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PREFACE

This report covers work accomplished under contract

et i &

DAAG53-76-C-0134, The contract was for the survey and analysis

[

accomplished and did not include any other sub-tasks,
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\ " I. INTRODUCTION

[ X

A 1 o

The objectii{e of this effort was to investigate thermal infrared
i
(3-5  and 8-14 ) camouflage measures for military targets in foliated
backgrounds. Common lightweight materials were considered as the
possible emulators of the fcliated backgrounds., These materials were
considered to be cloth like material with very low thermal inertia.

Since the thermal infrared camouflage problem exists throughout
the day, the infrared signature was considered for the emulator and the
foliage during the entire day. Both analytical and experimental evalua-
tion of the foliage signature and analytical evaluation of a proposed
emulator were examined, ){

Successful evaluation of ‘t\bi(thermal infrared signature of foliage
for a 24 hour period depends upon the modeling of the energy exchange
mechanism of the foliage. The energy exchange of foliage, in general
terms, cannot be modeled successfully because of the many independent
variables, however the energy exchange for an individual element of the

foliage, such as a single leaf, may be modeled. If camouflage materials
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are produced which emulate the infrared signature of a1 individual leaf
and if these materials are properly distributed on netting, the emulation
of background foliage should be pcssible, For this reason, the major
thrust of this effort was toward the modeling of an individual leaf rather
than a gross foliage backg-ound.

Both a leaf and the leaf emulator, or camouflage material, exist in
an environment which exchanges energy with them by two basic mechanisms,
convection and radiation. The convecticn mechanism is controlled by the
external flow field, wind velocity and turbulence, and by the physical
dimensions of the object. These mechanisms have been extensively
investigated and are reported in many . %andard texts and references,
however, the results for the specific case »f leaves was reported by
Parkhurst, et al. in reference 1,

In the case of radiation energy exchange, the leaf environment is
logically divided into two broad radiant energy wavelength regions. These
are the thermal, wavelengths of about 2.5 microraeters to 20 micrometers,
and the solar, wavzlength of about 0,3 micrometers to 2.5 micrometers,
regions., Both environments have been extensively investigated and may
be modeled under specific meteorological conditions. However, with the
very large number of me.teorologlcal and other eanvironmental variables
possible, modeling must be accomplished with average cond:tions, These
average conditions, while us:eful for comparison of IR signatures from
camouflage materials and leaves, may never be duplicated by natural

conditions.
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II. THERMAL MODEL FOR LEAF

Basic Considerations j
The transient thermal response of a leaf is governed by the energy 1

exchange with the environment at the leaf boundaries and the thermal

capacitance of a leaf. By considering a typical leaf thickness, the rate ]
of response or time constant is of the order of 300 seconds [2]. Since J

the time periods of interest in this study are much longer, the leaf was
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modeled assuming steady stale occure in each time period. With this

ity tou

basic assumption the model becomes simplified in that the environinental

3 ‘ input may be equated to the leaf energy loss to determine the leaf temper-

SR ature.

exied

Environmental Conditions

7

i el
b Convective Environment: The convective environment for a leaf j

consists of the air temperature and velocity. Since both of these are

Y T TN T
. . e ! - g AR

meteorological quantities the approach taken was to assume a typical
variation for diurnal temperature variation and a constant air velocity.
The air temperature w25 specified over the twenty four hour period by
the ASHRAFE. recommended procadare [3]. Maximum and minimum
temperatures were cliosen for the t, Je season of interest,

Win«d velocity was congidered constant at a value input into the pro-

gram, Values from 6.7 m/s (15 mph) to calm wer: examined.
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Radiation Solar Environment: The solar energy incident u:pon a leaf

was determined using the ASHRAE imethod to determine the intensity of
the direct solar beam and the diffuse or scattered component [3], The
solar declination for any day was used as a program input. From this
information and the leaf direction parameters, i.e, the angle of tilt and
the azimuth angle, the solar energy incident on the leaf upper surface was
evaluated, Refiected solar radiation was assumed to be negligible.

Longwave Radiation Environment: Longwave radiant energy impinges
on the leaf from three sources. First, from the warm humid atmosphere;
second from the ground below the leaf; third from any object in view of
the leaf. The radiant energy originating in the atmosphere is a {unction
of the atmospheric dry bulb temperature and the moisture content. This
radiant flux is approximated by several authors using an equation of the
form: [4]

9", =0 T: (A+BVE) 1

in which

q“atm is the radiant flux in cal, /cmzlmin.

Ta is the absolute air temperature in °K

e is vapor pressure of the water in the air in millibars

o is the Stefan Beltzmann Radiation constant

A and B are constants varying from author to author in ! approximate

ranges of 0,4 < A 0,75, 0.047 =B s0.08

The long waveicngth energy flux on the leaf from the ground is given

Sonlliguic
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in which,

q"gr is the radiant flux in cal, /cmZ/min.

T r is the absolute temperature of the grouad,

‘gr is the long wavelength emittance of the ground i, e,, sgr(Tgr)'

1*"‘c _gis the fraction of the ground seen by the leaf, i.e. one for the

bottom of a horizontal leaf, # for one side of a vertical leaf, etc,

The third component of the long wavelength radiant energy is a variable
dependent upon the individual case studied. For the purpose of this work,
this term was assumed to be negligible. 'This assumption was made on
the basis that an emulator %uld react to surrounds exactly like the leaf
if the emulator reacts to the simplified surrounds like the leaf.

In order to evaluate radiant input to the leaf from the ground, the
ground temperature must be determined. Modeling of the ground to obtain
this temperature requires a transient model. In this case¢ the ground was
modeled as a semi-in inite slab with constant thermal properties. Properties
used were obtained from reference 5, One of the most uncertain variables
in this sub-analysis was the convective heat transfer from the ground
surface to the air, This was finally obtained from reference 6 using
reasonable vegetation heights, The expression used was

a
A
h = (Cf/z)pcp(Pr) U 3

Budyko [7] presents results of a study of drag caused by vegetation on the

earth's surface and proposes a drag coefficient as follows:

_ -2
cf/z = [2. 51n(y/Zo) +5]
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S 8 A W o e (il s - s (2 7 74



in which:

. - . 2 )
h is the convective coefficient in cal, /ecm  /min. - *C

%’"‘ ] Cf is the drag coefficient depending upon surface roughness,

p is the density of air g/cm3,

"'HEF‘F: Rk it o T T T i A LE

E Cp is the specific heat of air cal/gm-"C,

NG

R Pr is the Prandtl number of air,

U is the wind velocity ¢cm/min,

TR T —
TR G TR T )
5 )

vy is the height of wind velocity measurement assumed to be 76 ¢m,

Zo is the height of vegetation in cm,

Leaf Energy Balance:

L AT TR Y Y T

Radiant Input: The radiant energy input to a leaf was divided into the

two parts, solar enargy input and long wavelength energy input, The solar

r s v
o ol R o

3 |- normal or beam intensity was obtained from: [3] fg
g <

o a'gn A/exp(B/sin a) 5 JE
R in which i
q"SN is the normal solar intensity v'/m b

i

a is the solar altitude in degrees

A is the apparent solar irradiation at air mass=0 i

B is the atmospheric extinction coefficient 3

The actual energy incident on the leaf consists of the solar beam radiation ks

projected on the leaf surface plus the scattered solar energy. Scattered g

3

golar flux was determined from: [3] k|

;

&

" = " Hl

A'gp " Csn Ty s 6 3

in which t
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q“SD is the diffuse or scattered solar irradiation,

q"SN is defined in equation 5

C is a constant which depends on atmospheric dust. moisture, and

air mass,

Fz is the fraction of the sky seen by the leaf, configuration factor

from the leaf to the sky.

