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ABSTRACT

The program described in this report is an extended and revised version
of the point-model kinetics program MURGATR¢YD.1 In the model used in the
present program, the axial space dependence of the fuel and graphite tempera-
tures is calculated, and the effect on reactivity of deviations from the
steady state values is assumed to be given by the product of an appropriate
temperature coefficient of reactivity times the deviations from the steady
state value of the nuclear average temperature (NAT). The NAT is computed
using a "sine-squared" weighting function in the axial direction and using
an input weighting factor in the radial direction.

The shape of the power density is taken to be time-independent in con-
trast to the shapes of the temperature distributions, which are time-dependent
in the calculation. This program is intended to be used in surveys of reactor
behavior under a wide range of conditions. It is therefore based on a sim-
plified model in order to reduce computing time, but should provide a better
approximation to reactor behavior than does a purely space-independent calcu-
lation.

This report consists of a derivation of the equations used in the program,
instructions for its use and sample input and output for a test case. A
F¢RTRAN source deck and a binary object deck are on file.

*
The desired decks may be obtained either from the author or from T. B. Fowler.

NOTICE

This document contains information of a preliminary nature and was prepared
primarily for internal use at the Oak Ridge MNational Laboratory. It is subject
to revision or correction ond therefore does not represent a final report. The
information is not to be abstracted, reprinted or otherwise given public dis-
semination without the approval of the ORNL patent branch, Legal and infor-
mation Control Department.
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INTRODUCTION

The conventional space-independent kinetics equations usually consider
reactivity compensation to be based on the average temperature rise of the
reactor core, independent of the spatial distribution of the temperature.
In this report, the spatial temperature distribution is used explicitly in
obtaining the reactivity change associated with changes in power level,
considering a fundamental -mode power distribution. The program applies to
fluid fuel reactors in which fuel moves through the core with slug-type
flow; the moderator is assumed to be stationary. Application to the Molten
Salt Reactor Experiment is considered in deriving the equations, and so the
fluid fuel is referred to as fuel salt, with graphite as the moderator.

DERIVATION OF EQUATIONS AND CALCULATIONAL PROCEDURE

Consider & smsall disk of fuel salt of thickness Az and cross sectional
aresa Af moving through the core with speed u (Fig. 1A). A temperature
Tf(r,z,t) is assigned to the disk and a temperature Tg(r,z,t) is assigned
to the annular disk of graphite surrounding the disk of fuel salt. As-
suming that heat transfer from graphite to fuel may be adequately repre-
sented by the product of a heat transfer coefficient times the difference
of the temperatures, and neglecting axial heat conduction, the following
pair of equations is obtained for the fuel and graphite temperatures:

(Symbols are defined in Table 1.)

1 nat
Tf(z + nuAt, t + nAt) - Tf(z,t) = S;E; gﬂ éf(z +ut, t + 7)dr

nAt
+ hL j’ [
— T(z+ut, t +7) - T, (z +ut, t + 7)] ar (1e)
Afpfcf 0 g £
1 nAt
T (2 + nudt, £+ nAt) - T (z + mbt, t) = T [ & (z + nuat, t + 1)ax
pCy o g
hl naAt
-——-———-f [T (z + nuAt, t + 1) = T (z + nuAt, t + 7)] dt (1b)
%P o 8 -

(For convenience, the dependence on r has not been explicitly included in

the above equations.)



Table 1. Nomenclature

The following quantities have subscripts f, denoting fuel salt, or
g, denoting graphite:

A channel cross sectional area

c specific heat

ake
-_ temperature coefficient of reactivity

oT

Q normalized heat source term

S heat capacity

T temperature (referred to initial inlet temperature)
T nutleer.average temperature

v volume fraction

o) density

d power density

The following quantities have subscript i denoting delayed neutron

family:
C normalized latent power
ﬁe effective yield in circulating fuel resctor
[The correction for fuel flow is identical to
that used in Ref. 1.]
Bs yield in stationary fuel reactor
y effective yield divided by prompt neutron lifetime (Be/z)
A decay constant

