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Nomenclature

= Coefficient in heat transfer correlation (primary side)
= Heat capacity of steam generator tube walls

= Hydraulic diameter

- Mass flux of cuolant

- Enthalpy

= Film heat transfer coefficient

= Moment of inertis

- Thermal conductivity

- Mass flow rate

Rotational speed

- Exponent in heat transier correlation (primary side)
= Nusselt number

= Pressure -

= Prandtl number

= Heat flux

- Wall radius

= Radius

Fouling factor

Re = Reynolds number

T = Temperature
t
U
x
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[ ]
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"
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- time
= Overall heat transfer coafficient
- Steam quality
AP = Pressure differential
At = Time step size
P = Density
= Rotational speed
M = Viscosity

Superscripts
n = nch time step (in Appendix only)
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Subscripts

Overall
Compressor
Fluid

Gas

Time step
Nucleat boiling
Saturation
Turbine

Inner wall
Outer wall
Compressor inlet
Compressor outlet
Turbine inlet
Turbine outlet
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SUMMARY

This document outlines the work carried cut in the past fiscal year
on the GCFBR safety research project, It was a low level effort budgeted
at .5 MY, and consists of the development of improved steam generator and
circulator (steam turbine driven helium compressor) models which will
eventually be inserted in the HELAP (1) code. Furthermore, s code was
developed which will be used to generate steady state input for the pri-
mary and secondary sides of the steam generator.

The following conclusions and suggestions for further work are made.

1) The steam-generator and circulator model are consistent with
the volume and junction layout used in HELAP.

2) With minor changes these models, when incorporated in HELAP,
could be used to simulate a direct cycle plant.

3) An explicit control valve model is still to be developed and
would be very desirable to control the flow to the turbine dur-
ing a transient. Initially this flow will be controlled by
using the existing check valve model.

4) The friction factor in the laminar flow region is computed
inaccurately, this might cause significant errors in loss of

flow sccidents.

5) It is felt that HELAP will still use a large amount of computer
time and will thus be limited to design basis accidents without
scram or loss of flow transients with snd without scram. Finally
it may also be used as a test bed for the development of prototype
component models which would be incorporated in a more sophis-
ticated system code, developed specifically for GCFBR's.




Introduction

In this report the progress made on the Gas Cooled Fast Breeder Reactor
(GCFBR) program is cutlined., This work consisted of improving the system
code HELAP which was developed for a preliminary analysis of GCFER tran-
sientl.l) The preliminary analysis was carried out using a code based on
RELAP 3 (MOD 36),2) which is based on an explicit algorithm, Improvements
suggested by the preliminary work, which were considered during the re-
porting period are:

1) The adoption of an implicit algorithm, this was accomplished
by changing to RELAP 33.3)

2) Modification of the code to allow for two working fluids.a)

The thermodynamic nature of the two fluids being left as
arbitrary.

3) Development of realistic models for the steam generator and
circulator (steam turbine driven helium compressor).

Items 1) and 2) were carried out under the auspicis of a RSR funded
LMFBR activity. No details of this work will be given here, since it is
primarily a programming effort and involves no new component modeling.

Described in the next three sections is the work suggested under item
3) above. The first section describes the steam generator model, follcwed
by & section discussing the circulator model. A final section is added in
which a calculational technique is discussed which is used to determine
steady state input for the steam generator. Finally an Appendix is added
which outlines the numerical algorithm used in solving the steam generator

squations.




I, STEAM GENERATOR

The current GCFR design has three steam generator modules, each of which
is 10 ft, in diameter and approximately 57 ft. in length. These modules are
axial flow heat exchanges made up of two separate helically wound tube bun-
dles; these are the resuperheater and main steam generator bundles. The main
steam generator bundle consists of the combined economizer,. evaporator and
superheater sections. Incoming feed water to: the main bundle is converted to
superheated steam which is used to drive the helium circulator turbine. The
steam subsequently returns to the resuperheater before it flows to the main
turbine, Water/steam flows upwards on the tube side of the heat exchanger
and helium flows downwards across the tubes on the shell side. Figure I is
a schematic depiction of this flow path,

Figure II shows the general arrangemeant of a steam generator ingside the
PCRV cavity., Helium carries the heat from the reactor down over the resuper-
heater, superheater, evaporator and economizer tube bundles, After its pas-
sage through the steam generator, it passes up through the annular passage
between the outer shell of the steam generator and the thermal insulation to
the main circulator. A more detailed description of the steam generator is
available in the Preliminary Safety information document (5) (PSID) and amend-
ment #& to the PSID.(G) In the remainder of this section, the model used for
simulating the steam generator in the HELAP code will be described.

