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NOMENCLATURE 

RODCON 

T temperature 
Tjj bulk fluid temperature 
r rod radius 
R rod outer radius 
0 angle 
A finite difference 
t time 
k thermal conductivity 
h film coefficient or contact conductance 
^vol volumetric heat generation per unit length 
q' linear power 
qra(j radiant heat flux per unit, length 
p density 
Cp specific heat 
^stored energy per unit length stored, during At 

HOTTEL 

Q heat flow 
A surface area 
e surface emissivity 
F shape or view factor 
0 Stefan-Boltzmann radiation constant 
T absolute temperature 
q radiant heat flux 
F gray-body view factor 
M matrix of coefficients 
6 j k Kronecker delta function 



DEVELOPMENT AND ADAPTATION OF CONDUCTION AND RADIATION 
HEAT TRANSFER COMPUTER CODES FOR THE CFTL 

J. C. Conklin 

ABSTRACT 

RODCON and HOTTEL are two computational methods used at Oak 
Ridge National Laboratory (ORNL) to calculate thermal and radia-
tion heat transfer for the Core Flow Test Loop (CFTL) analysis 
efforts. 

RODCON was developed at ORNL to calculate the Internal tem-
perature distribution of the fuel rod simulator (FRS) for the 
CFTL. RODCON solves the time-dependent heat transfer equation 
in two-dimensional (R0) cylindrical coordinates at an axial 
plane with user-specified radial material zones and time- and 
position-variant surface conditions at the FRS prrlphery. Sym-
metry of the FRS periphery boundary conditions is not necessary. 
The governing elliptic, partial differential heat equation is 
cast into a fully implicit, finite-difference form by approxi-
mating the derivatives with a forward-differencing scheme with 
variable mesh spacing. The heat conduction path is circumferen-
tially complete, and the potential mathematical problem at the 
rod center can be effectively ignored. 

HOTTEL is a revision of an algorithm developed by C. B. 
Baxi at the General Atomic Company (GAC) to be used in calculat-
ing radiation heat transfer in a rod bundle enclosed in a hex-
agonal duct. HOTTEL uses geometric view factors, surface emis-
sivltles, and surface areas to calculate the gray-body or com-
posite view factors of an enclosure having multiple reflections 
In a nonparticlpating medium. 

1. INTRODUCTION 

The Core Flow Test Loop (CFTL) was an experiment under construction 
at Oak Ridge National Laboratory (ORNL) to investigate the structural and 
thermal-flow behavior of a simulated Gas-Cooled Fast Reactor (GCFR) core 
subassembly. The design for the GCFR core was that of a bundle of round 
rods arranged in a hexagonal array, with the outer diameter of the rod 
having a ribbed surface to promote convective heat transfer to the high-
pressure (9.0-MPa) helium coolant. 
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A computational tool to determine helium temperature and CFTL fuel 
rod simulator (FRS) surface temperature was required to predict an oper-
ating envelope that would preclude unanticipated FRS failure and would 
provide rod temperature gradients for use in structural analysis. To 
satisfy similar programmatic needs at General Atomic Company (GAC), a 
series of thermal-hydraulic codes [COBRA III-C (Ref. 1) and eventually 
COBRA IV (Ref. 2)], initially developed for the rod bundle analysis of 
light-water reactor cores, had been modified. Much work was required to 
adapt COBRA for the rough-rod helium-cooled bundle applications.3 Among 
other modifications, computational models were required to represent the 
significant rod diametral temperature gradients and thermal radiation heat 
transfer. The original fuel rod thermal model in COBRA assumed symmetry 
of the rod geometry and the rod periphery boundary conditions. COBRA did 
not represent rod-to-rod, or rtod-to-duct, thermal radiation heat transfer. 

A series of experiments in West Germany and Switzerland4-6 revealed 
thtt, under certain circumstances (particularly at low flow), symmetry of 
film coefficients and bulk channel temperatures about the rod perimeter 
would not exist and radiation heat transfer was significant. An algorithm 
called CIRCON,7*8 used to calculate the internal rod temperature distri-
bution in two dimensions for the GCFR fuel rod, and a computer code called 
HOTTEL,8 used in calculating radiative heat transfer in the rod bundle, 
were developed by GAC. 

Substantial effort was necessary to apply the basic heat transfer 
algorithm of CIRCON to the CFTL rod geometry and to Implement the coding 
of the ORNL computer system. The result of this effort is a computer code 
RODCON,9 which can be used independently or as an integral part of a sub-
channel analysis calculation. 

The preprocessing code HOTTEL did not require extensive modification 
to adapt it for use at ORNL with the CFTL geometry and ORNL computer sys-
tem. Modifications of HOTTEL were made to decrease the amount of computer 
time used by the code, to decrease the amount of geometry information in-
put to the code, and to adapt the coding to the International System of 
Units. 
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2. RODCON - A FINITE-DIFFERENCE HEAT CONDUCTION 
COMPUTER CODE IN CYLINDRICAL COORDINATES 

2.1 General Remarks 

RODCON was developed for an arbitrary number of internal material 
zones and an arbitrary number of subchannel connections with differing 
boundary conditions, and it has a complete circumferential heat conduction 
path. RODCON was written to use any consistent set of units. The number 
of temperature nodes in either radial or azlmuthal directions can easily 
be increased to improve the accuracy of the calculation at the expense 
of increased computer time. RODCON can be used for fuel rods or FRSs 
with an indirectly or a directly heated clad. A fully implicit scheme 
was chosen to avoid time-step size stability criteria. 