The following quantities have subscripts only as indicated:
£ fraction of total power generated in fuel salt

F(r) radial power density distribution



Table 1 - cont'd

radial peak-to-average ratic of power density

heat transfer coefficient

core height

effective multiplication constant
prompt neutron lifetime

channel perimeter

reactor power at time ©

core residence time

external loop residence time

fuel inlet temperature

fuel velocity in channel

core volume

P(t)/P(c), relative power at time

total effective delayed neutron yield



o

It is assumed that the power densities ¢f and @g are of the form

Qf(r,z,t) . ) 5(3) x(t) x sin ﬁa (22.)
bl
3, (r,2,t) = (l”f}z 5(2)5(0) x(t) Zsin & . (2v)

Consider the fuel channel along which F(r) has the value FR. Then, with
the definitions
nAt
1 \
Qf = 5——0—’ f ‘I)f (Z'(T),t“'T) dt (3)
'8 f,ge'f;g o 18
and the power densities of the form given by equation 2, the normalized

heat source terms are:

fF, P(o)( £ ) ,nat
G, = 1 R 2 jn sin MZ T Ut x(t + 1) dr (ke.)
f p.C v,V H
£ f o]
(1-£) F_ P(o)( ) nAt
o1 R 2 . xufz + nuAt :
Qg = pgcg e Vf) 7 sin i—~§————— g~ x(t + 1) ax. (4p)

Using the trigonometric formula for the sine of the sum of two angles,

noting that the core residence time tc is given by
tc = H/u, (5)

and that the total heat capacities of fuel and graphite in the core

Sf and Sg’ respectively, are given by

8p = Vo VoLl (6e.)

S
g

Q-v)vVop (6v)

C
g 8

equations 4a and 4b may be written



f F_ P(o) 2) nAt
Qp = R Sio (=/ [?in ﬁ& fﬁ cos fi—x(t + 1) dr
nAt
+ cos %5 fﬁ sin fz-x(t + 1) dr} (Ta)
o c
1-f) F_ P(o) 2 nAt
Qg - ( ) RS (O (ﬂ/ ) sin II(Z +HHUAtl f X('t + 1_) ar . (Tb)
g o

The time dependence of the relative power x(t) is calculated from
the same differential equations used in MURGATR¢YD,l viz:

k (1-B) -1
$(t) = S———x(t) + R (82)
i=1
éi(t) = - NG () + 7, x(8),  i=1,N (8v)

but the form of temperature feedback has been changed from that used
in MURGATR¢YD to allow an approximate treatment of space dependence.
The effective multiplication constant ke is taken to be of the form

ok ok

k (t) = 148+ 0bt+ Te[Tf(t)-T]+ — [T (t)-T 1 (9)

fo g go
o, ng

where the average temperatures T}(t) and Té(t) are defined by
R H 2
[ f Tj(r,z,t) I(r) sin Hﬁr dr dz

T,(t) = g2 > , 3 =f,e (10)
fRfHI(r)sin ﬁﬂ-z—rdrdz
o) o

vhere I(r) is a radial weighting function.

With the assumption of separability of the time dependence of the
power densities and the neglect of axial heat conduction, the radial
dependence of the temperatures is proportional to that of the power

densities, so that



H 5 R
J T,(z,t) sin” £ dz /" F@) 1(r) rar
T,(t) = 2 2 ; 3 =f,g. (11)
jﬂH sin® ﬁa’dz JAR I(r) rar
0 o]

The ratio JﬁR F(r) I(r) rdr/fR I(r) dr is an input number to the
) o
program considered here.

