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INTRODUCTION

‘Thermal rédiation research in the Department of Engineering of the
University of California at Berkeley has embraced many phases of radiant
energy transfer. (See Gier(lQSé) and (1940); Boelter (1945); Thermal Radi-
ation Projeét (1948a,b,c), (19492,b,c) and (1950)) |

The Snow Characteristics Research Contract No. DA-11-190-ENG-3, with the
Snow,vIce and Permafrost Research Establishment of the Corps of Engineers of
the U.S. Army began on June 27, 1952, The basic activities under this con-
tract are as follows:

1, A study of the spectral characteristics of wet and dry snow and the
total emissivities and absorptivities of wet and dry-sncw for temperaturss
between 0°C and -60°C, o

2, A related investiéation; the study of the radiant characteristics
of various types of paints and materials which might be used in arctic con-
ditions. .

3. Determination of criteria for the selection of materials, coatings
and clothing for arctic camouflage and for identification under arctic white--

out conditions.

This report summarizes thekprogress which has been made in these activi-

ties to date.

The report is divided into sections (corresponding to the above
objectives) discussing the various phases of the actiﬁity.

The following indicates the sections included in this report together
with a short summary of each section.

I, Spectral Reflectivity aﬁd Reflectance of Various Materials

N
A, Hea{ea Cavity Reflectometer
This section is in relation to item (2) under basic activitises

above and contains a description of the heated cavity reflectometer

as well as spectral reflectance data of materials which dan be
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2.
coated or painted on a conductive surface or, on the other hand,
materials which are conductive and have a fairly high tensile
strength. The discussion relateé to limitations of the system,
analysis of several of the curves, and an example of how the data
can be utilized.

B. Paraboloid Reflectometer

The measurement of spectral reflectance data with the heated
cavity reflectometer is described in section I-A. As the brief
sumary indicates, there is a limitation on the materials which

can be tested. The paraboloid reflectometer will be built to

vpermit the measurement of spectral reflectance for materials other

than those described above., This sectioﬁ of the report includes
a brief description of the paraboloid rgfledtometer which is now
being designed.
Surface Emissivity at or Near Ambient Temperature'
A, The Two-Radiometer Method

This section is in relétion to item (1) above and contains a
description of the two-radiometer method for measuring surface
emissivity of surfaceé at br near ambient témperaﬁure.. The measure-
ment of emissivity at these temperatures is difficult because the
énergy;emitted by the surface is low. The two-radiometer method is
described and relevant equations are presented.
B. Emissivity Meter

The two-radiometer method described in II-A above is a labora-
tory instrument. In order to.permit field determination of emissivity,
the emissivity meter was designed. This is a portable instrument.
This section of thevreport describes the meter and présents the

relevant equations.



III. Transmissivity and Absorptivity of Snow
A. Solarimeter and Albedometer
This section of the report describéé two devices which were
devéloped in the laboratory to measure the transﬁission and albedo
of snow to solar radiation. Applicaﬁle equations are included and
preliminary field data are'discussed. Also discussed is the hols

effect inherent in all measurements of transmission of snow.



1. SPECTRAL REFLECTIVITY AND REFLECTANCE OF VARIOUS MATERIALS

A, Heated Cavity Reflectometer

Introduction - Spectral réflectivity and réflecténce dafa prévides flexi~
ble information for the determination of total emissivity or absorptivity. By
numerically or mechanically integrating the product of the source or surface
spectral energy distribution curve and the spectral reflectivity or refleétance
of fhé surface,vit.is possible to obtain the total reflectivities for materials
when irradiated with different-sources and, similarly, it is possible to obtain
total emissivities of absorptivities for the materiél at various t_emperatureso
(8ee Appendix I for further analysis). This procedure is limited by the
Spectral region covered by the data. At the present time, facilities are avail-
able for measurements in the 1.0 to 15.0 micron region only. A General
Elecfric Recording Spectrophotometer will be available soon for measurements
between 0.4 and 1.0 micron. A KBr prism is being obtained and this will permit
the extension of the infrared measurements from 15.0 to approiimately 25,0
microns. It is more difficult to obtain reliable data in this latter region
since the energy availabie is limited by the maximum temperature attainable in
the heated cavityv(lsoooF).,' - | )

In addition’to the'aﬁove; the spectral data may reveal the gresence of
distinct absorption bands for the various materiais investigated; this infor-
mation may be useful in connection with certain detection and camouflage
problems, as for instance, part (3)vof our present contract.

Description - The system used in these measurements is similar to the one
previously used (Thermal Radiation Project 1949a and 1950), however, seferal
changes and modifications ha;e been made that are believed to be refinements.
It is‘believed the revised system ﬁill yield more precise datao’

The basic components>of the'experihental equipment are a heated cavity
in which is placed a water cooled‘samble and an optical system to direct the

energy into an infrared monochromator. For a given ﬁavelength the energy
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reflected from the sample is compared to the energy emitted by the cavity,
TLe ratio of the net deflections of the reéording system is a direct measure
of the spectral reflectivity or reflectancs (see Figure I-A-i).

The cavity is a section of 1/4" wall nickel pipe, 4-1/2" 0.D. and appfoxi-
mately 5-1/2" long. The bottom is 1/4" nickel plate with a 0.875" to 1.20"
tapered hole in the center. The top is consﬁructed of two sections of the’
same material, pitched 7° from the horizontal. One side of the ridged top
provides for insertion of the sample holder. The entire assembly is joined
together by the heliare process to gain strength and to obtain good thermal
-conductivity. The choice of nickel was made because of strength, thermai
conductivity and oxidatioﬁ resistance at high temperatures. The cavity is
supported in the reflectometer case by three positioning rods for accurate
lalignment and rigid support,‘and is peated by three separately controlled
nichrome wire wound heaters. The side heater consists of two semi—cylindricalv
850-watt, 110-volt "Hevi-Duty" muffles connected in series. The top and bottom
heaters are molded to conform to the cavity configuration and conéist of 22
gage Tophet A resistance wire embedded in Saueriéen No. 6 cement. These two
heaters are held firmly against the cavity by the rock wool insulating material
which fills the space betweeﬁ the heater—davity assembly and the water cooled
outer case.

The temperature distribution of the cavity is measured with four Chromel-
Alumel therﬁocouples peened to the outside surface of the cavity wall. One
thermocouple is placedvin the regién viewed as the reference; another, measures
the temperatufe in fhe area opposite the sample. The remaining two are §n
opposite sides of the cavi#& midway between the top and bottom. The tempera~
ture variation is miﬁimized, by control of the heaters, to a maximum of 10°F.
Most refledtance and reflectivity data were taken wifh a 5°F fempérature vari-
ation. ‘The‘cavity was, therefore, approximately isothermal and this fact,
combined with the dimensions selected according to prescribed criteria (Buckley

1934) resulted in a close approach to ideal black body radiation.
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Three first surface flat mirrors and two first surface sﬁherical mirrors
with appropriate shielding make up the optical sysfem.whiéh collects the
energy from the reflectometer and focuses it upon the entrance sllts of the
Model 83 Perkin-Elmer Monochromator (see Figure I- A—Z) A water cooled sh;eld
is placed dlrectly below the cav1ty to prevent energy em;tted by the reflectom-
eter case from entering the measuring system. An iris diaphragm is used as a
second shield and is placed at the first focus; Both shields are adjustable
in three dimensions to insure complete alignmenf,
‘ The output of the detector located in the monochromator is amplified with
a Model 81 Perkin-Elmer A-C Amplifier. The output of the ampli'f;ieﬁr-is‘ fod into
a recording potentiometef°

A check on the alignment of the entire system is made by sighting at the
sample holder opening with the holder remoﬁed. A zero deflection on the
recorder indicates the optical line of sight is passing.directly through the
center of this opening. Comparisons are also made‘for différent.sample surfaces

with data obtained from the literature and from previous work.(Thermal Radiation

" Project (1949a) and (1950)).

