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Abstract approved: 

A two-dimensional model for predicting the rate of radiation 

heat transfer for the interior of an industrial furnace is described. 
The model is two-dimensional due to the assumptions of the heat 
source as an infinite radiating plane and the heat sink as rows of 
parallel tubes that are both infinite in length and in number. A 

refractory back wall, located behind the tube rows, is also included 
in some of the model configurations. 

The optical properties for the heat source, heat sink, and 
refractory back wall are simplified by assuming the "black-body" 
case: all are treated as perfect absorbers and emitters of radiation. 
This assumption allows three different solution techniquesa 
graphical, crossed-string, and numerical methodto be used in 

solving for the radiant transfer rate. The numerical method, an 
innovative Monte Carlo technique, is the one employed in this study. 

Hottel used a graphical technique to solve the furnace model 
for a two row configuration in which the tubes are arranged on 
equilateral triangular centers. His results, along with those 
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produced by the crossed-string method, are used in this work to 
validate the numerical technique. Having been validated, the 

numerical method was then employed to extend Hottel's work by 
adding more tube rows to the original equilateral triangular 

configuration and by generalizing the results to isosceles 

arrangements. 

Findings of this investigation are summarized in a table that 
lists the direct view factors for a ten tube row configuration 
arranged in an equilateral triangular array. Values from this table 

can be used to solve the transfer rate problem for twenty different 
cases by assuming a nonconducting refractory back wall. Results for 

twelve cases are represented graphically in this document The 

results are used to demonstrate the importance of a refractory back 
wall on overall radiation absorption. Examinations of the two row 
and five row cases for an isosceles triangular array indicate that 
the tabular values can be applied to any isosceles arrangement if the 

ratio of row separation distance to tube center-to-center distance 
is 0.7 or greater. 
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RADIATION FROM AN INFINITE PLANE TO PARALLEL ROWS OF  
INFINITELY LONG TUBESHOTTEL EXTENDED  

INTRODUCTION 

Heat radiation is the primary method by which an industrial 
furnace exchanges energy, making this source-to-sink calculation an 

integral part to selecting a furnace's optimum design. A model for 
predicting the rate of radiation heat transfer is developed when the 
configuration of the elements (i.e., the heat source, heat sink, and 
refractory walls) and optical properties are specified. The level of 
abstraction that the model makes away from the actual heat 

transfer process determines the complexities involved in solving the 
transfer rate problem. Therefore, the model's sophistication 

depends on the choice of solution method, a conclusion upon which 

the following development is based. 

Consider a furnace whose heat sink is a vertical array of 
horizontal tube rows, a common design used in constructing 

industrial furnaces. A simplification in modeling the furnace's 
three-dimensional interior is made possible when the distance from 
the heat source is small compared to the lengths and row widths of 
the tubes. For this case, the length of each tube and the total 
number of tubes in each row can both be treated as though they are 

infinite. Consequently, each tube row will then span an infinite plane 

paralleling its neighboring rows. The heat source is then simplified 
by modeling it as an infinite and parallel plane that is radiating heat 
uniformly. Thus homogeneity will exist for all cross sections 
perpendicular to the axes of the tubes, reducing the rate calculation 
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to a two-dimensional problem. Figure shows four configurations1 

based upon these assumptions. 

Whereas a two-dimensional model of the furnace's interior can 

be justified by a physical argument, the degree to which its optical 
properties are idealized is often a result of the simplifications 
required by the available solution methods. In general, the furnace's 
optical properties are a composite of the individual optical 
properties of its elements as well as the gaseous media between the 

elements. The simplest optical model assumes the "black-body" 
case: all elements are considered as perfect absorbers and emitters 
of radiation. Additionally, the media separating the elements are 
assumed nonparticipating. For this case, solving the transfer rate 
problem reduces to the geometrics of finding the view factors 
between the elements; hence, the complexity of the model is only 
due to the configuration of the elements. 

So, by treating the elements for the configurations shown in 
Figure as black bodies gives rise to four possible models of the1 

radiant energy exchange occurring in the interior of an industrial 
furnace. The black-body model was practically a necessity before 
the advent of the high-speed digital computer, in order to have a 
reasonably tractable method of solution. However, note that the 
results predicted by this model are not trivial since they yield the 
maximum rate of radiant heat transfer possible for a given 
configuration. On the contrary, the results allow the selection of 

the furnace's optimum design based solely upon its configuration. 

With the above considerations in mind, the view factors for 
the configurations shown in Figure 1 were independently established 
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by two separate solution methods. The first method used was a 
graphical technique developed by Hottel (1931), with his original 

presentation represented in Figure 2. Hottel's results are well 
known, having been cited by many authors (McAdams, 1933; Kreith, 

1958; Hottel and Sarofim, 1967). The second method used was the 
crossed-string method, employed by Kuroda and Mankata (Howell, 
1982). Their results not only substantiated Hottel's work but 
improved upon it as well. 

This thesis documents the extension of Hottel's original 

results by using a Monte Carlo numerical technique as a third method 
of solution. The numerical technique employed was an updated 
version of a computer program previously discussed by Drost and 
Welty for simulating radiation heat transfer in two-dimensional 
arrays of fixed, discrete surfaces (Drost and Welty, 1992). The 

intent of this thesis is to first confirm that the computer program 
is indeed a valid solution method before providing the view factors 
for configurations that are either more complicated or more general 
than those shown in Figure 1. This is to be accomplished in the 
following way. First, a background section will explain how the 
different solution methods are used in calculating the view factors. 
Next, a validation section will compare the view factors computed 
by the numerical method against the values reported by Hottel and by 
Kuroda and Mankata. Finally, an extension section will complicate 
the equilateral triangular arrays of Figure by increasing the1 

number of tube rows and then generalize the equilateral results to 

isosceles arrangements. The report closes with comments on how 
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the numerical method can be used to model optical properties more 

complex than those considered here. 
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BACKGROUND 

By way of introducing background information on the three 
types of solution methods, this section will set-up the heat transfer 
problem and show what contrasts and similarities exist between the 
different techniques. The section begins by quantitatively defining 
the expressions fundamental to all three methods. Information 

specific to each particular method will then be presented by 
overviewing the techniques individually. 

Radiant Heat Transfer Between Black Bodies 

Any standard textbook on engineering heat transfer (Welty, 
1974; Welty et al., 1984) defines the net rate of radiant energy 
exchange between two black, isothermal surfaces as 

qno = 6(T41 42)A1 F12	 (1) 

where	 cinet the net rate of radiant heat transfer 
a = the Stefan-Boltzmann constant 

T1 a" the absolute temperature of surface one 

T2 the absolute temperature of surface two"."=-

Al a the surface area of surface one 
F12 the view factor of surface two from surface one 

The reference surface used in equation (1) was surface one, but note 

that surface two could have been used just as easily. A reference 

change in the equation to surface two is accomplished by replacing 

the product AlF12 with A2F21. Now, since the net rate of heat transfer 

is independent of the choice of reference surface, it then follows 
that A1F12 = A2F21. This resultthe reciprocity relationshipis used 
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in calculating the view factors associated with the reradiating back 
wall of Figures lb and 1 d. 

