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1. INTRODUCTION

Deicing salts have caused damage and early failure of the con-
crete cover and corrosion of reinforcing steel of concrete bridge decks.
The use of wax to internally seal Portland Cement concrete bridge
decks and the use of monomers to polymerize concrete have been re-
searched as methods to repair deteriorated decks and to prevent the
penetration of salt into the concrete. Both methods require heating the
concrete to a depth of two inches to temperatures of 160°to 190°F.
Electrical and propane heating systems are expensive to buy and
operate. Solar equipment may be more simple and uses a source of
energy that is both free and non-polluting.

Although solar collectors have been studied and used for many
)t

years in heating air and water (1,2)%, no studies were found on using

solar collectors to heat concrete slabs.

The objective of this study is to evaluate the feasibility of using
solar collection equipment to heat concrete bridge decks for the pur-
poses of polymerizing or internally sealing them. The concrete slab
must be heated to temperatures of 160° to 190°F at a depth of approxi-

mately two inches below the surface.

! References cited are shown in Appendix A



Problem analysis will include:

(1)

(5)

Predicting various surface heat flux conditions from assumed
weather data (solar ix;radiation) and arbitrarily specified’'col-
lector and reflector parameters.

Predicting local temperatures at different locations in the
concrete slab for various surface heat flux conditions with the
use of the Fourier Equation for heat conduction.

Predicting the f)erformance of flat plate solar collector with
flat reflector using Hottel's equation for collector performance.
In regard to the collector performance, important variables
will be the effect of surface blackening, the number of glazing
material, orientation of the reflector with respect to the col-
lector, and the opening angle between the collector and the
reflector.

Developing and constructing an optimum solar collector
design based on the information obtained from the analysis.
Testing the solar collection equipment on Portland Cement

concrete slabs under a variety of weather conditions.



2. SOLAR IJIRRADIATION

This section outlines the method by which the total solar irradia-
tion on the horizontal slab can be estimated at aﬁy instant. This
information is necessary for predicting the surface heat flux of the
slab and the temperature profile in the slab.

Direct Normal Solar Intensity

For practical calculations, a simple procedure is available for
estimating the intensity of direct solar radiation at the earth's surface

during clear days. The value of direct normal solar intensity IDN

for a clear day can be calculated by (3)
I = A
DN  exp (B/sinB)

(2. 1)
where

A

1

apparent solar irradiation at air mass = 0

. B = atmospheric extinction coefficient

B = solar altitude

The values of A and B vary during the year because of seasonal

changes in water vapor and dust content of the atmosphere, and also
because of the changing earth-:sun distance. The values for A and B
are listed in Table I, Appendix B. These values were taken from
ASHRAE Handbook of Fundamentals (3). These data are répresentative
of conditions on average cloudless days. For locations where clear

3



4

dry skies predominate and at high elevations, values in Table I for A
and B should be multiplied by the clearness factor given by Threlkeld
and Jordan {4). For Stillwater, Oklahoma, the clearness factor is
about 0. 97.

In Equation (2. 1) the solar altitude angle B is the angle in the
vertical plane betweén the sun's rays and the projection of the sun's
rays on the horizontal plane. It is the angle of the sun above the
horizon. It can be shown by analytic geometry that the following

relationship is true (3)

vSinB—"-—CosL Cos § Cos H+ Sin L. Sin . § (2.2)
where
I, = local latitude
§ = solar declination (i.e. the angular position of the sun at
solar noon with respect to the plane of the equator)
H = hour angle, solar noon being zero, and each hour

equaling 15 degrees of longitude with mornings positive
and afternoons negative.
The solar declination angle § can be found from the approximate

equation given below (1)

284 4+ n

- D K : )
5 3.45 Sin 360 0

] (2.3)
where n is the day of the year.

Therefore from Equations (2.1 - 2.3) the direct normal solar

intensity for a clear day can be estimated.



Direct Solar Intensity

The irradiation of a surface at any instant by direct solar radiation

may be calculated if the direct intensity I normal to sun's rays at

DN
the location is known. This requires that we find the component ID
which is perpendicular to the given surface. With the angle of inci-
dence 8 known, we have the general relation (5)

ID = IDN Cos ¢ (2. 4)
where Cos 6 is given by Equation (2.5) for a tilted surface and by
Equation (2.5a) for a horizontal surface.

Cos 6 = Cos B Cos vy Sin ¢ + Sin B Cos ¢ (2.5)

where

tilt angle of the surface from the horizontal

®
|

H

v = wall solar azimuth
When the surface is horizontal, ¢ = 0 deg. and:
Cos GH = Sin B (2. 5a)

From Equations (2.4) and (2. 5a) the direct solar intensity for a

horizontal surface can be estimated.

Diffuse Solar Intensity

The diffuse solar radiation from a clear sky that falls on a hori-
zontal surface is given approximately by (3)
IdH = CIDN ‘ (2.6)

where C, the sky diffuse radiation factor, is given in Table I,

Appendix B.



Total Solar Intensity

The total solar radiation I _, incident upon a horizontal surface at

T

any instant may be calculated by
= + .
IT ID IdH + IR (2.7)

where IR is the solar radiation directed upon a surface by other sur-

faces, this will be discussed in the next section under the topic of

Collector-Reflector model.



3. PERFORMANCE OF FLAT PLATE COLLECTOR
WITH FLAT REFLECTOR

This section outlines the method by which the total reflected
energy falling on a flat; plate collector can be estimated. Also the
heat loss calculations for flat plate collectors are presented.

The use of diffuse and specular flat reflectors to enhancé the
performance of flat plate solar collectors have been explored by many
investigators. Reflecting surfaces can be used to increase. the energy
yvield of flat plate solar collectors in two ways: by increasing the total
collection area, and by redirecting the solar radiation to move nearly
normal incidence on the collector, where it is absorbed with greater
efficiency. The latter is particularly important when the flat plate
collector can not be tilted to the optimum angle of exposure to the sun.

In a study done by Seitel (6) it has been shown that specular re-
flectors are more effective than diffuse reflectors, if south-facing
reflectors are used with collectors which are elongated in the east-

west direction. In this study these orientations will be adopted.



Collector-Reflector Model

IMigure (3.1) shows a collector of length C and a reflector of

lenpth R which have a common side of length L and include an angle B.

SUN

Figure 3.1 Geometry and Nomenclature

The collector is exposed to solar radiation from the sky, and to
reflected radiation from the reflector.

The golar radiation from the sky that falls on the collector is
composoed of direct and diffuse components. Equations for estimating
the direct and diffuse sky radiation were introduced in Section 2, sce
Fouafions (2o4) and (2. 6).  Thereflore the total direct contribution
from the sky on the flat plate Co]‘lector is

=] ]
IDT ID Id H

i E s




The reflected radiation is also composed of direct and diffuse
components. If the reflector is specular the contribution from the

reflected direct sky radiation on the flat plate collector is

IDS = IDpsf Cos ¢ (3.2)

Py = fraction of incident radiation reflected

f = fraction of the collector illuminated by reflection

¢ = the angle at which the reflected radiation strikes the
collector

and the contribution from the reflected diffuse sky radiation on the

flat plate collector is

_ 1 +Cos B
Lams = FRC( 2 ) Plam - B33
where (W} is the portion of the sky dome that the tilted re-

flector would see if it is assumed that the diffuse solar radiation is
uniformly distributed over the sky. This term is the conversion
factor for sky diffuse radiation on a tilted surface as given by Lin and
Jordan (7). FRC is the configuration factor between the collector and
the reflector. It is the fraction of diffuse radiation leaving the re-
flector surface which would fall directly on the collector surface. For
this problem FRC is given by

- B Sin B
FRG’FCR”I‘ 2

(3.4)
Therefore the total specular contribution from the reflector to the col-

lector is

IR = IDS + IdHS (3.5)
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Inorder to evaluate the corntribution from the reflected direct sky
radiation on the flat plate collector, Equation (3. 2,),' we need to know
the values of f and ¢ at any instant. f can be defined as the ratio of
the illuminated arca per unit length to the absorbing area per unit

Tength, thus

; _illaminated area per unit length = W
absorbing area per unit length C

(3.6)
Figure (3.2) shows the projection of the collector and the reflector on

a North-South plane. From the geometry shown

SUN

Figure 3.2 Projection of the Collector and the Rellector on the N-S Plane

on this figure it can be shown that the illuminated arca is

W= C - X =C - R(Cos B+ 3in B tan ) : (3.7)

-

o

i st e+
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Now, using the defining equation for f, Equation (3. 6), the expression
for f becomes

f:g—zl-%(CosB+SinBtancp) | (3.8)
From Figure (3.2) and geometry the angle at which the reflected ra-
diation strikes the collector can)be found to be

=B - eR (3.9
where eR is the incident angle of the sun's rays on the reflector sur-
face. The incident angle was expressed by Equation (2.5) as

Cos 6 = Cos B Cos y Sin ¢ + Sin B Cos ¢ (2.5)
For a south facing reflector the wall azimuth angle () is zero, and
the relation between the wall solar azimuth (y) and the solar azimuth
(@) becomes

v =0 : (3.10)
where the solar azimuth (¢) could be found using the following equation.

Sin ¢ = Cos § Sin H / Cos B (3.11)
Thus to obta‘in the incident angle on a séuth facing reflector Equation
(2.5) becomes

Cos 6, = Cos B Cos ¢ Sin B - Sin B Cos B ' (3.12)
where ¢ = 180° - B

Having found the expressions for f and ¢, Equation (3.2) can now

be evaluated.

Collector Heat Loss

Part of the direct solar radiation, diffuse sky radiation, and re-

flected solar radiation incident upon the collector may be directly
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transmitted through the glass cover, part méy be reflected, and partv
may‘be absorbed. Energy exchange by convection may occur between
the glass outer surface and the outside air. Also, the glass outer’
surface may transfer heat by long-wave radiation exchange with the
sky and the surrounding objects. In general, the rate 6£ useful heat
gain by the concrete slab through the glass cover is given by

9Qyuseful . IT(T @) - 9T 10ss (3.13)

where

IT = total rate of incident solar radiation (direct + diffuse +
reflected) on the collector, see Equation (2. 7).
(7 @) = transmittance-absorptance product of cover system for
solar radiation

CiT loss = Tate of energy losses from the collector to the
surroundings by radiation and convection. The
losses due to reflection from the c_over(s) are
included in the term (7).

Now each term in Equation (3. 13) will be analyzed separately:

(1) The total rate of incident solar radiation, IT
The total solar radiation incident upon a horizontal sur-
face was discussed in Section 2, and the final working
equation was givén by Equation (2. 7).

(2) Transmittance-absor@tance product, (Ta)

Of the radiation passing through the glass cover(s) and

striking the slab, some is reflected back to the glass.
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However, all this radiation is not lost since some 1s reflected

back to the slab. This situation is illustrated in Figure (3. 3).

THCIDENT
SOLAR RADIAT IO N

GLASS

R \ /\ , /{\ CQVER
(I-) T (1) T

T
/ NN AL / (- 0(\1,( ed’Z.
SIS, \;E“\\\\\“\B\/‘\“ CONCRETE
\ 3\ Vo sLas

Tex Taf1<) g CIC

Ficure 3.3 Absorption of Solar Radiation by Concrete Slab

Of the energy arriving at the concrete slab, 1y is absorbed and (1 - a) 1
is reflected back to the glass cover. The reflection from the concrete
slab is more diffuse than specular so that the fraction (1 - )7 that
strikes the glass cover is diffuse radiation and (1 - Q/)Tpd is reflected
back to the concrete slab. The multiple reflection continues and the
.("I‘h‘l'f.l‘y absorbed by the slab as given by (1) is

. TR LN .1
(1) = i (l—m)pd (3.14)

where

st o i

g’ e S g

g

%
!
!
:
!
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T = transmittance allowing for both reflection and absorption
o = angular absorptance of the concrete slab
Pq = diffuse reflectance

According to Duffie and Beckman (1), the diffuse reflectance can be
estimated by using the specular reflection of the cover system at an
incidence angle of 60°,

In order to evaluate Equation (3. 14), we need to know the total
transmittance, v. The transmittance allowing for both reflection and
absorption, T is

T =T T (3.15)

Transmittance due to absorption, T is
o

T = e (3.16)
o
where
K = extinction coefficient, assumed to be constant in the
solar spectrum
L = actual path of the radiation through the medium »

Transmittance due to reflection, ’Tr, for a system of n covers, all the.

same material given by (1) is

- (1-p)
Tr,n 1 +2(n-1)p (3.17)

where p is the reflectance of the glass cover.

The reflectance of the glass cover, p, can be obtained from
Fresnel's relation for the refléction of nonpolyarized radiation passing
from a medium 1 with refractive index n,, to medium 2, with refractive

index ny.
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_1 [sin? (6, - 0,) , tan® (9, - elq

__2 "Sing(92+el) tan3(92+el) (3.18)

P

where 6, and 6, are the angles of incidence and refraction. The

angles 9, and §, are related to the indicies of refraction by Snell's law

58, ~ (3. 19)

n, Sin 9,
Thus if the indicies of refraction and the angle of incidence are known,
reflectance can be obtained from Egquation (3.19) and (3. 18).
Knowing the total transmittance from Equation (3.15), transmit-
tance-absorptance product, (T«a), given by Equation (3. 14) can now be
evaluated.

(3) Rate of energy loss from the collector, qT loss

The heat loss coefficient for the collector is the result of con-
vection and radiation between parallel plateé. The energy transfer
between the concrete slab and the first glass cover is exactly the same
as between any other two adjacent glass plates and is also equal to the
energy lost due to thé éurroundin'gs from the top glass cover. (This
is not true at any instant of time if energy storage in the glass is
considered or if the glass absorbs solar energy). An empirical
equation for the heat loss coefficient was developed by Klein (8),
following the basic procedure of Hofetel and Woertz (9). The relation-

ship for the heat loss coefficient is

-1
U = N =
t ((344/'1’ ) [(T_-T_)/(N+F)]0.31 h)

b P a W

o(T + T ) (T%+ T?) (3.20)
P a p a

+ (e, * 0-0425N(I-¢ )]+ [@N + £-1)] ¢ ] - N
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where

Z
i

number of glass covers

&
]

(1.0 - 0.04h + 5.0 X 10~*h _=)(1 + 0.058N)
w w

eg = emmittance of glass
ep = emmittance of concrete slab

T ambient temperature { °K)

a

it

T
p

1

surface temperature of slab (°K)
o = Stafan-Boltzman constant
h = wind heat transfer coefficient, W/m? °C
The heat loss from flat plates exposed to outside winds are found
from a dimensional expression given by McAdams (10) which relates

m-= °C
h =57+ 3,8V (3.21)
W

the heat transfer coefficient in =W to the wind speed in m/s.

Knowing the overall heat loss coefficient, the rate of energy loss can

be found as
! = - 3.
9T 1loss U’I‘(Tp Ta) (3.22)
From Equations (2.7), (3.14), and (3. 32) the three terms of
Equation (3.13), namely IT’ {(Ter), and 9 1oss C201 be determmed.
Knowing these terms the useful energy rate can now be evaluated from
Equation (3.13). This evaluated heat gain rate is the actual amount of

energy that is used for heating up the concrete slab.



4, TEMPERATURE PROFILE

This section outlines the method by which temperature profile
in the slab can be predicted for various surface heat flux conditions.
The slab gains heat from the top by solar radiation (useful energy)
and normally loses heat from the bottom to the surroundings by con-

vection.

Heat Equation

Assuming a one-dimensional transient problem, consider a
system of length AXx in the x direction with cross sectional area A
normal to the x direction. The important energy terms are the con-
duction into and out of the system, generation, and storage. The

energy balance on the system is

Uy + B, = Uy axt By (4.1)
where
Ux = - [KA%; ]x Conduction
E = gw(A/g\x) Generation
124
q _ ot
X+ Ax = - [KABX X+ AX Conduction
[ 3
E = pc(Abx) ot Storage
§ 36

17
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s

For the case of no heat generation (. = 0), after some manipulation

Feuation (4. 1) becomes

o/

(Heat IIquation) (4. 2)

3
“
R |-
3/
i

FEquntion (4. 2) is the working equation for obtaining the temperature
distribution in the concrete slab.

_§g@_uti_gx‘1myf [Teat Iiquation

The solution of heat equation is done in two steps.

The first step is to obtain a system of ordinary differential equa-
tions to approximate the behavior of the heat equation, This is done
by finite difference formulation. Divide the x direction into equally

spacced nodes, Ax apart. This is shown in Figure 4. 1.

" I e EETT
. | Iy P
~ 4 o al a | o ® 03/
| | '
w0 Lo
' DX

Figure 4.1 Nodal-point arrangement
As an approximation, let the temperature of cach node represent the
temperature of a thin plane wall Ax thick surrounding the node as
Tabled in Fipgure 4. 1.

Fnergy balance for the interior node m is

-
p—

pad + !
qm—l, m qm, m+1 sm (4. 3)

S e i

i
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where
tm 1 - tm
qm-l, m = KA Ax
b " P
q - KA m m
m, mtl Ax
. dtm
= A B —
Esm peAhx de

Substituting the rate equations into the energy equation and rearrang-
ing, the resulting ordinary differential equation for the interior node

is found to be

dt
m = KA
pcAAx s ——-Ae (tm~l Ztm + tm+1) (4. 4)

A similar equation can be written for each of the interior nodes.

Energy balance for surface node n is

»

qo - qn, n+1 * Esn : (4. 5)
where
q, = total useful solar irradiation on the slab (see equation 3. 13)
t -t
qn, n+1 - KAW
. dt
B = peA T

Substituting the rate equations into Equation (4. 5), the resulting ordin-

ary differential equation for the surface node is

TS K pchAx dtn (4. ,6)

.......::.___._(t

A Ax n tn+1) * 2 de
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Energy balance for the end node, P is

[

= + E ' 4.7
qp-l, B qp sp | (4. 7)
where
t 1" t
q = KA_E:____._P
P"I’ P bx

= hA(t - t)
%p p e

, Ax dt
Esp = pcA —‘2‘: ~—E_d8

Substituting the rate equations into the energy equation and rearranging,
the resulting ordinary differential equation for the end node is found

to be

pcarx T KA (¢ - t) 4 hA(E - t) (4. 8)
2 de ~ Ax p- P ® P

The second step is to obtain a numerical solution to this system of
ordinary differential equations. The Crank-Nicolson method of solu-
tion was chosen to solve these differential equations.