2.2 Theory 

The governing equation in cylindrical coordinates for time-dependent 
heat transfer with constant physical properties is 

32T 1 3T 1 32T pr 3T q v o l 
5" + — + —s- = c + , C 1) 

3r r 3r r 2 302 k 3t k 

subject to the boundary conditions of 

0 when r = 0 , (2) 3r 

-k-^ = h(T - T b) + q r a d when r = R . (3) 

The boundary condition at r = 0 [Eq. (2)] is perhaps not the best 
assumption for the problem being considered; that is, large rod diametral 
temperature differences are likely to induce a temperature gradient at 
the rod center. However, this assumption of zero temperature gradient at 
the rod center must be made so that this problem is mathematically deter-
minate because Eq. (1) has a singularity at the origin. A method of 



4 

describing the geometry was developed to effectively ignore this boundary 
condition physically while maintaining it mathematically. 

material zones and jmax arbitrary circumferential divisions (Fig. 1). 
The included angles of the circumferential divisions need not be equal. 
This particular manner of geometric subdivision was chosen to agree with 
the subchannel boundary geometry of the overall rod bundle subchannel 
analysis code COBRA/CFTL (Ref. 10), an ORNL adaptation of COBRA*GCFR, 
and to agree with the internal rod geometry of the FRS, which has mate-
rial region symmetry about the rod center. 

A computational node is placed at the center of a material region at 
the midpoint between the azimuthal boundaries delineating a subchannel, 
except for the central region which has a single node at the rod center 
(Fig. 1). Equation (1) was transformed into a physical model form in 
which the heat flux entering a volume element must balance with the en-
ergy stored plus the energy generated during the time interval. A con-
tact thermal conductance coefficient was included between material re-
gions. In terms of the quantities shown in Fig. 2, 

where i is the ith radial node and j is the jth azimuthal (0) node. 
For the 0 direction, 

2.3 Modeling 

The cross section of an FRS is divided into imax arbitrary radial 

q^ + q_ + q + q = q , + q ^ , 
1»j+1 ®i,j ri,j ri-l,j v o 1 stored 

(4) 

(5) 

where 

» (6) 

and 

(7) 
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Fig. 1. Rod subdivisions and node numbering scheme. 

where 

C i . j + 1 = k i * [(rt + r i - P / 2 ] * tcij + r j + 1 ) / 2 ] ' ( 8 ) 

Thus, for the azimuthal direction, the Fourier heat conduction law 
is approximated by q = k Ar(AT/As), where As is the arc length between 
the nodes at the ith radial region, Ar is the difference in radius for 
the region, and AT is the circumferential temperature potential. 

Special attention was given to the node numbering scheme so that the 
heat conduction path in the azimuthal direction is complete. This order-
ing scheme gives a banded nature to the coefficient matrix. 
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Fig. 2. Rod section geometry and heat fluxes. 

For heat conduction transfer in the radial direction, the finite-
difference approximation of the Fourier heat conduction law becomes more 
involved than that for the azimuthal direction because of a contact ther-
mal resistance between two radial material zones as well as an applica-
tion of the boundary conditions at the rod periphery and rod center. 

In terms as shown in Fig. 2, 

q r i - I , 3 = C±-1.J * < Ti-l.J ~ T i , j ) • 

where 

tj-jQj 
C i - 1 . 3 " - r ^ ^ k i - ! ] + [(r ± - r i _ 1 ) / 2 k i ] + ( l / h ^ i ) » ( 1 0 ) 
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and 

qri,j = X (Ti+l,j ~ Ti,j> > ( 1 1 ) 

where 

rjOj 
Cl'J " [(r± - r ^ O / l k i ] + [(ri+1 - r±)/2ki+iJ + (1/hj.) ' ( 1 2 ) 

At the rod periphery, the radial heat flux conducted, convected, 
and radiated into the volume element is approximated by 

q ri m a x,j = C W > j ( T b u l k , j ~ Ti m a x,j> + ^rad > (13) 

where 

Amax J (14) 
Lmax ^max ""̂ max* * ' imax'1 

Cimax»j [(r± - r< _i)/2ki ] + (l/h* ) ' J-mav ifflav 1 I m a v J-ma v 

The net radiant heat flux q r a ( j » calculated from a previous rod tem-
perature distribution, is added to the peripheral volume element as a 
boundary condition. If radiant heat transfer is expected to significantly 
affect the rod temperature distribution, sufficient iterations between 
RODCON and the subroutine that calculates radiant heat flux are necessary 
to converge on a rod temperature distribution. 

The energy stored during time step At is approximated for the volume 
element by 

PitC p i(4-r?_ 1)]( 0 j/2) 
qstoredlf j At * (Ti, J " Ti.J> > ( 1 5 ) 

where TJ^j is the previous time-step value of temperature at node i,j. 
The heat generated in the volume element is simply 

qvoii.j = q± - • Ci6) 

The first boundary condition of known heat flux on the rod periph-
ery was satisfied by Eqs. (13) and (14). The second boundary condition 
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of zero temperature gradient at the rod center is observed by rewriting 
Eq. (1) as 

32T 3T/3r 32T/3Q2 pCD 3T q v o l 
— 5 - + + = = — £ — + . 
3r2 r rz k 3t k 

Observing the third term behavior as r approaches the origin yields 
the following relationship, using L' Hospital's rule, 

/32T\ 9 /32T\ 3 2 /32T\ 
i 4 \3Q2/ .. 3r \302/ ., 3r2 \302/ _ lim — = lim lim 0 . r*0 r2 r+0 2r r-*0 2 

In the vicinity of the origin, the temperature will be a function of r 
only. 

The second term in the rearranged Eq. (1) as r approaches the origin 
behaves in the analogous manner: 

/3T\ /32T\ 
l i m k i i = l i m W i Z = 
r+0 r r+0 1 3r^ 

Thus, for the central node only, Eq. (1) reduces to 

2 . f i il + 3»2i. (17, 
3r2 k 3t k 

Using the geometry shown in Fig. 3, the following expression is ob-
tained by transforming Eq. (17) into a finite-difference form using cen-
tral differencing for the second partial derivative of temperature with 
respect to the radius. 

