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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 nonpolluting. 

Although solar collectors have been studied and used for many 

years in heating air and water (1, 2) 1, 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 0  to 190°F at a depth of approxi-

mately two inches below the surface. 

'References cited are shown in Appendix A 
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Problem analysis will include: 

(1) Predicting various surface heat flux conditions from assumed 

weather data (solar irradiation) and arbitrarily specifiedcol_ 

lector and reflector parameters. 

(2) 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. 

(3) Predicting the performance of flat plate solar collector with 

flat reflector using Hottelts  equation for collector performance. 

In regard to the collector performance, important variables 

will be the effect of surface blackening, the numbe .r of glazing 

material, orientation of the reflector with respect to the col-

lector, and the opening angle between the collector and the 

reflector. 

(4) Developing and constructing an optimum solar collector 

design based on the information obtained from the analysis. 

(5) Testing the solar collection equipment on Portland Cement 

concrete slabs under a variety of weather conditions. 



for a clear day can be calculated by (3) 

A 
DN exp (B/sine) 

(2. 1) 

2. SOLAR IRRADIATION 

This section outlines the method by which the total solar irradia-

tion on the horizontal slab can be estimated at any 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 earths surface 

during clear days. The value of direct normal solar intensity 'DN 

where 

A = apparent solar irradiation at air mass = 0 

B = atmospheric extinction coefficient 

= 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 representative 

of conditions on average cloudless days. For locations where clear 
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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 0 is the angle in the 

vertical plane between 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) 

Sin = Cos L Cos 5 Cos H + Sin L Sin5 	 (2.2) 

where 

L = local latitude 

5 = 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 6 can be found from the approximate 

equation given below (1) 

6 = 23.45 Sin 
	

(2.3) 

where ii is the clay of the year. 

Therefore from Equations (2. 1 - 2. 3) the direct normal solar 

intensity for a clear day can be estimated. 
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Direct Solar Intensity 

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

may be calculated if the direct intensity 
1DN 

 normal to suns rays at 

the location is known. This requires that we find the component 

which is perpendicular to the given surface. With the angle of inci-

dence e known, we have the general relation (5) 

	

= 'DN Cos 0 
	 (2.4) 

where Cos B is given by Equation (2. 5) for a tilted surface and by 

Equation (2. Sa) for a horizontal surface. 

Cos B = Cos Cos y  Sin e + Sin Cos e 	 (2.5) 

where 

e = tilt angle of the surface from the horizontal 

y = wall solar azimuth 

When the surface is horizontal, e = 0 deg. and: 

Cos 	Sin 0 	 (2. Sa) 

From Equations (2. 4) and (2. Sa) 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) 

'dH CIDN 	
(2. 6) 

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

Appendix B. 
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Total Solar Intensity 

The total solar radiation 
'T 

 incident upon a horizontal surface at 

any instant may be calculated by 

+ 1dH + 

	
(2. 7) 

where I 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 enhance the 

performance of flat plate solar collectors have been explored by many 

investigators. Reflecting surfaces can be used to increase the energy 

yield 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, 



(lct 0 r P ('hOC! or Model 

1'ig1 , re (3. 1) shows a collector of length C and a reflector of 

1 n'th R \vluch have a common side of length L and include an angle B. 

Figure 3. 1 Geometry and Nomenclature 

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

reflected radiation from the reflector. 

The solar radiation from the sky that fails on the collector is 

COO 	'cl of direct and diffuse components. Equations for estimating 

he cli 'oct and di ifi s csiy radiation were introduced in Section Z, see 

our (. 1) and (. ( i ). Therefore the total direct contribution 

Iron the shy on the flat plate collector is 

II 	+ I 	 (3. 1) 
DT D dEl 
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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 

Cos p 	 (3.2) 

P = fraction of incident radiation reflected 
$ 

f = fraction of the collector illuminated by reflection 

p 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 ' 

	

'dHS = FRC 	2 	) s'dH 	
(3.3) 

where ( I ± Cos B) is the portion of the sky dome that the tilted re-
2 

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 

Sin 	
34 

	

RC CR 	2 

Therefore the total specular contribution from the reflector to the col-

lector is 

1IDS + 1dHS 	
(3. 5) 



V 

N 

IS] 

In order to evaluate the cort rHution from the reflected direct sky 

radiotioi on the flat plate collector, Equation (3. 2), we need to know 

the values of I and cp at any instant. I can be defined as the ratio of 

the illuminated area per unit I cngthi to the absorbing area per unit 

length, thus 

f - 
	 (I 	

(3.6) 
absorbing area per unit length 	C 

Figure (3. 2) shows the proj cc tie n of the collector and the reflector on 

a No rth -South plane. l 7 rom the geometry shown 

SUN 

,SUN 

VQvirt ,  3.2 PrHyction of the Collector and the Reflector on the NS Plane 

on this figure it can he shown that the illuminated area is 

W 	C - X = C - R(Cos 13 + Sin B tan (p) 	 (3.7) 
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Now, using the defining equation for f, Equation (3. 6), the expression 

for f becomes 

f = 	= 1 - 	(Gas B + Sin B tan ) 	 (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 - 
	

(3.9) 

where 0 is the incident angle of the suns rays on the reflector sur-

face. The incident angle was expressed by Equation (2. 5) as 

Cos B = Gos Gos Sin € +Sin Gos e 	 (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 

(ç') becomes 

(3.10) 

where the solar azimuth () could be found using the following equation 

Sin = Gos 6 Sin H / Gos 0 (3. 11) 

Thus to obtain the incident angle on a south facing reflector Equation 

(2. 5) becomes 

Gas 0 = Gas OCosO Sin B - Sin Gas B 	 (3. 12) 

where € = 180° * B 

Having found the expressions for £ and cp, 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 may be reflected, and part 

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 of useful heat 

gain by the concrete slab through the glass cover is given by 

4 useful= IT(T ) - 	loss 
	 (3. 13) 

where 

= total rate of incident solar radiation (direct + diffuse + 

reflected) on the collector, see Equation (2. 7). 

(T a) = transmittance- absorptanc e product of cover system for 

solar radiation 

loss = rate of energy losses from the collector to the 

surroundings by radiation and convection. The 

losses due to reflection from the cover(s) are 

included in the term (Ta'). 

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

(1) The total rate of incident solar radiation, 

The total solar radiation incident upon a horizontal sur-

face was discussed in Section 2, and the final working 

equation was given by Equation (2. 7). 

(2) Transmittance -absorptance 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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lk)wever, afl this radiation is not lost since some is reflected 

ha c); to the slab. This situation is illustrated in Figure (3. 3). 

INCIhgN I 

SOLtiR 11\11ATlo N 

GLASS 
COVE1 

CONCRETE 
SLI1? 

Figure 3. 3 Absorption of Solar Radiation by Concrete Slab 

Of the energy arriving at the concrete slab, TQ' is absorbed and (1 - a) T 

is reflected back to the glass cover. The reflection from the concrete 

slab is more diffuse than specular so that the fraction (1 - ( Y )T that 

strikes the glass cover is diffuse radiation and (1 
- a)Tpd is reflected 

back to the concrete slab. The multiple reflection continues and the 

&'tu'lV ;il oibed by ftc slab as given by (1) is 

(fla) 
	

1 - 
	Ta 	 (3. 14) 

/ 

Yoc 

where 



14 

T = transmittance allowing for both reflection and absorption 

angular absorptance of the concrete slab 

Pd = 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 600. 

In order to evaluate Equation (3. 14), we need to know the total 

transmittance, 'r. The transmittance allowing for both reflection and 

absorption, T is 

T = T T 	 (3. 15) 
r cy 

Transmittance due to absorption, T is 

-KL 
T 	e 	 (3.16) 

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, T, for a system of n covers, all the 

same material given by (1) is 

¶ 	
= 	O-p) 	 (3.17) 

	

r,n 	1 +Z(n-l)p 

where p  is the reflectance of the glass cover. 

The reflectance of the glass cover, p,  can be obtained from 

Fresnelts relation for the reflection of nonpolyarized radiation passing 

from a medium 1 with refractive index n 1 , to medium 2, with refractive 

index n2. 
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1(in2  (e - 	tan  ( 8 	)1 2 - 0 	 (3. 18) 
2 Sin' (2  + 	) + an2  (82  + 

where 0 1  and 02 are the angles of incidence and refraction. The 

angles 0 1  and 02  are related to the indicies of refraction by SnellTs  law 

Sin 
n 2  SinO 1  

(3. 19) 

Thus if the indicies of refraction and the angle of incidence are known, 

reflectance can be obtained from Equation (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, 4T loss 

The heat loss coefficient for the collector is the result of con-

vection and radiation between parallel plates. 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 the surroundings 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 Hottel and Woertz (9). The relation-

ship for the heat loss coefficient is 

N 
- ((344/T ) {(T -T )/(+Ffl 0.31 + 

P 	p a 	 w 

	

(T +T ) (T 2  + T2) 	
(3.20) 

	

p 	a 	p 	a 
+ [e p 
	 p 
+ 0. 0425N(l-e )]' + [(ZN+ f-l)/ e g ] - N 
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where 

N = number of glass covers 

F = (1.0 - 0.04h + 5.0 X 104h 2)(1  + 0.058N) 
w 	 w 

€ g = emmittance of glass 

= emmittance of concrete slab 
p 

T  = ambient temperature ( K) 

T = surface temperature of slab (°K) 

= Stafan-Boltzman constant 

h = wind heat transfer coefficient, W/m 2  °C 
w 

The heat loss from flat plates exposed to outside winds are found 

from a dimensional expression given by McAdams (10) which relates 

the heat transfer coefficient in 
w
2 	to the wind speed in rn/s. 

rnC 

h =5.7+3.8V 
w 

(3.21) 

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

be found as 

cjTloss = U T p 	a 
(T - T ) 	 (3.22) 

From Equations (2. 7), (3. 14), and (3. 32) the three terms of 

Equation (3. 13), namely 1T' (T (Y), and 	loss can be determined. 

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 6x 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 s  generation, and storage. The 

energy balance on the system is 

where 

q 	+E = 
g 

qjx 
= - [KA-- ] 	 Conduction 

x x 

4. 

E 	g"(AAx) 	 Generation 
g 

= - KA] 
x x+ Ax 	 Conduction 

E = 	c (AAx) 	 Storage 

(4.1) 

17 



V or die case of no heat gene rat i ii (F = 0), after some manipulation 

!cintioii (4. 1) benninci; 

1 	I: 
	

(float Equation) 	 (4. 2) 
x 2 	c' 

1:IicJ.{1 (4. 2) is the working equation for obtanng the temperature 

distribution in the concrete slab. 

S oth inn of 1-Teat Equation 

The solution of heat equation is done in two steps. 

rho first step is to obtain a system of ordinary differential equa-

tions to ap3 roximate the behavior of the heat equation. This is done 

by finite difference formulation. Divide the x direction into equally 

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

o  I 	mI ri r+i 

I 	I e 

HH 

Figure 4. 1 Nodal-point arrangement 

As n opproximation, let the temperature of each node represent the 

i; In ye of a Iii in pI ;inc wa II Ax thick so r rounding the node as 

IThied in Figure 4. 1. 

iTTnc ry balance for the interior node m is 

q 	
, 	

q1 I 
+i 	Lsnm 	 3) 
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where 
t 	-t 

q 	= KA rn-i 
	in - 

m- 1, in 	 Ax 

t 	-t 
rn 	ni+i 

	

rn+1 = KA 
	

Ax 

dt 
rn 

E 	= pcAAx 
sin 	 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 	
KA  

pcAAx 
rn - 	(t 	

-
2t 	+ t 	) 	 (4.4) 

dA 	AB rn-i 	in 	rn+l 

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

Energy balance for surface node n is 

q0  = q n+1 + E 
sn 	

(4.5) 

where 

q = total useful solar irradiation on the slab (see equation 3. 13) 

t 	-t 
q 	=KA n 	

n+l 
n, n+1 	 Ax 

dt 
Ax n = 

Sn 	2 do 

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

ary differential equation for the surface node is 

K (t 	t 	+ 	
dt 

- 	
pcAx 	n 	 (4.6) 

) A 	Ax n n+i 	2 
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Energy balance for the end node, P is 

where 

q 1 	q +l 
p 	sp 

(4.7) 

t 	-t 
=KA 	p 

q1 	 Ax 

qp 	p 
= hA(t - t 

dt 
E = pcA - d 

sp 	 O  

Substituting the rate equations into the energy equation and rearranging, 

the resulting ordinary differential equation for the end node is found 

to be 

pcAx dtj 	KA (t 	- t ) + hA(t - t ) 	 (4.8) 
2 	dO 	Ax 	 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 

at some point in time O, and we will be seeking to find the 

(v+l) 	 (v+l) 	v solution t 	at some later time 8 	 o + A8. The Crank- 

Nicolson method uses the arithmetic mean value of the derivatives at 

l) 
the beginning and the end of the time interval. In order to find t (v+  

using the Crank-Nicolson method one would use 

	

+ I) = t(v) 	1 [dt 	
(v) 	

dt 	(v+l) 
(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 

1 	(4.10) zt 	- v+l) = 4v) 
+ 	 + A 

For the interior nodes 

- 4 (V+1) 	(v+l) - 
	- t(V) 	 (4.11) 

M-1 	m + tm+ 1 - m- 1 	m+ 1 

For the end node 	 (4.12) 

2(v+l) 	hAx 	(v+l) 	 + 	
htx 

1 	
- (4+2) p 
	 1 	k 	

- 	
k 	CO 

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

unity. 

KA B r = (4.13) 
Cp(Ax) 2  

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 concrete 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. 

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

reflector, if reflector is to be used. 

(3) Calculate the 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 the 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 slab. The difference between 

this energy and the energy that is lost from the top of the collector by 

convection and 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 

simultaneous equations which result from applying the Crank-Nicolson 

method for the temperature profile calculations. 

The inputs to this program are the heat capacity, density, thermal 

conductivity of the concrete, number of interior nodes (which is used 

for Crank-Nicolson method of solution), convection heat transfer co-

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 OHIJ. 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 ground 

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 wo 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 corn-

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 1' for a collector with one and two glass covers on 

a black surface. Increase in the number of glass covers reduces the 

heat loss from the top of the collector 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 
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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 yield better 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 -absorptance 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 past 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 1600 - 190°F for a 

depth of approximately two inches in the months of March, April, May, 

June, July, and August. In these months 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 (U) for Stillwater, and an average monthly value 

from the data of the last three years were obtained. 

The predicted temperatures 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 temperature. 

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 year are given in Table II of Appendix F. 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 intensity (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 tabulated in 

Tables I-IV 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 on 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 solar collector with two glass 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 



32 

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 

Tables 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 were 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 0 , 

these theoretical results are included in Table V of Appendix G for 

comparison. The experimental data of Table IV for July 26, shows 

that at about 4:00 p. m. the temperature of the slab at a depth of two 

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 theoretical 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 solar collection equipment 

to temperatures of 1600  to 190 0 F for a depth of approximately two 

inches below the surface for the purpose of polymerizing or internally 

sealing 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 warmer than the average daily 

temperatures, this heating is possible. For the months of February 

and October, this heating is possible if the daily temperatures are 

higher than the daily normal temperatures. For the months of 

January, November, and December, this heating seems to be doubtful 

except for exceptionally hot days. 

The experimental results support the theoretical predictions for 

the month of July. The predicted results for this month differed from 

the experimental results by about 51o, which 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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TABLE I 

Solar Radiation Related Data 

DATE A 
Btuh/sq ft 

B 
Air Mass 

C 

Jan. 	21 390 0. 142 0.058 

Feb. 	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 	 1 0.057 
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$JO8 NOSUOCHK,TIME12O 

C 
C ++t+ f±+++++I-4-+++++.++++++4-++±++f+++*+++++f++4-+.fF*-ff++++++±++++++++f+ 
C + THIS 	PUGRAM 	)ETEThLNES 	TEMPERATUES 	AS 	A FUNCII3\J 	OF 	TIME 	IN A + 
C ONE- DIMENsiONAL 	SYSTEM GAINING HEAT FROM ONE END AND LOSING HEAT + 
C + FROM 	HUTH 	L,%-ji. 	THE 	HEAT 	OSS FRU\4 	THL 	8011DM 	IS 	ACCORDING 	TO 
C + DU/D. 	= 	-i 	4. 	(U 	- 	TAF) + 
C + WHERE 	TAF 	IS 	THE VARIABLE AMBIENT TEMPERATURE, 	AN) + 
C + H 	IS TNL HEAT 	TRANSFER COEFFIC lENT + 
C + THE 	SYSTEm 	IS GAINING HEAT 	BY 	SOLAR 	IRRADIATION + 
C + A SUBROUTINE 	IS 	EMPLOYED TO CALCULATE THE HOURLY SOLAR 	IRPADIATION+ 
C + A SUBROUTINE 	15 	EMPLOYED TO SOLVE THE SET OF EQUATIONS 	WHICH + 

+ RESULT FRJM APLYING THE CRANK-NICOLSON METHOD. + 
C + A SUBROUTINE 	IS 	EMPLOYED TO ODTIMIZE THE OPENING ANGLE + 
C + BETEEN THE 	CJLLECTOR AND THE REFLECTOR + 
C + A SUBROUTINE 	IS EMPLOYED TO CALCULATE THE TOTAL ENERGY + 
C +1HAT FALLS 	ON 	THE 	COLLECTOR. 	 ... . . + 
C + A SUBROUTINE 	IS EMPLOYED TO CALCULATE THE HEAT LOSS FROM + 
C + THE TOP DJE 	TD 	RADIATION AND CONVECTION. 
C +++++++++++l-+++++++++++++++++++++++++++++ .+++++-f..4++t++++++++++++f+ 
C - 	- 
C 

1 DIMENS.IONU(50,4). 	USTART(50),TPC(50) 
2 DIMENSION 	P(50),GID(50),OETAD(5D),PF1ID(50),PH[(50),BETA(50) 
3D1MENSION w)(5O), WS( 5O), WT( 5O),D.tFH(5O),TAPH(50), TA( 5O) 
4 DIMENSION 	TAF(50),OTLOS(50),WIN(50),GI(50),GIR(50) ,GIDR(50) 
5 REAL 	LONG,LAT 
b . REAL 	L0NGD4LATD 
7 G11.0 
8 G2=t.526 

ALPHATO.5 
RHOSO.95 

11 KK1 
12 K1 
ij 50 CONTINUE 

C 
C INPUT PARAMETERS FOR SUBROUTINE SJN. DAY= DAY OF THE YEAR, 
C LONG = LONGITJDE, 	LAT = LATITJDE, 	M = MONTH 
C ALL THE ANGELS 	IN SUBROUTINE SUN SHOULD BE 	IN RADIANS. 
C 

14. READ(5,1) 	DAY.LONG.LAT,M 
15 1 FORMAT(F- 6,2,F7.4,I2) 

C 
C INPUT PARAMETERS FOR SUBROUTINE PERFOR, 	AK = EXTINCTION CoEFF. 	* 
CBL = GLASS THICKNESS.L = NO. 	OF - GLASS COVERS, 	IMAXE = 	MAX. 	TEMP. IN DEG. 	F 
C TVARF = 	T.jP. 	VARIATION 	IN DEG. F 	* 	EMCP = EMITTANCE OF PLATE 	, 
C EGLS = EMITTANCE OF GLASS 	, 	VMLH = WIND VELOCITY 	IN MILE/HR 
C 

15 READ 300,AK,BL.L,TMAXF,TVARF,EMCP,EGLS,VMLH 
17 300 FORMAT(F5.4,F5.3,i1,F8.3,F6.292F5.3,F4.1) 
18 CALL 	 Sim (DAY ,LONG.LAT,GID,BETAD,HR,PHID.SS,SR,M,DLLTAD,PHI, 

*BETA .0 1FF 1) 
19 CALL 	 COLREF(BO,WT,WD,WS.DAY.LONG,LAT,M,GI,GIR,GIDR) 
20 LONG)=LDNG*57.296 
21 LATDLAT*57.296 

C 
C CALCULATE THE 	INITIAL TEMPERATURE 	IN DEGREES F • 	UIN 
C 

22 TMR=(3.1415/124)*SR 



23 VSP=56.29f29.32*COS(TMR)+38.48*SIN(TMN)-3,48*CUS(2.*TMH)-8.35*SIN( 

UIN=TAXF-((TVARF*VSR)/100,) 
C 
C THE 	IPJ13 SHJULO BE EXPRESSED 	IN UNITS OF INCIES,SECUNDS, POUNDS *AND F 
C READ 	I 	SYSTE' 	PARAMETERS. 	C = 	HEAT 	CAPACITY, 	RHJ 	= 	DENSITY, 
C COND = 	THEk4AL 	CONDUCTIVITY, 	NOINT 	= NO. 	OF 	INTERIOR NODES, 
C ALPHA = 	H/CJN), 	XL = 	TOTAL DETH 	,H = HEAT TRANSFER COEFFICIENT 
C 

25 READ 	100 9 C,H3,CCjND,NOINT,ALPHA4XL,H 
25 100 FORMAT(.399.6, - 11.9,I3,b5,3,h6.2,F10.7) 

C COMPUTE 	INITIAL VALUES OF 	TEMPS.DELTA X. 	AND DELTA T. 
C 

27 T0,O 
28 THO.0 
20 TOUT=lOO.D 
30 XINTNOINT 
31 NNOINT-1 
32 DXXL/XINT 
33 DTC*RHO*3X*2/CaNO 
34 DTH=DT/36D0.0 
35 RHOFRHO*1 728.0 
3b CONDFCDN343200.0 
37 HFH*518400.0 
38 WRITE(6,31) 	C 

31 FOPMAT(IHI,/////,11X,' 	HEAT 	CAPACITY 	= 	4 ,F4.2,' 	BTU/LBM-F') 
WRITE(6,32) 	RHUF 

32 FORMAT(1HU.10X9' 	DENSITY 	= 	',F6.29' 	L13MJFT**3 4 ) 
rITE6,33) 	CJNDF 

33 FQRMAT(1H3,I0X,' 	THERMAL 	CONDUCTIVITY 	= 	0 ,F4,2,' 	3TU/rtR-FT-F') 
RITE(b934) 	HF 

34 FORMAT(IHJ,IOX, 	HEAT TRANSFER 	COEFF. 	',F6,2,BTJ/HR-F-FT**2 4 ) 
WRITE(b,3D) 	UIN 

47 35 FORMAT(1HO910X,* 	INITIAL 	TEMP. 	= 	8 9F6.2.' 	F') 
WPITE(6.37) 	NOINT 

37 FQRMAT(1H0,1OX,' 	NO. 	OF 	INTERIOR 	NODES 	=',123 
50 wPITE(6,3) 	XL 
51 38 FORMAT(1HO,10X,' 	DEPTH 	OF 	SLAB 	= 	',F6.2,' 	INCHES') 
52 WRITE(6,41) 	0TH 

FORMATtlHOs//// 
. 
lIX9 0 	TIME 	INTERVAL = 	',F5.2.' 	HR') 53 41 

54 RITE(6,42) 	DX 
55 42- FORMAT(IHOs10X.' 	DISTANCE 	INTERVAL 	= 	1 9 F5.2,' 	INCHES*) 
Sb DO 	10 	I1,4 
57 10USTAPTI)UIN 
58 PRINT 	199 
59 199 FORMAT(/57rIISJLUTION TO HEAT FLOW PROBLEM BY CRAN<-NICOLSDN METHOD 

* 	I) 
PRINT 	200. 	T. 	(USTART(I) 	I1,N) 