These two energy fluxes were assumed to be incident on the leaf upper
surface and the energy input was taken to be their sum multiplied by the
solar absorptance of the leaf upper surface,

’ +q”SN) aszu !
Values for the solar absorptance of leaves are available in many sources
but the values used were from Birkebak and Birkebak.[8]

Long wavelength energy input to the leaf from the air (q"atm) and the
ground (q“gr) as given in equations 1 and 2 were treated as follows. The
energy input from the atmosphere was assumed to be the same for both
the upper and lower surfaces of the leaf and the ground energy input was
assumed to be to the leaf lower surface only, Thus the total energy input

+ [B] + 1 .
tm auq atm cvtzq . where @, is the

per unit area of leaf was atuq"a
long wavelength absorptance of the leaf upper surface and au is the long
wavelength absorptance of the leaf lower surface.

Convective Energy Input: The convective energy input was evaluated
from the standard convective heat transfer expression

qII = h (T ) 8

conv c'Tatm Tleaf

e TR bl i S AN




qll

is the convective heat flux incal. /min, -cm

conv

hc is the convective heat transfer coefficient in cal/min-cmz- °C

T

is the atmospheric temperature in 'C

atm

T

lea
Values of. hc- were obtained using the procedures of reference 1. These are

based on standard equations for free and fcrced convection and therefore

f

is the leaf temperature in 'C

require the evaluation of the following dimensionless parameters:

(1)

(2)

(3)

The average Nusselt Number

Nu = h L/k. 9

The Reynolds Number

R.-L= UpL/k 10

The Grashof Number

GrL = ngZLAt/uZ: 11

in which

L is the effective leaf dimension in cm

U is the wind velocity in cm/min

g is the acceleration of gravity in cm/min2

k is the thermal conductivity of air in cal. /cm-min-°C

B is the temperature coefficient of volume expansion in cm”
. )

w is the absolute viscosity of air in gm/cm-min

p is the density of air in gm/c:m3

The standard correlations using the dimensionless parameters are

(1)

For free convection from vertical plates

¢ 12

Nu = 0. 480 Gr,

e e A R e T B B e S
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(2) For free convection from the upper surface of a horizontal plate
warmer than air or to the lower surface of such a plate cooler

than air:
1

. ——— =

Nu = 0. 497 GrL.4 13

(3) For free convection from the lower surface of a warmer than air

horizontal plate or to the upper surface of a cooler than air

T A T T SR v P

horizontal plate:

. — i

3 Nu = 0,249 GrL‘ 14
|
(4) For forced convection to or from a plate having a uniform
i )
temperature:
i — 3
i Nu = 0,595 ReL 15

CaF el 2l 3l 4l s T 8] 1 8] 9] w0 :
X ! i : o -
fong, | 318 | 54 505 | 407 .ml.su,r.smTl.sos ST | AT
ke | a5 ees ! L0 | Lass R R
e, 40011t | e | sn | s | 2n ) sen ] Lses | o8 | Lsns i
L I
0 S I I TT IV TV R 1 B I IS U R IR T IS 4
R Y 1 I Y S N IR R I : ?
o I TR T Y R ™ S I TR Y : »3

Fig. 1. Values of R for ten real leaves. X = flow perpendicular to
stem; L = flow parallel to stem; FORC. = forced convection in
laminar flow; FREE = free convection in larninar flow; TURB. =
forced convection in turbulent flow. (Reproduced from Ref. 1.)
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A decisioln as: Eo wh;fher the flow fAield was strong enough to cause fbrced B
convection was made by comparing the 'value.s of'-GfL and (ReL)z. If
(ReL)2 wé.s larger than GrL the forced donve'étion eq:ua;ti'on was used.
Values of L for use in these gxpressi‘ons were thained from L = RLmax
in which R.;\:_;vas obtained from figure 1 §nd Lma’x was the average maﬁimum
dimension of the leaf under considera.‘;ioﬂ.

Transpiration Energy Loss: The energy loss from a leaf by transpira-

tion of the leaf moisture was extensively studied by several authors. In

this work, the results and methods presented by Gates in references 9 and

10 were used. The expression for transpiration energy loss is

p (T) - epp (T ) '
q" = |-EA——E 2 16
e rl’+ r, fg

in which

2
q”e is the transpiration energy flux in cal. /cm" -min.

pg(Tz) is the density of saturated water vapor at the leaf temperature in

o e AR

gm/cm3,

SRS SLNTT R

p (Ta) is the density of saturated water vapor at the air temperature in

Thbns

gm/cm3.

hfg is the latent heat of vaporization of water at the leaf temperature

ot S il it a1 A

¢ is the relative humidity of the air,
rJ¢ is the internal leaf diffusion resistance in min/cm

ro is the boundary layer resistance given by equation 17,

WO'ZOL_C_)__'EE
a 2 UO. 55

17
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11
in which
W is the leaf dimension transverse to the wind in cm,
- L. is the leaf dimension in the direction of the wind in crh.l
U is the wind velocity in cm/min
1.55

k2 is the dimensional constant of 0.247 cm/min,

Values for the internal diffusion leaf resistance are presented by Gates
for several common leaves, These values are presented as constants
although it is known that water stress or high environmental t‘emperatures
cause these resistances to change. In this work constant leaf resistance
values were assumed.

Leaf Radiant Energy Loss: The radiant energy loss of the leaf was
calculated assuming the upper and lower surfaces had the same emittance.
This results in

q"r = ZeoT; 18

in which

q"r is the radiant loss per unit area of leaf in cal. /cmz-min

¢ is the emittance of the leaf at the leaf temperature

Tl is the absolute leaf temperature in °K
The leaf was assumed to have negligitle thermal mass, therefore, the
sum of the energy gain was set equal to the energy loss to calculate the

leaf temperature.
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L.eaf Radiance in the 3.5 and 8-14
Micrometer Wavelength Region

3.5 Micrometer Wavelength Region: The radiant flux from a leaf in
the 3-5 micrometer wavelength range was assumed to consist of three

components, These components were; (1) energy emitted as a function of

the leaf temperafure; (2) energy reflected off the leaf upper surface from
incident solar energy and, (3) solar energy reflected off of the ground

and transmitted through the le2f, The components were calculated as

follows:
R (Thermal) = F T 4 19
3.5 €o 172
where
i
} 3
R3 5(Therma.l) is the first component cal, /c:m2 /min. |4
Py
¢ is the leaf emittance ‘ b
TE is the leaf temperature, °K g
P
Flis the fraction of energy radia‘ed between 3 and 5 micrometers by a 33
Plankian radiator. ' 2
R3_5(Solar) = psuFZGscose 20 }
where
R3 5(Sola.r) is the second component, cal, /cmz/min. .
Peu is the solar reflectance of the leaf upper surface 34
1
F2 is the fraction of the solar insolation which is in the 3-5 micrometer g
wavelength range g

GS is the solar insolation in the 3-5 micrometer range, cal. /cmz/min.

# is the zenith angle '
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R3-5(Solar Reflected) = T, PsG FZGScose 21

where

R3_5(Solar Reflected) is the third component, cal. /cmz/min.

T, is the leaf transmittance.
The sum of these three would be the energy flux at the leaf surface which
would be detrcted by a 3.5 micrometer wavelength energy sensor system.

8-14 Micrometer Wavelength Region: The radiant flux from the leaf
in the 8-14 micrometer wavelength range was assumed to be from the
same three components as used in the 3.5 micrometer wavelength range.
In calculating the values, the only change in equations 19, 20, and 21 are
the fractions F, and F_,. Thus the same equations were used with different

1 2

values for these fractions.