The quantity of prime interest to be determined by the model is the
amount of heat lost by the primary fluid (helium) and the amount of heat
gained by the secondary fluid (water/steam)., At steady state conditioms,
these two quantities are equal, However, during a transient, heat lost oa
the primary side is not equal to heat gained on the secondary side since the
steam generator tube wall acts as a thermal inertia. The following descrip-
tion applies to an arbitrary primary volume, its corresponding secondary vole-
ume and the steam generator tube wall,

A description of the equations which determine the heat transfer rate
from the primary to secondary follows in the next sub-section and the follow-
ing two sub-sections deal with the heat transfer coefficients on the primary
and secondary sides respectively.




A, Heat Exchanger Fquations

The primary-to-secondary heat transfer rate and the temperature
distribution within the tube wall, for times greater than zerc, are
determined by solving the following non-steady state heat conduction

equation.
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Boundary conditions at the inner and outer tube wall surfaces are
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given by
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The initial condition (t=0) is given by:

(T, = T.)
2 wl T
T™r) = T, + —== fn (E~ (4)
vl w2 (Rv1>
R,

In equation (4) wall temperatures Twl and Twz are determined from
equations (2) and (3) respectively. The solution of these equations require
heat fluxes and temperatures, The heat fluxes le and sz are computed from
input quantities. Heat transfer coefficients Uwz'“d le are in general also

b=



also functions of Twl and Tw2’ since the transport properties (conductivity,
viscosity, etc.) are evaluated at the maan film temperature which is defined
as (Twall + T average Fluid) /2,0. 1In the aspecial case of boiling, the value
of U . is also a function of heat flux sz. It is thus necessary that Equa-

wl
tions (2) and (3) be solved iteratively when determining Twl and Tw2'

For times greater than zero, Equation (1) with boundary conditions (2)
and (3) and initial condition (4) are solved numerically using an implicit
scheme, This scheme is patterned after the one used in the HELAP code for
determining the temperature distribution within the fuel pin. Six radial
nodes within the tube wall are allowed for, resulting in 3ix simultaneous
equations, These six equations form a matrix equation which is solved for
the temperature distribution within the tube wall, The desired heat fluxes
le and sz are determined from equations (2) and (3). In solving this eq-
uation density p, and the heat capacity C, are assumed to be constant over
the temperature range of interest. However, the conductivity K is allowed
to be a function of temperature and its value is determined at the average
temperature of the tube wall, Details of the numerical algorithm used are
outlined in the Appendix.

B, Heat Transfer Correlation for the Primary Side

The hest transfer correlation used in computing the primary side heat
transfer coefficient, h 2 is based primarily on work carried out by Grimison
in 1937, Grimison correlated data for straight tubes in both staggered

(N

and inline arrangements with gas flowing across the tube bundles, Subse-
quently (8,9) experiments have h2en carried out using helically wound bun-
dles vhich were ‘either staggered or inline arrangements, These experiments
confirmed the original work of Grimison and together they form an
experimental base from which an acceptable heat transfer correlation could be

extracted,

A correlation between the Nusselt number, Nu, Reynolds number, Re, and
Prandtl number, Pr, of the following form is adoptcd,(lo)

1/3
Nu = B (Rc)n(.%;- ‘ (5)




The transport properties (Pr, viscosity, etc.,) are determined at the
volume pressure and mean film temperature. To determine the Reynolds num-
ber, a mass flow rate per unit area is required; this flow rate is based on
the flow across the cross section of minimum area. The values of the co-
efficient B and the exponent n are a function of the bundle arrangement i.e.
an inline or staggered arrangement; and on the valuas of the transverse and
longitudinal pitch. These vslues are part of the heat exchanger input and
may be different in each heat exchanger volume, It'is thus possible  to allow
for different arrangements in the different components of the steam genera-
tor. Finally, the value of B is also used to reflect the change in heat
transfer coefficient due to the presence of baffles. The determination of
B, which depends on the parameters mentioned above ard which reflects the
enhancement of the heat transfer coefficient due to baffles, is described
in a latter section where the method of obtaining the steady state input

for the steam generator is cutlined.