51 200 FORMAT (/51 	T 	= 	F5,2, 	bH 	HOURS 	/ 	(1K 	11F8.2)) 
C 
C GET COEFFICIENTS OF SYSTEM. 
C 

U(1,4)UIN 
63 HR(1)0.0 
54 DO 	15 	J1,49 	 - 

-55 HR(J+1)HR(J)+0.5 
IF((HR(J)-SR) 	.LE. 	0.1) 	GO 	TO 	15 

57 IF(HP(J) 	.LT. 	SR) 	GO TO 	15 
TF(-fJ) 	.GE. 	SR) 	GO 	TO 	21 



69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
7') 
30 
81 - - 	
2 

83 

IF(SS—HR(J) .LE. 0.1) 	GO TO 23 
IF(HR(J) .GT. S ) 	GO TO 23 

21 U(1,1)0.0 
Of 1,2)2.J 

U(N,1)2.0 
U(N, 2) —4. 0-2. 0*ALPHA'cDX 
U(N.3)0.3 
DO 20 I=2.NO1T 

U(I,2)-4.0 
20 U(I,3)1.0 

TPF=U( 1,4) 
TPC(J)=(5./9.)*(TPF-32.) 
TPTPC(J) 
CALL 	 PERFOR(AK,bL,L,TMAXF,TVARF,EMCP,EGLS,/MLH,J,TAPH,TAF, 

*QTLOS, WIN DAY LONG, LAT, M .T P) 
35 	 U(I,4)USTART(2)+(O.00000193)*(DX/COND)*(WIN(J)fWtN(J+1)) 
35 U(N,4)=-2,0*USyART(N-1)+2,O*ALpHADXUSTART(N)-4,0*ALHA*DX*TAF(J) 
87 DO 	30 	1-=2NuIJT 
88 30 U(I,4)=—USTANT(1--1)—USTART(I+1) 

C COMPUTE VALUES. 
C 

39 T=T+DT 
90 CALL 	TRDG77 	(UN) -  

C 
C PUT NEW VALUES 	INTO USTART AND SEE 	IF TIME TO 	RIJT OUT. 
C 

91 DO 	40 	11,N 
92 40 USTART(I)U( I,) 
93 IF 	(T—TOUT) 	21, 	22, 	22 

22 THT/3600.0 
96 PRINT 	200,TH, 	(U(I4),I1,N) 
95 TOUTT(.)UT4-100,0 
97 IF(HfR(J)—SS) 	15,15,23 
98 15 CONTINUE 
99 23 CONTINUE 

100 WRITE(6 9 61) 	L 
131 51 FURMAT(IHI,/////,j1X,' 	NO, 	OF GLASS COVERS 	'Il) 
132 WRITE(6962) 	Gi 
133 62FORMAT (1HO,1OX,' 	INDEXOFREFRACTION FOR 	AIR 	',F3.1) 
104 WRITE(6,63) 	G2 
135 63 FORMAT(1H0,I0X,' 	INDEX OF REFRACTION FOR GLASS = 	1 ,F5.3) 
108 wRITE(6.6) 	AK 	 - 
137 54FORMAT(1H0,10X,' EXTINCTION COEFFICTENT='.F5,3.' 	1/INCH') 
133 WRITE(5,65) 	8_ 
109 65 FORMAT(IHO,10X,' 	GLASS THICKNESS 	= 	',F5.3,' 	INCH') 
110 WRITE(6,73) 

73 FORMAT (1HD,0X 	SURFACE COLOR = BLACK') 
112 WRITE(6.65) 	E3LS 
113 66 FORMAT(IHU,10X.' 	EMTTANCE 	OF GLASS = 	'sF4.2) 

- RITE(6,67) 	EMCP 
115 o7 FORMAT (IHO,lOx,' 	EMITTANCE 	OF PLATE = 	•F4.2) 
116 WRITE(6,68) 	AHAT 
117 68 FORMAT(1HO,j0X,' 	AESORPTANCE OF THE PLATE = 	',F.2) 
118 - wRITE6,72) 	RHOS 
119 72 FORMAT(IHO,IOx,' 	REFLECTOR REFLECTANCE= 	',F442) 
120 WRITE(6.69) 	VMLH 
121 69 FORMAT(1H0,I0X,' 	WIND VELOCITY 	= 	0 ,F5.1,' 	MILE/HR') 



122 çPITE(b,7j) 	IMAXF 
123 70Hc..AT(1H),1UX,' MAXIMUM 	TEMP. 	#,F5.2, 2 	DEGREES 	F) 
124 wPITE(6,71) 	TVARF 
125 71 FORMAT(1HU.10X' 	TEMP. 	VARIATION 	= 	',F5,2.' 	DEGREES 	F') 
125 WRITE(b.6) 	M,DELTAD 
127 FOQ4AT(L-11,1QX, 	MONTH 	= 	4 ,12.26X,' 	DECLINATION 	= 	',F7.2.' 	DEGREE 

129 
 *S') 

'KR ITE(6,7) 	LATD,SR 
129 7 FURMAT(IHO,IOX,' 	LATITUDE 	',F62,' 	DEGPEES',IIX,' 	SUNRISE = 	4 #F5 

*,2, 	HUUk) 
130 RITE(698) 	LDNGD,SS 
131 8 FORMAT(1H),L0X, • 	LONGITUDE 	= 	' ,F6.2, • 	OEGREESI I0X' 	SUNSET 	' .F5 ,= 

*.2, 	HOUR') 
132 WRITE(699) 	SD 
133 9 FORMAT(IHO,1OX,' 	OPENING ANGLE 	,F5.1.' 	DEGREES.8X,LOCATION 	= 

*STILLWATER' ) 
134 RITE6,3) 
135 3FDRMAT(1H3,13XHR,13X,'IDN,t2X,'ID.12X.1DIF.12X.'W)',l1X,' 

*jDR',jIX,'EDIFR',IOX,'WS') 
135 DO 	5 	11,49 
137 WRITE(6,2) 	HR(j).GID(I),GI(L).DIFH(I),wD(I),GIR(I).GLDR(I).WS(I) 
139 

*OX ,F5 • I, 9X, F5. 1) 
139 5 CONTINUE 
140 WRITE(6.12) 
11 12 FORMAT (1H1,/////,14X,* HR' ,13X,'  WT' 	12XQTLS',12XsWIN',  I II X,TAPH' 

*, I IX, • TAF' .1 3X. 	ALT 	.1 IX, • AZM 
142 DO 60 	1=1,49 

WRITE(s,11) 	HR(I),1TCI).0TLOS(I),WIN(I),TAPH(I),TAF(I).SETAD(I), 
*PH1D(I) 

14.4 11 FQRMAT(1H 	,I IX,F5.2,1OX,F5,1,IOX,F5.1,IOX,F5.1,IOX,F5,2,IOX,F5.,1,1 
*0X,F5.1,9X,F5,1) 

145 60 CONTINUE 
KK=KK+1 

147 IF(KK—K) 	50050951 
14.9 51 CONTINUE 
14.9 WRITE(6.4) 
150 4 FORMAT(1H1) 
151 STOP 
152 END 

C 

153 SUBROUTINE 	SjN(DAY,LONG,LAT,GID,ETAD,HRsPHt),SS,SR,M,DELTAD,PHI, 
*BETA,DIFFri) 

C 
c +++++++++t+++t++++++*+++++++++±++++++++++++++-++4-4-++f -+4- +++4-++4-++4- 
c + 	THIS SUBROUTINE CALCULATES THE HOUR ANGLE,THE 
C + 	SOLAR )ECLINATION.THE SOLAR 	ALTITUOE.THE SO AR 	 + 

+AZIMUTH,THE SUNRISE,THE SUNSET,DIRECT N0RML 	 + 
C + 	SO'—AR 	INTENSITY.AND 	DIFFUSE 	SOLAR 	INTENSITY. 	 + 	 Ul 

C ++++4.++++f+4+f++++++++++++++++++++++++++++F+++++++++++++++++++++++ 

154 DIMENSION 	HR(50),GID(50),SETAD(50),PHID(50),PHI(50),BETA(50) 
155 DIMENSION 	IFFH(50) 
155 REAL 	LONG,LAT 
157 HR(1)0.0 
158 DO 40 	11 9 49 
159 HR(I+1)HR(I)*0.5 

C 



C CALCULATE THE HOUR ANGLE, 	H 
C 

ISO IF(HR( I).GT, 	12.0) 	GO 	TO 	15 
151 H0.2S15-(12,O—HR(I)) 
162 GD TO 20 
153 15 	H=0.2618(Hk(I)-12.0) 

C 
C CALCULATE THE DECLINATION 	IN DEGREES, 	DELTAD 
C 

154 20 DELTA0.40928*SIN((284,0+DAY)*6.2832/365.0) 
155 DELTADDE_TA*57.26 

C 
C CALCULATE THE SOLAR ALTITUDE 	IN DEGREES,BETAD 
C 

155 SIN 	COS(_AT)CJS(H)*CUS(DELTA)+5IN(LAT)SIN()ELTA) 
157 DETA( I )=ARSIN(S INS) 
158 BETAD(1)8ETA(I)57.295 

C 
C CALCULATE THE SOLAR 	AZIMUTH 	IN DEGREES, 	PHID 
C 

169 SINPHI=COS(DELTA)*SIN(H)/COS(BETA(I)) 
170 PHI(I)AR5IN(SINPHI) 
171 PHID(I)P-11(I) 457.296 

C - 

C CALCULATE SUNRISE, 	SR 	AND 	SUNSET, 	SS 
C 

172 COSHSS=—SIN(LAT)*SIN(DELTA)/COS(LAT)*COS(DELTAi 
173 HSSAPCOS(COSHSS)*3.8197 
174 5c=12.O—HSS 
175 S512.0+HSS 

C 
C CALCULATE THE DIRECT 	NORMAL SOLAR 	IRRADIATION 14 3TJ/HR—FT**2 .GID 
C CALCU_ATE THE DIFFUSE SOLAR 	!NTNSITY ON HORIZONTAL 
C SURFACE 	IN 8TU/HRFT*2 	.DIFFH 
C 

175 IFUHR(I)—SR) 	,LE. 	0.1) 	GO TO 	30 
177 LF(SS—HR(1) 	.LE. 	0.1) 	GO 	TO 	30 
175 IF(HRI) 	.LT. 	SR 	.OP. 	HR (1) 	.GT, 	55) 	GO 	TO 	30 
179 IF (M 	.EO. 	1) 	GO 	TO 	I 
150 IF(M 	,EO. 	2) 	GO TO 	2 
181 IF(M 	.EQ. 	3) 	GO 	TO 	3 
152 IF(M 	.EQ. 	41 	GO TO 	4 
183 IF(M 	.EO. 	5) 	GO 	TO 	5 
184 IF(M 	.EO. 	6) 	GO TO 6 
15 IF(fd 	.ED. 	7) 	GO 	TO 	7 
135 1E( -i 	.EO. 	8) 	GO 	TO 	B 
187 IFV - 	.EQ. 	9) 	GO TO 9 
155 IF(M 	.Ea. 	10) 	GO TO 	10 

IF (M 	.EQ. 	11) 	GO 	TO 	U 
190 IF (M 	.EQ. 	12) 	GO 	TO 	12 

C 
u-I 

C THE VALUES OF A,O,AND C WHERE OBTAINED FROM ASHREA HANDBOOK 
C FOR THE 21ST DAY OF EACH MONTH 
C A,APPRENT SOLAR CONSTANT 

8,ATMOSPhERIC EXTINCTION COEFFICIENT 
C C.SKY D[FUSE FACTOR 

-- C____ -- 
1L 1 	A390.0 
192 B0.142 
13 C0.055 



194 GO 	10 25 
2 A=385.0 

196 t$0.144 
t7 C=0.0ô 

GO TO 25 
199 3 A37t..0 
230 0=0.156 
201 C0.071 
232 GO TO 25 

4 A3b0.0 
8=0.180 

235 C0.097 
20b GO TO 25 
237 5 A350.0 
203 8=0.196 
239 CO3121 
210 GO TO 25 
211 6A345.0 
212 8=0.205 
213 C0.134 
214 GO TO 25 
215 7 A=344.0 
215 8=0.207 
217 C0.136 
218 GO TO 25 
219 8 A351.0 
220 8=0.201 
221 C=0.122 
222 ._GO T025 
223 9 A365.0 
224 8=0.177 
225 C=0.092 
226 GO TO 25 
227 10. A378.0 
226 80.160 
229 C0.073 
230 GO TO 25 
231 11 A387.0 
232 8=0.149 
233 C0.063 
234 GO TO 25 
235 12 A391.0 
236 8=0.142 
237 C=0.057 
238_ GO TO 25 
239 25 COSZSIN8 
240 GID( I )=A/EXP(3/COSZ) 
241 DIFFH(I)=C*GID(1) 
242 GO TO 40 
243 30 GID(I)z0.0 
24 DIFFH(1)0.0 
245 8ETAD(I)0.0 
246 PHID(1)0.0 
27 40 CONTINUE 
248 RETURN 
29 END 

C 

Ui 

SoPfloT!NE 	COLREF(80,WT,WD,WS,DAV,LONG,LAT,M,G1 ,GI,GIDP) 



C 

C + 	THIS 	SUBROUTINE CALCULATES THE POWER ABSJRSED BY 	 4- 

C 4- 	 THE 	COLLECTOR 	FROM DIRECT 	SOLAR 	RADIATIUN(NURtIAL+ 	 + 
C + 	DIFFUSE) 	AND THE POMER 	AE3SOROED U? THE COLLECTOR 	 4- 
C + 	FROM 	TIE 	REFLECTED 	RADIATION FROM THE 5ECJ_AR 	 4- 

C + 	REFLECTOR 	(DIRECT REFLECTED + DIFFUSE REFLECTED 	), 	 + 
C 
C 

251 DIMENSION 	HR(50),GID(50),BETAO(50),PHID(50),PHI(50),BETA(50) 
252 DIMENSION 	GI(50).WD150).WS(50),WT(50),  GIP (B0),GIDR(50) .DIFFH(50) 
253 REAL 	LON,LAT 
254 CALL 	 UPTIM(BR,DAY,LONG,LAT,M) - 
255 CALL 	 SUN(DAY,LONG,LAT,GID,OETAD,HR,PHI),SS,SR.M,DELTAD,PHI, 

*BETA,DIFF -i) 
C 
C DIRECT CONTRIBUTION 
C ---. 

255 BD=BR*57.296 
27 HR(I)0.O 

00 	40 	11,49 
259 HR(I+1)HR(I)F0,5 

C CALCULATE THE INCIDENT ANGLE, 	MEASURED FROM THE COLLECTOR NORMAL 
250 CUSTECSIN(BETA(L)) 

C CALCULATE THE DIRECT SOLAR 	INTENSITY 	, 	GE 

C CALCULATE THE ENERGY THAT FALLS ON THE COLLECTOR(DIRECT+DIFFUSE) 	, 	WD 
252 wD(I).=GI(I)+L)IFFH(I) 

C 
C SPECULAR CONTRIBUTION ---"  
C 
C CALCULATE THE 	INCIDENT ANGLE OF THE TILTED SURFACE 	(REFLECTOR) 
C BR 	IS THE OPENING ANGLE, 	ANGLE BETWEEN THE COLLECTOR AND THE REFLECTOR 

253 COSTER=COS( BETA( [fl*COS(PHI(I))*SEN(r3R)—SIN(BETA(I))*COS(BR) 
234 TETRARCOS(CDSTER) 

C PFIEE 	IS TIE ANGLE AT WHICH THE REFLECTED RADIATION 	STRIKES THE COLLECTOR 
255 PHEE=RR—TETR 	

:.. 

2b5 IF(PHEE 	eLI. 	040) 	GO TO 	I 
237 IF(PHEE 	.GE. 	1.5705) 	GO 	TO 	1 

C F 	IS THE FRACTION OF THE COLLECTOR 	ILLUMINATED BY REFLECTION 
25 F=l .O—(CQS(BR)+SIN( BR) *TAN (PHEE)) 
259 IF(F 	.LT. 	0.0) 	GO 	TO 	1 
270 IF(F 	.01. 	1.0) 	GO 	To 	3 
271 00104 

F1,0 
273 4 CONTINUE 

C CALCULATE THE REFLECTED SOLAR 	INTENSITY 	, 	GIR 
C RHOS 	IS THE FRACTION OF THE 	INCIDENT RADIATION RELECTED 

274 RHOS=0.95 
275 GTR(I)GI)(I)*FCOS(PHEE)*RHOS 

C CALCULATE THE DIFFUSE REFLECTED SOLAR INTENSITY 	, GIDR 
275 GIDR(1)(1.0-51N(BR/2.0))t(1.0+COS(BR))/2.0)DIFFH(I)RHOS 

C CALCULATE THE ENERGY THAT FALLS ON THE COLLECTOR FROM THE 
C REFLECTOR(DIRECT REFLECTLO+DIFFUSE REFLECTED) 	, 	WS 

277 GO TO 2 
27Ei I 	GIR(I)0.0 
279 -. : GIDR(I)0.O .. 
280 2 	4S(I)GIR(i)+GIDR(I) 

C 
C TOTAL CONTRIBUTION 

Ui 



C 
C CALCULATE. THE TIjTALENERGY THAT FALLS ON THE 	OLLETUR 	WI 

.iT(I)D(I)+wS(I) 
252 40 CONTINUE 
233 RETURN 
284 END 

C 
C 

OPT IM(13R..  DAY ,LONG,LAT.M) 
C 
C 
C + 	THIS 	SUBROUTINE OPTIMIZES 	THE OPENING A'4G1 E,THAT 	 + 

+ 	IS THE 	ANGLE OETWLLN THE COLLECTOr? AND THE REFLECTOR. 	+ 
C + 	THE 	OPTiMIZATION 	IS 	BASED ON 	THE 	MAXIMUM 	ENERGY 	THAT 	4- 
c + 	FALLS iN THE COLLECTOR FROM THE REFLECTED 	 4- 

C + 	RADIATION FROA THE SPECULAR REFLECTOR. 	 + 

C 
285 DIMENSION 	BT(21),WSMAX(50),WS(50),DtFFH(50),GIR(50),GIDR50) 
237 DIMENSION 	HRC5O).GID(5O),HETAD(5O),PHID50),r1I(5O),BETA(5O) 
258 DATA 	wSMAX/500.0/ 
289 REAL 	LON,LAT 
20 CALL 	 SJN(DAY,LON4G,LAT,GID,HETAD,HR.PHI)9SS,SR.M,DELTAD,PHI9 

[3 ETA $ D 1FF-I) 
291 RHUS=0.95 
292 BT(1)0.O 
293 HR(1).0.0 

DO 	50 	J=1.19 
DO 40 	I149 
HR ( I+1)=H( I) 
COSTERCO(HEfA(I))*CDS(PHI(I))*SlN(E3T(J))SIN(3ETA(I))*0S(B1(J)) 

295 TETRARCOS(CIJSTER) 
299 PHEE3T(J)-TETR 
300 IF(PHEE 	.L,E. 	1.5708) 	GO 10 	34 
301 1F(PHEE 	..T. 	0.0 	.AND, 	GIO(I) 	.NE, 	0.0) 	GO 	TO 	34 
3)2 F1.0-(COS(BT(J))+SIN(6T(J))*TAN(HEE)) 
303 IF(F 	.LT. 	0.0 	.AND. 	G1DI) 	.NE. 	0.0) 	GO 	TO 	34 
304 IF(F 	,GT, 	1.0) 	GO 	10 	35 
305 GO TO 	36 
395 35 	F1.0 
307 36 	G1R(I)=GI)(I)4F*CDS(PHEE)RHOS 
308 GIDR(I)1._SLN(5T(J)/2.))*((1.+COS( BT( J)))/2.)D!FFH(L)*RHOS 
309 wS(X)  =GI P(I)+G1OPI) 
310 40 CONTINUE 

- 	311 WSMAX(J)S25) 
312 34 	51(J+1)8T(J)4-0.17453 
313 50 CONTINUE 
314 MAXWSMAX(1) 
315 DO oO 	K=1,17 
315 LF(WSMAX(K+1) 	.GE. 	MAX) 	GO 	TO 41 
317 GDTO6O 
318 41 	MAXWSMAX(K+1) 
319 BR=BT(K+1) 
320 60 CONTINUE 
321 RETURN 
322 END 

C 

u-I 
u-I 



323 SUBROUTINE 	-'LRFOR(AK,{3L,N,TMAXF1TVARF,EMCP,EGLS,VMLH,1,TAPH,TAF, 
*01 LOS 	ilIN, DAY 	UN 	LAT, M TP) 

C 
C 
C + 	THIS 	SJI3PUUT INC CALCULATES 	THE LOSS COEFFICIENT 
C + 	 FjR 	THE 	TOP 	SURFACE AS A RESULT OF CONVECTION 	 + 
C AND RADIATION BETWEEN PARALLEL PLATES • 	HOTTEL'S 	 + 
C + 	EOJAT UN 	FOR SOLAR COLLECTOR PERFORMANCE 	 + 
c + 	IS OSLO FOR 	THESE CALCULATIONS. 	 ± 
C +++++± ++.+f++++++++. .+.++++++++++±+±+++±+++++f ±±f+++++ +++++±++++++ 
C 

324 DIMENSION 	wD(5O),WS(50),GI(50).G1R(50),GIDR(50)DIFFH(50) 
325 DIMENSION 	TAP-(50) ,QTL]S(50),TAF(50),WT(50),WIN(50),1A(50) 
32b DIMENSION 	HR(50),GID(50),OETAD(50),PHID(50),HI(50),BLTA(50) 
327 REAL 	LONG,LAT 
325 CALL 	 SUN(DAY,LONG,LAT,GID,BETAD.HR,PHID,SS,SR,M,DELTAD,PHI, 

*3ETA,DIFFH) 
329 CALL 	 COLREF(BD,WT,WD,5,DAY,LONG,LAT,M,GI,GIR,GIOR) 

C 
C CALCULATE THE REFLECTANCE OF THE GLASS COVER , RD 
C CALCULATE THE TRAN5MITTAN:E DUE TO REELECTION 	TAUR 
C CALCULATE THE TRANSMITTANCE DUE TO ABSORPTION 	, 	TALPH 
C CALCULATE THE TOTAL TRANSMITTANCE 	(REFLECTION AND ABSORPTION 	) 	TAU 
C CALCULATE THE TRANSMITTANCE-ABSORPTANCE PRODUCT 	, TAPH 
C 

330 Gi=1.O 
331 G21,526 
332 ALPHAT0.5 
333 TMAXC=(5./9.)*(TMAXF-32.) 
334 TVAkC=(5./9.)*TVARF 
335 HP(1)0,0 
330 DO 	40 	K1,49 	- 
337 HR(K+1)ZHR(K)f0.5 
335 TETINARC'JS(SIN(GETA(<))) 
339 TETAP=APSIN((il4SIN(TETIN)/G2) 
340 R01=(SIN(TETAR-TETIN))*t2/(SlN(TETAR+TETtN))*2 
331 R02=(TAN(TETAR-TETIN))**2/(TAN(TETAR+TETIN))**2 
342 IF(N 	•EQ. 	1) 	GO 	TO 	1 
343 IF(N 	.EQ. 	2) 	GO 	TO 	2 

1 	ROO.5*(RO1+R02) 	 - 
TAUR(1.0-RO)/(1,0+PO) 

345 TALPHt.0/EXP(AK*FJL) 
37 RODO.lb 
345 GO TO 3 
33i 2 	TAUR0.5*((L,0-RO1)J(1.0+3.0*RO1)t(1.0-R02)/(1.0+3.0*R02)) 
350 YALPH=I.0/EXP(2.0*AK*BL) 
351 ROD=0.24 
32 3 TAU=TALPH*TAUR 
3U 3 IFNHR(K)-SR) 	.LE. 	0.1) 	GO 	TO 	9 	 - 
354 lF(SS-HR() 	.LE. 	0.1) 	GO 	TO 	9 
335 IF(HR(K) 	.LT. 	SR 	•OR. 	HR(K) 	.GT. 	SS) 	GO 	TO 	9 
355 TAPH(K)(TAU'ALPHAT)/(1.-(I.ALPHAT)*POD) 
357 GO TO 	10 

- 9 	TAPH(K)0.0 
339 QTLDS(K)0.0 
350 WIN(K)=0.0 

C 
C CALCULATE THE AIR TEMPERATURE 	IN DEGREES F • TAF 
C THE PERCENTAGE OF THE DAILY RANGE FOR AIR TEMPERATURE 
C CMCU. .T!ONS wERE DATA TND FPDM 	ASHPA HANORHOK 

LTt 
0' 



C 
351 10 TME(3,1415/124)*HR(K) 
3b2 VAP56.29f29,JCOS(TME)+38,48*SIN(TME)-3.48*COS(2.4-TME)5,354-SIN( 

*2. 4-TME) 
353 TAK)=TMAXC—((TVARC*VAR)/100.) 
354 TAF(K)1.5*TAK)+32. 
355 40 CONTINUE 

C 
C CALCULATE THE ENERGY LOSS FROM THE TOP OF THE COLLECTOR , 	OTLOS 
C OTLUS 	IS 	IN UNITS OFBTUJHR—FT**2 
C 

356 IF((HR(I)—SR) 	.LE. 	0.1) 	GO 	TO 	30 
357 IF(SS—HR(I) 	.LE. 	0.1) 	GO 	10 	30 
358 IF( HR(I) 	.LT. 	SR 	*OR . 	HR(I) 	.GT. 	SS) 	GO 	TO 30 
359 VMSVMLH*0,44704 
37u HW=5.7j-3,6*VMS 
371 F=(1.—O.0*Hw+5.E-4*Hw*HW)*(1.+0,058*N) 
372 IF(TP 	,GT, 	TA( 	fl 	GO 	TO 6 
373 A1=(344/(TP+273,))*UTA(I)—TP)/(N+F))**0.31 
374 GO TO 7 
375 6 Aj=(344./(TP+273.))*(tTP—TA(I))/(N+F))**0.31 
37c 7 AA=I./UN/Al)i-(I*/HW)) 
377 B1=(5.6693L-5)4-((TP+273,)+LTA(I)+273.))*((TP+73,)**2+(TA(t)+273.) 

