermocouples .A ‘black-body furnace: havmg d1aphragms de-
creasing in size of opening from the outside to:the inner inclosure
furnishes better black-body conditions, but-this type of furnace
would so reduce the :cone of rays enteringthe. pyrhehometer that
the energy transfer: woilld: be. too: small to measure. . Even with
the system of diaphragms’ employed the usual energy. received

- during solar measurements is some 30- times greater than the
maximum energy: which - could ‘be’ obtained in the laboratory.
Since the present work was.completed a systematic investigation
of the furnace employed-indicates that the usual assumption that
such a furnace is g9 per cent black is incorrect.- An optical pyrom-
eter of the Holbormn-Kurlbaum type was carefully calibrated by
sighting into a black ‘body immersed in crucibles of molten metal u
Melting and freezmg point curves were obtained i the usual man-
ner. ‘The calibration of the pyrometer was thus expressed di-
rectly in térms of the melting or freezing points of metals which-
have been carefully investigated by means of the gas thermometer
and resistance thermometer used as a transfer instrument. The
black body employed was made of graphxte ‘and when immersed
in the metal bath. could ' not depart from the ideal black-body
conditions. A seriés of meastrements was madé by Mr. Fairchild
and- the writer by ‘comparing the readings of the optical pyrom-
¢ter when sighted into the Lummer-Kurlbaum furnace with the
readings of the thermocouples corrected as usual to conform with
the optical scale. Several different thermocouples standardized
in terms of the melting points of zinc, antimony, and copper,
and several different pyrometer lamps were employed. Fig. 7
represents the differences.in temperature -obtained by the two
methods, plotted against: the readings of the thermocouple.
The variation'in the readings can not be attributed to etrors in
the standardization of either the couples or the optical pyrometer.
“The errors in temperature measurement are considerably less than
the differences indicated in this plot. ‘These differences simply
represent the deviation of the black body from the ideal condition.
of blackness, and are determined by .various factors, such-as-
adjustment of current in the two heating coils, rate of change or

it Kanolt, Bureau of Standards Technologic Paper No. 10,
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temperature, etc.” Referred to:the thermocouple readings a fur-
nace of this type radiates more energy than ablack body at:the
same temperature. . The side walls are necessarily hotter than the
interior. or back wall, the temperature of which is measured by
the couples.: Since the back wall-is of white porcelain,: probably
a good diffuse reflector even at high temperatures, radiation from
the hotter side walls is reflected from the back wall through the
openings in the diaphragm to the optical pyrometer. In the tem-
perature range used for work with the pyrheliometers (1350 to
1400° C), Fig. 7 would indicate 'that' the thermocouples read
too low by:about 7°. - It is quite. possible that:the radiator under
these conditions is selective, and that while the difference between
the thermocouple and optical pyrometer readings-is 7°, the dif-
ference between the. thermocouple-and a pyrometer using the
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total radlat:on would not be this value. . .However, if we assume‘
that the radiator -is:nonselective, the error.in the total energy
emitted, due to-the error arising from reflected radxatxon follows
from the Stefan- -Boltzmann law, thus: :

‘ ' :6JJ= —,I—,—-'x,percent B s
ThlS correctlon is additive to the e*zpenmentallv observ ed value
of F’ as determined by the radiometric calibration.” It may be
noted that the constant ¢ has been determined with:the Lum-
mer-Kurlbaum furnace; but that the- radiator was blackened.
This blackening would - of course do away mth the questlon of
stray-rad1at10n :
3. A correction W}uch is: subtractwe from the value of F ! deter—'
mined radiometrically is due to the absorption of the radiation by
the water vapor in the air. For the distances used, Coblentz’s **

18 This Bulletin, 12, p. 79; 1916 (Scientific Paper No. 341).
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experiments would indicate. that this correction may amount to
from 1 to 3 per cent depending upon the humidity. Dr. Abbot **
states that “Mr. Fowle's " recent work . enables - us to estimate
very surely that in the conditions at the Bureau in November
and March in 8o cm of air the absorption.for rays from a 1600°
source would be between 1 and: 2 per cent.” :

