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MURGATROYD - AN IBM 709O PROGRAM FOR THE ANALYSIS OF

THE KINETICS OF THE MSRE

I. Introduction

This report is a description of an IBM 7090 program based on a par

ticular model of the Molten Salt Reactor Experiment. The differential

equations of motion are discussed in Section II; since much of the de-
1

rivation has appeared elsewhere, only the additional derivations nec

essary in the present problem are included. The fifth-order Runge-Kutta

procedure is a standard one which can be found in many numerical analysis

textbooks. Its previous successful use in the 70U program PETJ indicated

applicability to the present problem and no revision has as yet been found

either desirable or necessary. The use of the program is discussed in

Section III, with instructions for the preparation of input data; sample

input forms and output sheets are included.

II. Differential Equations of Motion

A. Power, Fuel and Graphite Temperatures

The reactor model used as the basis of the program is a one-point,

one-energy group representation, with up to seven delayed neutron pre

cursors, which is described by the following set of differential equations:

(all symbols are defined in the Nomenclature; a dot over a symbol denotes

time derivative)

k (l-p)-l

P " JL~F~
N

f + T. ~k. r.
ifi x D

-i— - A. r.
Z 11 , i = 1, N

(1)

(2)

The effective multiplication constant k is assumed to be of the form
e

k = 1+A+bt-
e

dk
e

5tT
(Tf - TfQ) "

dk
e

St"

(The subscript zero denotes the steady state value.)

(T - T ) . (3)
x g go'
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Sf Tf =fP -WCp(T2 -T±) + h(Tg -Tf) (h)

Sg Tg =(1-f) P-h(Tg -Tf) (5)

It is now necessary to specify some connection between the mean fuel

temperature T„, the inlet temperature T^ and the outlet temperature T?.

The assumption is made that the mean fuel temperature is a weighted mean

of the inlet and outlet; i.e., that

Tf = aTx + (1-a) Tg ; (6)

the weight a(0 < a < l) is an input number in the 7090 program.

Further it is assumed that the inlet temperature T, is a constant.

With the definitions

Sf(Tf -TfQ)
yf = fP "'

o

S (T - T )
- -filfi £2_ (8)

s (1-f) P0

and the initial condition

h(T - T ) = (l-f) P (9)
v go fo' x ' o K* '

the following equations may be obtained

fP , WC x h(l-f)PfPQyf » f(P .P)--£ y(^-E +*y— °y (10)
f \ / g &

h(l-f)P hfP
(i-f)pQy - (i-f)(p-p0) - s ° yg +-g^ yf (n)

g & f

which, with the definition

x 5 P/Pq (12)

may be further transformed to obtain the equations used in Murgatroyd."



yf = x-1 - r i h i h

yf + ~
g

1-f

[(l-a)tc Sf J f

•

y = x-1 -
g

h h f

sgyg Sf 1-f -P

(13)

CU)

Similarly equations 1 thru 6 may be transformed with the definitions

;. s r./P
i r c

and 7. =_ B./z
i i'

to

k (l-p) - 1
x =

N

x + y ^. c
Lj ii

1=1

C. = 7 x-A.C , i = 1, N •
-i i ii

(15)

(16)

If the definitions of y„ and y , equations (7) and (8), are introduced
I g

into equation (3) the effective multiplication constant becomes

k = 1+A+bt-
e

dk
e

5t^

with the definitions

W/.

w2 =

dk
e

ak
e

5t~

fP
o

V

(l-f)p
v c

S Z

fP
_o

3fS., 7f "

dk
e

5t"
g

(i-f)p

\>

These are similar to the parameter W in reference l.J

the equation for the normalized power becomes

x =
(i +a +bt)(W)-i . Cl . p)(w/y<, +vfyJ

f Jt

(17)

(18)

(19)

N

x + T, \. C.
1=1

(20)

The differential equations actually used in the program are the set

20, 16, 13, and 1^.



B. Pressure

The simplified model of the primary fuel salt system is shown in

Fig. III. It is assumed that compression of the gas in the pump bowl

is adiabatic, and that the behavior of the molten salt is adequately

described by the linear equation of state

p<V = po+ if <Tf - V
A force balance on the liquid in the outlet pipe yields the equation

M

r-r-r^ U = A(p - p
144 g VJ^C *]?

in steady state

P„(o) = PTN(o) + a U
•P f o

af u ) ;

(21)

(22)

(23)

The assumption that compression of the gas in the pump bowl is adiabatic

can be stated as

p V n = p (o)
P P jET

V (o)
P

n
(24)

if we assume that V - V (o) << V (o) and neglect second order terms,
P P P '

we obtain

Pp = Pp(o)
nAV

—AV (o)
P

The change AV in the pomp bowl gas space volume is now assumed

to be equal to the change in volume of the core fuel salt due to the

change in temperature of the core fuel salt during a transient; i.e.,

compression of the molten salt is neglected, as is heating of the ex

ternal loop. The change in volume AV is expressed as

AV = AV a
P c

££
c p.