Since this is an initial-value problem, we will know the solution

(v)

t  at some point in time e(v), and we will be seeking to find the

solution t(\) 1) at some later time 9(\) + 1) = 6\) + A®. The Crank-

Nicolson method uses the arithmetic mean value of the derivatives at

the beginning and the end of the time interval. In order to find t(v 1

using the Crank-Nicolson method one would use

(v) (v + 1)
(v +1) _ (v) [ 1}dt dt
t = t + Z[de t + a6 ] A (4.9)
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This can be generalized for the system of equations we are using., The
values of the derivatives in these equations can be found from the
system of the differential equations, that is Equations (4. 4), (4. 6),
and (4. 8).

’Using the Crank-Nicolson method of solution, the set of simultan-
ious equations to be solved are

For the surface node

q v q vt 1
(v+1) (v+1) (V) Ax 0 .,

2t -ty =t G ) ) (4. 10)
For the interior nodes

(v+1) (v+1) (v+1) (v) (v)

L e 4tm Ftoel T Tt Tt (4. 11)
For the end node (4.12)

(v+1) hax = (v+1) (v) hax  (v) hax

th-l - (4 + ka )‘cp = —th_l + ka tp - 4 . ’cw

In these equations r, as given by Equation (4. 13) was set equal to

unity.

KA®

The advantage of using the implicit Crank-Nicolson method is that
it is stable for any value of r, although small values are more accurate.
Values much larger than unity are not desirable. Furthermore, by
- using the average value of the derivatives to move ahead in time, the

“solution should be more accurate than the explicit method.



5. COMPUTER PROGRAM

A computer program was developed with the main objective of
predicting the temperature profile in the concrete slab. To achieve
this objective, the useful energy from the sun that is used to heat up
the céncrete slab should be first determined. To evaluate this energy,
the following four ‘preliminary steps should be taken.

(1) Calculate the direct normal solar intensity, and direct and

diffuse intensities that fall on the flat plate collector.

(2) Optimize the opening angle between the collector and the

reflector, if reflector is to be used.

(3) Calculate fhe direct and diffuse reflected energy that falls

on the collector, if reflector is to be used.

(4) Calculate the useful energy, the energy that is used to heat

up the concrete slab (including all the losses).

With the help of the theory introduced in the first four sections,
four different subroutines were developed to fulfill these steps.

A listing of the computer program is given in Appendix C.

Subroutine SUN

This subroutine in general calculates thé solar angles (hour angle,

declination, altitude, and azimuth), sunrise, sunset, and the direct

22
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normal solar intensity from sunrise to sunset. Then the direct and
diffuse solar intensities on the flat plate collector are calculated from
the direct normal intensities.

The inputs to this subroutine are the longitude and latitude of the

location of interest, and the month and day of the year.

Subroutine OPTIM

This subroutine optimizes the opening angle between the collector
and the reflector. The optimization is done by comparing the total
reflected energy on the collector from sunrise to sunset for different
opening angles and choosing the angle that yields the most fallen energy
on the collector, In the case of no reflectors, this subroutine should

be omitted.

Subroutine COLREF

This subroutine takes the optimized opening angle as an input and
calculates the direct and diffuse reflected intensities that fall on the
collector for that particular opening angle from sunrise to sunset. In

the case of no reflectors, this subroutine should be omitted.

Subroutine PERFOR

This subroutine basically calculates the amount of useful solar
energy that falls on the concrete slab. By using the information from
the three mentioned subroutines, it calculates the fraction of the total

energy falling on the collector that is transmitted through the glass
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cover(s) and absorbed in the concrete siab. The difference between
this energy and the energy that is lost from the top of the collector by
convection énd radiation (which is calculated from Hottel's Equation)
is the useful energy.

The input to this subroutine is the extinction coefficient of glass,
glass thickness, number of glass covers, emittance of the concrete
slab, absorptance of the concrete slab, emittance of glass, wind
velocity, and maximum temperature and variation in temperature for
the day of interest (this information is used to calculate the air

temperature at any instant of time).

Main Program

The objective of the main program is to predict the temperature
profile in the concrete slab that is heated from the top by solar
radiation‘(useful energy) and losses heat from the bottom to the
surroundings by convection. This program in addition to the four
mentioned subroutines employs subroutine TRDG77 to solve the set of
sixﬁultaneous equations which result from applying the Crank-Nicolson
method for the temperature profile calculations.

The inputs to this program are the heat capaci}:y, density, therma_l‘
conductivity of the concrete, number of interio.f nodes (which is used
for Crank-~Nicolson method of solution), convection heat transfer c:.o-

efficient, initial temperature of the slab, and total depth of the slab.
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The theoretical results will be presented, discussed and compared
with the experimental results in Section 7, under the topic of results

and discussion.



6. EXPERIMENTAL MODEL

This section describes the construction of the experimental model

and the experimental procedures used for data acquisition.

Construction of the Model

After sufficient information was obtained from the analysis, a
Portland Cement concrete slab with dimensions of 8' x 5' x 10, 5'
(Specified by OHD) elongated in the east-west direction, was constructed
using reinforcing bars. The concrete mixture used for constructing the
reinforced concrete slab was very similar to the mixture(that is used
by&the Oklahoma Highway Department. The size and arrangement of
the reinforcing bars used in the concrete slab were very similar to the
actual concrete beam bridges built by the OHD. The arrangement and
size of the bars are given in Figures 1 and 2 of Appendix D respectively.
The concrete slab was elevated a minimum of one foot from the grauhd
in order to simulate the one-dimensional heat flow situation encountered
with an actual bridge deck. Thermocouples were placed in the slab at
different locations and depths in order to determine the temperature
variations in the slab. Figure 3 and Table I of Appendix D respectively,
show the position and dimensional locations of the thermocouples in the

slab. As part of the solar collection equipment to heat the concrete

26
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slab a 6' x 3' collector with two glass covers was used. The
location of the solar collector on the slab is shown in Figure 3,
Appendix D. A specular reflector with dimensions of 5' x 8' made
of aluminum sheets was attached on the north side of the concrete
slab (south facing reflector). The reflector was built so that the

opening angle between the reflector and the collector would be adjustable.

Data Acquisition

In order to verify the theoretical model experimentally, it was
necessary to know the hourly solar intensity, the hourly temperature
distribution in the slab, and the opening angle between the collector
and the reflector.

- The temperature histories were obtained from the thermocouples
and a pyronometer was used to determine the solar input. The opening
angle between the collector and the reflector was measured directly.

The experimental results will be presented, discussed, and com-
pared with the theoretical results in the next section under the topic

of results and discussion.



7. RESULTS AND DISCUSSION

The predicted temperatures at different locations in the concrete
slab for various surface heat flux conditions from assumed weather
data for Stillwater, Oklahoma, for the 21st day of each month of a -
year, are given in Appendix E. For these predicted temperatures the
effects of concrete surface blackening and the number of glazing
material were also investigated.

Comparing the predicted temperatures with and without surface
being black, shows that surface blackening increases the temperatures
at the location of our interest (approximately two inches below the
surface) by as much as 15°F for the given input data. This increase
in temperature due to surface blackening is a function of outside tem-
perature, but nevertheless, it always shows an appreciable amount of
increase in the temperatures. These comparisons are made in Table
I, Appendix F, for the months of January and June.

The effects of the number of glazing material is demonstrated in
Table II of Appendix I' for a collector with one and two glass covers on
a black surface. Increase in §he number of glass covers reduces the
heat loss from the top of the collectgr due to radiation and convection,
but it also decreases the amount of energy that falls on the concrete

slab, due to more reflection from glass covers and absorption in the

28
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glass covers. For this study, the comparison of the predicted temper-
atures show that using two glass covers on the collector in the long run
would vyield I;etter results. Also in Table II, along with the predicted
temperatures, the amount of energy that falls on the collector and
collector performance parameters are given. It can be seen that as
the number of glass covers increases heat loss decreases along with a
decrease in the transmittance-absorpténce product.

From the observations made above, it was decided to predict the
temperature distribution for a period of twelve months in the concrete
slab that has been blackened and uses two glass covers on the collector.
These temperature predictions are given in Table I, Appendix E. Note
that the time corresponding to these temperatures is the amount of
time p'ast sunrise. For the input parameters used in this study, these
predictions show that under clear skies and with the use of reflectors,
the concrete slab can be heated to temperatures of 160° - 190°F for a
depth of approximately two inches in the months of March, April, May,
June, July, and August. In these fnonths the temperatures would
definitely meet the required limits. These predicted temperatures
are very sensitive to the input air temperatures if we assume that the
rest of the input parameters are reasonably correct. The input air
temperatures are the maximum daily temperature and the variation
in the daily temperature, that is the difference between the maximum

and minimum daily temperatures. These values were obtained from
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Climatological data (11) for Stillwate,r,’ and an average monthly value
from the data of the last three years were obtained.

The predicted temperé.tures for a depth of two inches below the
surface in the slab for the month of September is about 150°F. With
a little variation in the input temperatures for this month in the favor-
able direction, the predicted temperatures for this month would easily-
meet the required terhperature.

For the months of February and October, the predicted tempera-
tures for a depth of two inches below the surface in the slab reaches a
maximum of approximately 130°F, If the daily temperature reaches a
higher value than the assumed value, the temperatures at the specified
location can reach the specified temperatures.

For the months of January, November, and December, according
to the predicted values the maximum temperatures for a depth of two
inches is between 90° - 100°F which makes the possibility of meeting
the required temperatures douBtful unless for extremely hot days
during these months.

A summary of the maximum predicted temperatures at the depth
of 2.1 inches below the surface of the concrete slab and the optimized
opening angle between the collector and the reflector for the 21st day '
of each month of a yéar are given in Table II of Appendix E. Also in
this table, the effects of surface blackening and the number of glazing
material on the maximum temperature are demonstrated. Along with

the predicted temperatures for the twelve months, all the input para-
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meters, and the following hourly information is given. The direct
normal intensity (IDN), direct inteﬁsity (ID), direct diffuse intensity
(IDIF), total direct solar contribution (WD), direct reflected radiation
(IDR), direct diffuse reflected radiation (IDIFR), total reflected solar
contribution (WS), total solar contribution (WT), heat loss from the
top (QTLS), useful energy input (WIN), transmittance-absorptance
product (TAPH), air temperature (TAF), solar altitude (ALT), and
solar azimuth (AZM). In addition to the above information, the opti-
mized angle between the reflector and the collector and the time of
sunrise and sunset are also given.

The experimental data referred to in Section 6 are tagqlated in
Tables I-1IV of Appendix G. These data were obtained under a variety
of weather conditions. Weather conditions were one of the main
factors encountered in heating the concrete slab. Heating the slab
was possible dn hazy, cloudless days and on clear to partly cloudy
days. Solar intensities were higher on partly cloudy days as shown
in Appendix G. Note that these intensities are direct, plus diffuse
intensities on a horizontal plate, plus some reflection from the sur-
rounding objects, but the reflection from the reflectors is not included.

The best long term results were obtained from the theoretical
analysis when the surface of the concrete slab was painted black and
a s’olar collector with two glas:s covers attached to a specular reflector
was used, Therefore, most of the experimental data were obtained

under these conditions as shown in Tables II-IV of Appendix G. The
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experimental data shown in Table I were obtained with natural surface
color of the concrete slab. The data of Table I show that although the
solar intensities for that particular day were reasonably high, the
temperatures at a depth of two inches below the surface of the slab
did not get as high as one would expect. Now taking the data shown in
Tabies II-IV, the solar intensities are generally lower than the inten-
sities of Table I, but the temperatures are considerably higher. This
increase in temperature is mainly due to the surface blackening effect.
The experimental data of Table II-IV show that the temperatures at a
depth of two inches below the surface can be reached to the specified
limits, which in fact supports the theoretical results.

In these experiments, the opening angle between the reflector and
the collector was set at an angle of 100°. But according to the theoret-
ical analysis, the optimized opening angle is 90° (see Table II, Appen-
~dix E). With the available experimental facilities we \%ere not able to
reach this optimum angle, therefore, the next best opening angle was
chosen for these experiments.

In order to compare the theoretical results with the experimental
data, the computer program was run for the opening angle of 100°,
these theoretical results are included in Table V.Qf Appendix G for
comparison. The experimental data of Table IV for July 26, showé
that at about -’;L:OO p. m. the temperature of the slab at a depth of tvs}o
inches below the surface reaches a maximum of about 173°F. The

theoretical predictions show (see Table V) that at the same time of the
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day, and the same depth, the maximum slab temperature is about

181° F. This comparison very well supports the theoretical predictions.
According to this comparison, the theoretical temperature differs

from the experimental temperature for the month of July by about 5%.
The experimental and théoretical solar intensities also compare
reasonably well., The experimental intensities are slightly higher be-

cause of the reflection from the surrounding objects.



8. CONCLUSIONS

From the theoretical and experimental results presented and
discussed in Section 7 of this study, it could be concluded that it is
possible to heat the concrete slab by using svolar collection equipment
to temperatures of 160° to 190°F for a depth of approximately two
inches below the surface for the purpose of polymerizing or internally
seaiing them. |

The theoretical results show that this heating is definitely pos-
sible for the months of March, April, May, June, July, and August
for a concrete slab that has been blackened and uses two glass covers
on a collector that is attached to a reflector. For the month of
September, for temperatures slightly warmér than the average daily
temperatures, this heatiryxg‘is possible. For the months of February
and October, fhis heating is possible if the daily temperafures are
higher than the daily normal temperatures. For the months of
January, November, and December, this heating seerns to be doubtful
except for exceptionally hot days.

The experimental results Asupport the theoretical predictions for
the month of July. The predicted results for this month differed from

the experimental results by about 5%, wﬁich is reasonably good. More
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experimental data are required to conclusively demonstrate the validity
of the present model for the rest of the months.

In these predictions it was assumed that reflectors are always
present. The disadvantage of having reflectors present is that if more
than one collector is to be used on a bridge span, reflectors could
cause shading problems and this would drastically drop the efficiency
- of the solar collecting system.

The major benefit of this study should be a reduction in the cost
of polymerizing or internally sealing concrete bridge decks. The

estimate of possible cost savings at this time is not possible.
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Solar Radiation Related Data
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DATE A B, c
Btuh/sq ft Air Mass
Jan., 21 390 0.142 0.058
iFeb. 21 385 0. 144 0. 060
Mar. 21 376 0. 156 0.071
Apr. 21 360 0.180 0.097
May 21 350 0.196 0.121
June 21 345 0.205 0.134
July 21 344 0.207 0.136
Aug. 21 351 0.201" 0.122
Sept. 21 365 0.177 0.092
Oct. 21 378 0. 160 0.073
Nov. 21 387 0.149 0.063
Dec. 21 391 0.142 0.057
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WHERE TAF IS5 THE VARIABLE AMBIENT TEMPERATURE, AND
"H IS THE HEAT TRANSFER COEFFICIENT T
IS GAINING HEAT BY SOLAR IRRADIATIONS

THE SYSTEM

A SUBRUOUTINE

A SUBROUTINE IS EMPLOYED TO SOLVE THE SET OF EQUATIONS wHICH
APPLYING THE CRANK-NICOLSON METHOD. )

RESULT FRIM
A SUBKROUTIN
BETWEEN THEZ
A SUBRQUTINE

"THAT FALLS ON THE COLLECTORS

£

COLLECTUOR AND THE REFLECTOR

=

A SUBROUTINE

THE TOP DUz

T3 RADIATION AND CONVEZICTIONS
M e o kRt AR e R L R RS g

R T R R R R R R R R R S R R
THIS PHROGRAM DITERMINES TEMPERATURES AS A FUNCTION DF TIME IN A
CONE-DIMENSIONAL SYSTEM GAINING HEAT FROM ONE END AND LOSING HEATYT
FROM . 80TH ENDS. THE HEAT 0SS FROM THE BOTTOM [S AZCORDING TO

4 % (U - TAF)

IS EMPLOYED 70O CALCULATE THE HOUILY SOLAR IRRADIATION

IS EMPLOYED TO OPTIMIZE THE OPENING ANGLE
1S EMPLOYED TO CALCULATE THE TOTAL ENERGY
IS EMPLOYED TO CALCULATE THE HEAT LOSS FROM

*DIMENS ION U(SO,a)g‘USTART(SO);TPC(SO)

DIMENSITON

HI{30 1),
DIMENSION W)(DO)’WS(SO)'WT(bO),Di*FH(SO)¢TAPH(50)1TA(50)
DIMENS [ON TAF(SO)'QTLDS‘JO)QWIN(bU)vGI(OO)cGIR(bO)OGI

R(S50)+GID{50),BETAD(BD),PHID(50)?

REAL  LONG-LAT

REAL LONGDLATD

TG1=1.0

w
(o]

i
i
i
i

ey

{
4
i
i

300

G2=1.526
ALPHAT=0 .95

RHOS=0.95

KK=1
K=1
CONT INUE

INPUT PARAMETERS FOR SUBROUTINE SJN, DAY= DAY OF THE YEAR,
LONG = LONGITJUDEs LAY = LATITUDE, M = MUNTH
ALL THE ANGELS IN SUBROUTINE SUN SHOULD BE IN -RADIANS.

TREAD{5s1)

D

AY s LONGsLAT s M

FORMAT{FHe2s2F 7e44+12)

INPUT PARAMETERS FUOR SUBROUTINE PIZIRFOR,s AK = IXTINCTION CDEFF.
‘BL .= GLASS THICKNESSsL = NDOs OF GLASS COVERS, TMAXF = MAX, TEMP, [N
TVARF. = TZIMP. VARIATION IN DEG. F o+ EMCP = EMITTANCE DOF PLATE .,
EGLS = EMITTANCE OF GLASS » WVMLH = WIND VELOCITY [N MILE/HR .