*4*2) 
375 821./(EMCP+0.0425*N*(1.—EMCP)) 
379 '83=((2 , *N#F-1.)/EGLS) — N 
350 8F3=E31/(B2+53) 
331 UIOPAA+BB 
35 IF(TP 	.GT. 	TA(l)) 	GO 	10 	4 
353 QTL=UTOP*(TA(L)—TP) 
334 GO TO 5 
355 4 QTLUTOP*(TP—TA(l)) 
336 5 OTLOS(I)=T/3.152 
357 GO 10 8 
355 30 QTLOS(I)-0.0 
389 TAPH(I)=0,0 

C 
C CALCULATE T-iE NET ENERGY 	IN BTU/HR—FT**2 	, WIN 
C 

30 8 WIN( I)=WT(1)*TAPH(I)—QTLQS(I) 
31 WIN( I+I)WT( 14 - 1 )*TAPH( I+I)—QTLOS(J 
392 RETURN 
393 END 

C 
C 

394 SUBROUTINE TRDG77 (X,N) 
C 
C 
C +++++++++++++++++++++++++++++++++t++++++#+++++++t+++4++ 4 +++°f* 4 4 

C + 	THIS SJHRUJTINE SOLVES THE SET OF SIMUrANEUUS 	 * 
C + 	EQUATIONS WHICH RESULT FROM APPLYING THE 
C + 	CRANK—NICULSON METHOD • 	 + 

C 
3;) 5 DIMENSION X(50.4) 
396 DO 	10 	12,N 
397 x( I,2)X( 1,2)—X( L,1)/X( 1-1 ,2)4X( 1-1.3) 
395 10 X( I,4)X(I .4)—X( 1.1 )/X( I—i ,2)*X( 1-1.4) 
399 NMIN-1 
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Figure 3: Thermocouple Layout for Concrete Slab 



'w';i3I1 

THERMOCOUPLE POSITIONS 

Distance from Distance from Depth (from top 
North edge of West edge of 
	

of slab) 
Thermocouple 	Slab (inches) 	Slab (inches) 

	
(inches) 

8 7 2 

20 30 2 

20 30 1 

40 30 2 

52 7 2 

52 7 1 

30 48 Z 

30 48 1. 

30 48 4.5 

30 48 6.5 

30 48 8.5 

52 89 2 

52 89 1 

40 66 2 

30 72 2 

30 72 1 

20 66 2 

8 48 2 

8 48 1 
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SOLUTION 	TO HAT FLO 	PLJJLt1 	3'Y .kANK-N ICOLSON METHOD 

T = 	0.0 HOURS 
29.3 29,39 29.39 29.39 29.39 29.39 29.39 29.39 29,39 29.39 29.39 

I =0 .50 HOURS - 
33.4 3...47 29. bb 29.46 29,41 29.39 29,39 29,41 29,47 29.71 30.6L 

T = 	)0 -HOURS 
41.2 8  33.s3 30,91 29,89 29,55 29.45 29.44 2951 29,73 30.29 31,35 

T = 	1.50 HOURS 
,55 _3,3j 33,5j 3Q.99 29,99 29.64 29.58 29,72 30.12 30,97 32.5? 

T 2,00 HOURS 
b2.77 46.31 37,39 32095 30,92 30,09 29,88 30.06 30,65 31.85 33.95 

I = 	2.50 HOURS 
73.83 54.0o 42.27 35.75 32,42 33,91 30940 30.56 31,33 32.85 35.48 

3.00HOURS - 
84.1b 62.00 47,76 3.24 34.51 32.14 31.22 31.28 32,18 34,01 37.06 

I = 	3,50 HOURS 
93,4ô..69,74 53.55 43.2337.10 33.80 32.37 32.25 33.21 35,,30 38.74 

T 4,00 HOURS 
1i.° 77.02 59.38 47.54 40.11 35.35 33.84 33.46 34.43 36.70 40.43 

T = 	4,50 HOURS 
1C8,b5 83.o9 o5.Co 51,99 43.41 38,24 35,62 34.93 35.82 38019 42,10 

HOURS _. 
114.3k .69.o2 70.44 56.45 46.99 40.90 37067 36.62 370'37 -- '--- '39e74 43,69 

I 5.50 HOURS 
118,54----.9.707S,i9 0,8C 50,47 43,75 39.94 38.51 3.05 	. 41.32 45.17 

T = 	6.00 HOURS 
121.39 98,bl 79,81 64,93 54,05 46,71 42.38 40,55 40.81 42.88 46948 

HOURS 
122.3w 101.78 83.56 68.74 57.52 49.72 44.91 42.68 42.62 44,37 47.58 

- 	---- --- ---.-------- -- 	- 
121,28 103.43 86.51 72010 60.31 52.68 47.48 - 44.86 44.42 45.77 48,46 

T 7.50 HOURS 
__1179_1..2 ..3.4 74.9Q3.30 55.53 50.02 47,03 46.17 47.03 49.07 

= 	5,00 HOURS 
111.73 101.83 89.31 77.00 66.40 58.17 52.46 49.12 47.82 48.12 49.42 

HOURS 
103. 4  98.35 88,80 78.27 68.49 50,52 54.73 51009 49934 49,02 49.49 

90 HOURS -_ - 	 .. - 
94,4 93.t.2 87.19 78.63 69.96 62.48 56.74 52.87 50.67 49.70 49.31 



T 	qo50 HOUr5 
L17,47 88.47 	3+.7C 	76.17 	70.82 	j3,09 	58.44 	54,41 	51.78 	50.15 	46.58 

T 	= 	I(',C' HOURS 
Bo. 91 d5.$ 	82.31 	77.23 	71.11 	65,03 	59,77 	55,66 	52.65 	53.39 	48.23 

T 	= 	10.50 HOURS 
84#46 83.57 	d0.C. 	7o.21 	71.15 	65.67 	60.74 	5.51 	53.26 	50039 	47.40 

------------ 	. • - - 



I 



TH 	2 DECLINATION = -11,23 DEGREES 

ITU 	= 36.07 	oE0•5 SUNRISE = 	6.53 HOUR 

O1 TUDt 97,(5 	DLREES SUNSET = 	17.47 HOUR 

1 4INU 	ANL= 70.0 	0R2ES LOCATION = 	STILLATE 

[ON ID IDIF WD IDR LDIFR 
0.0 0.0 0.0 ('.0 0.0 0,0 
0,0 0.0 0.0 0,0 0,0 0.3 

0.) 0.0 0.0 000 
0.0 0,0 000 000 0,0 0.0 

CC 0.0 0.0 0.0 0.0 0.3 
50 .3 1,0 0.0 0.0 000 0.0 
00 O.0 0.0 C.') 0.0 0.0 0.0 

0.0 0.0 0.0 003 000 0.0 
0.0 r'.o 0.0 000. 000 

0.0 0.0 000 0.0 
00 o, r,o  000 0.0 

0.0 0.0 040 000 
0.0 0.0  0.0 000 0.0 0.3 

50 0  0 o.o 000 0.0 
76.5 7.1 4,7 1108 5501 1.3 

170.6 33.9 1008 44.7 120.7 2.9 
231.0 65.1 13.9 78.9. 148.5 3.8 
2u).3 95.8 15.6 111,4 160.2 4.2 

.CC 2?d.8 124.3 16.7 141.1 164.2 4.5 
291,0 149.7 17.5 167.1 164.6 4.7 

1-0 171 .2 18,0 189.2 163.2 4.9 
305.0 188.4 18.3 206.7 161.3 500 

.00 30806 2100 1805 219.5 15905 5.3 
tao  313.7 208.5 - 	18.6 227.3 158,2 5.1 

311.4 - 211.2 18.7 - 229.9 157.8 5,1 
310.7- 2(-Id. 1846 227.3 1892 561 

.03 335.6 201.0 1805 21905 159.5 5.3 
305.0 188.4 1803 206.7 161.3 590 
29003 171,2 18.0 189.2 163.2 4.9 
291.0 149,7 -- 	17.5 167.1 164.6 4,7 
278,8 124. :3 1817 14101 164.2 4.5 
2o0.3 95,8 15.6 111,4 160.2 4.2 

.00 231.0 65.1 13.9 78.9 148,5 3.8 
179,á 33.9 10.8 44.7 120.7 2.9 
78.5 7.1 4,7 11.8 55.1 1.3 

010 0.0 0.0 ().0 000 0.0 
0,0 0.0 0.0 

.5C - 	o.o 	----------------------- - 	0.0 0.0 0.0 
0.0 0,0 

3.0 0.0 0.0 000 0,0 0.0 
0,0 0.0 0.0 0.0 000 000 

- 0 .0 0,1 0.0 0.0 0.0 000 
.00 0.0 0,0 ('.0 0.0 0.0 0.0 

0.0 0.0 0.) 0.0 000 0.0 
0.0 0.0 000 0.0 000 003 

000 0.0 000 000 
0.0 0.0 0.0 0.0 043 0.3 

.50 000 0.0 0.0 ().0 0.0 0.0 
000 0.0 000 000 

-J 
Eli 
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SOLUTION TO HEAT FLUV, PRDULEM 	BY CRANK-NICCLS0N METHOD 

T 0.00 HOURS 
41,s9 41.59 41.89 41.89 41.59 41,89 41.89 41.89 41.99 41.89 41.39 

0.50 
47,47 

HOURS 
43,39 42029 42.00 41.92 41.90 41,89 41.90 41.94 42.09 4.53 

T HOUR$ 
58.12 47.97 43.98 42,57 42.11 41,9tj 41.93 41,97 42,12 42.51 43.35 

T = 	1.50 HOURS 
7,Obb,41 47.50 _440742.7fl 42,21 42.07 42.14 42.42 43.07 44,40 

I 2.00 HOURS 
86.59 64.79 52.7b 46,73 43.94 42.78 42.39 42,44 42.86 43.81 45.56 

- .- 	 -.- 

101.33 75.06 59.26 50.48 45.95 43.82 42,99 42.93 43.47 44971 45.94 

114.73 i35,4b bb, 53 55.11 48.70 45.40 43.95 43,67 44.27 45078 48.44 

I = 	3.50 HOURS 
95,5b_74,1_60.36 2!10..47.52 . 	45.33 44.71 45.30 47.02 . 	50.07 

I 4.30 HOURS 
137.66 105.10 81.75 65.99 56.00 50.13 47.11 46.07 46.55 48,42 51.77 

I 4.50 HOURS 
147,13 113494 89.21 . 	71.81 50.28 53.17 49.25 47.75 48.05 49.97 53.50 

155.25 121.98 96.35 77.6c. 64.79 56.54 51.79 49.72 49,77 51.64 55.22 

T 5.50 HOURS 
11.96 129.1b .1C-,3,05.83.41 •.. 69.44 	,60.15 54.59 51.96 51.68 53.38 55,87 

I 6.00 HOURS 
1b7.2o 13,38 1(9,23 88.98 74,12 63.94 57,61 54.40 53.73 55.17 58.40 

T 8.50 HOURS  
170.99 143.58 114.78 94.21 75.73 67.81 60.79 57.00 55088 56.95 59.78 

.T 7.(j C 
172.98 

.HQURS 
144,s9 

. 	. 
119.01 59.08 

.. 	... 
53.20 

. 
71.69 

. 
64.05 59.70 58.08 58.67 60.95 

T = 	7.50 HOURS 
172,y6 147.29 123.51 103,46 87o44 75.51 67933 62.44 60.28 60.30 61.39 

I 8.00 HOURS 
17C.2 148,42 120.61 107.25 91.35 79.17 70.57 55.15, 62.42 61,79 62.57 

1 8.50 HOURS 
185013 147,67 .128.41 110.30 94.83 82,50 73.68 67.78 64.46 63.11 62.99 

I ... 	9.)C* HOURS 
156.40 14.05 18.77 112,44 97.77 85.72 75.59 70.27 66.35 64023 63.13 



T = 	9.50 HOURS 
144,72I39.35 t27.0 113.51 1C .o2 8&.'v' 79.24 72,55 68.05 65,13 63.01 

T = 	1C).J0 HOUR 3 
132.' 7  132.23 124.2 1l3.4 101.47 90 56 81,53 74,55 69,52 65,80 62.64 

= 	If .50 HOURS 
122.1c 124.85 123.5 112.21 102,07 12,11 83,39 76,29 70,73 66,23 62905 

T = 	j1'C HOURS 
122. 77  l2).7 117.05 113.44 1i.95 93,05 84677 77063 71.64 66,42 61,27 

/ C' 
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SOLUTION TO HEAT FLD 	u'LLM UY CRANK-NICCLS0N METHOD 

1-  0.00 HOUkS 
43,39 43, 43.3 43,39 43039 43.39 43,39 43,39 43039 4 3039 43,39 

I = 	.50 HOURS - 	- 
51018 4z'.47 43,94 43.54 43,43 43,40 43,39 43,40 43,42 43,53 43,93 

I = 	I *QC, HOURS 
t4,t 46.22 44.32 43,68 43,48 43,43 43.45 43,56 43.85 44,48 

I = 	1.50 rIOLJRS 
a2.2a61,25),7' 46,2944 . 47  43.79 43.58 43.59 43.79 44.29 45,33 

I = 	2.0C HOURS 
1 1 0.37 72.70 57,43 4Y óY 46,07 44.52 43,94 43.57 44,16 44.90 46.32 

= 	2,50 HOURS 
117.78 85.27 65.52 54.41 48.61 45.82 44,64 44.36 44.70 45,68 47,54 

T.. 3.00 HOUR3 	....,_ ., _.. 	--  
133.s4 97.89 74.43 60.1 52.93, 47.76 45.77 4.14 45,46 46,66 48,91 

I = 	3.50 HOURS 
j48,44 t1),.1. ,b5 6,59 5o.21 50.36 47.38 46.27 46.47 47.83 50.45 

I = 	4.00 HOURS 
161.56 121.66 92.95 73.46 60.98 53,51 49.48 47.78 47.77 49.20 52.11 

I = 	4050 HOURS 
17.3.24 132.44 1C2.02 80.53 66.16 57.16 52.03 49.66 49.35 50.77 53.86 

I 5.00 HOURS ..___.. ..... ...- 
163.U1 142,38 110.73 87.64 71,63 61.20 54.98 51.89 51.21 5'2952 55.b5 

I 5.50 HOURS 
192.38 lsl.t2 119.0 Y4,b7_.77,26 .65.53 58.27 54.44 .  53.315 4,.40 57.43 

I = 	6.00 HOURS 
199.32 159.50 126.77 11,5C 82.94 70,07 61.83 57,26 55,62 56,38 59.15 

I = 	.5C HOURS 
205.81 166,58 133.91 108,05 88.59 74.74 65.59 60928 58,08 58,40 60.75 

- . 	. . . . 
210.2& 172,59 140.37 114.25 94.12 79.44 69.4863.44 60.63 60.42 62.20 

.1 = 	7.50 HOURS' 
. 213..'$ ..  177.4 4  J46.07 120.00 99.45 54.12 73.42 66.69 63.23 62.37 63,44 

I 8,DQ HOURS 
214.06 1ö1 ,j3 160.93 125,24 104.51 88.69 77,35 69.96 65,51 64.23 64,44 

I = 	8.50 HOLRS  
212.91 133.18 154.83 129,67 109.22 9308 81.23 73018 68.33 65.94 65.19 

I = 	9,00 HOURS ..,. - 
209.16 t53.3 157.82 133.79 113.49 97.22 84.95 76,31 70,73 67948 65.67 



I = 	9.53 r10UrS 
9 181 159,Co 136.85 1L7.22 I'D1.C3 88.4o 79.23 72.97 68.81 65.87 

I 1.00 H0US 
191,11 171,71 158.87 135,86 120.29 104,41 91.69 82.03 75.01 69,91 65.81 

I = 	1.5O HOURS 
l7(,41 17).?9 156.7o 1J9,1 122.54 17.27 96,50 84,52 76,81 7(,78 65.50 

I .. 
100.26 lsl.o4 152.73 138.96 123.83 19.48 95.98 86.67 78,34 71.41 64,97 

I = 	11.5r HOURS 
.147.3j 151.92 147.. 137,00124.10 110.95 98.89 88645 79.58 71.78 64.24 

I = 	12.0 HOURS 
149,25 146.oO 142.7 134.35 123.50 111,67 100.22 89.79 80,48 71.92 63.35 

p 



NO. OF GLASS COVERS = 2 

INDEX OF REFRACTION FOR AIR = 1.0 

INDEX OF REFRACTION FOR GLASS = 1.526 

EXTINCTION COEFFICIENT = 0,174 1/INCH 

GLASS THICKNESS = 0.2O INCH 

SURFACE COLOR 	BLACK 

EMITTANCE OF GLASS = 0.88 

EMITTANCE OF' LATE = 0.90 

ABSORPTANCE OF THE PLATE = 0.95 

REFLECTOR REF_ECTANCE 	0.95 

WIND VELOCITY = 10.0 MILE/HR 

MAXIMUM TEMP. = 73,00 DEGREES F 

TEMP. VARIATION = 22.00 DEGREES F 



T DR 
0.0 
3.0 
0.0 
0.0 
3.0 
0.0 
3,0 
0,0 
3.0 
0.0 
3,0 
0.0 

53.8 
135.9 
193.4 
211 .5 
210.5 
202.9 
191 .8 
179.4 
167,3 
155,7 
145.4 
143.2 
141.4 
143,2 
145.4 
155.7 
167.3 
179.4 
191.8 
202. c 
210.5 
211.5 
193.4 
135 • 9 
53.8 
0,0 
0.0 
0.0 
0,0 
0.0 
3.0 
0.0 
0,0 
0.0 

.0.0 
0.0 
0.0 

ID [F 
3.0 
0.0 
0.0 
0.0 
0,0 
0.0 
0.0 
0.0 
0,0 
0,0 
3.0 
0.0 
1.1 
2.2 
2.5 
3.2 
3.4 
3,5 
3.7 
3.8 
3.9 

- 3.9 
4.0 
4,0 
4,0 
4.0 
400 
3,9 
3.9 
3.8 
3,7 
3,5 
3.4 
3.2 
2.8 
2.2 
1.1 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0,0 
0.0 
0.0 
0.0 
0.0 

14TH 	= 	4 DECLINATION 	11493 DEGREES 

rITUDE 	= 35.07 DEGREES SUNRISE = 	5.44 HOUR 

GITUDE 97.05 	DEGREES SUNSET 	18.56 HOUR 

:N[NG ANGLE = 	90.0 	DEGREES OCATLON = STLLLATER 

ION ID TDIF WD 
.00 	- 0.0 0.0 0.0 000 
.50 0.0 0.0 0.0 000 
.00 0.0 0.0 000 000 

0.0 0.0 0.0 000 
.00 0.0 0 1 0 0.0 0 0 0 
.50 0.0 000 0.0 0.0 
.00 0.0 0,0 0.0 000 
050 0.0 0.0 0.0 0.0 
.00 0,0 0.0 0.0 0.0' 
.50 0.0 0.0 0.0 000 
000 00 0 0.0 000 040 
.50 0.0 000 0.0 0.0 
.00 82.0 1000 8.0 17.9. 
.50 161.7 36.4 15.7 52.1 
.00 207.4 67,7 2001 87.8 
.50 235.5, 100.0 22.8 122.8 
000 	- 	' 254.2 131.4 24.7 156.1 
.50 26711 161.1 25.9 187.0 
.00 276,4 188.2 26.5 215.0 
.50 :283.1 212.1 27.5 239.5 
.00 289.0 232.3 27.9 260.2 
.50 291.5 248.4 28.3 276.7 
000 29308 260.2 28.5 288.7 
.50 295.1 267.3 28.5 295.9 
.00 295.6 269,7 28.7 29894 
.50 295,1 267.3 28.6 295.9 
.00 29308 260.2 28.5 288.7 
.50 291.5 248.4 28,3 276.7 
.00 283.0 232.3 2709 260.2 
.50 283.1 212.1 27.5 239,5 
.00 276.4 188.2 26.8 215.0 
.50 267.1 16101 25.9 187.0 
.00 	''' 254.2 131.4 24.7 15601, 
.50 	• 235.5 100.0 22.8 122.8 
.00 207.4 67.7 20.1 87,8 
.50 161.7 36.4 15,7 - 	52,1 
.00 82.0 10.0 8.0 17.9 
.50 0.01 0.0 0.0 0.0 
.00 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 
.00 000 0.0 0.0 0.0 
.50 000 000 0.0 0.0 
.00 0.0 0.0 0.0 0.0 
.60 010 000 0,0 0.0 
.00 300 0.0 0.0 040 
.50 0.0 000 0.0 000 
.00 0.0 0.0 000 0.0 
.50 0.0 0,0 0.0 0.0 
.00 000 000 000 0.0 