V — t2- (T - T )c p StT v f fo^
Ko f

and substituting in (25) we obtain

(25)



r nV I , n i iPp -Pp(0) [l +^|1- ^|(Tf -Tfo)] . (26)

Solving equation (22) for the core pressure we obtain

MPc =Pp +af U2 + lkk ^A U;

subtracting equation (23), we obtain

AP - Pc -Pc(o) - Pp -pp(o) +af (U -Uq )+nrg^-U I (27)

the term p - p (o) is due to the compression of gas in the pump bowl, the
ir ir

2 2term a (u - U ) is due to the increase in friction losses, and the last

term is the contribution from the inertia of the fluid in the outlet pipe.

In order to proceed, a relation between outlet velocity and fluid

density change is needed. The equation of continuity for the fuel salt

in the core is approximately

'"- - T po C "V > <28)
c

solving for the velocity U we obtain

V

o A pQ

and substituting the equation of state (21) we obtain

^Vr^''1 C29)
and taking time derivatives

^•H^'' (30)
We now substitute equations (29) and (30) into (27); after some re

arrangement we obtain



Ap = -

8

V
1 be

r M

I: twti Tf+ pp(o) rk iTf - VA P.

V

+ 2 UQ af Tf (1
2AU p _.

o Ko f

1 d

p St" Tf j (3D

With the definitions of y and x (equations 11 and 16) equation (31) is

transformed into

v -, a fPc 1 op o
a po5r; Sf

M

Ap = . _ _ nA

IWTa *+pP(o) YT?j yf
&c -^ P

V fP

+ 2U a y (1 - —2- — ^°- —2. y N
o f yf V 2AU p dT~ S. yf

o *o f f

(32)

With the definitions

amd

V . ^ M fP
" 1 dc, _c 1_ dp r o

ri s " A p dT~ 144 g A S^,
o f

. 144 g A
/ x nA toc

Vo) vTTT—m—d2 -

a.

144 g A
toc

2U a
of M

v t a fPc_ 1__ op o
2auo Pq 5rf sf

we obtain the equation used in the program:

sp = d. * +d2 yf +°i yf ^ +d3 yP

In terms of the dimensional groups of reference 1 and the parameter W

defined in equation (l8), the constants, d., d , and d_ may be written

It is'-assumed that T„ = fP/S.,.,

(33)

u



h =

fw.

y W
'21

d2 " WH C2

d3 = Wf2/273 '

(34)

C. Effective Delayed Neutron Yields

In order to account for the reduction in delayed neutron production

in the core due to fluid flow, an effective yield is calculated for each

precursor, assuming constant flux and slug flow. The fraction v. of

delayed neutrons of the ith group which are released in the core is

oogiven by

V. = 1 -
1

1 - e

-A.t
l c

A.t
i c

l L
1 - e

-A.(t + tT )
iv c L

(35)

where t is the core residence time, 7\. is the decay constant of the
c 'i

ith precursor and t is the external loop transit time.

III. Organization and Use of the Machine Program

The program is designed for use in parameter studies; therefore the

calculation is separated into two parts, the first of which deals with

the characteristics of the reactor which remain constant for a series

of cases, and the second of which deals with the characteristics which

change from case to case. Input forms are shown in Figures la and lb;

in the usual procedure the first form would be filled out once to describe

the characteristics of the reactor, and a second form would be filled out

to describe each set of initial conditions and ramp insertions. The in

put data symbols appearing on the input forms are listed in Tables 3 and 4,

with their definitions, the names given them in the program, and the format

with which they are read from the input tape.

The standard CDPF Monitor input (logical 10) and output (logical 9)

tapes are used; no other tapes are required.
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Output for a typical case is displayed in Figures Ila and lib.

Figure Ila is an edit of the input describing the reactor system, with

the calculated effective delayed neutron yields; Figure lib is the in

put for a particular case, and the continuations of Figure lib show the

time behavior of the reactor. The two columns headed

PCT DK REMOVED BY

FUEL GRAPHITE

show the percent reactivity removed from the system by the temperature

rise of the fuel salt and graphite, respectively. The quantity labeled

"(l/P)(DP/DT)" is calculated from the expression

a = P(t) - P(t - At) 2
At ' P(t) + P(t - At)

and is therefore approximately the inverse period at t - At/2, where At

is the input time step.

Since the frequency of printing is an input number, special provision

has been made for indicating the first power maximum, the first pressure

maximum and the subsequent pressure minimum. ("Maximum" and "minimum"

are to be taken here in the mathematical sense of points of zero first

derivative and negative or positive second derivative, respectively.)

The values labeled "VALUES AT POWER MAXIMUM" are the values at the time

t_ when the power has first decreased, and the values at the two previous

times, t, and tp, as shown in Table 1.

