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1. ABSTRACT 

A computer program has been written in FORTRAN that solves the 
tine dependent energy conservation equations in a nuclear fuel 
channel. As output from the program we obtain the temperature 
distribution in the fuel, cladding and coolant as a function of space 
and time. The conservation equations have been finite differenced by 
using forward difference in both space and time to give a set of 
explicit difference equations. These equations are solved iteratively 
over all nodes in the fuel channel. In this way, the storage 
requirements of the program are not very large. However, the time 
step has to be kept small to ensure numerical stability. The 
stability criteria have also been developed. A set of finite 
difference equations for the steady state temperature distribution 
have also been incorporated in this program. 

Solution of a number of steady state and transient situations 
have been made by using this program and the results obtained show 
close agreement with the analytic results, where available. 

A number of simplifications have been made in this version of 
the program. Thus at present, TRAN.l uses constant thermodynamic 
properties and heat transfer coefficient at the fuel-cladding gap, 
has absence of phase change and pressure loss in the coolant, and 
there is no change in properties due to changes in burnup etc. These 
effects are now in the process of being included in the program. The 
current version of the program should therefore be taken as a first 
step in the making of a comprehensive transient code for a fuel 
channel, and this report should be considered as a status report on 
this program. 
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2. INTRODUCTION 

In a nuclear reactor energy is produced as a result of fissions 
in the fuel. Host of the energy produced is deposited in the fuel 
very close to the place where it is produced. A small fraction (about 
5% [7]) is deposited in the moderator, coolant and structural 
materials after being transported out of the fuel by gamma rays and 
neutrons. The heat that is deposited in the fuel is transported by 
conduction through the fuel to the fuel-cladding gap. Here, by the 
combined effects of conduction, convection and radiation, it goes 
from the surface of the fuel to the inner surface of the cladding. 
Heat crosses the cladding by conduction to reach the outer surface of 
the clad. Convection to the coolant then results in removal of the 
heat from the fuel element and its entry into the coolant. Natural or 
forced circulation of the reactor coolant removes heat from the 
reactor core. The heat that is deposited directly in the coolant and 
moderator through the action of gamma rays and neutrons is removed 
from the core due to their circulation. That deposited in the core 
structural materials is also convected away by the coolant after it 
conducts to the surfaces of the structural materials. In the computer 
program described in this paper, only the heat deposited in the fuel, 
cladding and coolant is included in the calculations. 

During steady state operation of a reactor, heat produced in the 
core is transported out at exactly the sait.e rate as it is produced, 
and the temperatures at different locations in the fuel, cladding and 
coolant can be found by steady state heat balance equations. A number 
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of ccii»».>uter cod&s are available for determination of the steady state 
temperature distribution fl ,2,3]. These codes usually solve for the 
temperatures in a single channel [1]. 

The computer program described in this paper calculates the two-
dimensional (rtxial and radial) time dependent behavior of a single 
fuel rod and coolant channel when there is a change in the reactor 
power, power distribution, coolant inlet temperature, coolant flow 
rate etc. It essentially solves the time dependent energy 
conservation equations in the fuel, cladding and coolant by the 
explicit finite- difference ir.ethcd. As output from the program we 
obtain the temperatures in the fuel, cladding and coolant as a 
function of position and tine. The program may also be used to 
calculate the steady state temperature distribution for any given rod 
power, coolant inlet temperature and flow rate. Axiully the rate of 
heat generation in the fuel rod may be specified to be linear, 
cosine, chopped cosine, or any arbitrary profile. Radially the heat 
generation rote may or may not be uniform throughout the radius of 
the fuel rod. The heat transfer at the fuel-cladding gap is treated 
by using a heat transfer coefficient, V-*3,p , whose value is to be 
specified in the data input file. The convective heat transfer 
coefficient between the cladding and coolant may either have a 
specified value to be read from the data input file, or the program 
may be required to calculate it from any one of the following 
correlations [4 ]: 

flu - 4.364 (Cor laminar flow in J pipe) (la) 
Wu - 0-OZh Ne, rr ( f o r turbulent flow in a pipe) (lb) 
Nu = C O 2 . Ke rr /jJVw f o r turbulent flow in an annlus) (lc) 
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Where Nu = Nusselt number = V» E*/Ve„ 
Re = Reynold number = P U E>/jx 

Pr = Prandtl number =. c f M/k. 
^ l,D i.= Inner and outer diameters of the flow channel, 

respectively. 