READ 300 ,AK«BL,LsTMAXF s TVARF sEMCP s EGLS» VMLH
FDRMAT (F6.4|F503'I10F803.F6021 ZFSQB’FQOI)

CALL
*BETALDIFF4)
CALL

SUN(DAY LONGLATSGIVBETAD»HRIPHID+SS»SRaMDELTADPHI,
COLREF(BD+WT WD WS»DAYLSLONGLLAT,M,G1,GIR»GIDR)

LONGD=LONG%57.296
LATO=LAT¥57 296

CALCULATE THE INITIAL TEMPERATURE IN DEGREES F o+ UIN

TMR={3.1416/12.)%5R

R R R R T

DEGe

-

8¥
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23 o VSR=56.29+29.32%COS(TMR) +38,4B8%SIN(TMR) =3,48%C0S (24 %xTMR) -8B .35%S I N(

OO

T 2 e kTMw)
24 UIN=TMAXF~{{ TVARF2VSR}/100 «)
C
C CTHE INPUTS3 SHIULD BE EXPRESSED IN UNITS OF INCHES,SECUNDS,POUNDS,AND F o
c READ I SYSTIZIM PARAMETERS. C = HEAT CAPACITYs RHI = DENSITY,
C COND = THIRMAL CONDUCTIVITY. NUOINT = NOs. OF INTERIOGR NODES,
o ALPHA = HM/CIND, XL = TOTAL DEPTH ,H = HEAT TRANSFIR COEFFICIENT .
C
25 T READ 100,CsRMHI,COND+NOINT» ALPHA XL oH
25 C 100 FORMAT(F‘.3’*‘gI6'f‘11.9!13’F6‘3|F002'F10¢7)
C _COMPUTE INITIAL VALUES OF TEMPS,DZILTA X, AND DELTA T,
C - .
27 T=0,0
28 TH=040
29 . TOUT=100.0 L o S : o
Ty XINT=HOINT ' B ’ ST E
31 N=NOQINT+ L
32 CODX=EXE/ZXINT
33 DT=C*RHO*DX*%2/COND )
T34 DTH=DT/3600.0 . )
35 RHOF=RHO*1 728.0
36 CONDF=COND%43200.0
37 HF=H%¥518400,0 - L R SR
g ‘ WRITE(6,31) C C )
39 31 FORMAT(1HL+//777311Xe? HEAT CAPACITY = 3,F4.2:% BTU/LBM-F?)
40 WRITE{6432) RHUF . :
41 32 FORMAT(1HU+10Xs? DENSITY = ¢,F6.2,"' LBM/FT¥%x3¢) , SR
42 4 WRITE{(6H,33) CINDF
43 . 33 FORMAT(1HI,10X,* THERMAL CONDUCTIVITY = *,F4,25% 3TU/HR-FT~F1)
44 WRITE(n+364) HF :
45 34 FORMAT(1HO,10X,* HEAT TRANSFER COEFF.= ?3F642+* BTJI/HR-F-FTx%21)
46 WRITE(6,35) UIN ' T T . ‘
47 35 FORMAT(1IHO s10X+* INITIAL TEMP. = 1 ,,F6a2¢% F1)
48 WRITE(6937) NOINT o
49 37 FORMAT {1HO+10Xs* NOe OF INTERIOR NODES = *,12) L
30 WRITE(6H,33) XL
51 38 FORMAT(1HO,10Xs ' DEPTH DF SLAB = * ,F6.2,% INCHES?®)
52 : WRITE(6G441) OTH .
53 41 FORMAT(IHO.////+11Xs?* TIMEZ INTERVAL = *,F542,* HR*')
54 T U WRITE(6,42) DX T T o
55 42 FORMAT (1HDs10X»? DISTANCE INTERVAL = *,F5,2,* INCHES®)
36 DO 10 1=1sN o ;
537 10 USTART(I)=UIN . ; , -
58 PRINT 199 ' )
54 199 FORMATI{/57H1ISILUTICON TO HEAT FLOW PROBLEM BY CRANK~NICOLSON METHOD
x /)
0 PRINT 200s T+ (USTART(1)s I[=14N)
1 200 FORMAT (/54 T = FS5e2, 6H HOURS / (1H 11F8.2)) ‘ T
¢
C GEY COEFFICIENTS OF SYSTEM.
c ’
52 U(ls4)=UIN
63 HR{1)=0.0 ' .
54 DO 15 J=1,49 . ,
55 . HR{J#1)I=HR(JI+0.5 .
bbb CTTTUIF{{HR{J)I-SR) «<LEs 0O.1) GO TO 15
57 - _ IF(HR(J) «LTe SR) GO TO 15
51 TF{Hef 1Y . GEs SRY GO TO 21
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21

IF{SS~HR{J) L_Es 0al) GO . TO 23
IF(HR({J) «GT s 3S) GO 70 23

U(1ls1)1=0a0

Ul 1s2)=2.0

U{1+3)==1.0
TUINS1)Y=260 !

U{Ns2)Z=4,0~26 0xALPHA%DX

UINs3)=0.0

DO 20 I=2«NOINT

TU{Is11=160

U{1s2)==~4,0

U{TIs3)=1e0

TPF=U{ 14+ 4)

TPCIJ)I={(5e/9 1 %{TPF-=32,.) 77 T T T
TP=TPC(J)

CAat L ‘PERFDR(AKyBL,L,TMAXFQTVARF;EMCQ;EGLS;VMLH.J,TAPHQTAF'
XQTLOS» WINSsDAY s LONG-LAT s MsTP) .
U(1+4)=USTART(2)+{ 0e00000193) % (DX/CONDIR{WIN(JI+WIN(I+1))
UlNs4)==2,0%USTART(N=1)+2, O%ALPHARDX®USTART(N) -4 0%ALPHA¥DX*TAF{J)
DO 30 I=2.NOINT

Ul Tl +4)==USTART(I~-1)~USTART(I+1)

DO 40 I=14N

40

22

15
23

61

62"

63

64

65
73
66

€1

68

72

69

lCALL TRDG77 (UsN) 7"

"CONT INUE

COMPUTE VALUES.
T=T+DT

PUT NEw VALUES INTO USTART AND SEZ IF TIME TO PRINT OUTe.

USTART (1)=U(1,%)
IF (T=TQUT) 21,
TH=T/3600.0 o : S
PRINT 200sTHs (U(1+4)s 1=14N) o

22, 22

CTOUT=TOUT+100.0

IFI{HR{J)=-S55) 15,15,23
CONT INUE M
WRITE(6,61) L
FURMAT (1H1,/////7311Xs* NOe OF GLASS COVERS = 4,11)
WRITE(64+62) GI :

FORMAT{1H0»10Xs* INDEX OF .REFRACTION FOR AIR = *,F3.,1)
WRITE( 6463) G2 ' «
FORMAT (1HD»10Xs* INDEX OF REFRACTION FOR GLASS = *,F5.3)

WRITE(6.64) AK -

FORMAT (1HO +10X s % EXTINCTION COEFFICIENT = ?,F5.3,% 1/INCH")
WRITE(6,65) BL .

FORMAT (1HO ,10Xs* GLASS THICKNESS = ?#3F5,35% INCH®)
WRITE(6,73) ’

FORMAT (1HD,10Xs* SURFACE COLOR = BLACK®) ~ 7 7~

WRITE(6+65) EGLS _
FORMAT(1HU+10Xs* EMITTANCE OF GLASS
WRITE(6+67) EMCP

FORMAT (1HO»10Xs* EMITTANCE OF PLATE

i

' F4.2)
4L FG.2)

i

WRITE(6,63)

AL 2HAT

FORMAT(1HO 10X s ¢ ABSORPTANCE OF THE PLATE = *,F%.2)

WRITE{(6,72)

RHOS

FORMAT {1HO»10Xs»* REFLECTOR REFLECTANCE = *,F4.2)

WRITE(6:69)

VMLH

FORMAT(1HOs10Xs® WIND VELOCITY = * ,FSe1,% MILE/HR®)
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FORMA
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(& - TMAXF

T

(&
FORMAT

(

A

10X ' MAXIMUM TEMP. = 1 ,F5.2," DEGRIZS F1¢)

TVARF '

OX+? TEMPe VARIATION = *,F5.2s* DEGREES F?*)

b] 'D&LTAD i

41.10X. MONTH = *,12,26X,' DECLINATION = #,F7,2, ¢ DEGREZ

1
1
i

~N N
L

WRITE
o6 FORM
*¥51)
WRITE(
7 FOUORMAT
T ka2t H
ARITE( 6,
8 FORMAT(1 0
*¥,24% HOUR®)
T WRITE(6+,9) BD
9 FORMATI(1HO,10
2STILLWATER?®)
WRITE(6E,3) )
"WH3»'~FOQ}-1AT(1HOC13)(O'HR"13x"IDN"12X’ tID? L, 12X Y IDIF?,12Xs¥WI® 511X,
X1DR 1T, PIDIFRY,10X%WSt)
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1, F5
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A
OX, ! LATITUDE = *,Fb6.24+' DEGREES®»11Xs* SUNRISE

e

LONGD 5SS : .
10X, * LONGITUDE = *,F6.2,' DEGREES*,10X¢? SUNSET = +,F5

{
1
|
:
i

Xe? OPENING ANGLE = ¢ ,F5,1,* DEGREZS? + 8Xs *LOCATION =
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N
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H{ ) WD(I),GIR(I)sG I)eWS(1)
Sl 31 0XeFS54110X3F5 OXsFSalowtl
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O WRITE(
12 FORMAT (
+ 11X 2T
DO 60 1
WRITE(®
THPHID(T) .
11 FORMATIIH 911X eF542110X3F501810X9F5,1910XeF5e1310X3F542s10XsF501l
XOX+sFDe1a9X25F541)
60 CONTINUE
KK=KK+1
IF{KK~K) 5050551
51 CONTINUE
L WRITE(6.8)
4 FORMAT (1H1)
5TOP ’
END
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SUBROUTINE  SJIN(DAYsLONGs»LAT»GID,3ETAD, HR,PHID,SS,SRsM,DELTAD,PHI,
_#BETALDIFFA) )

-
[VE
W

T R S S T ST T TR R R e TR
+ THIS SUBROUTINE CALCULATES THE HOUR ANGLE,THE +
+ SOLAR DECLINATION,THE SOLAR ALTITUDE, THE SOUAR +

T TTTTTTUAZIMUTH, THE . SUNRISE S THE SUNSET.DIRECT NORMAL +
+ SOLAR INTENSITYsAND ODIFFUSE SOLAR INTENSITY,. +
B R L R e R R R R RS R R N

noonnoan .

DIMENSION HR(50)+sGID(S50)+BETAD(S0),PHID(50),PHI(50),BETA(50)
DIMENSION DIFFH(50)
REAL LONGsLAT
HR{(1)=0.0
DO 40 I1=1,49
HR(I+1)J=HR(I)+0.5
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TT1S H=0L.2618%(HR(1)~12.0)

i
e I T e N e R Y

. CALCULATE THE HOUR ANGLE. H

IF(HR(I)eGT. 12.0) GO TO 15 . :
H=0.2518%(12 ,0~HR(1)) ‘
GO TO 20

TR . S N . [EER

CALCULATE THE DECLINATION IN DEGREES, DELTAD

20 DELTA=C.40928%SIN((2B4.0+DAY)*6.2832/365.0)

DELTAD=DE_TA%57 «296

_ CALCULATE THE SOLAR ALTITUDE IN DEGREES,BETAD

SINB=COS{.AT)&*COS{H)*COS(DELTA)+SIN(LAT)®SIN(DELTA)
BETA(II=ARSIN(SINS)

BETAD(I1)=8ETA(I)%57.296

CALCULATE THE SOLAR AZIMUTH IN DEGREES. PHID

SINPHI"COS(DLLTA)*SIN(H)/COS(BETA(I))
PHI(IYI=ARSINI(S INPHI)
PHID{I )=PAI(1)%57.296

_CALCULATE SUNRISEs SR AAND SUNSET;_ 55

CDSHSS~—SIN(LAT)*SIN(DELTA)/CDS(LAT)*COS(DCLTA)
HSS=ARCOS({LCOSHSS)%x3.8197

SR=1240-HSS e
S55=12.0+H55

CALCULATE THE DIRECT NORMAL SOLAR IRRADIATION IN BTU/HR-FT%x%2 .GID
CALCULATE THE DIFFUSE SOLAR INTNSITY ON HDRIZDNTAL

CSURFACE IN BTU/Z/HR-FT%*%2 2D IFFH

FI{HR{I)=SR) «LEe 0Ool) GO TO 30 ;
F(SS-HR{1) «LEes Deal) GO TO 30 , - -
IF(HR{TI) «LTe SR «0Re HR{I) «GT. S55) GO TO 30
F{M «EQe 1) GO TO 1

F(M 2EQe 2) GO TO 2

F{M «S20. 3) GO YO 3

F{M «EQe 4} GO TO &

FiM «EGQGs. 5) GO TQ 5

F{M «EQ. 6) GO TO 6

F(M «FQe 73 GO TO 7 )

F(M .ECs 8) GU T0O B

F{M «EQe 9) GO TO 9

F{M «EQ 10) GO TO 10

F{M «EQs 11) GO TOD 11 o ﬁ
F{M «50a 12) GO TO 12

THE VALUES OF A.3, AND C WHERE DBTAINED FROM ASHRIEA HANDBOOK

*FOR THE 21ST DAY OF EACH MONTH

1 TA=390.0

As APPARENT SOLAR CONSTANT
Bs ATMOSPHERIC EXTINCTION COEFFICIENT
Cy» SKY DIFFUSE FACTOR

B=0.142
C=0.0548

29



194 GO TO 25
135 2 A=385.0 77
136 B=0.14%4
197 C=0.06
198 K ) GO TO 25
199 3 A=370.0
200 B=0.156
201 C=0.071
202 GO TO 25
203 4 A=360.0
204 B=0.180
2095 C=0.007
206 GO TO 25
227 57 A=350,0
208 B=0.196
239 C=0.121
210 GO TO 25
211 T6TA=345.,0 77
12 B=0,205
13 C=0.134
14 , GO TO 25
15 7 A=344.0
156 B=0.207
17 C=0e136
18 . .GO Y0 25
19 8 A=351.0
20 B=0,201
21 C=0.122
222 GO TO 25
223 9 A=365,0
224 B=0.177
2¢5 C=0.092
226 - GO TO 25
227 10 A=37840
228 B=0.160
229 C=0.073
230 .
231 11 A=387.0
232 B=0,149
233 C=0.063
234 .. GO TO 25
235 12 A=391.0
236 B=0.142
237 C=0.057
238 . GO To 25
239 25 Cc0s5zZ=SINB 7
240
241
242 . GO TO 40
243 T30 GID(1)Y=0.0
25%4 DIFFH({1)=0
245 BETAD( I)=0
286 PHID(I1)=0,
2437 40 CONTINUE
248 RETURN
249 END
Qe
c .
250 SUBROUTINE

NUNNRNRKNNNN

GO T0 25 .

GID{1)=A/EXP{3/7C0S2Z)
DIFFHII)=C*GID( 1)~

ot iy - N

T COLREF(BDWTs WD+ WS DAY SLONGSLATsMGT1+GIRSGIDR)

€S



NP VN

256
257
228
259
250
261
252

Vit on
UL BN

i
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:nnnnnnnnm

i

OO0

i
§

0
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felelakslo NS

i

i

TTIF(PHEE oLTae 0;0)" GO TO 1

TTSPECULAR CONTRIBUTION

B R R R N A R R o A R T AT L L PR R R R R R R Rk ko ok
THIS SUBROUTINE CALCULATES THE POWER ABSIOR3ED BY +
THE COLLECTOR FROM DIRECT SUOLAR RADIATIUN(NURMAL®# +
DIFFUSE) AND THE PIWER ABSORQED BY THE CILLECTOR +
FROM THE REFLECTED RADIATION FROM THE SPECU_AR +

+

+

£ttt

REFLECTOR (DIRECT REFLECTED 4 DIFFUSE REFLECTED ).
B T R T e e S A R S o T o S S B e e N et S RS E 2 E

TDIMENSION S HR{S50):sGID{50):BETAD(S0)+PHID(50)PHI(S50)+.BETA(S0)

DIMENSION GI{30):W0{50)ewWS{50),WT{50),GIN(50)+GID(50) «DIFFH(5B0)
REAL  LONG.LAT
CALL DPTIM{BRsDAY LUNG,LAT, M)
TCALL T T T T SUN(DAY S LONGLLAT,GID,IETAD HRsPHID s SSs SR M, DELTAD PHI,
*BETADIFFAH) :

DIRECT CONTRIBUTIDN

BD=BR#57 .296 ~ ' v ‘ 1
HR(1)=040

DO 40 [=1.49
HR(I+1)=H(1)+0 45 e o ‘ ’ T
CALCULATE THE INCIDENT ANGLE, MEASURED FROM THE COLLECTOR NORMAL
COSTEC=SIN(BETA(IL)) ‘

CALCULATE THE DIRECT SOLAR INTENSITY , GI

TGI(I)=GIDI1)*CISTEC ) '
CALCULATE THE ENERGY THAT FALLS ON THE COLLECTOR(DIRECT+DIFFUSE) » WD
WO(I)=GI(I)+DIFFH( )

CALCULATE THE INCIDENT ANGLE OF THE TILTED SURFACE (REFLECTOR)
BR 1S THE OPENING ANGLE, ANGLE BETWEEN THE COLLECTOR AND THE REFLECTOR
COSTER=COS(BETA( {))%COS(PHI(1))*SIN(B3RI—SIN(BETA(I))*COS(BR)
TETR=ARCOS({COSTER)
PHEE 1S THE ANGLE AT WHICH THE REFLECTED RADIATION STRIKES THE COLLECTOR
PHEE=BR-TETR

IF(PHEE +GE. 145708) GO TO 1

F 1S THE FRACTION OF THE COLLECTOR ILLUMINATED BY REFLECTION
F=1.0-(COS{BR)+SIN(BR)*TAN(PHEE) )
IF(F +LTae 0a0) GO TO 1

[F(F 4GT. 140) GO TO 3

GU TO 4

.