The sample holder is ma&e up of twoAconcentric cooling jéckets. The
inner jacket contaihs a tube which directé arhigh velocity stream of water
directly upon the back éf thé-sample dise. The outer chambefAserves to cool
the sample holdef itself and aids in the elimination of edge -heat conduction
to the sample (see Figures I-A-3, 4), The temperature of the semple disc has
been measured several times and found to‘be approximately 80°F for a water
temperature of 65°F. The errors introduced by this temperéture rise are
discussed in Appendlx I.

The sample disc itself is normally SO aluminum 0,030" thick and 7/8" in

~diameter, The samples are punched out, polished with a buffing wheel and the

thickness of each is recorded. The paint or other coating is applied and the -
sample again measured in order to determine the coating thickness. In the

case of treansmitting samples such as MgO, TiOy, a base or background coating
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" of flat black paint is applied to the sample disc. This black paint absorbs

the energy which would be transmitted to the polished aluminum, reflected
andrretransmittéd into the optical system giving erroneous readings. In
addition, various thicknesses of transmitting samples are run, until the

transmission effect has been eliminated, The reflectivity of plastic materials

. is measured with a metal dig¢ backing the sample to guard against the possi-

bility that the plastic may soften and be puﬁctgred by the water jet.

As mentioned previously, the cavity has a ridged top, the two sections
are inclined 7° from the horizontal. The sample itself is viewed at an angle
5° from its normal. Cons@gugﬁtiyg the reflectemeter case must tilt * 12°
between readings. This angular dﬁéplacement is intended to eliminate a possi-
ble first reflection eeming from the cooler edge ef the opening in the bottom
of the cavity. Also, this feature reduces the possibility of energy from
the surrounds entering the cavity and reflecting from the sample into the
system;

Discussion of Results - As was pointed out in the previous section, the

reflectometer has been under d@V@l@meQt for several years. This latest

‘model is believed to have reduced as much as possible, errors and sources of

~errors. The use of cooling water in and around the system has been increased

and it is believed that the method and manner of shielding has been improved.
In addition, the cooling of the saméle has been made more effective.

The last point regarding the cooling of the sampie has been subjected
to much thought. As shown in Figure I-A-4, the cooling water is forced
against the back of the sample at a very high velocity. The convection coef-
ficient on this surface has been estimated to be higher than 1000 Bfu/hrft2 °F,
Calculations show that such a value.is necessary in the case of samples having
& high absorptivity (see Appendix I). Heating>of the sample is very serious
as it affects the longer wévelength measurements appreciably. Calculations
in Appendix I show the percent relgtive error at 15 microns for sample surface
temperatures of 100, 200 and 300°F. Unfortunately, most nonconductors have a

low reflectivity in the longer wavelengths and this fact increases the error:
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in the measﬁrements. _ _

Other sources.of efrbrs‘are: (1) the stability of the amplifying-
recording system, (2) readable acéuracy of the recorder, and‘(S)—operatof
error, Considering.#he above factors, the data presented is believed to be
gccurate’to *o0.02 units in the worst cése. ‘Thus, a measured value of r
equal to 0.10 méyAbe 0.12 or 0;08.

Data are presented in.Figures I-A-5 through I-A-21, Two sets of data

‘are included to demonstrate the effect of sample transmissivity. The

reflectance of magnesium oxide for two different thicknéssés.on two base
materials are given in Figures I-A-18 and I-A-19. The first figure illus-
trates the change of réfleqtance with thickness for a flat black undercoat .
The second figure is comparable data for a polished aluminum base material,
The higher reflectance meaéured for tﬁe thicker sémples is a resﬁlt of
multiple réflections within the oxide and demonstfates the magnitude of this
effecf. The second\set is for ﬁitanium dioxide and the comparison is on the
basis of comparable thicknesses with different undercoafs, Figures I-A=20
and I-A-21. The region from 3 to 8 microns, Figure}I—AFZO is oﬁe of trans-
mission,'whereas from 11 to 15 microns, the refiectandé measured is that of
the dioxide. |

The data preseﬁtadffdrféoatings;édéhAés paints, fdrnishes a definite‘

'demonstrafion of the'importande of the transmission and réfléctance of the

base material or undercoat. For irradiation from sources in the temperature

range 100 to 1000°F, these effects will have a definite and material influence
upon the effective emissivity (emittance). For this reason, the results for
séveral meterials presénfed'herein must Ee termed refiectance and not
reflectivity. Those materials which d§ not indicate transmission effects,
provide reflectivity data but this is'conditionea by the requirement for a
specific minimum sample thickness.

‘The range of data has been limited by the prism available, to 1.0 to

115,0 microns. As mentioned previously, visible‘feflectivities will be
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measuféd'with the G. E. Recording Spectrophotoﬁeter and when the KBr prism'
' ;s'secured,.meaSurements will be extended to 25 mierons. A quartz prism is
' B _ availaBleQ»but has not yet been used. This prism will permit checking the
‘Nééifpfism resﬁlts between 1.0 énd approximately 3.5 microns. In addition,
quartz will give better dispersion and hence resolutioﬁ, in,ﬁhis region,

' The data presented are the preliminary results obtained with ﬁhe:equip-
ment . 'Further'work_is continuing and the planélére to inc%ease the types of
samples measured. A 1arge aircraft manufacturer is furnishing samples of
various materials and coatings for measurement,‘ This information may enable
ﬁetter selectioﬁ of m;terials for use in the arctic. More accurate rédiative. '
heat bélénces may be calculated for cooling and heating'of surfaces in the
pdlar regions using the data obtained. | |

A sample calculation illustrating the use of the information presented,

.is given in,Appendix IT. The caiculétions are for solar irradiation and a

surface £emperaturevqf 60°F, .Tﬁis illustration is given to demonstrate the

d . .utility of spectral data. 'Tﬁe source may bqbof any form as long as the
spectralidistribution is known. Numerical orlmechahical integration is used
to evaluate the source and reflection curves and7thus-obtain the reflectivity
of the material as the ratibiof'the two areas.. | |
B. ?araboloid Refigctométarff |