C. Heat Transfer Correlations for the Secondary Side

The heat transfer correlations used on the secondary side (steam/water)
are based on correlations currently in use in RELAP 3B, Six modes of heat
transfer are provided for, the choice of the correct mode is based on fluid
quality and surface temperature. The correlations corresponding to these
six different modes are given below.

Mode 1, - Subcooled Forced Convection 1) x £0.0 T < T

.023K .8 /3 |p (T .14
£ DG [PrJ sec
)

h= (6)
D W (T,)
Mode 2, - Subcooled Nucleate Boiling 12) < 0.0 Ta 2 Ty
- Poec
1260 o5
) Tyg ™ Tgar + *072 ¢ U €))
%
b = 0% (8)
wl sec



Mode 3. - Nucleate Boiling 0,0 < x <,1

The heat transfer coefficient is calculated by interpolating with
respect to quality between equation (8) and (9).

Mode 4. = Forced Convective Boiling 13) 1 5x=.6

.9 576\ .1 ] .66
h = 6700 %‘;l-+ .000353 = :—f =2
fg g be

.023K,\ .8 4
+ 'T‘)P'G'&;"& Pr (9

The physical properties are evaluated at saturation conditions.

Mode 5. - Forced Convective Boiling
The heat transfer coefficient is calculated by interpolating with
respect to quality between equations (9) and (10),

Mode 6. - Single Phase Steam

K .8, V.
b= .023 % (fﬁ Pr s) (10)
g

Physical properties are evaluated at the mean film temperature

('1:“71 + 'r“c) /2.0

The heat transfer coefficients computed using the above correlations
would result in values applicable to straight tubes. The enhancement of
the heat transfer coefficient due to secondary flows induced in the heli-
cally wound tubes of the steam generator 1s accounted for by means of a
Nusselt number multiplier, as follows: *



p \2 1/4
Nu (helical) = Nu (straight) I-.962 + .09177 {Re (3—) (1)
I co

where (D/Dco) is the ratio of the hydraulic diameter of the tube to the
mean bundle diameter., Finally, in those situations where the final heat
transfar coefficient axceaeds 10,000 it is limited to 10,000.9)
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II. CIRCULATOR MODEL

Each of the three main coolant loops is equipped with one main circu-
lator. Each circulator consists of a single stage axial flow compressor
and a single stage steam turbine. The helium compressor is connected to
the outlet of the steam generator and discharges the compressed helium to
the reactor inlet plenum. The steam turbine is located between the super-
heater outlet and the resuperheater inlet, Thus, the full flow from the
steam generators drives the circulator turbines before passing to the
resuperheater and then the main steam turbine. This layout is shown sche-
matically on Figure 1. Each circulator unit is mounted vertically in its
respective stesm-generator-cavity closure plug, as shown in Figure III.

The compressor and steam turbine discs are mounted on a single verti-
cle shaft overhung at opposite ends of a central housing that contains the
thrust and journal bearings. These bearings are of the water lubricated
type. For more details on the circulator, the reader is referred to the
PSID, Quantities of prime interest to be determined by the circulator
model are the pressure increase on the primary side due to compression
() Pc)’ the pressure drop on the secondary side due to expansion (A'Pt)'
the energy added to the primary fluid due to compression, and the energy
lost by the secondary fluid due to expansion. These qusntities can be
determined by solving an energy balance equation for the circulator.

The energy balance of a turbo-compressor assembly is given by:

2
Y147 =H - H (12)

It is seen that if the turbine produces more energy than the com-
pressor needs the rotational speed of the shaft increases and visa versa,

In order to solve equation (12) at any instant in time during the
transient it is written in digital form using the trapizoidal rule, with
the new rotational speed Nn+1 as the unknown,



_r2ae 2 /2
Ny [1 wct+Nm] (13)

where
W

et = Be(mrl) ~ Be(amrD) (14)

In the above equation the subscripts (m + 1) and m refer to the current

and ths previous time steps respectively.