NNNNlri- 	rl 	ON-N NNNN 

IIN 

_J 00$0 00,0,0000 00000 000*00*000* 0,00* *0$0* •* 0*0 

4 0 0 00 0 0 00 0 000 N. tl 0 It) - N. N N N N t It) N N ri In I\I N- -. U) 0 tfl N. 0 00 00 0 0 0 oO 00 
__Nrlm 	p 	 t)Lflu)P 

00 0 0 N 0N.N.0N-4N O0 
LL *00*0*00$0000000000 0000$ 0 0 00000000000000*0000*00* 

M rn N N 	— — - - - N rn <r to N. 0 0 	In N. o 0 - N N rfl CU CU -00 in N. It) <t CU -00 a N- In Ifi 
- It) U) It) U) if) IC) to to to to U) It) If) to It) in to to to in In In In U) '0 't)N. N. N- N. N N.  N- N N. In U) In '0 In In In 0 IC) to U) If) In in 

I000000000000NIn-N' 	 l.-t0N.'OlID000O000Q0000 
a 0 00 0 00 0 0 0 0 0 0 -0 In 0 ON. N N N. N- N N N. N N N- N. N N- N 0 '0 Ifltl -000 0 00 00 00 0 0 
<00 0 000000000000 •• 00000000*0*00.00 * •0I00$0 ,  
-3000 000000000030000000000000000000300000000000000 

0001) 30000000 .-. it) In N. - ) 0- N In 0 In In in 0' -± N rI -t N. -"I— N 000000 30000 0 
0$*$$ 0*000. 00S*0$*0$*0000* 0 ,00$000**0 0$ 0000000$0 

00) 0 000 0 00 000 It) '0 U) N 0) N. '0- -0 N. 0' N — 0 N in 0' N it) -. CU 0 0 0 000000000 0 
In ON-rI ifIflInIn4 . OrlCJN-0NIn 0In-In 

--C'JCUNNNNNNCUNCUCU-1--' 

v00000Oo0o00a-NNU) 4 U)N0'NNNN'0NNr-oo-r)U)N.  too O000000000 
.J 000000*0*0*00*0*000*00 *0* $ * 0*0 * *0l0 * *0*0000*0 
I- 000000000000 Q00o-I\J-4oN.0In-4U)InNo0ct)rl.zt'N000003Q30000 
0-Nn '0NNN0Q'0000000NIn 

0000000030000- C) U) OU)U)0U) 0 -4 N - -0 In in it) if) alt) a- in Q0 0300003000 
I.. 0*00000000000* $ *0$00*$0*00$$* 0*0*0*00*0* * 0*000 

a o 000000 1)00 0 i'\J fl - N. 1) 'I)  1) rd-  N. .-. 0 ) 0 .- N. -N, 0 ON d ON 003 000000000 

0003300 0Q0tD00000O00000000O300000000 0 0O 0  003333000 

iX 0 U) 0 U) 0 o ) 0 U)  0 it) OT) 00 0 if) CU) CU) 0 it) 0 Ui 0  U) 0 If) 0 U) C U) C In 0 It) C it) 0 ,41  0  1) 0 U) 0 If) 0 
) ,*,0000,**00000 * 00*00* •,:0  $0 •I 0*00 * $0,0101000$0* •0* 





JLJr1uN TO HEAT FLOW PPJLEM BY CRANK-NICOLSON METHOD 

1- 	= 	0,00 HOURS 
iii • 10 31 .10 51 • 10 1 	10 51.10 51.10 .51 • 10 51 • 10 51 • 10 51010 51 .10 

r 	= 	0.50 HOURS 
5.13 53.25 51.67 31.25 51.14 51.11 51.10 51010 51.12 51.19 51.43 

r 	=''J.- 00 HOURS 
7).s 2 59.62 54.04 52.05 51.40 51019 51.14 51.14 51.21 51.40 51.93 

1= 	1.50 HOURS 
92,03 69.64 59.85 54.13 52.23 51.51 51.27 51,25 51.38 51.72 52.48 

2,00 HOURS 
10,95 81,66 65.78 57,69 53.90 52.26 51.62 51.49 51.65 52.20 53023 

T 	2.50 HOURS 
125 6 15 93.97 73.95 82054 56.52 53.59 52.31 51.93 52.11 52.84 54,32 

T 	3.00 HOURS 
143.45 105081 82.65 56.28 59.99 55.57 53.44 52.56 52,75 53,69 55.53 

T.11 
	 3,50 HOURS 
152,94 115.85 91.3774,54 64.13 55.l5 55.03 53.74 53.71 54.74 55.94 

T 	4.00 HOURS 
153.57 127001 99.86 91.02 68.74 61.24 57,08 55.18 54.9? 5.6.02 59.50 

T 	4.50 HOURS 
173,46 136.29 107.97 57,55 73,64 64.75 59.54 55.99 56.43 57,51 53.23 

= 	soo koUs 
181,93 144,75 115.65 93,99 79.71 65.57 62.35 59,13 58.21 59,20 61.93 

T 	5.50 HOURS 
139,44 152.47 122.87 100.27 83.8672.60 65.47 61,57 60.24 61.06 53.93 

= 	6.00 HOURS 
195,12 159.52 129.65 106-35 . 89,00 75,78 68.80 64.25 62.48 63.03 65.61 

T 	= 	6.50 HOURS 
202,06 1t5.96 136.00 112,19 94.09 81.05 72,30 67.11 64,87 65.08 57,35 

T 	= 	7.00 HOURS 
237,25 171.82 141.94 117.78 99.09 85.34 75,90 70.11 67.35 67.13 69.97 

r= 	7,50 HOURS co 
211,79 177.11 147.46 123.11 103.97 89.63 79.56 73.19 69.89 69.16 73.41 

T 	= HOURS 
215.47 181,82 152.55 126.17 108.69 93.87 83.24 75.28 72.43 71.10 71.55 

T 	= 	8.50 HOURS 
218.21 185.85 157.19 132,92 113,24 98.01 96.85 79.37 74.91 72.91 72.64 

r 	9.00 HOURS - 
219 .73 189.11 161.30 137.33 117.57 102.04 90.45 82,39 77.30 74,56 73.37 



I = 	9.50 HOURS 
219.64 191,36t64,78 141.33 121.65 105.59 93.91 85,31 79,57 76.02 73,33 

F = 	10.00 HOURS 
217.30 12.29 167,45 144.82 125,39 109,54 97.21 83.09 81,67 77.27 74 e0l 

I = 	10.50 HOURS 
211.61 191,40 169.04 147.65 125.73 112.91 100.31. 90,69 83.59 78,30 73,92 

I = 	11.00 HOURS 
21.52 157,96 169,15 149.61 131.53 115.93 103.15 93.09, 55.29 79,10 73.59 

I = 	11,50 HOURS 
t3.80 151.27 167.31 150.40 133.61 118,49 105.68 95.23 86.77 79.68 73.05 

I 12.00 HOURS 
170.12 171.89 163.33 149.76 134.78 120.47 107,81 97.07 85.00 80.03 72.32 

12.50 HOURS 
157.00 152,08 157.86 147,72 134.92 121.74 109.46 93055 68.96 80018 71,43 

I = 	13.00 HOURS - 
159.44 156.80 152.89 144.96 134.18 122.28 110.56 99.55 59.63 80011 70,44 

1 13.50 HOURS 
135.59 "154.39" ' -- 149#64 14242T32.97 122.20 111.11i00.32 89.99 79085 59.35 



NO. OF GLASS COVERS = 2 

INDEX OF REFRACT LUN FOR AIR = 1.0 

INDEX OF RERACTIJN4 FOR GLASS 	1,526 

EXTINCTION COEFFICIENT = 0.174 1/INCH 

GLASS THICKNESS = 0.250 INCH 

SURFACE COLOR = BLACK 

EMITTANCE OF GLASS = 0.88 

EMITTANCE OF LATE = 0.90 

ABSORPTANCE OF THE PLATE = 0.95 

REFLECTOR REF_ECTANCE = 0.95 

WEND VELOCITY 	10.0 MILE/HR 

MAXIMUM TEMP. = 78.00 DEGREES F 

TEMP. VARIATION 	22.00 DEGREES F 



I DR 
0.0 
0.0 
3,0 
0,0 
0,0 
0.0 
0,0 
0.0 
0.0 
0.0 
0,0 

30.3 
85,6 
134,1 
173,8 
207.8 
235.5 
233. 7 
225.8 
216.5 
207.4 
199,3 
193.0 
189.0 
187.6 
18900  
193.0 
199.3 
207.4 
215.5 
22D • 8 
233.7 
235,5 
207.6 
173.8 
134.1 
86.6 
30.3 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0,0 

ID I F 
0.0 
0.0 
0.0 
0.0 
0. 0 
0.0 
0.0 
0.0 
0.0 
0.0 
3,0 
0.9 
2.3 
3.1 
3.6 
4.0 
4.2 
4.4 
405 
4.•b 
4.7 
4,7 
4.8 
4.8 
4.8 
4.8 
4.6 
4*7 
4.7 
4,5 
4.5 
4,4 
4.2 
4.0 
3.5 
3.1 
2,3 
0,9 
0.8 
0.0 
0.0 
3.0 
0.0 
0,0 
0.0 
0.0 
0.0 
0.0 
0.0 

= S 
	

DECLINATION 	20.34 DEGREES 

rhoDE 	35.07 DLGREES 
	

SUNRISE = 5.05 HOUR 

jG1TUDE = 37.05 DEGREES 
	

SUNSET = 18.92 -400k 

:NING ANGLE = 90.0 DEGREES 	 _OCATION = STILLWATER 

-4k IDN ID TDIF WD 
.00 000 0.0 0.0 000 
.50 0.0 0.0 0.0 000 
.00 040 000 0.0 000 
• DO 0,0 0.0 0.0 0,0 
.00 000 0.0 0.0 0,0 
.50 0.0 040 0.0 000 
.00 040 000 0.0 000 
.30 0,0 0,0 000 0.0 
.00 310 0.0 0.0 000 
.50 000 000 0.0 0.0 
.00 0.0 000 0.0 0.0 
.50 5448 5.8 6,5 12.4 
.00 13403 27,5 15.3 43.7 
.50 183.5 55,7 22.2 77.9 
,00 21.6 86.0 28.0. 112.0 
.50 238.5 116.5 28, 145.0 
.00 280.2 146.0 30,3 176.3 
.50 26008 173.7 31.6 205.2 
,00 258.8 198.9 32.6 23194 
,50 274.4 221.2 33.2 254.4 
• 00 278.7 240.0 33.7 273.7 
.50 281.8 255.0 34,1 289.1 
.00 23.9 265.0 34,4 300.3 
•50 	 - 285.1 272.6 34.5 307.1 
.00 . 	 285.5 274.8 34,5 309.4 
.50 2 ss.1 272.6 34.5 307.1 
.00 283.9 265.0 34.4 300.3 
.50 281.8 255.0 34.1 289.1 
.00 278.7 240.0 33.7 273.7 
.50 274.4 221.2 33.2 254.4 
v.00 268.6 198.9 32.5 231.4 
.50 260.5 173.7 31.5 205.2 

) 00 233.2 146.0 30.3 176.3 
) 5O 235.5 116.5 . 	 28.5 145.0 

21308 86.0 26.0 •112.0 
p.50 183.5 55.7 22.2 77.9 
,00 134.3 27.5 16.3 43.7 
,50 54.8 5.8 5.5 12.4 

.000 000 000 0.0 
,50 000 000 0.0 000 

).00 0.0 
0.0 . 

000 0,0 
).50 000 0.0 0.0 000 
L.00 0.0 0.0 . 	 000 000 
1.50 0.0 0.0 000 0.0 
.00 0.0 0.0 000 0,0 
.50 0.0 0.0 0.0 0.0 

3.00 000 0.0 0.3 0.0 
j.50 000 0.0 0.0 0.0 

000 0.0 0.0 000 
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HEAT CAPACITY 	0.24 BTU/LE3M-F 

DENSITY = 145.00 LBM/FT**3 

THERMAL CONDUCTIVITY = 0.53 BTU/HR-FT-F 

HEAT TRANSFER C3EF. 	10.01 BTU/HR-F-FT*2 

INITIAL TEMP. 	to.Oi t- 

NO. OF INTER IJR NODES = IU 



sJLJr ION TO HEAT FLOW PR33LE'4 DY CRANK-NICOLSON METHOD 

T 0.00 HOURS 
55.03 t5o. O3 5s,03 55.03 55,03 5b.03 56.03 55.03 56.03 56.03 55.03 

r = 	0.50 HOURS 
60,78 57.30 56.37 55.12 56.05 56.04 56.03 55.03 55.04 56.06 55.13 

r = 	1.00 HOURS 
71.22 01.57 57.91 55.64 55,22 56.09 56.05 56.05 56.07 56,16 55040 

I = 	1,50 HOURS 
87.08 69.41 61.42 58.06 56.78 56.30 56.14 56.11 56.17 56,37 56.83 

I = 	2.00 HOURS 
10.O8 80.45 67.20 b0.85 58.01 56.62 55.37 55.26 56.36 55.71 57,45 

I = 	2,50 HOURS 
125.25 93.63 75.01 65,09 60.16 57.88 56,88 55.57 56,69 57,20 58.29 

I = 	3.00 HOURS 
144.51 107.50 54022 70.67 63.28 59.52 57,77 57.13 57.19 57,87 59.32 

I = 	3.50 HOURS 
159.59 120.60 93.99 77.20 67.32 61.88 59.14 58.01 57.94 58.75 50.55 

f = 	4.00 HOURS 
172.99 132.58 103.66 84.26 72.05 64.88 61.01 59026 58.97 59986 61 .97 

I = 	4.50 HOURS 
13.64 143.57 112.97 91.49 77.26 65.42 63.37 60.91 50.31 61.20 63.55 

I 5.00 HOURS 
19.94 153.60 121.84 98.71 82,75 72.39 56,17 52,95, 61.96 62,77 65.27 

I = 	5.50 HOURS 
204.05 162.76 130.22 105.80 88.39 76.06 69,34 65.34 63.91 64.55 67,08 

I = 	6,00 HOURS 
212.14 171.13 138.09 112.69 94.08 81.15 72,80 63,04 66.11 66,51 68.93 

r = 	5.50 HOURS 
219.31 178.76 145.48 119.3 99.74 85.78 76049 70.98 68.53 68.58 7.77 

I = 	7.00 HOURS 
225.65 185.71 152.39 15.74 105,33 90.47 80.34 74.11. 71,10 70.73 72.54 

I 7.50 HOURS 
231.17 192.01 15"1-82 131.84 110.81 95.19 84.29 77.38 73.78 72.90 74.18 

I 6.00 HOURS 
23.87 197.66 164.79 137.64 116.14 99.88 a8.29 80.72 7b.51 75.03 75,66 

I = 	8.50 HOURS 
239.70 202,66 170.27 143.12 121,29 104.50 92.30 84.03 79.23 77.08 76.93 

I = 	9.00 HOURS 
242.53 206.94 175.24 148.26 126.22 109.01 96,25 87.42 81,90 79.00 77.96 

tj,) 



T = 	9,50 HOURS 
244. 17 210.40 179.65 153.01 130.91 113.38 100.12 90.69 84,47 80,76 78,72 

T 10.00 HOURS 
24..32 212.88 183.40 157.32 135.31 117.55 103.86 93.84 56,90 82.32 79.20 

T = 	io,s0 HOURS 
22..3t' 214.11 186.36 161,11 139.37 121.50 107,43 96.84 89.17 83.67 79,41 

T = 	ii.00 HOURS 
235.92 213.20 188.16 14.22 142,99 125.14 110.78 99.56 91.24 84.79 79.35 

ij.50 HOURS 
22,5s 209.22 188.25 165.36 146,04 128.42 113.87 102.25 93,10 85.69 79.05 

T = 	12.00 HOURS 
209.88 202.24 186.26 167.21 148.30 131.20 116.61 104.57 94.71 86,35 78.53 

T 12,50 HOURS 
193,32 192.92 182.24 lob.60 149.59 133.36 118.93 106,58 96,07 86.78 77.82 

T = 	13.00 HOURS 
177.85 182.51 176.65 164.58 149.82 134,77 120.73 105.22 97.15 87,00 76.96 

T = 	13.5 0  HOURS 
166.29 172.78 170.33 161,47 149.05 135.39 121.95 109,44 97.91 87.00 75.99  

T = 	14.00 HOURS 
17,40 168.02165.07 158.00147.53 135.25 122.58 110.20 96,35 86.80 74.93 



NO, OF GLASS COVERS 	2 

INDEX OF RFPCT ION FOR AIR = 1.0 

INDEX OF REFRACTION FOR GLASS = 1.526 

EXTINCTION COEFFICIENT = 0,174 1/INCH 

GLASS THICKNESS .= 0.250 INCH 

SURFACECOLOR= BLACK 

iITTANCE OF 3LAS5 = 0.88 

EMITTANCE OF LATE =0.90 

ABSORPTANCE O THE PLATE 	0.95 

REFLECTOR REF_ECTANCE = 0.95 

WIND VELOCITY = 10.0 MILE/HR 

MAXIMUM 	 35.0O DEGREES F 

TEMP. VARIATIJN = 22.00 DEGREES F 

(ii 



-4R IDN -11 ID IDIF 
.00 0.0 0.0 0.0 
.50 0.0 • 	 0.0 0.0 
.00 0.0 0.0 0.0 
.50 0,0 0.0 0.0 
.00 0.0 0.0 0.0 
.50 0.0 0,0 0.0 
.00 0.0 0.0 0.0 
.50 0.0 0.0 0.0 
.00 0,0 0.0 0.0 
.50 0,0 0.0 0.0 
.00 0,0 000 0.0 
.80 77.7 10.7 10.4 
.00 143.8 33.7 1903 
1 50 185.7 61.5. 24.9 
.00 213,3 9009 28.6 
.50 232.3 120.3 31,1 
.00 245.9 148.5 32.9 

25508 175.4 3403 
.00 263.3 199.8 35.3 
,50 268.9 221.2 36,0 
.00 27301 239.3 
.50 276.0 253.8 37.0 
.00 275.1 264.3 37,3 
.50 279.2 270.7 37.4 
.00 279.6 272.9 37.5 
.50 29.2 270.7 37.4 
.00 278.1 264.3 37.3 
.50 276,0 25308 37.0 
.00 273.1 239.3 36.b 
.50 268.9 221,2 36.0 
.00 26343 19905 35.3 
.50 25s.8 175.4 34.3 
.00 245.9 148.8 32.9 
1 50 232.3 120.3 31.1 
.00 213.3 9009 28.5 
150 185.7 81.5 24.9 
.00 143.8 33.7 19.3 
050 77.7 10,7 10.4 
.00 0.0 0.0 000 
.80 000 0,0 000 
.00 0.0 0.0 000 
.50 0.0 0.0 000 
.00 060 0.0 0.Q 
1 50 000 0.0 0.0 
.00 000 0.0 0.0 
.50 0.0 0.0 000 
.00 000 000 000 
.50 000 000 010 
.00 0.0 060 000 

WD IDR ID!F 
000 0.0 0.0 
000 0.0 000 
000 000 000 
040 000 0.0 
000 000 000 
0,0 000 000 
000 000 0.0 
0,0 040 0.0 
0.0 000 0.0 
010 000 000 
000 0.0 0.0 

21.1 38.9 1.4 
53.0 85.4 2,7 
66.4 125.5 3.5 

119.5 152.4 400 
151.4 193.8 4.3 
151.7 221,2 4,5 
209.7 241.3 4.8 
235.0 234.6 4.9 
257,2 225,7 5.0 
275.9 218.7 5.1 
290.8 211.5 5,1 
301.6 205,0 502 
308,1 202.4 5.2 
310.3 201.2 5,2 
30841 202.4 5.2 
301.6 205.0 5.2 
290.8 211.6 5.1 
275.9 218.7 5.1 
257.2 225.7 5.0 
235.0 234.6 419 
209.7 241.3 4.8 
181.7 221,2 4.6 

•151.4 193.8 4.3 
119.5 162.4 4.0 
86,4 125.5 3.5 
53.0 8504 2.7 
2101 38.9 1.4 
0.0 000 000 
0.0 0.0 000 
0.0 0.0 000 

\ 	0.0 040 0.0 
0.0 0.0 000 
0,0 0.0 000 

T000 040 0.0 
000 000 0.0 
0.0 0.0 0.0 
0.0 0.0 000 
040 010 0.0 

40 

I 2 

198 
22 
24 
23Y 
231 
223 
21 
211 
207 
206 
207 
211 
21 
223 
23 1 
23 
24 ö 
22 
19 
1b 

BE 
40 

TH = 5 
	

DECLINATION = 	23,45 DEGREES 

rITUDE = 35.07 DEGREES 
	

SUNRISE = 4.7 HOUR 

GITL)DE = 97.05 DEGREES 
	

SUNSET = 19.03 HDUR 

NING ANGLE = 90.0 DEGREES 
	

0CAT ION = STI_LwATER 
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HEAT CAPACITY = 0,24BTU/LBM-

DENSITY = 145.00 LE3M/FT*3 

THERMAL CONDUTIVITY = 0.53 BTU/HM-FT--F 

HEAT TRANSFER CJEF.= 10.01 STU/HR-F-FT**2 

INITIAL TEMP. = 63.02 F 

NO. OF INTER 13R NJDES 	10 

-- DEPTH OF SLAB 	10.50 INCHES 



S.)LJTIOt' TO HEAT FLOW PRJBLEi BY CRAN:KNICOLSON SIETHOL) 

r = 	0.00 HOURS 
t>3. 02 03.02 t3,02 03.02 63.02 63,02 63.02 63.02 63002 63.02 53.02 

T = 	U.50 HOURS 

53.2 8  64.70 63.47 63.14 63,08 63.03 53.03 63.03 63.03 63005 63.13 

.O 0  HOURS 
3).31 59.59 65.30 83.77 63.26 63.10 63.05 63005 63.07 63.16 63.40 

= 	1.50 HOURS 
;5.0 8 77.70 69.12 65.40 63.90 63.34 63.15 63.11 63.17 63.37 53.83 

F = 	2.0 HOURS 
58.65 75.02 68.32 65,25 63.93 63.41 63.27 63.37 63.71 64.46 

T 2.50 HOURS 
133,66 101.46 82,76 72.63 67.47 65,02 63,96 63 0 61 63.70 64.20 65.29 

T 3,00 HOURS 

152.b 115.23 91.83 73.19 70.65 66.74 64,89 64.19 64.22 64.88 66.32 

J 3.50 HOURS 
163.0 128.83 101.75 84.74 74.7o 69.13 65.29 65.10 64.99 65,77 67.56 

F 4,00 HOURS 
182.6 1  141.28 111.69 91091 79.49 72.17 68019 66.38 66.03 66,89 68.98 

F = 	4.50 HOURS 
152.53 121.26 99.30 84.79 75,76 70.59 6.05 67.39 68.24 70.57 

I 00 HOURS - 
205.0 7  162.81 130.33 105.69 90039 79.80 73.43 70.12 69.06 69.83 72.29 

F t.50 HOURS 

214.3 8  172.17 138.90 113.94 96.15 84.16 75.65 72,54 71.03 71.62 74.10 

F 5,00 HOURS 

222. 6 0,. 180,70 145.95 120.99 101.96 88,73 80,18 75,28 73.26 73.58 75095 

F 6.50 HOURS 

223.6 188.48 154.49 127.78 107,74 93.45 83.93 78.27 75,70 75.68 77.79 

F = 	7 • 00 HOURS 
235.30 195.55 161.53 134.30 113.44 98.24 87.85 81,45 78.31 77,84 79,57 

F = 	7.50 HOURS 
241. 87  201.94 168,08 140.52 119.03 103.05 91.88 84.75 81.02 80.03 81.22 

F = 	8.00 HOURS 
245.5 9  207.67 174.14 145.43 124.46 107.83 95.95 85.15 83.78 82.18 82.71 

F = 	3.50 HOURS 
250.1 212.71 179.70 152.00 129.70 112.53 100.02 91.57 85,54 84.25 83.98 

F 9.00 HOURS - 
253.2 2  217.02 184.73 157.21 134.71 117.12 104.05 94.95 89.25 86.19 85.01 



r = 	9.50 HOURS 
25.8t5 220.50 189.19 152403 139.48 121.56 107.95 98.25 91085 87.97 85,75 