Table 1. Power Maximum Indication

Time Power (1/P)(DP

*1 H\)
<*L,2

*2 p(t2)

*3 p(t3) a2,3
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The criterion for printing is

P(tx) < P(t2) £P(t3)

and the quantities a. . are

P(t )- P(t.) 2
ai,j = "At *P(t.) + P(t.) *

Similar remarks apply, mutatis mutandis, to the values labeled "VALUES AT

PRESSURE MAXIMUM" and "VALUES AT PRESSURE MINIMUM."
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Symbol

b

CI

f

h

M
r

n

P

pc

PP

Pc(o)

Pp(o)

S
g

Ti
T

i

t

t
c

Tl

12

Table 2. Nomenclature

Definition

2
area of outlet pipe, ft

o

friction factor, psi/(ft/sec)

initial ramp reactivity input

specific heat of fuel salt

fraction of power generated in fuel salt

conversion factor

product of heat transfer coefficient times
wetted area of graphite

effective multiplication constant

prompt neutron lifetime

mass of fluid in outlet pipe, lb

ratio of specific heats (Cp/C ) for pump
bowl gas

power

core pressure, psi

pump bowl pressure, psi

initial core pressure, psi

initial pump bowl pressure, psi

fuel salt heat capacity

graphite heat capacity

fuel temperature

graphite temperature

time

core residence time

fuel salt inlet temperature

fuel salt outlet temperature

Equation

22

22

3

4

4

22

4

1

1

22

24

1

22

22

23

23

4

5

4

4

3

13

4

4
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Table 2. - Cont'd

Symbol Definition Equation

U outlet speed in pipe, ft/sec 22

V (o) initial gas space volume in pump bowl, ft 24

W mass flow rate of fuel through core 4

B total delayed neutron yield 1

8. yield of ith delayed neutron precursor 2

T. latent power due to ith precursor 1

A initial step reactivity input 3

p fuel salt density 21
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Table 3. Input for Description of Reactor System

Title

1. Core characteristics

3
V salt volume, ft

c

t residence time, sec (if fuel is not circu-
c \

lating, enter zero)

a weighting factor for mean temperature

h heat transferred from graphite to sale per unit
temperature difference, Mw sec/ F

f fraction of power generated in salt

S fuel heat capacity, Mw sec/ F

S graphite heat capacity, Mw sec/ F
g

dk /dT„ fuel temperature coefficient of reactivity,e f (oF)-i

dk /dT graphite temperature coefficient of reactivity,

Z prompt neutron lifetime, sec

p fuel density, lb/ft3

(l/p)(dp/dT„) fuel expansion coefficient, ( F)

h

delayed neutron precursor decay constants, sec

delayed neutron precursor yields

2. External loop characteristics

tT

A

L

U

residence time, sec (if fuel is not circulating,
enter zero)

2
outlet pipe area, ft

outlet pipe length, ft

steady state outlet velocity, ft/sec

friction factor, psi/(ft/sec )

Fortran Name

H0LM

VC

TC0RE

ATMX

HTRAN

FRACT

HCAPF

HCAPG

TC0F

TC0G

FLT

DENSE

EXPC0

FLAM(I)

BETAS(I)

TL00P

AREA

PLGTH

VEL0X

AFR
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Table 3. Cont'd

Title Fortran Name

3« Pump bowl characteristics

V (o) initial gas volume, ft3 VPRS

p (o) initial pressure, psi PPRS

N ratio of specific heat at constant pressure
to specific heat at constant volume for
gas in pump bowl CP0CV

Title card is read with format 12AG; others with 7EL0.0.
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Table 4. Input for Individual Cases

Case number

Title

Symbol Definition

initial power, watts

initial fuel mean temperature, °F

initial graphite mean temperature, °F

initial step insertion, $

initial ramp rate, $/sec

time step, sec

printout frequency

number of time steps to be run after
power peak

total time to run

number of ramp rate changes

time to change ramp rate, sec

new ramp rate, $/sec

fo

T
go

Ak(o)

Ho)

St

NP0

KST0P

ST0P TIME

NTC

Fortran name Format

ICASE

H0LC

KST0P

16, 11AC

6EL0.0, 215

E10.0, 15

6E10.0

3 pairs to a card)
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MURGATROYD INPUT I

I
—

TITLE FOR SERIES OF CASES 73 80

I
i

1 1

CORE DATA

i
to

II

a

21

h
31

f
41

Sf
51

Sg
61 71 73 80

I T

jdke/d Tf | |dke/ <3Tg| 1

21
p

31

ii dp i
4i ' p aTf1 51 73 30

Mill II II IL T T J T T
DELAYED NEUTRON DATA

l
x,

n * ^321 3
x4

31 * 41 5 3,
^7

SI 71 73 SO

i 1 II 1

i, * *'
#3

21
£4

31
£5

41
^6

51' 61 71 73 CO

CLT7 1 1 TTTTT i:

EXTERNAL LOOP DATA

1
fL A

II
L

21 3, 41 T 51 73 30

1 I 1

PUMP E'/'.VL DATA

VP (0) Pp (0) n

21 31 73 80

1 IJJLJ_ T 1 1 II | 1

f"IG. T<3,. Input L) e sc <2\Bho<3 Keftc-roiZ Sy5Tv
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1£
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12
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II
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i

III 08£L91II

DIN
1

oss'3WUdOlS

1I111II
08£Z90

dOlSX

19

OdN

l£

*8°q
l£

(0)>!V
„R'2
°51.*,«

1

°d

IIII1irnrr11
08£Z

311I13SVD
i
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19

Ha..
Fig. ^. Sample Ootpot

PROGRAM mUrgATKoyD-1 1

MSRE W01=l-'il~FLO^""V0""Stl"AK-Tjp-- 3/27/6?