Since this program is still in the developmental stage, many 
parameters have been kept in a simplified manner. Thus the 
thermodynamic properties ( i.e. thermal conductivity, specific heat, 
viscosity, density etc. ) of the fuel, cladding and coolant have 
constant values as given in the input file. Also, boiling of the 
coolant is not modelled in the program so far, i.e. the coolant is 
assumed to stay as a single phase liquid. These effects are presently 
being incorporated in the program. Any consistent system of units may 
be used in this program. 

3. FINITE DIFFERENCE EQUATIONS 

In TRAN.l the fuel channel is divided into a number of axial 
segments (Fig. l). The total number of axial segments is NH (to be 
specified by the user). These are labelled by the subscript 'n'. Each 
axial segment is divided into a number of radial elements (Fig. 2). 
The total number of radial elements in the fuel region is NP and in 
the cladding is NC. Both are user specified, with NP+NC < 19 in the 
present program. At the center of each radial element is a node. 
These nodes are labelled by subscript 'm', with the node at the axis 
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of the fuel being a=l. The dashed lines of Fig. 2 show the 
boundaries of each element and the heavy dots show the location cf 
the nodes. The law of conservation of energy is applied at each 
element as (see Fig. J) : 

where : 
t-irtficw - rate of inflow of energy into the element, 
*V = rate of generation of energy in the element, 

= rate of outflow of energy from the element, and 
= rate of storage of energy in the element. 

îrt̂ -Uvo and ^c*ttw are calculated to be those energies which cross 
the boundaries of the elements per unit time. In applying this law to 
the elements of the fuel rod, it is assumed that : 
1) Within the fuel and cladding heat travels only radially, and it 

is transported axialiy by the coolant. 
2} The erst ire mass of each element is concentrated at its 

corresponding node. 
Ve shall now apply this law to the elements in the fuel channel 

as shown in I'ig. 1- Fvc simplicity, we uhdll ignore the subcript 'n', 
since the equations are identical for ail the axial nodes. This 
subscript will be needed only for the node in the coolant, whnre heat 
ti-ui-.r.fer in the axial direction is important. Fouriers equation of 
heal conduction which car. be written as : 
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will be used to determine i and ^ u w - Thus for the node at the 
axis of the rod (ie for m=l) we have : 

« ... - JLR Z ls ^* ^u,\ 

^'•V A Z 

r/ - V (4) 

Here the thermal conductivity of the fuel naterial is taken at the 
average value of the temperatures of nodes 1 and 2 [7 ], and is 
written as k t l ,, its value being equal to that at (J*,J-^T*.')/^ • The 
average value of temperature is taken since the value of thermal 
conductivity may be highly temperature dependent and there may be 
large thermal gradients inside the fuel. Ai~ is the distance between 
nodes which is the same for all nodes within the fuel region ( it may 
have a different value in the cladding region ) . Vi is the volume of 
the first element. 0 and c are the density and specific heat of the 

t v re
fuel. T,* and "TjJ are the temperatures at node 1 for time step j+1 
and time step j respectively. Using eq.(4), eq.(2) is then written 
for the central node for time step j + 1 in terms of the known 
temperatures at time step j as : 

iri J ' '" A t * k,. v At(T,J-"0 
Y -, T t- 1 — - — (5) 
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For nodes in the interior of the fuel, ie for » between 2 and 
Ml-1, where Kl (-=NP) is the node number at surface cf the fuel, we 
have : 