I = 	10.00 HOURS 
255.03 223.02 192.99 166.40 143,94 125.80 111978 101.45 94.32 89056 85,27 

1 = 	10.50 HOURS 
251.74 223.91 195.89 170,22 148,05 129,79 115,40 104053 96.62 90.93 85.45 	* 

T= 11.00 HOURS 
244.13 222.29 197442 173.26 151.69 133.49 115.80 107,39 98,73 92,07 85,43 

I = 	11.50 HOURS 
233.15 217.97 197.19 175.25 154.69 136.77 121,92 11.01 100.61 92.98 86,14 

I = 	12.00 HOURS 
21.10 211.13 195.08 175.96156.88 139,54 124,67 112.36 102.25 93,65 85e62 

I 12.50 HOURS 
203.17 202.12 191,13 175.30 155.12 141.66 126.99 114.39 103.63 94.10 84.91 

I = 	13.00 HOURS * 
187.72 191.92 185,66 173.31 155.33 143.06 128.75 1.lb.03 104.11 94,33 84.06 

I = 	13.50 HOURS 
175.45 182.06179.38170.24157.57 143.67 130.00 117,24 105.48 94,33 83.08 

I = 	14.00 HOURS 
17.59 177.12 174.04 165.76 155.06 143.56 130,62 118.01 105.93 94.13 82,02 

V 14.50 HOURS 
176.11 175.11 170.69 153.76 154.25 142.91 130.70 118.32 105.05 93.73 80.92 

C 
C 



NO. OF GLASS COVERS = 2 

INDEX OF REFRACT ION FOR AIR = 1.0 

INDEX OF REFR4CTIDN FOR GLASS = 1,526 

EXTINCTION COEFFICIENT =0,174 1/INCH 

GLASS THICKNESS = 0.250 INCH 

SURFACE COLOR = B-ACK 

EMITTANCE OF GLASS = 0.58 

EMITTANCE OF LATE = 0.90 

ABSORPTANCE OF THE PLATE 	0.95 

REFLECTOR REF_ECTANCE = 0.95 

WIND VELOCITY = 10.0 MILE/HR 

MAXIMUM TEMP. = 90,00 DEGREES F 

TEMP. VARIATIJN = 22.00 DEGREES F 



NTH = 7 	,.. DECLINATION 	20.24 DEGREES 

TITUDE = 	35.07 	DEGREES SUNRISE = 	5.09 HOUR 

)NGITUDL 97.05 DEGREES SUNSET 	= 	18.91 	HOUR 

)ENING ANGLE = 	90.0 	DEGREES LOCATION = 	STILLWATER 

HR tON ID IDIF WD IDR 
>,00 0.0 000 000 000 
),50 0.0 0.0 0.0 0.0 0.0 
.000 0.0 0.0 040 0.0 000 
.50 000 000 0.0 000 000 
.00 000 0.0 0,0 0.0 0.0 
,b0 000 	 , 000 0.0 0,0 0.0 
,00 0.0 0.0 000 0.0 0.0 
3.50 0,O 0.0 000 000 000 
.O0 0.0 0.0 000 040 0,0 

0.0 0.0 0.0 0.0 0.0 
3.00 0.0 0.0 000 0.0, 000 
.50 	.,, 47.b , 5.0 6.5 11.5 26,4 
3.00 

.................... 
124.3 25.4 16.9 42.3 80.5 

3,50 173.6 52.5 23,5 76.2 127.1 
,00 205.0 82.0 27,9 109.9 165.3 
,50 22.2 , 111.7 30.8 142.5 199.7 

3.00. 241.2 	' 140.6  32.ti 173,4' 229,3 
.50 252.0 167.7 34.3 202.0 225,5 
?.00 260.1 192.4 35*4 227.8 215.1 
),50 266.0 214.3 36.2 250,4 	, , 203.5 
),00 270.4  232.7 36.8 269.5 " 	200.7 
).50 273,6 247.5 ' 	37.2 284.7 	' 193.0 
1,00 275.8 	 ' 258.2 37.5 295.7 185,9 
L.50 277.0 264.7 3747 302.4 183.0 
?.00 ' 	' 	271.4 266.9 " 	37.7 304.6 181.7 
.50 217.0 264.7 37.7 302.4 193.0 

3,00 275.8 258.2 37,5 295.7 186.9 
3.50 , . 	, . 	213.6 247.5 37.2 284,7 193.0 
.00 270.4 232.7 ' 	' 	, 	36.8 269.5 200.7 
.50 26c,0 214.3 35.2 250.4 209.5 

5,00 2513.1 192,4 35,4 227.8 21901 
5,50 252.0 ' 1c7.7 34.3 202.0 225.5 
),00 24102 140.5 32,8 	, 173.4 228.3 
5.50 226.2 111.7 308 142.5 199.7 
7.00 205.0 82.0 27.9 109.9 ' 	156.3 
7,50 , 	, 52.5 23.5 78.2 127,1 
,00 124 9 5 25,4 16,9 ' 	42.3 80.5 

3.50 47.6 5.0 6.5 11.5 25.4 
,00 0,0 0.0 0.0 	• , 000 , 	0.0 

).50 000 0.0 0.0 0.0 0.0 
3.00 0.0 0.0 0.0 0,0 000 
3.50 0.0 0.0 0.0 000 000 
1.00 0.0 0.0 000 0,0 0.0 
1.50 0.0 0.0 0,3 	' 0.0 0.0 
2,00 0.0 0.0 ' 	0.0 0.0 0.0 
2050 0.0 000 0.0 0.0 0.0 
13.00 	' 0.0 0.0 000 000 0.0 
3,30 0.0 	, , 0.0 0.0 , 000 000 

000 0.0 0.0 0,0 000 

I )IF 
0.0 
0.0 
0,0 
0,0 
0.0 
0,0 
3,0 
0,0 
0.0 
0.0 
0.13 

	

0,9 
	

2 
2.4 

	

3.3 
	

13 

	

3.9 
	

17 

	

4.3 
	

20 

	

4.6 
	

23. 

	

4,8 
	

23 

	

4.9 
	

22 

	

5,0 
	

21 

	

5.1 
	

20 

	

5.2 
	

19  

	

5.2 
	

19. 

	

5,2 
	

18 

	

5.2 
	

15 

	

5.2 
	

18 

	

5.2 
	

19 

	

5.2 
	

19 

	

3.1 
	

20 

	

5.0 
	

21 

	

4.9 
	

22 

	

4.8 
	

23 

	

4.6 
	

23 

	

4,3 
	

20 

	

3.9 
	

17 

	

3,3 
	

13 

	

2.4 
	

B 

	

0.9 
	

2 
0.0 
3,0 
0.0 
0.0 
0.0 
0.0 

-' 0.0 
0.0 
0.0 
3,0 
0.0 
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HEAT CAPACITY = 0.24 OTU/LBM-F 

DENSITY 	145.00 LBM/FT**3 

THERMAL CONDUCTIVITY = 0,53 BTU/HR-FT-F 

HEAT TRANSFER CDEFF,= 10.01 BTU/HR-F-FT**2 

INITIAL TEMP. 	58.03 F 

NO, OF INTERIOR NODES = 10 

DEPTH OF SLAB =' 10.50 INCHES 

TIME INTERVAL 	0.50 HR 	 -- 

DISTANCE INTERVAL- 1.05 INCHES 



SJLUTICY" TO HEAT FLOE 	PRUBLE'1 	l3Y CRANK-N[COLSONJ METHOD 

I 0.00 HOURS 
68.03 68.03 68.03 68,03 68.03 68.03 68.03 68.03 68.03 69.03 

T 3.53 HOURS 
b9.21 65.35 b9.11 68,05 68.04 68.03 68.03 68.04 68.06 68.13 

= 	1,00 HUURS 

92,4 73.26 59.80 03.60 68.21 68.09 68.05 59005 68.07 68.16 63.40 

.50 HOURS 
7.1 80.51 73.16 b9.98 68.74 68.28 68.13 69,11 68.17 68.37 58.93 

= 	2,00 HOURS 
116.3 0  91.50 78.73 72.64 69.92 68.79 68,36 58.25 58,35 58,71 69,45 

I 2 .50 HOURS 
j35,91 104.32 86,30 78.73 71.98 69.78 68.84 88.56 68068 69.20 70.29 

I 3.00 HOURS 
153.75 117.82 95.25 82.14' 75.01 71.39 69.71 69.10 69418 69.87 71.32 

T 3,50 HOURS 

153. 5 5 130.58 104.75 89.48 78.92 73,66 71,03 69.96 69.92 70.74 72,55 

4.00 HOURS 
142.25 114.16 95.34 83.51 75.58 72.84 71.18. 70,93 71.84 73,96 

= 	4.50 HOURS 
192.93 152.97 123.23 102.37 88.58 80.02 75.14 72.79 72,25 73.17 75.55 

T HOURS 

202-99 152.76 131,87 109,40 93.92 83,87 77.87 74o7b 7.87 74.73 77.26 

= 	5.50,HOURS 

211.89 171,70 140.04 115.31 99,40 89,03 80.95 77,12 75,78 76,49 79.05 

F 6.00 HOURS 
21,751 79 .5 6  147.72123.03 104.94 92.41 84.33 79.73 77.95 78.42 80031 

T = 	.50 HOURS' 

225-7 7 187.30 154.92 129.51 110.47 96.92 87.9 82.63 80,32 80.48 82.74 

7.00 HOURS 

232.92 194.07 161.65 135.74 115.92 101.50 91.68 85.70 82.85 82.60 8.50 

r 7.50 HOURS 

233.26 200.19 167.92 141,69 121.26 106.10 95.55 83.39 85.48 84.74 85014 

= 	3,00 HOURS ' 
242.82 205.69 173.73 147.34 12545 110.68 99.46 92.15 88.18 86,85 87.61 

T = 	8.50 HOURS 

245 210.52 179.06 152.68 131.47 115.19 103.37 95,46 90,83 68.87 83037 

- 	9,00 HOURS 

249.18 214.65 183.88 157.t7 138.28 119.59 107.24 93.72 93.45 90,75 89.39 



T -  = 	9.50 HOURS, 
253.65 217.c6188. 14 152.2')' 14 0. 85 123,8S 111.02 101.02 95.97 92.49 90054 

T = 	1000 HOURS 
25J 	bb 220.30 191.75 1t5.47 145.13 127.92 114.67 105.01 98.36 94.02 91.12 

I = 	10.50 HOURS 
24.52 221.40 194.58 170.13 149.07 131.76 118.16 107.94 100.58 95,34 91,32 

T = 	11.00 HOURS 
242.21 220.42 196.27 173.12 152.58 135.31 121.42 110.69 102.60 96.44 91.25 

T= 11,50 HOURS 
230.97 216.43 196.28 175.16 155.52 138.49 124.43 113.22 104.41 97.30 90.94 

12.00 HOURS 
21.54 2u9.51 194.26 175.94 157,69 141.18 127.09 115.48 105.98 97.94 90.41 

I = 	12.50 HOURS 
200.33 200.35 190.27 175,29 158.92 143.26 129.34 117,43 107.30 98,35 89.70 

T 1300 HOURS 
155.34 190.18 184.77 173.27 159.10 144.61 131008 119.01 108.33 98.54 88.83 

T = 	13.50 HOURS 
174.23 180.73 178.59 170.20 158031 145.18 132.25 120.18 '109.06 98.52 87,85 

I = 	14.00 HOURS 
173,46 176.19 173.48 1tt.80 156.81 145.05 132.83 120.90 109,47 98.29 85.73 

Q 



NO. OF GLASS COVERS 	2 

INDEX OF REFRACT 13N FOR AIR = 1,0 

INDEX OF REFRACTION FOR GLASS = 1,526 

EXTINCTION COEFFICIENT = 0.174 1/INCH 

GLASS THICKNESS = 0.250 INCH 

SURFACE COLOR = BLACK 

EMITTANCE OF GLASS = 0.88 

EMITTANCE OF LATE = 0.90 

ASORPTANCE OF THE PLATE = 0.95 

REFLECTOR PEFECTANCE = 0.95 

WIND VELOCITY = 10.0 MILE/HR 

MAXIMUM TEMP. = 92.00 DEGREES F 

TEMP. VARIATION 	22.00 DEGREES F 

C 



HR IDN ID IDEF WD 
.00 0.0 0.0 0.0 0.0 
.50 0.0 0.0 0.0 000 
.00 0.0 0.0 0.0 0.0 
.50 0.0 0.0 0.0 0.0 
.00 0.0 0.0 0.0 0.0 
150 000 0.0 0.0 0.0 
.00 0.0 000 0.0 000 
050 0,0 0,0 0.0 0.0 
.00 . 	_000 - 	.0.0 0.0 0.0 
050 0.0 000 000 0,0 
.00 0.0 0.0 0.0 0.0 
.50 0.0 - 0.0 0.0 0.0 
000 6204 7.3 7.5 14.9 
.50 140.7 30.9. 17.2 48,1 
.00 187.8 60.4 22.9 8303 
050 217.4 91.2 26.5 117.6 
.00 237# 1 121.6 26.9 150.5 
.50 250,9 150.2 3005 18008 
.00 200.8 176.5 3105 208.3 
.50 268.0 199.7 32,7 232,4 
.00 273,2 219.3 33,3 252.6 
.50 277.0 235.0 33.8 268.5 
.00 279.5 246.4 34,1 280.5 
.50 280.9 253.4 34.3 287.6 
.00 281.4 255.7 34.3 290.0 
.50 280.9 253.4 . 	34.3 287.6 
.00 279.5 246.4 34.1 280.5 
.50 277.0 235.0 33.5 268.8 
.00 273.2 219.3 33,3 252,6 
.0 2o5,0 199.7 32.7 232.4 
.00 260.8 176.5 31.5 208.3 
.50 250,9 150.2 30.b 180.8 
.00 237.1 121.6 28.9 15005 
.50 217.4 91.2 25.5 117.8 
.00 187,8 60.4 22.9 53.3 
.50 	. 140.7 30.9 17.2 48,1 
0 00 62.4 7.3 7.5 14.9 
.50 0.0 0.0 0.0 000 
.00 0.0 000 0.0 0.0 
.50 0.0 . 0.0 .. 0.0 0.0 
.00 0.0 0.0 0.0 000 
1 50 0.0 000 0.0 0,0 
.00 000 000 0.0 000 
.50 . 	0,0 0.0 0.0 0,0 
.00 _0.0 0,0 0.0 000 
.50 0.0 0.0 0.0 - 	000 
000 0.0 0.0 000 000 
.5Q 	- 0.0 0.0 0.0 000 

0.0 0.0 000 010 

TD I)I 
0.0 . 	 0.0 
0,0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
3.0 0,0 
0,0 0.0 
3.0 0.0 
0.0 0.0 

.0,0 0,0 
3.0 0.0 
0.0 0.0 

49,1 1.1 
121,9 2,4 
175.6 3.2 
193.5 3.7 
194.4 4,0 
193,3 4.3 
178.5 	• 4.4 
167.2 4,5 
155.9 (4,5 
145.9 4.7 
138.0 4,7 
133.1 4.8 
131.4 4.8 
133.1 4.8 
133.0 (4.7 
145,9 (4.7 
155,9 
157.2 (4.5 
179.5 4.4 
188.3 4,3 
194.4 4.0 
193.5 3.7 
175.6 3.2 
121.9 2.4 
49.1 1,1 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 	........ ........... 0.0 
0,0 0.0 
3.0 0.0 
0.0 0.0 
0.0 -, 	0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0,0 0.0 

NJTH =  8 
	

DECLINATION = 	11.40 DEGREES 

TITUDE 	35.07 DEGLES 
	

SUNISL 	5.45 HOUR 

NOITUDE = 97605 DEGREES 
	

SUNSET = 18.54 HOUR 

ENING ANGLE = 90.0 DEGREES 
	

OCAT ION = STILLWATER 
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HEAT CAPACITY = 0.24 ETU/LBM-F 

DENSITY = 145.00 L3M/FT*3 

THERMAL CONDUCTIVITY = 0.53 OTU/H-FT-F 

HEAT TRANSFER COEF. 	10.01 OTU/HR-F-FT*2 

INITIAL TEMP. 	70,10 F 

NO. OF INTERIOR NODES 	10 

DEPTH OF SLAM = 10.50 INCHES 

TIME INTERVAL = 0.50 HR 

I- 

cD 



70.10 70.10 70.10 

70,13 70,19 70.43 

70.21 70.40 73.83 

70.38 70.72 71.48 

70,56 71.20 72,29 

	

71.10 	71.84 

	

71 .75 	72,67 

	

72.64 	73.71 

	

73,81 	74,97 

	

75,26 	76.44 

	

76.99 	78.09 

	

78.95 	79.91 

73 .31 

74,53 

7: .93 

77.49 

79 • 18 

80 .95 

82.76 

S]LJTION TO HEAT FLOW PR35LL4 BY CRANK-NI4COLSON METHOD 

1 = 	0.00 HOURS 
7D,io 70.10 70,10 70,10 70,10 70,10 70,10 70010 

T = 	0.50 HOURS 
75.92 71.93 70.59 70.23 70.14 70.11 70,11 70.11 

T = 	1.00 HOURS 
93.26 77.61 72.68 70.95 70.37 70.19 70.14 70.15 

T = 	1.50 HOURS 
107,49 66,87 --- '77-06 72.80 71.10 70.47 70.26 70,25 

.1 = 	2.00 HOURS 
12.5o 98013 83.47 76,06 72.62 71.14 70.58 70.47 

2.50 HOURS 
140.06 109.79 91.14 80.56 75.03 72.36 71.22 70.89 

T 3.00 HOURS 
153.84 121.10 99.35 85.95 78.27 74.19 72.26 71,58 

T 3.50 HOURS 
165.90 131.81k 107.64 91.8532.15 75.60 73.74 72,60 

1 = 	4.00 HOURS 
175-46 141.44 115.75 98.0186,49 79.51 75.67 73.97 

I = 	4.50 HOURS 
185.73 150.36 123.51 104.22 91.14 82083 78.00 75.59 

F = 	5.00 HOURS 
193.9U 158.50 130.6 110437 95,97 86.44 80.67 77.73 

5.50 HOURS 
201.12 165.92' - 137.79 116.37 100.87 90.28 63.63 80.06 

I 6,00 HOURS 
207.54 	172.68 	144.29 122.18 	105.78 	94,27 	86.81 	82.62 	81.11 81.84 	84,55 

I = 	6.50 HOURS 
213.21 178.85 150.37 127.77 110.64 98.34 90.15 85.37 83.42 83.84 85,23 

I 7.00 HOURS 
213,13 154.45 156.05 133.12 115,42 102.46 93.61 88.25 85.83 85.86 87.89 

I = 	7.50 HOURS 
222,42 169,49 161.32 133.22 120.09 106,56 97.12 91.21 58.29 87.83 8.32 

8.00 HOURS 
225.56 193.94 166.18 143.05 124.61 110.62 100.65 94.20 90.74 89.72 90054 

I = 	8.50 HOURS 
223,33 197.73 170.58 147.58 128.96 114.59 104.14 97.17 93.14 91.49 91.52 

I = 	9-00 OURS 
229,58 200.73 174.45 151.77 133.10 118,44 107.57 100908 95.46 93.09 92.24 



= 	9.50 HOURS 
22?.21 202,73 177.70 155.55 136.98 122.13 110.88 102.89 97.64 94.50 92,56 

T = 	10.00 HOURS 
225,5; 203,41 130.13 158.83 140,53 125.61 114.05 105.56 99.66 95.71 92,65 

T = 	10.50 HOURS 
223.87 202.27 181.49 lbl.46 143.68 128.82 117.01 106,35 101.50 96.59 92.75 

T = 	11.00 HOURS 
213.96 198.68 181.41 163.22 146.29 131068 119.72 110.34 103,13 97,45 92.41 

T 11.50 HOURS 
15.43 12.06 179.45 163.84 143.21 134.09 122.12 112.35 104.54 9798 91.35 

T 12.00 HOURS 
183.63 183.00 175.50 163.10 149.24 135.92 124.13 114.12 105.69 98030 91.10 

= 	12050 HOURS 
16.61 173.74 170.23 11.06  149.29 137.08 125.66 115.52 106.58 93.40 90021 

T = 	13.00 HOURS 
171.33 168.9 165.53 158.39 148.52 137.53 126.66 11552 107.18 98.29 89.20 

T = 	13.50 HOURS 
167.87 1b6,81162.52 155.97 147.33 137.41 127.15 117.12 A07,48 98.00 89.12 



NO. OF GLASS COVERS 	2 

INDEX OF kEFRACTIJN FOR AIR = 1,0 

INDEX OF REFRACTION FOR GLASS = 1.526 

EXTINCTION COEFFICIENT = 0,174 1/INCH 

GLASS THICKNESS = 0.250 INCH 

SURFACE COLOR = SLACK 

EMITTANCE OF GLASS= O,88 

EMITTANCE OF DLATE = 0.90 

ASSORPTANCE OF THE PLATE ---- 0.95  

REFLECTOR REF_ECTANCE = 0.95 

WIND VELOCITY 10,0 MILE/HR 

MAXIMUM TEMP. 	81.00 DEGREES F 

TEMP. VAR IATIJN 	22.00 DEGREES F 



NTH =9 DECLINATION 	-0.51 DEGREES 

TITUDE = 3s.07 DEGREES SUNRISE = 	5,03 	0UR 

NGITUDE 97.05 	0EGEE5 SUNSET = 	17.97 HWJR 

ENING ANGLE = 	90.0 DEGREES QCAT ION = 	ST1LLATEP 

HR ION ID IDIF wo [DR I)1F 

000 0,0 0.0 0.0 0.0 0.0 0.0 
.50 3.0 0.0 0.0 00   0.0 0.0 

0.0 010 o.o 0.0 0.0 000 
.50 0.0 010 0.0 0.0 0.0 0.0 

.00 0.0 0.0 0.0 000 0.0 0.0 

.50 0.0 0.0 0.0 0.0 0,0 0,0 

.00 040 0,0 0.0 0.0 0,0 0.0 

.50 0.0 0.0 0.0 000 0.0 0.0 

.00 	'- 0.0 0 1 0 0.0 000 0.0 0.0 

.5'O 3.0 0.0 0.0 0.0 0.0 0.0 

.00 0.0 000 000 0.0 0.0 0.0 

.50 0.0 0.0 0.0 	' 0,0 0,0 0.0 

.00 0,0 000 0.0 0.0 000 0.0 

.50 61 .4 6.1 5.5 11.7 53.1 0.i 

.00 152.6 31,0 14,0 45,0 1l9.8 2.0 

.50 203.5 	 - 61.7 16.7 80.4 142.8 2.6 

.00 	' 233.9  93.1 ' 	' 	21.5 114.6 144.5  3.0 

.50 253,5 123.2 23.3 146.5 135.7 3.2 
000 266.9 150.9 24.5 175.4 121.8 3.4 

.50 276.2 175.4 2564 200.8 106.0 3.5 

.00 282,8 196.2 ' 	2600 222.2 9095 3.6 

.50 287.4 212.8 26.4 239.3 76.8 3.7 

.00 290,4 224.9 26.7 251.7 56.1 3.7 

.50 292.2 232.3 26.9 259.2 59.3 3.1 

292.7 234.8 '•' 26.9 261.7 57.0 3.7 
.50 22.2 232.3 26.9 259.2 59.3 ' 	3.7 

'00 290,4 224.9 2.7 251.7 66.1 367 

.50 287,4 212.8 26.4 239.3 76.8 3.7 

.00 " 	282.8 	' 	' 	- 196.2 ' 	26.0 222.2 	' 90.5 3,6 

.50 275.2 175.4 25.4 200.8 10600 3.5 

.00 255.9 150.9 24.5 175.4 121.8 3.4 

.50 253.b 123.2 23.3 146.5 135,7 3.2 

.00 233.9 	' 93.1 21.5 114.6 144.5 3.0 

.50 203.5 61,7 180? 80.4 142.8 2.6 

.00 152.6 31.0 14.0 45.0 11908 2.0 

•50 61.4 6.1 505 11.7 53.1 0.8 

.00 0.0 000 0.0 0.0 000 0.0 

.50 0.0 0.0 0.0 0.0 000 000 

.00 000 000 0.0 0.0 0.0 010 

.50 0.0 0.0 000 0,0 0.0 0.0 

.00 	•. 0.0 0.0 000 
' 