2 pCr» ( T ^ - 2TC + T C_ X) « —E. (Tc - T p + f (18) 

or 

(As)2 ^ ^ c c kAt v c c' k 

2k 2k pCD 
<TC+1 - T c) + — - - (Tc_i - T c) 2- (Tc - 1*) + q v o l , (19) 

( A s ) 2 (As)2 " A c At 
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Rod geometry at center node. 

where As is the mesh spacing. In Fig. 3, As = r + Ar; and, by definition, 

As _ r . Ar 1 _ r + Ar 
ir ~ k! k2

 + h7 k • u ; 

This is an exact relationship for the effective thermal resistance 
of a rectangular element and a reasonably good approximation for a suf-
ficiently small element in polar coordinates away from the origin. This 
approximation could be seriously in error for the points at or near the 
origin. However, the error will be minimal, particularly for the CFTL 
rod geometry that will be shown in Chap. 4. 

Separating the energy storage term on the right-hand side of Eq. (19) 
into two terms representing the energy stored terms for each of the mate-
rial regions (Fig. 3), and ignoring the energy generation term for now, 
yields the following expressions: 

kl _ . PGp , * a \2 (Tc+l - Tc> = (Tc ~ for region 1, (r + Ar)^ At 

, (Tc-l - Tc> = (Tc - Tc) for region 2. (r + Ar)z At 

(21) 

Taking the relationship for region 1, multiplying both sides by r2©i, 
substituting the relationship for k [Eq. (20)], and collecting terms 
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yields 

Xkj k2 hi / \ r ' 

The first term is of the form Cj^j as developed for Eq. (12) for a 
material region away from the origin. The second term would then be a 
geometric correction to that thermal conductance term. This geometric 
term is always less than one and goes to zero as r becomes small and Ar 
remains finite. Although this geometric correction term was not developed 
rigorously, it does fit the physics of the problem (i.e., large thermal 
resistance at small radius) and has the desirable mathematical property 
of vanishing when r approaches zero. 

The right-hand side of Eq. (22) is observed to be simply the heat 
stored in a 0 section of the central nodal volume during a time step. 
Therefore, summing all the contributions to the energy balance of the 
central nodal volume yields the following equation in nomenclature con-
sistent with Fig. 2. 

1 + 
r 2 ~ ri 

2r, 

ri 
ri r2 - ri 

Ĵ Jmax 
V e j ( T 2 f j - T i ) 
J-l 2k, 

= T ^ <™1><T1 " T!> + qvol . (23) 

The equations representing the heat balances [Eqs. (5) through (16) 
and (23)] are cast in the form of a simultaneous system of linear alge-
braic equations as the form AT = b, where A is the matrix of known co-
efficients and b is the right-hand side vector of known heat flows. The 
resulting coefficient matrix is banded with a half-bandwidth equal to the 
number of subchannels bordering the FRS. The matrix is also positive 
definite and symmetric. This structure has inherent numerical advantages 
that were used in the coding. Only the upper band of the symmetric matrix 
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and the diagonal are stored in a compressed fashion, and then matrix op-
erations11 are used to solve the governing equations that take advantage 
of the unique nature of this banded, positive-definite matrix. The result 
is a code that minimizes storage and computation time. 

This modeling scheme results in an implicit finite-difference ap-
proximation with an associated error on the order of the node spacing. 
Thus, the capability for easily increasing the number of nodes was in-
cluded in RODCON to check on the accuracy of the modeling, within the 
limitations of first-order accuracy. 

2.4 Structure of the Calculations 

The necessary input to RODCON for each material region consists of 
(1) thermal conductivity, (2) density, (3) specific heat, (4) contact con-
ductance at outer region radius, (5) outer radius of region, and (6) lin-
ear power of region. These input parameters must be axisymmetric about 
the origin and remain fixed throughout a transient. The subtended angle 
must also be specified. Both the film coefficient and the corresponding 
bulk fluid temperature at the rod periphery must be specified at each 
time step. If radiation heat transfer is significant, the calculated ra-
diant heat fluxes from another computational subprogram must be supplied. 

As stated previously, there is a method to effectively ignore the 
boundary condition of zero temperature gradient at the rod center. Speci-
fying a very small but nonzero radius for the central nodal area and/or 
specifying a very small but nonzero gap conductance at the interface of 
the central nodal region will thermally isolate the central region from 
the rest of the rod. This, in effect, puts a hole in the rod center, 
diverting the heat flows around the center. However, the mathematical 
requirement of zero temperature gradient is always satisfied. Enhanced 
model detail near the rod center might then be necessary for improved 
accuracy. 
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3. HOTTEL — A COMPUTER CODE TO DETERMINE GRAY-BODY 
VIEW FACTORS FOR RADIATION HEAT TRANSFER 

3.1 General Remarks 

The HOTTEL code was received from GAC (Ref. 8) and implemented on 
the ORNL computer system early in 1980. Improvements to the coding were 
made at ORNL to optimize the numerics and to facilitate use of the code. 
The basic theory and use of the code are discussed in this chapter. 

3.2 Theory 

Hottel12 developed a method for calculating the total diffuse radia-
tive heat exchange between gray surfaces in a two-dimensional enclosed 
geometrical arrangement. The emlsslvity of a gray surface is not a func-
tion of wavelength. The intensity of diffuse radiation is not s function 
of position. This relationship can be written as 

q i j = „ FijottJ - l}) , (24) 

where F^j is a term that includes the effect of multiple reflections 
within the enclosure. The net radiant energy flux at surface i would 
then be 

qi " o L ?ij(Ti-Tj>« (25) 

The j values depend on the surface emissivities and geometry of 
the enclosure. If there are N surfaces, there will be N2 gray-body view 
factors for the enclosure, and N simultaneous equations of the following 
form will have to be solved. 