III. EXPERIMENTAL VERIFICATION OF THERMAL MODEL

Experimental Procedure: In order to test the validity of the thermal
model used, an experiment was designed and run. This consisted of
instrumenting leaves on two living trees, measuring the leaf temperature
and the environmental conditions for the leaves.

Leaf Measurements: A nearly horizontal leaf on a common burr oak
(Quercus Macrocarpa), a vertical leaf on a silver maple (Acer Saccharnum)
and a horizontal leaf on the silver maple were instrumented. In order to
minimize the effect of the measurement probes, small gage (40 gage)
therrﬁocéuples were installed on the lower surface of the leaves. These
thermocouples were shielded from direct solar insolation by being on the

lower leaf surface and were in contact with the leaf for about 2 em which

2t o,
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should reduce thermocouple conduction effects. Temperatures were con-
tinuously recorded on a 12 point Leeds and Northrup Speedomax W recorder.
As a check on the measured temperatures, total radiation pyrometric
temperatures were measured with a Barnes PRT-10 radiometer.

Ground Temperature Measurement: Ground temperatures at depths
of 5 and 6.4 crmm were made using 24 gage thermocouples. Surface
temperature could not be measured directly, due to short grass on the
surface, therefore, the radiometric temperature was measured with the
Barnes PRT.10 radiometer. Actual ground temperatures were estimated
froml the radiometric measurement by assuming a ground emittance
consistent with the actual ground surface.

Environmental Conditions: The environmental variables needed for
this study were dry bulb air temperature, wet bulb air temperature,
wind velocity and solar insolation. Dry bulb temperatures were measured
continuously using a shielded thermocouple and wet bulb temperature was
measured each 30 minutes using a hand sling psychrometer. Wind velocity
was measured at 1.1 meters above the ground using a ball and cup anemo-
meter. Solar insolation was measured continuously using an Eppley 8-48

black and white pyranometer, Experimental data is summarized in Table [
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Results of Experimental Verification

Thg thermal model was used to calculate the leaf temperatures and
ground temperature for the 72 hour experimental period. rMeasured values
of air temperature, relative humidity, wind speed, and solar insolation
on a horizontal plane were used at one half hour intervals to calculate
leaf and ground temperatures. The calculated values of leaf and grolund
temperatures and the experimental values are shown in figures 2 through
7. Each figure is for one full days data, i.e., for the entire diurnal
cycle. The figures are in pairs, that is figure 2 and 3 are for 4 September
1976, figure 4 and 5 for 5 September 1976, figures 6 and 7 for 6 September
1976. The leaf temperature measured and calculated are shown on figures

~ 2, 4, and 6, Calculated and measured ground temperatures along with

measured air temperatures are shown in figures 3, 5, and 7.

In order to assess the accuracy of the thermal model, the errors were
statistically examined. This ar.xalysis indicated the mean error, i.e., the
measured leaf temperature minus the calculated leaf temperature to be
0.21 degrees Celsius with a standard deviation of the errors of 4. 00

degrees. From this information the leaf temperature calculated has a

mean error with 95% coafidence of -0.46 or +0,89° Celsius.

IV, CAMOUFLAGE MATERIAL REQUIREMENT
Leaf Temperature Emulator: The thermal model prepared was used
to determine the necessary properties of a material which would emulate

leaves thermal response dur%ng one day. A study of the leaf response and

characteristics indicated that an emulator could be produced if the material
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emittance and reflectance could be controlled, As an example of this
figure 8 shows the thermal response, as predicted from the thermal
model, for a maple leaf, an aspen leaf, and a material designed to
emulate the maple leaf, This material would be a material with low

thermal mass, clothlike, with solar absorptance of 0,47 and long wave-

length emittance of 0.95., As can be seen from figure 7, this material
would satisfactorily emulate the diurnal temperatures of maple leaves
but would not emulate the diurnal temperatures of aspen leaves. This
is because the transpiration rate for an aspen leaf is greater than the
transpiration 1;ate of a maple leaf. An emulator for the aspen would
have different properties which could be found using the thermal model
presented.

Camouflage Material Detectability: In order to assess the detect-
ability of the leaf emulator with a maple leaf background, the total radiant
energy leaving the emulator and the leaf were evaluated for the 3.5
micrometer and 8-14 micrometer wavelength bands, These vaiues are
plotted in figures 9 and 10, Within the accuracy of the model, the leaf
radiance and the emulator material are identical. This indicates that the
camouflage 1ole of the material would be well fulfilled in the 3-5 and 8-14
micrometer wavelength ranges,

Visual Camouflage Problem: The snlar absorptance of the camouflage
material which was used to obtain the results shown was 0,47, The solar
absorptance of a material is a function of the spectral reflectance over

the wavelength range in which the suns energy reaches the earths surface.

!
T e )y, i o e g e T L menis s s e st o i e s AL s s et f et ML




r
I

3l

vl

a%&aa:g%i_is%{ééﬁfgﬁgﬁ&;ﬁ%9_4 o . o

1474

g 2andig

4v710S 1v201 - INIL
9l 4] 8 v

I 1 ¥ » ¥ ¥ ] i

-
Y o
L0 2 00n o s o o s
Ol " 00 o ona o gy,
R TPy

RS e e

R
Do-34NLVHIJWIL

JOVI4NONVD

NIW/WD 0009 = HdW G2 = ALID0T13A g
D091 = NN 0G

20,0¢ =X Miv ;
4v371 TVINDOZIMCH

L ! 1 1 [ 1 [l 1 8

el e Bt AR G




v ’
e n e ki S Schit e Lot S Tt i e s bkl o R e R i 2l SEARTR. it s R T L ey

32

6 2andi g

| ¥VI10S 1vI01 - IWIL

v - 02 9l 2l 8
ﬂ ) . ) ) -, . - | 9 T L 4 T 1 L L L ¥ ¥ ¥ L ¥
ALISHIAINA JLVLS VWOHV IO
IVIN3LVA 3OV IJdNOWYO

. - 4v31 31dvW

JONVY HLONITIAVM | .
H3I13WOMDIN S-€ Iy
3H1 NI 3ONVIAQVH P

AVIYILVN

201 X3W9/IVD - JONVIOVY

-

SRS RS R B 4 e b e taseidial o o B sni BB . L i D PR ez e, L




i Ul S 2% bl it A S S e B A L T A P w . T B TR i - (355 — . . B
i SRR A i 2ia il G e i R SN kiR et sl R L R &.ﬂu.ﬂ..hmv..\.ﬁ._:ém,«..m S T e Ty .._im..w“ T _ﬁuﬁ‘ﬁqu«uaxmu_iufig o oL n 3l
3 4 . . R : . . e T e A R A R

Ly
Lag ]

01 @2and1 g

HVI0S 1v201 -3NWiL
v2 02 9l 4 8 14 _ o

. | T LA ] r 1 r 7§ 1 ) § Ty F T Rl L) ] .— ¥ ] 1 R o
ALISH3AINN 31VLS YNOHVIMO
IVIHILVN 39V 14NONVYO i
4v371 314V

JINVH HLONITIAYM |

4313WO0YHDIN +I-8
3HL Ni 30NVviavH 1

@

[
201 X3 WO/ VD - 3ONVIaVY

o

3
%
xS
3
I
b
1]
o3
.
7
Iy
By
k>

EEE
R e, s

B gﬂwm&nﬂﬂﬁ%ﬁﬁw%mﬁ%gﬁﬁiﬁmmw%gww..."._.ci_éﬁb?..égi@wﬁ\.f,au..L:E.._Q.rﬁ_.;.. R S

MG e B ey e i




o

E
i
]
G
3 o

"4
Y

Fh:
B

& ,,‘:Wp.h&_f&rz =

NI

T

34
This wavelength range is approximately from 0.3 to 2.5 micrometers.
Since the visual range is overlapped by the solar range, the visual
reflectance is not independent of the solar reflectance., This causey a
camouflage material suitable for a leaf emulator };o be more reflective
than the typical visual camouflage material. [11] The ideal material

to be used for both visual and thermal emulation of leaves would be one
which had a visual reflectance around 0.3 or lower and a solar reflectance
of 0.53. Such materials were reported in reference 1l for the near

infrared, i,e,, 0.7 to 1.2 micrometers. Values reported are shown in

Table II.