Furthermore, if the view factor F12 is interpreted as the 
fraction of net energy lost per unit time from surface one to surface 
two, then for any enclosure 

= 1 (2) 
1 =1 

where n is the number of surfaces in the enclosure and Fli is the 
view factor of surface j from surface one. This result follows 
directly from the conservation of energy. Equation (2) is also used 

in calculating the view factors of Figures lb and ld. 
In summary, the complexity in solving the problem of finding 

the net rate of radiant heat transfer between black, isothermal 

surfaces is solely a function of finding the view factors between the 
surfaces. 

Graphical Method 

Hottel (1931) presented a graphical solution method for 
Figures la and 1c that, in turn, could be used in conjunction with an 

algebraic method for Figures lb and 1 d. The methods are outlined 

below by discussing the graphical solution for Figure lc and the 
algebraic solution for Figure 1 d. 

Before addressing the configurations shown in Figure 1, 

consider first the simple arrangement of an infinite radiating plane 
and a semi-infinite back wall when no tubes are present. Because 

all cross sections normal to the infinite direction of the back wall 
are identical, the problem is only two-dimensional. Then, as shown 
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in Figure 3, the view factor of the back wall from a small area 

ZZRefractory Back Wall 

DARadiating Plane 

FIGURE 3 
View of a semi-infinite refractory back wall from an area element 
AA in the infinite radiating plane. 

element AA in the radiating plane is expressed by 

sin B' sin 13" 
, - (3)2 

where B' and B" are the angles made with the normal to AA and the 
lines joining AA to the edges of the back wall. In equation (3) both 

angles are considered positive when measured clockwise from the 
normal, and the factor 1/2 ensures that F12 1 as B' 7c/2 and 

B" -4 n/2. In other words, an infinite back wall forms an 
enclosure about AA, an enclosure to which equation (2) can be 
applied. 

Next, consider a variation to the above configuration when the 

infinite back wall is replaced by two parallel rows of infinitely long 
tubes that are arranged in an equilateral triangular array (i.e., the 
configuration of Figure 1c). Here, as depicted in Figure 4, 
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FIGURE 4 
View of a single tube from area element AA. 

equation (3) gives only the view of one tube from AA. To calculate 
the view of an entire row, a unit circle centered about A A is 
superimposed onto the diagram (see Figure 5). Then the expression 

(sin B' sin B") equals the projection, onto the base line, of the arc 
of the circle lying between the bounding lines of the ray emitted 
from AA that intersects the tube. The sum of the projections, when 
divided by the diameter of the unit circle, gives the view factor of 
that row from AA. The resulting factor depends on whether AA is 

located directly beneath a tube, directly beneath a space between 
the tubes, or somewhere in between these two extremes. However, 

if the distance between the row and plane is assumed great enough 
to make the location of A A arbitrary, then the view from A A 
represents the view from all points in the radiating plane. This is 
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FIGURE 5  
Graphical method for calculating the direct view factors Fp1 and FP2.  

Hottel's graphical method and provides a means for calculating the 
fraction of direct radiation from the radiating plane to Row 1 and to 

Row 2the view factors Fp1 and Fp2, respectively. 

Finally, consider the combination of the above two cases (i.e., 
the configuration of Figure 1d). Note that the interior surface of the 
back wall, in addition to being irradiated by the heat source, both 
gains heat by convection from the gaseous media and loses heat by 
conduction through the wall to the exterior. However, the radiation 

contribution to the overall heat exchange is significantly larger than 
the other two transfer mechanisms and in practice is the only one 
considered. So, as shown in Figure 6, the infinite back wall is 

assumed to have no external heat loss. Then for isothermal 

conditions the back wall must reemit all of the direct radiation it 

receives from the radiating plane; hence, the back wall acts as a 



12 

1 

Z_ZZ. Nonconducting Refractory Back Wall Z 
(RoW2) 0 0 o 

o ooRowio 
, 

Direct to Row 1\ Indirect to Row 1\ Direct to Row 2 

indirect to Row 2 

AARadiating Plane 

FIGURE 6 
Direct and indirect radiation from area element AA to the tube rows. 

secondary source of radiation to the tubes. The strength of this 
indirect radiation source is simply the fraction of direct radiation 
not absorbed by the tube rows and is calculated from equation (2) as 

Fp1 F P2' By using the reciprocity relationship, the view of the 
tubes from this secondary source is found to be the same as that 
from the radiating plane; however, here Fp1 is the fraction of direct 
reradiation to Row 2, and Fp2 is the fraction of direct reradiation to 
Row 1. Then the amount of indirect radiation from the radiating 
plane that is absorbed by the tube rows are the fractions 
Fp2(1 Fp1 Fp2) and FP, (1 Fp1 p2) for Rows 1 and 2, respectively. 

And the total radiation absorbed by the tube rows when a reradiating 
back wall is present are the fractions FP, = Fp1 Fp2( 1 Fp1 F p2) for 

Row 1 and E-p2 = Fp2 + Fp1(1 FP, F p2) for Row 2. The factors FP, and 
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are designated, respectively, as the reradiating view factors of 
Row 1 and of Row 2 from the radiating plane. 

Crossed-String Method 

In the overview on Hottel's graphical method, it was shown 
that the reradiating back wall is accounted for algebraically once 
the view factors are known for the corresponding open configuration. 

Kuroda and Mankata (Howell, 1982) obtained the view factors for 
Figures la and lc by using the crossed-string method; therefore, the 

method provides an alternate means of confirming the Monte Carlo 
numerical technique as a valid solution method for the 

configurations of Figure 1. In fact, the method can be used as the 
basis for deriving an exact formula for calculating the direct view 
factors of the first row from the radiating plane, which are of 

course the only view factors associated with the configuration of 
Figure la. This overview begins by defining the crossed-string 
method, then presents the derivation of the analytic equation, and 
finally finishes with one of the many possible applications of the 
method to the configuration of Figure lc. 