Introduction - The ﬁeéSurement bfvspectrél reflectance with the heated

égyiti reflectometer has been described in Section I-A. As pointed out in
‘Jh‘ the discussion, the temperature rise of the sample>may introduce an appre-
ciable'érfor in the measured reflectance of cértain sémples; Fﬁrthef, the
7  system is not adaptable to the measurement of the spectral feflectance of
-other materials, such as snow, ice, and permafrost. The neadifor an instru-
ment which wouid permit the measurement of reflectance without heating of
the sample provided the impetus for the design of the Parabbioid Reflectom-

eter.
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Descriptioﬁ - A schematic diagram of the planned system is shown in |
F;gure I-B;l. The ééurce>méy_bé seie@ted sonaé to provide maximum énergy at -
various portions of the spectrum, e.g., globar; mercury lamp;'inéandescent
}gmp or hbhlraum; The energy.frOmytheisburce will be chopped and directed
into a Perkin-Elmer Modei 83umonochromator, dispersed by the prism and a
monochromatic beam.will'emerge f?om tﬁe exit‘slits; An opti§a1 system will
collimate this beam and direét it'betweeh the paraboiic mifrors where a flat

mirror will reflect the energy onto one of the parabolic mirrors which focuses

‘the energy on the sample. The energy‘refledted by the sample is 6oliected,

collimated and directed to the other parabolig mirfor. The second paraﬁolic
mirror refocuses thé energyﬂon a detector. The output of this detectofbis’
amplified and redordéd in the same manner as the system described in Sectioﬁ‘
I-A, above. | | |
The sample holder will be constructed so as to permit viewing of the
sample and of a reference surface alternately. The feference surfa&e iéfto
have a high reflectance.
Discussion - It is believed that this design has the foilowing adfaﬁtages:
1. Since the energy is chopped before it strikes the surface of
the sample, the'emiséion of the sample will‘not be detected .
2. The total hémisphefiéé;; féfher‘thén"nprﬁal rafléqtéﬁceﬂwill
be meésdred.’. B o | |
3. The'angle of incidenée of the monochromatic beambmay be varied
by changing the position of thé flat mirror.
" 4, The paraboloids may be placed in a cabinet, the -temperature of
which may be maintained at any desired temperature.
There are two known limitations in the desigq as outiinedo“One, the
normal réflected energy will not reach the second parabbla since it will be
intercepted by the sample. 'Secondly, the construction of & detector which

will have the sensitivity‘required and yet have a short timﬁ response.  An
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enclosed or evacuated detecfor is not suitable since the detector must detect
energy incident upon it from avhemisphere..

Since the fraction of energy intercepfed by the sample is very'sﬁall, it
can either be corrected for theoretically, or by an auxiliary mirror system.

From recent investigation of the literature and preliminafy‘experimental
work, it.is thought that a suitable detector can be constructed. |

In summary, it is believed that the paraboloid reflectometer.will.present
a satisfactory solution to the problem of measurement of spectral reflectivity
oflsamples which cannot be tested in the heated cavit&‘reflectometer. In
addition, samples thch must be maintained at tempefatures under 32°F (i.e,,
snpw,‘ice and permafrost) can be tested when the paraboloids are enciosed‘in
the controlled ?emperature cabinet,

‘A refrigeration unit and required aécessories for the ébntrollgd environ-
-ment cabigetlﬁwe been purchased and the preliminary design of the cabinet
oompletgd. The required parabolic mirrors have been received and the front
surface aluminized. AcCessbry.optics are available. The optical systgm will
be designed and constructed by September 1, 1955. In the same period ofv
time a détector will be built. It is contemplated that the reflectometer will

be plaéed in operation by October 1, 1953.
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II. SURFACE EMISSIVITY AT OR NEAR AMBIENT TEMPERATURE

A. Two-Radiometer Method

Introduction - The measurement of surface emissivities at or near ambient

temperature (0 to 100%F) is difficult because the energy emitted by the surface
at these temperatures is low. The two-radiometer method (Thermal Ra@iation
Project (19480)) was developed at the University of California to measure the
emissivity of surfaces at these temperatures.

) Two radiometers (Gier (1940)and Boelter (1945)) are used to measure the
emigsiyityf MOne radiometer is heéted until it reaches a uniform constant
temperature about 30°F above ambient; the other radiometer is unheafed and,
therefore, its temperature is that of the surrounds. A sample is rotated
beneath the radiometers.

| By writing an equation for the net interchange between the sample and -
each of the radiometers, the output of the thermopiles may be related to the
emissivity of the surface.

The sample temperature rise is never greater than 5°F.; the actual rise
isvdepepde§t upon the emissivity of the surface and the speed of rotation of
the sample. With such a small température rise it is possible to test samples
which are sﬁbject to deterioration when heated.

Description - A schematic cross seéﬁion of the expefi@entaluapparatus is
shown in Figure II-A-1l. The detectors are silver-constantan Wire wound
thermopiles with blackened receiver strips. The case of the radiocmeter is
a section of heavy wall copper tgbe with an outerlcase of bakelite. The
heated radiometer is wound with a constantan wire heateI:° The placement of
the windings and the large thermal conductivity of the copper reduces the
'temperature_variationvalong the wall to a maximum of 1/3°F. The internal
dimensions of the radiometer case aré selected to approach "ideal" Planckian
radiation from the opening. The thermopile receiver ﬁsees" this opening

with a geometrical shape factor of 0.165. The reference junction of the
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thermopile is shielded from the opening by a baffle plate.

Theoretical Analysis = The following assumptions are made:

1. The “hoﬁ"‘radidmefer irradiafes the sample surface with the
in/te‘nsity c TH4.

2. The active receiver strip "sees" the fadiometer]case opening
with a geomefrical factor of 0.165. The remainder of the
"half-spéce" vieﬁed by the receiver is occupied by the‘éase.

3. The reference strips éees only the baffle in the radiometer
casé.v | |

4. The temperature rise of the active receiver sfrip is small.

5. Qonvgqtion ahd conduction losses ét the’t%o’receiver'strips
are equal.

A heat Balanéé for each'radiometer mayvbe writfen, neglecting any
multipleAreflgctions and:assuming the reflectivity is one minus the emissivityQ

Heated Radiometer

' o 4 . 4 4
(%)H = ey O F(l-e )T * ege OF TS‘ - ey OF Ty (1)

Cold Radiometer

4

. ’(-%),0 = o O'F(l—es),Tc4 + oy e, OF Ts4 - ee OF I, (2)
" Where B
| A = Area - ft2
e = Emissivity - dimensionless
F = Geomet;ical fofm_fadﬁor - dimensionless
G = Irradiation - Btu/hrftz
X % Rédiometer‘qonstant -‘Btu/hrftzxmv
q = Heat»flow - Btu/hrv
T = Abéo}ute témperature - o
V = Voltage - millivolts (mv)
on % Stefan-Béltzmﬁnn,constant - 0.172 ':c:IO'8 Btu/hr 6R.‘
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Subscripts
C = Rediometer at ambient conditions
H = Heated radiometer
s = Sampie

The radiometer constant is defined ass

1 g _ 4 ' .
ey T KHVH. =0g-0FTy (3)
1 q | | 4

Py (I)c =KoVg = Gg - OF Tg ‘ (4)

Substitution of (3) into (1) and (4) into (2) givess
4 4 . '
KgVy = es O F(Tg - Ty ), (5)
4 4, , A ,
KoVo = o O'F(Ts - T4 ) (6)
Equation (5) may be subtracted from (6) and solved for es

_¥cVe - Kg'y

_es o F(rgt - %) )

Similarly, solving for Tg
4 Y
- KgVglTy - KgVpTc ) , 8)
\ K¢ - XugVm

Equation (7) may be furthér simplified by the relation

g - TG - Tivg (g - T) | (9)
for Ty = Tg -
Equation (7) becomes

. KVg - Kgly (10)

s 3
4 OF Ty, (Tg - T¢)

The last equation is used in calculation for simplicity and accuracy.