Table II. Infrared Reflectance for Camouflage Cloth (Reference 11)

(From National Military Establishment
Specification JAN.C-765)

Fabric Infrared Reflectance Percentages
Color Ccelor Relative to Magnesium Oxide
(No. ) (Minimum %) (Maximum %)
1 Light green 7.0 57.0
2 Dark green 37.0 57.0
3 Sand 24.5 100
4 Field drab 24.5 57.0
5 Earth brown 24.5 57.0
6 Earth yellow 24.5 100
8 Earth red 24,5 57.0
9 Olive drab 24,5 57.0
10 Black 0 24.5
11 White 57.0 100
12 Forest green 24.5 100
13 Desert sand 24.5 100

However, it was reported that the production of such materials was quite

difficult. Similar work was reported in reference 12,
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Transparent Cover Analysis: Since it may be difficult to obtain the
desired visual and thermal infrared camouflage with a single inaterial,
the possibility of using a visually transparent cover over an opaque material

was examined.,
Solar Radiation, Sky Radiation

Atmospheric Radiation

¢ - 4, - Transparent Sheet
——p Convection Transfer
——t
ba % ~Opaque Sheet
’/ Ground Radiation
/

Basis for Transparent Cover Analysis
Figure 11

The basic system analyzed is shown in figure 11. A transparent sheet not
in contact with an opaque sheet with radiant and convective heat transfer
was considered. The energy exchange between the sheets and the atmos-
phere was analyzed by consideri.g the convective, radiation in solar
wavelengths and radiation at long wavelengths energies as uncoupled

variables., The basic radiant energy quantities considered as shown dia-

g-ammatically in figure 12. In this figure the fluxes indicated

" \ B " 1" p
\q sol \\'q t }'psq sol ﬂptq t -‘ellu ."Js T; :
_Z 1 2 1 .
) 9 She4t 1, Transparent
]
W J 1\ J IT q" j¢ E
5, (:2 s\ .sol { b1
J 4J - J J
T °2 I
3 , Sheet 2, Dpaque
e, E oo g ‘
f 2 b2 ! t2 ground

Radiant Fluxes for Transparent Sheet Analysis
Figure 12 ’
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are defined as follows:

q

1

9
3
S,
1
e
1
Ey

is the solar insolation

sol

is the long wavelength (terrestial) insolation
is the solar wavelength radiosity of the ith surface
is the terrestial wavelength radiosity of the ith surface

is the Plankian radiation of the ith surface, o Ti

i

€.
1
pS

Pt

is the terrestial emittance of the ith surface
is the solar wavelength reflectance

is the terrestial wavelength reflectance

and
T is the solar wavelength transmittance.

The radiosities were evaluated in terms of the boundary values resulting

in the following equations:

TS
—_ 1 "
Js1 11 - Ps Py 9 so1 22
1 °2
pSZTsl
7 = q" 23
5, 1 - Py Py sol
1 °2
"tlezEb2 FeFy,
Jo= 24
t L-poy 9
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J =E (l-¢ +e = ) 1
t, b, £, )ty
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Using'these values, energy balances on sheet 1 and 2 including convective
energy transfer to the surrounds and between the two sheets results in
two coupled non-linear equations. These equations are functions of the
environmental parameters; q”sol’ ambient air temperature, gréund
temperature, and the radiative properties of the two sheets. In order to
asgess the possible usefulness of the transparent outer sheet an inner
sheet with solar absorptance of 0.6 (dark green) was considered. Using
ambient air Temperature of 30°C, relative humidity of 50%, ground

temperature 40 °C, q"s0 of 800 w/mz, wind speed of 2.5 miles per hour

1
the dark green material temperature calculated was 41°C, With a trans.
parent sheet over the dark green material the calculated temperatures of the

transparent sheet (Tl) and the dark green sheet (TZ) with several different

transparent sheet properties, is given in Table III. Notice the transparent

Table HOI
Sheet Temperatures Calculated
Sheet Sheet Sheet T, To
Reflectance Transmittance Absorptance 'C °C
0.10 0. 80 0.10 37 46
0. 05 0.80 0.15 37 46
0. 05 0.75 0.20 39 46
0.10 0,70 0,20 40 45

sheet temperature runs from 37 to 40° Celsius where the uncovered
material temperature was 41° Celsius, This indicates the transparent
sheet over the camouflage material might be useful if the proper material
cannot be obtained. Limited experimental results for this type system are

reported in Appendix B,
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V. CONCLUSIONS

The thermal model prepared to emulate foliage satisfactorily predicts

the diurnal temperature of leaves. This model, like ail models, finally

_ depends ‘on the ‘quality of the boundary or driving functions. In this case,

the bouqdary conditions are pax;ticularly difficult to pre&ict éin’ce the
mizc.ro-climatalogical yalues are quite unique for each location. However,
the model is quite satisfactory for the evaluation of camoufla‘mge materials
in that whatever boundary cond'.:'uns are used the model will indicate the
response of the candidate material relative to a particular leaf
type.

From the studies made with the thermal nmodel it was determined
that thermal infrared camouflage is feasible with simple clothlike material
if the radiant properties can be properly tailored to the background. For
example, it was fofmd that a material with a solar absorptance of 0.47 and
long wavelength emittance of 0. 95 would emulate maple leaves. It was
also determined that this material would not emulate leaves with largér
trenspiration rates, e.g. aspen. These leaves are more difficult to
emulate but prbbably could bLe satisfactbrily emulated considering the
canopy of trees will have large temperature variations due to shading.

In the prcress of preparing the thermal model it was noted that the
camouflage material must be opaque to thermal infrared if an object is
to be camouflaged. Any object above the background temperature will

Yshine' through a partial camouflage net. This fact makes the physical
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constructi‘on of the camouflage net rﬁoré difficult. A successful net must
have multiple layers of leaf sized camouflage elements. These elements
must allow free circulation of a;nbient air in order to attain temperatdres
similar to the temperature of the hackground leaves. Fgrthermore, the
rxtxaterial must have good visugl camouflage characteristics. A material
with both sat:isfa.ctory visual-and solar reflectance may be difficult to ob-
tain due tothe overlap in these spectral regions. Materials with these

characteristics have been prepared for the near infrared but have not

been reported for the thermal infrared.
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THLS PRUGKAM CALCULATES THE STEADY STATE TEMPERATURE OF A LEAF OR
MATERIAL FOR CLEAR DAYS.

THE FULLOWING DATA [S READ IN ON NAMEL IST.IF TrAlS PROGRAM 1S RUN
AN A CUL COMPUTER THE NAMLIST DATA CARDS MUST BE MOCDIFIED FLR
CUOC.ADDITIONAL CONSTANTS ARE INITALIZEL IN SUBROUTINE BLULK UATA,
HRS I3 THE NUMBER OF HOURS YOU wWISH TO RUN THE SEIMULATION

UT IS THE TIME INCREMENT(IN MINUTES)YOU WISH TO USE [N THt
CALCULAT IONS

DELT IS THE TIME INCREMENT (IN MINUTES) USEtD IN SUBROUTINE

GTEMP TO CALCULATE THE GROUND TEMPERATURE, o
- AT IS THE LATITUDE IN RAULANS. ! i
©:C 1S THE DECLINATION ANGLE UF THE SUN IN RAUILANS. ;

B 3 et v b R S e s i e

.

e it B,

SC IS THE VALUE OF THE APPAREN1 SULAR RADIATIUN AT AlR MaSs

OF 0.0 ANU VARTES WITH THE TIME OF THE YEAK. [N CAL/CM®*2-MIN, .
C4 IS THE ATMOSPHERIC EXTINCTION COEF. 4ND VARIES wlITH THE TIME OF Cy
YEAR. A

ClL LS THE FRACTION UF BLEAM RAOIATIUN APPEAKING AS UIFFUSE RAD,.
VARIES WAlTH THE TIME UF YEAR.