The crossed-string method was developed by Hottel (Hottel and 

Sarofim, 1967) to give the view factors between two surfaces that 
are considered infinite in one direction. Figure 7 shows a 
representative cross section, normal to the infinite direction, of a 
general, two element configuration. The method imagines tightly 
stretched stringsthe dashed lines of Figure 7wrapped around the 
elements to form the enclosures abc , adb, and acdb . Applying 
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FIGURE 7 
Application of the crossed-string method to a general, two element 
configuration. 

equation (2) and the reciprocity relationship yields for the view 
factor F12: 

p (a) + ad) - (ac + 1:70
i 12 (4) 

2i171 

In words, equation (4) states 

(sum of crossed strings) (sum of uncrossed strings)
F12 = twice the length of string on Al 

An example that illustrates how the crossed-string method is 
applied is in the following derivation of an analytical formula for 
calculating the direct view of the first tube row as seen from the 
radiating plane. First, consider the view factors between two 
parallel tubes of equal diameter that are assumed as being infinite 
in length along their axes. Figure 8 diagrams the application of the 
crossed-string method to the configuration. From equation (4) the 
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FIGURE 8 
Application of the crossed-string method to parallel tubes of equal 
diameter and infinite length. 

product Az Fzy can be written as 

-1121 [(C 2 1112 CAzFzy = abcd [ r
7.: 

2 5) -1 (5)ae = D tan -1 + -61 
U.) j 

Next, consider the field of view from a single tube of infinite length 
that is located in an infinite row of parallel tubes and is bounded 
above and below by infinite, parallel planes (see Figure 9a). 

Applying equation (2) yields 

2AZFZP + 2A,Fzy = Az 

The view factor of tube z from a single plane P is found from the 
reciprocity relationship as 

F_z Az Fzp Az A F  
P Ap 2Ap Ap  
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FIGURE 9 
(a) Enclosure formed about tube z by infinitely long and parallel
tubes y and infinite, parallel planes P; (b) Application of the 
symmetry of (a) to yield the view of an infinite row of parallel
tubes from an infinite plane. 

Now, as shown in Figure 9b, Fpz is also the view factor from plane P 
of the tube row on either side of tube z's symmetry line. 
Furthermore, since the location of tube z in the tube row is 

arbitrary, Fpz will be the same for all tubes. Hence 

A,F,
F= I DO... 

2C C 
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where F p 1 is the view factor of the entire infinite row from the 
infinite plane. Finally, substituting equation (5) in for AZFZy and 

using the trigonometric identity tan -1(x) = it/2 tan -1(1/x) yields 

K 1 + tan -1 'F217 
Fp1 - (6)K 

where K = C/D. Equation (6) was first presented by Hottel (1931) for 

calculating the direct view factors given in Figure 2 for Row 1. 
Figure 10 illustrates one of the many possible extensions of 

P 

A A  
/ Row 1  

) 0 C  
141 C--01Row 2 

P' 

FIGURE 10 
Enclosure formed about tube z by infinite rows of parallel tubes,
arranged in an equilateral triangular array, and infinite, parallel
planes. 

the above methodology to the configuration of Figure lc. The 

extension begins by calculating Fp.1the view of the entire first row 

from plane P'which consists of a two-part procedure. First, 

equation (2) is applied to the enclosure about tube z to yield 
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A,F,F, + 4AzF + 2(A,Fz. + AzFz+ ...) + AzFzp.= Az 

where AzFzp and AzFzy are known from the single row case, and A, Fz., 

AzFzw, ... are calculated from the crossed-string method. Second, 

symmetry and the reciprocity relationship are invoked to yield FP'1. 

Once Fr1 is known, symmetry then lets Fp2 = F13.1. And this result, in 

combination with equation (6), yields the view factors for Figure 1c. 

Numerical Method 

The Monte Carlo numerical method used in this study was the 

innovative computer program discussed by Drost and Welty for 
simulating radiation heat transfer in two-dimensional arrays of 

fixed, discrete surfaces (Drost and Welty, 1992). The program's 
innovation comes from utilizing the regular spacing of the array to 
establish computational cells that, in turn, optimize the time 
required to calculate the radiant transfer rate. A general discussion 

of the computer program is presented in the appendix; here, only an 

example outlining the adaptation of the program to finding the view 
factors of Figure 1d is given. As an introduction to the example, the 
overview begins with a brief description of the Monte Carlo method. 
For a more in-depth discussion on applying the Monte Carlo 
numerical technique to problems involving radiation heat transfer, 
the interested reader is referred to Siegel and Howell (1972). 

The Monte Carlo numerical technique is a statistical method of 
solving a physical problem which can be modeled as a series of 
probabilistic and deterministic events (Drost, 1985). For the 
physical problem of finding the view factors of Figure 1d, the events 

correspond to the following process. To begin with, radiant energy 
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emitted from the heat source is simulated by allowing photon 
"bundles" (i.e., discrete, equal energy units) to be emitted in a 

diffuse, or random, fashion. Once the bundles are emitted, their 
trajectories can then be determined to see if a collision takes place 
with a tube. If a collision occurs, the bundle is absorbed, and its 
energy is added to the total energy of the tube; otherwise, the bundle 

will be intercepted by the back wall and reemitted once again in a 
random fashion. If the bundle does not collide with a tube on its 
second pass through the tube rows, it is considered lost to the 
furnace system. A sufficiently large number of bundle emissions 
must be simulated in order to obtain statistically meaningful 

results. These results can then be used to determine the fraction of 

emitted energy absorbed by each tube, which, by definition, is the 
reradiating view factor of that tube from the heat source. 

Drost and Welty (1992) indicated that the major challenges 
associated with applying the Monte Carlo numerical method to 
problems involving radiation heat transfer are the calculations of 
the photon bundle trajectories and their surface interactions. The 

configuration of Figure 1d consists of black, isothermal surfaces, so 
the surface interactions are predetermined as either complete 
absorption by the tubes or as complete absorption coupled with 
complete, diffuse reemission by the back wall. Therefore, the 
bundle trajectory calculations are the only significant challenges 
offered by the simple furnace model to the numerical method. 

To implement the computer program, a symmetric section of 
Figure 1d must be divided into computational zones and cells 
(see Figure 11). This simplifies the bundle trajectory calculations 
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FIGURE 11 
(a) Illustration of the symmetry of Figure 1 d; (b) Invoking the symmetry 
of (a) to yield the computational zones and cells used by the Monte Carlo 
computer program. 
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by placing each absorbing furnace element into its own cell and 
forcing all of the photon bundles to pass through each zone until they 

are either absorbed or lost. The bundle trajectory algorithm is thus 

reduced to the two-step procedure of calculating the interaction of 
a photon bundle with a cell and, if necessary, calculating the cell-
to-cell transport of the bundle. 

Figure 12 is an illustration of both the algorithm described 
above and the following discussion. Whenever a photon bundle enters 

a cell, its location and entering trajectory angle are known. If the 
bundle is not absorbed, it exits to an adjacent cell. The exiting 

location and trajectory angle from the donor cell are used to 
calculate the entering location and trajectory angle of the incoming 
bundle to the receptor cell. This process is repeated until either the 

photon bundle is absorbed or it is intercepted by the back wall. For 

the latter case, the back wall becomes a diffuse radiation source, 
and the process is repeated in reverse. And, as previously 

mentioned, if the photon bundle is still not absorbed during its path 
back through the cells, the bundle is recorded as lost from the 
furnace system. 