4. A further subtractive correction which is small'is due to the
use of water-cooled dlaphragms at a lower temperature than that
of the room. This correction is discussed below. -

Neglecting the fourth: correction the total correction to “be
applied to the radiometric ca11brat10n is as follows

Observedvalueof F e iernannrnresses Fereriearisas S 2. 200
Correction for nonblackness of furnace, . eaiteesseeseeses. pereent.. +1.7
Correction for humidity. .. ..do —1 to —2

Corrected value of F7, about ..... U AR eintiesenvs G ‘2. 200

The correctlon to the electrrcal cahbratmn 1s as follows

Observedvalueof | 2T TS e rerseseseians :;.,.... " 2. 110 _
Correction for nonblack re'ceiver’..y.. B ...per cent. . 1.2
: Corrected value of F. ...... e reetn et e s ety 2,135

The agreement between these two final values is probably
within the experimental errors of the radiometric calibration.
It would appear that the electrical calibration should have the
greater weight, because accidental errors are much smaller in.an
electrical calibration than in a radiometric’ calibration. The
following considerations, however, based on more recent experi-
mental evidence tend to support the hlgher value of F ! deter-
mlned radiometrically.

The’ convection and radiation losses from the receiver follow
Newton'’ s law of cooling Whlch states'that the energy lost in this
manner is propornonal to ‘the difference in temperature of the
surface of the receiver.and the surroundmgs Hence the total
energy loss by convection and radiation ‘is proportxonal to the
mean stirface temperature of the disk. Experiments were. made
with a disk o. 4 cm. thick, having two coils inside 1nstead of a
single - coil, ‘to determine - whether a measurable temperature
gradient can exist in the silver -disk. “The disk employed for
these tests should show a gradlent much larger than that which
would exist’in the silver disk' No. 3 under similar conditions be-
cause of the fact that it contained two 1nsulated coils and was
thicker in the ratio 4:3. Measurements ‘made by a dxﬁerentlal
thermocouple with one ]unct1on soldered to the front face of

. BBy letter, ' 't‘ ) 1 Fowle, Smnthsomnn stc. Coll., 68, No, 8; 1917,
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the drsk and the other Junctron soldered to the back face showed
a temperature difference - between the two faces amounting to
0.3° C during a - 60-second exposure to solar radratron of about
0.8 cal./min em?. The gradient dropped to zero within 5 seconds
after closing the.shutter, remaining zero until the end of the
minute. if coohng Within s, seconds .after again exposing
to the solar radiation the gradrent returned to the value o, 3°C.
It is impossible at the present tine to attempt a careful study
of the temperature differences established in:the receiver em-
ployed in the work described in"the present paper and even if
known their interpretation would be questionable, but the above
measurements indicate that surprisingly large gradients may ex-
ist in spite of the fact that the disks are constructed of silver and
that every precaution is taken to e11m1nate all air spaces in the
interior. The fact that a temperature gradient of even 0.1° may
exist, especrally since one is not working with equilibrium condi-
tions in an exposure of 60 seconds, shows that the gradrent is
exponential rather than linear through the disk. 'Hence, durmg
an exposure to solar radiation, the thermometer is not measuring
the mean surface temperature’ of the disk, but a temperature
somewhat less than the mean value.  During cooling the gradi-
ent through the disk is at least greatly diminished if not negh-,
gible, ‘That this condition is not impossible is"readily: seetl.
During heating all the energy entering the disk flows through
the front face and that not taken up by successive sections of
the disk in raising the temperature of the various sections is con-
ducted through the disk and radiated at:the back surface. Dur-
ing cooling, however, the energy flows outward in all directions
and there is a smaller flow in.any one direction. Practically
no difference in temperature exists between'the front and back
face during cooling and it seems probable that the gradient from
the thermometer. ‘to-the outside is small.. However small this
gradient be, the thermometer must indicate a temperature higher
than that of the surface. Now, if exactly the same type of gra-
dient existed in the disk during heating and cooling and if the
lag of the thermometer were less.than 10 seconds, as experi-
mentally shown, the change during a sasecond period .as de-
scribed above, in the temperature of the thermometer, would be
equal to the change in mean temperature of the surface. But
when the gradient is shrftmg during heatmg from the exponen-
tial type to the linear type the change in temperature measured
by the thermometer is less than the change in the mean temper-
ature of the surface of the disk. The disk acts exactly as though
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its front surface reﬂected a portlon of the mcxdent energy (be-
sides the normal reﬂect1on coefficient). Actually, of course, this
energy is lost by convectlon and radiation.