. IS THE LOCAL SOLAR TIME WHEN THE >IMULATIUN IS5 STARTFRU.
1S THE CHARACTERISTIC DIMENSTIN OF THE LEAF IN THE UIPECTlUiv 1k :
THE AlR FLOW.(CM)} !
RL IS THFE INTERNAL RESISTANCE UF THE LEAF il StL/CM. ;
SLP IS THE SLOPE (IN RADIANS) OF THE SUFFACL MEASURED FRUM THE
r‘l'dkl.

AJM IS THE AZIMUTH ANGLE(IN RADIANS) LF THE LEAF SURFACE MEASURLU
FROM THE SQUTHe PAOSITIVE AZIMUTH IS EAST FACINGoNFGATIVE [S wEMT.
ASU IS THE SOLAR AoSORPTIVITY OF THE UPPER SukFace UF THE LtaAt,

AsL IS THE S0LAR ABSORPTIVITY OF TrH LIUWER SURFAL: OF THt LEAF.

AC O OO OO O OO CC OO0 MNNO
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FCRTRAN 1V Gl RELEASE 2.0 MAIN

A 1S THE LONG WAVELENGTH ABSORPTIVLITY OF THE' LEAF,.

E [S THE LONG WAVELENGTH EMISSIVITY OF THE LEAF.

RU IS THE LONG WAVELENGTH REFLECTIVITY OF THE UPPER SURFSCE JF
THE LEAF.

T IS THE LOUNG WAVELENGTH TRANSMITTANCE QF THE LEAF.

KA IS THE THERMAL CONODUCTLVITY OF AIR,IN CAL/CM-MIN-C

RH IS THE RELATIVE HUMIDITY OF AlR.

o1 ! TMAX IS THE MAXIMUM ALR TEMPERATURE DURING THE S IMULATION PLRIOD
7 IN DEGREES C

. TVAR IS THE MAXIMUM VARIATION IN THE AIR TEMPERATURE LURING THE
Ul - SIMULATION TIME,IN DEGREES C.

& V IS THE AIR VELOCITY IN CM/MIN.

AR DFS I5 THE THERMAL OIFFUSIVITY OF SOIL.IN SGCM/MIN

& COND 1S THE THERMAL CONDUCTIVITY OF SOLLoIN CAL/CM-MIN-C.

£

RG IS THE LING WAVELENGTH REFLECTIVITY OF SOIlL.
AG IS THE LONG WAVELENGTH ABSORPTILIVITY UF SOIL
EG IS THE LUNG WAVELENGTH EMISSIVITY OF SOlL.
ASG IS THE SULAR ABSORPTIVITY OF SOIL.

RSG 1S THE SOLAR REFLECTIVITY OF THE SOIL.

et

i3y

QUTPUT DATA

LST IS THE LOCAL SOLAR TIME.

QATM [5 THE LONG WAVELENGTH ATMUOSPHERIC RADIATION.IN CAL/CM##2~MIN
QG IS THE LDNG WAVELENGTH GROUND RAUIATION, IN CAL/CMX*2-MIN,

QSL [S THE SOLAR RADIATION ABSORBED BY THE LOwER SIDE OF TH: LEAF
DR MATERTAL, IN CAL/CM**2-MIN,

WSU IS THE SULAR RADIATION ABSORBEU BY THE UPPER SIDE OF THL
MATERIAL GR LcAF,IN CAL/CM**%2-MIN.

QA 1S THE TOTAL RADIANT ENERGY ABSURBEU BY THE MATERIAL Or LEAF.
WR IS THE TJITAL ENERGY RADIATED FROM THE LEAF, IN CAL/CM®%2-MIN,

Ot iS THE ENERGY LOST BY THE LEAF ODUE TU EVAPURATION.

QC IS THE ENERGY LOST OR GAINEL 8Y THE LEAF Dk MATERIAL LUE TU
CUNVECTINONIN CAL/CM*®2-MIN,

TGRND IS THE GROUND SURFACE TEMPERATURE.IN DEGREES Ce.

TLEAF 1S THE LEAF TEMPERATURE, IN UEGKEES GC.

TMTRL 1S THE MATERIAL TEMPERATURE,IN UEGKEES C.

TALIR IS THE AIR TEMPERATURE 4IN UEGREES C.

QB3MYRL (> THE DETECTABLE RADIANT ENERGY ABUVE THE MATERILAL
SURFACE IN THE 3-5 MICRON RANGE,

WHBMTRL [S THE UETECTABLE RADIANT ENEWGY ASDVE Trt MATERIAL
SURFACE IN THE d-14 MICRON RANGE. %
WL3LEAF IS THE LETECTABLE KADIAWNT ENERGY ABLVE THE LEAF SURFACE ’
IN THE 3-5 MICRUN RANGE. :
UBBLEAF IS THE DETECTABLE RADLIANT ENERGY ABUVE THE LEAF SURFALC ,
IN THE 8~14 MICRON RANGE,

i

ot

T T

PSR T TR AT | 4

aEalalalalelalgalalalalialalelaiaNalalaNaNalalalafalasNaloRaNaNa¥aNaNakalas¥s N aRaloNaRalaNasRaRaloRal al el

NAMcL IST ZINL/HKRS, DT oDELT /IN2/LAT+UECISCoCloCasLST
LZIN3/UO WKL oSLP yAZM ZING/ASUZASLAGEGRUWT ZINS/KAe RHy TMAX, TVAK,,V
2/ IN6/UFSCONUWRGIAGIEG 4ASG RSO

NR=0

10 KEAD(S INLyENU=1D00}

READ( Sy IN2)




FCRIRAN 1V ul

yu2h
C026
or27
028
029
(H]a) 3()
0031
032
Q034
JU3a
uoils
uJdila
kY
£ocody
Fy ¥ 003y
U040
0041

00e?
Joe s
. Loa4
L JU4Y
¢ Q04e
co4t
oYJal
0049
VY]
uusl

(m]

G

[l ot S Sl or]

RELEASE

20
30

49
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.0 MAIN

READL 54 IN2)
READ(SING)
EAD( S4INS)
READ (5. IN6)
NRaNR +1

GO TO (204304 +sNR
WwRITE (6.107)
GO 70 40
WRITElb,s108)
Nk=Q

WRITE (64106}
WRITE( 64 INL)
wRITE (6, IN2)
WRITE (64 IN3)
WRITE {64 IN4Q)
WRITE (64 INS)
WRITE (64IN6)

INITLIALTZE CONSTANTS

H=P[
M=0.0
ZEN=0.0

" L=0

50

{20

SIND=SIN(UEC)
CUSO=COS(DEC)
SINL=SIN(LAT)
COSL=CAS{LAT)
SINS=SIN(SLP)