Calibration of Radiometers - The response of the thermopiles are normally

assumed to be independent of the source temperature. Although this assumption

is satisfactory for the usual applications of radiometers, a more exact
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calibration is required when they are used t§ measure emissivity.v Since the
calibration cqnstants are a function of temperature, the radiometers are
calibrated with "ideal™ radiators in the temperature range O to 200°F (approx-
imately).‘ |

The calibration procedure is as follow§s

1, fId§a1"Ablack body radiators are constructed in accordance with
éstablished~criteriaw(Buckley“(1934));_

2. The radiometer is placed beneath or above the cavity openiﬁg,
depending on cavity temperature, and readings are made of the
thermopilé response, radidmeter case temperature; and radiator
temperature.

3. The net radiation of the thermopile is F 0‘(Tl4 - TR4),
where Tl is temperature of ideal radiator. The consﬁant of the
thermopile is computed by expressions analogous to equations 3
and 4, wherein G has been replaced by F 0'T14e

The thermocouples for measurement of‘the case temperatures are calibrated
with constant temperature baths. For temperatures below ambient conditions,
baths using mixtures of ice and acetone, ice and water, etc. are used. The
radiomsters\are protected from damage, when immersed in the bath, by thin
impervious membranes tightly wrapped ébout the instrument. -

Instrumentation - The thermocouple and thermopile emf's are measured with

a Leeds and Nbrthrup Type K-2 potentiometer used with a Type E galvanometer.
These instruments are sensitive to 005 microvolts, -which is 2 percent or less
of the smallest reading (thermopile output). The temberatures are referred
to an ice junction and precautions taken to reduce stray orbthermal emf's that
-might introduce errors.

mDiscﬁssion - The equipment described will permit the measurement of the '
emissivity of snow, ice, frozen ground and other materials used in or natural
to the arctic regipns. This will be done by placing the radiometers and

sample in a deep freeze unit. The data obtained by the two-radiometer method
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will augment and substantiate the spectral data described in Section I, above.
Among others, the twﬁ-radiometer method will be‘u;ed to measure the

reflectivity of the following surfaces:

1. Sﬁow, artificial and natural;

2. Ice - solid, crushed, etc.;

3. Frozen gfound - different types and variqus moisture contents;

4. Fufs - polar bear, white fox, épd ermine; |

5, :Paints; and

6.> Metals,
B. Emissivity Meter

Introduction - The two-radiometer method, as described in II-A is a

laboratory instrument for. the order of magnitude of signals is so small that
under field.conditidhs the sfray signals would become appreciaﬁle and give
erroneous determinations of emissivity. This makes it necessary to either
Fest'artifidial samples or remove actﬁal samples:from the region where they
are indigenpus to the laboratory for testing. Although it is feasible to

move most samples, snow in particulér presents a problem, since its pharacfer-
isties vary WitH time and pa#t history. In view of thié fact, a field devieq ‘
has beenidesigned to measure the emissivity of samples. This device is con-
structed but as yet no tests ha&é been performed. Laboratory calibration -
and uéeﬁwill soon be’undérwéy, It is felt fhat a thorough check in the
laboratory is needéd'in order that as many sources.of error as possible cén__
be eliminated before it is used in the field.

'Description - A schematic drawing of the back focused optica;%detecfor
system is shown in Figure II-B-1. The first surface spherical ﬁirfor.is
focused on the receiver and sérves to- limit étray energy and to Qoncenﬁfate
“the energy from the sample. A more detailed drawing of the»entire.design,is
shown in Figure II-B-2, | |
The device consists of a double walled hohlraum for défining the ir-

radiation of the sample surface and the béck focused detector. The hohlraum
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(or ideél radiafor) is a double walled cobpar cylinder which ﬁéy be varied in
temperature by the use of various coolant;° Present plans are to us; boiling
nitfogen and possibly solid carbon dioxide-isopropyl alcohol mixture as iso-
thermal fluids, Cénnections are provided to permit circulation of fluids in
the Wails of the cavity where such facilities are available, i.e.,.in the
1abofatory. The use of low temperatures in the hohlraum eliminates the error
introduced by reflection of hohlraum energy from the sample surface. An
anticipated difficulty is the possibility that the surface of the sample will
freeze by the introduction of the large heat sink. Calculations show this
may be partially eliminated by the experimental procedurse.

The mirror and focusing tube arrangement permits three dimensional adjust-
ment of the mirror and the thermopile detector. ~These adjustments are such
that they may be easily made in the field if necessary. The optical path is
shielded from extraneou; energy with an adjustable metal plate. A reference
surface may be inserted in the opﬁical path for calibration and operation
check. The detector consists of a wire wound silver-constantan 25 junction
thermopile supported by nyiOn-glass fiber threadé.

The entiré assembly weighs approximately 36 pounds including insulatién°
Tbis weight'is not believed excessive for use in snow. The detector oufput”
mgy_bgﬂmeasgredlwith’a pOrtable;potaptiomqtefrsﬁch asuthe L ?nd;NMIYP?W§§§2o ,
As stated before, field tests have not been conducted. It is nevertheless
felt the instrgment will prove satisfactory for normal field conditions.

Derivation of the Equations - A radiation heat balance written upon the

sample surface gives

GT = % 0.Ts‘l (- es) Fsh c_Th‘l * FSO~(1 - es) Q-Tgo (l)
where |

Gp = fotal energy emitted and reflected from the sample surface

e = Emissivity

T. = Abgolute temperature - °r
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= Shape (or geometrical) factor
0 = Stefan-Boltzmann constant
Subscripts
s = sample
h = hohlraun
o = upper opening in hohlraum
oo = surrounds (other than hohlraum)

r = receiver

m mirror

The energy incident upon the receiver is

Gp = FppOrp | (2)
where |

G,. = Energy incident upon the receiver

F?m= Shape factor of the receiver with respect to the mirror

Values of the shape factors ars

Frm = 0,308

Fgp= 1 = Fsoo = -974

Fg, = 0262

S0

Substituting these values in the equation for G, gives

@
u

h (a4 47 4 a 3
o (.308) {~9s[fs"974 Ty -.0262 TOJ+ 974 Th+.0262‘I0%} (3)

or

@

| | 4 4 ‘ 4 |
G, =0 (.308) {%S(Ts) + ,974(l-eg)Ty + 60262(1-es)roé} (4)
Assuming the following values of temperature

T 485°R (25°F)

S

il

T

. (e}
Too = 492°R (32 F)

W

160°R  (=300°F - liquid nitrogen)

the value of G, is

G, =28.0 8 +1.15
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The expected value of e4 ranges between 0.90 and 1.0 and for the lqwer‘value,
give;
Gy = 26.4 Btu/hritd

which will give a detector output of .5 mv with a detector constant of

-

50 Btu/hrft? mv.

”Discussion - The advantage of a low temperature hohlraum can readily be
seen. Examination of equation (4) for G, will show that T) has approximately
40 times the effect of T, as a result of the low value of Fgos similarly Ty
has approximately one-tenth the effect of Tg. Therefore, in order to maintain

as high a level of accurécy as possible, T, must be reduced to a minimum.
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- III, TRANSMISSIVITY AND ABSORPTIVITY OF SNOW

A, Solarimeter* and Albedometer®

Introduction - The evaluation of heat gains and losses in a snow pack

conduction and radiation. The problem does not lend itself to simple calcu-

lations, since heat flow changes such physical properties of the snow as

~ density, crystal size, shape and hardness, and these changes, in turn, affect

the evaluation of heat flow. In view of this, suitable instrumentaﬁion is
desirable. The albedometer is being developed to measure the heat gains and

losses at the surface of the snow pack due to solar radiation, and the solar-

- imeter to measure transmission of solar radiation into the snow pack at any

level.