N 
E tF jkd - ek> - «jk]^ki/ekl - -F jiH • (26) k»l 

Cox13 gives an excellent discussion of the development of these re-
lationships. Equation (26) can be written in the matrix form Mx = b, 
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where this vector equation would be repeatedly solved N times to arrive 
at the N2 values contained in the matrix F. After solving for the matrix 
F, the calculated values of F are checked according to the relation 

N 
£ F i j • £ i • < 2 7 > 

These values of gray-body view factors are then placed on a periph-
eral storage device in cards or card image format to be used as input 
data for the COBRA/CFTL code. 

3.3 Computational Procedures 

HOTTEL requires as input data the surface eraissivity, view factors, 
and surface areas. Only one of the pair of view factors needs to be in-
put; the other will be determined from the view factor reciprocity re-
lationship: 

AjFij = AjFji . (28) 

The input areas need not be the actual areas but can be normalized 
so that the ratio of the surface areas of all surfaces i and j are repre-
sentative of the actual geometry. 

All view factors need not be specified for each surface, even though 
the relationship 

N 
£ - 1 . (29) 
J-l 

derived from the definition of view factor, must hold. HOTTEL checks 
this identity for each surface; if all the view factors for a surface do 
not sum to unity, a view factor to a surface of zero emissivity (totally 
reflective) that will satisfy this identity is assigned. The purpose of 
this procedure is to allow the user to specify view factors for only those 
surfaces for which radiation heat transfer will be important. 

After checking the calculated results for the gray-body view factors, 
the values can be output in either the matrix format or a column vector. 
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The values of gray-body view factors that are less than a user-specified 
fraction of the surface emissivity are discarded. The algorithm used in 
HOTTEL to manipulate the matrix of values into a column vector was devel-
oped to be compatible with the surface numbering scheme for COBRA/CFTL. 
The actual calculation of radiative heat flux according to Eq. (24) is 
done in COBRA/CFTL. 

If the surface emissivitles are not functions of rod surface tem-
perature, HOTTEL need only be run once per rod geometry. However, if 
this assumption is not valid, HOTTEL must be rerun during the subchannel 
calculations. 
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4. SUMMARY AND CONCLUSIONS 

A first-order finite-differencing computational model (RODCON) was 
developed to calculate the R-0 temperature profile resulting from thermal 
conduction at any axial level of a CFTL FRS. This particular algorithm 
analyzes any axisymmetric cylindrical geometry with any consistent set of 
units. RODCON can be used independently or as an integral part of a sub-
channel analysis code. 

Second-order differencing schemes were investigated but were not im-
plemented for this particular analysis of the CFTL FRS. The first-order 
approximations could be significantly in error for such geometries as a 
nuclear fuel rod, where the linear heat generation is significant neat 
the rod center and the thermal conductivity at the rod center is of the 
same order as the thermal conductivity at the rod periphery. The CFTL 
rod geometry has negligible heat generated at or near the rod center, 
with a material (nickel) having a relatively high value of thermal con-
ductivity as compared with the insulating material (boron nitride). This 
configuration produces a flat temperature gradient near the rod center, 
which justifies the first-order approximations near the center. Also, 
the accuracy of the imposed boundary conditions, provided by COBRA/CFTL, 
at the rod periphery did not warrant the extra expense associated with a 
more accurate second-order differencing scheme. 

An algorithm to calculate the total radiative exchange factor of an 
enclosure was developed at GAC and modified for the CFTL at ORNL. This 
algorithm specifically allows the user to specify only those view factors 
for which radiation heat transfer will be important. Further effort to 
optimize the numerics and improve the geometric representation has been 
identified. 

A significant amount of computer time and storage can be saved by 
rewriting the matrix equation (Eq. 26) for gray-body view factors by 
using the reciprocity relation for areas and view factors to generate a 
symmetric, positive-definite coefficient matrix. High-quality computer 
software has been developed11 to numerically take advantage of this spe-
cific situation. This improvement will be made if the rod surface emis-
sivities are identified as functions of temperature. 
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Improvement of the geometric representation in HOTTEL can be obtained 
by describing all the view factors in the enclosure* Calculating these by 
hand can be tedious and error prone. A set of computational algorithms, 
based on the crossed-string method of calculating two-dimensional view 
factors, has been made available to ORNL.14 Given a minimum amount of 
descriptive geometry, the algorithm calculates the geometric view factors 
for a rod bundle having a triangular pitch with a hexagonal outer duct. 
This improvement will be implemented into HOTTEL if radiation reflection 
is identified as an important mode of heat transfer from the powered to 
the unpowered surfaces in the rod bundle enclosure. 
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IMPLICIT REAL*8(A-H,0-Z) 
COMMON/RODPRP/R(7),XK(7),HGAP(7),CP(7),QPR1ME(7),RH0(7),DT 
DIMENSION T(97),Q(24),HT(24),TB(24),THETA(24) 
DIMENSION A(25,97),RHS(97) 

NR=7 
MSC=4 
M=MSC 
CALL INPUT(HT,TB,THETA,M,NR) 
MS=M 
IF(M.LT.5) CALL MORCON (M,MS,THETA,HT,TB) 
MSO=MS 
DO 180 1THETA=1,1 
GO TO (10,20,40).ITHETA 

10 CONTINUE 
MSP1=MS+1 
GO TO 60 

20 CONTINUE 
MS=2*MS0 
MSP1-MS+1 
MSM1=MS-1 
DO 30 1=1,MSM1,2 
THETA(MSP1-I)=THETA(MSO-I/2)/2.DO 
THETA(MS-I)=THETA(MSO-I/2)/2.DO 
HT(MSP1-1)=RT(MSO-I/2) 
HT(MS-I)=HT(MSO-I/2) 
TB(MSP1-I)=TB(MS0-I/2) 
TB(MS-I)=TB(MSO-I/2) 