CAsSS=CAS (SLP)
SINA=SIN{(ALM)
COSA=COSTAIM)
N=0J « ®*HRS/DT

WRITE (64100}

CONT INUE .
H=Pl=-LST*0,.202
CUSH=COS (H}

SINH=SIN(H)
COSZ=CUSL*CUSD*COSH+S INL *S IND
M=1.,0/0082

IF{MalL T LeOReMeGTa6eHIM=0.0
[F(COSL LT 260100522040
CALL RAD

CALL LEAF

REESL = JA~JR=-JC~QE

TN=TL

TL=TL 2,

CALCULATING THE "TEADY STATE TEMPERATuURE UF THE LEAF UK MATcRIAL

0 00 K=L1l,1V

CALL LEAF

Rt 52 z2JA~WKk=JC~-QE
IFLADSIRESS) o LELEPSIGU TO TV
LV2{ - "N=-TLI*(RES2/(RES2-RESL))

AR sl

:
:
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C FORTRAN IV L1 HELEASE 2.0 MA LN
0017y IN=aTL

+ CO7eo TL=TL+CV
cort 00 RESL=RES2
00178 70 CONT INUE

_ CGMy CALL UETECY
ors’, WRITELGyLOL) LSToQATM¢G5sUSLsQSUIQArQRWQEWNC
Judl LST=LST+DT/60,
cnae2 [F{RL«LT+04,0)GO TO 89
JJaal l=1¢1
0V84 XL )=aLST=(ul/60.)
00 &S R2(l)aTA
VIVE T x3(1)aTi
o08? Xe(l)=yQ83
ey X5({)=QB8
JUBY GU TO 90
0090 80 CONTINUE
an91 [=[+]
QU992 X6(l)=TL
C0%3 X1(l)=QB3
n94 Xg(1)=QB84
0095 X9(1)=TLR
COun 90 TF{TaLT.i! 3GQ YO 50
£97 IF{NR.GT.0) GO YO 10
DL WRITE (64104) )
€%y WRITE (661030 {XLUL)oX2C LD XSUTD o X610 i o XF(T Do RGLTDeXTL] ),
LXo(L1 o X8LE) o I=14N)
0100 WRITE{6,105)
0101 G8 70 10 -
Ji10? 1000 STGP
ulo3l END
bl Dl i ke i L Vi iy Y
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C prkTRAN TV Ul

6oet
w2
Qu0?
AN
0u0n
Cuos
QUo7
Quoa

CuC%
6610

uwdll
Q012
enls

% 00lea

JOl%

RELEASE

[a N el o} [z X2 NNl afaNelaNaloalaNaNala N al

oneCo

sl 2l

[l ol 5

oo

SULAx BEAM RADIATION

UIRELT SULAR TRRADIATION OF LEAF UPPER'SURFACE h v ;

2.0 RAD

SUBROUTINE RAV

COMMON/DATAIN/PLWC2:SIGITLIEPSIGIKZ4CP 2

COMMON DT oMy LAT oy DECIHoLST oL oQAy WRy TAy Vo TMAX, TVAR

COMMON QB3+WdBBeCLyQATM LG MEsRUT¢SCCOSTH

CUMMON QC s HG o ASU ASL.E ARG IEG, ASboRSGoAboQSToQSUoQSL'QDroC%
COMMON RH¢DyKAs RE)GRoRLy DFS o CUNDYDELT,,TGR

LOMMON SlNDoLUSUuSlNL|COSLOSlNAoCOSAvSlNSoCDSb'SlNHoCDSHvCO“Z
REAL LAT LST o M,KA,K2

’

SUBRGUTINE RAD PERFORMS THE FOLLONINGs (1} ESTIMATES THE SULAR AND
ULFFUSE RADIATION UN CLEAR DAYS AND THE ATMOSPHERIC AND GROUND
RADIATION (2)CALCULATES THE RADIANT ENERGY ABSORBED BY A LLAP

UF ANY SURFACE QRIENTATION AND.(3) ESTIMATES THE AlR] TEMPERATURE

BASED UN THE MAXIMUM AIR TEMPERATURE AND THE MAXIMUM VARIATICN

[N THE AIR TEMPERATURE UURING THE SIMULATION TIME.

1

QST=SC/EXP(L4*M) ' 3
IF(MalTo LaOReMeGTo6451Q5T=040

CASTH=S IND*SINL#®COSS
COSTH=COSTH=-SIND®CCSL*S INS*COS A : CE
CUSTH=CUSU*CGSL®COSSRCCSHCCSTH -

CUSTHRCOSD *S INL®SI NSR(0SA®COSH*COSTH ' k
CASTHCUSDHS INS*S I NARS INH*COSTH - ¥

IF{COSTH.LT.0e 0) CUSTH=D.O ;
WSDT=CUSTH*QST 4

DIFFUSE SULAR RADLATION{WOF)INCIDENT ON A SURFACE :
QUF=CL*QST

FRAC=( 14 0+CUSS) /24 0

QUET = UDF $FRAC+UDF*( 1 «0=FRAC ) ¥R SG

TOTAL SOLAR RADIATIUN A3SCREED BY THE TOP SURFACE UF THL LEAF E
OSUSASU (QSUT +QEFT )

ALK TEMPERATURE CALCULATIONS

TMESLST#PT/12. ;
VAR® 50.29429.326C0O 50 TME) +38.48# SINITME 1 =3.48%C05 (2. KTME) =8 o3 543 I N

12« *TME)
TA=TMAX=({ TVAR®VAR)}/100,)

CALCULAT ING VAPOR PRESSURE OF H20 IN AIR AT Ta

Pa{4s uREXP(TA/lo. L% ) %kH
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FORTRAN 1V Gl KRELEAST 2.0 RAV

- JATM= INCIDENT ATMOSPHERIC RADIATION
c .

wae TAK=TA®#273,
ov2!? UATMeS IGHRITAK®®4 ) #( .44+, J8*SURT(P))
coz8 . CALL GTEMP

ot g oY PR

P s
ococ

SOLAR RADIATION ABSORBED BY THE LOWER SIDE OF THE LEAF
Tooenly WOFLaQOF*{1.0~-FRAC)+QUF*FRAC®RSD
4 % ORIV JSLEASL*(QDFL+QST®CUSZ*RSG*FRAC)

TR S —
i M Tl A e b *
b

g’ : c TOTAL RADLANT ENERGY(QA)ABSCRBED vY THE LEAF

o © 0031l QA= A% {QATM+QGHRG#QATM) #Q3L +QSU
3 0n32 RE TURN
0033 END

i et

it 35 6 et Wit

R RPAL S A B RO e 1
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| CRTRAN IV Gl RELEASE 2.0 LEAF
E vool SUBROUTINE LEAF
& 0u0d2 COMMON/DATAIN/PL 9C295IGeTLEPSsOeK2,CP 2
‘ n00 3 COMMON DY oMeLAT DEC HoLST oL sQA¢UReTA,VTMAX, TV AR
% J004 COMMON QB3,uBB8sCLleQATM QG NEIRUIT9SCHCOSTH
J 0004 CUMMON QCyHCeASUYASLIEsAyRGIEGIASUIRSGoAGWUSTsQSUWRSL yUDFeC4
g  cnoe CUMMON RH+DsKAyREyGRyRLVDF S+CONUGDELTZTGR =
g 2007 CUMMON S INDsCUSU+SINL yCUSLy SINAYCOSA+SINS2COSSsSINHsCUOSHCOS 2
1 cooe NEAL LATLST MyKA4K2 4
: ¢ k-
& C SUBROUTINE LEAF CALCULATES THE HEAT TRANSFER TQ THE LEAF UR g
i ¢ MATERI AL SURFACE BY EVAPORATIUN AND CONVECLTION AND THE HEAT LUST E
& ¢ 8Y THE LEAF DUE TO RADIATION. 3
B ¢ =
iy c :
E ‘
] o009 [F(RLLT.0.0)G0 TQ 3 :
g ¢ -
Ei c CALLULATION OF RATE OF HEAT TRANSFER BY EVAPJRATION(QE) =
§ ¢ BOUNDARY LAYER EVAP RESISTANCE k
. C
td o01v RB={60.#0/V) #%0 .55 :
A coll RS =K2 *RD 4
¢ 3
C TUTAL EVAP RESISTANCE 3
c 3
oGl RT=RL+RB  ° E
¢ DENSITIES FOR Q EVAPORAT [ON 3
C 3
R . RHUL® L.0/VGLTL ) §
oula RHO=1 .0/ VG (T A) 9
0n1% DE sRHOL-~KRH*RHO £
Jdlo JE*(Z.‘&J.'S80.0*QE)/&T :f
14 GU TO 4 ;
oula 3 QEx0.0 :
c02¢ 4 CUNTINUE i
¢ <
¢ CALCULATION OF THE RATE OF HEAT TR ANSFER BY CUNVECTIUN(WGC)
¢
onzl TFLM={ TA+TL) /2.0 g
Qu2e ANU=B,032+4,8622E=2¢TFLM 3
Co? i - ANUSANU+b (06 E=S*TFLM&TFLM 3
024 RE =V#O/7ANU r
NPE) OREGRUKE3SARS(TL=TA} /L ANURANUSTELM) e
Co26 [F(GR/RE*#2:04LT«l4)GU TO 1 e
C . =
¢ CALCULAT ION OF FREE CUNVELTION COEFo(HC) .§
c ;
An 21 HCL=( D 49 T8KARGR %), 25)/0 q
J2d HC2sHC L1/ 2. .
co2s HC=HC L +H(2
aran WL SHC *{ TL=-TA)
INEY GJ TO 2
cc3l 1 CONTINUE
¢