A review of the available daté for snow transmission given in S;PRE
Report No, 4, reveals a large variation in the'attenua#ion coefficients
reported; ?hese efforts of correlation by Lambert‘s Law of transmission,
have necessarily neglected the variables encountered in snow. Consequently,
the data are singularly valid for the particular snow cover existing at the

time of measurement. There are a large number of physical properties that

possibly affect the transmission; the most obvious, density. The extinction

coefficient used by chemists (Beer's LgW) makes use of the concentration of

the absorbing medium. Density is a measure of this concentration. Unfortu-

nately, snow density is variable and frequently a function of depth. Hence

the transmission is' not an exponential with a linear exponent as in Beer's
%éwf HIn addition, snow is a diffuse medium and crystal structure andisize;is
also an important factor to be considered in determining the transmissions.
in this connection, a possible variable that would-assist in correlation, is

the albedo of the snow. The reflectivity of a surface such as snow, is the

*The names chosen to be descriptive of these instruments
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sum of the first reflection from the surface aione and the total of the energy
passing back through the Qurface as a result of multiple reflections and
transmissions within the snow pack. The albedo is a function of transmission
| and may Sefve as one parameter for correlation of transmissiqn.with particle.
size. As a first approximation, one might suggest that the quantitative
expression for the attenuation of radidtion in passing through this media may

be written similar to the expression for atmospheric absorption as follows:

G _ =-(a+P)t
-G- =8
o
where

G, = Initial irradiation as indicated by the solarimeter

"G = Irradiation at some depth t . .

/

a =A sgattéring coefficient which may be -a function of t

P

a + B = a = An attenuation coefficient

An absorption coefficient which also may be a function of ¢

t = Thickness of absorbing medium
An expression similar to the above needs experimental verification. Data
may reveal an expression as follows:

¢ _ _=a(t)t
g " |

o]

An unavoidable, inherent error in the majority of the data reviewed, has
been the neqessity for forming a cavity in the snow to contain the maasufing
instruments. 'In the majority of instances the instruments used for measure-
me?ts were either photoceils of Eppley Pyrheliometers. Both deviceé required
ample space for installation. The cavity oauseé errors in measurement by
virtue of the inter-reflections at the walls of the cavity. In effect, an
imperfect black body radiator is formed. The reasons enumerated above led to
the adaptation of a silver-constantan wire wound thermopile for measurement

of solar transmission. The characteristics desired of the device were:
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1. Sensitivity'such that it might be used with standard recordiﬁg
equipment without amplification;

_2. Flat for easy insertion in the snow without the>formation of a
cavity; |

3. Insgnéitive to radiation from the surrounds, i.e., long wave-
length energy;

4. Rugged and simple for field use; and

5. High transmission and low thermal conductivity.

Description of Basic Features - The essential elements of the device are

shown in Figure III-A-1. The thermopile detector (Gier (1939)) is supported
in a plasfic—glass sandwich. The two junctions of the thermopilé are aluminum
foil, one blackened and the other white. The plastic case is plexiglas which
“has a low thermal oonductivit&. The gifferent pieces are held together with
brass screws and sealed with silicone vacuum grease which has proven adequate
under field tésting. The leads from the thefmopile are brought through the
plastic to binding posts. | ‘

The cover plate used for all instruments to date, is a lantern slide
cover glassv3—1/%" x 4". The glass was selected for its transmission character-
istics and reprodﬁcibilitye

| The albedometer is merely two receivers similar to those of the solar-
imeter faced so aslﬁo view in opposite directions. The calibration constants
are made equal for the two receivers; the output is a measure of the net.
energy going into the snow pack. If the two are read separately, one measures
incident fadiation and the other reflected radiation. The albedometer also
furnishes a rapid and simple measurement of the albedo of foliage, ground, etc.

Calibration - The instrument was calibrated with a high intensity lamp.,
The lamp was sighted élternateiy with a calibrated radiometer which has a
glass filter to cut out the long wave radiation of the lamp envelope, and with
the solarimeter. The calibration consténts obtained were in the order of

12 Btu/hrft? mv.
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. ‘Theoretical Considerations - Thebbasic idea of this device is similar

to that of the Eppley ?yrﬁeliometer. The blackened junction has a high
emissivity and absorptivity to all wavelengths of energy. The white junction
ideally is highly reflectant to solar radiation, but has the same character-
istics as the blackened strip’for all other radiation. Thus, in the short
Wavelenéth (solar) region, the white receiver reflects most of the energy
while the blackened strip absorbs a Iarge percentage of the energy. Both
absorb equally well in all other regions‘of the spectrum. Consequently, the
instrument is sensitive to éolar.radiation and insensitive to long wave radi-
ation,
The following table includes the symbols which will be used héreinz
V = Thermopile output = mv (eq. 5)
F = Geometrical shape factor - (eq. 12)
. , G = Irrediation - Btu/hret? | |
K = Thermopile constant - Btu/hrftz/bv - (eq. 7)
1 % Length - ft (éq. 1)
'R = Effective reflectivity of a medium or combination of media
S (eq. 11) |
T = Temperature~-v9R
v = Thermoelectric power per junction - mv/ﬁﬁnction - (eq. 5)
h = Heat transfer coefficient - Btu/hrft? °F (eq. 1)
k = Thermal conductivity - Btu/hrft °F (eq.‘l)

n = Number of junctions (eq. 5)

e |
1]

Reflegtivity of a surface (eg. 9)
t = Transmissivity of a media (eq. 9)
a = Absorptivity

A = Difference

q‘
[}

Stefan-Boltzmenn constant = ,172 x 107° Btu/hr °R



Subscripts

H

A

1} ] -0 i

a

Long wavelength (low temperature)

Short wavelength (solar)

Silver
Coﬁstantan
White
Black
Hoﬁsing

Ambient temperature
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Thermopile Calibration Constant - Consider a thermopile exposed to

incident energy G.

»A heat balance may be written upon the receiver strips as follows:

4 4
Glaa)g * 0 Iy (Aa)L 0aT.° - aLw

ks
+‘T§ (TB - TH) +

+ h(TA - Tw)

ch
+ ‘TJ"(TB - %)

k
. (Tg = Ty) * h(Tg - Ty)

(1)

The above equation is‘Based on the following assumptions:

1.

2.

3.

4,

5.

6'

If it is further assumed that (Aa); = 0 or apy = ag

becomes

4 4 2k
Glaa)g = 0 ap(Tg - Ty ) + Elc

TB>TH?TWJand TB>TA>TW

kg = constant

1} = constant

aag = constant
aap = constant

The shape factor of the device is equal to unity

= a7, equation (1)

. |
) +T§+’ﬂ\(TB—TW) @)
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4 usual simplification is made when Ty = Ty as follows (see equation 9, section
I1-4)+

4 4 (TB Tw)
Tg =Ty = 5

(TB - Tw) : o (38)
- Substituting equation (3) into equation (2) yields
o [O e 2k, k o R
3 C S . : v
Glaa)g = [}g*- (Tp + Tq)" +q— *q_ * ﬁ} (Tg - Tw) ~  (4)

The output of a thermopile is defined as .

v = nv(TB -'TW)

Thus
- =T - T . ) ) . ) . . 5
nv B = o ‘ - ‘ ( )

’Theféfore'equation (45 now may be written as'
: To '-'. 2k, k. o |
. v C\9 c s 1 - -

Which is the form of

" .where

e Ca 2k, k& - S
K~ s [ 7= (Tp * ) Yo h} @

callbratlon constant

N

Comparlson of equatlons (1), (7) and (8) will show that the.assumptlon
of equal. 1ong wavelength emJSS1v1tles for both receiver strlps is a crltlcal
polnt in the ana1y31s; from ourvstudy.of the llﬁerature’we find that this
point‘has been taciﬁly.assﬁmed or implied in the,descriptions of‘most solaf
radiation measgfing'deviéesﬁ *

Alsc.équation (8) réveéls that;K,-the calibration,coﬂétanf will vary
. with temperatufe since v, kg and kc.yéryAﬁith téﬁperaﬁures fduf'experiences
with therﬁéelectrid devices ﬁas indicatedbfhat this variation.méy~Ee.appre,

N

‘ciable when the device is calibrated at or near normal ambient temperaturs



|

—26.
(say 70°F) and used at or below freezing temperature. This variation in K
‘should be established before precise evaluations of solar irradiation can be
effected. This is another point that has been treated lightly by us;rs of

solar radiation measuring devices.