Smce the measured AT is too small the cahbratlon constant

F'a g7
when detertnined electncally, as” found expenmentally It -is
impossible to predict ‘what correction should -‘be applied to the
electrical calibration to take account of this effect of change in
type of temperature gradient, so that in the further Work the con-
stant determined radiometrically has been ‘chosen. ‘Another
cause for the existence of a nonsymmetrical temperature gra-
dient is the thick coat of lampblack a poor thermal conductor,
upon the front surface of the receiver. It is possible that the
changing gradient. effect depends to some extent upon the rate of
energy supply, so that while the constant is 2.200 for an energy
-flow of about 0.03 cal./cm? min. it might be greater for solar
measurements involving so times this flow of energy.

It is of interest to note that during a radiometric or electrical
calibration in the laboratory, when the shutter is open the receiver
radiates through a smiall solid angle to the walls of the room or to
a water-cooled diaphragm at room temperature while - during
exposures to the solar radiation the receiver radiates into space.
The difference in these two conditions can not account for an

" error in F’ greater:than 1 part in 2000. ,

A further question which may be raised is in regard to the loss
of heat from: the receiver by: conduction along theé lead wires.
The lead wires were of No. 28 copper, and a length of about 15
cm of each wire was inside the metal shell incasing the receiver,
the object being to reduce the temperature gradient along each
wire from the receiver to the outside room temperature ‘The
heating of the lead wires developed by the ‘measuring current
was extremely small, and was negligible for all the heating cur-
rents used in the electrical calibration. - Since, however, the type
of gradient in the lead wires may be slightly different in the radio-
metric and electrical calibrations, and in the case of the electrical
calibration may be different for heating and cooling, there is a
possibility of some small error on this account. - However, several
preliminary experiments .with lead wires of different sizes gave
negative results, and a rough computation of the magnitude of
the effect to be expected indicated that it was very small relative
to the total energy expended in the receiver.

110990°—19——10

should be higher when determmed radlometrlcally than
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IX. SOLAR OBSERVATIONS WITH MARVIN PYRHELIOM-
ETER RECEIVER NO. 3 AND SMITHSONIAN STANDARD
- IZED’ SILVER-DISK PYRHELIOMETER NO. 1

Using the above value of F! =2, 2oo for the Marvm pyrhehom-
eter solar measurements were made and comparison observa-
tions were ‘taken’ at the ‘'same’ place ‘and time with the Smith-
sonian standard as.represented by the silver-disk. pyrhelrorneter
“$-1. No. 1.”  The following- table ‘summarizes . the . results.
Each value represents a half-hour series of readings, and the solar
intensity was remarkably constant during every run here recorded.
The observatrons were.taken at the Solar Radiation Laboratory
of the Weather. Bureau by Prof. Kimball, Mr. Hand, and the

Wrrter o .
TABLE 9.——Data on Solar Observations

; » L smithe o] g
Marvin Marvin,
Date < .0 . . . ' ... |pyrhellom- sonian Smith-,

pyrheliom-
eter ‘ ete : sonlan

’ (:'ul.lcmz 1" Calfem?
- min. min, Co
1,162 1.189 0.978

Nov. lO. 1915
Do.. weed| 1352 - 1.388 - | .94
Do..... X Cesnune cee] . 10262 | 030274 o .97
Nov. 26, 19150 e enreresecntacrerarnensarearaenns [ ceneense 1.160 | . 1.169 .991
Nav. 27,ms............;.‘...............‘. .......... reenesheeseaieit 1.230 Cnes3 | Les0 -
© MeAmrueresiceenneitienn e SRR S S SN SO RS .98