INPUT EDIT

HEAT TRANSFER PATE (GRAPHITE TO FUEL) 0.020 MW/DEG F

FRACTION "OF''PO kg R'TSENEGATED TivTuEL "0.940

RESIDENCE TIMES

CORE 7.3T6 SEC
LOOP _J 7.334 SEC

HEAT CAPACITY, GRAPHITE FUEL
MW'SEC/DbG F " "3.53'JE '00 I.470E 00

DK/DT.'/DEG F 6.OOOE-0'3 2.80UE-0&

DELAYED"VE0TRW'da'T A ~ ~

DELAY" LAMpda", " STATI C EFFECTTvE "UAMMA <I)» TNTT IAl."" **•GAMMAFBETA/LIfETTME"
GROUP SEC»»-I BETA RETA SEC*'-j C(I) C_# GAMMA/LAMBDA

T 0,0124"" 27Tr2E-'M" S". 294"E-05 "2","I70E-Or [".TbOE 01
2 0,0305 I.402E-03 4,2btfE-04 I.468E 00 4.8I3E 01
3""" 071714""-~r."Z54£=7n5"~"'*, 7"CltE-ir4 """T.623E 0D T","45"7E""Tn
4 0,3013 2.52flE-!3 I.5I3E-03 5.2I6E 00 l.73lfc 01
5 ITTTcTP"^7 74"iTtlE"-,J4~ "6,5lJt-(r4 ""Z","24"6t DO" "T.970E 00
6 3.0J00 _J>,70PE-J4_ ',.5/7E-[[4 8.888E-0I 2.953b-0l

TOTAL___ _ _6._405F-U3 3.3BIE-03

NEUTRON UFETlME__2.9_00E_-0« SEC

FUEL TEMPERATURE * 0.5UMNLET ♦ O.SU'UUTLET

DATA FOR PRtSSURE CALCULATION _ _
. d,-ri-i-i-.-*--* ri— ouTCET'PTFr'DTTI nniiiTitT i»s»i .»* »•• • - PUmP~"B0W'L DATA "•••"•"*"• —m *,. "cffRE "SALT "UATA
'AREA, LEN'GTH, FLOW SPEED. FRICTION TERM,* • GAS VOLUME, PRESSURE, CP/CV • • VOLUME, DENSITY, -J I /V) (DV/UT >>
.S^ FT FT " "Tt/"SFC PSI/(FT7SECl"2* " * "CUBIC FT PST * ' "*" CUFT LB/CUFf PERUEQF
0.139 16.0 19,3 0.0203 • • 2.5 5,0 1.67 • • 19,6 I&4.5 I.26E-04

• • . . . ....... > • ••t-,fTi .» • » nrmi «•»#-«•»»•••••» •»«,si »*•.»»»»•«»»••«••. ..»-••« »•••••• •*•••••• ...... i....»»»••»•••••••«
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CASE I

PROMPT CRITICAL STFP AT I'J MW

INITIAL VALUES

Fl6. IT b.

POWER 1.OOUE 07 WATTS

FUEL TEMP leOO.UOd UEURfcES F

GRAPHITE TFMP I^JO.'JOO DEGREES f

STEP DELTA K 0.338 PERCENT

RAMP RATF -0. PERCENT PER SECOND

TIME STEP 5.»00fc»03 SECONDS

PRINT EVERY ?0 STEPS
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Pic lb. (CohO

MURGTSTROYD II CASE

T^T " "!*"» " r"«i' JEHP' T"*PHITE "'PRESSURE- DELTA K PCT DK REMOVED "BY (T/PHuP/ut J.
SEC WA7TS DEt>. f TfcMP.DEG F RISE.PSI INPUT.POT FUEL GRAPHITE PER SECOND

0V,0°... 2V,70E °7 1^00.369 1230,010 7.677E-0I 0,3381 0,0010 0.U0OI 5.468E00

°'ZM *!****..PJ. 'J01'.479. '"l-P41.. ?.0I6E-Dt 0.3361 0.004) 0.U0U2 3,6B7E 00.
°'-3[1D- A'673* .u7. ...J.20.'5*346. I2JU.093 I.040E 00 0.3381 0,0094 Q.U006 2.8IIE00

-0'4Q0 6-'006E 07 l^03.9Ha .'JM?..'7__u .. .'.-.'.".E .»? 0.3381 0.UI680.U0I0 2,233E D0