"Bffect of Plastic Case -~ The enclosure of the thermopile will affect the

detector output. The calibration method used compensates for this effect.
An analysis of the magnitude of the influeﬁce is made as follows.
i Idealize a systeﬁ of two plane transmitting diffuse media with the thermo-
pile between (see Figure III-A-2). |
The value of Gy t, 2 intercepted by the thermopile is from the above

figure:

Gl to 2 G(l -r r2)

The materials used (Plexiglas) have total reflectivities of the order of

5 percent and total transmissivities of 90 percent for solar energy. Therefore

PV
G(1-0025)

B0 2
= 923 G
The effect from a change in transmission of the upper surface can be

seen to have a serious result upon the measured values. The transmission has

no affect if the value is the same for the calibration source and the source

that is being measured. A similar reasoning applies to reflectivities. If
the reflectivity of the upper surface is invariant and of the order of 5
percent, changes in the reflectivity of the lower surface have little or no

effect upon the value of'Glzo

Effect of Cavity - As was pointed out prqviously, a cavity must be formed

in the snow to contain the measuring instruments. The cavity causes errors
in measurement due to the inner reflections within the cavity. This effect.
may.be approximated by two methods., The‘first.procedUre is similar to the.

preceeding snalysis (Figure III-A-2),
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5 ' The value measured by the solarimeter is G to 2
/
' » ri R ’
1 723
Gl to 2 =G tl 1 + (10)
° 1 -1 Ryg . .
wherse
t, r

+ 25 (11)

R = ————
23 rz 1l - r2 rs

Assuming:

‘i}_gi_?& 1.215 t;

The value which is desired is t; actual, whereas the meaSuréd value is
1.215 t]. This simplified analysis demonstrates that values much larger than
the true transmission may be meaéured due to the inter-reflections between
the insfrument and the cavity surfaces. J

The second method partially explains the reduced effect from placing the
upper surface of the solarimeter in confact with the.snow° . .

A factor F is assumed which by definition is thé ratio of energy that is
incident upon|the cavity lower Surface'tb that whiéh enters the cavity. There-

fore, by multiple reflections, the fraction of the total energy incident upon

the lower surface is from Figure III-A-3:

.+ (1 - F) r2 F2 | : .
F 1 -r® F(1 -F) (12)

The energy incident upon the lower surface of the cavity approaches
E as F > 1. Ihe fraction F can only approach 1 if the cavity is small.
: ~8ince the solarimeter intercépts only a part of F, the ideal case would be
a point. This is impracticable, but the optimum practicable limit would be

a cavity the same size as the solarimeter, i.e., inserting the instrument in
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the snow without creating an unnecessary void about it.

Results of Field Tests - Field tests were conducted at the Central Sierra

Snow Laborétory during the months of Mérch, Apfil, and a portion of May. Snow
conditions were not ideal since this was a melt period and a large dmbunﬁ of
free water was present in the snow. The flat upper surface of the instrument
did not permit the water to drain properly. The data obtained were primarily
useful in determining field performance. The glass to plastic seal was a
source of trouble. Leakage of water into the instrument affected the thermo-
pile and developed erroneous readings. A silica-gel drying agent holder was
provided in each device, but this was only sufficient to maintain a low water
vapor content and not to absorb the water.
The instrument was placed in the snow by two methods. The first was

'merély direct insertién’into'the snow, i.e., snow contacts all surfaces. In
the other method, a small cavity was made in the snow and the instrument
 rested on the bottom. The indicated transmission Qf'ﬁhe seme Snow cover was
approximately 2 times as great by the second method than by the first. This
is attributed to the cavity or intéf;reflection effect.

The pféliminéry‘work indicates that insertion of an unchilled instrument
in the snow is not satisfactory. ‘The snow on the upper surface of the instru-
ment melts and refreszes. The freezing effect is eliminated by pre-chilling
the instrument to approximately snow temperaturé befdre inserting it in the
Snow, | | |

There were several'observatiénS'of a sudden increase in recorded output
in'fhe positive direction during the early ﬁorning hours; these occurred
between midnight and 3 AM and lasted for approximately'one ﬂour. The output
record would suddeniy inérease,kunlike a heating curve, to a value of 0.5 to
1.0 mv and remain constant. At the end of an hour or so, the record would
' slowly decrease, similar to an exponenfial codiing curve . Much thought has
been given to this action and an attempt will be mede to ‘duplicate it with a

deep freeze unit so as to determine the possible cause.



29.

. Representative results of the aforementioned field tests are tabulated

below. These are presented to illustrate the magnitude of thebrééponse in

millivolts and to demonstrate the practicability of the instrument. As noted

previously, the conditions of the test were not ideal and the results given

are preliminary in nature. “Contemplated plans are to obtain data under more

suitable conditions with a more complete knowledge of the variables involved.

DATA OBTAINED AT CENTRAL SIERRA SNOW LABORATORY
\

Eppley Solar- Solar- Percent T
Pyrheli- | imeter imeter Based on
v ometer No. 4 No. 1. Solarimeter | -
Date  Time | Btu/hrft? Btu/hrit? Btu/hrftz * Remarks
4/1/53 1445 | 130.3 142.1 11.5 8.1 Light cloud
1450 | 121.5 135.0 11.5 8.5 cover
1505. | 155.9 168.0 12.0 7.2
1520 | 149.0 185.,1 12.0 | 6.5
1535 | 129.4 162 .0 10.6 6.6
4 /2 /53 1355 | 287.0 330.0 19.4 5.9 Bright sunshine
‘ 1450 | 230.5 267.0 14 .4 5.4
: _ 1545 | 180.2 214.0 12,7 5.9
\ 4 /4 /53 1300 | 300.0 317.0 30.8 9.7 Bright sunshine
- 1315 | 215.5 320.0 30,8 | 9.6 . '
1620 | 63.5 63 .1 10.5 16 .6% Light clouds
1640 | 28.9 31.6 4.9 15 ,5% Shade
1650 | 21.9 22.6 3.8 16.8% Cloudy and showers
1700 | 14.7 14 .8 2.4 16 ,2% Cloudy ‘

Constants: 10 junction Eppleybfyrheliometers

Solafimeter No. 1

Solarimeter No. 43

14 .6 Btu/hrrté

9.6 Btu/hrft?

2.50 mv/ém—cal/hin/%mz or
88.4 Btu/hrft? mv

mv

mnv

%A1l measurements conducted at a‘lefél of 4 inches of snow above the instru-
ment, except for the last four measurements, which were at a 2 inch level.