Finally, after several thousand repetitions of the above 

process, a statistically reliable prediction of the reradiating view 
factors for the configuration is obtained. The large number of 
repetitions is necessary because the uncertainty associated with 
the results of the Monte Carlo method decreases by increasing the 

number of photon bundles simulated. The reliability is increased 
even further when the factors predicted by a single computer 
simulationa "batch" runare averaged with the previous 
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FIGURE 12 
Individual diagrams representing a sequence of cell-to-cell photon bundle transport that ends with absorption 
by the back wall. 



23 

predictions, giving the best estimate of the true view factors for 
the configuration. 
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VALIDATION  

Through a comparative study of the view factors calculated for 
Figure by the graphical, crossed-string, and numerical methods,1 

this section seeks to verify the Monte Carlo numerical technique as 

a means of extending Hottel's original results. Notice that not all of 
the view factors must be compared but only those capable of testing 
the numerical method's ability to provide values for extended 
configurations. With this being the case, the section begins by 
establishing a criterion for validating the numerical technique and 
ends by evaluating the selected view factors. 

Criterion for Validating the Numerical Method 

Hottel (1931) presented his solution to the problem of finding 
the view factors for the configurations of Figure in the form of six1 

curves, as represented by Figure 2 in the introduction. Specifically, 

the six curves were: 

1. Direct radiation to the second row. 
2. Total radiation to the second row. 
3. Direct radiation to the first row. 
4. Total radiation to the first row when two rows are present. 
5. Total radiation to the first row when only one row is present. 
6. Total radiation to two rows. 

Now, from the information presented in the report's background 
section, two observations can be made about Hottel's results. First, 

curve 3 can be generated analytically by using equation (6). Second, 

if the assumption of a nonconducting back wall is made, curves 2, 4, 
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5, and 6 are computed algebraically once curves 1 and 3 are known. 

Then it is curve 1direct view factor Fp2that requires a 

supplementary solution method. Furthermore, if more rows are 
added based upon these same assumptions, only the new direct view 

factors will be unknown. Thus the validation criterion for the 
numerical technique will be a comparison between its values for FP2 

with those of the other two methods, thereby providing evidence of 
the method's capability to calculate the view factors for multiple 
tube row configurations. 

Validation Results 

Table 1 is a comparison of the values for Fp2 obtained by the 
numerical technique against the values calculated using the 

graphical and crossed-string methods. An explanation is in order as 

to how the numerical and graphical results were established. For 

the numerical values, the computational cell for the back wall (i.e., 

Cell (3,1) in Figure 11b) was eliminated from the computer 

algorithm in order to obtain the direct view factors of Row 2. The 

inclusion of Cell (3,1) would have, instead, produced the row's 
reradiating view factors. For the graphical values, the results were 
obtained by reading the values from Hottel's original curve. This 

accounts for the lack of significant figures in the graphical values 
as compared to the numerical and crossed-string results. 

As the comparison shows, the numerical and crossed-string 
results are virtually identical, whereas in all cases the graphical 
method yields values that are higher than the numerical results. 
Since the numerical and crossed-string methods are independent of 



TABLE 1 
Values for direct view factor Fp2 as computed by the numerical, graphical, and crossed-
string methods. Comparison by percent ratio of the numerical results with the other 
values. 

C/D Numerical * Graphical Crossed-String Ratio(%): N/G Ratio(%): N/CS 

1.5 0.1380 0.144 0.1380 95.8 100.0 
2.0 0.1951 0.215 0.1953 90.7 99.9 
2.5 0.2142 0.238 0.2140 90.0 100.1 
3.0 0.2149 0.232 0.2149 92.6 100.0 
3.5 0.2095 0.218 0.2093 96.1 100.1 
4.0 0.2007 0.205 0.2008 97.9 100.0 
4.5 0.1915 0.198 0.1916 96.7 100.0 
5.0 0.1824 0.188 0.1824 97.0 100.0 
5.5 0.1736 0.178 0.1735 97.5 100.1 
6.0 0.1654 0.171 0.1652 96.7 100.1 
6.5 0.1575 0.161 0.1574 97.8 100.1 
7.0 0.1504 0.154 0.1503 97.7 100.1 

* Values are based on 20 batch runs; 100,001 photon bundles simulated per batch run. 
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one another, it then follows that their values must be the true 
representatives of the factor Fp2. Consequently, the comparison 

proves the Monte Carlo numerical technique valid for the two row 
case and should provide confidence in the method for producing the 

correct view factors for similar cases involving a higher number of 
tube rows, the cases that are the subject of this thesis. 
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EXTENSION  

This section presents the results of using the Monte Carlo 
numerical method to extend the original work of Hottel. The 

presentation will be in two parts. Part one contains the view 
factors for a series of models, beginning with the one row case and 
continuing on to configurations complicated by additional tube rows. 

Part two documents the results obtained by varying the row 

configurations from Hottel's equilateral triangular arrangement to a 
more general isosceles structure. The section begins by discussing 

the suitability of the graphical, crossed-string, and numerical 

methods for solving these complex configurations. 

Advocacy for Extending Hottel by Numerical Means 

It should be noted that simply increasing the number of rows 
in Hottel's original two row configuration does not invalidate any 
particular solution technique, for all three methods described in this 
report are capable of handling this added complication. However, the 

method selected should be accurate while at the same time adapt 
easily to the model's configuration. Applying this two-part test to 
the graphical technique finds that the method fails on both counts: it 

is neither the most accurate nor the most flexible of the three 
methods discussed for solving the transfer rate problem. As for the 
crossed-string method, the price paid for its high degree of accuracy 
is its cumbersome adaptation to any configuration with more than 
one tube row. Only the numerical technique offers the desired 
combination of accuracy with flexibility, making it the solution 

method of choice for the complex models of this study. 
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Multiple Tube Row Configurations 

The modeling strategy employed while conducting this 

investigation followed the guideline set forth by Hottel. That is, by 
making the assumption of a nonconducting back wall, the reradiating 

view factors for an enclosed configuration could be calculated 
algebraically once the direct view factors of its open representation 
were established. For the Monte Carlo method, calculating the direct 

view factors for each row entailed setting up a computational zone 
for the row and then placing the absorbing elements (i.e., the furnace 

tubes) into individual cells. Thus the complication of adding rows to 

the two row configuration was handled quite easily by the creation 
of extra zones and cells for the new rows. 

Table 2 lists the results of the modeling strategy, listing the 
direct view factors for an open configuration consisting of ten tube 
rows arranged in an equilateral triangular array. Combining the 

nonconducting back wall assumption with these values can be used 
to solve the transfer rate problem for twenty different models, 
twelve of which are represented graphically in Figures 13 through 
18. 

Figures 19 and 20, which are the superpositions of Figures 13 
through 18, illustrate that the models experience an asymptotic 
effect on the total amount of radiation absorbed as the number of 
tube rows is increased. A comparison of the two figures indicates 
that the back wall influences the incremental increase in total 

energy absorbed per tube row added while at a fixed C/D ratio. In 

some cases, the closed increment is greater than its open 



TABLE 2  
Direct radiation absorbed for a ten tube row configuration.  
Rows are arranged in an equilateral triangular array.  