|

e et s e DA e ¢




FCRTRAN [V 6L

0033
00 34
uu iy

Uv3o
€037
06 3s
703y

RELEASE 2.0

oOCo

2 TLK=TL#213,

LEAF

HC=0.595 *KA®SQRT (RE)/D
HC =24 O¥HC T
_OC=HC*( TE-TA)

ENERGY RADIATED FKUM THE LEAF(QRY.

WR=2.HEXSIGRTLK#*4
RE TURN

END

Dot ek S e e, G SR PR éie

RAUNENE I JODPPTRN (R 255
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c CALCULATION‘QFMEORCeo CONVECTION COEF. (HC)

b e AT R g g Ry v By e a1 TR
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£ PFCKRTRAN IV GiL RELEASE 2.0 DETECT
%
¥ (VIVIVDY : SUBROUT INE DETECT
'3, coce DIMENSTION BL50)FVI(50) ,WAVE(50)
g 0J03 CUMMON/DATAIN/PL 902 SIGeTLIEPSsG 4 K2 9CP 2
V004 COMMON DT oMy LAToDECoHyLST 4L 9QAs QR TA, Ve TMAX, TVAR
NICS COMMON QB3 QBB CLsQATM GG, QEVRU T »SCCOSTH
[SIV1VI ) ~CUMMUN QC HC gASUSASL +F A sRG 91EG A SG ¢ RSG 9 AGY QST QSU'QSLvQDFQCQ
c007 ) CUMMON RH, DeKAyREyGRy KL 9 CFS9sCOND,DELT, TGR
0nos ’ CUMMON SINOsCOSO ySINL,COSLySINAYCNSA,S INS, COSS o5 INHCOSH,L0S52
JuN9 - : : REAL LAYQLSI MJKA, K2
L
€
Lt THIS SUBRGUT INE CALCULATES THE RAUIANT ENERGY wHICH witLL bt
L. DETECTED ABOVE THE RAUTATING SURFACE IN THE 3-95% AND THE 8-1l4
C MICRON RANGE
C .
w10 WAVE (1) =3,
UL WAVEL( 2)=5,
oLlLe WAVE (3)=3.
coiL3 : WAVE(4) =14,
Vg TLK=TL+273,
001l» DO 3 I=1,4
0016 B‘I)‘CZ/(NAVE(‘)‘TLK)'
uoul/ [F(B(l)elTela)GU TO 4
- 0016 - Fv({l)=0.0
CCly - D0 5 N=1l,49
Juau Fvil)=Fvii)+. lb*(((EXP(-N*B(l)))/N**“-)*(((N*B(l)*3 JeNep(l)¢tb.)
1l xNxG(l)+6a))
I0Z1 S CONTINUE
uoel? ’ GO TO 3
JO2 3 ' @ FY(L)=la=llalo*plT)%%3, )% ,333-a(1)/8.+(B(1))%%2,/060.-(B{I))*24,/5
: 140, +(B(L))*%6,/272160.-(3(1))**8,/1330560041})
J024 i 3 CUNTINUE |
Cco24 o Fl=FV(2)-FV(Ll)
S0n26 F2=Fv(4)=-FV( 3}
o2 F3=.,016
" C026; F4=.002
PP . WE3s(c®kF LRSI OR { TLR*%4, ) )+ {F3%RUXL (94 %COSTH) +(F 3T #pS(x
' 11.94*0052)
¢3¢ . C QABE(EeF2WSTIOR(YLK®%4 . ) ) ¢ (FGARUR]L (I4*%COSTHIH{F4*T *RHG%
Lle94*C0SZ)
JUu3l RETURN
Cco2p2 END

.v,,_’?l;‘.ij_'y',.:_-‘t';::ﬁ"?- ?\grl‘-g":'.;t":--i',-,:ﬁ-i».r,‘.r-:'.g;'i'I.;Ai‘--.«i';._';n““.' P e b

Al e ST m i, Faks
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X o OLORTRAN TV UL RELEASE 2.0 VG
e
i AR IR | FUNC TIUN VGUT)
£ - ¢
i B d FUNCTION SUBROUTINE VGIT) CALCULATES THE SPECIFIC VULUME UF SAT,
e ; C WATER AS A FUNCTIUON OF TEMPERATURE.
s : ¢
ﬁ i C
) i 0092 T2T¢ 273, l6
¥ 9003 X=64T.27~T
% 0004 Y=X#{3,24378+(5.8003E~3¢L.17024L -0 %X *X)%*X)
B Juoh Y=Y/(TR( 1.0+2, 18785 ~3%X))
& 2006 PSL=2184167/(10.0%2Y)
~ cuor Bl=(2064l62%10.C*x(8NBTII/(T*T))I/T
9004 BJ=1.89-81 :
0009 B2:42.540
an 16 B32162460.0/T
0ol B4=0.21828#T
cole #92126970.0/T
071 2=pO*PSL/(T®T)
Jdla B=BO*( 1l 04Z*{B2-B3+2*(B4~B5)*B0*PSL))
Coly V6=4.55504*T/PSL+8
201 T=1-213, 16
oulL? RETURN
cole END

e hv o .
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Cu0.
e X
"Qvle

V0o
2007
o} 0'),‘\5
b 0 JUGY

oLl

uclL 3
Q014
mls
dilo
Lot?