-°.«~5M _lt?.3.'l .°.I.._.JL?.P.?.«.3J?6_..... J33U,270 I,2356 00 0.3381 0.0263 _0J,Q0.I_6... _lf76.?E_00
VALUES AT PRESSURE MAXIMUM
TIMEVSEC "PREbSUPE RISt7PS! - ---

0.560 I.?503e OH
0.569 T.2504E 0u ""
0.570 I,?503E 00

.!i*?J 8...5Wt_i7_ I1I3.5I9 J2JU.J95 I.246E 00 U.338I __ 0.0379 0.0024 -.i.350E 00

i?.?..".? 9'A°_LE_E7....__L2J?.«.ii?.... J.ii°..s.!L _J_?JA4E.._i°. 0v3J8L„ o.jisi i . 0.0032 9.576E-01

.l'_BM !.iii.*i._°L__L2.?Iiil? I1J_U'_7!L1... L»_°_sJ?.e °° _ ^i81 J'l^s o-JL0.42 5.926E-01
±-9„°J> LL0lli..0_8_._„,22.l'BL9 liJy...a.83 8,922E-0I U.338I 0.0807 0.0053 2.677E-0I

VALUES AT K)WER MAXIMUM
TI'METSEC" P0"w¥R7 "WATT'S 'VTUTPT/m " ~""" """ — - -—

0.990 I.0938E 08

~*7e777TF=TJ5 '
0.999 U0V3PE OR

~ -T77«07£^TJ5
I.000 I.09366 08

T.TJTJTJ TTimr m n jttzt*- t?ot twst-~-77T72E*in —t, 3381- 0-71959-- Trow* ^76S5e-o3

T.TTjO T'7T6TE"H8 r239,5U3I 23T.?57""'""" 5,"5946-0 I 0,3381 D7I I06 0.0075 -2709QE-0I

(.201)" r.'"D"50"E Oft— 12447483 1331.445 4,3356-0 I 0.3361 0. 1246 0,0087 -3.492E-0I

"T.30IJ T7TJT0F U8'~" 7249, 093 (33 1,629 3.420E-QI CT.33BT 0.T375" 07U0T6 "-473QOE-0' I

1.400 "97653E '07""""""J253.30T r?3T7S'07" 2.797E*0T 0,3381 0.R92 "071)1 08 .47634E-0I

' -500 "9.2146'"07" "(257. i 10"" 1231,981 2.384E-0I' 0,338 1"" 0". 1599 0, 0I I9 -4.63/E-OI

i".'600 "8 .805E""07 r260 ,544 ""'"7 2327T49 27 TU5E-0 1 0, 336 I ' 0.1695 "IT. U["29" " 74744UE-0~T

1.700 8.4 3"6"F"d"7 '1263.635 1232,313 r,9U3£*0i U.338I 0,1782 0.0139 -4,|43E-0I

i.80(] 8.I08EU7 "12667420" 123274" 7"2 """"" I.744E-U I" U. 338 I 0.1860 0. UI4"« -3.8I2E-0I

1.900 7.6I8E U7 I26-.932 1*32,627 J.607E-0I U.338I 0. I93q 0.UI56 -3.487E-0I
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Tl6 Ub Uon+J

MURGATHOVl. II !-«'-r 1

TIME,

SEC

Pl'-'E^ ,

v A i T '•

' i'tt "

n t u r

M.l;, '< m-1 H 1 T t

V.liE', (-

PR-rboUwE

HI3E,E'S|

!'t-L I A K

llMMtr .PPT

>'LT v-K R

Hint

.• M 3 <i c U h >

>ir"l IE

2.0051 7.5'-?t 0 7 1 2 7 1 2U I Si' in 1 . 4 8 3 h - j 1 0.3381 0.1994 u. 0 1 6 /

2.100 7.336F 0 7 12/3 3 5? .3. •t 2'f 1 .366E-0 1 0.336 I 0.2051 0. 0 1/6

2.200 7. i :<5f "7 1 2/- I I * ' 3 •> :l /4 1 . 2">6€-0 1 0.3 361 0.2 1 03 0. •i 1 8 4

? . 3 0 0 6.9551- '.'7 12/- H.l-3 ,: 3 1 2 I e 1 . Ibt'-.-'J 1 i, .338 1 0.2 151 0. II 1 93

2.400 6 . / V <s E i 7 12/ • 34', 2J3 J6U 1 . U3 3 fc- i) 1 c . 3 3 a 1 0.* 1 94 0. »202

2.500 6.648E 0 7 12/ ) 7 34 233 5 0 0 9.6J6E- 12 J.3 3b1 0 . <: 2 3 3 0. 0 2 1 0

2.60!) 6. 3 161- 0 7 |2ol •IO 2 ;J i 6 38 8. 73 7b-i! 2 0,3361 0.<:268 0 • 0 2 16

2.700 6.396E >:7 I2S2 I55 2 3 i 7/5 7 . 9 2 4 E - ] 2 U.33H1 0.2300 0 0 227

2.800 6.287E !7 12 0-5 ?l<3 2 3 3 9 1 1 /. lo4--ij2 0.3381 0.2330 0. 0235

2.901! 6. lh7E •j 7 1 281 I 5') 2 3- n43 6 . 4 3 61 - J 2 0.338 1 0.2356 0 0 2 43