0.0 000 0.0 

.50 0.0 0.0 0.0 0.0 0,0 0.0 

.00 0.0 0,0 000 0.0 0.0 0.0 

.50 000 0.0 0.0 	 ' 0.0 040 0.0 

.00 0.0  0,0  " 	0.0 0.0 300 0.0 

.50 ' 	000 0.0 0.0 0.0 000 0.0 

.00 000' 0.0 000 0,0 0.0 0.0 

.50 0.0 0.0 000 0.0 000 000 

.00 3.0 	' 000 ' 	 000 	' 	' 0.0 000 300 
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HEAT CAPACITY = 0.24 eTu/LOM-F 

DENSITY = 145.00 LBM/FT**3 

THEPMALCONDUTIVITY = 0.53 BTU/HR-FT-F 

HEAT TRANSFER CEF.= 10.01 TU/HR-F-FT**2 

INITIAL TEMP. 	59,41 F 

NO, OF INTERIOR NUDES = 10 

DEPTH OF SLAB = 10.50 INCHES 

TIME INTERVAL 	0.50 HR 

DISTANCE INTERVAL = 1.05 INCHES 



SJLJIION TO HEAT FLOW PR)B_Ei BY CRA.'JK -NICOLSON '1ETHoD 

= 	0.00 HOURS 
59.41 59.41 59.41 59.41 59.41 59.41 59.41 59.41 59,41 59.41 59.41 

0.50 HOURS 
3,40 61.01 59.84 59.52 59,44 59.42 59.41 59.42 59,44 59.55 59,92 

T 1.00 HOURS 
75.45 65.83 61.62 60.13 59.64 59.48 59.45 59,47 59,57 59.86 60.49 

T = 	1,50 HOURS 
o.1 3  73.37 65.26 61.70 60.26 59.73 59,57 59.50 59.81 60.30 61.33 

T 2.00 HOURS 
52.41 70.46 64.38 61.53 60.31 59.67 59085 60.16 60.91 62,33 

1 2,50 HOURS 

115.1 6  91.76 76.65 68.04 63,52 61.34 60.45 60,29 60,68 61,68 63.54 

T 3,00 HOURS 
125• 100.75 83.23 72.3') 6b,16 62,87 61.37 60,97 61.39 62.63 64.91 

= 	3,50 HOURS 
135.25 109.07 89.84 77.14 69.32 64.88 62.67 61.94 62.33 63,77 65.44 

T = 	4.00 HOURS 
144.2 13' 116.65 96.23 82.06 72.84 67.29 64.33 63.21 63450 65,09 68,08 

4.50 HOURS 
151.2 6  123.52 102.30 86.99 76.59 70.02 66.32 84,76 64.91 66.57 69.81 

T5.00 HOURS 
157' 129.74 105.02 91.54 80.46 72.99 68.59 65.59 66.53 68.20 71.56 

T = 	550 .  HOURS 
162.8 5  135.41 113.39 96.5 84038 75.13 71009 68.64 68.34 69.93 73.30 

= 	6.00 HOURS 
140.60 118.43 101.12 88030 79.38 70.29 71.72 74,97 

r = 	6.50 HOURS 
172.09 145.35 123.15 105051 92.15 82.69 76.54 73.23 72.34 73.53 76.51 

HOURS 
175.90 149.68 127.56 109.72 95.99 86.03 79.41 75.68 74.43 75.29 77,88 

r = 	7.50 HOURS 
17.02 153,54 131.67 113.73 99.71 89,35 82.31 7E3. 17 76,53 76,97 79.04 

= 	8,00 HOURS 
181. 25156 . 84135 . 41  117.52 103.31 92.63 85.20 80.5 78.55 75.53 79.96 

T 8.50 HOURS 
182,20 159.39 138.70 121.04 105.76 95.83 88.05 83.10 80.55 79.93 80.52 

f= 9.00 HOURS 
11,29 150,89 141.38 124.21 110,00 98091 90.52 85.46 82.41 81.14 81000 



F = 	9.50 HOURS 
177.70 100.90 143.22 125.89 112.95 101,81 93.47 87.70 84.12 82.16 81.11 

T = 	10.00 HOURS 
143.88 128.9 115.52 104.47 95.95 89.80 85,66 82.96 80.96 

F = 	10.50 HOURS 
154,33 143.02 12.99 117.54 106.80 98.19 91.70 87000 83055 80.57 

T .... HOURS 
147.45 147.70 140.50 ,12.98 118.86 108.68 100.14 93.30 88013 83,92 79,96 

F = 	11,50 HOURS 
137,61 140,58 136,79 128.89 119.39 110.02 101.70 94.75 89,03 84.07 79.17 

F = 	12.00 HOURS 
133.58136,57133.30 127,18 119.22 110479 102.84 95.81 89066 84.02 73.23 

I- 



U 

NO. OF GLASS COVERS = 2 

INDEX OF REFRACTION FUR AIR = 1.0 

INDEX OF REFRACTION FOR GLASS = 1.526 

EXTINCTION COEFFICIENT = 0.174 1/INCH 

GLASS THICKNESS = 0.20 INCH 

SURFACE COLOR = 8_ACK 

EMITTANCE OF GLASS = 0.88 

EMITTANCE OF PLATE = 0.90 

ABSORPTANCE OF THE PLATE 	0.95 

REFLECTOR REF_LCTANCE = 0.95 

WIND VELOCITY = 10.0 MILE/HR 

MAXIMUM TEMP. = 77.00 DEGREES F 

TEMP. VAPIATUJN = 22.00 DEGREES F 



HR IDN 
0.0 

.50 0.0 

.00 0.0 

.D0 0.0 

.00 3.0 

.50 0.0 

.00 0.0 
0.0 

.00  

.50 0.0 

.00 0.0 

.50 0,0 

.00 0.0 

.50 0,0 

.00 52.6 

.50 

.00 - 	
- 	

209.8 
.50 241,7 
.00 261.8 
.50 	: 275. 1 
.00 28.2 
.50 290.4 
.00 294.4 
.50 29b.6 
.00 297.4 
.50 29b.6 
.00 
.50 293.4 
.00 2d4.2 
.50 270.1 
.00 261.8 
.50 241.7 
.00 209.8 
.50 154.6 
.00 52.6 
.50 0.0 
.00 •-- 

-- 
0.0 

.50 0.0 

.00 0,0 

.50 0.0 

.00 0.0 

.50 0.0 

.00 0.0 

.50 0.0 

.00 0.0 

.50 0.0 

.00 0.0 

.50 0.0 

.00 0.0 

ID IDIF WD 
0.0 	- 0.0 0.0 
0.0 0.0 0.0 
000 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 000 
0.0 0.0 000 
000 0.0 0.0 
0.0 0.0 000 
0,0 0.0 0.0 
0,0 000 0.0 

0.0 - 0.0 
0.0 0.0 0.0 
4.3 3.8 •8,1 

27.7 11.3 39.0 
57.0 15.3 72.3 
88,4 17.0 104.1 

114.0 19.1 133.1 
138.5 20.1 158,6 
159,5 20.7 180.2 
170.2 21.2 197.4 
188.4 21.5 209.9 
195.8 21.7 217.5 
19803 2107 220.0 
19508 21.7 217,5 
188.4 21.5 20909 
176.2 21.2 197.4 
15905 20.7 180,2 
138.5 20.1 158.6 
114,0 19.1 133.1 
86.4 17.6 104.1 
57.0 15.3 72.3 
27.7 11.3 39.0 
4.3 3.8 801 
0.0 0.0 000 
0.0 0.0 , 	 0.0 
0.0 0.0 000 
000 0.0 0.0 
0.0 0.0 0.0 
000 060 000 
0.0 0.0 000 
000 0.0 0.0 
0,0 0.0 0.0 
0.0 0.0 040 
0.0 000 0.0 
060 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 

[DR 1)IF 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0,0 0.0 
0,0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0,0 0.0 
0,0 0,0 
0.0 0.0 

34.6 0.5 
92.6 2.2 

113.2 3.0 
116.6 3.5 
112.1 3.8 
104,1 4.0 
95.2 4.1 
86.9 4.2 
80.2 4.3 
75.9 4,3 
74.5 4.3 
75,9 4.3 
80.2 4.3 
85,9 4.2 
95.2 4.1 
104.1 4.0 
112.1 3.8 
115.6 3.5 
113.2 3.0 
92.6 2.2 

0.8 
0.0 0,0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0,0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0,0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0,0 0.0 

3! 
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NTH = 10 
	

DECLINATION = -12.10 DEGREES 

TITUDE = 35.07 DEGREES 
	

SUNRISE 	6.57 0UR 

NGITUDE 	97.05 DEGREES 
	

SUNSET = 17,43 HOUR 

ENING ANGLE = 30.0 0E0EE5 	 _OCAT ION = ST f__WATER 
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HEAT CAPACITY 	0.24 3TU/LUIM-F 

DENSITY = 145.00 LBM/FT3 

THERMAL CONDUCTIVITY = 0.53 BTU/HR-FT-F 

HEAT TRANSFER CJEFF.= 10.01 BTU/HR-FFT*2 

INITIAL TEMP. 	55.93 F 

NO. OF INTERIOR NUDES = 10 

DEPTHCJF SLAB = 10.50 INCHES 

TIME INTERVAL 	0.50 HR 

DISTANCE INTERVAL .= 1.05INCHES 	 ' 



S -JUl ION TO HEAT FLOW 	PPJtE'l 	BY CRANK-NICOLSON METHOD 

r = 	0.00 HOURS 
35.93 55.93 55.93 55,93 55,93 55093 55.93 5.93 55.93 55.93 55.93 

T = 	0.50 HOURS 
5.95 57.01 56.22 5ce.01 55.96 55,94 55.94 55.95 55.98 56,12 56.63 

T = 	1.00 HOURS 
53,46 50.54 57.50 55.44 56.10 55.99 55,97 55.01 Sb,15 56.53 57.37 

r = 	1.50 HOURS 
7,b3 55.48 60.27 57,60 5b.55 56.18 5.09 56.17 56.45 57.09 53.40 

= 	2.00 HOURS 
73.99 64.44 59.70'" 57.53 55.63 56,35 56,44 58,88 57,83 59.57 

T = 	2.50 HOURS 
102,94 82.15 69.63 b2 ., C38 59.12 57.46 56.86 5.89 57.47 58.72 60.94 

I = 	3.00 HOURS 
113.27 90030 75.37 66.36 61.31 58.74 57,66 57.56 58.23 59,77 62.44 

T = 	3.50 HOURS- 
122.4 5  98010 81.32 70.50 64.01 60,45 58,80 58.47 59,20 60.98 64.05 

T = 	4.00 HOURS 
13).55 105.39 87.23 - 	74.91 67.10 62.55 60,28 59.66 60,36 62.34 85.75 

T = 	4.50 HOURS 
137.63 112.09 92.96 79.44 70.47 64.98 62.08 61.12 61.74. 63,83 67.45 

r 5.00 HOURS 
143.76 118019 98.42 83.97 74.02 67,68 64.15 62.81 63.29 65.41 69.15 

T 5.50 HOURS 
145.9 123.68 103.56 a8.41 77.66 70,57 66,45 64.72 65.00 67.06 70.78 

6,00 HOURS 
153.24 128.53 108.33 92.72 81,32 73.59 68.92 55.80 56.82 68.72 72.28 

r = 	8.50 HOURS 
i55.49 132.69 112.69 96.82 84.95 76.68 71.1 69,99 68.72 70,36 73,51 

= 	7.00 HOURS 
153.55 136,08 115.57 100.67 88.49 79.78 74.18 71.26 70.63 71.93 74,74 

r = 	7.50 HOURS 
i59 138.53 119.87 104.20 91088 82.85 76.86 73.55 72953 73038 75063 

= 	8.00 HOURS 
157.79 139.81 122.46 A07.31 95.05 85082 79.51 75.82 74.36 74.70 75.26 

T = 	8.50 HOURS 
153.98 139.60 124.15 109.90 97.92 88,64 82.07 79,01 76.09 75.83 76.52 

r 9.00 HOURS 
147.26 137.52 124.70 111.79 100.38 91.21 84,48 80.08 77,67 76.77 75.71 

N) 



9.50 HOURS 
137.92 133.44 123.89 112.H3 102.32 93,47 tit, . 69 81.8 79.09 77,50 76,54 

r = 	10.00 HOURS 
127.81 127.84 121.75 112.90 103.63 95.31 88.61 83.57 80.29 78,01 75.13 

r 10.50 HOURS 
12a.14 122,11 118.73 112.09 104.24 95.56 90.18 85.09 81.26 78.29 75.49 

T = 	11400 HOURS 
12J,46 118.82 115.95 110.80 104.27 97.51 91.37 80.20 81.98 78.35 74.58 



NO, OF GLASS COVERS = 2 

INDEX OF RLFRCUN FOR AIR =loo 

INDEX OFREFRACTIC)N FOR GLASS = 1,526 

EXTINCTION COEFFICIENT 0.174 1/INCH 

GLASS THICKNESS = 0.250 INCH 

SURFACE COLOR = BLACK 

EMITTANCE OF GLASS = 0.88 

EMITTANCEOF 3 LATE = 0,90 

A3SORPTANCE OF THE PLATE =0.95 

REFLECTOR REFLECTANCE 	0.95 

WIND VELOCITY = 10.0 MILE/HR 

MAXIMUM TEMP. = 62.00 DEGREES F 

TEMP. VARIATIJN= 22.00 DEGREES F 

Ui 



NTH 	11 J{LCLINATION 	-U,b4 DEGREES 

riruDE 	35.07 DEGREES SUNRISE 	= 	6.93 	-iO 

NGITUDE 97.05 	DE0EE5 SUNSET 	17.01 	HJUR 

ENING ANGLE = 	70.0 	DEGREES _UCATIUN = 	TLLLWATER 

HP ION It) IDIF WE) IDR I)IF 
.00 0.0 010 000 0,0 0,0 900 
.50 0.0 0.0 0,0 0.0 9.0 3.0 
.00 3.0 0.0 0.0 000 0.0 0.0 
1 50 0.0 0.0 0.0 040 910 3.0 
.00 3.0 000 0.0 0,0 0.0 0.0 
.50 0,0 0.0 0.0 000 0.0 0.0 
.00. 3.0 0.0 000 000 3.0 0.0 
.50 3,0 0.0 0.0 0.0 0,0 0.0 
.00 0.0 0.0 0.0 0.0 3.0 0.0 
.50 3,0 0.0 0.0 000 0.0 0.0 
.00 0,0 0.0 000 0.0 0.0 000 
.50 0.0 0.0 0,0 000 0.0 000 
.00 3.0 0.0 0.0 0.0 000 0.0 
050 0.0 0.0 0.0 0.0 000 0.0 
.00 0.0 0.0 000 0.0 3.0 3,0 
.50 82.9 5,2 4.0 9.1 33.3 1.1 
.00 181.7 27.6 10.2 37.8 8D. 2.8 
.50 214.5 54.3 13.5 67,9 9.8 3.7 
.00 24D.5- 60.4 15.5 95.8 10509 4,2 
.50 264.8 104.0 15.7 120.6 10813 
.00 277,4 124.2 17.5 141.7 107.1 4.8 
.50 285.8 140.4 18.0 158.4 104.9 
.00 291.1 152.3 18.3 170.6. 102.9 5,0 
.50 294.1 159.5 18.5 178,0 101.4 5.0 
.00 295.0 16109 18.5 180.5 100.9 5.1 
.50 294,1 159.5 18.5 178.0 101.4 5,0 
.00 291,1 152.3 18.3 170.6 102.9 5.0 

283.8 140.4 18.0 158.4 10419 4,9 
.00 217.4 124,2 17.3 141.7 107.1 4.8 
.50 284.8 104.0 16.7 120.6 108.3 4.5 
.00 245.5 80.4 15.5 95.8 10519 4.2 
.50 214.8 54,3 13.5 67.9 9908 3.7 
000 181.7 27.8 10.2 37.8 80,2 2.8 
.50 82,9 5,2 4,0 901 33.3 1.1 
.00 3.0 0.0 0.0 0,0 000 3.0 
.50 0.0 0.0 000 0.0 0.0 010 
.00 0.0 000 0,0 0.0 0,0 3,3 
.50 0.0 0.0 0.0 - 	0.0 000 0.0 
.00 0,0 0.0 0.0 0.0 000 0.0 
.50 0.0 0.0 0.0 000 0.0 0.0 
.00 0.0 000 0.0 0.0 0.0 0.0 
.50 3.0 0.0 0.0 0.0 0.0 340 
.00 3.0 000 0.0 0.0 000 0,0 
.50 3.0 0.0 0.0 000 0.0 0.0 
.00 0.0 0.0 0.0 0.0 0.0 0.0 
.50 3,0 0.0 0.0 000 0.0 3.0 
.00 3.0 0.0 0.1) 000 3.0 0.0 
.50 0.0 0.0 0.0 0.0 3.0 0.0 
.00 0.0 000 0.0 0.0 0.0 060 

N) 
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HEAT CAPACITY = 0.24 E31U/LMM-F 

DENSITY = 145.00 LUM/FT**J 

THERMAL CONDUCTIVITY = 0.53 €3TU/HR-FT-F 

HEAT TRANSFER CDEFF. 	10.01 TU/HR-F-FT*2 

INITIAL TEMP. = 41.41 F 

NO. OF INTERIOR NODES = 10 

DEPTH OF SLAB 	10.50 INCHES 

TIME INTERVAL 	0.50 HR 

DISTANCE INTERVAL 	1,05 INCHES 



5 JLJTLON TO HEAT FLOW PRJSLEM BY CRANK-N1COLSON METHOD 

T = 	0.00 HOURS 
41-41 41 • 41 41 .41 41.41 41.41 41 .4 1 41 .41 41.41 41.41 41 .4 1 41 .41 

r = 	0.50 HOURS 
44.90 42.35 41.66 41.48 41.43 41.42 41.42 41.44 41.50 41.73 42.59 

T = 	j..00 HOURS 
45.37 42.76 41,85 41.55 41.47 41.47 41.53 41.75 42.30 43.37 

= 	1.50 HOURS 
51,91 50,49 45,14 42.85 41.96 41.64 41,60 41.74 42.14 42,98 44,67 

= 	2.00 HOURS 
72,67 37.1348.79 44.87 42,81 42.06 41488 42.07 42.65 .43.86 45.95 

2.50 HOURS 
53.37 64.56 53.42 47.31 44.21 42.82 42.38 42.55 43,34 44.86 47.49 

r 3.00 HOURS 
3.39 72.21 58.68 50.62 45,18 43.98 - 	43.16 43.2o 44.17 46.01 49.06 

= 	3.50 HOURS - 
132,44 79.88 64.24 54.44 48.55 45.56 44.25 44.19 45.19 47.29 50.74 

4,00 HOURS 
113.39 86.73 69.85 59.57 51.52 47.52 45.66 45.37 48.58 52,42 

4.50 HOURS 
117,16 93.19 75.33 62.85 54.69 49.81 47.37 46.79 47.75 50.16 54.09 

F = 	5.00 HOURS 
122,66 98.92 80.52 t7.15 58.04 52.36 49.35 48.44 49.27 51.70 55.63 

= 	5.50 HOURS 
125.7ö 103.62 85.3 71.34 61,49 55.11 51.54 50,27 50,92 53.2S 57.15 

r = 	6.00 HOURS 
129.37 107.75 89.56 75.32 64.93 57.97 53090 52.25 52.64 54.79 53.43 

5.50 HOURS 
133.21 110.57 93.16 73.98 68.28 60.87 56.35 54.32 54.41 56.26 59055 

=7.00 HOURS 
129.01 112.08 95.96 82.21 71.45 63,73 58.84 55.44 56.17 57,64 60.42 

7.50 HOURS 
125.46 112.06 97.81 8.89 74.33 66.48 61.30 59.55 57.87 58.87 61003 

= 	8 -.00 HOURS 
119,43 110.31 98.53 86.87 76.82 69.02 63.66 60058 59.48 59.94 61.35 

= 	8.50 HOURS 
111.40 106.85 98.02 88.04 78.80 71.28 65,84 62.48 50,95 60081 61,43 

T 9.00 HOURS 
132.88 102.16 96.35 88.34 60.21 73.16 67.78 54020 62,24 61.47 61.24 

N 



9.50 -OuRS 
95.33 97,37 	93.94 	87.87 	60.99 	74.50 	59.41 	65.69 	53.31 	61.90 	60031 

r 	= 	10.00 HOURS 
95.92 94,46 	91.67 	85.95 	81.25 	75.59 	70,69 	65.99 	64.15 	62.10 	63,15 

1 	= 	10.50 HOURS 
93.55 92.83 	90.06 	85.05 	81.20 	75.10 	71.61 	67.79 	64.72 	52,05 	59.31 

C 



NO. OF GLASS COVERS = 2 

INDEx OF EFRACTIDN FOR AIR = 1.0 

INDEX OF REFRACT IUN FOR GLASS = 1.526 

EXTINCTION COEFFICIENT = 0.174 1/INCH 

GLASS THICKNESS = 0.250 INCH 

SURFACE COLOR = BLACK 

EMLITANCE OF GLASS = 0,86 

EMITTANCE OF PLATE = 0.90 

ABSORPTANCE OF THE PLATE = 0.95 

REFLECTOR REF_ECTANCE = 0.95 

WIND VELOCITY = 10.0 MILE/HR 

MAXIMUM TEMP. = 54,00 DEGREES F 

TEMP. VARIATIJN = 22.00 DEGREES F 



I DR 
000 
0,0 
0,0 
0,0 
0,0 
0.0 
0.0 
0.0 
3,0 
0.0 
3.0 
0.0 
0,0 
0,0 
0.0 

10.8 
62.2 
84,9 
9208 
94..2 
92.8 
90.5 
88.2 
85.6. 
85,0 
85.6 
88o2 
90.5 
92,8 
94.2 
92.8 
84.9 
62.2 
10.8 
0.0 
3.0 
3.0 
0 • .0 
0.0 
0,0 
0.0 
0.0 
0,0 
0.0 
0,0 
0.0 
0.0 
0.0 
0.0 

ID I 
0.0 
0,0 
0,0 
3.0 
000 
0.0 
0 • 0 
0.0 
0.0 
0.0 
0 • 1) 
0.0 
0.0 
0.0 
0.0 
0.3 
2,1 
3.2 
3, 7 
4.1 
4,3 
404 
4.5 
4.5 
4,6 
4.5 
4.5 
4.4 
4,3 
4,1 
3.7 
3.2 
2.1 
0,3 
0.0 
000 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0,0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

JNTH 	12 
	

DECLINATION = -23.44 DEGREES 

TfTUUE 	35.07 DEG --ZEES 
	

SUNRISE = 7.33 -OUR 

JNGITt3OE 	7,05 DEGREES 
	

SUNSET 	15.97 HOUR 

ENING ANGLE 	70.0 DEGREES 
	

LOCAtION = STILLwATER 

HR ION ID IDIF 
).00 000 000 0 0 0 

3.0 0.0 0.0 
000 000 0.0 
3.0 0.0 0.0 
0.0 0.0 0.3 
010 0,0 0,0 

000 000 ., 	000 040 
.50 3.0 000 0.0 

0.0 0,0 0.0 
.50 0.0 	- 000 0.0 

).00 3.0 0.0 000 
0.0 0.0 0.0 

00o 3.0 0.0 0.0 
p.50 000 040 0.0 

000 0.0 0.0 
22.3 1.1 1.3 

.00 130.2 10.9 7.9 

.50 203.4 44.2 11.0 

.00 239.7 6905 13.7 

.50 261.8 92,7 14. 