C/D FP1 Fp2 Fp3 Fp4 Fp5 Fp6 FP, Fp8 F" Fp1 

1.5 0.8152 0.1380 0.0259 0.0072 0.0034 0.0021 0.0014 0.0010 0.0007 0.0001 
2.0 0.6577 0.1951 0.0779 0.0239 0.0116 0.0068 0.0046 0.0032 0.0024 0.0019 
2.5 0.5472 0.2142 0.1128 0.0430 0.0228 0.0122 0.0082 0.0057 0.0043 0.0033 
3.0 0.4676 0.2149 0.1327 0.0628 0.0360 0.0174 0.0122 0.0081 0.0063 0.0047 
3.5 0.4079 0.2095 0.1426 0.0785 0.0482 0.0233 0.0168 0.0106 0.0084 0.0062 
4.0 0.3615 0.2007 0.1453 0.0892 0.0590 0.0300 0.0227 0.0137 0.0104 0.0079 
4.5 0.3247 0.1915 0.1444 0.0961 0.0681 0.0367 0.0289 0.0169 0.0127 0.0094 
5.0 0.2943 0.1824 0.1418 0.1000 0.0742 0.0436 0.0347 0.0205 0.0153 0.0111 
5.5 0.2693 0.1736 0.1386 0.1015 0.0784 0.0495 0.0403 0.0241 0.0182 0.0129 
6.0 0.2479 0.1654 0.1346 0.1016 0.0809 0.0543 0.0449 0.0278 0.0212 0.0151 
6.5 0.2296 0.1575 0.1305 0.1009 0.0822 0.0578 0.0488 0.0314 0.0243 0.0175 
7.0 0.2139 0.1504 0.1263 0.0996 0.0827 0.0603 0.0520 0.0348 0.0273 0.0200 
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FIGURE 13 
Total radiation absorbed for a one tube row configuration (with and without inclusion of a reradiating 
back wall). 
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FIGURE 14 
Total radiation absorbed for a two tube row configuration (with and without inclusion of a reradiating 
back wall). Rows are arranged in an equilateral triangular array. 
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FIGURE 15 
Total radiation absorbed for a three tube row configuration (with and without inclusion of a reradiating 
back wall). Rows are arranged in an equilateral triangular array. 
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FIGURE 16 
Total radiation absorbed for a four tube row configuration (with and without inclusion of a reradiating 
back wall). Rows are arranged in an equilateral triangular array. 
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FIGURE 17 
Total radiation absorbed for a five tube row configuration (with and without inclusion of a reradiating 
back wall). Rows are arranged in an equilateral triangular array. 
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FIGURE 18 
Total radiation absorbed for a ten tube row configuration (with and without inclusion of a reradiating 
back wall). Rows are arranged in an equilateral triangular array. 
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FIGURE 19  
Comparison between the total direct radiation absorbed for 1, 2, 3, 4, 5, and 10 tube row configurations.  
Rows are arranged in an equilateral triangular array.  
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counterpart; in others, it is less. A quantitative explanation as to 
the cause of this effect can be found from the following derivation. 

Let FT and FD represent the respective totals for the amount of 

radiation absorbed when a back wall is and is not included in the 
model's configuration. In turn, let F1 represent the amount of 
indirect radiation contributed by the back wall. Then 

FT = FD + F1 (7) 

Pictorially, equation (7) states 

Reradiating Back Wall Reradiating Back Wall 

TUBE ARRAY = TUBE ARRAY -I- TUBE ARRAY 

Radiating Plane Radiating Plane 

or, in words, that the total radiation absorbed for an enclosed 
configuration is due to the superposition of two separate source-to-
sink arrangements. Applying equation (2) and the reciprocity 
relationship finds that the correspondence between the 
arrangements is 

F1 = FD(1 FE)) (8) 

Now, by fixing the C/D ratio, Fp varies only with n, the number of 
tube rows. Then the incremental change in FT per change in tube row 

number is 

AFT AFD AF,  
An An An  

or, by substituting equation (8) into equation (7), 
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AFT AFr,= 2(1 FD) " (9)An An 

Therefore, the change in FT per tube row added will be 

(a) Greater than the change in FD for FD < 0.5 

(b) Equal to the change in Fp for Fp = 0.5 

(c) Less than the change in Fp for FD > 0.5 

Note that equation (9) is only an approximate formula due to the 
discrete nature in which tube row addition occurs. 

Equation (9) provides insight into an important difference 
between open and closed configurations, indicating that tube row 
addition at a fixed C/D ratio causes the incremental increases in 
energy absorption to be less for an enclosed structure than for a 
corresponding open one by a factor of 2(1 F0) once a 50% direct 
absorption level has been obtained. For either configuration, the 
zeroing of its energy increments occurs when the saturation level of 
radiation absorption has been reached. That is, when Fp 1 and 

FT 1 for the open and closed arrangements, respectively. Evidently 

the saturation level is achieved with a smaller number of tube rows 

for an enclosed configuration than for an open one when both are 

fixed at the same C/D ratio, a conclusion verified by the following 
analysis. 

When equation (8) is substituted into equation (7), a quadratic 

function for FT in terms of FD is produced. The resulting equation can 

then be solved for Fp when FT is set at an approximate saturation 
level. For instance, setting the saturation level at 99.5% of the 
total energy emitted finds that almost 93% of the emitted energy is 
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absorbed directly, with the remaining 6.5% being contributed by the 
reradiating back wall. It is this contribution that an open 

configuration must compensate for by having a greater number of 
tube rows in its arrangement. 

Figure 21 is a tally for the number of tube rows necessary to 
reach a 99.5% saturation level for two configurations, one closed 
and one open, when both are fixed at the same C/D ratio. The values 

for the enclosed structures were taken from Figure 20, which 
explains why 3.0 is the maximum C/D ratio provided. The values for 

the open structures were obtained by the repeated expansion of the 
Monte Carlo computer program's zone array until the desired 

saturation level was achieved. It should be noted that strict 

adherence to the 99.5% level could not be upheld due to the discrete 

addition of the tube rows, so the row number yielding an absorption 

number closest to the saturation level was the one selected. 

Keeping the above considerations in mind, a pattern relating 
the increase in row number to the increase in C/D ratio can be 
deduced from Figure 21. The figure suggests that, for every 0.5 

increase in C/D ratio, one tube row must be added to the closed 
structure while twenty-one are needed by its open counterpart in 

order to maintain a 99.5% saturation level. Thus it is apparent that 
the rather small 6.5% contribution of the reradiating back wall 
becomes significant when measured in terms of the number of tubes 

required for its replacement. 
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FIGURE 21 
Number of tube rows required for 99.5% absorption of the total emitted 
radiation. Rows are arranged in an equilateral triangular array. 
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Isosceles Arrangements 

1--O 

To 
FO H = Equilateral 

H > Equilateral 
Value 

H < Equilateral

Di Value 0 
1 L -44 

Value

0 0I.- L ÷I 0 0 
14---- L 014 

FIGURE 22 
The three types of isosceles triangular arrays possible for a fixed 
center-to-center distance L. 