OVl
(VW AN
021
Cu22
N2l
Ga24
ou2s
02
00217
coeH
W2y
Qu3io
cnail
uvsd
0033
Ut 24
JJAL
CU 3u
SN |
PIVEIE
Lb" l
ne .
JUé |
L04?
JJ4a s
Jua s
Lot

i

AT R LTS L g e S YRR T AT R

Y gy &

'ORTRAQ Iv ol

' . -
. o

OOOL'

0005 -

w0

anve

Juld -

S XY A AN RO o

L

RELEASE z o P ‘GTEMP

e SJUBRUOUT INE bYEMp

. UIMENSION TG (200)
LOMHON/OATA[N/P[ 0CZ.SI(}.TL'EPS'L: K2yCPy2 !

oo CUMMON DT oMy LATy DEC My LSToL+QASQR, TA, v.IMAx.rVAR
T COMMON QB3 sWBB,CLlyGATMy UG, WEWRU T+SC,COSTH

~COMMON QC+HC »ASUWASLE 4A, RELWEG.YyASG o RSG AG'uSI.QSU QSL!QDFQCQ
COMMON RH,DyKAsRE,) GRyRL» OF S COUNOSDELTIGR - -
COMMON SINDsCUSU+SINL,CUSL, SlNA.CUSA.SlNSoCOSS.S!NH.COSH.LUSZ
REAL LAT,LSTyMeKAsK2 - -

C
C
. v .SUBROUT I NE G TEMP CAL’ULATES THE uRDuND SURfAL& TEMPERATURE
o c. 8Y AN EXPLICT FINITE DIFFERENCE Mc THUD. s
C
C,
L
C ' C
¢ N IS THE NUMBER OF NODES usau IN CALvULATlNG THE T[MPERATUAF
L. GRADIENT IN. THE .SUIL.
o VELYX 45 THE DISTANCE BETAEEN NJoes.xN CMe
L
. N=20
L TIME=Q.L0,

DELTX= SOHT(&.*DPS*D&LT) ]
C51=Q5T €08 " . S
C5IaQSI+CDF - C
LF(L.GY&0Q) GO TO 2
JJ=N-1 ’

. Ul 3 l-l"\ [
3 T6(1)= TMAX—TVARIZ 0
2 ”CuN!lNUE S
CTGL=T6(1) - o
C5= OFﬂtUE'T/(uELTX*DELIX)

s Co=CONu/OELTX -

o ToR=TGI1)4¢273.0
"QOSEG*S IGHTUK**4
TELM=(TGL+TA)®D,.5
ANU=d, 082+ 4. BB22E-2%TFLM
ANU=ANU 48, 06E=-5%TFLMRTFLM
RHOA204353/7(TA+273.0)
PR=1,I/(CPRRARUARANU/KA ) %5, 66
CE=1a0/7 (25%ALOGIL60,0/0)45.0)%%2
HO=PRECFRKHIASCPRY
WUAN=YS T *ASG+UATMRAG=-Q0G
TOIL)=s(HGRTA+CO*T L2 1 +QUAN )/ (HG+C6)
DL L 122444

i TG LI =TS ) * (TGO (L+L)=2,0%xTOll)+TGL{I=-L))
IF (LeGTWO) GU TO 4
[FCABSETOL=TOl L1 alTead) GO TO 9
GO TO 2

4 CUNTINUE
TIiME=TIME®DELT
lr(TIH[.LT.OI) 60 Y0 ¢-

v L=Ll+]

TGLR=TG( 1)
KETURN
= ND

Ll Lo R N S DOVPURN o RN
i 0 T AR 1 N S 08 PNl S S A B i Sk ooy

ey o
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[ FORTKAN [V Gl ~ RELEASE 2.0 . BLK DATA
P annl L QK OATA '
P0u02 CONMON/DATAIN/PL €2, S16 ¢ TL1EPS G 4K 21CP 2
9003 © HEAL LAT /LSTsMyKA,K2
oona DATA PI,C2+SIGoTLeEPSIG/3.iol6014360,,.822E~101100y 00544555607/

ouoy ' VATA KZ.CP 1/406240244547

SUBROUT INE dLCCK DATA ALLUWS VARIABLES I[N COMMON TO INITIALIZEU
IN A DATA STATEMENT. THE FOWWOW ING DATA S INITUALIZED AS BLOCK
VATA.
C2 IS A CONuLTANTY USED IN PLANCKS. SPEC TRAL ENERGY DISTRIBUT[UN
vIN MICRCNS-UEGREES K
SIG 1S THE STEFAN=-BOLTLIMAN LONSTANT|IN CAL/CMRE2 =Kk k4.
TL IS THE ARBITRARY INITIAL TEMPERATURE OF THE LEAF OR MATER!AL
SURFACE. -
EPS IS THE PRECISION WITH WHICH THE TEMPERATURE UF THE LEAF UK
© MATERIAL SURFACE IS CALCULATEu. NOTE, IF EPS IS SET 100 SMALL
A DLVIDE CHECK wILL OCCUR IN THE MAIN PROGRAM DUt TU THE SMALL
CAANGE OF RESL AND RES2
.G IS THE GRAVITATIONAL CONSTANT+IN 'CM/MIN®$2
K2 IS A PROPORYIONALITY CONSTANT.
CP IS THE SPECIFIC HEAT OF AIReIN CAL/GM-DEGREE C.
Z 1S 'THE GROUND COVER VEGAT ION HIEGHT, IN CM. .
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APPENDIX B
Evaluation of Various Surface Coatings
on Camouflage Material Temperatures
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Introduction

As shown in Table- 1, camouflage material temperatures are several
degrees higher than foliage when exposed to solar radiation and slightly
lower during the evening hours when no solar insolation is present. This
information leads us to the conclusion that the radiative characteristics
of the camouflage material must be altered if it is to emulate foliated
backgrounds. To accomplish this end, two basic approaches were con-
sidered: (1) change the radiative characteristics of the top surface of
the material by using a clear spray coating or a transparent acetate cover
as previously discussed and; (2) alter the solar and I.R. ‘energy absorbed
and emitted from the lower side of the material in order to control its
temperature.

| Two types of surface configurations were used to evaluate the second
approach. The first consisted of bonding a sheet of aluminum foil to the
lower surface of the camouflage material. The foil has the effect of
lowering material temperatures when large amounts of solar radiation
are reflected from the ground and has little or no effect when no reflected
solar radiation is present. This is due, ‘in part, to the fact that the foil
effectively eliminates the absorbed short Qavelength radiation which is
reflected from the ground, and eliminates the long wavelength exchange
between the lower surface and the ground. In addition, another piece of

camouflage material was coated on the lower surface with white lacquer.
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The lacquer has the effect of reducing the solar radiation absorbed on the
lower side of the material while the long wavelength emittance remains
unchanged. Thus the white paint effectively lowers the temperature during

periods when solar radiation is present and has little effect at night.

Temy .ratures of the plain camouflage material and four variations
thereof were made and compared to a Botanical Wonder plant (Fatsia
Japonica). The measurements were made with Barnes PRT-5 and
PRT-10 radiometers and were carried out with varying atmospheric
conditions in order to properly evaluate the effect of the coatings. The
results of these measurements are presented in Tables B-1 and B-2. In
addition the air temperature, plant temperature, plain camouflage
material temperature and one variation of the plain material temperature
were plotted using data from the PRT-5 and are shown in Figures B-1
through B-4.

No concrete conclusions can be drawn from the preliminary data
obtained thus far; however, certain trends are evident. The white lac-
quer coating lowered the material temperature below that of the plant and
plain material during daylight and evening hours (Figure B-3). Both
transparent coatings effectively lowered the material temperature Auring
daylight hours, however the spray coating increased the temperature at
night, while the acetate cover tended to lower the apparent temperature
at night, Unfortunately, the acetate cover reflects large amounts of short

wavelength radiation thus producing glare (Figures B-1 and B-4).
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The foil cover produced the most promising tr‘éndé. It effe'ctively :

lowered temperatures during the mid-morning, .and mi_d-'a’ftei-noqn hours

- and slightly raised tem;pera.tures during the evening hburs. “In addition,

it followed the plant temperature more closely than the othef variations
(Figure B-2). This configuration holds the ad:ed advantage that most of
the r;diation emitted from a hot objéct placed under the mat.eriafl would
be reflected off the lower side.

The measurements made thus far are only préliminar‘y and wex;e
designed to establish various trends By altering certain radiative pro-

perties. It is not known if the materials tested could be used under field

conditions, however it is evident that progress can be made towards

emulating foliated backgrounds with co-*inued research in this area.
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