In addition to the above data, points were picked off of the chart roll

when the solarimeter was placed at several depths in the same snow bank. A
: T ' R R ;

‘plot of these data reveal a "trend" toward an exponential function although

there was considerable scattefingo However, it is felt that a refinement of

techniques; more complete knowledge of the variables, and improvements in the

sensing elements will permit the experimental evaluation of an attenuation
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coefficient.

Discussion of Sensing Element - The present deéign employs flat white

paint and flat black paint for the receiver strips. This has not proven

satisfactory because these paints do not have identical spectral character-

‘ istics in the 1ong wave fegion, and as has been pointed out, this isnthe

basic assumption upon which the operation of these instruments is prédicated.

When the long wave emissivity is different, the instrument responds to changes
in case temperature as well as short wave radiation. Experimental work is
now being conducted to develop coatings with better spectral characteristics.

Another source of difficulty is the gléés,to plastic seal of the cover

 p1éte° To date efforts to obtain a watermtight, temperature resistant seal

have been unsuccessful. A change from a glaés to a plastic cover has been
contemplated and will be made if a seal is not found.

iIt should be noted that %he'sensifivity of the solarimeter is approxi-
mately two and one-half times that of the 50-juntion Eppley‘?yrheliometer
(12 Btu/hrftzvmv as contrasted with 28 Btu/%rf%z nv). |

‘The response of the pfesent instrument as a function of angle has been

measured. An example is shown in Figure III-A-4. The response is not the

‘desired cosine fugefion. If a hemispherical cover is used rather than flat

glass, the cosine response could be approached to a'greéter'dégree,~5ut'then

the ease of placing_the instrument in a snow bank will be lost. The 1éttér

feature is the more important due to the errors inherent when a hole must be

dug in the snow.

The instrument is subject to fluctuations when gusts of wind cool the

/ R
case, As described above, the selection of satisfactory receiver strip

‘materials will eliminate the instability. When this defect is corrected, the

instrument may be used in the open in the same manner as the Eppley Pyrheli-
ometer.
The transmissivity of the device has been tested and a mean value of 20

pércent for the visible region was determined. This value is of the order of
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vmagniﬁudé of praﬁious.ﬁéaéurements of trensmission of 1 to 2 inéhés bf snow.,
'QOnsegugntly, the effect of instrument ebsorption upon the surrounding snow
is small. Similarly, the conduction'effect is hegligiblé since the thermal
conductivity is approximately 0.1 Btu/hr OF ft.

Future Development - The primary difficulty of the instrument at the

prqsent time”is its sensitivity to émbient'temperature changes. As noted_
previously, a program is now under way to obtain more suitable,recéiﬁer ma-
terials. In addition to this, a testing program has been outlined to determine
"~ other po&sible difficulties. This program is aimed at: |

1, Improving the angular response;

2°V Ascertaining the effect of temperature and temperature gradients;

3. Securing a positive seal at all j§ints;

4. improving case design; and

5. Determining the weathering effect upon plastic.

This work will be conducted during the summer of 1953 and the improved

instrument will be tested during the forthcoming winter. The testing of the
device under field conditions is naturally the best and only true’fest of

performancs .

Acknowledgement - The field testing was conducted by William H, Parrott

of the Central Sierra Shoﬁ Laboratéry° His suggestioﬁs and assistance have

been of great value.
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Figure No.

I-A-21

I-a-22

I-B-1
II-A-1

II-B-1

II-B-2

III-A-1

ITI<A-2

III-A-3

ITI-A-4

Description
Titanium dioxide, thick sample
Flat white paint, Fuller Decoret

Schematic diagram of parabbloid reflectometer

‘Schematic diagram of two radiometer equipment

Schematic diagram of optical system of the snow
emissivity metsr ‘

Schematic drawihg of the snow emissivity meter

‘Exploded view of the solarimeter

Diffusing medium ray diagram
Diagram of cavity inter-reflections

Cosine response of solarimeter
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APPENDIX I

Error in Reflectivity lMeasurements

The reflectivity (or reflectance) measurements are subject to errors
introduced by emission from the sample. An estimate of the magnitude of the

error may be made as follows:

Sa = F(EKH - Ekl)

Sy = F(E)\H'rs,+ osE\s - Ekl)

_where
Sa = Recorder deflecfion whéﬁ wall of cavity is viewed
Sy, = Recorder deflectioﬁ when.sampie cavity is viewéd
F = Proportionality constant betwsen energy and deflection
E = Emissive power Btu/h:/u
r = Reflectivity or refleétance
e = Emissivity or emittance

subscripts

H = Hohlraum (ideal radiator)
s = Sample
A = Wavelength - microns
1 = Dafumrlevel for energy interchange
m = Measured |
The measured reflectivity is the ratio of Sy to S,

- Sy - E\grg *eg Bg - By
Sa E g - Ey1 ’

Tm

Assuming that

a =1 -
s Ts

then
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r rs (E)\H = E)\s) + (E)\s - Ekl)
m EAH - Ex1

. B - Bvs Es - B
SENH - EA1 EXH - BAL

(EXH - Ex1> - (Eks - %l) + (E)\s - E)\l)

S Exg - B2 Eyg - B\l

The error in the measurement, rg, may be defined as

r, = rg =ar = (1 - rg - ) (EE;:S EE:‘\i)

m
The magnitude of this error at 15 microns will be calculated for sample
temperatures "of 100°F, 200°F and 300°F, assuming the datum for exchange is
70°F (E)J) and a hohlraum temperature of lQOOOF. The maximum error will
oceur for 1 - rg =1 or rg =0,

‘A, Sample Temperature 100°F

E,y = 1670 Btu/hr/u at 15/11 and 1400°F (Thermal Radiation Project

(1950))
By = 7.50 Btu/hr/u at 15/u' and 100°F (Thermal Rediation Project
: (1950)
Byl = 6.24 Btu/hr/u at 15 m and 70°F (Thermal Radiation Project
: ' (1550))
NS Uil VO S
EBu - B
_l.26
T662.5
: ATpax = +000756

B. Sample Temperature 200°F

Same as sbove but,

“EXS = 12.3 Btu/hr/u at IS/u and 200°F (Thermal Radiation Project
(1950))
r o _6.08
~Tmax 1662 .5

.003 64
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C. Semple Temperature 300°F

Exs = 17.9 Btu/hr u at 15 and 300°F

_11.66
STmax = Tg63.5

= ,007

Calculation of Sample Temperature

68

Consider the sample disk with a paint coating; a uni-dimensional heat

balance may be written upon the sample:

where

P . ’
Q=030 - 05 0T =1 (Tg = Tz) = h(Ty - T1)

= Heat flow through the éample - Btu/'hrft2

bho

T = Temperatﬁre - °r
a = Absorptivity

e = Emissivity

L = Thickness - feet

h = Heat Transfer coefficient - Btu/hr °F ftz

Subscripts

s = Sample‘

H = Hohlraum

1 = Water side of metal backing disc

2 = Coating side of metal backing disc

w = Water

Evaluating the first term for-TH'= 1400°F, TS = 100°F

‘Assume

[ s 4] ~
oy %s Ty - eg Ts] = 172 [15(119,600) - 65(981)}



4

o
[

= .172 [119,600 - 981]
= .172 [118,619)

= 20,400 Btu/hr
The water side temperature difference is of the order of 20°F (measured);

“Tﬁé¥éfoye the water heat transfer coefficient is:

Crm _ 20,400
(%)(Tw = Tl) "T

=2
]

1020 Btu/hrfté °F

The temperature of the surface may be eStimated‘by using assumed values

of the thermal conductivity of paints and the corresponding thicknesses.

| } | | _
- ' kg Ly T, - T, | Ts
(Btu/hrft °F) in, (°F) (°F)

% ' o1 ~ .005 85 165

| .010 | 170 250

| , v

| 2 005 | 42.5 122.5

| .010 85 165

| :

| . 4 .005 21.5 101.5
.010 42,5 122.5

| .

| ' ’

Sampls calculation

ks = 0.2, LS = 0,005 inches

who

k - .
=r§' (Ts - TZ)

T.-To = (9) /(-5
s ‘2 (A)/KLS’

= (20,400)/(—5—
4 (20,400)/(555)
~ (20,400)(.005)
=)
= 20,400 = 43 5°F
480 - °
Tg = 42,5 + 80 = 122,5°F

*Assuming Tq = Ty = 80°F
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 APPENDIX II

2

Calculation of emissivities and absorptivities from spectral reflectivity data

A. Bmissivity of flat white paint at 60°F.
The spectral reflectivity of flat white paint is shown in Figure I-A-22.
For purposes of illustration the data for a thickness of 0.004" will be used.
The reflectivity of a surface is defined as
e ‘ ©
_[ n B A [ By &
)

2]

r-_' =

[}
[ o oT
0o °

4

where
r = Raflectivity

EX:= Emissive power at wavelength A - Btu/hr micron
A

Wavelength - microns (/u)

il

T Absolutq temperature - °r

4 2

ft

c Stefan-Boltzmann constent = ,172 x 107° Btu/hr °R

The above equation may be modified for convenience of calculation to
oo :
r = K ), —EE- d(\T)

o o T°

-Values of P can be readily computed from the Planckian distribution of
‘thermal 9nergy*; Numerical or mechanical igtegratidn of the product ry _Eﬁn

_ o 1o
vs AT yields the reflectivity at the temperature T. Thusly,

*Tabulated values of this quantity are to be pdblished soon by R, V. Dunkle
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» AT | n-g|OoTE EE N AT | meglo18 | MorE
2.00 | 1040 |49.6] o 0 8.75| 4550 | 15.6 | 12.05| 1.88
2.25 | 1170 | 40.5 .001 .0041 9.00| 4680 | 16.4} 12.23 | 2.00
2.50 | 1300 |34.6 | ,005 | 00173 9.25| 4810 13.5| 12.38| 1.67
2.75 | 1430 [35.1 .0194( .0068 9.50| 4940 | 11.7| 12.50| 1.46
3,00 1560 | 7.9 .05 .0040 9.75| 5070 | 10.7| 12.54| 1,34
3.25( 1690 [ 10.4] .12 .0125 10.00| 5200 | 9.5| 12.59| 1.20
3.50| 1820 | 6.2 .21 - .0130, 10.25| 5330 8.2 12.57| 1,03
3.75| 1950 | 20,2 .42 .084 10.50| 5460| 7.9 12.52 098
4,00 2080 | 30,7 .72 221 10.75| 5590 7.8| 12.44| .97
4.252210(33.2| 1.04 .345 11.00} 5720| 7.8| 12.32| .96
4,50 | 2340 [ 29.3 | 1.58 .4 62 11.25| 5850 | 7.5 12.20 °91;
4,75 | 2470 | 30,3 | 2,15 .650 11.50( 5980 | 7.6| 12,03| ,914
5.00| 2600 |47.7| 2.75 | 1.31 11.75| 6110| 7.5| 11.88| .889
5.25 | 2730 | 48.2 | 3.52 | 1.695 12.00| 6240 7.0| 11.70| .818
5.50 | 2860 | 38.3 4,20 | 1.610 12.25| 6370| 6.6 11.48| .758
5.75 | 2990 | 5.8| 5.07 .24 12.50| 6500 6.2| 11.27| .698
6.00|3120| 6.3| 5.73 361 12.75| 6630 6.1| 11.10| .676
6.25|3250 | 6.6| 6.57 | .433 13.00| 6760| 6.1 10.85| .661
6.50 | 3380 | 12.3 | 7.38 ;906 13.25( 6890 | 5.8| 10.61| .615
6.75 | 3510 15,6 8.12 1.10 13.,50| 7020 5.9| 10.40| .613
7.00 3640 | 7.0| 8.78 .615 13.75| 7150 | 6.6 10.15 | 670
7.25 | 3770 | 6.6| 9.40 .620 12.00| 7280 | 6.2| 9.02| .614
7.50 | 3900 | 6.6 10.00 660 14.25| 7410 6.2| 9.68| .600
7.75 | 4030 | 6.5 | 10.54 .686 14.50| 7540 | 6.7! 9.44| .632
8.00 | 4160 | 5.3 | 11.00 .584 14.75| 7670 | 8.3| 9.20 762
8.25 | 4290 | 5.4 | 11.38 615 15.00| 7800 | 10.6| 8.98 | .953
8,50 | 4420 | 9.4 1.10

11.70




-

72 .

Performing the above integration, gives a value of

15
ry E\ d(\T) = 0,057
2/1 g To

The energy remaining from 15/u to oo is approkimately 47 percent and as an
approximation the fefleotivity from 15/u to o may be assumed to be 0.10.

This yields é value of r = 0,104,
{15/u

2

0.057

E\

(e o]
.1§ B aor) = (L1)(.47) = 0.047
15/u-c- ° A

r - =0,104

As noted in the body of the report, Section I-A, a KBr prism will be
available soon. This will permit méasureménts to be made to.25/g which will
reduce the error of the approkimation. The energy remaining in the region
25/u to oovwill be only 18 percent at 60°F.

The emissivity'dr absorptivity of the surface is equal to 1 - r, that is
e = 0,896. | |
B, Solar Absorptivity of Flat White Paint

The calculation is performed in a similar manner as that above

(s.0]

ﬂ«_rxGx'dX
a=1lr=1._2 '
o0
[P0y an
[o)
whers
a = Absorptivity
¢ = Irradiation - Btu/hrft®
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The spectral distribution of solar energy is aveilable from several
references. The tables given in "Tlluminetion Engineering" by Moon were

used in the following calculation.

AooncEB n G A [ncaf | G
0.4 |[46.0/.0750 |.0345 1.25 | 61.7|.0416 |.0256
0.5 |83.0[.1465 |.1215 1.50 |55.3 |.0268 |.0148
0.6 |88.5(.1382 |.1220 1.75 | 51.2 {,0196 |.0100
0.7 |93.0[.1250 |.1162 2,00 |45.6 [.0124 |.0062
0.8 |92.7].0960 |.089 | 2.25 |40.5 |.0064 |.0026
0.9 |93.0/.0752 |.070

1.00 | 92.0-|.0635 |.0584

The calculation yislds

r = 0.798

or
1l -r=a=0.204

The spectral reflectivity between 0.4 andll.O/u was obtained with a
G. E.,Récor&ing Spectrophotometer. The disgrepancy at A = 1.0/u between
the‘data used in the above calculation and that éhown in Figure I-A-22 is
due to the différences in thickness of the two samples mea;suredo Two
different samples were required for the different methods of measurement.
The value used was chosen-as the more representative in the region of high
solar energy since the solar energy distribution curve is decreasing rapidly

beyond 1.0 microns.
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