30 CONTINUE 
GO TO 60 

40 CONTINUE 
MS=3*MS0 
MSP1=MS+1 
MSM1=MS-1 
MSM2=MS-2 
DO 50 1=1,MSM2,3 
THETA(MSP1-I)=THETA(MS0-I/3)/3.DO 
THETA(MS-I)=THETA(MSO-I/3)/3 • DO 
THETA(MSM1-I)=THETA(MSO-I/3)/3 • DO 
HT(MSP1-I)=HT(MSO-I/3) 
HT(MS-I)=HT(MSO-1/3) 
HT(MSM1-1)=HT(MSO-1/3) 
TB(MSP1-I)=TB(MSO-I/3) 
TB(MS-I)=TB(MSO-I/3) 
TB(MSM1-I)=TB(MSO-I/3) 

50 CONTINUE 
60 CONTINUE 

DTS = DT 

ND1M=(NR-1)«MS+1 
DO 70 1=1,NDIM 

70 T(I)=0.D0 
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C CALCULATIONS 
DO 170 IP=1,1 

C 
C ITERATIONS 

DT = DTS 
IF(1P.EQ.1)G0T090 
DO 80 1=1,NR 

80 QPRIME(I)=0.D0 
GOT0100 

90 DT=10.D10 
100 CONTINUE 

CALL RODCON(A,T,RHS,Q,TB,HT,THETA,MSP1,MS,NDIM,NR) 
110 CONTINUE 

C 
IF(1THETA.EQ.1)WRITE(6,10020)T(1) ,(T(I),1=2,NDIM) 

10020 FORMATC1H ,F10.3,/,40(8F9-1,/,)) 
IF(ITHETA.EQ.2)WR1TE(6,10030)T(1),(T(I),1=2,NDIM) 

10030 FORMAT(1H ,F10.3,/,7(12F9.1,/,)) 
CHANGE FROM LINEAH TO SURFACE HEAT FLUX 

DO 115 1=1,MS 
115 Q(I)=Q(I)/(R(NR)«THETA(I)) 

GO TO (160,120,140),ITHETA 
120 CONTINUE 

DO 130 1=1,M5M1,2 
130 Q(I/2+1)=(Q(l)+Q(I+1))/Z'.D0 

GO TO 160 
140 CONTINUE 

DO 150 1=1,MSM2,3 
Q(1/3+1)=(Q(I)+Q(I+1)+Q(l+2))/3«D0 

150 CONTINUE 
160 CONTINUE 

PRINT 10010,(Q(J) ,J=1,MS0) 
170 CONTINUE 
180 CONTINUE 

C 
STOP 

10010 FORMAT('OQ(J) (BTU/HR-FT2) -',10E11.4) 
END 
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SUBROUTINE RODCON(A,T,RHS,Q,TB,HT,THETA,MSP1,MS,NDIM,NR) 
IMPLICIT REAL*8(A-H,O-Z) 

C DIMENSION IPVTC29) 
DIMENSION T(1),Q(1),TB(1),HT(1),THETA(1) 
DIMENSION A(MSP1,1),RHS(1) 
COMMON/RODPRP/R(7),XK(7),HGAP(7),CP(7),QPRIME(7),RHO(7),DT 
DR(1)=0.5D0*(R(I)-R(I-1)) 
DST(I,J)=(R(1—1)+DR(I))*(0.5D0*(THETA(J)+THETA(J+1))) 
DATA PI/3.14159265358979300/ 
DO 10 J=1,NDIM 
DO 10 1=1,MSP1 

10 A(I,J)=O.DO 
CRP1=R(1)*(1•D0/(R(1)/XK(1)+DR(2)/XK(2)+1.DO/HGAP(1))) 

& *(R(1)/(R(1)+DR(2))) 
CS=RH0(1 J^PI^RO )»R(1 )»CP(I)/I5T 
CG=QPRIME(1) 
DO 20 J=1,MS 
CRP1T=THETA(J)*CRP1 

C A(1,1)=CRP1T+A(1,1) 
A(MS+1,1)=CRP1T+A(MS+1,1) 

20 A(MS-J+1,J+1)=-CRP1T 
C 20 A(1, J+1)=-CRP1T 

A(MS+1,1)=A(MS+1,1)+CS 
C A(1,1)=A(1,1)+CS 

RHS(1 ) = CS*TU )+CG 
NRM1=NR-1 
DO 90 1=2,NRM1 
I1 = U-2)*MS+1 
CRM1=R(1-1)«r1.D0/(DR(I-1)/XK(I-1)+DR(I)/XK(I)+1.DO/HGAP(1-1))) 
CRP1=R(I)*(1.DO/(DR(I)/XK(I)+DR(1+1)/XK(I+1)+1.DO/HGAP(I))) 
CS=RHO(I)*(R(I)*R(I)-R(I-1)*R(I-1))*CP(I)/(2.*DT) 
CG=QPRIME(I)/(2.DO*PI) 
DO 90 J=1,MS 
CRP1T=THETA(J)*CRP1 
IF(I.EQ.2)G0T030 
CRM1T=THETA(J)*CRM1 
G0T040 

30 CRM1T=-A(MS-J+1,J+1) 
C 30 CRM1T=-A(1,J+1) 

MO CONTINUE 
IF(J.EQ.1)G0T050 
CTM1=(R(I)-R(I-1))*XK(I)/DST(I,J-1) 