• - 2 ft r /i2 k (.lk-A_".T-i-) 

. '»/ - ** , ,-. ,-• .A "/£. 

q , - '2. a r A 2 k . , < '<* ~ '«»,» \ ,,. 
A tV 

J-rl 

Solving eqs.(6) for the temperature at time step j*l, we obtain by 
using eq.(2) : 

.t •'// At ZlL A? At 

r ' _ • - ( 7 ) 

For the node on the surface of the fuel, ie for ra-Nl, we have to 
consider the fact that haat entero this element from inside the fuel 
by conduction whereas it leaves the element by heat transfer through 
the gap. Thic results in : 

q. = 2n:r A Z k j ('C, -"Ci ) 

*/ . . * "' 

(8) 
f ' 



Where \r\tyxp is the heat transfer coefficient at the fuel-cladding 
interface. Solving this for the temperature at tine step j+1 yields : 

»..» = »«\ "*" l%«.f r r • — 7 - - - r. 
Vf *< U ri-.f V, 

t. r-i k«. t > <lli~Ti)- r.J^CTi ~T,i,)J (9) 

For the node on the inside surface of the cladding, ie for m=N2 
(=N1+1) , we have a somewhat similar situation as that on the outer 
surface of the fuel, ie on one side there is conduction while the 
other side is dealt with by the gap heat transfer coefficient. The 
resulting eguation at time step j+1 for the temperature at this node 
is : 

1 r I. ,'T' -T'\- v , k rr.;-T..:..) d o ) 
A\, ii)*hl 

In this equation the values of heat generation rate, density, 
specific heat and thermal conductivity are those of the cladding 
material and are therefore written with the subscript 'c'. i.e. *\,c , 
(\ t S** > ̂  > and Ai~ . 

Nodes in the interior of the cladding (ie m between N2+1 and 
N3-1) have the same general terms as those in the interior of the 
fuel, and the temperatures at time step j+1 is written as : 

u- e ^Sv ~o< c P/v; AI;' (ID 

L 1 /. * 1 ^ 
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On the outer surface of the cladding (ie m=N3) we again have a 
situation similar to that on the fuel surface. Heat is conducted in 
from the cladding side and is convected out to the coolant. The 
temperature at this node at time step j + l is : 

T i + ' - T* + <\" ^ — + '2 't/^a Ab 

r • J i ( 1 2 ) 

<•« A , _ t ^ - " J " ' ) - r -> .* . . .^ T >" T - . ." Pi t,)_^-
Where »V ,„ is the convective heat transfer coefficient either 
supplied with the input data or calculated by equations (1) . 

We now come to the node in the coolant, where m=N4 (=NP+NC+1). 
This node has to be treated somewhat differently since the fluid 
itself enters and leaves the element. We balance the energy that is 
transported in or out of the element due to motion of the fluid and 
by convection at the clad surface, and that which is generated by 
gamma rays and neutrons directly in the coolant. The components of 
the energy conservation equations will be (Fig. T) : 

a -rw. U A T' a 2 n r A ? (TJ -Y'\ A 

(13) 
q , - 0 C i ( /\ T 

At 

In these equations, f' and < r > ar*2 the properties of the coolant ( e.g. 
water ) , and '•l„w is the volumetric heat generation rate in the 
coolant due to gamrca rays etc., as specified in the input file. These 
equations yield for no'io (m,n) at time step j+l : 
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V v '^,n ro,r>-« ' 

(14) 