3 F=1.0

‘4 CONTINUE

CALCULATE THE REFLECTED SOLAR INTENSITY + GIR
RHEOS. 1S THE FRACTION OF THE INCIDENT RADIATION REFLECTED

RHOS=0.95 ,
TTGIR(II=GIDII Y %RF 2CDS(PHEE ) ¥RHOS T ’

CALCULATE THE DIFFUSE REFLECTED SOLAR INTENSITY o+ GIDR : ‘
GIDRIT)I=(1e0~3IN(BR/2:0))I%((104COS(BR)I/2O0IMDIFFH(T1)%RHOS
CALCULATE THE ENERGY THAT rFALLS ON THE COLLECTOR FROM THE .
TTREFLECTOR{DIRECT R&FLECT&D+DIFFUSE REFLECTED) 4 WS e

GO TO 2 )

1 GIR(1)=0a.0

GIDR{1)=0.,0

2 WS(1)=GIR{II+GIDRI{I)

TOTAL CONTRIBUT ION

14"



"CALCULATE THE TOTAL ENERGY THAT FALLS ON THE CZOLLECTOGR » WT

(alg]

281 AT(L)=wD(1)Y+wsS(1)
282 40 CONTINUE
233 , RETURN
254 END
C
C ! \
285 TTTTTUSUBROUTINE L OPTIM(BR DAY SLONGsLAT M)
C
C B N R T T R R R P R e R R bk kB
B e TH1IS SUBROUTINE OPT IMIZES THE OPENING ANGLE.THAT +
C + 1S THE ANGLE BETWEEN THE COLLECTOR AND THE REFLECTOR. +
C + TH* UPTIMIZATION IS BASED ON THE MAXIMUM ENZIRGY THAT +
C + FALLS ON THE COLLECTOR FROM THE REFLECTYED +
D SR 1 RADIATION FROM THE SPECULAR REFLECTOR. +
C T LR E RS R T R PR R R R L R R R R R R R bk bk o
C -
236 DIMENSION BT(21),WSMAX(S50)sWS(S0) sDIFFH(S50)sGIR(50)+GIDRIS0)
237 - DIMENSION HR{50),GID(50),BETAD(S0)+PHID(50),2HI(50),BETA(50)
288 . DATA WSMAX/50%0.0/
289 REAL  LONG.LAT
230 CALL SUN{DAY S LONGsLAT ,GIDsHSETADs HR4PHID s 555 SR M4 DELTADWPHI»
. *BETA,DIFFA) , B o
291 RHOS=0.95 T oy
292 BT(1)=040
233 HR{1}=0+0
2%4 DO B0 J=1.,19 o o L
299 DO 40 [=1.49 '
2956 HR{I+1J)I=H(I1)+ 0.5
237 COSTER=COS({BETA{I))*COS{PHI{II)I*SIN(BT{(JII-SIN(IETALI) I*20S(BT(J))
298 - TETR=ARCOS (CUSTER)
299 PHEE=BT(J)~-TETR
3090 IF(PHEE +0Es 15708) GO TO 34
301 IF(PHEE ooTe De0 «ANDe GID(I) sNEs 0.0) GO T3 3%
332 o F= —(CGS(ﬁT(J))+bIV(BT(J))*TAN{3HE& )
303 IF(F olTe el «+ANDs GID{I) oNE=s 0 GO TO 34
304 IFLF «GTa 160} GO TL 35
305 GO TO 36
_____ 305 . 35 F=1.0
307 36 GIRCII=GID(1)xF%COSH( YERHOS
308 GIDR{I}={1a=S5IN{(BT(J ))*((l.+CUS(BT(J)))/2 YR*DIFFH( 1) *#RHOS
309 : wS{I)=GIR{I)Y+GIDR{I)
S 310 40 CONTINUE : :
311 ' WSMAX( J)=wS{25)
312 34 B8T(J+1)=BT{J)+0,17453
313 50 CONTINUE
314 . MAX=WSMAX(1) v o «
315 DO 00 K=1,17 .
316 IF{WSMAX(XK+1) «GEs MAX) GO TO 41
317 GO TO 60
318 41 MAXE=WSMAX{K+1)
319 BR=BT(K+1)
320 60 CONT INUE
o321 RE TURN
322 _ END ,

a0
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323

SUBRDUTINT PtRFDR(Ak.BL;N.TMAXF-TVARF’&MCP’EuLSgVMLHqi'TAPH TAF

T RQTLOS s WINSDAY s ONGeLAT M, TP -

324

325
320
327
328

329

Wl W Wil
[SVE VAR SUR ELY SR VAR S5 %)

W
W

344

345

346
347
348
349
350
351
352
353
354
355
356
337
358
359
360

N UTE WO

C
Cc
C
C
C
C
C<
C
C
C
C
C
¢
C
C
c .
1
2
3
: "9
. C
C
c
C

R e R R R PR e R R R R R R R R R R R T ok o ok ko
THIS SJUBROUTINE CALCULATES THE LOSS COZFFICILIENT +
FOR THE TOP SURFACE AS A RESULT OF CONVECTION +
AND RADIATION BETWEEN PARALLEL PLATES « HOTTEL'S +
EQJAT ION FOR SOLAR COLLECTOR PERFORMANCEZ +
1S USLEYD FOR THLSE CALCULATIONS. +
B L T T T o P E A S S S S N RS E R R X X LR N R ok R

4+ 4+

DIMENSION WDI{50)sWS(50)sGI{50)+GIR{50)GIDR(50),0IFFH{S0)
DIMENSION TAPH(S0) sQTLIS(S0)IsTAF{S50) +WT{50) WIN(30},TA{(50)

TDIMENS ION T HR{50),GID(S50):BETAD{(S50),PHID{S50):”HI{(S50).BETA(S0)

RE AL LONG L AT

CALL SUN(DAY 3 LONG,LAT ,GID+BETAD» HR»PHID 55+ SRy MsDELTAD»PHI,
HBETASDIFFH)
CALL T COLREF(BDyWTsWDsWSsDAY ,LONGLATsMsGI+GIRsGIDR)

CALCUL ATE THE REFLECTANCE OF THE GLASS COVER + RO
CALCULATE THE TRANSMITTANCE DUE TJ REFLECTION , TAUR
CALCULATE THE TRANSMITTANCE DUE To ABSORPTION » TALPH

CALCULATE THE TOTAL TRANSMITTANCE (REFLECTION AND ABSJRPTICON ) » TAU

CALCULATE THE TRANSMITTANCE—-ABSORPTANCE PRODUCT » TAPH
“E1=14 0 S

G2=1.526

ALPHAT=0,95

TMAXC’i::/Q.)*(YMAXF 32-)

TVARC= (579 Y% TVARF — B oo ) ' 3}
HR{1)=0.0

DO 40 K=1449 .

HR{K+#1)=HI(KI)+ 05

TTETIN=ARCUOS(SINIBETA{K))) p
TETAR=ARSIN{GL*SIN(TETIN)/G2)
RO1=(SINITETAR-TETIN) I *X2/(SIN(TETAR+TETIN) ) %%2
ROZ2=(TAN{(TETAR=TETIN) I%%2/(TAN(TETAR+TETIN) }%%2

IF(N «EQs 1) GU TO 1
IF(N «EQ. 2) GO TO 2
RU=0+5%(RD1+R22) -

“TAUR:( 1«0-RU)/{1.0+R0O)

TALPH=1L.0/EXP{ AK*8L)

ROD=0. 106

GO 7O 3

TAUR=05%({ (1 0=-RO1)/(1.0+3, O#ROX)*(loO RO2)¥/7(1. 0*3:0*ROZ))
TALPH=1 0/EXP( 2 O*AK*BL’

ROD=0.24 : »
TAU=TALPH®TAUR

IF{{HR{K)~SR) «LEa 0Oal) Gu T0 9
CIF(SS=HR{K) LEas Ce1l) GO TO 9

IF{HR(K) «LTa SR a0Rs HR{K) «GTe SS) GO TO 9

TAPH(K3—(7AU$ALPHAT)/(1--(1.‘ALPHAT)*RUD)

GO T0O 10

TAPH(K )=0.0

QTLOS(K)I=D.0

WIN(K)I=040 .

CALCULATE THE AIR TEMPERATURE IN DEGRECS F 4 TAF
THE PERCENTAGE QOF THE DAILY RANGE FOR AIR TEMPIRATURE
CALCUL ATINNG WERE ORTATINED FRMNM ASHREA HANDANONDK
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351

3b2
353
354
358

395
396
397

398
399

OO0

10 TME=(3.1416/124)%HR(K)

oo

VARZS6 429+ 29 32%COS{TME)+38.48%SIN(TME)~3448%xCO5(2:%TME) -8B 35#SIN1
%2 8 #TME )
TA(KYI=TMAXC~-({TVARC*®VAR)Z7100.)
TAF({K) =1 8%TA{K)+32.
40 CONTINUE :

CALCULATE THE ENERGY LOSS FROM THE TOP OF THE COLLECTOR , QTLOS
QTLOS IS IN UNITS OF:BTU/HR~FT#*2 i T

IF({HR(I)-SR) +LEe 0Oal) GO TO 30

IF{SS—-HR{I) JLEe 0s1l) GO TO 390
TTUIFLHR{TIY oL Te SR URe HR({I) 2GTa 55) GO TO 30

VMS=VMLH%0 44704 -

HW=5 2 7+3 06 %VMS

F=(1e=0e04XHW+5 o E-4¥HWEHW) % (1. +0.058%N)
TTIF(TP oGTe TA(ILD)) GO TQ 6

Al=( 344 /{TPH273) 1% {{TA{1)=-TP)/(N+F) )} *%0.,31

GO TO 7
6 ALl={344e/{TP+2734) )% {( (TP~ TA(I))/(N+k))**O 31 N
7 AA=1e/({{N/7AL1)+{1a/HW))

Bl=(5,6693t~ d)*((TP+273 )+(TA(I)+273.))*((TP+d73.)#*é+(TA(i)+273-)
¥%k%2)

B2=1 e/ (EMCP+0,0425%N%{1,~EMCR))
“83~((2.*N+k~1.)/tbLS)-N '

BR=B1/(82+83)

UTOP=AA+BB

__ IF(TP .GT. TA(I)) GO TO 4 R R
QTL=UTOP*(TALL)=TP) T T
GO TO 5 _
4 QTL=UTOP*(TP=TA(I)) , . .
5 QTLOS(1)=3Tu/3.152 s
GO TO 8
30 QTLOS(I)=0.0
TAPH(1)=040
CALCULATE THE NET ENERGY IN BTU/HR—FT#*%2 , WIN
8 WIN(I)=WT(I)*TAPH( I)~QTLOS(]) ‘
CWIN(I+1)=WT(I+1)*TAPH(I+1)=-QTLOS(I)
RETURN
END

SUBROUTINE TRODG77 {X,sN)

“f1++++++++++++++++++++++++++++++++++++++++++++++++f#+++++++*++++#++

+ THIS SJBROUTINE SOLVES THE SET OF SIMULTANEOUS : +
+ " EQUAT IONS WHICH RESULT FROM APPLYING THE +
+ CRANK~-NTCOLSON METHOD +

A A AT AT e S S P AU PR PRI

DIMENSION X(50+4)

DO 10 I=2,N . o

Y=X(1e2)=X( 14 1) /XCI=1,32)%X(I=143)

10 X(I+s4)=X{I 94 )=X{Is1)/X(I=142)%X(I~10%)
NM [ =N-1

LS



400
401
22 20
403

434 30
405 ’
400

. UBENTR

DO 20
MEN-1

X{Msa)=X{Mpa )=X{Me3)/X{M+1,2)%X(M+]1,44)

DG 30

I=1sNMI

=1sN

XKLl )=X{1s4)/7X{1+2)

RETURN
END

Y,v e

et g o 1 B et .
Byt o
s

‘86
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63

TABLE I

THERMOCOUPLE POSITIONS

Distance from Distance from Depth (from top

North edge of West edge of of slab)
Thermocouple Slab (inches) Slab (inches) (inches)

1 8 7 2

2 20 30 2

3 20 30 1

4 40 30 2

5 52 7 2

6 52 , 7 1

7 30 48 2

8 30 48 1
9 30 48 4.5
10 30 48 6.5
11 30 48 8.5
12 52 89 2
13 52 , 89 1
14 40 66 2
15 30 72 2
16 30 72 1
17 20 66 2
18 48 2
19 48 1

— o i e e et
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NJe OF GLASS COVERS = 2 Sl i . TABLEI
INDEX UF REFRACTION FOR AIR = 1.0

___INDEX OF REFRACTION FOR GLASS = 1.526

EXTINCTION COEFFICIENT = 0,174 1/INCH
. _GLASS THICKNESS = 0.250 INCH i ‘
SURFACE CULUK = 3LACK
JEMITTANCE OF GLASS = Ce838 e e
EMITTANCE OF PLATE = 090
_._AQSORPTANCE OF THE PLATE = 0.65 BN
REFLECTOR REFLECTANCE = 0 .95
e WIND VELOCITY = 1040 _MILE/ZHR ez I
' MAXIMUM TEMP,. = 50.00 DEGREES F '
i . TEMP._ _VARIATIUN = 22.0C_ DEGREES F. S
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T i o i s b o it 45 5 1

L HEAT CAPACITY = 0,24 BTU/LBM=F
DENSITY = 145,00 LOM/FTxx2
o THERMAL, CONDUCTILVITY = 053 BTU/HR=FT=F

HEAT TRANSFER COEFF.= 15401 ETU/HR-F=FTH%x2

et AINIT DAL TEMP e =0 29239 F o o ..

NO«. OF INTERIOR NUDES = 10

. DEPTH O OF . SLAL = 10450 INCHES

TIME INTERVAL = 0,50 HR

e i . DISTANCE _INTCRVAL = _ 105 INCHES

7
.
.
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SOLUTION TO HEAT FLUs PRUOSLEM B8Y CRANK~NXCOL§DN METHOD

294 39

3C.050

31.36

- 32.67

33.95

35.48

38.74

40443
42410
43,69
45417
46448

4758

48446

49.07

49442

4549

T = 0400 HIURS _
29,39 23439 29.3Y 29 439 29,39 29439 29 .39 29,39 29,39 29439
r = Ta.s0 Hours T B T
33.45 33.47 29,68 29,46 29441 29.36 29, 39 29441 29447 29.71
T = 120 HOURS N B - L L
41.28 33.43 3C.91 29.89 . 29.55 29,45 29444 29.51 29.73 30,29
T = 1.5C HOURS . R '
o 51.96 __37¢31._ 33,51 30,99 29.99  29.64  29.58 29,72  30.12  30.97
T = 220 HOURS
62.77 46451 37.39 32.95 30,92 2009 29.88 30,06 30.65 31.85
« T.v. ;._.m..é—n:—*s"o HL)"D‘R-S e g o bt . g, T - ot o s Py - '-....,..<. A a1 Ao S e om0 Sy =g 1 ot % % wa ok " ER- iy
X = 300 HOURS ) e e )
84,16 62.00 L7.76 39,24 34,51 32,14 31,22 31.28 32.18 34,01 37,06
T = . 3.50 HOURS . ‘
93,68 069474 53.55 43,23 37.1C___33.80 _ 32,37 32.25  33.21 3530
T = 4.00 HOURS . ' ‘
101.07 77.02 59,38 47 454 40,11 35,85 33.84 33.46 34,43 36.70-
L R TG Re T . A o s
108,65 83.09 05.00 51499 43,41 38.24 35,62 34,93 35.82 38,19
Y= 5eCO HOURS R RO
114,34  BY.02 70 44 56445 46,3977 40,90 37.67 36462 37.37 39,74
T = 5450 HOURS
L 11BaGl 94,70 7539 60,80 S0.47 _ 43.75  39.94 38,51 39,05 41,32
T = 6.00 HOURS ~ ‘
12139 98. 01 79.81 64 93 54,05 46,71 42438 40455 40.81 42,88
Ty =2 6450 HOURS , T T R o
122.37 101.78 83.56 CB. T4 57.52 4G ,72 44,91 42468 42462 44437
T o= TeC0 HOURS. o e . i Ll - .
121.28 103.43 86.51 72. 10 60,31 52.68 47 .48 54,86 4G 442 45,77
T = 7.50 HOURS ‘ :
i M1 79798 103652 . 83449 . T4e90 __ 63.30 55,53  50.02 _ 47,03 46017 =~ 47,03
T = B8.00 HOURS : :
111.73  101.83 8931 77 «0C 66e40 58417 52.46 494,12 47.82 43412
- T ;_.a_.vaa:gé—-—gouh—s : i i i ot o s i S SR NI S SR
103.46 98,35 88,80  TB.27 68,49 60.52 54,73 51409 49,34 49,02 -
ST = 9400 _HQURS e : -
94 .54 33,52 87.19 78 .63 69.98 62 .48 56,74 52487 5667 49,70

49.31

69



T = 9.50 HOURS
L BT 47 83e.4T7

T = 10.00 HOURS
80-")1 B85435

ST VTS THOURS T

B4+ 46 8357

O BGaTC . 7B.17 7082 03,99 58,44  SGe4l 5178 50416 48,838

832431 7723 71e11 65 .03 5977 35 .66 5265 50439 48023

B8Ca00 7627 71.05 65567 60 o 74 5061 53,26 50639 4740

+
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e o ot s e « g i - b g o 2 e U -~ 1 b b
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S NQs OF GLASS CIVERS = 2 - o i
INDEX OF REFRACTION FOR AIR = 1.0
= L INDEX _UF _REFRACTION FOR _GLASS = 1.526 3
EXTINCTION CUOEFFICIENT = 0,174 1/INCH
SR . GLAS3 THICANESS = 0250 INCH w
SURFACE COLOR = dLACK
e EMITTANGE OF GLASS = 0.88 . . R
EAITTANCE OF PLATE = £.90
e _ALSORPTANCE OF THE PLATE = 0,55 . ) 5
REFLECTUR REFLECTANCE = 0495 !
e WIND O VELOCITY = 1040 MILEZHR AR il
MAX IMUM TEMP. = 53.C0 DEGREES F
e TEMP. _VARIATION_= 22,0C _DEGREES F

i i e o e s
B TP
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~11423 DEGREES
HOUR

6e53
17 .47 HOUR

DECL INATION
SUNR I SE
SUNSET

36407 DEGREES
GREES
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v

. HEAT _CAPACITY = 0,24 3TU/LBM=F_
DENSITY = 145,30 LOBM/FT®%x3

THERMAL CONCUCTIVITY = N0.53 BIU/HR-FT-F

HEAT TRANSFER COEFF.= 10401 ETU/HR-F-FT%x%2
e LU INITIAL  TEMP. = 41,89 F

Nde UF INTERIOR NODES = 10.