C JM1=J-1 
GOTO60 

50 CTM1=(R(1)-R(I-1))*XK(I)/ 
1 ((R(1-1)+DR(I))*0.5D0*(THETA(1 )+THETA(MS))) 

C JM1=MS 
60 IF(J.EQ.MS)GOT070 

CTP1=(R(I)-R(I-1))*XK(I)/DST(1,J) 
JP1=0 
JM1 =1 

C JP1=J+1 
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GOTO80 
70 CTP1=(R(I)-R(I-1))*XK(I)/ 

1 ((R(I-1)+DR(I) )*0.5D0*(THETA(1)+THETA(MS))) 
JP1 =2-MS 
JM1 =0 

C JP1=1 
80 CST =THETA(J)* CS 

CGT=THETA(J)* CG 
A(MS+1,11+J)=CR P1T+CRM1T+CTP1+CTM1+CST 

C A(I1+J,II+J)=CRP1T+CRM1T+CTP1+CTM1+CST 
A(MS+JP1,II+J+JM1)=-CTP1 

C A(I1+J,I1+JP1)=-CTP1 
C A(II+J,II+JM1)=-CTM1 

A(1,II+J+MS)=-CRP1T 
C A(1I+J,I1+J+MS)=-CRP1T 
C A(I1+J,MAX0(1,Il+J-MS))=-CRM1T 

RHS(11+J)=CST*T(II+J)+CGT 
90 CONTINUE 

I1 = (NP.-2)*MS+1 
CRM1=R(NR-1)«(1.DO/(DR(NR-1)/XK(NR-1)+ 
1 DR(NR)/XK(NR) + 1.D0/HGAP(NR-1))) 
CS=RH0(NR)»(R(NR)*F(NR)-R(NR-1)*R(NR-1))*CP(NR)/(DT*2.) 
CG=gPRIME (NR)/(?.. D0*PI) 
DO 140 J=1,MS 
CRM1T=THETA(J)*CRM1 
CRP1T=THETA(J)»R(NR)*(1 . D0/(DR(NR)/XK(NR) + 1 .D0/tiT(J ))) 
1F(J.EQ.MS)G01'0100 
CTP1=(R(NR)-R(NR-1))*XK(NR)/DST(NR,J) 
JP1=0 , 
JM1 = 1 

C JP1=J+1 
GOTO 110 

100 CTP1=(R(NR)-R(NR-I))*XKtNR)/((R(NR-1)+ 
1 DR(NR))*0.5D0*(THETA(1)+THETA(MS))) 
JP1=2-MS 
JM1 =0 

C JP1 = 1 
110 IF(J.EQ.1)G0T0120 

CTM1=(R(NR)-R(NR-1) )*XK(NR)/DST(NR,J-1) 
C JM1=J-1 

GOT0130 
120 CTM1 = (R(NR)-R(NR-1))«XK(NR)/(U(NR-1)+ 

1 DR(NR))*0.5D0*(THETA(1)+THETA(MS))) 
C JM1=MS 

130 CST=THETA(J)*CS 
CGT=THETA(J)*CG 
A(MS+1,11+J) = CR P1T+CRM1T+CTP1+CTM1+CST 

C A(11+J,11+J)=CR P1T+CRM1T+CT P1+CTM1+CST 
A(MS+JP1,II+J+JM1)=-CTP1 

C A(II+J,II+JP1)=-CTP1 
C A(II+J,I1+JM1)=-CTM1 
C A(1I+J,II+J-MS)=-CRM1T 
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RHS(11+J)=CST*T(11+J)+CGT+CRP1T*TB(J) 
140 CONTINUE 

NMAX=(NR-1)*MS+1 
CALL DPBFA(A,MSP1,NMAX,MS,INFO) 

C CALL DECOMP(NDIM,NMAX,A,COND,IPVT,WORK) 
IF(INFO.NE.0)WRITE(6,10010)INFO 
CALL DPBSL(A,MSP1,NMAX,MS,RHS) 

C CALL SOLVE(NDIM,NMAX,A,RHS,IPVT) 
DO 150 J=1,NMAX 

150 T(J)=RHS(J) 
DO 160 J = 1,MS 

C RETURN LINEAR HEAT FLUX 
160 Q(J)=(T((NR-2)*MS+1+J)-TB(J))*R(NR)*THETA(J)/ 

1 (0.5D0*(R(NR)-R(NR-1))/XK(NR)+1.DO/HT(J)) 
RETURN 

10010 FORMATC INFO ' ,15) 
END 
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SUBROUTINE INPUT (HT,TB,THETA,M,NR) 
IMPLICIT REAL*8(A-H,O-Z) 

C 
DIMENSION TEXTv17> 
COMMON/RODPR P/R(7),XK(7),HGAP(7),CP(7),QPRIME(7),RHO(7),DT 
DIMENSION HT(1),TB(1),THETA(1) 

C 
C 
C READ FROM CARDS (UNIT 5) 

READ(5,10010) (TEXT(I),1=1,17) 
READ(5,10020)(TB(I),1=1,M) 
READ(5,10020)(THETA(1),1=1,M) 
READ(5,10020)(HT(I),1=1,M) 
READ(5,10020)(R(I),1=1,NR) 
READ(5,10020)(XK(I),1=1,NR) 
READ(5i10020)(HGAP(I),I=1,NR) 
READ(5,10020)(CP(I),1=1,NR) 
READ(5,10020)(QPRIME(I),1=1,NR) 
READ(5i10020)(RHO(I),1=1,NR) 
READ(5,10020)DT 
PRINT 10030, (TEXT(I),1=1,17) 
PRINT 10040, (TB(1),1=1,M) 
PRINT 10050, (THETA(I),1=1,M) 
PRINT 10060, (HT(1),1=1,M) 
WRITE(6,10070)(R(I),1=1,NR) 
WRITE(6,10080)(XK(I),1=1,NR) 
WRITE(6,10090)(HGAP(I),1=1,NR) 
WRITE(6,10100)(CP(1),1=1,NR) 
WRITE(6,10110)(QPRIME(l),1=1,NR) 
WRITE(6,10120)(RHO(I),1=1,NR) 
PRINT 10130, DT 
RETURN 