.00 278.1 112.61 1507 

.50 28.4 120.7 15.3 

.00 2Y1 .2 140,4 16.5 
147.5 1 6 .8 

.00 29505 149.9 16.0 

.50 29,5 147,5 16,8 

.00 291.2 140.4 16.6 

.50 285.4 128.7 16.3 

.00 275ol 112.6 . 

261.8 92.7 14.9 
.00 239,7 69.5 13.7 
.50 	. 203.4 44.2 11.6 
.00 130,2 18.9 7.9 
.50 22.3 101 1.3 
.00 0.0 0.0 000 
,.50 0.0 0.0 . 	 0.0 
.00 000 0.0 0.0 
.50 0.0 0.0 0.0 
.00 0.0 0.0 0.0 
150 000 000 0.0 
.00 o.o 0.0 
.50 0,0 0.0 0.0 
.00 0.0 0.0 0.0 
.50 0.0 000 0,0 
.00 --- 	__0.0 0.0 000 
.00 3.0 0.0 0.0 
.00 000 040 0.0 
050 300 000 000 
.00 000 - 	 0.9 0.0 

Mol 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0. 0 
0,0 
0,0 
0.0 
0.0 
0.0 
2.4 

26.8 
55.8 
83.2 

107,6 
128.4 
144.9 
157.0 
164.3 
166.8 
164,3 
157,0 
144.9 
128,4 
107.6 
83,2 
55.8 
26.8 
2.4 
000 
0,0 

0.0 
0.0 
0.0 
0.0 
0.0 
000 
0.0 
0,0 
0.0 
0.0 
0.0 
0.0 
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HEAT CAPACITY = 0.24 BTU/LBM-F 

DENSITY = 145,00 L3M/FT*3 

THERMAL CONDUCTIVITY 	0.53 BTU/HR-FT-F 

HEAT TRANSFER CjEF.= 10.01 BTU/HR-F-FT**2 

INITIAL TEMP. = 33.57 F 

NO, OF INTERIOR NODES = 10 

DEPTH OF SLAB = 10,50 INCHES 



SLJT ION TJ HEAT FLOW PRDBLEM BY CRANK-NJICOL5ON METHOD 

I = 	0.00 HOURS 
33.57 33.57 33.57 33,57 33.57 33.57 33.57 33,57 33,57 33.57 33057 

r = 	0.50 HOURS 
35.40 34.06 33.70 33.61 33.58 33.58 33.58 33a 54 33,64 33.84 34.57 

I = 	j,00 HOURS 
43.72 36.05 34.39 33.83 33.65 33.51 33.61 33,58 33.87 34.38 35.42 

I = 	1.50 HOURS 
43.73 39.99 36,10 34.52 33.92 33.73 33.72 33.55 34.24 35,05 35,67 

= 	2,00 HOURS 
53.11 45,48 33.96 35.88 34.54 34.03 33.94 34.16 34.75 35.91 37.98 

I = 	2.50 HOURS 
7,7b 51.91 42.81 37.99 35.63 34.62 34,35 3051 35.40 36.90 39.49 

T = 	3.00 HOURS 
75,97 58.72 47.34 40.75 37.23 35.55 35.00 35.24 35.20 38.04 41.07 

I 3.50 HOURS- 
85.39 65.49 52.25 4403 39.30 35.87 35.93 35.07 37.16 39.29 42.74 

I 4.00 HOURS 
92.00 71.93 57.27 47.55 41,77 315.54 7!13 38.29 40.65 44.41 

I = 	4,50 HOURS 
99.11 77.85 52.22 51.45 44.54 40.53 38.65 33.42 39.57 42.09 46.07 

I 5.00 HOURS 
104.19 83.11 66.93 55.30 47.52 42.78 40.41 39.91 41.00 43.57 47.64 

1 5.50 HOURS 
107.9 4  87.58712759.0E3 50.60 45.22 42.37 41.5842.53 45.07 49.10 

I = 	5.00 HOURS 
113.18 91.13 75.11 62,67 - 	53.69 47,79 44.49 43.38 44.14 46,54 50433 

r = 	6.50 HOURS 
11.73 93.58 78.33 65.95 5b.70 50.40 46.71 45.28 45.79 47.94 51.45 

1=7.00 HOURS 
109.23 94.75 80.79 68.84 59.55 52.98 48.97 47.22 47.42 49.25 52.31 

I = 	7.50 HOURS 
15.53 94.47 82.32 71.19 62.12 55946 51,21 49.15 49.01 50.41 52.89 

Lu 

I = 	8.00 HOURS 
-99,73 92.59 82.79 72,89 64.32 57.75 53.34 51001 50.49 :51.40 53.21 

I = 	8.50 HOURS 
9.45 89m28 82.15 73.83 66.05 59,76 55.32 52.75 51.84 52.20 53,25 

= 	9.)0 HOURS - 
5.39 85.14 80.56 74.00 67.25 61.42 57.06 54.31 53.01 52.79 53.05 
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TABLE II 

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) 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 

My (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 181.5 90.0 

August (Natural Surface) 168.4 90.0 

September 143. 9 90.0 

September (N = 1) 137. 8 90.0 

September (Natural Surface) 133. 7 90.0 

October 124.7 

November 

 80.0 

98.5 70.0 

December 82. 8 70. 0 

* If surface color not indicatd 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 

138 





If) a a a a a a a a e a a • a a a a a a a 	a 0 0 a • I 	a I 	a a . a I a a a a a a a a a a a a a a 

c'r,c 	 c(OOOCC&jCiiCOO 	: 

140 

Ii 
b4 5a •5a,aa .assaaS 4054a050054 as... •500 SI 000400 a  a a,.. 

0C'c.C0000CH0D0(Jr'N4 ,t4- .t -± <t t<r4d 4 nN—n000 COO 0000000C' 
b-I 

O 00000000000DcO 0Lfl..4 tb_ 	 -'O--O .4)'O - -4- -Iit) 000 0000000 00000 
a a 	a a.s.s..s a. a. •a.a  a a Os.,. a...... a • 5 55 • a a a a a. 05 a 

-- 00000000000000 O.IOt1 ' NO0 'OO O 0 ON 	'0 -0000 000.D 000 C' 00 

UI 	 c'c Co occ- Ooc000c 000(70 1c\iO'0 —'ONflc 0OrC0C0CO00C00O000 
lii 	 0 a a a • S a a a a a a a a a I a a a 0 5 a a a a S a a a  a a a 5 5 4 0 a a a a a a 5 5 a a a a a S 

C' C C 0 0 C CCC) CO CO C) 0 -i--b  - ' 10 '0 ) it) mo r) it) ') O it) 0' — '- — C 00 00 0 cu cc CO C' ac 
10 
Lii  
0 

— 	 ui 
o 	J 	- 

Tn 

J 	 . 	 - 

11 	• 	 1LCr(-C CC0C QCCLf) 	CC-.0Cr1it 01 	O'O0'10.-10OC CC'oCCOCC*-  CO 
. fl .- a a • a a S 5 S 5 5 a 5 0 a S S if a S if a a a a a a a a a * 5 S if a a a a a a a  a a a a • a a • • 

Z  
C) LI 4 I .m *4 — — . "4 .-4 r-4 .-' — r-* — -.a ,.. 

I- 	II 	Z 
- 	IV 	0 	 1 
Z U) — 

L " 
J 	C' 	C)) 
(_)ZZCI 

 
Ui J 	0 	

1 

CCC: CO0000CCC 
C' a aSs 64555055a0a S.Oaa SO.. 5500.. 50405500. a a •.e.G . • 0 
— CC; C) C C 	Cc: CC CC C C'-OC.i fl 0' 0' slfl OIl) T) -O C' 0' L0OC '0C'c, 0CC 000CC CO 'O 

C)LflOC N410'UO'C)it)-tiC: rj if) : 

LU 
(1) 

It, 

1) 	:iJ 	t 

C' 	 I 

1iI 0 s Z 	c 	'ocoCOo 	 N-fl 	i - N 	'lC0N)ç CO C)OLiQC'O00c 
a-,S .0550*5 	qaS* .0 00 saaaaa.*., S • 0.. • •*05a 545500 

I)) N -4Ct)00C)0CC'Ci0C)OC4CC'N 	 N--lflCl fN0OCQ0QO00000C)Or. 

• 	 :'JNNNNNCl'l1CiNCitcI'JC'I.-., 

w 	 I 	I 	 I 

II 	.z 	 I 	 1 
• 	II 	( 

It 	••) 	) 	) 

b.-4'.''b,, 



<C0oO 'L(JOC )cr)()l 0 flQ0O000oOCOC)L0(O 

141 

—O 00000 CIO C) 00 C)C) 'D r4) NC IIOC)I C ') rn C(' Of) C) C) N C) 000 C) 00 oC 000 000c) 
a a , . a • S • S S a S S S a a • S S • a S S a S  S S a a a S a a a • a a S a a a a a a a a a a S 

Cfl0flC'0Q00QoOQ00000 

u_a a  a a. 00. a . 0 a 	a aS a aa a a. a a a a a.. a .aa a a a a a. S a•. a a a a a a 

<- -o 00" 0" CO 0 n 1-0 -0 '0(0 0 a-' - - -'i 4 o N 0' '-4 !' 	'0 N (0 0' 0' 00' 0' CON- '0tf) 4 N - C-' x N '0 CO 	l N ' 

I C c'(.,  C COO 00 C 0 0 C 00 4 COCO * CO N-a- 0' 0' 0' 0' N- CO — (0 '0 — c 000 C C C 00000000 
O..o0000 o0c- 0000000—NCl4 flUD.I) 4 C"J -'Q00Q0030QQOQO00 
<a a a a. a a a. a 	a a.. a. a.. a a a  a a... a. a a. a a a. a.. a. a. a a a a a 

)-0 0C C' oc CC 000 0 on- 0c0000 000000000000000 CO3000Q0C' 0000 

ZcC0oc-'-CoCc C0 CNC0' fl- rOC-0'(0'0rCCCOoC00C0C0O0 
— Sea.., a... sea Sea C •* * • a C C at a CaSa.aaaa * a a a a a  
2L (L'0 C. c, c, C 0000 CL (0*N4  C OCO O'NC'i-'0flC: o—,  N l0C oc CC C'0( 000 o  

•_. —4 a * .._ ._ .- 	 - 	 - 

a S a a • a a S a a a a S * C a a a a • a a a a a a a a S -a S S S a a a C a S a a 	a a, a . • a a 

)—CC0CC:o0CCCOCCOLCC'C'4OC $CcJU)C'Nr1r 0'CJ(.:C(CUCCO0CCC 
C3 	 NNflCl00J— 	

- 

4 
- a a a S S • a a a a * S C * C S C a a  a S 	S S S 	C C • a * a S C S S S  S C S C C S S C a a 

E 000 ( Ci 000 C Ci ) C' C)0C4 —4 * N- 1 0 0 TO 4-040CC Cl 	- '-4 00CJ() 000000000 Ci 

ciNNNNNN0JNNN-4-4 

I - 

C'O''QL 
1' l'' O'Z - - ;1' lC'•f ) C 	 C 	 '2 .l• 'f 	CO) fl01floiDci-f))(i, f) - ) 00iI0 

- 	- 	- 	- 	- 	- 	- 
 

-- - - - - - - - - - - - - - a. a S • * S •Ia***C,a 5*0* •*a 0 





SOLUTION Tu HLT FL-,: 	PRUjLE:i Oy CANK-N1CCL5UN MFTr$OD 

T HOURS 
29.J9 29,39 28.i9 2 ,4 .:39 29,39 29.39 29.39 29039 29.39 29.39 29.39 

I .5CRS - 
32.86 30.32 29.b4 29.45 29,40 29.39 29.39 29.41 29.47 29.71 30.50 

0 HOURS 
33,20 3.7( 29.81 29.52 29,44 29.44 29.51 29973 30.29 31.3o 

I = 	i.5(' HOURS 
7, 32,92 30,78 29.91 29.61 29.57 29.71 30.12 30.97 32,b7 

I = 	2,00 HOURS 
4,3,94 36.27 32.45 3(.71 30.01 2)4 3".4 30.64 31.85 33.95 

T 2 . 3C H OURS - 
67," 5),o4 40,48 34.87 32.01 30.72 30.33 35.53 31.32 32,85 35,48 

T= 3,QQHIIURS 
76.b7 57.62 37.58 33.82 31,31 31.07 31.22 32.15 34,00 37.05 

I = 	3.50 HOURS 
33.2732.10 32.12 33.1535927 38,74 

= 	4.00 HOURS 
9 1.98 7.55 55.31 45.08 38.69 35.07 33.43 33.25 34.33 36.66 40.41 

98.12 76.42 oC,26 45,98 41.57 37.18 35.03 34.61 35.66 38.12 42908 

103,17 81,03 64,97 52,86 44,53 39.53 36.07 3h.17 37.13 39,63 43,58 

= 	5.50 HOURS 
57 778 42.95 38.91 37.91 '38.72 41.15 45.12 

I = 	5.30 HOURS 
139,54 89.77 73.22 60.31 5C.93 44.68 41.10 39.78 40038 42.66 46,42 

............ 
- 

110,53 92.40 75,56 63.65 54.01 47.35 43.39 41.73 42.07 44.09 47.50 

Z.._ti0of:S.  ------ . ., ..- 	........ . 
1CY,73 94,01 79,20 66.67 56,93 50001 45.71 43,72 43.74 45,42 48036 

I 7.50 HOURS 
106,8594,2O 81.02 69.19 59*61 52*56 48.00 ,. 5 ! 70  45.36 46.60 48.95 

T = 	8.30 HOURS 
101.74 92.s6 61.84 71,10 61.95 54,94 50.20 47.61 46,88 47.62 49.27 

-. 
94.73 3;.97 31.56 72.30 63.85 57,C5 52.25 49,40 48.27 48.44 49,33 

T,= 9.00' ,H0JRS .• .,. 	....... 
k37.'7 88,90 80.22 72072 65.23 58086 54.09 51.02 49.48 49.05 49012 



I 	= HOURS 
1.&2 7d.1o 	72.42 66.06 	60.25 	55. 	52.42 	50.+8 	49.44 

T 	= 	IC.CO HJRS 
d('.2o 73.J 76.10 	71.7G 66.40 	61.24 	5d.7 	53.56 	51.26 	49.60 	48.01 

T 	= 	jO.bO HOUk3 
76.10 77.i 74.71 	70.92 66943 	61,87 	57.77 	54,42 	51.78 	49.55 	47,16 

-,.- 
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NO, OF GLASS COVERS = 2 

INDEX OF RFFPACTJL)N FOR AIR = 1,0 

INDEX OF REFRACTION' FOR''GLASS = 1.526 

EXTINCTION COEFFICIENT = 0.174 1/INCH 

GLASS THICKNESS = 0.250 INCH 

SURFACE COUP = NATURAL CONCRETE 

EMITTANCE OF GLASS = 088 

EMITTANCE OF DLATE = 0.78 

ABSORPTANCE OF THE PLATE= 0.78 
	

1 

REFLECTOR REF..ECTANCE = 0.95 

WIND VELOCITY 	iO,0 MILE/HR 

MAXIMUM TEMP. = 85.00 DEGREES F 

TEMP. VARIATIJN 	22.00 DEGREES F 

u-I 



NTH ECL1NATI0N ' 	23.45 DEGREES 

IITUDE 	= 35.07 DEGREES SUNRISE 4.97 HOUR 

NOITUDE 97.05 	DEGREES SUNSET = 19.03 	-JUR 

EN.NG  ANGLE = 	90.0 0EGEES .DCAT10N = STILLATER 

HP ION ID IDI= WD IDR 1D1F 
.00 0.0 0.0 0.0 o.o 0.0 0.0 

0.0 0.0 0.0 0.0 000 0.0 
.00 0,0 0.0 0.0 0.0 000 0.0 
*50 0.0 	', 0.0 0.0 0,0 040 0.0 
.00 0.0 0.0 0.0 0.0 000 0,0 
.50 3.0 000 0.0 0.0 000 0.0 
.00 000 0.0 '0.0 000 0,0 0.0 
.50 u 0 0 000 0.0 o,o 000 000 
.00 0.0 0.0 0.0 0.0 000 0.0 

0.0 0.0 0,0 0.0 000 0.0 

000 000 o.o 0.0 000 3,0 
.50 77.7 10.7 10.4 '21.1 33.9 1.4 
.00 143.8 33.7 19.3 5300 85.4 2.7 

61.5 24.9 86.4 126.5 3.5 
.00 213.3 90.9 28.5 11905 162.4 4.0 
.50 "' 	232,3 	 ''I20.3 ' 31.1  151.4 193.8 4.3 
.00 2+5.9 148.8 32.9 181.7 221.2 4.6 
.50 255.8 175.4 34.3 209.7 241,3 4.8 
.00 263.3 19908 35.3 235.01 234.5 4.9 
•So 	''' 258.9 221.2 257.2 225.7 5.0 

273.1 239.3 36.5 275,9 218,7 5.1 
.50 275.0 253.8 37.0 290.8 211,6 5.1 
.00 278.1 264,3 37.3 301.6 20600 5.2 
.50 270.2 270.7 37.4 30801  202,4 5.2 
.00 270.b 272.9 37,5 310.3 201.2 5.2 
.50 279.2 270.7 37.4 308.1 202.4 5.2 
600 ' 	28.1 264.3 37.3 301.6 205.0 5.2 

27,0 Z53.8 37.0 290.3 211.6 5.1 
'00 273.1 239.3 35.5 275.9 218.7 5.1 
.50 '208.9 221.2 36.0 257.2 226.7 5.0 
'00 2i3.3 	, 19908 ' 35.3 235.0 234.6 4.9 

255,8 175.4 34,3 209.7 241.3 4,8 
24509 148.8 32.9 181.7 221.2 4.5 

.50 232.3 120.3 31.1 151.4 19308 4.3 

.00 213.3 90.9 '28.6 '119.5 152.4 4,0 
105.7 	 ' 61.5 24.9 86.4 125.5' 3.5 

.00 143.8 	 ' 33.7 19.3 53.0 85.4 2.7 
650 77.7 10,7 10.4 21.1 38.9 1.4 
.00 0.0 000 0.0 000 000 000 
.50 0.0 ','' 0.0 	' 0.0 0.0 '000 
.0.0 000 0.0 0.0 0.0 0.0 000 
.50 0.0 0.0 000 0.0 000 000 
.00 0,0 0.0 000 0.0 0.0 000 
.50 000 0.0 000 0,0 0.0 0.0 
.00 0.0. 000 0.0 000 0,0 0.0 

0,0 0.0 000 0.0 0.0 0.0 
100 300 	, 000 000 0.0 0.0 0.0 

0.0 000 0.0 000 0.0 . 	000 
.00 000 .000 000 000 0.0 	' , 	000 
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toe) 
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HEAT CAPACITY 	0.24 BTU/LBM-F 

DENSITY = 145.00 LE3M/FT**3 

THERMALCuNDUCTIVtTY 	053 BTU/HP-FT-F 

HEAT TRANSFER CJEFF. 	10.01 TU/HR-F-FT*2 

INITIAL TEMP. 	63,02F 

NO. OF INTERIOR NODES = 10 

DEPTH OF SLAG = 10.50 INCHES 

TIME INTERVAL 	0.50 HR 

DISTANCE INTEVAL = 1.05INCHES 

03 



SJLJrION t3 HEAT FLOW 	PPJL3._1 	BY CRANK-NLCOLSON METHOD 

0.00 HDUS 
53.02 b3,02 63,02 63.02 83,02 63,02 63,02 3,02 83,02 63,02 63.02 

1-  = 	0.50 HuURS 
53.38 54.46 63.41 63.13 63.05 63.03 63.03 63.03 63.03 63.05 63.13 

T 1.00 HOURS 
77,85 68,66 64.96 63.67 63.23 63.09 63.05 63.04 63.07 63.16 53.40 

1.50 HOURS 
75.52 68.25 65.06 •  63.78 63.30 63.13 63.11 63.17 63,37 53.83 

2.00 HOURS 
1)1.21 65.05 67.57 64.93 63.80 63.37 63,26 63,35 63.71 64.45 

2.50 HOURS 
123.68 96,10 80.00 71.28 66.85 64,75 63.84 63.56 63.68 54.20 65,29 

3.00 HOURS 
14.35 108.03 87.87 75.08 69058 66.23 64.56 . 	64,09 54,18 64.87 65,32 

3.50 HOURS 
154.70 119.84 96,4281,74 73,09 68.30 65,88 64.90 54,90 65,74 67.55 

4.00 HOURS 
15S.62 130.70 105.06 87.95, 77.23 70.94 67.55 65.05 85.88 66.82 59.96 

r = 	4.50 HOURS 
177.18 140.56 113.40 94.38 81.83 74.07 69.55 67.58 67,14 68.13 70,54 

185.52 149.61 121.34 100.82 86.71 77,59 72.16 69.41 68.69 69.55 72.24 

T 5.50 HOURS 
194.83 157.89 128 .8 7 107.17 91.75 81.40 75.00 71.58 70.50 71.36 74003 

5.00 HOURS 
.. 202.4 155.48 135.97 •113.36 95,84 85,42 78.11 74.04 72.56 73.23 75085 

T = 	6.50 HOURS 
203.84 172.43 142.65 119.35 101.93 89.58 81.44 75.73 74.81 75.22 77.56 

7'00 HOURS 
214.69 178.77 148.92 125.12 105.97 93.82 84,93 79.50 77.20 77.27 79,41 

T = 	7,50 HOURS 
213.51 184,55 '154,77 '130.64'"111 .91 ' 98.08 88.52 "82.59 79.70 79.33 81.02 

T = 	8.00HOURS 
224.19 189.75 180.21 135.91 115,74 102.34 92.16 85.65 82.23 81.36 82.47 

T 8.50 HOURS S  S  

227,79 194.36 15.23 140.90 121.42 106.54 95.82 88.74 84.76 83.29 83.71 

T 9.00 HOURS 
230,50 198.33 169.79 145.59 125.92 110.65 99.44 91.81 87.24 85010 84,70 

No 



I = 	9.50 HOURS 
232,18 201.5) 173.86 149.94 130.20 114.63 102.98 94.82 89.52 86.75 85.43 

I = 	10,00 HOURS 
23a,59 204.00 177.36 153.92 134,24 118,46 106.41 97.72 91.87 88.20 85.38 

T 10.50 HOURS 
229.97 205.00 180.08 167.41 137.96 122.07 109.68 100.48 93.95 89.44 85005 

T = 	11.00 HOURS 
223.58 203.81 181.61 160.24 141,29 125.42 112,76 103.07 95.86 90.46 85,97 

I = 	11.50 HOURS 
21',21 200.25 181.61 162.14 144.06 128.42 115.59 105.44 97.56 91.26 85.54 

1 = 	12.00 HOURS 
20,11 194.47 179,95 152,93 145.11 130.96 

-----•--- 

 115010 107,57 99.02 91.83 85.09 

12 	50 HOURS 
13.33 186.77 176.67 162.52 147.34 132,94 120.22 109.40 100,24 92.18 84.36 

T 13.00 HOURS 
174,92 177.99 172.05 160.93 147.67 134.27 121.87 110.55 101019 92.32 83.48 

T = 	13.50 HOURS 
14.22 1t9,47 166.70 15303' 147.13 134.92 123.02 111,99 101.86 92.25 82945 

F 14.00 HOURS 
157.27 

 
165.07 162.10 155,46145.92134,92 123.63 112.68 102.23 91099 81040 

= 	14.50 HOURS 
184.11 163.16 159.15 152.90 144.43 134.43 123.75 112.98 102.30 91.55 80.2 

U-I 
CD 



N40, JF GLASS C) N/ 	=.. 	 TABLE II 

INDEX OF REFACTIUN FOR AIR = 

INDEX OF k --FACTION FOR GLASS 	I,52b 

OXTINCTION COEFFICIENT = 0.174 1/INCH 

GLASSTHICNE55 = 0.5C INCH 

SJRFACE COLC 	t3LACK 

EMITTANcEoFGLAs = 0.88 	 - 	 - 	 -- 

EMITTANCE OF PLATO = 0.90 

A6SURPTANCECF THE PLATE 	0.55 

REFLECTOR REFLECTANCE = 0.95 

WINO VdLtjCITY= 	 MILE/HR  

MAXIMUM TEMP. = 73,00 DEGREES F 

TEMP. VARIATION = 2OP[GREES F 
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HEAT CAPACITY 	0.24 TU/LUM-F 

DNSI1Y = 1 4 530 LLBM/FT**3 

THEAAL CN0UCTIVITY = 0.53 9TL/H-FT-F 

HEAT rRANFEk COEFF.= 10.01 5TU/H-F-FT**2 

NIT1AçTE'P.= 	51.10 F 	 .. . 	..................._ 

NO. OF INTRIUR NUDES 	10 

DEPTH OF SLAL, 	10,50 INCHES 

TIME INTEPVAL 	0.bO HR 

DIS1ANC 	INIERVAL= 1.05 INCHFS 

. ..i..,, 	 ..•. 	 . 