 DEPTH_UF_SLAB = 16,53 INCHES

TIME INTERVAL = 050 HR

e DISTANCE INTERVAL = 1,05 INCFES ... .

e - R —— - - i g g B i o i bt
]
.
e e S e s b e e e
i

tL



-

SOLUTINN TO HEAT FLUOw PRUSLEM BY CRANK-NICCLSON METHOO

T = Q.00 HOURS ] ' .
4189 416839 41 0 B9 41 .89 41,89 41 .89 41489 41,89 41,89 41 .89 41489

4747 43.38 G 2a 29 4200 41,92 41 6 90 41089 41490 41894 42,499 44é.53

LT LE L 1.CN HOURS R - SRR . G .
58.12 4797 43,98 42 .57 42.11 414506 4193 4197 4212

42,51 T 43.35

T = 1.50 HOURS ‘ i :
i TR0 2 . D581 BTeBC A4 0T 4270 42420 42,07 42414 4242 = 43,07 44,40
T = 2,00 HOURS . P

BE 89 6479 52475 4673 43,94 42,78 42439 42,44 42,86 43,81 45,56
Y TE T 3780 HOUKS ) ‘
101.33 7506 59 .26 50 e 48 4.5 ¢ 655 4382 42699 42_093 4347

44 571 46,94

_3.00_HOURS

. et o e e e e ottt e L
114,73 RS e 40 G6eS3 55.11 48470 45,40 4395 43,67 44427 45,78

48.44

T = 3+ 50 HOURS

126486 95.50__ 74412 52.1C_ 47452 45433

60436

44471 45,30 | 4T7.02 5007

T = 44,2C HOUKRS
137.66 10510 1.75 6599 © 56,00 5C«13 47211 46 .07 46456 48,42 5177
‘T =  4.50 HOURS o R ‘

147,13 113.94 89.21 . 71481 60.28 53.17 49,28 47475 48,09 49 .97 53.50

T EL 500 _HOURS | s e e S B .
156.265 121.98 9635 7760 04 .79 56.54 5179

U9, T2 T 49,77 51 464 55,22

T = 5450 HOURS »
161,98 129,16 10 3405 8341 69.44 60415 54,59 51.96  51.68  53.38 506687

T = 6.00 HIURS . i
1o7.20 132,38 10823 | 83,96 74,12 63 . 94 5§7.561 54440 53.73 55617 58.40

17C.99 143.050 114,738 94 .21 78473 67.81 60,79 57 .00 55.88 56,95 ‘59.75

e F L TaCGC HOURS.

172098 144459  119.01 799,08 83,20 0 71.69  64.05 759,70 58.08  58.67 60,95
T = 7«50 HOURS . ‘
L 1T72.96 146729 123.61 10346 . 87.44  75.51  6T7.33  62.44 60.28 60,30 61.869

T = B.00 HOURS

17Ce52 143442 120.01 107.25 91435 79417 7057 65415, 62442 65179 62457

T = 8,50 HOURS _
165,13 147.07 ,128+4'1 11030 94,83 82,60 73,68 67.78  64+46 63411  62.99

S T.= . 942C HOURS S . > , . ‘ o
156.4C 194,08 12877 112 .44 97 .77 B5.72 7659 70627 66635 H4 4,23 6313

5l



T = 9450 HOURS :
1G4 T2 13935  12745G  113.51 . 10C.02  88.47 7924  T2+55 68.05 65,13 63.01
T = 1000 HOURS . .
1327 132.23 124,02 11340 101.47 92«55 81453 74 .58 69,52 65,80 626564
FUE 1r.50 HOuRrs T T T o T i }
122.16 124.88 120.08  112.21 102.07 32,11 83,39 76629 70.73 66,23 6205
ST = 11leQC HOURS R - . S ST N o
122.77 12307 117.C25 110 .44 121495 93,05 B4 .77 77.63 71084 b6.42_ 6127
i
' ~J
‘ ) G\



. NOe _OF 6L ASS COVERS = 2

INDEX OF REFRACTION FOR AIR = 1.0

EXTINCTION CUEBFFICIENT = 0,174 1/INCH

i GLASS THICKNEDS = L2500 INCH
SURFACE CULOR = BLACK
o _EMITTANCE OF GLASS = 0.88
EMITTANCE OF PLATE = 0.90
e _ABSURPTANCE DF THE PLATE_= 0.S5
K e REFLECTOR REFLECTANCE = 0,95

e UWIND O VELOCITY = 1Q.0 MILE/HR -

MAXIMUM TEMP, = 65.00 DEGREES F

e TEMP. VARIATIUN. =_22.00 DEGRESS F_

INDEX OF REFRACTION FUOR GLASS = 1.%26

' \
v
« U -
’

*

e etk b ' st e i S b e

L L



M,

G« 00 DEGREES

DECLINATION

SUNRISE

T H

36,97 DEGREES.
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28] HOUR
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SO HREAT CAPACITY =_ 0,24 BTU/LBM=-F.

OINSITY = 1aLe.00 LBM/FT®Rx]3

. THERMAL CONDUCTIVITY = 3453 BTIL/HR=FT-F

HZAT TRANSFER CUEFF.= 1301 EBTU/HR=F=FTxx%2

L INITIAL TEMP, = 43439 F

NOe. OF INTERIOR NODES = 10 :

. _DEPTA_DF _SLAN_T _ 10.50 INCHES

SRS A —

Dk i e, PR —

TIME INTERVAL = 050 HR )

- DISTANZE _INTERVAL =_ 1,05 INCHKES_
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SOLUTION TO HEAT FLOW PRU%QEM 83y CRANK=NICCLSGN METHOD

T = .00 HOURS ‘ ' \
4336 43439 43439 43,39 43439 43,39 43,439 43439 43,39 43,39
T : - 0 .,S[,)_,.HC..)ML.;)”R é“““”-—‘ . . e frmi e o G PR i - AR | P - e X
5118 45,47 4,54 43.54 43.43 43440 43, 39 43,40 43,42 43,53
T = 1eC HOURS . . . e
B4l 5155 L 22 G4 4 32 4 3,68 43,48 434,43 43,45 43,56 43,85
T = 1250 A0OURS ! :
. B2a22 Bl 0U2 53+ 7% 46429 48,47  _43.79_  43.58 4359 43.79 __44.29
= 2.0C HOURS -
170 37 7270 57643 49 469 46407 G4 452 43,94 43,87 44 4,16 44 290
T = 2.50 HOURS T R ST
11778 B3.27 65.5%2 54 441 48.61 45,82 44,64 44,36 44 47C 45,68
o= 2eC0 HOURS o B I SR i
133604 97.89 74,643 60 .15 52403 47,76 45477 45414 45 .46 46,66
=  3.50 HOURS » : .
148e44 110010, . BI,66 66,59 5621 - 5035 47,38 4627 4647 4783
T = 4400 HOURS
161.56  121.0656 92,95 73.48 50.98 53,51 49,48 47.78 47 .77 49 .20
e A BN P R il
17324 132.44 102.02 B0.53 66016 57.16 52.03 49.66 49435 S0.77
T = Se0C_ HQURS . IR o e
182451 142,33  110.75 87 .64 71.63 61.20 54,98 51,89 51e21 52,52
T = 5.5C HOURS ' :
192438 . 151.82 119,02 ¢ Qb o677 TTe26 6553  SBa27 _ Sbhetts  53+31 5440
= 6,00 HIURS B
199,22 159,50 126.77 101.5C 8294 7007 65183 57 .26 55 62 56«38
TR TR S D i 12 R
205.81  165.58 123,91 1£8.05 88. 59 74474 65,59 50.28 58,408 58 440
Y= TeOC_HOURS ,
210206  172.59 140.37 114,25 94,12 79,44 69.48 63.44 6063 B0 o4 2
T = 750 HOURS . ;
213408 17744 _146.07 120,00 99.45  E4.12  73.42 66469 63,23 62+37
T = B.30 HOURS :
214406 181,03 15093 125.24 104451 88,466 7736 69+ 96 65481 64 23
-”T - - o ot -‘8_._ Sd._,ﬁbc.ﬁi_s...__-w 1 o ] < o o o i e g RN e it [
21291 133,18 15483 129,87 109.22 G3.08 Ble23 73618 68433 65 494
T = 900 _HOURS - KR : o , :
209.15 18363 157.€2 133.79 113.49 §g7.22 B4, 95 7631 70,73 57 48

43039

43,93

44,48

45433

464,32

47 .54

48,91

SCe45
52.11
'53.806
55.65
 57,43
59,15

6Q.75

63444
64 044
65,19

65467

18-



T = 11,00

T = 12,30
149,28

HOURS
140,00

15887

142447

L 199e800 136685 11722

133,86 - 120.29

152,73 138.96  123.83

» __”J. 47 ¢ 26 ._,_;l 37 .Cr‘?__\124 s 100 e

134435 123.50

121,C3

104,41

1n7.27

110,65

111,67

- - i i e b it i e i o e b -
]
.
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¥
b e
1

© BR.46  79.28

1n9. 48

1

91569 82.03
G4 . 506 !54.2)2

Y6498  B6 .67

98,89  BB.4S

0022 89,79

72.97  68.81

7501 69 .91

76 .81 TC T8

TT8L34 T 7141

79 .58  T1la.78

BO +48  T1.92

65,87

65,81

64,37

64424

63.36
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NOe. OF GLASS COVER
. INDEX UOF REFRACT IO
" INDEX OF REFRACTID
~ EXTINCTION COEFFIC

GLASS THICKNESS =

o _SURFACE COLOR = BL
EMITTANCE OF GLASS

o _EMITTANCE OF 2LATE
ABSORPTANCE OF THE

o _REFLECTOR REF_ECTA
WIND VELDCITY = 1
 MAXIMUM TEMP, = 73

TEMP. VARIATION =

s = 2

N FOR AIR = 140

N FOR GLASS = 1.526
IENT = 00174 1/INCH

0250 INCH
ACK:

i

0.88

it

0.90

PLATE = 0,95

NCE = 0.95
O«0 MILEZHR

.00 DEGREES F
22.00 DEGREES F

€8
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11.93 DEGREES

Set4 HUIUR

18.56 HOUR
STILLWATER

DECL INATION
SUNRISE =
SUNSET =
_OCATION

90.0 DEGREES

9703 DEGREES

© 35.07 DEGREES

4,

=

FITUDE
NING ANGLE

NTH
NGITUDE
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HEAT CAPACITY = 0.24 BTU/LBM-F

DENSITY = 145400 -BM/FT**3

THERMAL CONDUCTIVITY = 0453 BTU/HR—FT-F

+  HEAT TRANSFER COEFF.= 10,01 BTU/HR-F-FT*%2
INITIAL TEMP. = 51410 F

_NO. OF INTERIOR NODES = 10

DEPTH OF SLAB = 10.50 INCHES

__ TIME INTERVAL = ,0450 HR .
DISTANCE INTERVAL = 1.05 INCHES

- — NS O A - e o — - [
<
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3ILJUTION TO HEAT FLOW PROZLEM BY CRANK=NICOLSON METHOD

T

r

T

r

T

il

= 0,00 HUURS
0 51.10 51410

= 0«50 HOURS
53.13 $53.25

51.10

5167

= 71.00 HOURS 77

7362 5962

E 1«50 HOURS
932.03

= . 2.00 HOURS
103,96

= 250 HOURS
}25.1b 93.97

= 73,00 HOURS =

140 .45 105.81

= 3«50 HOURS .
152.94

116485
= 4,00 HOURS

163,87 127.01

= 4450 HOURS
173.46 13629

ETUS OO HOLRS T .
11565

131,93 144475

= 5.50 HOURS
139,44 152447

= 6 00 HOUKS

69 .64

81466

195.12

= 6450 HOURS
202.06 165296
= 7.00 HOURS
207 .28 171.82
= 7450 HOURS
211478 177411

"4400 HOURS
15.47

=  8.50 HOURS
218.21 185y86

= 9,00 HOURS -~
189+11 16130

219.73

1381.82

54.04
58.86
65.78
73.96

B2 .65

.

91.37
. 99.85

107.97

122.87

159+52  129.65

136.00

141.94

14746

152.55

15719

5110

51.25

5413

57469

62.54

68428

e Bh

81,02

87«55

93 6 99

100,27

106.35

112.19

117.78

123«11

128.17

132.92

13733

51.10
51.14
51440

' 52.23

.53.90
56.52
59,99

6413

73,64

78.71

83,86

- B9.00

94.09

99409

103.97

108.69

113.24

117.57

. 6Be74

51.10

Slall

5119

51.51

52426

53.59
55,57
58415

61424

64,75

H8 «57

3

72.60

T76.78

8105
85s 34

B9 .63

. 93.87

98.01

102.04

B51610
51.10

51.14

C51.27

S51.62

52«31

53,44

55,03

57.08

59. 54

62636

6547

68.80

72.30
75;50
79456
8324
86.88

90«45

51,10
S51.10

51.14

‘51.25

51.48
5193
52.66

53.74

55.18°

5699

59.13

6157

54425

67.11

7011

73.18

7528

7937

. 82439

51410
51.12
51.21
51.38
51.66
S2e11

52,78

T53.71

_54.e92

5643

‘58621

60 24
62 .48
64 487

6736

69 .89

72443

74 91

77 «30

5110

51.19

516490

S1.72

52.20

5284
53.69

54,74

5751

59.20
61406
63.03
65408
67413
69416
71.10
72.91

T4.56

56,02

51410
51443
51 .83
52.48
53.23
S54..32
55453
55494
58450
60 ¢2

61 .98

63 .80

65 «61
67 «35
68,97
7041
7165

T72a6%

73.37

L8



0

= 11+00
221.82

= 1150
185.80

271200

HOURS
191.40

"HOURS
187,96

_HOURS
181.27

HOURS

170 -_12_“_1 7110_89

= 1250
15700

HOURS
162.08

= 13.00 HOURS

159.44

350

156.80
HOURS

16G.04

169,15

T167 431

15786

152.89

= 1
133,59 154.39 7 149.64

163,33

141433
144.82
147465
149.61

150440

14772

149,76

121.65
125039
128473
13;:53

133.61

_134.78

H

134492

'144.96 134.18

N 42a 4T

“132.97

105.89
109.54
112.91
115.93

118,49

120,47

12174

122.28

12220

9391

97.21

100.3$

103.15
105.68
107.81
109.46

110.56

85,31

- 88409

90.69
9303 .
95.23
97 .07
9856

9365

111)11”“100-32

" 89.63

7957

Bl .67

83,59

85 .29

8677

88 .00

B88.96

B9 .99

7602

77.27

7830

7910

79.68

80.03

BO.18

80.11

T 79.85

73.83
74401
73,92
73.59
73.05
72.32
71.43
70 .44

6336

88

Al

K



 EMITTANCE OF GLASS

1 et i i

" INDEX OF RETRACTION FOR GLASS = 1.526

 GLASS THICKNESS = 0.250 INCH

EMITTANCE OF 32LATE = 0,90

NO. OF GLASS CDVERS = 2

INDEX OF REFRACTIUON FOR AIR = 1.0
EXTINCTION COSFFICIENT = 04174 1/INCH

SURFACE COLOR = BLACK

0.88

i

ABSORPTANCE 0OF THE PLATE = 0.95

_ REFLECTOR REF_ECTANCE = 0.95 R

WIND VELOCITY

i

100 MILE/HR
. .

MAXIMUM TEMP,., = 78.00 DEGREES F
TEMP. VARIATIIN = 22,00 DEGREES F

68



M

gTH = 5 e YECLINATION = 20.34 DEGREES

rITUDE = 3507 DEGREES SUNRISE = S.08 HAQUR

NGITUDE = 37 .05 DEGREES : SUNSET = 18.92 HUOUR

ENING ANGLE = 90.0 DEGREES - -0OCATION = STILUWATER

4R 1N ] 1D IDIF wD 1DR IDIFR W
s Q0 : 00 00 Qa0 "0e 0O 00 00 0
» 50 0s0 a0 0.0 0.0 00 0.0 O
s 00 0.0 0.0 0.0 0.0 J.0 00 0
e OO 0.0 Os Q 060 00 0e0 0e0 Q
e D0 Q0 0+ 0 0.0 00 0.0 0.0 O
s OO 0.0 0«0 0.0 0.0 0.0 0«0 0
.50 0.0 0.0 0.0 040 040 0.0 0
.UU Dae0 >OOO 060 00 - ‘Ooo De0 - 0
050 Ve 0 0.0 0.0 0.0 0.0 0.0 0
200 0.0 0.0 Q0+0 0.0 D0 Je0 Q
.50  s4.8 5.8 6.6 1244 30.3 049 31
e VO 134.3 275 1663 437 8546 2+ 3 88
a5V 183.5 5567 2242 779 134,1 3.1 137
« 00 2146 8640 2640 1120 173.8 3.6 177
W50 235,85 11645 28,5 14540 2076 4.0 211
2 00 ' 250. 2 T 14640 3043 17623 235.5 4.2 240
« 50 260.8 1737 31 .5 205.2 2337 44 238
00 208,06 198.9 3245 2314 2258 455 230
.50 . 274.4 . 221.2 ] 33.2 2544 4 216.6 4.6 221
« 00 278« 7 2400 33.7 2737 207 4. 4e7 212
« 50 2818 2550 T34 .1 : 28941 199, 3 37 204
«+ OO0 283 .9 2664 0 344 300.3 193.0- 4.8 197
D50 . 285.1 2726 34.5 . 307.1 189.0 4.8 193
200 : L 285, 5 2748 ) 34.5 3094 1876 48 192
fe 50 285, 1 2720 3445 : 3071 189.0 4.8 193
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150 . 23le8 255,0 3441 28941 199.3 447 204
Ce 50 27% a4 221 .2 33.2 254 .4 21606 466 221
ve 00 263 .06 198.9 . . 325 2314 2258 445 230
5050 __ 260es 17347 _____ 31.5 205.2 : 23347 4.4 238
ye 00 25042 146+ 0 T 3063 : 1763 ‘ 235.5 4.2 240
y e 50 235.5 11645 . 28.5 145. 0 207 6 40 211
7,00 214,00 860 26a0 "112.0 173.8 3¢5 177
r250 . 183.s 55,7 22.2 77.9 13441 3.1 137
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" THEAT CAPACITY = 0.24 STU/LBM-F

"DENSITY = 145.00 LBM/FT*%3

THERMAL CONDUITIVITY = 0.53 BTU/HR-FT-F

. HEAY TRANSFER COEFFa.= 10401 BTU/HR-F-FTx%2
INITIAL TEMP. = 50.03 F
___NO. OF INTERIDR NODES = 10

DEPTH OF SLAB 1050 INCHES

il

1}

_ TIME INTERVAL 0.50 HR

DISTANCE INTERVAL = 1.05 INCHES:

. )
’
.