In attempting a solution of Equation (13) it {s assumed that Pl’ Ty»

P3s 13, Mt' Mc and Nm ara known, The desired parameter Hc(mﬂ), Ht(mi-l)’

4P , 8P, and N_ . can thus be computed. The first two quantities are the

energy added and subtracted from the primary and secondary fluids respec-

tively, the next two quantities are the pressure increase and pressure de-

crease of the primary and secondary fluids respectively and the final quan-
tity is the new shaft speed of the circulator which is required for the solu-
tion of the following time step.

Since both Nn-l-l and W‘:t are unknown quantities in equation (13) it is
solved iteratively. The solution follows the following procedure.

i)

ii)

!'l.ﬂ

Assuming the shaft speed to be Nn and the expansion and com-
pression in the circulator to isentropic a value for wct can
be determined using the methods to be described in the next
two sub-section,

It is now possible to compute a new value of N'H using equa-
tion (13). In principle, the procedure could bs repsated
until a converged solution is achieved. However, it has been
found that the rate of convergence is unacceptably slow and
s Newton typs acceleration scheme is used, In this scheme

the function

"is forcsd to gero,

. =10«



The improved prediction of N k1 is given by

Nm_l(improved) - Nm+1 -

i

F -
F' - ml m
le-l - Nm

111) A revised value of N 1

step 1) rather than the original value computed in step
i1). Convergence is achieved when the fractional change
in the shaft speed from iteration to iteration is within

a prescribed error.

The terms Ht; and Hc will be discussed in the following two sub-sections.

A, Compressor Work (H )

It is auum-d that the inlet temperature (Tl) inlet pressure (Pl) and
the flow rate (M ) to the compressor are known, Furthermore the operating

map, which ulntu outlet pressure to flow rate 1s assumed given,
cific parameters involved in the map of the current model are

A? M /T
J v.. < 1
B, P,

for various rotational speed parameters /%

A family of similar curves results which are shown schematically on Figure IV,
These were obtained from the PULTON plant PSAR, 16). The values of temperature

and spesd ars made dimensionless by their respsctive rated values,

. -11.

is thus computed and used in

These curves
are limited at ons end by surging, (too low a flow rate for a given rotationsl
speed} and at the ochn!.' end by choked ﬂ.ov.") It is now possible, knowing

tha values of Pes Tps LA and N to determine the value of AP ¢ "nd hence Pz

from this family of curves, Making the assumption that the compression is




isentropic, the outlet temperatura can be computed from 18)

4017 [-.1505 (#(1,) B, - o(T) P))]
e

T, = T,R (18)
where R 1s the compression ratio (le Pl), and
o = (173 1258017%) L (19)

The work required to carry out this compression is given by the enthalpy
change from the inlet condition (Tl, Pl) to the outlet condition (Tz, Pz) i.e.

~1/3 -2>
-4715’1‘2 PZ

-(11-1,3-47151'1-2)21] g (20)

In the above expressions Equations 18 - 20 the temperatures are in %

AH = 43006 15.196 (T, = T,) + 3,13 [(rz

and the pressures in atmospherss.

The actual work required by the compressor is obtained by dividing the
value of work determined above by the efficiency snd multiplying it by the
flow rate.

Compressor efficiency ﬂc is chcrmin.d from input data, in which effi-
’ ‘ MT

" clency 1s read in as 2 function of FSEL_
1
AH Hc
H, = - (21)

(]

B. Turbine Work (H
(B

As in the case of the compressor, it is assumed that the inlet tempera-
ture (Ta), inlet pressure (PS) and flow rate (Hc) are known., Furthermore,

12~



the operating characteristics for the turbine are assumed to be given, In
the case of the turbine they are a plot of P41P3 against Mt: v ‘1‘3 for various

shaft speeds, N/v'Ta. A schematic representation of such apéamily of curves
is given in on Figure V,it is seen that the curves show a choking limit i.e.
regacdless of increase in pressure ratio no increase in mass flow rate re-
sults. It is thus possible, with the available input data to obtain (1’4)
the cutlet pressure. In order to compute the final temperature (T4) and
work done under isentropic expansion from initiasl state (Ps, T.3) to final
scate (P,, '1‘4) appropriate subroutines from the code system STEAM-67 19)
are used, These subroutines form a module which is built into HELAP., Thus
given '1‘3. P3 and P, the output from the above module is Ta, H3' and Ha from
which AH the work due to isentropic expansion can be computed,

8H = H, - H, (22)

The actual turbine work done is obtained by multiplying AH by the tur-
bine efficiency ‘T]t and the mass flow rate Mt:’ The turbine efficiency is
obtained from input data which relates efficiency to N//AH.