The set of equations 8a and 8b is converted to a set of recursion
relations for the relative power x and delayed neutron latent powers Ci
by integrating the differential equations over a single time step of
length At, with the integrals on the right hand side evaluated by means
of the trapezoidal rule:

x(t + At) = x(t) = 6.2_2 [a(t + 8t) x (t + at) + a(t) x(t)]

A, At

+ ) A e (b +at) +C () ] (12a)
1 2 i i
; Ot A Ot
Ci(t + At) - Ci(t) = —=5 [x(t + at) + x(t)] - 5 [ci(t + At) + Ci(t)}
(12v)
vhere aft) = (ke(t)(l - B) -1)/2.
Equations of the form of 12b are solved for ci(t + At) for each
value of i:
1 -\ t/2 7iAt/2
Ci(t + At) = Ci(t) T 7‘1“‘/2 + T xiAt/e [x(t + At) + x(t)] (13p)

and the resuli substituted into 12a to obtain

(?\iat/Q)(yiAt/Q) A At/2
1+ R AE/2 ]*2;Ci(t)1+‘)§iﬂ'€7§

aft + At) At _ Z *y At/2)(7i at/2)
i 2 1+ A AE/2

x(t)[l + a—-g———;)At + Z,

x(t+at) =
1

' (13a)



[This technique is a modification of one described by Fox and Goodwin.2]
The inverse period a(t + At) is, of course, unknown, since the temperatures
depend upon the integrated power. A procedure quite similar to the zbove
is used to derive recursion relations for the temperatures. The integrals
of the heat transfer from graphite to fuel were evaluated by means of the
trapezoidal rule with the interval of integration being nAt (with n = an
integer ); this interval was used since the temperature variation is usuelly
considerably slower than the power variation during a power transient.

Equations (1) were thus transformed into the pair
Af(z + nuAt, t + nAt) - 8o Tg(z + nuAt, t + nAt) = {Qf + szg(z,t)

+ @ -2,) T, (2, £)1/Q + zp) (1ka)
- ang(z + nudt, t + nAt) + Tg(z + nudt, t + nAt)

= [Qg * 2z, Tf(z + nudt, t) + (1 - zg) Tg(z + nuAt, t)1/(1 + zg)

(14v)
vhere z, = EEE-E%E s 4= 1,8
yi
a, = 22/(1 + zﬁ), L =1, g.

If R, and Rg are used to denote the right-hand sides of 1llha and 1ib,

respectively, the solution to the pair of equations 14 may be written as

Tf(z + nuAt, t + nat) = (Rf - a, Rg)/(l - a, ag) (15a)
Tg(z + nudt, t + nAt) = (Rg -8, Rf)/(l - &g ag) . (15b)

The calculational procedure used in ZORCH is the following:

1. Temperature profiles and average temperatures are calcu-

lated for an initial, steady-state conditiom.

2. Values of the average temperatures are estimated for time
t + nAt by linear extrapolation of the values at t - nAt



and t. (If t = o, the slope is taken as o.) The reac-
tivity effect of the change in temperatures is taken to

be a linear ramp over the interval + to t + nat.

3. Eguations l13a and 13b are used to compute values of
x(t + kAt), k =1, 2, ..., n, using the computed linear
reactivity ramp; trapezoidal rule approximaticms to the
integrels involving x(t + 1) in equations Ta and 7b are
also computed.

4. Equations 15a and 16b are used to generate new tempera-
ture profiles; trapezoidal rule approximations tc the in-
tegrals in equation 1l are also computed, to allow com-

putation of new average temperabures.

5. Nevw ramp reactivity rates are computed, using the new

average temperatures from step 4.
6. Steps 3 and 4 are repeated.

7. Advance to next time step {nAt) and return to step 2.

The process of temperature calcuvlation is indicated in Fig. 1b. Tem-
peratures T(t - nAt) and T(t) are used to calculate the slope of line £
and temperature T (o) for the fuel and graphite; this information is coﬁ«
verted into an equivalent ramp reactivity insertion. A power calculation
is done at times t + At, t + BAt, ..., t + mAL, producing estimates of
the heat source terms. The temperasure equations are then solved and the

(1) (1)

fft) now are used to calculate the slope of line £2, which is converted

averages compubted to obtain T for the fuel and graphite. and

to an equivalent ramp. A new power calculatlion is done at times % + At,
t+ 20t;, ..., t + nAt to obtain new estimates of the heat source terms.
The temperature equations are then solved again and fthe averages 5(2) for
fuel and graphite computed; the process is then repeated for the next

time step.
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USE OF THE PROGRAM

The basic unit of time in the program is the power time step At. As
described previously, the fuel and graphite temperatures are calculated at
time steps nAt in length, where n is an input number, and the space mesh
is obtained by dividing the length of the reactor into M intervals, where
M is the largest integer not greater than

tc/nAt .