26



. SJLUTION TO HEAT FLOW PRIBLEM BY

T

172.99  132.58

= 0.00 HOURS
556.03 50603

= 0+50 HOURS-
63.78 57«30

= 1.00 HOURS
71.22 bl1e57

= 150 HOURS

B7 .08 69 .41

=  2.00 HOURS
105.08 80,45

= 2,50 HOURS
125425 9363

= 300 HOURS
14451 10750

= 3.50 HOURS -

159.69  120.60

= 400 HOURS

= 4.50 HOURS
18%.64 143,57

= 500 HOURS T

19% .94 15360

= 550 _HOURS

204205 16276

600 HOURS

AV 1]

= 6450 HOURS
219.31 178.76

= 7.00 HOURS

22565 18571

= 7.50 HOURS
23117 192401

‘= 8400 HOURS
233.87 197.66

=  8.50 HOURS
233.70 202.66

= 9400 HOURS
242.53 206.94

56 .03

S6 .37

. 103.66

112.97

121.84

130622

212414 17113 13809

145.48

*155.82
16479
170.27

175.24%

152.39

55403

5012

5664

58.03

. 60.85

65409

70067

1 77.20

B4.26

1649

9Be 71

10580

11939

123.74

3

13184

137.64

143,12

148.26

11269

CRANK~NICOLSON METHOD

56.03

56405
56.22
 56.78

58.01

60,16

63.28"

67.32
71205

7726

88. 39
94.08
99,74
105:33
110.81
116414

121.29

126,22

82675

50,03
56,04
55.09

'56.+30
56.82
57,856

59.52

"61.88

64488

6B.42

72439

C 7He06

B1e15

85.78

9047

T 95.19

99,88

104450 -

109,01

56,03

B6. 03

56. 05

56+ 14

56437

{
56.88
5777

5G9. 14

61401

63,37

66417

696 34

12480 -

7649

80«34

B4.29

88B.29

92«30

96425

80,72

84,08

8742

56403

56 .04

56.07

56.17

‘56o35‘

56 «69

S7 19

57 .94

5897

6031

61496

6391
66.11

68453

71,10

73.78

76451

7923

81.90

56403

56. 06

56.16

56.37

5671

57.20

5787

58.75

59486

61420

62.77

64255
66.51
68.58
70.73
7290
75.03
77+08

7900

55403
56413
5640
56 .83
57 286
58423

59,32

60 .55

6}.97
63455
65 .27
67 .08

68 .93

7077

72.54
74418
75 .66
7693

77 .96

€6

M



o

950 HOURS
o1 210040

7
00 HOURS
2

« 50 HOURS
36 214411

212.88

=711.,00 HOURS

235,92 213420
11.50 HOURS

it

224,56 209.22 7

= 12.00 HOURS
209.88 202.24

= 12650 HOURS
193,32 192.92

17965
183440
186.36
188.16

188.25

186.26

182.24

= 13,00 HOURS 7~

177.85 182451

.= 13.50 HOURS

T165.29  172.78 T170.33°

= 14,00 HOURS

173.40 168.02

o et e e P £ i e i

176 .65

165.07

153.01
157,32
16111
164.22

165636

167.21

156,60

164,58

161.47

15800

13091
M}35§31
139,37

142.99

146404

148430
149.59

149,82

T149.05

147.53

©113.38

11755
121.50
125.14
128.42
131.20
133-36
13?.77

135.39

135.23

100.12

103.86

107.43
110.78

113.87

‘lléyél

11893

12073

121.95 7

122.58

90469
93.34

96.84

99.66

102.25
104,57
106.58

109,454

110,20

108,22

84,47
86 .90
B9.17
o1.24
‘93410
94 71
96 .07
9715

97 .91

98436

80.76

82,32

8367
84,79

B5.,69

86435

86.78

8700
87.00

8680

78,72

79.20

7341

79 .35

79 .05

78 .53

77 82

754396

"75.99 "

74 493

¥6



NO, OF GLASS COVERS = 2

__INDEX OF REFRACTION FOR AIR = 1.0

INDEX OF REFRACT [ON FOR GLASS = 1.526
EXTINCTION COSFFICIENT = 0.174 1/INCH
GLASS THICKNESS = 04250 .INCH '
SURFACE' COLOR = BLACK
EMITTANCE OF 3LASS = 0.88 y
EMITTANCE OF PLATE = 0490
ABSORPTANCE 0F THE PLATE = 0.95

- REFLECTOR REFLECTANCE = 0,95 -

WIND VELOCITY 10+0 MILE/HR

1}

 MAXIMUM TEMP. = 85.00 DEGREES F

TEMP. VARIATION = 22.00 DEGREES F

- e e - I o o e
b}
A
e B .

G6
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rITUbE
NG I TUDE

INING ANGLE

4R
, 00
« D0
« 00
» 50
»0C
0 50
« 00
» 50
‘00
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2 00
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+ 00
e 50
.00
»50
» 00
+ 50
» 00
s DU
« 00
s 50
«00
+ 50
» 00
50
00

50

200
« 50
+ 00
20
+ 00
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» 00
+ 50
200
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» 00
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« 00
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« 00
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50
00
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.00
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- HEAT CAPACITY = 0.24 3TU/LBM-
DENSITY = 145400 LBM/FT#%3
TYHERMAL CONDUZTIVITY = 0.53 BTU/HR-FT—FV
HEAT TRANSFER COEFFaz= 104,01 3TU/HR-F=-FT%%2
~TTTINITIAL TEMP. = 63.02 F
NO. OF INTERIJR NODES = 10

e T T DEPTH OF SLABC

B

10 .50 INCHES

i

+
TIME INTERVAL = 050 HR
T TS TANCE INTERIVAL = 7105 INCHES 77

86

SNty



SILUT I ON TO HEAT

r

T

T

= (.00 HOURS

53

02

= 0,50

63

32

35

.28

100
.31
1090
.08

= 200
1%

=

133

¥

R

r

152

169

182

194

205

=

214

222

.39
2650
205
3600
e OF
350
06
400
« 61

46950
« 57

5. 00
207
5650
s 30
600
250

©03a02

HOURS
6470

HOURS

0359

HOURS
7770

HOURS

83 .65

HOURS
101,40

HUURS
115.23

HOURS |
128.83

HOURS

141,28

HOURS
152,53

HOURS
102.81

HOURS
17217

HOURS
180,70

HOURS
188.43

"HOURS

195.55

HOURS
201,94

HOURS

207.67

'HOURS

21271

HOURS
217.02

FLOW PRIBLEM 8Y CRANK-NICOLSON METHOD

63.02

6347

65 .30

69.12

' B2.76

91 .88

T101.757"

111.69
121,26
iao;ﬁg
13890

146,95

154,49

161453

168,08

1T74.14

17970

184473

F3s02

03,02

6lalw

6377

65440

68432

72«63

78,19

9191
99430

105,69

113.94

120.99

12773

13430

140052

145,43

152400

15721

B4 T4

63,02

63,06

63.20

6390

 65.25

67447

70. 65

74,70

79.49
84.79
90,39
96.15

101,96

107.74

113,64

119.03

124,46

129.70

134,71

63.02
63,03
63.10

"63.34

B83.53

65,02

6674

69,13

L 72.17

75.76
‘i9.80
84416
8873
9345
9824
10305
107.83
112.53

117.12

6302

63,03
63.05
63415
63.41
63496
64.&9
66.29
68.19
70459

73.43

76» 65

80,18

83.93
87.85
91.88

95.95

100.02

104405

563.02

63.03

632,05

"63.11

- 63.27

63,61
64,19
65.10
66,38
68.05
70;ié

72.54

75.28

78.27

B1.45
B4.75
8816
91.57

D4 495

03.02
63.03
63,07
T 63417
6337
;63.70
64 422
64499
66403
6739
69.06
T 71403
7326
75470
78.31
81.02
83.78
86454

B9 .25

63.02

63.05

63.16

63.37

63471

64420

64,88

65,77

66489

68.24
6983
7T1.62
7358
75.68

77.84

80.03

82.18

84,25

86419

6302

63.13

66.32
67 56
68 .98
70 .57

7229

T4 410

75 .95
77 «79
79 .57
8i¢22
B82a.71
83.98

85401

66
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= 1350
175s40

= 14,00

179459

= 14450
170411

Q a

©

HOURS

22050 7

HOURS
223.02

HOURS
22391

"HOURS
22229

HOURS

21797

HOURS

211413

HOURS
20212

- HOURS

19192
HOURS
HOURS
177.12

HOURS
175,11

182067

189,19

192,99

19742

197.19

195,08

191.13

185.66

17938 °

174404

170.69

162,03
165440
170,22

173.26

175,25~

175496

175,30

17331

"17024%

165.76

163.706

139.48
143.94

148. 05

151+ 69

154469
156488

158.12

158433

U157.57

15506

15425

121.56
125.80
129.79
13349
136,77
13954
141 .66
“143.06
143.67

143 .56

14291

107.98

11178

115.40

118.80

121,92

124,67

12699

128.78

130.00

130,62

13070

98.28
10148
104.53
107;39
110.01
112.36

114439

116.03

11724

118.01

118.32

91 .85
94 032
96 .62

100.61

102.25

103.63

104 71

105 .48

1 105.93

10605

87297
89,56
90.93

92,07

92.98°

93.65

94,10

. 94 .33

94,33
G4.13

93.73

85478
85 427
85 48

B5,43

86.14

é5s62
84 .91
84 .06
83.08
82.02

80,92

001



NOs OF GLASS COVERS = 2
INDEX OF REFRACZTION FOR AIR = 1.0

INDEX OF REFRACTIIN FOR GLASS = 14526
EXTINCTION COSFFICIENT = 0,174 1/INCH

GLASS THICKNESS = 0.250 INCH
SURFACE COLOR = B_ACK

1]

EMITTANCE OF GLASS 0.88

EMITTANCE OF D2LATE

1t

0+90
ABSORPTANCE 0OF THE PLATE = 0,95
 REFLECTOR REF_ECTANCE = 0.95

WIND VELOCITY

H

100 MILE/HR
CMAXIMUM TEMP, = 90,00 DEGREES F

TEMP. VARIATION = 22.00 DEGREES F

101



INTH

VTITUDE

ING L TUDE

SENING ANGLE

HR

)« 0O
) e 50
.« 00
L e 50
}a 00
2250
300
3450
)QOO
Fe50
3o OO
3050
3 00
550
700
P e 50

3.00.

350
700

350

)00
).50
L00

L «50

2,00
2050
3,00

350 ...

++00
+ 50
5400

3.50 .

50 00
5450
7600

7,‘ . ety i
35.07 DEGREES

12

97.05 DEGREES
30.0 DEGREES

IDN
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AVE

HEAT CAPACITY = 0a24 BTU/LBM=F

DENSITY = 145.00 LBM/FT*%3

THERMAL CONDUCTIVITY = 0,53 BTU/HR~FT-F
_ HEAT TRANSFER COEFF.= 10,01 BTU/HR-F-FT%%2 ;
ﬂiNtTIAL TEMP. =  68.03 F : ’ -
_____NO. OF INTERIDR NODES = 10
DEPTH OF SLAB = 1050 INCHES
_TIME INTERVAL = 0450 HR ' o L .
DISTANCE INTERVAL = 1.05 INCHES
' o
i =~
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NO. OF GLASS COUVERS = 2

INDEX OF REFRACTION FOR AIR = 1.0
INDEX OF REFRACTION FOR GLASS = 1.526
EXTINCTION COSFFICIENT = 0.174 1/1NCH

T GLASS THICKNESS = 0,250 INCH

i

SURFACE COLOR = BLACK

EMITTANCE OF GLASS = 0.88
EMITTANCE OF PLATE = 0+90
ABSORPTANCE OF THE PLATE = 0.95
REFLECTOR REF_ECTANCE = 0.95
“WIND VELOCITY = 10.0 MILE/HR
MAXIMUM TEMP. = 92.00 DEGREES F
TEMP. VARIATION

t

22,00 DEGREES F

i

LOT
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HEAT CAPACITY

DENSITY

CINITIAL TEMP,

145,00 L3M/FT%%3
"7 THERMAL CONDUCTIVITY = 0453 DBTU/HR=FT-F
" HEAT TRANSFER COESF .= .

INTERIOR

" DEPTH OF SLAB

TIME INTERVAL

1

DISTANCE INTERVAL

0=24 BTU/LBM=F
1001 STU/HR-F~-FT*%2

7010 F

0«50 HR

1.05 INCHES

0711



SBLJTIOQ T3 HEAT FLOW PRIBLEM BY CRANK-NICOLSON METHOD
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"EMITTANCE OF GLASS = 0.88

NOes OF GLASS COVERS = 2

INDEX OF KEFRACTTION FOR AIR = 1.0
INDEX OF REFﬁACTIGN‘FDR GLASS = 1.5286
EXTINCTION CODEFFICIENT = 0.174 17 INCH

" GLASS THICKNESS = 04250 INCH

SURFACE COLOR = BLACK

EMITTANCE OF 2LATE = 0,90 °
ABSORPTANCE OF THE PLATE = 0.95
REFLECTOR REF_ECTANCE = 0,95

"WIND VELOCITY '= " 10.0 MILE/ZHR 7

MAXIMUM TEMP. = Bl1.00 DEGREES F

TTEMP., VARIATION = 22.00 DEGREES F

€11
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HEAT CAPACITY = 0.24 BTU/L3M-F

DENSITY = 145,00 LBM/FT*%3

THERMAL CONDUZTIVITY = 0453 BTU/HR-FT-F
HEAT TRANSFER CDEFF.,.= 1001 BTU/HR—-F-FT%%2

TINITIAL TEMP., = 59,41 F

NOe+ OF INTERIOR NUDES = 10
DEPTH OF SLAB = 1050 INCHES

TIME INTERVAL = 0.50 HR ;
DISTANCE INTERVAL = 1,05 INCHES
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S3LJTION TO HEAT FLOW PRIB_EV BY CRANK—=NICOLSON METHOD

T

T

. §

it e

T

= 0«00
59 041

= 0«50
H5 e 4 U

= 100
75245

= 1 50
93013

2600

. 103.73

T

T

T

= 250
115.16

= 3.00

= 350

=

13525

= 4200
14% 238"

T

T

= %¢50
151 206

275400

= 6400

¥
'1b7-73

r

r

T

= 6450
172.09

“=7T7.00

17590
- 7.50

o= B8+.00
18125

= 850

182620

r= 9200

181 .29

HOURS

59441

HOURS
61.01

HOURS
65,83

HOURS

73.37

HOURS

HOURS
9176

HOURS
10075

HOURS _
109407

HOURS

116.65

HOURS
123.52

"HOURS
129474

. HOURS

13541

HOURS

140.60

HOURS
145.35

‘HOURS
149,68

HOURS
153.54

HOURS

156.84°

HOURS
159,39
"HOURS'
160 .89

5941

5984

6162

KA

7665
83.23
" T89.84
96.23
102,30
108.02

11339

118+43

123.15

12756
131.67 "

135441

138470

141 .38

“65.26

10112

5941

5952
60.13

6170

686 04
72439

"7Tel4

82,06

Bb6.99
91. 84

QB+ HO

10551

109,72

113.73

11752

12104

124.21

04438

59641
59, 44
59. 64
60,26
61;53
63.52
6b. 16

6932

7284

76459

80.46

" 'B4.38

88,30

F2.18
95.99

99,71

103,31

10b6.76

110,00

59641

S59.42

59,48

59673

60.31

6134

62.87

64 .88

67429

70.02

72499
76613

- 79.38

82 +69
86.03
89,35
92:63
95.83

98,91

59641

59a 41

5957

5%+ 87

60645

61437

620 67
64433
6632

68459

7109

88. 05

90«82

59.41

59442

59.47

59.85

60,29

80.05

B3.10

8546

5941

59 .44

59 .57
T 59.81

VﬁO»lé‘_

60 .68

61 .39

62.33

63,50

64 91

66 53

6B 34 -

70 .29
7234
74 .43

76,53

78.58

80.55

B2as41

59641

59.55 .