The Marvin pyrheliometer independently calibrated thus agrecs
with the Smithsonian instrument within 2 per cent. However,
it is believed:that the error in the calibration of the Marvin
pyrheliometer may amount to 5 per cent, so that the two instru-
ments are probably in -agreement within the errors of experi-
mental observation. A pyrheliometer is designed for the meas-
urement  of energy flow amounting to 1.5 cal./em? min. To
adapt such an instrument to the accurate measurement of quan-
tities 1/50 of this magnitude is:extremely difficult. “Yet in a
radiometric calibration made inthe laboratory the constant.of
the instrument has to be determined for this small energy supply.
A more satisfactory method of procedure would ‘be ‘to radio-
metrically calibrate an instrument which was designed for small
energy flow and to compare this instrument with a pyrheliometer
by. solar measurements,: using -some system - of ‘diaphragms, sec-
tored disk, etc., for decreasing the amount of. radxatron entenng
the more sensitive instrument. , ¥ S e
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X. SUGGESTIONS FOR FURTHER WORK

With the present experimental arrangement . it is not feasible
to extend the work further. Certain 1mprovements other than
the one suggested above must be made in.the, apparatus if higher
accuracy is to be obtained. : '

- (a) The entire system, furnace, dlaphragms, and pyrhehom-
eter, must be mounted in a chamber in which the humidity can
be controlled and reduced to a minimum when.so desired. In
de51gn1ng this chamber attention must be given to the ehmma—
tion of any possible means for radiation to be reflected, by the side
-walls, from the furnace into the pyrheliometer:"

(b) The shutter on the pyrheliometer should be replaced by a
shutter at the _fumace %5 ’This new shutter should be water-

receiver
A.
=

—d —

. ] ﬁu’ffe r

A e - —

water cooted
diaphragm

FIG 8. —Gmphzcal repre:entatwn of ex?enmental condttzons

cooled electromagnetrcally operated and must be located be-
tween the furnace and the water-cooled diaphragm in front of
the furnace. In this way all external conditions affecting the
pyrheliometer remain the same during a heating as during a
cooling. The only difference, then, radlometrlcally between a
heating and a cooling is the exchange of the opening of a definite
size, given by the water-cooled diaphragm, into the furnace, for
- a black water-cooled diaphragm of the same size at a measured
temperature Fig. 8 illustrates the conditions which were effec-
~ tive in the present calibration but which could be remedied by
the use of a properly located shutter.

15The importance of this has been noted by Coblentz. This Bulletin, 12, p. 513: 1916 (Scientific
Paper, No, 261.) :
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“'The temperature of the pyrhehometer receiver of area Ayis T,
The temperature of the walls and shutter of the pyrhehometer is
T, and the area of the closed shutter, exposed to the receiver is A,.
When the shutter is open the pyrheliometer receives radiation
from the large area' A, of the water-cooled diaphragm at a tem-
perature T, and from’ the small area A, openmg mto the furnace
at a temperature T.. S

Let J1 = radiation recewed by the dxsk from the closed

shutter.
J; = radiation received by’ the drsk from the large water
- cooled diaphragm, When the shutter is open.
- Js= radiation ‘réceived -by the disk, shutter open, from
the furnace.
The net radiation measured is J = J, + J, — Ji

J 1"",%(7‘14—7‘04)-:2?2
" \A,A
]2,‘"—,‘%(7‘24"7‘04) 12)20
=_(T‘ TO)AA

hence, since T'* is always neghglble compared W1th T,‘ and A,
compared with 4,,

(BB

In the cahbratwn of the pyrheliometer the Water—cooled dia-
phragm was always at a shghtly lower temperature than that of ’
the shutter. B
y If we take a very extreme case as an example, suppose o

Ty = 1600 abs
T, = 290 ‘
T, =300
T = 300
D =70cm
. Ay=og3cm®
A, =16cm?
d =3oem

Then equation (22) above becomes:

’ ]=-—A 10° (1244—018) - (23)
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Thus, for this extreme example where the temperature of the dia-
phragm is 10° lower than that of the pyrheliometer shutter and
second term of equations (22) and (23) amounts to 1.4 per cent
of the first term. The second term was always neglected in the
calibration. In general, it would only amount to a few tenths of
1 per cent. It is always a subtractive correction to J and hence
would reduce slightly the observed value of F’.. = .