10010 FORMAT(17A4) 
10020 FORMAT(7F9-3) 
10030 FORMAT(1H ,17A4) 
10040 FORMAT(' TBULK '.10F10.5) 
10050 FORMAT(' THETA (RADIANS) ' ,10F10.5) 
10060 FORMAT(* HEAT TRANS COEF '.7G12.5) 
10070 FORMAT(' ROD RADIUS*,7F12.5) 
10080 FORMAT(' ROD THERMAL CONDUCTIVITIES',7F12.5) 
10090 FORMAT(' ROD GAP CONDUCTANCES',7G12.5) 
10100 FORMAT(' ROD SPECIFIC HEAT', 7F12.5) 
10110 FORMAT(' ROD LINEAR HEAT GENERATION',7F12.5) 
10120 FORMAT(' ROD DENSITY',7F12.5) 
10130 FORMAT(' TIME STEP ',G13.5) 

END 
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SUBROUTINE MORCON (M,MS,THETA,HT.TB) 
IMPLICIT REAL*8( A-H,O-Z) 
DIMENSION THETAC1),HT(1),TB(1) 
DATA PI/3.141592653589793DO/ 
GO TO (10,20,40,60),M 

10 WR1TE(6,10010) 
RETURN 

C ASSUME 60 DEG SYMMETRY 
20 MS=8 

THETA(3)=(2.DO*PI-(THETA(1)+THETA(2)))/6.DO 
DO 30 1=3,MS 
THETA(I) = THETA(3) 
HT(1)=HT(M0D(I,2)+1) 
TB(I)=TB(M0D(I,2)+1) 

30 CONTINUE 
RETURN 

40 MS =6 
DO 50 1=1,3 
THETA(7-I)=THETA(I) 
HT(7-1)=HT(1) 
TB(7-I)=TB(I) 

50 CONTINUE 
RETURN 

60 MS=8 
DO 70 1=1,4 
THETA(9-1)=THETA(I) 
HT(9-1)=HT(1) 
TB(9-I)=TB(1) 

70 CONTINUE 
RETURN 

10010 FORMAT(' ERROR . ONE CHANNEL PER ROD ') 
END 
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Appendix B 
COMPUTER LISTING OF HOTTEL 
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IMPLICIT REAL*8(A-H,0-Z) 
DIMENSION IFVT(85) 

C DEFINE GRAY BODY VIEW FACTORS FOR RADIATION IN THE COBRA CODE. 
C NS - TOTAL NUMBER OF SURFACES 
C NK - MAXIMUM NUMBER OF SURFACE CONNECTIONS 
C 
C READ -
C NM1 - NUMBER OF SURFACES 
C IPUNCH - PUNCHED OUTPUT OPTION 
C =0, NO PUNCH 
C IPUNCH .NE. 0 WRITE GRAY BODY VIEW FACTORS ON UNIT IPUNCH 
C F(I,J)- RADIATION VIEW FACTOR FROM SURFACE I TO SURFACE J 
C AA(I) - SURFACE AREA OF I 
C E(I)- EMISSIVITY OF SURFACE I 
C 

DIMENSION F(85,85),At85,85),E(85),BX(85),FF(85,85), 
1 IROW(85),JCOL(85),JORD(85),Y(85),IIS(850) ,JJS(850), 
2 AAC85) 
DATA NS,NSNK/85,850/ 

C EEPC - FRACTION OF THE EMISSIVITY FOR INSIGNIFICANT VIEW FACTORS 
DATA EEPC/0.02/ 
DIMENSION ISO), JS(1), DUM(1), HFA( 1) 
EQUIVALENCE (IS(1),IROW(1)), (JS(1),JCOL(1)), (DUM(1),Y(1)), 
1 (HFA(1),A(1,1)) 

C 
DO 10 1=1,NS 
E(I)=0. 
BX(1)=0. 
IR OW (1) = 0 
JCOL(I)=0 
J0RD(I)=0 
Y(1)=0. 
AA(I)=0. 
DO 10 J=1,NS 
F(J,I)=0. 
A(J,I)=0. 
FF(J,1)=0. 

10 CONTINUE 
DO 20 1=1,NSNK 
IIS(I)=0 
JJS(I)=0 

20 CONTINUE 
READ 10020, NM1,IPUNCH 
PRINT 10060, NM1 
N = NM1 + 1 
IF(N.GT.NS) CALL ERROR 

C READ SURFACE AREAS 
DO 30 K=1,NS 
READ 10030, IS(K),JS(K),DUM(K) 
IF(IS(K).EQ.0)G0 TO 40 
IF(1S(R).GT.N .OR. JS(K).GT.N) CALL ERROR 
II = 1S(K) 
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JJ = JS(K) 
DO 30 L=IISJJ 
AA(L) = DUM(K) 

30 CONTINUE 
40 CONTINUE 

SUM=AA(1) 
DO 50 K=2,NM1 

50 SUM=SUM+AA(K) 
AA(N)=SUM 

C 
C READ RADIATION VIEW FACTORS 

DO 60 K=1,NS 
READ 10030, IS(K) ,JS(K),DUM(K) 
IF(IS(R).EQ.0)G0 TO 70 
IF(IS(K).GT.N .OR. JS(K).GT.N) CALL ERROR 
II = IS(K) 
JJ = JS(K) 
F(II,JJ) = DUM(K) 
F(JJ,1I)=F(1I,JJ)*AA(II)/AA(JJ) 