59,86
60.36
60431
61+68

6263

63,77

65.09

6657

68,20

6993

71.72

7353

75429

76,97

7853

7993

8ls.14

59 41
59,92
6049

61 «33

62 .33

63 54

64 «91

b5 .44

68 .08

69 .81

71 56

7330

74 «97

76 .51

77 .88
79.04
79.96
80.62

81.00
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I = 9«50 HOURS , A
17770 100490 143.22 125.89 112.95 101.81 93,47  B7.70 84412  82.16  Bl.11

T.2.1000 HOURS : ; - , .
17059 158.85 - 143.88 128,39 115.52 104 .47 956 95 89.80 85606 82.90 80«95

T = 1050 HOURS :
15985 154233 143.02 129.99 117.54 106.80°  98.19 91.70 8700 83.55 8057

o= 11600 HQURS

14745 147.70 140.50 ,129.98 118.86 108.68 100.14  93.30  88.13 83.92  79.96

T = 1150 HOURS }
137.61 140458 136.79 128.89 119<39 11002 101470 94475 89.03  84.07  79.17
2,00 HOURS

=1 .
133.58 136+57 . 133.30 127,18 119+22 110479 102.84  95.81 89.66 84,02  T3.23

o S A



"EMITTANCE OF GLASS

‘WIND VELOCITY S

NO. OF GLASS COVERS = 2

INDEX 0OF REFRACTION FUR AIR = 1.0

INDEX OF REFRACTION FOR GLASS = 1.526

EXTINCTION COEFFICIENT = 0.174 1/INCH
GLASS THICKNESS = 0.250 INCH

SURFACE COLOR = BLACK

0.88

#

EMITTANCE OF PLATE = 0490

TABSORPTANCE OF THE PLATE = 0.95

REFLECTOR REF_ECTANCE = 0.95
1060 MILEZHR

H

MAX IMUM TEMP. = 77.00 DEGREES F
TEMP. VARIATIIN = 22.00 DEGREES F

i
f—y
O
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HEAT CAPACITY = 0.24 3TU/LBM-F

DENSITY = 145.00 LBM/FT%%3

CTHERMAL CONDUZTIVITY = 0453 BTU/HR-FT-F
HEAT TRANSFER COEFF.= 10.01 BTU/HR-F-FT®%2
INITIAL.“TEMP. = 55.93 F

'NO. OF INTERIDR NUDES = 10

o s i i

TDEPTH UF SLAB = 10.50 INCHES

TIME INTERVAL = 0«50 HR
" DISTANCE INTERIVAL = 1.05 INCHES ~

221




SOLJUT ION TO HEAT FLOW PROBLEY BY CRANK-NICOLSON METHOD

ey

N

g

= 0200
3593

= 050

53«95

= 1.00

63 .46

= 150
73 .68

= 200

91 .58
= 250
10294

= 3,00
11327

= 3.50

12245

= 400
13255

= 4650

137.63

= 500

143.76

T

155449

= 85,50
14897

- 600

”;53.24

= 550

= 7-60
158455

7450

159413

B8+.00

T157.79

= BeS0

153.98

= J.00

147 .25

HOURS
5593

HOURS
5701

HOURS
60,54

HOURS
65,48

HOURS

73:99

HOURS
82195

HOURS
90630

THOURS-

9810

HOURS
105 39

HOURS

112.09

HOURS
118.19

HOURS
123.68

HOURS

T128.53 7

HOURS

HOURS
136,08

132,69

55,93
5622
57«50
60,27
64 44
69,03
7537
8132
T B7 623
92,96
98.42
i03.56

108.33 7

112,69

115.57

"HOURS 77

138.53

HOURS
139.81

HOURS
139.00

HOURS

137.52

119.87

122446 7
12415

124,70

56+44

5760

5970 7

62,08

664 30

7050

7491

7944 -

83.97

B83a41

92s 72

100.67

104,20

107 .31
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11179

Yba82

55,93
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56410
56455
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‘59;12
61.31

64,01

70.47
L T4.02
77.66
81,32
84495
88449
91.88
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62.08
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79451

82.07

84.48

5593
55.95
56401

5617

‘DHe.4 4

56489

57 .56

S58.47
5966

Bl.12

62:81

64.72

65.80

 6B.99

7126

73.55

75.82

75.01

80.08
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85747

58.23
59 .20
60436
61.74
63.29

65.00

66482

68.72

70463

72.53

74 .36

7609

77 +67

 55.93

5612
56453
5709
57.83
58472
59.77
66.98
62 .34
63.83
65041
67,06
68 .72
7036
71.93
7338

74470

7583

7677

55993

56 .63
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58 «40 -
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-y

HOURS
13344

0«00 HOURS
127 .84

= 1050 HOURS

122411

=‘11.?0'HGURS

118.82

123.89

12175

118,73

115495

112.83 102.32
11290  103+63
112,09  104.24

110.80 104.27

93447

95 .31

9560

97 .51

BE e 69

8Be61

90.18

91«37

83.67

85,09

8020

79 .09

B0 29

Ble26

81l 298

77,50 76 .54
78.01 7513
'78g29 75249
/%8.35 74 08

- PLI



NO. OF GLASS COVERS
INDEX OF REFRACTIUN

INDEX OF REFRACTION
EXTINCTIGN COSFFICIENT

GLASS THICKNESS

SURFACE COLUR
EMITTANCE OF

wIND VELOCITY

MAXIMUM TEMP.

-

FOR AIR = 1.0

FOR GLASS

0250 INCH

GLASS

CEMITTANCE OF DLATE
ABSORPTANCE QOF THE
_REFLECTOR REFLECTANCE :

VARTAT 1IN

1l

100 MILE/HR
62.00 DEGREES F:

22.00 DEGREES F

(621



~-20 .64 DEGREES

JECLINATION

=11
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DEGRE

97.05

ENING ANGLE
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HEAT CAPACITY = 0.24 STU/LBM=F
DENSITY = 145,00 LBM/FTx%3

TTHERMAL CONDUCTIVITY = 0.53 BTU/HR~-FT-F
HEAT TRANSFER CDEFF.=  10.01 BTU/HR—F-FT&%2

TUUUINITIAL TEMP. = 41.41 F

TTTUDISTANCE INTERVAL = 1,05 INCHES

NOe« OF INTERIOR NIDES = 10
"DEPTH OF SLAB = 10450 INCHES

TIME INTERVAL = 0.50 HR

‘
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SILJUTION TO HEAT FLOW PRIBLEM BY CRANK-NICOLSON METHOD
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' ND. OF GLASS COVERS = 2
INDEX OF WEFRACTION FOR AIR = 140

INDEX OF REFRACTIUN FOR GLASS = 1.526

CEXTINCTION COZFFICIENT = 0.1764 1/INCH 4 o L 4
GLASS THICKNESS = 04250 INCH
__SURFACE COLOR = BLACK

EMITTANCE OF GLASS = 0488
.. EMITTANCE OF PLATE = 0.90 B N

ABSORPTANCE 0OF THE PLATE = 0.95 ‘
,gwiﬂw“WREFLéCTDR_QEFzECTANQEH#\O.QS 5 )

WIND VELOCITY = 10.0 MILE/HR A

MAXIMUM TEMP. = 54,00 DEGREES F , RS

TEMP. VARIATION = 22.00 DEGREES F ’
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-23«44 DEGREES

12

INTH

DECLINATION

35.07 DEGREES

7.03 HOUR

SUNRISE

A TITUDE

97 .05

16,97 HUUR

SUNSET

DEGREES

NGITUDE

3
P4

STILLWATER

LOCATION

700 DEGREES

NING ANGLE =

b =
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' HEAT CAPACITY = 0.24 BTU/LBM-F

DENSITY = 145,00 L3M/FT%x%3

A ”'THEQMXlW&ONDUCYlvxry‘i‘9}53 BTU/HR=FT-F ST
- HEAT TRANSFER COEFFe= 10201 BTU/HR-F~FT*x%2
INITIAL TEMP. = 33,57 F
} __NO. OF INTERIUR NODES = 10 N
DEPTH OF SLAB = 10.50 INCHES '
o __TIME_ INTERVAL = 0450 HR ] L e

DISTANCE INTERVAL = 1.05 INCHES
-
w
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SILJTION TO HEAT FLOW PRIBLEM BY CRANK-NICOLSON METHQD
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T = 9,50 HOURS
81,22

33 .45

T = 10.00 HOURS
78490

8).06

L 78,48

76661

i e
i i - —

73.55

72749

67.92

_ 68.14

62.69

63.50

58451

59.65

56671

53.97

54 470

z}s

53416 5259

53-30 . S1.92

o
W
o~




137

TABLEIIL

Theoretical maximum temperature at 2. 10 inches depth
and optimized opening angle

MONTH , . | TEMP. (°F) ANGLE °
January 89.3 70.0
January (Natural Surface) 81.8 70.0
February ) 128.8" 70.0
February (Natural Surface) : 118.1 70.0
March 159, 1 , 70,0
March (Natural Surface) v 145, 1 | 70.0
April : 169. 2 90. 0
April (N = 1)#% | 143. 6 90.0

“April (Natural Surface) 155.2 90.0
May | 188.3 , 90.0
May (Natural Surface) 172.8 90.0
June = 197.4 - 90.0
June (Natural Surface) _ 181.6 90, 0 - ’
July ’ 196.3 90.0
July (Natural Surface) | 181. 4 ' 90.0
August o 181.5 90.0
August (Natural Surface) \ 168.4 | 90.. 0
September . 143.9 90.0
September (N = 1) 137.8 | A 90.0
September (Natural Surface) 133.7 90.0
October ' 124.7 | 80.0
November ' ' 98.5 70.0
December _ } 82.8 70.0

% If surface color not indicated assume black surface
%% N is the number of glass covers, if not indicated, N =2



APPENDIX F

Effect of surface blackening

Effect of number of glazing material
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. =NQs OF GLASS CIVERS = 2 _ S .. ... _TABLE I
INDEX OF ReFRACTION FOR AIR = 1.0
e L INDE X OF REFRACTION FOR GLASS = 1.526

EXTINCTION COEFFICIENT = 0,174 1/71INCH
_GLASS THICKNESS = 0.250 INCH, ORI S ) . L

SURFACE CCLUR = NATURAL CCNCRETE

LEMITTANCE _OF GLASS = 0.88 .

EMITTANCE OF PLATE = .78

i ABSORPTANCE QF _THE PLATE = 0,78 D S S S

REFLECTOR REFLECTANCE = 0.95

e WIND VELOGITY = 10,0 MILE/HR . _ i S
 MAXIMUM TEMP. = 50.0C DEGREES F
e TEMP. VARIATION = 22,0C DEGREES F___ . .
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DECL INATION
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LN DEPTH_OF SLAH

o S o e e g et i o Sl 0

R HEAT CARPACITY =

DINSITY = 145.0

i CTHERMAL, QUNDUCT IVITY = 053 BTU/HR-FT-F

HEAT TRANSFER C

i o ANITITALL TEMP . =

NO. OF INTERIUR

n

H

TIME INTERVAL

f

Ga24 BTU/LSM=F

O LOM/FT®%x3

QEFF =
2939 F_ -

NODES = 10

el D0 DC INCHES

9450 HR

_DISTANCE INTEKVAL = 1,05 _INCFES

1
o s 2 ! -
fu—. S —— s e e . .. ot

1001 EBTU/HR-F=FT®%2
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82,90

T = .30 HOURS ‘
29.439 29439 23439 294 39 29, 29 2G4 39
T = a.50 HOURs 7 S e e S
3206&) 30 .32 25 e 4 29245 29440 29439
T2 1e.C0 HOURS R O SRS
39.6C 33,20 3T.7¢ 29.81 2G.52 29,44
T .= 1«50 HOURS
e G B el 3T 692 3292 30.70. 2991 2961
T = 2.00 HOURS
58013 G 3.9% 3«27 32.45 3071 30.01
'
T =f“§?ét“ﬁéﬁhé e } T B ST
67 .70 S04 4048 JQ-BT 3201 30072
T2 0 2400 HOURS A A .
76c07 S7:52 4Dl 3 37 « 883 3382 31 .81
T = 3.50 HOURS
e BURBD 04,24 5025 41 .34 3607 . 33.27
T = 4.C0 HOURS !
91.98 7058 55,31 45 4 0B 384,69 35.07
T = 4 S¢TAOURS .
98,12 7642 6C .26 434906 41,57 37.18
e Te= L5000 HOURS. . S
103,17 Bleb3 &6 4,97 52 .86 4h 863 39.53
T = S.50 HOURS :
ot e AT @2 BOe 12 65432 . B0O0T 4T 78 42405
T = 6,00 HOURS
129.54 89.77 732.22 6C .31 50293 44 .68
T = 8.50 Hours T )
110 .53 92440 7E.56 63.68 34,01 47 .36
e T E_TWQC_HOURS T
109.73 94,01 764 2C 6667 56493 SN .01
T = 7.50 HOURS S '
o l06,.85 94,20 . B1.02 . 69,19  59.61  52.56
T = " 8,20 HOURS _ ;
101474 G2.86 81l.84 7110 61.95 ° 54.94
Ha- T ”“: ‘*'~8~“~,.S‘6.,..':*O.U.‘R.S ‘ by A e ——— e 1 e -
94473 89,97 81,56 72 . 30 63.85 57.C6
ST = 9,0C HOURS o
H7 .07 8022 72472 65.23 58,86

SOLUTION TU HEAT FLU% PRUBLEM BY CRANK=NICCLSON METHOD

29, 39 29439 29.39 29,39 29,39
29,39 »2;.;;~' 29:;7 29.71 32450
2944 7 29451 ”2§.?3 30,29 3(;3a
29,57 29471 . 30.12. . 30.57  3Z.67.
29e BY |
3033
“31 07 31022 32.15 734,00 37.06
3210 32412 33.15 35.27 38,74
 33.43 33.25  34.33 36466 40.41
35,03 ~’34.61 35.@6 1
”36187"’36.17'”'37;;;”
,38.91Amf57,91_wQ§8-7é\
41,10 39.78 90.38
43.39fWM;;:;;mw}az.o7 44,09  47.50
45 T1TTTE3L T2 43.74 45,42 48.36
ga.anM g5,7o 45,36 46,67 48,95 e
N ' W
S0.20  47.61 46488  47.62  49.27
'wg;tés ‘M4é;4d 48.27M 48.;4 4;.$3v
S4.09 B51.02 49,48 49,05 éq.yg

ok
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B0 20

HOURS
78.9¢C

78,10 77630

7\6-10

THelo

72.42 656406

71 .76

66640

T4.71

7092
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TWIND VELOCITY =7 100 MILE/ZHR

NO. OF GLASS COVERS = 2
INDEX OF RFFPACTIUN FOR AIR = 140
INDEX OF REFRACTION FOR GLASS = 1.526
EXTINCTION COEFFICIENT = 04174 1/INCH
GLASS THICKNESS = 04250 INCH
SURFACE COLJR = NATURAL CONCRETE
EMITTANCE OF GLASS = 0.88

i

EMITTANCE OF 2LATE 0«78
"ABSORPTANCE OF THE PLATE = 0.78

REFLECTOR REF_ECTANCE = 095

MAX IMUM TEMP, = 85,00 DEGREES F
"TEMP. VARIATION = 22.00 DEGREES F

1
T —— PSS P —— . g S om0 e i et 1

-y
P
(%5




NTH = 5 B  DECLINATION =  23.45 DEGREES

TITUDE = 35.07 DEGREES SUNRISE = 4,97 HOUR

NGITUDE =  27.05 DEGREES SUNSET = 19.03 40UR

ENING ANGLE = 90,0 DEGREES LOCATION = STILLWATER

HR IDN n IDI= wD
+ OO0 . 0s0 0.0 0.0 0.0
* 30 0.0 040 0.0 0.0
+00 S 0.0 00 0.0 0e0
+ 50 00 0.0 . 0.0 0.0
+00 00 0s0 0.0 0.0
=50 060 0s0 0.0 0.0
=00 0.0 0e0 ‘De0 0.0
« SV C0e0 . 0e0 . .00 0.0
=00 0.0 0.0 0.0 0.0
*+50 00 0,0 0,0 0«0
+0u Ue0 0.0 0.0 0.0
+S0 777 “10.7 104 “21.1
«00 14348 33.7 19.3 5340
«50 18547 615 24.9 864
* Q0  213.3 S 90.9 28.5 1195
*20 232.3 120, 3" ) TT31.1 ISl o 4
« 00 245.9 1488 32.9 1817
=50 2535.8 175. 4 34.3 209.7
-00 26343 199.8 35.3 235.0:
*+20 263.9 221.2 TTTTTTT36.0 25742
» 00 273.1 239.3 . 3645 27569
+30 27640 253.8 37.0 290.8
«CO 27841 26443 373 301.6
» S0 2792 27047 - 37.4 30861
+00 2790 2729 37.5 31043
+ 90 279.2 27067 37.4 30841
+00 . 27841 26443 3743 30146
+ S50 275.0 25348 370 290.8
« 00 27341 239.3 3645 2759
»S0 26849 221.2, 360 25762
+00 26363 199.8 35.3 235.0
» 50 T 255.8 17544 3443 209.7
»00 24549 14848 32,9 181.7
» 50 232.3 120+ 3 31al 15124
» 00 213.3 909 28.6 119,59
* 20 18347 61.5 2449 B6e4
» 00 143.8 3347 193 5340
»50 777 10.7 104 2101
+00 040 0e0 040 0.0
» S0 TTTTTTTTTT0 W0 0.0 0.0 D0
0.0 0.0 0.0 040 040
»S0 00 0«0 0.0 00
»00 0.0 0.0 0.0 0s0
»S0 T .0 00"~ T 0.0 T ; 0s 0
»00 0«0, 0.0 00 0s0
» 50 0.0 0.0 0.0 0.0
00 N 2.0 0«0 0.0 0.0
'S0 0.0 0.0 0.0 0.0
»00 0.0 0.0 040 0.0
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"HEAT CAPACITY = 0.24 BTU/LBM-F
DENSITY = 145.00 LBM/FTk%3

THERMAL CUNDUCTIVITY = 0.53 BTU/HR-FT-F
HEAT TRANSFER CIEFFa= 10.01 BTU/HR~F-FTx#2
TINITIAL TEMP. = 63,02 F 7 ' ‘ s
NO. OF INTERIOR NODES = 10

T STTUTUREPTH OF SLAB = 10.50 INCHES T TR T

TIME INTERVAL = 050 HR
" DISTANCE INTERVAL = 1.05 INCHES
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SILJTION TO HEAT FLOW PRIBLEMV BY

T = 0400 HOURS
. 63.02 63.02
T = 050 HUURS
- 68.38 64 « 446
T = 1.00 HOURS
77.8% 68,66
- 1450 HOURS
DL et 2 75462
T'= 2,00 HOURS
107.21 85.05
TTU=TT2.50 HDURS
123,84 9610
T = 3400 HOURS
143.35 108.03
T =  3.50 HOURS
156.70 119.8477
T = 4,00 HOURS
.155.62 130.70
T = 4.50 HOURS
177.18 140.56
=""5.00 HOURS
185.52  149.61
T = 5,50 HOURS
194.83 157.89
I = 6.00 HOURS
202,24  165.48
T = 6.50 .HOURS
208.84 17243
'=7'7.00 HOURS
214.69 178477
T = 7.50 HOURS
219,81 "1B4.55
T =  B.00. HOURS
224%.19  189.75
T =  8.50 HOURS
227.79 194,36
T = 9,00 HOURS
232.50

198433

6341
64 98

68.25

80.00

B7.87

96.42

105.05
11340

12134

T128.87

135,97

142 .65
148492
154477

1v0.21

165,23

169.79

73.33

63402

65313

63.07

T 65,006

71.28

7Hbs 08

Q4038

100.82

107617

‘113.36

119435

1306564
135.91
140,90

145459

757

81,74

(8795

12512

CRANK-NICCLSON METHOD

63.02
63.05

63.23

66485
’59.58
" 73.09
 77.23

8183

8671
91475

96.84
10193

111591

116674

121.42

125.92

56378

64093

10697

63,02

65303

63.09

6330

63.80

64.75
46,23
68430
70694
74.07
77.59
Bl 40
8S .42
89 .58
93 .82

T 98.08

102.34

106.54

110.65

6302

63,03

53.02

63.03

63.04%

63.11

63.26
63356
64.09
64 .90

65,05

6756

"69s41

7158
T4604
7673

7960

82459

' 88.7%

91.81

63.02
63.03
63.07

63,17

63.36

6368
64,18
64,90
65 .88
67.14
§8-69
70 .50
7256
7481

77 20

T T9e70

82423
84.76

87.24

63,02

- 63.05

63.16

6337

63,71

64420

64 .87

6574

. 66482

68.13
6965
7136
7323
75.22
77¢2?