SOLUTION 	TO HEAF FL,) 	PkU:31-E4 UY CAN-N ICOL 50N METHOD 

T n H0JS 
1. 	T. '51.10 51.lr 51.15 51,10 51 .10 51,1 51 010 51.10 51.10 51.10 

T r,c HOURS 
ID'- 53051 51.b5 51.30 51.15 51.11 51.10 51.13 51.12 51.19 51,43 

= 	1.0 flUWS 
7 7.1 h 61.33 54.71 32.3051.48 51,22 51.14 51,14 51.21 51.40 51,83 

T = 	I • 5( HOURS 
71,56 59.98 54,65 52.44 51.59 5 1 1 YN 51.26 51.38 51.72 52.48 

T 2.30 HOURS 
82.58 66078 58.30 5 4 .25 52.42 51.70 51.51 51.67 52.20 53.29 

T 2.50 HOURS 
121,41' 92.89 74.22 63,04 56,91 53.83 52.44 51.99 52.14 52.85 54932 

I = 	3.00 HOURS 
131.37 12.14 81.58 6236022 55.79 53.59 5275 52.82 53,70 55.54 

T 3.50 HOURS. 
•::19,42 110.23 88.54 73.57 63.96 58.23 55,15 53.83 53.76 54977 56.95 

T = 	4,00 HOURS 
145,96 117.22 94.97 78.85 67.92 61.03 57.08 55.24 54.97 56,05 58051 

T=4HOS - 

151.34 123.27 100.61 83.92 71.97 64.07 59.32 56.96 56.44 57.53 60,21 

T. 5.00.. HOURS .•••• •••• 
123954 106.11 80,72 76,00 67.27 61.81 58.93 58.15 59120 61.98 

I = 	5.50 HOURS • 

1 59,91133,22110.93 •. 79.95 64.47 61.12 60.06 61.0063.79 

T = 	6.00 HOURS 
163.59 137.4.5 115.35 97.51 83.80 73.87 67.26 63,48 62.12 62.89 65.57 

I 8.50 HOURS 
167,07 141.37 119,46 101.53 87.52 77,17 70.12 65 9 94 64928 64,81 67,28 

_T_•____ 7.0Q.H0UR5 • 	 ••••• 
170.43 145.07 123.33 

•••• 
105.36 

• 

91.13 30.44 
• 	 • 

73.01 68,47 66.49 66,72 68.85 

T 7.5c HOURS 
:_17 ,4148.60 127.02 1C9.03 94.62 • 	 83.67 75.90 71.02 68.70 68057 70.25 

I 8.00 HOURS • 

176.60 151.95 130.53 112.55 98.02 86.83 78.77, 73.56 70.87 70.31 71.43 	 Ln 

I 8.50 HOURS 
179.11 155.03 133.8o lls.93 101031 89092 81.59 76.04 72.95 71.90 72.36 

= 	.9.00 HOURS • 	 • •., • • • 

18().87 157.70  130095 119.15 
:•••.•..• 
104.48 	• 92.93 84.34 78.45 74.93 73.32 73.02 



I = 	c.sc HOURS 
..l51.4. 159,.73 ,1, 6 ,.,122,1o_.10.7.? 80 	99 3075 76.76 74.53 73.40 

I = 	10.00 H[1.U5 
180,21 i.oJ.dI i'1.59 124.86 110.36 98.6 b9.93 82993 78.44 75053 73.51 

T1fl,5fl  
170.41 1oO.46 143.31 127.13 112.94 101.19 p1,92 84.95 79.93 76.31 73.35 

0.... H(U5 .., ... 
16F3.ä9 157,98 143.58 128.75 115.15 103.53 94.12 86.80 31.23 75.87 72.95 

T 11.5C HOURS 
..155,43 ...... 12.4 	...... 14.15. 129.42116.81 10.i4 96.08 88,44 82.33 77.21 72.44 

T 12.00 HOUkS 
139.77 144.02 136.05 128.84 117.72 107.08 97.72 89.84 83.21, 77.36 71.55 

I-- -------*-. ..................................................... ., 	 .. . 
127.24 134.4 143.66 125.95 117,73 108.04 98,97 90.94 83.86 77,31 73,51 

I = 	I3..00.t-iOLJR5 ....-. 	 .-. ...... ... 	 -, -, ,. 
132,7w 13u.73 129.22 124,39 115.93 198035 99.75 91,71 84.25 

-. 
77007 69,56 

I = 	13.5C HOURS- 
i3a.a 76 1Q8.13 100.08 92. . .. 84,39 76.Sà 58.44 

Lit 
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Experimental Results 
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TABLE I 

TEMPERATURE AND INTENSITY MEASUREMENTS* 

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

Clear to partly cloudy. 

TIME  
THERMOCOUPLE 1:001:30 2:00 2:30 3:00 3:40 4:10 

1 110.2 113.8 115.6 116.9 118.0 117.7 116.2 

2 122.9 121.6 130.6 133.2 136.0 139.1 139.0 

3 133.6 138.8 141.2 144.3 146.6 148.4 146.3 

4 120.4 129.7 132.5 135.7 137.7 137.9 136.8 

5 101.6 106.9 110.1 111.9 113.5 114.8 113.9 

6 104.1 110.2 113.2 114.7 116.0 116.2 114.6 

7 136.2 142.1 149.8 154.5155.2 155.7 154.3 

8 145.9 149.7 158.0 162.8 162.9 161.5 158.5 

9 109.7 114.2 118.4 122.1 125.4 129.0 131.4 

10 103.6 107.1 110.5 113.3 116.4 120.0 122.8 

11 99.8 102.7 105.0 107.8 110.1 113.3 116.0 

12 109.6 112.6, 114.8 116.4 117.4 118.2 118.1 

13 113.0 116.2 118.1 119.5 120.3 120.1 119.5 

14 126.7 134.3 144.3 144.1 148.4 148.5 146.0 

15 128.1 136.8 144.9 149.7 151.1 151.9 151.4 

16 137.7 149.3 157.3 162.5 162.7 159.5 161.0 

17 125.7 129.5 132.5 134.6 137.3 138.2 138.0 

18 111.8 114.7 116.8 118.1 119.8 120.1 119.5 

19 118.6 121.9 122.8 124.3 125,3 124.1 122.8 

Ambient Temp. 95 97 97 97 99 96 97 

Intensity 
(BTq/hr-ft 2 ) 339 339 335 335 325 316 266 

*All temperatures are given in degrees Fahrenheit. 



TABLE III 	
160 

TEMPERATURE AND INTENSITY MEASUREMENTS* 

DATE: July 20 (Black Surface) 	REFLECTOR ANGLE: 100 0  

Partly cloudy. 

TIME  
THERMOCOUPLE 1:00 1:30 2:00 2:30 10 3:30 	p 

1 117.6 122.6 123.4 128.2 127.7 127.5 

2 128.9 134.1 136.2 140.7 143.0 144.3 

3 138.7 144.7 147,2 152.6 153.5 154.8 

4 126.0 132.8 135.7 142.5 144.4 144.3 

5 111.7 116.9 119.3 122.5 122.7 123.8 - 

6 116.3 121.5 124.3 127.3 126.0 127.5 

7 140.3 145.6 148.9 156.6 157.7 160.5 

8 148.2 152.8 156,2 164.1 164.5 168.5 

9 113.5 117.6 121.0 124.4 128.1 130.5 

10 10.6 110.1 113.1 116.2 119.0 121.4 

11 101.9 104.9 107.5 110.1 112.2 114.7 

12 116.8 120.9 123.3 127.1 126.5 127.7 

13 112.3 126.2 129.7 133.2 131.7 132.0 

14 127.1 135.1 139.9 146.6 147.2 151.7 

15 129.5 139.5 145.4 154.1 154.2 156.0 

16 139.4 154.5 165.7 171.7 166.8 166.0 

17 135.6 140.4 143.5 148.1 149,4 150.5 

18 119.9 124.0 125.1 129.1 128.8 130.0 

19 129.2 132.6 133.6 137.5 136.0 135.3 

Ambient Temp. 93.8 94.6 94.5 96.0 99.5 96.9 

Intensity 
(B1'U/hr-ft 2 ) 23 345 323 319 319 302 

*A11 temperatures are given in degrees Fahrenheit. 



TABLE IV 
	 161 

TEMPERATURE AND INTENSITY MEASUREMENTS* 

DATE: July 26 (Black Surface) 	REFLECTOR ANGLE: 100 0  

Clear to hazy. 

TIME 
THERMOCOUPLE 1:30 2:00 2:30 3:00 3:30 4:00 

1 126.5 130.7 133.0 134.5 134.9 134. 

2 139.7 145.7 149.1 152.3 154.3 156. 

3 152.2 157.5 160.6 163.7 165.2 167. 

4 137.6 145.6 151.2 153.9 154.8 154. 

5 121.6 127.9 129.2 130.4 131.6 132. 

6 127.6 133.9 133.6 134.4 135.2 136. 

7 153.5 158.5 163.0 166.2 171.2 172. 

8 162.6 166.0 169.7 172.7 178.6 180. 

9 122.4 128.1 131.8 135.1 138.7 141. 

10 114.1 119.0 122.6 125.5 128.7 131. 

11 108.5 112.6 115.8 118.4 121.3 123. 

12 124.6 132.7 133.8 135.0 136.2 136. 

13 131.5 140.4 139.9 140.3 141.0 141. 

14 139.0 146.7 154.5 156.0 159.7 161. 

15 149.0 155.1 161.3 164.0 167.6 169. 

16 162.9 168.1 175.6 177.6 184.4 182. 

17 147,0 153.4 156.7 159.6 162.0 162. 

18 129.2 132.8 135.5 137.1 138.5 139. 

19 138.4 140.9 144.1 144.8 145.7 146. 

Ambient Temp. 96 99 99.5 100 100 102 

Intensity 
(BTU/hr-ft 2 ) 314 302 292 284 280 249 

*A11 temperatures are given in degrees Fahrenheit. 



7 DECLINATION 	20.24 DEGREES TABLE V 

rITuDE 35.07 DEGREES SUNRISE 	5,0 	HOUR 

G1TUDE = 	97.Oi DEGREES SUNSET 	= 	18; 

NING ANGLE = 	99,9 DEGREES _CATION = 	ST1__WTER 

IR ION ID IDI= Wt) IDR IDIFR 
.00 0.0 0.0 0.0 0.0 0.0 0.0 
.50 000 010 003 0.0 3.0 0.0 

.00 3.0 0.0 0.0 0.0 0.0 000 

.50 000 0.0 0.3 000 0.0 0.0 

.00 0.0 0.0 0.0 0.0 0.0 0.3 

.50 0,0 0.0 0.0 0.0 000 0.0 

.00 0.0 010 0.3 0 1 0 3,0 0.0 

.50 3.0 0,0 0.0 0,0 0.0 3.3 

.00 0.0 .0.0 0,3 000 0.0 000 

.50 0.0 0,0 000 0.0 000 3.0 

.00 0.0 0.0 0.0 0.0 000 0.0 

050 47.6 5.0 6.5 11.5 22.2 0.5 

000 124.5 25.4 16.9 42.3 57.6 105 

.50 173.o 52,5 23.o 76.2 107.3 2.2 

.00 205.0 82.0 27.3 109.9 141.3 2,6 

.50 22t,2 111.7 30.6 142.5 170.7 2.8 

.00 241.2 140.6 32.5 173.4 196.5 3.0 

050 252.0 	 - 167.7 34.3 202,0 184.4 3.2 

.00 263.1 192.4 35.4 227.8 1.57.7 3.3 

.50 256.0 214.3 3502 250.4 150.3 3,3 

.00 270.4 232.7 36.5 269.5 133.8 3.4 

.50 273.5 247.5 37.2 	. 284.7 119.6 3.4 

.00 27.5 258.2 37.5 295.7 103.6 3.5 

.50 277.0 264.7 37.7 302,4 101.7 3.5 

.00 277.4 266.0 37.7 304.6 39.3 3,5 

.50 277.0 254.7 37.7 302.4 101.7 3.5 

.00 275.8 258,2 37.5 295,7 103.6 3.5 

.50 273.8 247.5 37.2 24.7 119'6 3•4 

.00 270.4 232.7 35.j 269.5 133.8 3.4 

.50 26590 214.5 36.2 250,4 150.3 3.3 

.00 280,1 192.4 35.4 227,8 157.7 3.3 

.50 . 	252.0 167.7 34.3 202.0 184.4 3.2 

.00 241.2 	 . 140.6 32.6 173,4 	. 196.5 3.0 

.50 225.2 111.7 30.5 142.5 . 	170.7 208 

.00 205.0 82.0 27.9 109.9 141.3 2.5 

.50 173.0 52.5 23.6 76.2 107,3 2.2 

.00 124.5 25.4 16.9 42.3 67.6 1.6 

.50 47.5 500 6.5 11.5 22.2 0.6 

.00 0.0 0.0 0.0 000 000 000 

.50 0.0 00 0 000 000 000 3.0 

.00 0.0 0.0 0.0 0.0 0.0 3.0 

.50 3.0 000 0.0 000 0,0 0.0 

.00 0.0 000 0.0 0.0 300 313 

.50 000 0.0- 0.0 000 000 300 

.00 0.0 0.0 000 	. 0.0 0.0 3.0. 

.50 000 000 0,0 	. 000 0,0 0.0 

.00 0.0 0.0 . 	0.0 000 0.0 0.0 

.50 0,0 0.0 0.0 000 0.0 000 

.00 ?0 	. 000 0.0 	. 0.0 3.0 0.0 

-A 
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SJLJTION TO HEAT FLOW PROBLEM 	BY CRAN<-NICOLSON METHOD 

T = 	0,03 HOURS 
55.03 53.03 58.03 68.03 68.03 68.03 68.03 68.03 68.03 68.03 65.03 

T = 	0.50 HOURS -  
71,96 69,08 68.31 68.11 68005 65.04 68.03 63.03 68.04 68.06 63,13 

T = 	1.00 HOURS 
33.96 72.71 69461 63.54 68,19 68,08 58.05 68.08 58.07 68.16 53.4D 

T = 	1.50 HOURS 
34.92 79,53 72.64 69.78 68.66 b8.26 68,12 68,10 55.17 68.37 68.33 

T = 	2.00 HOURS 
111088 89.28 77.69 72.18 69.73 68.71 68.33 68.24 68.36 68,71 63.45 

T 2.50 HOURS 
133.13 101008 84.61 75,91 71,60 69.61 68.77 58.53 68,57 69.19 70.29 

T = 	3.00 HOURS 
145.16 113.43 92.82 80.85 74.36 71.08 69.56 63.34 59.16 69.86 71.32 

r = 	3.50 HOURS 
153.73 124.78 101.42 85.63 77.93 73.16 70.76 69.84 69.86 70.72 72.54 

4.00 HOURS 
153.39 134-.82 109.75 92.80 82.10 75,81 72.45 70.98 70.84 71.80 73.35 

T 4.50 HOURS 
175.41 143.79 117.61 99,03 85.65 73.94 74.55 72.48 72.09 73.10 75.53 

F = 	5.00 HOURS 
185.19 151.79 124.94 105.14 91.38 82,40 77.04 74.33 73.63 74.62 77.23 

r = 	5.50 HOURS 
193.00 158.97 131.74 111005 95.18 86.11 79.83 76.49 75.44 76.33 79.02 

F = 	6.00 HOURS 
13.07 165.47 138.06 115.73 100496 89.96 82.86 78.90 77,48 78.20 80.8 

F 6.50 HOURS 
20.53 171.41 143.95 122.16 105.69 93.90 86.07 81,53 79,70 80.17 82.55 

F = 	7,00 HOURS 
209.55 175.91 149.46 127,35 110,32 97.87 89.40 84.31 82005 82.20 84.38 

F = 	7.50 HOURS 
21.35 182.03 154.65 132.32 114.85 101.4 92.80 87,18 84.48 84.23 85099 

I 8.00 HUURS 
- 213.69 186.82 159.56 137.08 119.26 105.78 95.23 93.11 86.93 86.21 87.43 

F = 	3.50 HOURS 
222.51 191.27 164.20 141.64 123.54 109.67 99165 93.0 89.36 88009 83.65 

1= 9.00 HOURS 
225.97 195.34 168.56 145.00 127.70 113.48 103.04 95095 91.73 89.84 89.63 



T 	= 	9.50 -iJURS 
223.54 1j3.92 172.60 150.14 131.70 117,20 106,35 95.78 94.00 91.42 90.34 

I 	10.00 HUURS 
229.95 201.83 176.23 154.02 135.54 120,79 109.57 101.51 96.13 92.81 90.77 

r 	= 	10.50 HOJRS 
22.63 203.78 179.30 157.55 139.15 124,23 112.66 104,12 98410 93098 90093 

I 	= 	11.00 HOURS 
22.53 203.76 181.42 160.58 142.46 127,46 115.59 105.57 99.90 94,94 90,52 

I 	= 	11.50 HOURS 
21,74 200,70 131.96 152.79 145.31 130.42 118.32 105.83 101.50 95,67 90.7 

I 	= 	12.00 HOURS 
201,79 194.75 180.51 153.8.2 147.50 132,98 120.77 110.37 102.89 96.19 83091 

F 	= 	12.50 HOURS 
187019 155,67 177,19 163.51 143.82 134.99 122.87. 112,65 104.05 96.51 83015 

I 	= 	13,00 HOURS 
173.73 177.63 172.43 151091 149.19 136.35 124.52 114.10 104.97 96.61 83.27 

F 	= 	13,50 HOURS 
153.78 169.24 167.03 159,32 148.65 137.01 125.66 115.19 105.61 96453 87.27 

F 	= 	14.00 HOURS 
157.15 1b5,13 162.52 156,41 147.44 137,00 126.27 115.38 105.96 96.26 85013 

ul 
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TABLE VI 

TEMPERATURE AND INTENSITY MEASUREMENTS* 

DATE: 	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 8Z. 4 88.7 

8 83.0 79.2 86.0 

9 96.6 94.4 99.9 

10 99.2 97.4 103.2 

11 100.8 99.2 10510 

12 85.1 79.6 84,8 

13 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 150.1 145.9 122.2 
2 

(BTU/hr-ft 
) 

*All temperatures are given in degrees Fahrenheit. 



TABLE VII 

TEMPERATURE AND INTENSITY MEASUREMENTS* 

DATE: November 20, 1976 (Black Surface) 	REFLECTOR ANGLE: 

No Reflector 

TIME 
THERMOCOUPLE 11:00 12:00 1:00 

i 83.2 88.5 86.5 

2 70.4 79.5 79.3 

3 66.4 74.5 74.2 

4 75.3 85.3 85.9 

5 76.8 82.7 80.2 

6 75.6 80.7 77.8 

7 68.9 76.5 75.5 

8 66.2 73.5 72.5 

9 76.4 87.2 87.4 

10 78.2 90.2 90.5 

11 79.7 91.9 92.1 

12 73.2 79.1 75.5 

13 69.9 75.3 71.8 

14 72.2 82.2 81.4 

15 68.7 77.1 75.6 

16 64.7 72.0 71.1 

17 68.1 75.3 74.6 

18 82.6 91.0 91.2 

19 81.4 89.5 89.6 

Ambient Temp. 54 

Intensity 136.2 152.8 161.2 
2 

(BTU/hr-ft ) 
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"'All temperatures are given in degrees Fahrenheit. 



TABLE VIII 

TEMPERATURE AND INTENSITY MEASUREMENTS 

DATE: December 28, 1976 (Black Surface) 	REFLECTOR ANGLE: 70 °  

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

TIME 
THERMOCOUPLE 2:30 3:00 3:30 

1 69.2 67.2 64.9 

2 83.3 85.0 84.0 

3 92.6 94.0 90.6 

4 88.4 88.7 84.6 

5 69.0 68.5 67.5 

6 68.7 68.2 67.0 

7 94.6 93.6 93.0 

8 98.8 97.1 96.2 

9 73.5 74.9 76.6 

10 66.1 67.6 69.6 

11 59.9 61.6 63.6 

12 83.0 82.5 76.5 

13 89.7 86.7 77.2 

14 90.0 88.2 86.5 

15 91.7 92.4 91.2 

16 99.8 98.6 95.5 

17 90.2 93.2 91.2 

18 71.9 71.6 70.0 

19 76.1 75.7 72.1 

Ambient Temp. 41 45.0 45.4 

Intensity 	
2 152.8 133.4 

(BTU/hr-ft 

A.0 temperatures are given in degrees Fahrenheit. 