3.000 6.!i''5F 0 7 1 2d1) Oil 2 3') 1 ?a 5 . / 9 0 - - .") 2 0.338 1 0.^381 0 0 2 5 1

3 .10 0 6 . 0 I n •- J 7 1 215 8 J 6 2 14 3 1 0 5. 1 86--II2 0.338 1 0.2403 0 0 2 59

3.200 5.93PE 1,7 1 2d'i 3 I 6 234 '4 4 ii 4.616c-J2 0.3381 0.2423 0 0266

3.300 5.859E !i7 120/ loj •>34 > 7 u 4 . Ij H / |; - |] 2 0.3381 0.244| 0 U2 74

3.4Q0 5. 79 3h 0 7 1 2d7 71b 23<* 69 9 3.5V/f--02 0.3 36 I 0.2457 0 D2 8 2

3.500 5. 730E 17 12.1 \ 2/ 1 2 3 '1 S2/ 3. 14 IE-U2 o.3 3b1 0.24/2 0 0290

3 .6 011 5.6 73E J 7 I2a>'. 74b 23" 9 33 2. 7 lBrr-02 0.338 1 0.2485 Q n297

3.700 5.619b 07 I 2d9 1 /o 23 -> rid i 2. 32 7c-.12 0.338 I 0,2497 0 U3(J5

3.800 5.5691. U7 I 23 J 55 1 233 20/ 1 . g!)4t-"2 1.1.336 1 0.2507 1 j 3 1 2

5.900 5.522E -.'7 I £ 8 9 rt V ,J 2 35 3 3 2 1 . 6 2 / e - 0 2 U.3381 0.2517 u 0 3 2 0

4,00 0 5 . * 7 9 E j 7 |2yo 1 v2 23 ^> 4 36 1 . 3I6E-02 0.3361 0.2525 II i. 3 2 7

4. i no 5 . « 3 8 >: 0 7 I 2 y .j dart 2 3 5 5 6 J 1 .02bt-02 •J.iSb 1 0.2533 0 0335

4.20 :1 5 . 3'' 9 E" J7 I 29 i 69 3 2 3'J /.)3 7 , 6 0 d E - 0 1 0.3361 0.2539 J 0 3 4 2

4.30 0 5.3'-4l- 17 I 2» •<, 7 2 0 2 >',<:b 5. 1 3JE-J3 0.336 1 0.2545 0 0350

4 . 4 g 0 5.3,-r,(- |. 7 I2*l .|/4 Si>> 9 4 y 2 .663*-- 13 u . 3 3 6 I Q.*550 0 .,337

<I/P)(DE/DT),

PER SECOND

- 3 , | a 4 E - 0 I

-2.91 Ifc-nI

-2.668E-0I

-g.45*E-0l

-2.260E-0 I

-2.088E-0I

.934fc-o|

• 795E-0 I

. 6 7 0 E - 0 I

.555fc-lj I

,45 Ifc-fl I

• 356E-0 I

,?6eE-0 I

.I86E-0I

. I I4E-0I

. H45E-I.I I

- 9 . R 2 2 E - 0 2

-9.236E-02

-8.694E-02

-8. I89E-U2

-7. 7221,-ij2

-7.28«E-02

- 6 , 8 6 I E -112

-6.507E-02

-6. I5IE-02
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Fig.lb. Cco»,-H

MURGATROYD il CASE

TIMET"
SEC

power";-
WATTS

"FUEL TEMP,
DEG F

GRAPHITE "

TEMP,DEG F
PRESSURE "

RISE,PSI

"DELTA K "-

INPUT.PCT

PCT"DK"REMOVED BY

FUEL GRAPHITE
( l/f)(DP/DT)

PER SECOND

4.500 5,2981: 07 1291 ,225 I2J6.07Q 7.4I3E-04 0,3381 0.2554 0,0364 -5.B27E-02

4.60 0 5.268E 07 1291 ,353 1236,191 -1.2I3E-03 0.3361 0.2558 0.U37! -5.5236-02

4.700 5.240E 07 1291,459 1236,31 1 -3.0IBE-03 0,3381 0.2561 0.0379 -5,239E-02

.4.800 5.213E 07 1291,545 1236.431 »4,676E»-03 0,3381 0.2563 0,0386 -4.972E-0Z

4.900 __J5_. 188E J7 I2VI,613 1236,551 -6,2196-03 _ 0,3381 0..2565 0.0393 _ -4«726|-02

5.000 5.I64E 07 1291.6b3 1236,670 -7.64IE-03 0.3381 0,2567 0.0400 _-4.496E-02

5_. 100 5.I42E 07 [29 1,69 7 1236,789 -8.956E-03 0,3381 0,2568 0,0407 -4.283E-02

5.200 5.I20E 07 1291,717 1236,907 _-1 ,0_l7E-02__ 0,3381 _ 0,2568 0.04 14 „-4j...o.5.3i.-o.2.