We now have the equations for the temperatures at all nodes in 
the fuel channel explicitly as a function of time, ie eqs. (5, 7, 9, 
10, 11, 12 and 14). It should be noted that whereas the nodes in the 
fuel and cladding are in the centers of the elements, the nodes in 
the coolant are at those axial locations where the coolant leaves the 
elements. Solving these equations will give us the temperatures 
throughout the channel at the time step j + 1 if we know the 
temperatures at time step j. The temperatures at time step j=0 are 
obtained from a solution of the steady state energy conservation 
equations. We then set n=l, ie the axial segment closest to the 
coolant inlet, and solve eqs. (5, 7, 9, 10, 11, 12, and 14) for m=l 
to m=N4, one at a time, starting from m=l. When all equations fci n=i 
have been solved, we obtain the temperatures for one axial segment. 
We then set n=2 and repeat the calculations for m=l to N4. This is 
continued for all values of n until we reach n=NH, which is the last 
axial location. At this stage we will have the temperatures 
throughout the fuel, cladding and coolant at time step j=l. If 
temperatures at future times are also required then the process is 
repeated for j=2,3 and so on until required. At each step we will get 
the solution at a time step At beyond the previous solution. 
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4. STABILITY ANALYSIS 

In all explicit, time dependent numerical solutions, numerical 
stability of the algorithm is important. There is the possibility of 
numerical instability if the value of the time step At j.s n o t chosen 
properly in relation to certain other parameters. The following 
method has been used in the determination of the stability criterion 
for eq.(7) for the interior nodes of the fuel (i.e. 1< m <N1): 

^K^irL -T,L)] ~ r^*i V . ^ ,(.•«- T,;„ ) I i < m < HI 
(7) 

We mafce the following approximations : 

r ^ r 

W h e < c * s = k t / p , / - f J f -' ''-"•'-rr.i.J cAiffi»i.iv,*>i o.( l i e -fuel . 

I t i s now required for s t ab i l i t y that the term \ - 2 -^ At /{ArA1' 

should be non-neyative. This resu l t s in the cr i te r ion : 

C A r i > 2. 
^ At 
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Similarly, eqs. (5, 7, 9, 10, 11, 12, and 14) have been analyzed for 
stability and the following results have been obtained : 

— \7-fcf I < m < Nl (̂  rt) 
<*v At 

>, 2. (VL.V,) 

V m = NU Urp" ( ĵ  ^ ̂  2 (> G c) 

•fer ffl = N i .CAlsi (.-is* -_ -}'ZZ 0 ^ 0 
cXc Z>t * k r . -»• K r r

A r c 

for N l < y n < K » ' , (.&_£ f > 2. ( jOt f ) 

f c r m - * 3 _ 4 i L . / . „_ !<J \ > ^ 7 O c U 

c ofvy 

If any one of the conditions of eqs. (16a - 16g) have not been 
satisfied by proper choice of Ar or At then as the solution 
progresses to higher time steps, the results of the calculations will 
start showing unreasonable values. Continued computation for higher 
time steps will result in completely wrong values of the temperature 
distribution. 
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5. STEADY STATE SOLUTION 

Since we may need the steady state temperature distribution as 
input to TRAN.l, this is also calculated by one of the subroutines in 
this prograau The equations for the steady state temperatures are 
obtained by setting the storage terms, ie '.^ , equal to zero in 
the energy conservation equations ( eq.2). This is also equivalent to 
setting dT/dt =0 in eqs.(5, 7, 9, 10, 11, 12, and 14). The resulting 
equations are solved for the given set of boundary conditions which 
are read from the data file. These steady state equations are : 

tr\ - i : 

T w - T^ , -*- 1-«M r-H / * fc. .^ O7) 

T 

• HI 

v 21c A i / J h C - A ^,,-. / 

H I < <-« < N* a: 

ZK ^ ? 
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It is also possible to obtain a steady state solution by solving 
the time dependent eqs.(5, 7, 9, 10, 11, 12, and 14) for the given 
boundary conditions for which the steady state solution is required. 
For this, any values of the initial temperatures (i.e. at j=0) may 
be taken, since the solution will ultimately converge to the steady 
state values after a sufficiently large number of time steps. This 
method of obtaining the steady state solution generally takes much 
more computer time than that obtained by solving the steady state 
equations (17)-(23), especially if the set of initial temperatures is 
far removed from the steady state values. 