The present version of the program is limited to 250 space intervals, so
n should be chosen large encugh to ensure that this limit is not exceeded.
The size of the power time step must be small enough to prevent the de-
nominator in equation 1l3a from becoming negative and thus will depend upon
the neutron lifetime £ and the maximum positive reactivity insertion Py

A useful rule is

A'tS'éE;I.
Some relaxstion of this rule may be permitted; since reactivity compen-
sation due to increased temperature always increases the minimum value

of period observed during a transient.

Standard input forms are shown in Figs. 2a and 2b. As in the case
with MURGATR¢YD,(1) the first form contains input describing the reactor
system and the second contains input for a particular case. Any number
of cases using the same basic system may be run in succession by filling
out the first form once and adding a second form for each case. The in=-
put reactivity variation is given as an initial step and ramp rate;, fol-
fowed by up to 50 ramp rates. Inlet temperature variation is given as
an initial value, followed by up to 50 pairs of numbers indicating a time
and the value of the inlet temperature at that time. A linear variation
of inlet temperature is assumed between the specified times. The symbols
used on the input forms are defined in Tables 2 and 3.
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Table 2. Z@RCH Input 1

Card
1 Title card - any 72 characters to describe a series of cases
Card Symbol Meaning
2 Vc Volume of fuel salt in core, ft3
tc Core residence time, sec
Ve Fuel volume fraction
H Product of heat transfer coefficient by wetted
area, megawatts/°F
f Fraction of power generated in fuel salt
8p Fuel heat capacity, megawatt sec¢/°F
S, Graphite heat capacity, megawatt sec/°F
| -
3 }Bke/an[ Magnitude of fuel temperature coefficient, (°F) 1
dk_/oT Megnitude of graphite temperature coefficient,
e g (OF)wl
i £ Prompt neutron lifetime, sec
FR Radial peak to average ratio
BESL Radial weighting factor for average temperature
calculation
p Fuel salt density, lb/ft3
i.g&_ Fuel salt coefficient of expansion, (013‘)"'l
p OT,
}1 thru %7 Delayed neutron precursor decay constants, secml
5 51 thru ﬁ7 Delayed neutron precursor static yields
5 t External loop residence time, sec
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Table 2 - cont'd

Card Symbol Meanin
A Outlet pipe cross section, ft2
L Outlet pipe length, ft
UO Steady-state speed of fluid in outlet pipe,
ft/sec

ap Friction term, psi/(ft/sec)2

7 Vp(o) Initial gas space volume in pump bowl, 3

Pp(o) Initial pressure in gas space, psi

n Ratio of specific heats for gas in gas space
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Table 3. Z@RCH Input 2

Card Symbol Meaning
1 Case No. Any six=digit number
Title Any 66 characters to describe a particular case
2 PO Initial power, watts
Tio Initial inlet temperature, °F
ST¢P TIME Time to end calculation;, sec
STEP Ak Initial step, per cent
RAMP Initial ramp, per cent per sec
At Power time step, sec
NP@ Print out frequency for power calculation
KCAL Plotting frequency for CALC¢MP plotter. Tempera-

ture profiles are plotted at t = o and every
KCAL tempersture time steps thereafter; if
KCAL = o, no plots are done.