5.300 5.I0OE 07 1291.723 1237,025 -1, I28E-02 0,3381 0.2.568 0.U422 •. -3.894E-02

5.400 5.080E 07 1291,717 1237, 143 •I.23IE-02 0.3381 0.2568 0.0429 -3.722E-02

5.500 5.062E 07 |29| ,699 1237,260 -1 .325E-02 0,338) 0,2568 0.0436 -3.559E-02

9.600 5.044E 07

5.Q28E 07

5.0I2E 07

1291,670

1291,631

1291,584

1237,376

1237.493

1237.609

-1 ,4136-02

-1.494E-02

-1,5676-02

0,338| 0.2567 0.0443 -3.408E-02

5.700 0,3381

0,3381

0.2566 0,0450 -3.269E-02

5.800 0,2564 __..0,04 57 -3iJ.35E-0 2_

5.900 4.996E 07

4.982E 07

1291 ,528

1291,464

1237,724

1237,839

-1,6346-02

-1,6976-02

0,3361

0.3381

0.2563 0,0463 -3.0I3E-02

6.000 A'dlbJ 0.04 70 _-2t8_?.a.E»_0 2

6.100 4.967E 07 1291,393 1237,954 -1.7556-02 0.3381

0,3381

0.2559

0,2557

0,0477

0.0484

-2.794E-02

6.200 4.954E 07 1291,315 1238,069 - 1.8066-02 -2.693E-02

6.-3TJ0 4,94|E 07 1291,232 1238,183 -1,8546-02 0.3381 0,2554 0,0491 -2,6 0 IE-0 2

6.400 4.928E 07 1291,143 1238.297 .-1.8986-02 0.338 I 0.2552 0.0498 -2^5J_5jro2

6.500 4.9I6E 07 129 1,048 1238,410 «l.9396-02 0,3381 0,2549 0.0505 -2.437E-02

6.600 4.904E 07 1290,949 1236.524 -1,9756-02 0,3381 0.2547 0.051 1 -2.359E-02

6.700 4.893E 07 1290,846 1238,637 -2,0096-02 0.3381 0.2544 0.05IB -2.292E-02

6_.800 4.8826 07 1290,739 1238.749 -2.0396-02 0.3381 0.254| 0.0525 -2.225E-02

6.9Q0 4.87JE 07 I29J.628 1238,861 -2,0676-02 0,3381 0.2538 0.0532 -2, I65E-02



2U

F|a. 2t ( <-*y,±)

MURGATROYD II CASE

TIME, PU^FR" MjfcL TEMP. URAPHlTfc" PRESSURE DELTA K

SE'C WAITS DEG F TfcMP.UEU F RISE,PSI INPUT,PCT

7.000 4.86 IE 0 7 I29J.5I3 1238.9/3 -2,0936-02 0.338 1

7.100 4.85 IE 0 7 129 1.396 1239.Q85 -2.1I5E-02 0.33BI

7.200 4.64 IE 0 7 129 J.2/6 1239.196 -2. I36E-02 0,3381

7.3Q0 4.83IF 0 7 I29U,|53 1239.30 7 -2.1556-02 0.3381

PCT UK REMOVED 8Y

FUEL GRAPHITE

0.2534 0.0538

0.2531 0.0545

0.2528 0.0552

0.2524 0.U558

tl/P)(DP/UT).

PER SECOND

- 2 . I I IE - 0 2

-2.0.5/F-02

-2.0IOE-02

-I.9666-02

VALUES AT ppESSUPt MIMlMUd

TIME,SEC' PPFSSURE RIS>~,PS!
7.320 -2, I584E-0.-
7,

7,

,3P5

,33 0

-2. 1598E-0-

-2. 15956-0",

7,,400 4.8 2?f- 0 7 1290,028 1239,,4|8 -2.172E-02 0,338 1 0.2521 0.05b5 - 1 .9246-02

7,,500 4.6 I3E 0 7 1289,900 1219,,529 -2,I66E-U2 0,3381 0.25 17 0.0572 -1 .882E-02

7,,60 0 4.804E 07 1289,7/1 1239,,639 -2.20IE-02 0.3381 0.2514 0.0576 -1 .84 7E-02

7,,700 4.795E 07 I289,64 0 1239,,749 -2.2136-02 0.3381 0.25 10 0.0565 -1 •6I3E-02

7,,800 4.786E 07 126-7.50 7 1239,,856 -2.223E-02 0.338 1 0,25 06 0.0592 - 1.78 IE-C.i2

7,,900 4.778E 07 1289,373 1239,.968 -2.2336-02 0.338 1 0.2502 0.J598 - 1 .754F-.02

8,,000 4.7 70.E 0 7 1289,236 1240,,077 -2.2416-02 0.3381 0.2499 0.0605 -1 .726E-0.2

8.,100 4.76IE 07 I28v.lol 1240 ,, 186 -2.2506-02 0,338 1 0.2495 0.061 1 -1 ,7036-02