7933

,Bla36

83.29

85,10

63.02

63,13

63440

63.83

64645

65 .29
6532
67 «55

68 «36

70 .54

7224

7403
75 .85
77606

79«41

81.02"

B2447
B3.71

84070

61
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1100
23.58

oo

11.50
1%.21

N

= 12400
202.11

= T2950
183 .33

= 13.00
174.92

= 13.50

154,22

HOURS
201,59

HOURS
20400

HOURS
205.00

HOURS .’
203.81

HOURS
200625

HOURS
194.47

HOURS
18677

HOURS
17799

HOURS

169,47

HOURS

165.07

HOURS
163.16

177 36

120.08

181 .61

181461

179495

17067

172+05

166,70

1626010

159.15

L 173.86

14994
153,92
157.41
160.2%
162+ 14

162.93

162.52

160.93

7153.39

C155.406

152490

130.20

134,24
137.96
141.29
144.0@
146411
‘147.34

147.67

147413

145,92

144,43

114 -63

118.406

122.07

125.42

128 .42

- 130.96

132 .94

134 .27

134 .92

134.92

134.43

102,98

106+ 41
109. 08
112;75
11559
118;10
129422
121.87
123.02
123.63

123 75

94 .82
Y772
100.48
103.07
105.44
107.57
109.40
110.88
111.99
112.68

11298

89 .62
91.87
93.96
95,86
ST 56
99.02
100-24
101419

101 .86

102.23

102630

86675

88.20
89,44
‘96;46
91.26
91.83
92.18
92.32
92.25
91 .99

91 .55

8S 43

85.88

8606

85.97

85 .64 .

B85 .09

84 .36

83 .48

82 .48

81 .30

80 +23
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vt . oNQe UF GLASS CIVERS = 1. 0 . T TABLE 1II
INDE X OF REFRACTION FOR AIR = 1.0

i

CINDEX OF REFRACTION FOR GLASS = 1.526

EXTINCTION CUEFFICIENT = 0,174 1/INCH

e GLASS _THICANESS = 0.25C [NCH

SURFACE COLC? = BLACK

e . _EMITTANCE OF _GLAS3S = 0.88 - o

""""""""""""" ’ EMITTANCE OF PLATE = 0490
e ABSURPTANCE CF THE PLAIEME_O-§5. B} Cois
REFLECTUR REFLECTANCE = 0,95 '
e WIND _VELUCITY = 100 MILEZHR o B )
MAXIMUM TEMP. = 73.00 DEGREES F
e ___TEMP. VARIATION = 22,00 _DEGREES F_ e i . R .
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ISV

11.93 DEGREES

5. 44 HOUR

DECL IMATIUON

4

NT e

TITUDE

W
(64}

SUNRI

[ PR

36,07 TDEGREES

1896 HOUR

SUNSET

97 .05 DEG

So lTUDE

= STILLWATER ~— 777777

LOCATION

ui
28}
o
2
i

(&

100

G ANGLE
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_ _HEAT CAPACITY = 0.24 BTU/LOM=F ’
DENSITY = 145400 LBM/FT#%3
ot THERAAL CONOUCTIVITY = 2,53 BTUL/HR=FT=F R
HEAT TRANSFER CUEFFe= 10e21 BTU/HR=-F=FTkx%2
o INITIAL TEMP. = 51,10 F 5
NOs OF INTeRIUR NUDES = 17
__DEPTH QF_SLA0 = 10450 INCHES
TIME INTERVAL = 3450 HR
... DISTANCE INTERVAL = _ 1,05 INCFES DR
’ .
. L e ,{.u ' :‘ o w : ) .
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TR 158
TABLE I

TEMPERATURE AND INTENSITY MEASUREMENTS*

DATE: July 13, 1976 (Natural Surface)  REFLECTOR ANGLE: 100°

Clear to partly cloudy.

THERMOCOUPLE 1:00 1:30 2:00 2:30 3:00 3:40 4:10

110.2 113.8 115.6 116.9 118.0 117.7 116.2
122.9 121.6 130.6 133.2 136.0 139.1 139.0
133.6 138.8 141.2 144.3 146.6 148.4 146.3
120.4 129.7 132.5 135.7 137.7 137.9 136.8
110.1 111.9 113.5 114.8 113.9
104.1 110.2 113.2 116.2 114.6
136.2 142.1 149.8 155.7 154.3
145.9 149.7 158.0 162.8 162.9 161.5 158.5
109.7 114.2 118.4 122.1 125.4 129.0 131.4
110.5 113.3 116.4 120.0 122.8
105.0 107.8 110.1 113.3 116.0
114.8 116.4 117.4 118.2 118.1
118.1 119.5 120.3 120.1 119.5
144.3 144.1 148.4 148.5 146.0
144.9 149.7 151.1 151.9 151.4
157.3 162.5 162.7 159.5 161.0
132.5 134.6 137.3 138.2 138.0
116.8 118.1 119.8 120.1 119.5
19 118.6 121.9 122.8 124.3 125.3 124.1 122.8
Ambient Temp. 95 97 97 97 99 96 97

W0 A U S W N
Yt
o
=
oY
)...J
o
N
v

e RN o T S S S S
W N e W N O
T s
H N W NN - O WO
H U9 ® A W W 0 W
* . * . . . . e ']
® NN a0 O ® o
B I = T SV SR T
H N OB W oW H S O
P00 Y B Y RNl
- L] - . » N L ] . - L]
U W0 WON Y T

Intensity ‘
(BT hr—ft2) 339 339 335 335 325 316 266

*All temperatures are given in degrees Fahrenheit.



DATE: July 20

ack %urfa

Partly cloudy

THERMOCOUPLE

© 0N U s W N

| B e
oo

12
13
14
15
16
17
18
19
Ambient Temp.

Intensity
(BTU/hr-ft?)

ce)

TABLE III

| AND INTENSITY MEASUREMENTS*

160

REFLECTOR ANGLE: 100°
. TIME
1:00 1:30 }2§OO 2:30 3:00 3:30
117.6 122.6 123.4 128.2 127.7 127.5
128.9 134.1 136.2 140.7 143.0 144.3
138.7 144.7 147.2 152.6 153.5 154.8
126.0 132.8 135.7 142.5 144.4 144.3
111.7 116.9 119.3 122.5 122.7 123.8
116.3 -121.5 124.3 127.3 .126.0 127.5
140.3 145.6 148.9 156.6 157.7 160.5
148.2 152.8 156.2 164.1 164.5 168.5
113.5 117.6 121.0 124.4 128.1 130.5
106.6 110.1 113.1 116.2 119.0 121.4
101.9 104.9 107.5 110.1 112.2 114.7
116.8 120.9 123.3 127.1 126.5 127.7
112.3 126.2 129.7 133.2 131.7 132.0
127.1 135.1 139.9 146.6 147.2 151.7
129.5 139.5 145.4 154.1 154.2 156.0
139.4 154.5 165.7 171.7 166.8 166.0
135.6 140.4 143.5 148.1 149.4 150.5
119.9 124.0 125.1 129.1 128.8 130.0
129.2 132.6 133.6 137.5 136.0 135.3
93.8 94.6 94.5 96.0 99.5 96.9
323 345 323 319 319 302
Fahrenheit.

*All temperatures are given in degrees



TABLE IV

161

TEMPERATURE AND INTENSITY MEASUREMENTS*

DATE: July 26 (Black Surface)

Clear to hazy.

THERMOCOUPLE

W 00~ bW N

e i e e e e
R~ W b N - O

19
Ambient Temp.

Intensity
(BTU/hr-£t2)

*All temperatures are given in degrees Fahrenheit.

REFLECTOR ANGLE: 100°
TIME
1:30 2:00 2:30 3:00  3:30  4:00
126.5 130.7 133.0 134.5 134.9 134.3
139.7 145.7 149.1 152.3 154.3 156.3
'152.2 157.5 160.6 163.7 165.2 167.3
137.6 145.6 151.2 153.9 154.8 154.3
121.6 127.9 129.2 130.4 131.6 132.6
127.6 133.9 133.6 134.4 135.2 136.0
153.5 158.5 163.0 166.2 171.2 172.7
162.6 166.0 169.7 172.7 178.6 180.6
122.4 128.1 131.8 135.1 138.7 141.5
114.1 119.0 122.6 125.5 128.7 131.5
108.5 112.6 115.8 118.4 121.3 123.8
124.6 132.7 133.8 135.0 136.2 136.8
131.5 140.4 139.9 140.3 141.0 141.1
139.0 146.7 154.5 156.0 159.7 161.7
149.0 155.1 161.3 164.0 167.6 169.7
162.9 168.1 175.6 177.6 184.4 182.4
147.0 153.4 156.7 159.6 162.0 162.4
129.2 132.8 135.5 137.1 138.5 139.3
138.4 140.9 144.1 144.8 145.7 146.0
96 99 99.5 100 100 102
314 302 292 284 280 249

i



TH = 7 DECLINATION = 20.24 DEGREES TABLE V

FITUDE =  35.07 DEGREES ' SUNRISE = 5,09 HOUR

JGITUDE = 97.03 DEGREES SUNSET = 18.91 HIUR

INING ANGLE =  99.9 DEGREES -DCATION = STI__WATER

4R IDN ID ID1= wo 1DR IDIFR W
s Q0 O0s0 U0 0.0 0.0 020 0.0 0
» 50 00 0 0 (6 Pe] 0+0 Je0 00 0
» OO 2.0 0.0 0.0 0«0 0.0 J0+0 0
y S50 e 000 a0 ¢ ¢ ] 0.0 . 00 00 0
s 00 - ) 0.0 0.0 0«0 0.0 Js0 3.0 0
w0 0.0 0«0 Oel 00 DD 0«0 e}
» 00 00 0.0 0.0 0.0 J.0 0.0 0
» 50 0.0 Cs O 0.0 0-0 00 Je0 ¢}
w00 0.0 Qe 0 0.0 00 0.0 0.0 6]
.SQ 040 0.0 0.0 Os0 De0 Je0 6}
.0(5 D0 000 O‘O 0.0 0.0 0.0 0
250 47.6 5-0 6.5 1105 22‘2 O.ﬁ 22
50 173.0 5245 230 7662 1073 2e2 109
. 00 -205.0 82.0 273 109.9 1413 246 143
.50 S 225,.,2 11147 3068 142,5 1707 . 2.8 173
200 B 241 2 140.0 32.3 1173 4 1965 3.0 199
250 252.0 © 16747 34.3 20240 18444 3.2 187
.00 260.1 192.4 35.4 227.8 1577 3.3 170
<50 26640 214.3 ] 3642  250.4 1503 3.3 153
.50 273.6 247.5 ; 37.2 : 284.7 119.6 3e4 123
.00 275.8 25842 37.5 295.7 108.6 3.5 112
e 50 277 0 264, 7 3767 30204 10167 3.5 105
.00 ' 277 o4 . 26649 37.7 30446 393 3.5 102
» 50 2770 2647 377 3024 101.7 3.5 1G5
.00 275.8 2584 2 3745 295,.7 10846 3.5 112
« 50 273 a6 2475 37.2 28B4 7 11946 el 123
.00 270a4 23247 3643 26945 133.8 3.4 137
250 266,60 21443 362 250+ 4 1503 3.3 153
« 00 2601 192.4 354 2278 1577 3.3 170
.50 252.0 1677 3443 20240 18% 4 3.2 187
L 00 241.2 14046 32.b6 173 4 19645 3.0 199
« 50 225a2 1117 30.3 142.5 1707 28 173
<00 20540 82.0 273 10949 141.3 2.6 143
e 50 173.0 525 23 eb 762 10743 222 109
e 00 1245 25+ 4 16.9 423 67 66 16 69
.50 - 4746 Se 0 645 11.5 22.2 0+6 22
‘00 000 0«0 OtO 000 00 O0s0 ]
‘50 Do O 00‘0 OOO' 0.0 0‘0 0«0 [¢)
L 00 0.0 0.0 0.0 0.0 D0 0.0 0
250 0.0 040 00 0e0 D0 0.0 0
_00 0«0 O‘O 0.0 0.0 0.0 0.0 0
.50 D0 Ow O 0.0 0.0 0«0 0.0 6]
200 040 0«0 0.0 0«0 2.0 J.0 0
e S0 0s0 0s 0 0.0 ° 0«0 0.0 0.0 - 0
‘OO 0.0 0-0 Q0«0 0.0 0‘0 0.0 o~ D
S0 D0 Qe 0 0.0 00 De0 0.0 ™ Q
-« 00 Je.0 0.0 0«0 00 DeD 0.0 0

e,

i
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TABLE VI
TEMPERATURE AND INTENSITY MEASUREMENTS*
ATE: November 19, 1976 REFLECTOR ANGLE: No Reflector

TIME

THERMOCOUPLE 12:00 1:00 2:00
1 94. 8 88. 7 94. 4
2 88. 6 84. 4 91.3
3 83.4 79.3 86. 8
4 - 94. 6 91. 7 98. 1
5 88. 7 83.3 88. 0
6 86. 0 80.8  86.2
7 86. 4 82.4  88.7
8 83.0 79.2 86.0
9 96. 6 94, 4 99. 9

10 v 99. 2 97.4  103.2
11 | 100.8  99.2  105.0
12 o 85. 1 79. 6 84, 8
13 o 81.4 76. 1 82.0
14 | 91. 8 89. 1 95. 6
15 86. 9 83. 8 89.9
16 81.9 78.9 85, 8
17 85. 4 82.1 88. 5
18 | 98. 9 96.8  102.6
19 96. 7 94.7  100.9

Ambient Temp.

Intensity 5 150.1 145.9 122.2
(BTU/hr-ft")

§

*All temperatures are given in degrees Fahrenheit.



TEMPERATURE AND INTENSITY MEASUREMENTS?*

TABLE VIL.

DATE: November 20, 1976 (Black Surface)

THERMOCOUPLE

10
11
12
13
14
15
16
17
18
19
Ambient Temp.

Intensity 2
(BTU/hr-ft")

*A1l ’cempératures are given in degrees Fahrenheit.

REFLECTOR ANGLE:

No Reflector

_TIME
11:00 12:00 1:00
83.2 88.5 86.5
70. 4 79.5 79. 3
66.4 74.5 74.2
75.3 85.3 85.9
76. 8 82.7 80. 2
75. 6 180.7 77. 8
68.9 76.5 75. 5
66.2 73. 5 72.5
76. 4 87.2 87. 4
78.2 90. 2 90. 5
79. 7 91.9 92.1
3.2 79. 1 75.5
69.9 75.3 71. 8
72.2 82.2 81. 4
68.7 77. 1 75. 6
64,7 72.0 71.1
68.1 75.3 74, 6
82.6 91.0 91.2
81. 4 89.5 89. 6
* 54
136.2 152. 8 161.2
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TEMPERATURE AND INTENSITY MEASUREMENTS *

DATE: December 28, 1976 (Black Surface)

NOTE: Insulation on north side of collector had been moved.

THERMOCOUPLE

oy

Jod ' ;
OO o =3 o Ut > w oo

fonid
it

12

13

14

15

16

17

18

19
Ambient Temp.
Intensity

(BT(Hhr—ﬁz)

%A1l temperatures are given in degrees Fahrenheit.

|

TABLE VII

REFLECTOR ANGLE:

TIME

2:30 3:00 3:30
69.2 67.2 64.9
83.3 85.0 84.0
92.6 94.0 90. 6
88.4 88,7 84. 6
69.0  68.5  67.5
68.7  68.2  67.0
94.6  93.6 93,0
1 98.8 97.1 96.2
73.5 74.9 76,6
66. 1 67.6 69. 6
59.9 6.6 63.6
83.0 82.5 76. 5
89.7 86. 7 77.2
90,0 88. 2 86.5
91.7 92. 4 91.2
99. 8 98. 6 95.5
90. 2 93.2 91.2
71.9 71. 6 70.0
76..1 75.7 72.1
41 45.0 45.4
152; 8 133, 4
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