3 NPPT Power time steps per temperature time step
KPL@ Printer plot frequency (if o, no plot)
NRTC Number of additional ramp rates
NTIC Number of additional inlet temperatures

The following card or cards need be supplied only if NRTC # o:
Time, sec Time to change ramp rate | 3 pairs/card

New ramp, %/sec New ramp rate up to 50 pairs

The following cards need be supplied only if NTIC # o:

Time, sec.: . Time at which inlet temperature has new value
NEW INLET Value of inlet temperature (in °F) at time
specified

These are also given 3 pairs to a card, and up to 50 pairs may be specified.
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OUTPUT

Output for the test case (input given in Figs. 2a and 2b) is shown
in Figs. 3a,. b, ¢, and d. The input describing the reactor system is
printed (Fig. 3a), followed by the input for each case (Fig. 3a) with
an output of the reactor power, pressure and inverse period (Fig. 3b),
similar to that given by MURGATR¢YD.1 The temperature profiles initially
and at each temperature time step are printed next (Fig. 3c) and the last
item (Fig. 3d) is a rough plot of power vs time, available if desired.

An additiornal option is provided so that the initial fuel and graphite
temperature and the fuel and graphite temperature at specified temperature
time steps may be plotted using the Calcomp digited plotter. A sample
graph for the test case is shown in Fig. 4.

DETAILS OF MACHINE OPERATION

Z¢RCH is designed to be run under control of the 7090 Monitor program
now in use at the XK-25 Data Processing Facility. In addition to the stand-
ard input and output tepe, three pool tapes must be specified as shown in
Taeble 4.

Table 4. Magnetic Tape Use in Z@RCH

Tape Number Usev Unit Assignment Density

5 Storage of power vs time

for printer plot any high
T Storage of temperature

profiles for printing

and plotting any high
6 Input to Calcomp

plotter A6 low

Tape card format: *TAPE (5, P@@L)(7, PP@L)(6, P@FL, SAVE)

A sample sequence card (Form UCN-2657) and request for Calcomp
service (Form UCN-3632) are shown in Fig. 5. The number of plots to
be entered on the Calcomp request is the total number of graphs expected.
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This number is given by the sum of the number of graphs for each case:

STOP TIME i
1 + TRoATYOYERTI (D) if KCAL > 0;
0 if KCAL = 0.

The maximum number of graphs which the Calcomp tape will accommodate
is 49.

REFERENCES

1. C. W. Nestor, Jr., MURGATR@YD - An IBM 7090 Program for the Analysis
of the Kinetics of the MSRE, ORNL-TM-203, April 6, 1962, and Adden~-
dum, Mey 25, 1962.

2. L. Fox and E. T. Goodwin, Proc. Cambridge Phil. Soc., 45, 373 (1949).
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KEYPUNCHING INSTRUCTIONS

Punch all cards

Figt 20

ZORCH INPUT 1

Request

No. 253'
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KEYPUNCHING INSTRUCTIONS
Punch all cards having data in

columns 73 -8G

Fig 2b
ZORCH INPUT-2

Request No. 2531
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Fig. 3b. (cont'd)
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7020 SEQUENCE CARD

DATE

I:] COMPATIBILITY ]X] ABSOLUTE TAPE ASSIGNMENT
NApE SEQUEST NO, SEGUENCTE ND.
- RUR ND.
l' VVVVV COMPILE ! ] ASSEMBLE 1}; EXECUTE
NILE PAPER RB, PANTS RIGHT PERFORATION ESTIMATED RUN TIME
‘4 X I I | ON COLUMN
LoG ASSIGN A % v v v |2
SAVED E COMMENTS

no, | REEL NO. NO. TAPE NO. | savE | LisT | pNCH | pLOT

5 | POOL
7 | POOL

6 |POOL | & v L|Send to X-10
‘ for-plotting—

[»)

CHANNEL B
LOG ASSIGN SAVED % v % v P
no, | PEEL WO NO. TAPE NO. |SAVE | LisT |eNcH | pLoT | E COMMENTS
OCPERATOR BTOP LOCAYION
D PULLED ON TIME
UCN-2887
11 1-a1l)
CALCOMP WORK REQUEST
N NAME REQUEST NO. ouT
BUILDING NUMBER
REEL NUMBER NUMBER PLOTS
INK COLOR PAPER TYPE
REEL
of
WORK DONE BY
UCN-3632
{8 6-82)

Fig. 5. Sample Sequence Card and Calcomp Service Request.
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