6. RESULTS 

The computer program THAN. l has been used to solve a number of 
problems for which analytic or other solutions are available. The 
results obtained from these are given in the form of different cases 
in the lines that follow. 

CASE 1 : We first calculate the steady state temperatures in a 
fuel rod and coolant channel having the (arbitrary) characteristics 
as given in Table 1 (see Fig. 4). The heat transfer coefficient, i.e. 
1.5661 w/cm.cm.C is as calculated by eq. lb. In Table 2 are given the 
steady state temperatures for this problem as calculated by TRAN.l by 
using NP = 3, NC - 6 and NH = 45. A large number of elements were 
made in the cladding since it was found out that with fewer elements 
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the temperature drop across the cladding did not match with the 
analytic values. Even though the fuel is relatively thicker, only 
three nodes in it gave results matching the analytic values. The 
reasons for this behaviour is being looked into. Also in Table 2 are 
the temperatures as calculated by using the analytic solutions of the 
steady state energy conservation equations for uniform radial and 
chopped cosine axial flux distribution within the fuel rod [7, 10]. 
These equations are : 

TC C r, w m w - I 

T*^)« "n,u) -t- Vf k&.-> Cos (zJ.) ^ b ) 
•-III- i C- 2 T C P ' c ^ v 

Here 2 is the a*.ial distance measured from the center of the fuel 
rod. As caxi be seen from Table 2, the results from TRAN.l are quite 
close to those calculated by analytic equations (eq.24). These 
results are plotted in Fig. 5. 

At one axial location, i.e. in the middle of the fuel channel 
(li>0 cm above the inlet), the results obtained in the radial 
direction by TP.AN.1 and by the analytic equations (eq.24) are 
compared in Fig f>. We see that the temperatures obtained by TRAN.l 
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are quite comparable to those obtained analytically. It has been 
noticed that by changing the number of nodes in the fuel between 3 
and 7 gives identical values at the common points. Changing the 
number of nodes in the cladding from 6 to 2 changes the clad inner 
temperature and fuel temperatures by about 0.2 % of their values. 

CASE 2 : The fuel channel as given in case 1 is initially 
operating at steady state conditions. At time zero there is a flow 
reduction with no change in reactor power. This flow reduction may be 
due to a blockage in piping. The flow velocity is reduced from 300 
cm/sec to 50 cm/sec at t=0. The value of the heat transfer 
coefficient for this flow is calculated by eq.lb to be 0.3735 
w/cm.cm.°C. Due to reduced heat removal by the coolant, the cladding 
and fuel temperatures will start to increase and after some time a 
new steady state condition will be established with all temperatures 
being higher than the original ones. The initial steady state 
temperature distribution is calculated by using NP=7, NC=2 and NH-25 
and is essentially as given in Fig. 5. Fewer axial nodes (i.e. 25) 
have been taken to conserve computer time. More nodes have been taken 
in the fuel since we want to study its behaviour in more detail than 
is available with only 3 nodes. Number of nodes in the cladding have 
been reduced to conserve computer time. The error introduced by these 
changes is expected to be no more than about 0.3 % . This estimate is 
based on steady state results but is expected to hoU for transient 
situations also. The coolant, clad inner surface, fuel surface and 
fuel centerline temperatures at different intervals are shown in 
Figs. 7a, 7b, 7c and 7d. In these figures the new steady state 
temperatures are also shown. In Figs. 8a and 8b are shown the 
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temperatures at the axial node 150 cm above the lower end of the 
fuel, as a function of time. These figures show that the coolant 
temperature rises most rapidly while the fuel center!ine temperature 
rises most slowly and attains the now steady state value after a 
longer tiiae. 