Thus the actual turbine work is given by

B = AR 'ﬂc M, (23)

I, STEADY STATE DETERMINATION

As part of the input to any RELAP, or RELAP based calculation i.e. HELAP
or NALAP it is required to start with a steady state solution. This implies
that the enthalpy changes in the fluid for any volume in the circuit has to
be consistent with the energy added to or subtracted from that volume. In
the context of the steam generator this involves balancing the heat transfer
rate determined by a product of the overall heat transfer coefficient and the
mean fluid temperaturs difference, and the heat transfer ratu implied by the

13~
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power fraction deposited in or subtracted from a volume. A steady state of
the turbine-compressor module implies that the work required by the compres-
sor is exactly balanced by the work supplied by the turbine, Furthermore

this balance is required to occur at the steady state shaft speed of the

unit, implying a definite position on the operating maps of the turbine and
the compressor. These positions on the respective operating maps imply
pressure differentials, which also have to be consistent with ‘the steady state
condition of the reactor plant.

The balance outlined above is not easily obtained and the only sys-
tematic manner of achieving it is by means of a numerical procedure. A
program to determine the above balance was constructed and is described be-

low.

Input to this program are the necessary dimension of the heat exchanger
i.e. area, tube length and size, secondary side fouling factor, primary side
baffle factor etc., the primary and secondary volume pressures and flow rates.
The computation proceeds sequentially, starting at the cold end i.,e., primary
side outlet and secondary side inlet, and proceeds to the hot end. A final
step is to balance the circulator module, Values of temperature and enthalpy
for the secondary inlet are known from the feed pump outlet conditions, and
the primary side discharge conditions are equal to the compressor inlet,
which is also known, With the above input, the computation proceeds along
the following steps:

I) A power fractionm, Pf, to be transferred from the primary side
to the secondary side i{s assumed, It is thus possible to determine the cor-
responding volume inlet enthalpy on the primary side and the outlet enthalpy
on the secondary side. On the primary side the inlet temperature can now be
determined, knowing th2 heat capacity, cp, which in the case of helium is a
function of temperaturs and pressure only. Thus

B, +4H
T (Primary inlet) = C (24)
P
vhere 18)
- - -1/3_ -2\ B
c, = .2389 [ 5.196 - 1.043 (773 28300 77%) £ ] (25)
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T and P are the temperature and pressure in °k and atmospheres respectively,
Heo is the inlet enthalpy and AH the enthalpy change corresponding to P..

On the secondary side the determination of outlet temperature could,
in principle, be carried out in a similar manner, However, the heat capac-
ity is not known, with great enough precisfon. Instead, the steam tables
as used in the HELAP code, (same temperature and pressure mesh) are used
to determine the temperature corresponding the volume pressure and outlet
enthalpy. Finally, it is possible to compute a heat flux QP which cor-
responds to the assumed power fraction Pf transferred from the primary to
the secondary and steam generator dimensions.

II) It is now possible to compute the primary side heat transfer
coefficient, as outlined in Section I. (A function of flow rate, pressure,
and mean film temperature) and thus the primary side wall temperature.

Q
- T P (26)

pri Uwz (TVZ' Tpri’ Ppri’ Gpri)

Twz

This step is carried out iteratively since the mean fiim temperature
is a function of the wall temperature, which in turn depends on the heat

transfer coefficient UW2
III) Knowing the primary wall temperature and the heat flux, it is
now possible to compute the secondary side wall temperature. This is

pollibli since it is assumad that the steam generator is operating at steady
state and thus the heat flux per unit area on the primary side equals that

on the secondary side.

QR sz (
T.,.=T,k6~ - in|l=— 27)
wl w2 K ('1'w » Twz) RVI

This calculation is carried out iteratively since the wall heat con-
duction, K, is a function of the mean wall temperature.