As Figure 22 suggests, the equilateral restriction used so far 
in this study is relaxed when height H and base L of the triangular 
arrays are allowed to be varied independently of one another, 
resulting in a more general isosceles structure. By using the view 
factors of Table 2 as the standard of comparison, it becomes 

possible to gauge the effect this generalization has on overall 
radiation absorption. Such comparisons require the introduction of 

the dimensionless parameters H/D and L/D. As a more specific 
example, consider the following examination of an open, two row 
array used as a test configuration. 

The investigation leads to the curves of Figure 23, which 
represents the direct radiation absorbed by the second row for the 
array's equilateral configuration along with some of its possible 

isosceles alternatives. The lower and upper limits on the H/D values 

were set 1.0 and 7.0, respectively. The lower limit was selected so 
as to maintain distinction between Rows and 2, while1 
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FIGURE 23 
Comparison between isosceles and equilateral triangular arrays for a two 
tube row configuration. 
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the upper limit was chosen in order to provide symmetry with the 
L/D values. As to the curves themselves, they can be interpreted 
individually as well as be compared against each other. 

To interpret the curves individually, recall that H must vary as 
//2 of L if all three sides of a triangle are to be kept equal in 
length; hence, each increasing value of L/D along the equilateral 
curve represents a magnification of the previous array (see Figure 
24). But for the fixed H/D ratios of the isosceles curves, an 
increase in L/D only "spreads" the base of the array, never altering 
the distance between the rows. The result is that the two 
configurations must overlap at some value of L/D. The dashed lines 
in Figure 23 mark these points of configurational equality. 

A comparison between the curves requires that the following 
parameter be defined: 

H H/D= 
L L/D 

Using this new parameter, an examination Figure 23 reveals that the 
two configurations are indistinct in the amount of radiation 
absorbed by the second row when H/L - 0.7 or greater for the 
isosceles arrangements. That is, the equilateral and isosceles 
curves converge above this value. A similar isosceles generalization 
to a five row configuration resulted in an outcome virtually 
identical with that of the two row case, suggesting that the number 

of tube rows in an arrangement does not bias the H/L convergence 

criterion. Therefore, it is to be concluded that, for a 
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value of H/L 0.7, the results listed in Table 2 for equilateral 
triangular configurations apply to isosceles arrangements. 

Finally, note that the Monte Carlo method is a simulation 
technique and not an optimization method. Thus it does not contain 

the ability to explain why Row 2 should have a maximum in radiation 

absorption for a L/D of 3.0, nor can it explain why the isosceles and 

equilateral curves should converge once a value of 0.7 for H/L has 

been reached. It is up to other techniques, such as the crossed-
string method, to find the cause of these results, making it an 

inquiry beyond the scope of this thesis. 
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CONCLUSIONS 

Furnace models in the past often limited the complexities in 
solving the radiant heat transfer problem to that of finding the 
direct view factors between the furnace's elements. All of the 
models documented in this report are of this strictly geometric 

nature, made possible through the black-body assumption as well as 

the assumption of a nonconducting refractory back wall. These 

simplifications, which make no distinction between the optical 

properties of the individual elements, do not take full advantage of 
the Monte Carlo numerical technique. The basic Monte Carlo method 
used in this study is more versatile than previous ones, allowing 
both the element's optical and geometric characteristics to be 

modeled. However, the price to be paid for incorporating realistic 
elements into the furnace model is an increase in the number of 
computations required. To help illustrate this point, consider as an 
example the zone and cell structure shown in Figure 25. 

If the elements diagrammed in Figure 25 are taken as being 
something other than black, then each cell must somehow be 
assigned a way to represent the optical properties of its contents. 
This may consist of assuming the elements as so-called "gray" 
bodies or may consist of an even more realistic relationship based 
upon full spectral data. The amount of increased effort required by 
the modeling process depends on the level of abstraction used. If 

that effort becomes too great, it may detract from the versatility of 
the computer program for modeling a wide range of situations. Thus, 
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FIGURE 25 
Computational zones and cells used by the computer program for a
two row array that includes a back wall. 

as always, it is up to the program's user to decide what is or is not 
acceptable for a particular problem. 

In closing, the Monte Carlo method is a well-established 
solution technique. For this thesis, an innovative computer 
application of the method has been used to investigate options for 
selecting an industrial furnace's optimum design. This approach has 
proven to be a useful tool that can be used by furnace designers and 

others whose problems involve radiation heat transfer to fixed, 
discrete surfaces. 
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APPENDIX  
MCLITE COMPUTER PROGRAM  

Overview 

The computer program Monte Carlo LITE (MCLITE) is designed to 

perform Monte Carlo simulations of photon bundle transport through 

two-dimensional arrays of fixed, discrete surfaces. Thus, for 

situations in which there are elements having one dimension that is 

considerably larger than the other two, the method applies if the 

largest dimension is assumed infinite in length and uniform in 

composition. Consequently, any cross section normal to the infinite 

direction can be taken as lying in an x-y plane. The surfaces of this 

plane will have arbitrary properties, both geometric and optical, 
which must be specified by the program's user. A typical array is 
illustrated in Figure Ala. 

The element array is defined as occupying a rectangular region 
in the x-y plane between x E [0, L,] and y E [0, Lh]. The sides of the 

array refer to the boundaries of this rectangle at x = 0 and x = LW; 
similarly, y = 0 and y = Lh refer to the respective bottom and top 
boundaries. Photon bundles are assumed to enter the array at the 
bottom and are either absorbed, reflected, or transmitted. If 

reflected or transmitted, the bundles may exit at either the bottom 
or the top of the array. Simulations can be run using either periodic 

boundary conditions or nonperiodic boundary conditions. Periodic 

boundary conditions are used for symmetric arrays. If nonperiodic 

boundary conditions are employed, then the sides of the array are 
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FIGURE Al 
An example of how MCLITE is applied: (a) a typical array; (b) a possible 
zone and cell configuration. 
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treated as ordinary surfaces with optical properties that are 

specified by the program's user. Besides the array itself, there is 
also a photon bundle detection region above the array. Each region is 

outlined in greater detail below. There also follows a description of 
MCLITE's ability to handle surface properties. 