CASS 3 : This case is similar to Case 1 in that the fuel channel is 
initially operating in steady state conditions for the boundary 
conditions given in Table 1. At time t=0, there is a sudden increase 
in channel power to 130 % of the initial value. The temperatures of 
the fuel centerline, fuel surface, cladding inner surface and coolant 
at 150 cm above the inlet as a function of time are shown in Fig. 9. 
We see that since the power change occurs in the fuel, the 
temperature rise in the fuel is more rapid in this case than it was 
for case 2. The rate of rise cf the temperature of the fuel is also 
controlled by the heat capacity of the fuel and therefore the 
temperature vise is not too rapid. As this heat comes out of the 
fuel, the? temperature of the cladding and then rf the coolant also 
rises. 

CASE 4 : We now compare some results obtained by TRAN.l with 
analytical solutions available in the literature [8]. In the- analyses 
by Lewis [8,9], a number of transient cases are solved analytically 
by using lumped analysis. The results obtained in [8,9] are the 
average tciapcrutui.es as a function of time T(t) . The first problem 
for vhicb an analytic Evolution is available involves only the fuel 
iGoion. The fuel radial temperature distribution is initially the 
equilibrium distribution for a -mi.form heat source with the fuel 

19 

http://tciapcrutui.es


surface temperature set equal to zero (see Pig. 10) . Such a boundary 
temperature is set for ease of computing. At time t=0, the heat 
source is set equal to zero, whpe fuel surface temperature is 
maintained at zero degrees. Due to higher temperature inside the 
fuel, heat keeps on flowing out of the fuel and its temperature keeps 
dropping, and ultimately reaches the zero degree temperature of the 
fuel surface. The exact analytical solution for the variation of 
average temperature with time for this problem is [8] : 

TM = TV>I zLij «pt-«f K t) 
*-» (25) 

In this equation, T(0) is the average temperature at t=0,oc^ is the 
thermal diffusivity of the fuel material, otn are the zeroes of the 
Bessel function of first kind and zero order (i.e. Jo(u n ) = 0 ), 
and B n=<*n/^ where r̂  is the radius of the fuel. The temperature 
profiles obtained for different times calculated by TRAN.l are shown 
in Fig. 10 while the average values of the temperatures , i.e. T(t), 
calculated from the results of TRAN.l and from eq.(25) are plotted in 
Pig. il. 

A second problem involving only the fuel region is the case when 
the initial radial fuel temperature is uniform (see Fig. 12). At time 
zero the surface temperature is suddenly set equal to zero. There is 
no internal heat generation. The exact analytic solution for"T~(t) to 
this problem is [8] : 

T(t) = TOl (£)2*»p(-«,l£t) ( 2 6 ) 
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The radial temperature distribution obtained from TRAN.l for several 
tines are shown in Fig. 12 whereas the average values of temperature 
T(t) as obtained from the results of TRAN and from eq. (26) are 
plotted in Fig. 11. As can be seen in Fig. 11 the results of TRAN.l 
match very well with the exact analytical results (At = 0.05 Sec). 

The real advantage of using a code such as TRAN over analytical 
methods lies in the ease with which the problems can be solved, the 
much wider range of problems that can be solved, and the detailed 
radial and axial temperature distributions that can be obtained 
rather than average values only as with the case of lumped analysis. 

CASE 5 : In this case the fuel channel is assumed to be operating in 
steady state according to the conditions given in Table 1. The flow 
velocity is 300 cm/sec. Due to parallel channel interaction in a 
boiling situation, flow oscillations may develop. These may also 
develop due to variations in pump speed or some other factors. In any 
case, it has been assumed here that the flow velocity varies 
sinusoidally between 300 cm/sec and 50 cm/sec for this one channel. 
The period of oscillation is \0 sec. The temperature variations as a 
function of time at the fuel centerline, fuel surface, clad inner 
surface and coolant at 150 cm above the coolant inlet as calculated 
by TRAN.! have been plotted in Fig. 13. We see that the effect on the 
coolant is moat immediate, while the is some delay in the temperature 
changes in the cladding and fuel surface. We note that by the time 
the fuel centerline temperature would have started to rise, the 
coolant velocity is again increased. Thus the effect of variation in 
the coolant velocity is not reflected as sinusoidal variations in the 
fuel centerline temperature. Rather, its temperature shows a gradual 
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Bonotonic increase. This is to be expected since the average coolant 
velocity has been reduced and should lead to higher temperatures in 
the fuel, cladding and coolant. In these calculations,A rf=0.1667 cm, 
^ r c = 0.1 cm and At = 0.05 sec. These values are based on the 
analysis of section 4. 