IV) The secondary side heat transfer coefficient can now be deter-
mined. This determination is blged on the correlations ocutlined in Sec-
tion I,

~15~




In general this coefficient is a function of flow rate, mean film tem-
perature, pressure, and in the case of boiling also the heat flux, The sec-
ondary side enthalpy is also required to determine the secondary side quality.

V) Using the results of steps 1I, III and IV the overall heat trans-
fer coefficient can be determined

1
U, =~ = (28)
ATy LRy Rz . R .
7 ¥ ru. .t Wmgo
w2 wl. wl Wl

Furthermore & heat flux QU can be determined based on the product of

U, and the temperature difference between the mean fluid temperature on the

A
primary and secondary sides.

T - T T -7
-pri (in) _pri (out) ).
Q= 1, ri (in ri (out - | —sec in 5 sec_(out (29)

2

VI) At this point the heat flux QU computad from step V and the heat
flux Qp computed from step 1 are compared. If they are in acceptable agree- :
ment the desired balance is achieved for the volumes under consideration. 7
If this agreement is not sufficiently precise the power fraction Pf is ;
suitably modified and steps I thru V are repeated.

The above‘broccdure is repeated for eacia of the steam generator volume o
pairs, starting at the secondary side inlet and the primary side outlet, The
full flow 2f the steam generator flows through the steam turbine which drives
the helium compressor. Helium from the outlet of the steam generator flows
into the inlet plenum of the compressor where it is compressed., A balance of =
the steam turbine helium compressor module is achieved when the work done by ?;
the turbine exactly balances the work required by the compressor. This de- ;ﬁ

sired balance is required to be achieved at the design speed of the circu- ' };
lator, which together with the performance maps gives the pressure changes i
across the turbine and compressor, which must also equal the designed operat- .

ing condition. A correct choice of characteristics (operating map) and inlet

conditions results in & balanced circulator module.

-16-




1v, CONCLUSION

The following conclusion can be made regarding the preceeding work:

1) The steam generator and circulator (steam turbine driven helium
compressor) models are consistent with the volume and junction
formulation used in the HELAP code. No attempt at analyzing
hydrodynamic flow instabilities and their consequences, or de-
tails of compressor stall are made. Such computing algorithms
exist (21, 10, 17, zz)howcvcr, their inclusion in HELAP would be
inconsistent with the remainder of the code,

2) When the models described above are incorporated into HELAP, it
would also be possible to simulate a direct cycle gas turbine
plant (23). This would be done by simulating the recuperator by
the steam generator model. In this case the secondary side heat
transfer coefficient, hwz' will be computed using a different cor-
relation, which would be consistent with the high pressure side of
the recuperator. The steam turbine can be replaced by a helium

gas turbine and the pre-coolers can be represented by dump heat

exchangers.

Listed below are further improvements which would make this code more
accurate in its representation of the plant during a transient.

3) To control the steam turbine speed, which determines the compressor
outlet pressure, it is necessary to control the steam flow rate into
the turbine. This requirement implies the ability to control the
flow rate between two volumes in HELAP by means of a valve model.

At the present time no realistic control valve model exists in the
HELAP code, and the steam flow control wili be simulated by using
multiple check valves scheduled to close sequentially. This re-

sults in a pre-determined step wise reduction in flow rather than

a continuous variation of the flow which could be pre-determined, or
ba a function of an internally computed quantity i.e. clad temperature,

4) The short comings in the code due to inaccurate determination of
the friction factor in the laminar flow range still exist. This
might lead to significant error in loss of flow transients.

-17-




Finally a comment will be made about the types of problems the HELAP
code will eventually be able to deal with,

5)

Despite the fact that the models outlined in this report will
be incorporated in the version of RELAP which uses an implicit
time step algorithm (implying larger time steps than the pre-
vious code) a large increase in time step size is not antic-
ipated. The largest time step usad, with confidence, in water
(24) which is a
four fold increase over corresponding calculztions using the
explicit time step algorithm, Unless the time step size in
gas cooled systems is very much larger than ,002 secs tran-

reactor transients is approximately .002 sec.,

sients lasting longer than 50 - 100 secs cannot be expeacted

to be analyzed on a routine basis., This limitation would limit
the code to the analysis of design basis accident, without scram
and loss of flow accidents with or without scram. 1In all three
of these cases partial clad failure is expected within 100

sec, One further use of this code would be its usefulness as a
test bed for the development of new component models to be used
in a more advanced, yet to be developed, system code.