The most important feature of MCLITE is its ability to 

simulate general, two-dimensional arrays. The array is initialized 

to occupy a rectangular area of dimension L, by Lh. This rectangular 

region is then divided horizontally into a number of bands, called 
zones. Each zone can then be further partitioned into a number of 
smaller rectangular regions, referred to as cells. The number of 
cells in each zone is independent of the number of cells in all other 
zones. All elements are defined to lie in a particular cell, although 
not all cells are required to contain an element. A zone and cell 
structure for the array shown in Figure Ala is displayed in Figure 
Al b. For a given array, the zone and cell structure are not unique. 
The general structure of the input data is to specify the width of the 
array and the total number of zones. The program then reads in the 
information on each of the zones, starting with the zone height and 
the number of cells contained in the zone. All cells within a given 
zone have the same height. The program then reads in the 

characteristics describing an individual cell. These include the cell 
width, any additional parameters describing the contents of the cell, 
and the optical properties of any surface in the cell. The sum of all 
cell widths within a given zone is equal to the array width L. The 
array height is equal to the sum of all zone heights. 
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The photon bundles are assumed to originate in the region 
below the array (i.e., y < 0). The two current source configurations 

are either line or point, with the point source having a Guassian 
beam profile. The bundles exit the array by crossing the line at 
y = Lh. All statistics in the detection region are accumulated when 
the photons cross a plane parallel to the x-z plane and located some 

distance from the array. 

MCLITE Input 

MCLITE requires four input files in order to run, two of which 
describe the array geometries and simulation parameters and the 
other two describe the available surface properties. The two files 
describing the array geometries and simulation parameters are 
labeled TAPE1 and TAPE5. The file TAPE5 contains parameters for 

running the simulation, while TAPE1 contains the information for 
constructing the array. The two files containing the surface 

property information are SPROP.INP and 2DSPROPS.INP, with 
SPROP.INP containing the parameters for describing 1-D surface 
properties and 2DSPROPS.INP containing the parameters and data 
sets for describing 2-D surfaces. 

The only information that is read in from TAPE5 about the 
structure of the array is the array width and the total number of 
zones in the array. The remaining information about the array 
structure is read in from TAPE1. The information in TAPE1 is 

organized in consecutive order by zones. The first line for each zone 

contains data specifying the number of cells in the zone and the zone 

height. The remaining lines, grouped in pairs, contain information 
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describing the individual cells in the zone. The structure of TAPE1 
is sketched below. 

ZONE i 

Line 1: Ncells, Zndpth 

Ncell: The total number of cells in zone i. 

Zndpth: The height of zone i. 

Line 2: Ctype, Stype, Clwdth 

Ctype: The index labeling contents of the cell. 

For Ctype = 0, then the cell is empty 

Ctype = 1, then the cell contains a rectangular pin 

Ctype = 2, then the cell contains a triangular wedge 

Ctype = 3, then the cell contains a cylinder 

Stype: The index labeling the 1-D properties (properties which are 
independent of the incoming angle) of the surfaces in the cell. This 

index is overridden if the 2-D surface index is nonzero. 

D2type: The index labeling the 2-D properties of the surfaces in the 
cell. This index is zero when the cell surfaces are assumed to have 
only 1-D properties. 

Clwdth: A real number specifying the width (x-dimension) of the 
cell. 
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Line 3: Clvar 

Clvar: A variable which describes the contents of the cell. The 

values of Clvar necessary to describe each of the cell types are: 

1. Empty cell: No variables are needed. 

2. Rectangular pin: The rectangular pin is assumed to be the 

same height as the zone. The left hand edge of the pin coincides 
with the left hand side of the cell. The variable R, is the distance of 
the right hand edge of the pin from the left hand side of the cell. 

3. Wedge: The wedge is assumed to be pointing downward with the 

apex located on the lower edge of the cell and the base located on 
the top edge of the cell. The three variables necessary to describe 
the wedge are R1, R2, and R3 

where R, a the distance of the apex from the left hand edge of the 

cell 
R2 E the distance between the left hand edge of the cell and 

the left hand side of the base 
R3 E- the distance between the left hand edge of the cell and 

the right hand side of the base. 

4. Cylinder: The center of the cylinder is located at the coordinates 
( R, , R2) relative to the lower left hand corner of the cell. The 

cylinder has radius R3. Note that the center of the cylinder does not 
have to lie within the cell, nor is the cylinder constrained to lie 

completely within a given cell. A photon bundle will interact only 
with the portion of the cylindrical element that is contained within 
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the cell. This is done so that the program's user has more flexibility 
in constructing arrays containing cylindrical elements. However, it 

is up to the user to make sure that no bundles can get "inside" a 
cylindrical element in the final array. 

The file TAPE5 contains the remaining parameters needed to 
run the simulation. It consists of several lines of numbers which 
represent the input for the simulation parameters. The variables are 

listed below. 

Line 1: Nzones, Nbtch, Nruns, ltmp 

Nzones: The total number of zones in the array. 

Nbtch: The total number of photon bundles fired into the array per 
subrun. 

Nruns: The total number of subruns. 

ltmp: A flag that imposes periodic boundary conditions. 

For ltmp = 0, then there are no periodic boundaries 

ltmp = 1, then there are periodic boundaries 

Line 2: Znwdth, Nrgmin, Wtype 

Znwdth: The width of the array. 

Nrgmin: The fractional energy cutoff for terminating a photon 
bundle. When the fraction of the initial bundle energy falls below 
this number, the bundle trajectory is terminated. 
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Wtype: A variable specifying the 1-D properties of the walls 
bounding the array and is used only if nonperiodic boundaries are 

specified. If variable D2wtyp is greater than zero, then this 

variable is ignored and the 2-D properties are used instead. 

D2wtyp: A variable specifying the 2-D properties of the walls 
bounding the array. 

Line 3: Xbins, Abins, Zbins, Zwin 

Xbins: The number of horizontal position bins in output distribution. 
The horizontal positions are binned between the values 0 and 
Znwdth. 

Abins: The number of angle bins in output distribution. The angles 

are binned between the values -Tc/2 and n/2. 

Zbins: The number of vertical position bins in output distribution. 

Zwin: The cutoff for binning vertical positions. Photon bundles that 

fall outside the range [-zwin, zwin] are not binned. 

Line 4: (seed 

(seed: A large negative number used to seed the random number 
generator. 

Line 5: Yrsc, Stheta, Sigma, Isrc 

Yrsc: The distance of the light source from the front end of the 
array. 
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Stheta: The angle (in radians) that the incoming light is deflected 

from the y-axis in the x-y plane. 

Sigma: The spread in angle (in radians) about Stheta. The spread is 

assumed to be a Guassian distribution with width Sigma. 

lsrc: A mode for generating initial photon bundle locations. 

For lrsc = 1, then the initial bundle locations are randomly 

generated 

lrsc = 2, then the bundles are generated sequentially along 

the source 

lrsc = 3, then the bundles are generated using a localized 

beam 

lrsc = 4, then the photon locations are sequentially generated 

with diffuse angular distribution in the x-y plane 
{Note: If mode lrsc = 3 is specified, the line 5.1 is included to 

describe the localized beam. Otherwise, line 5.1 is ignored.) 

Line 5.1: Xorigin, Zorigin, Sigxz 

Xorigin: The x-coordinate of the beam source. 