60 CONTINUE 
70 CONTINUE 

C 
C 
C READ EMISSIVITY 

DO 80 K=1,NS 
READ (5,10030,END=90) IS(K),JS(K),DUM(K) 
IF(IS(K).LT.O) CALL ERROR 
IF(IS(K).EQ.O)GO TO 90 
IF(IS(K).GT.N .OR. JS(K).GT.N) CALL ERROR 
II = IS(K) 
JJ = JS(K) 
DO 80 L=I1,JJ 
E(L) = DUM(K) 

80 CONTINUE 
90 CONTINUE 

E(N) = 0.0 
C 
C DETERMINE BOUNDARY VIEW FACTORS 

SS = 0. 
DO 110 1=1,NM1 
S = 0. 
DO 100 J=1,NM1 
S = S + F(I,J) 

100 CONTINUE 
FCI,N) = 1. - S 
F(N,IT 10090, (IROW(II),JCOL(II),Y(II),11=1, IC) 

150 CONTINUE 
IF(IERROR.GT.0) CALL ERROR 

C 
C PRINT SURFACE AREAS 

PRINT 10150, (AA(I),1=1,N) 
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C PRINT EMISSIVITIES 
PRINT 10070, (E(I),1=1,N) 

G 
C SET UP COEFFICIENT MATRIX 

DO 160 1=1,N 
DO 160 J=1,N 
A(I,J) = -(1.-E(J))*F(I,J) 
IF(I.EQ.J) A(I,J) = 1. 

160 CONTINUE 
A(N,N)=1.-F(N,N) 

C FACTOR COEFFICIENT MATRIX 
CALL DGEFA(A,NS, N,IPVT,INFO) 
IF(INFO.NE.O)WRITE(6,10010)1NF0 

C DEFINE GRAY BODY VIEW FACTORS 
DO 180 1=1,N 
DO 170 J=1,N 
BX(J) = E(I)*F(J,I) 

170 CONTINUE 
BX(I) = 0. 
CALL DGESL(A,NS,N,IPVT,BX,0) 
DO 180 J=1,N 
FF(J,1) = BX(J)*E(J) 

1bO CONTINUE 
C 
C CHECK HOTTEL FORM FACTORS 

PRINT 10100 
DO 200 1=1 ,N 
S= 0. 
DO 190 J= 1, N 
S = S + FF(1,J) 

190 CONTINUE 
IF(S.EQ.O.) GO TO 200 
ERP =(E(I)-S)/S * 100. 
PRINT 10120, I,E(I),S,ERP 

200 CONTINUE 
C 
C ELIMINATE FACTORS LESS THAN EEPC OF THE EMISSIVITY 

DO 220 1=1,N 
EE = EEPC*E(I) 
DO 210 J=1,N 
IF(FF(I,J) .GT. EE) GO TO 210 
FF(I,J) = 0. 
FF(J,I) = 0. 

210 CONTINUE 
FFCI.I) = 0. 

220 CONTINUE 
C 
C PRINT AND PUNCH NON-ZERO GRAY BODY VIEW FACTORS 

ICL = NS/6*6 
IC = 0 
PRINT 10110 
IK=0 
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DO 240 1=1,NM1 
EE = EEPC*E(I) 
DO 230 J=1,N 
IF(FF(I,J).LT.EE) GO TO 230 
IK = IK + 1 
IIS(IK) = I 
JJS(IK) = J 
HFA(IK) = FF(I,J) 
IC = IC + 1 
IROW(IC) = 1 
JCOL(IC) = J 
Y(1C) = FF(1,J) 
IF(IC.LT.ICL) GO TO 230 
PRINT 10090, (IR0W(II),JC0L(1I),Y(II),II=1,1C) 
IC = 0 

230 CONTINUE 
IF(IK•GT.NSNK) CALL ERROR 

240 CONTINUE 
IF(IC.EQ.O) GO TO 250 
PRINT 10090, (IR0W(I1),JC0L(II),Y(1I),II=1,IC) 

250 CONTINUE 
PRINT 10130, IK 
IF(IPUNCH.EQ.O) GO TO 260 
VlRITE(IPUNCH, 10050) NM1, IK 
WRITE(IPUNCH,10050) (IIS(K),K=1,IK) 
WRITE(IPUNCH,10050) (JJS(K),K=1,IK) 
WRITE(IPUNCH,10040) (HFA(K),K=1,IK) 

260 CONTINUE 
C 

STOP 
10010 FORMAT(' INFO = »,I5) 
10020 FORMAT(215) 
10030 F0RMAT(2I3,F10.3) 
10040 FORMAT(8E10.5) 
10050 FORMAT(1615) 
10060 FORMATC1 NUMBER OF SURFACES =',13) 
10070 FORMAT C0EMISSIV1TY -',/,(10E13. 6)) 
10080 FORMAT("ORADIATION VIEW FACTORS NORMALIZED TO 1.0 -',/,4X,1I•,4X, 

1'J*,7X,'F') 
10090 FORMAT(6(215,F10.5),/,(215,F10.5,2I5,F10.5,215,F10.5,215,F10.5, 

12I5,F10.5,2I5,F10.5)) 
10100 FORMAT('OCHECK HOTTEL FACTORS',/,4X,'I',6X,'E',7X,1SUM',4X, 

1'ERROR _• ) 
10110 F0RMATO0H0TTEL FACTORS -') 
10120 F0RMAT(I5,2F9.5,E10.3) 
10130 FORMAT('ONUMBER OF NON-ZERO HOTTEL FACTORS = ',15) 
10140 FORMAT( '0**«ERR0R*** A VIEW FACTOR IS NOT SPECIFIED FROM SU 

1RFACE ',13,' TO',13) 
10150 FORMAT('OSURFACE AREAS -*,/,(10E13.6)) 

END 