-18- s




APPENDIX

In this appendix, the details of the finite difference equations
used in solving the heat exchanger transient respouse is given. The
method is patterned after the method(zo) used in HELAP to compute the
temperature distribution within the fuel pin.

First, the inner mesh points will be treated to be followed by con-
sideration of the boundary points. Within the tube Equation (1) applies,

which may be written as:

Ly
pCSE = v ¢ KT (a1)

In arbitrary mesh space within the steam generator tube wall is

shown in Figure lA.

" ---.-r.. -
nqt>
L]
Nll>
]
U

h A
o-1 n n'+l

Figure 1A. Mesh Point Layout

The finite difference equation is obtained by integrating equation
(Al) over the volume indicated by the dotted lines. Since only cylin-
drical geometry is of interest, i.e. no axial gradients, the volume to
be considered is that which results when rotating the figure about r = 0,
Finally, the factor 2m common to all terms will be omitted.
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Using forward differences, the first term becomes:

(’l"ﬂ- )

, T
» T n n Ar . 4r r x.”
Jv pcg-t- dv = pC ac [2 (rn %) + Az- (l'n'i' Q‘)J (A2)

The subscript n refers to the nth mesh point and the superscripts
mand m + 1 refer to the time ta and ta * At Tespectively.

The second term of equation (Al) can be written:

fvv . WyTdY -I'Mds ITE))

For cylindrical geometry this is approxisated by

{ xoran = K(T, rrn_l) oo s K(T,,,- T.) RS "
s
Now defining
“:- - A25("\:' 645) °:+ * ‘2!'('::"' %g)
“h = e ap = a0t )
b " °':-+ “:+

s s
8p = K(Ty" Tppdog. + K(Tpyy” Toloy,

Then collecting terms, the finite difference from the squation (Al) can
be written

ol _

At an - 6n @as)



The superacript on °n has been omitted thus far. If s purely explicit
formulation is desired, the following relationship results

-l o=
T =T
n na '0- (A6)

Howaver, a more desirable implicit formulacion will be used, vhere
the an will be & aixcurs of the -‘h and (m + 1)"' time steps, i.e.

atl =
u ' - !’.u“l* 5-) (ﬁ’)
At n 2n n

Wricing out equation (A7) in full and collecting terms the follow-
ing equation for the nth internal wesh point

o tn-l

I ep ™™ Ml ed (=2, (A9)

na+l
whare

!A_._..

n 2

“F
v
o™
k"
+
vz



d =-a1®

0 nu-1+(. +u +c)r +c'1‘n+

1

At the inner wall surface, the boundary condition is given by

- ‘g-xt- Vo1 [ uc_j (a9

Using equation (A9) in evaluating the surface integral on the inner
wall surface, an equation analogous to equation (A8) can be divided, which
has the form

wtl o+l
b ‘.,'r“1 +c orl. a10)

wvhera

KR At
- e 4 1@ [ KeGAr a5 ke ]
do * c°T1 + Twl [ 2 (.Rwl + 4) + 2 uwl. + °c

l. m+1 m+1 m
A l. T le Tuc

Similarly at the outer wall the boundary condition is given by

- @% * U2 [Tpri b TWZ] (all)
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The finite difference form at this surface is given by

o1 o1
ATn-1 * Pylwz = Yy
where
R
a .-LZ.AL w2 _ L
N 2 Ar 2
b, = KeSAE (5 a_)+__2£f_-.
N 2 . w2 N
= At
4 - o, [Reae Aa)..“";vz__wz__
N 2 w2 4 2

HH-]. m+1
At[ pri w2 pri]

The equations (A8), (Al0) and (Al2) form a tri-diagonal matrix

equation of the following form

o+l
b c 0O 0 O Twl

m-1
o o0 T

b, ¢ O .

w1
0 ‘N bN T}z

Equation (Al3) is solved by a system routine which employs

elimination scheme, =23~

(A12)

(A13)

the Gauss
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