Zorigin: The z-coordinate of the beam source. 

Sigxz: The width of Guassian beam profile normal to the beam axis. 

Line 6: Ydtcr 

Ydtcr: The distance that detector is located from the back end of the 

array 
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The file SPROP.INP contains the information for describing the 

1-D surface properties. The program's user assigns the emissivity 
and specularity of a surface to an integer. When MCLITE generates a 

surface reflection, it first checks if the surface has or 2-D1 

properties by checking to see if the 2-D surface properties variable 
is nonzero. If it is zero, then MCLITE gets the emissivity and 
specularity associated with the surface type integer and generates 
the appropriate reflection. The data in SPROP.INP assigns data pairs 

consisting of emissivity and relative specularity to an integer index. 

A surface in the array that has 1-D surface properties, and refers to 
this index, will have the corresponding emissivity and relative 

specularity. The relative specularity is normalized so that the 
relative specularity plus the relative diffuse reflectivity are equal 
to 1. The program automatically assigns a completely "black" 
surface to the integer -1 and a completely specular surface to the 
integer 0. All other surface types must be input by the program's 
user. The structure of SPROP.INP is outlined below. 

Line 1: Ntype 

Ntype: A variable indicating the number of different surface types 
that are to be read in. 

Line 2: (type 

!type: An integer index which associates surfaces having 1-D 
surface properties of type !type with the data pair that is read in on 
the next line. 
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Line 3: Sprop(Itype, 1), Sprop(Itype, 2) 

Sprop(Itype, 1): The emissivity of surfaces of type !type. 

Sprop(Itype, 2): The relative specularity of surfaces of type 'type. 

The remaining file, 2DPROPS.INP, contains the data associated 

with 2-D surface properties. It assigns an integer to each of the 
data sets. A photon bundle that is reflected from a surface with the 

2-D surface properties indexed by this integer then goes to the 
corresponding data set to generate the reflected bundle. The first 
line in 2DPROPS.INP contains an integer specifying the total number 

data sets that are included in the file. If this integer is zero, no 
data sets are read in. The data sets are indexed consecutively, 
starting from 1, as they are read in. The remaining lines of data are 
read in as follows. 

i) leta, !theta 

leta: The number of increments in incoming angle. 

(theta: The number of increments in outgoing angle. 

i i) do i = 1, leta 
do j = 1, (theta 

read(): Etmp(i), Thtmp(j), D2tmp(j, i, Id2type) 

end do 

end do 

Etmp(i): The incoming angle represented by increment i. 



64 

Thtmp(j): The outgoing angle represented by increment j. 

D2tmp(j, i, Id2type): The value of probability distribution for 

diffuse reflections at the angles Etmp(i) and Thtmp(j). 

Id2type: The index associated with the current set. 

i i i) do i = 1, leta 
read(): Eml(i, Id2type), Spl(i, Id2type) 

end do 

Eml(i, Id2type): The emissivity of surface for photon bundles with 
incoming angle Etmp(i). 

Spl(i, Sd2type): The specularity of surface for bundles with 

incoming angle Etmp(i). 

This process is repeated until all of the data sets specified in 
the first line have been read in. 

Example (Input) 

This section includes examples of all the files needed to 
simulate a small array. The array is shown in Figure A2 and 
contains three types of surfaces. The cylindrical reflector elements 
are pure diffuse surfaces, the wedge shaped element is purely 

specular, and the square elements are pure absorbers (i.e., black 

surfaces). The array is composed of 4 zones, one of which 
represents the gap between the wedge shaped element and the 
square elements. The array is 5 by 5 units in dimension. 
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FIGURE A2  
An example of a small array.  

TAPE1: 

2 2.0 {Zone 1} 

3 1 0 1.00 {Cell 1: Cylinder} 

0.0 1.0 1.0  

3 1 0 4.00 {Cell 2: Cylinder}  

4.0 1.0 1.0 

2 1.5 {Zone 2} 

0 0 0 2.00 {Cell 1: Empty} 

0.0 0.0 0.0  

2 0 0 3.00 {Cell 2: Wedge}  

0.5 0.0 1.0 

1 0.5 {Zone 3} 
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0 1 0 5.00 {Cell 1: Empty} 

0.0 0.0 0.0 

2 1.0 {Zone 4} 

1 - 1 0 4.00 {Cell 1: Rectangle} 

1.0 0.0 0.0 

1 1 0 1.00 {Cell 2: Rectangle} 

1.0 0.0 0.02 

TAPES: 

14, 100001, 20, {# Zones, # Photons/Subrun, 

#Subruns, BC} 

5.0, 0.0, -1, 0 {Array Width, Energy Cutoff, 

1-D BC, 2-D BC} 

40, 41, 41, 5.0 {X-bins, Q-bins, Z-bins, 

Z Window Cutoff} 

-73325 {Random Number Seed} 

0.001, 0.39270, 0.0, 2 (AY Source, 4), Spread in 43, 

Source Type]  
0.0001 (AY Detector)  

SPROP.INP: 

1 {Number of Surfaces} 

1 {Surface Property Index} 

0.0, 0.0 {Emissivity, Specularity} 
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2DPROPS.INP: 

0 {No 2-D Surface 

Properties} 

Example (Output) 

The file OUTSTUFF echoes all of the input information in 

TAPES. It also contains the fraction of transmitted and reflected 

photons as well as the statistics for the entire simulation. 

OUTSTUFF: 

Total number of zones in the array : 4 

Total number of subruns in the simulation : 2 0 

Total number of photon bundles per subrun : 1000001 

Random number generator seed : -73325 
Note: Periodic boundary conditions are imposed 

Array width 5.000: 

Wall properties variable - 1 

2D wall properties variable : 0 

Energy cutoff for terminating a bundle : 0.000000 
Distance of light source from the array : 0.001 

Angle (radians) of incident bundles from the source : 0.392700 

Angular spread in light direction at source : 0.000 
Note: Initial bundle locations are sequentially generated 

Distance of detector from the array : 0.001 

Number of position bins in output distribution : 4 0 

Number of angle bins in output distribution : 41 

Number of z bins in output distribution : 41 
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Maximum value of z in output distribution : 5.000 

Fraction of transmitted bundles : 0.065759 

Root mean square fluctuations in transmitted 

bundles : 0.000328 
Z displacement check : 1.095948 

Fraction of reflected bundles : 0.395522 

Root mean square fluctuations in reflected bundles : 0.000555 

Fractional absorbance of Zone 1 : 0.000000 

Fractional absorbance of Zone 2 : 0.000000 

Fractional absorbance of Zone 3 : 0.000000 

Fractional absorbance of Zone 4 : 0.538719 

RMS fractional absorbance of Zone 1 : 0.000000 

RMS fractional absorbance of Zone 1 : 0.000000 

RMS fractional absorbance of Zone 1 : 0.000000 
RMS fractional absorbance of Zone 1 : 0.000400 