7. CONCLUSIONS 
The computer program TRAN.l made at CNS has been found to give 

satisfactory results for the temperature distributions in the radial 
and axial directions for both steady state and transient situations. 
Care must be taken, as is true for all explicit time dependent 
problems, that the time step should be small enough to avoid 
numerical instability. Also the spacial mesh should be fine enough to 
obtain good results. In order to avoid this limitation, a new version 
of TRAN that solves the time dependent equations by using an implicit 
scheme had also been made at CNS [11]. It was learnt by using that 
program that the condition of eq. (16g), i.a. in the coolant, still 
held. This was because of the flow of the coolant. We therefore still 
had to keep a small time step to avoid numerical instability. Since 
the original program that used the explicit scheme was in a more 
advanced stage of development, further work on the implicit scheme 
program has been halted. We are now in the process of introducing 
temperature and pressure dependence of material properties, pressure 
drop, and boiling in the coolant. We hope that once these are 
incorporated, the program utility will be greatly enhanced, and it 
could be used for more accurate transient analysis of fuel channels. 
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9. MOMBMCIATURB 

(Dimensions in SI are given, although any system can be used) 
^•fUnt Coolant flow area in the channel ( m 2 ) 
Cf Specific heat ( Joule / kg . "c ) 
Dl Inner diameter of the coolant channel ( m ) 

D2 Outer diameter of the coolant channel ( m ) 
U Heat transfer coefficient to coolant at the surface of 

cladding. ( w / m 2 ."C ) 
*Vf Heat transfer coefficient at the fuel-cladding gap 

( w / m 2 . *C ) 
k Thermal conductivity { w / m . *C ) 
Nl Number of the radial node at the fuel surface 
N2 Number of the radial node at the claddirg inner surface 
N3 Number of the radial node at the cladding outer surface 
N4 Number of the radial node in the coolant 
NC Number of radial nodes in the cladding 
NH Number of axial nodes in the fuel rod 
NP Number of radial nodes in the fuel (~N1) 
Re Prandtl Number ( • Si— ) (dimensionless) 

K. 
Pr Reynolds Number ( = P̂ -P ) (dimensionless) 
9, Rate of heat generation in an element. ( w / *r ) 
r Radius, or distance from the axis of the fuel rod ( m ) 
t Time ( s ) 
T Temperature (*C) 
LL Coolant velocity in the coolant channel ( m / s ) 
V Volume of an element ( m 3 ) 
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Greek : 
oL Thermal diffusivity ( ro2 / s ) 

Distance between two adjacent radial nodes ( m ) 
At Incremental time ( s ) 

Change in temperature ( C ) 
Distance between ''.wo adjacent axial nodes ( m ) 

P Density ( kg / nt3 ) 
/* Coefficient of dynamic viscosity ( kg / m . s ) 

SUPERSCRIPTS 
j Time step j 
j+1 Next time step after j 

SUBSCRIPTS ! 
J 

c Cladding 
ci At cladding inner surface 
co At cladding outer surface 
f Fuel 
fs At fuel surface 
m Radial- node number. Goes from 1 to N4 
n Axial node number. Goes from 1 to NH 
w Coolant 

k. 
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TABLE 1. Characteristics of the fuel channel used for case 1. 