(c) As a further check upon the behavior of the dynam1c type
of pyrheliometer of which the Matvin is an example, it would be
highly. interesting to study at the same time a pyrheliometer of
the static type. .. The Marvin dynamic pyrheliometer readily lends
itself to this modification. ‘The entire. tube and case could be
;jacketed  and accurately maintained at-a constant temperature.
An ice bath, while furnishing the desired constancy of tempera-
ture, could not be easily used on account of its being usually below
the dew point, allowing water vapor to condense upon the receiver,
when the instrument was’used for solar: comparisons. But it
would not be difficult to secure sufficient constancy of tempera-
ture by use of flowing water thermostated to, say, 30° C. ~ Such
a pyrheliometer would not be very satisfactory for ordinary field

work on account of the inconvenience of operation, but as a labo- -

ratory: instrument- its behavior, so’different in principle from that
of the dynamic type, would permit interesting compansons of
solar measurements by two dlstmct methods




T i‘ SUMARY ,

For the ﬁrst tlme, it'is: beheved a- pyrhehometer has™ been
calibrated by two methods, the usual electrical method and a
radiometric method.. In the radiometric method a known quan-
tity of radiation from a black body-was allowed to fall upon the
pyrheliometer receiver .in- exactly the same manner as when
employed for solar measurements. The calibrations by. the two
methods agreed within limits of experimental error, if the Stefan-
Boltzmann constant: were chosen, as’ ‘¢ = 5.7X 10%. watts cm™
deg™, the latest and most accurate determinationof - this constant
of total radiation. - Or conversely, the constant has been observed
as 5.7X " within an accuracy of possibly 5 per cent. :

The behavior of the.Marvin pyrhehometer ‘has been carefully
mvesugated A'lag, part of which is due to the galvanometer of
the bridge, has been found to exist, and, for the silver disk No. 3,
was experimentally - shown ' to be. less” than 2 seconds. " Both
theoretically and experimentally it-was:shown that the effect of
this. lag.is negligible after 5.to 10:seconds. :The coolmg and
heating of the receiver follows Newton’s law of cooling:

In order to completely eliminate errors due to a lag effect
readings should be made at 10 seconds and 60 seconds following
the beginning of a heating or cooling. The factor for converting
readings of temperature or resistance change over this 50- -second
interval to corresponding changes over a complete 60-second
perod is 1.217. This factor is the same for both electrical and
radiometric heating and was determined with an accuracy of
o.1 per cent. There is no advantage in making the periods of
heating and cooling 120 seconds in duration. Periods of 6o
seconds are sufficient. ‘The method of blackening the receiver is
of great importance. The best method used for blackening is
that used by Coblentz and is described above, The calibration
constant F’ of Section IV appears independent of the rate at
which energy is supplied to the receiver, at least for an electrical
calibration.

634 ’
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‘A Marvin pyrheliometer calibrated by two methods, electrical
and radiometric, was compared by solar observations with the
United States Weather Bureau Smithsonian standardized pyrheli-
ometer “S. I. No, 1,” calibrated by comparisop with the Smith-
sonian primary standard water-flow pyrheliometer, ‘The Marvin

pyrheliometer thus calibrated gave 2 per cent lower values of ..

the ‘solar radiation than the Smithsonian pyrheliometer. This
difference is within the errors of observation of the present cali-
bration,

The above work was suggested by Dr. G. K. Burgess and Prof.
H. H. Kimball. The writer is indebted to Dr. Waidner and Dr.
Burgess, of the Bureau of Standards, and Prof. Marvin and Prof.
Kimball, of the Weather Bureau, for many valuable suggestions.
The writer is especially indebted to Prof. Kimball for cooperating
in much of the -earlier work,.for performing the experiments
necessary to obtain the temperature-resistance relations of the
" thermometer coils, and for the direction of the solar observations
which were made in his laboratory. The pyrheliometers were
furnished by the Weather Bureau through the courtesy of Prof.
Marvin and Prof. Kimball.

WASHINGTON December 11, 1917.