8.,200 4.753E 0 7 |28rt,963 1240,,294 -2.2566-02 0.338 1 0.24V1 O.U6I8 -1 .67BEvq*

8,,30 0 4.745E 0 7 1288,824 12 4 0,,402 -2,2616-02 U.338I 0.2487 0.0624 - 1 •656F-0 2

8,,400 4.738E 0 7 1268,665 1240,.510 -2.266E-02 0.3361 0.2483 0.0631 -1 .6376-02

8 ,,5on 4./30E o; 1268,544 12 40,,616 -2.2706-02 U.338I 0.2479 0.0637 -1 ,616E-02

8,,600 4.7226 0 7 1288,403 12 4 (J ,.725 -2.2/3E-02 0,336 1 0.2475 0.0644 -1 .60UE-02

3 i.700 4.1I5E 0 7 1268,26 1 12 4 0,,Hii -2.2/66-02 0,3361 0.2471 0.0650 -1 .5B4E-02

8,,6 00 4./07E 0 7 1268. | 19 1240,,939 -2.2/6E-02 0,3381 0.2467 0.0656 -1 .5696-02

8,.'' 3 [1 4.7C0F 07 1267,9/6 1241,.046 -2.2796-02 0.3381 0.2463 0.0663 - 1.5546-02

*j ,,000 4.693F 07 128 7,8.3 124 | ,, 152 -2,28|E-J2 0.338 1 0.2459 0.0669 - 1 .542E-IJ2

9,. 100 4.686E 0 7 1287,669 124 1,,256 -2.28IE-02 0.338 I '0.2455 0,0676 -1 ,52«t-02
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Pi<j. it ( co„4-.

MURGATROYD II CASl 1

TIME,"" '
SEC

POWER

WATTS

$ FUEL TEMP,

DEG F

GRAPHITE

TfcMH.DEG F

PRESSURE

RISE.PSI

DELTA K

INPUT,PCT

PCT DK REMOVED bY
FUEL GRAPHITE

(i/pnop/DTr.
PER SECOND

9.200 4.678E 07 128/,545 124 1,364 -2.283Er.02 0.3381 0.2451 0.06S2 -1.522E-02

9.300 4.67IE 0 7 1287,40 1 124 1.470 -2.283E-02 U.338 1 0.2447 0,0688 -1 ,5l3E-02

9.400 4,66 46 0 7 1267,257 1241.575 -2.2B2E-02 0,3361 0.2443 0.0695 -I.502E-02

9.500 4.657E 07 1267, I12 1241,680 -2.2826-02 0.3381 0.2439 0.0701 -1 ,4946-02

9.600 4.650E 07 1286.967 1241,785 -2.280E-02 0,3381 0,2435 0.0707 -J..48.5 E.-02 _

9.700 4.643E 07 1286,822 124 1.889 -2.278E-02 0,3361 0.243 1 0,0713 -1 .475E_-q2

9.600 4.637E 0 7 1286,677 1241 .994 -2,2776-02 0,3381 0.2427 0,0720 -1 .469E-02

9.900 4.630E 0 7 1286.532 1242.098 -2.2766-02 0,338 1 0.2423 0.0726 -1 .465E-02

J.JKOOO 4.623E 07 1266.367 1242,201 -2.2746-02 0,3361 0.2419 0.0732 -I.459E-02

10. 100 4.6 166 07 1286,242 1242,305 -2.2726-02 0.338 1 0.2415 0.0738 -1 .453E-02

10.200 4.6 106 07 1286,097 1242,406 -2.27U6-02 0,3381 0_._24M_ 0.U744 -1 .448E-02

I0.3Q0 4.603E 07 1285.952 1242,51 1 -2.2676-02 0,3361 0.2407 0.0751 -_L_44J__-_0 2

10.400 4.596E 07 1285.807 1242.614 -2.265E-02 0.3381 0.2403 0,0757 -I.440E-02

10.500 4.590E 07 1285,662 1242.716 -2,2636-02 0.338 I 0.2399 0.0763 -I.437E-0Z

10.600 4.583E 07 1285,517 1242,8 19 -2.260E-02 0.3381 0,2394 0.0769 -I.432E-02

|0.700 4.5 77F 0 7 1285.372 1242.921 -2.257Et02 0,3381 0,2390 0.0775 -l_._4_27E.-0 2_.

10.800 4.5706 07 1285.228 1243.022 -2.2546-02 0,3381 0,2386 0.0781 -I .425E-02

10.900 4.564E 07 1285.063 1243,124 -2.252E-02 0.3381 0.2382 0.0787 -I.425E-02

11.000 4.557E 07 1284,939 1243.225 -2.2496-02 0.3381 0,2378 0.0793 -1 .42IE-02
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UNCLASSIFIED

ORNL-LR-DWG 67933

GAS SPACE

PUMP BOWL

OUTLET PIPE

♦-CORE

FIG. Ill SIMPLIFIED MODEL FOR PRESSURE CALCULATIONS
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