Fuel pellet diameter = 1.0 cm 
Clad inner diameter = 1.0 cm (ie gap thickness is zero) 
Clad outer diameter = 1.2 cm 
Coolant channel dia. = 2.0 cm 
For fuel : 

density = 10.5 gm / cm 3 

thermal conductivity = 0.052 w / cm.C 
specific heat = 2.93 joules / gm.°C 

For cladding : 
density = 7.98 gm / cm 3 

thermal conductivity = 0.156 w / cm.*C 
specific heat = 0.502 joule / gm.*C 

For coolant : 
density = 1.00 gm / cm 3 

thermal conductivity = 0.0063 w / cm.°C 
specific heat = 4.182 joules / qmTc 

dynamic viscosity = 0.0055 gm / cm.s 
Length of channel - 300.0 cm 
Flux shape = Chopped cosine 
Extrapolated length = 320.0 cm 
Channel power » 100 kw 
Coolant inlet temperature = 50 UC 
Gap heat transfer coeff = 1.1 w / cm2/c 
Convective h.t. coeff = 1.5661 w / cm2."C 
Coolant velocity = 300.0 cm / s 
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TABLE 2. 
calculated 

Temperatures at various locations in the 
by TRAN.l and by analytic equations ( eq. 

fuel channel as 
24 ) 

distance 
from 
inlet (cm) 

fuel 
center-
line 

fuel 
surface 

clad 
inner 
surface 

clad coolant 
outer 
surface 

calcu
lated 
by 

0.00 
(iniet) 

50.00 
50.00 

TRAN.l 
ana 1ytic 

10.00 259.60 
259.59 

112.34 
112.33 

34.49 
84.48 

66.60 
66.59 

50.30 
50.29 

TRAN.l 
analytic 

30.00 461.99 
461.99 

173.13 
173.12 

118.51 
118.50 

83.40 
83.39 

51.43 
51.42 

TRAN.l 
analytic 

50.00 649.31 
649.31 

229.95 
229.95 

150.65 
150.65 

99.68 
99.68 

53.27 
53.26 

TRAN.l 
analytic 

70.00 814.37 
S14.37 

280.62 
280.62 

179.69 
179.59 

114.82 
114.81 

55.75 
55.74 

TRAN.l 
analytic 

90.00 950.81 
950.81 

323.18 
323.18 

204.50 
204.51 

128.23 
128.22 

58.76 
58.76 

TRAN.l 
analytic 

110.00 1053.39 
1053.39 

356.01 
356.02 

224.14 
224.15 

139.39 
139.38 

62.21 
62.20 

TRAN.l 
analytic 

130.00 1118.18 
1118.18 

377.84 
377.85 

237.85 
237.86 

147.88 
147.87 

65.94 
65.94 

TRAN.l 
analytic 

150,00 li.42.68 
1142.68 

387.84 
387.85 

245.11 
245.11 

153.37 
153.37 

69.82 
69.82 

TRAN.l 
analytic 

170.00 1125.95 
1125.95 

385.61 
385.62 

245.62 
245.63 

155.65 
155.65 

73.71 
73.71 

TRAN.l 
analytic 

190.00 1066.63 
1068.64 

371.25 
371.26 

239.38 
239.39 

154.63 
154.63 

77.44 
77.44 

TRAN.l 
analytic 

210.00 972.93 
T/2.94 

345.31 
345.32 

226.63 
226.64 

150.45 
150.35 

80.89 
80.89 

TRAN.l 
analytic 

230.00 842.52 
842.53 

308.77 
308.78 

207.85 
207.86 

142.98 
142.98 

83.90 
83.91 

TRAN.l 
analytic 

250.00 682.42 
682.43 

263.06 
263.07 

183.76 
183.77 

132.79 
132.80 

86.38 
86.38 

TRAN.l 
analytic 

270.00 4r)8.78 
458.79 

209.92 
209.93 

155.30 
155.30 

120.19 
120.19 

88.22 
88.22 

TRAN.1 
analytic 

290.00 298.66 
292.66 

151.39 
151.40 

123.55 
123.55 

105.65 
105.65 

89.35 
89.36 

TRAN.l 
analytic 

300.00 
(outlet) 

89.65 
89.64 

TRAN.1 
analytic 
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