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1.0 INTRODUCTION

The University of Missouri authorized the NUS Corporation to develop safety

limit curves for MURR operation. These curves establish the maximum allow-

able power limits for safe operation under different combinations of measurable

reactor operating variables. The measurable operating variables or process

variables used in this study include reactor power, pressurizer pressure, and

-cooalanttem'perature--a'ndflow rate. The -safety -limits -presented.herein. provide

the basis for determining the limiting safety system set points and operating

limits required in submission of a Safety Analysis Report pursuant to a license

for proposed MURR operation at 10 MW.

For any combination of the process variables, safe reactor operation is achieved

by limiting the reactor power to a level which avoids either (1) subcooled boiling

burnout (Or departure from nucleate boiling) or (2) flow instabilities which can

•leadto pr-em-aureburnout.• -Operation above this power limit can cause unpre--

dictably high fuel and clad temperatures and consequential permanent.fuel

damage and fission product release to reactor coolant. This condition must

be avoided for every core region and for every reactor operating condition.

All data used in the determination of the MURR safety limits were obtained

from the MURR Hazards Summary Reports (1, 2, 3)-*, the MURR Design Data

report (4), and the revised MURR hydraulic analysis (5).

* Numbers in .parenthesis refer to References in Section 5. 0.
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.2.0 CONCLUSIONS AND RESULTS

The results of the MURR safety limit analysis are summarized in Table 2. 1

and are plotted on Figures 2. 1 and 2 .2. The data presented are reactor

thermal power limits for a range of measurable coolant 'conditions at the

I core inlet and at two pressurizer operating pressures. The criterion used

to establish the safety limit on reactor power depends on the combination

Iof -the independent process variables. This can be seen by referring to

Table 2. 1. The underscored table entries are the power limits as established

I by the criterion of avoiding any bulk boiling of the coolant, whereas the

remaining entries reflect the thermal limits established by the .subcooled

burnout criterion. The safety limit criterion on incipient bulk boiling of .the

coolant is associated with experimentally observed premature burnout.caused

by hydraulic instabilities. In the present study, the power limits for coolant

flow rates greater than 2800 pgm are always dictated by the burnout criterion,

I while, for flow rates less than 800 gpm the incipient bulk boiling criterion

dictates the safe power level.

Table 2.2 presents a summary of hot .channel factors used in the analysis.

The limiting channel (or hot channel) used as the basis for the safety limit

analysis has a power level 2.72 times the average and a, flow rate of 0.81

times the average. The safety limits given in Table 2.1 and Figures 2.1 and

2.2 implicitly depend on these power and flow-related factors. Any future

changes in these factors will require a corresponding change' to power limit

results of this study. Changes to power-related factors can be treated in

I a straight forward.manner; namely, by maintaining the product of the limiting

power and the affected power factor equal for both the new and referenced

' condition. Corresponding changes to flow-related factors are more difficult

to accommodate, because .of Lhe non-linear dependence of the limiting power

ii



TABLE 2.1

SAFETY LIMITS FOR M U R R OPERATION

MAXIPIUM ALLOWABLE CORE POWER. LEVEL.MW WITH PRESSURIZER AT 60 PSIA

TEMPERA
DEG F

10.

160.
180.
200.

I N LET W A T
rURE

400. 800. 1200.

3.011 5.870 7,980
2,650 5.262 7.299

--o2.*292 4.546 6,675
1.935 3.834---5,667

.1.583 3.131 4..615

ER
FLOW

1600.

9.843
9.035
8.202
7.409
6.009

C 0 NOD I T I 0 N S
RATEGPM

2000. 2400. 280

11.574' 13.099 14-4;
10.582 11.960 13.1
9,.600 10.822 i.8
8.612 9.685 10.64
7.282 8.400 9.31

O0

26
55

77
03
01

3200.

15.450
14,071
12.669
11,267
9,863

3600.

16.217.
14.729
13.228
11.715
10.204

4.000.

16.654
15o0075
13.50o
11.906
10.267

1-MA'X'4t•IH <LIOiA'E3L'E "UIR•llE': P"'WE,:-LVEL L.M -W ITH t-PRESSUrJZER AT 75 PSI-A

INLET W ATER CONDiTIONs
FLOW RATEGPMTEMPERATURE

DEG f- 400. 800, '200. 1600. 2000. 2400c 2800. 3200. 3600. 4000.

120.
140.
160.
180.
200.

3.278 6.334 8,647
2,91o 5,798 7.939
2.556 50-806 7.317
2.191 4.363 6 474
1.843 3,656 D,4• 5

10.742
9,9 06
9,067
8.236
7,099

12.668
11 .667
10,676
9,680
8.686

14.435
13,.282
12.138
10.988
9.845

16o050
14 . 746
13.458
12.152
10.868

17.394 18.532 19.438
15i967 16 9-.Q3 17.787

13o 104"-tT8"214.467
11.689 12.339 12.810

NOTE .. UNDERLINED POWER LEVELS ARE LIMITED) BY BULK BOILING

-3.
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MURR SAFETY LIMIT CURVES.FOR PRESSURIZER AT 60 PSIA
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MURR SAFETY LIMIT CURVES
FOR PRESSURIZER AT 75 PSIA
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TABLE 2,2

SUMMARY OF U R .R HOT CHANNEL.FACTORS

ON ENTHALPY RISE9,#,,,,,,,.9..

" POWER-RELATED, FACTORS
NUCLEAR PEAKING FACTORS

RADIAL .... ... oo o oo sessoj, ess,.,,o 99o10o , 2 2
LOCAL. (C I RCU1FERENT IAL) ,, °1, 04.; 0.,,, ,,$ q

S NON"UN IFOR"H. BURNUP9 t , ,o.6 ° ,,° 0°, 4 °,f 1 112

ENGINEERING HOT CHANNEL FACiTORS ON ENTHALPY RISE
FUEL CONTENT VARIATION. 00,999,41.,,,,030.
FUEL THICKNESS/WIDTH VARIATIONq,,.i.,°es,030'OVyERALL. PRODUCT ...... ...... , , ,,° .. ,°•, , e , ,, , 2 7

FLOWRELAT ED-fACT ORS
CORE/LOOP FLOW FRACTION.,.°°,*°.OOo°,,.,..,. i1000.
ASSEMBLY MINIMUM/AVERAGE FLOW FRACTION.,,,,,1,000
CHANNEL MINIMIUM/AVERAGE FLO'-, FRACTION

INLET VARIAlION.,,, e, ,, * ° ,,000
WIDTH VARIATION 0,,,.,.,°., .,*, O00
THICKNESS VARIATIYON.,..,to a 0a....... 1a 1., i0 8 0

WITHIN CHANNEL hlNIMUM/AVERAGE FLOW"FRACTION
SH.IC K ES , V R.IA T I t... ,. .,. & v. ., r,/1, 050
EFFEClIVE FLOW AREA°.,tqc°,.,°..0,3231/0,3505 "

OVERALL PRODUCT*.,, , , , o.,... s, t a p.. s t o.,9v9s 9 t a 0f, 0s8 1

ON HEAT -FLUX *eo cc+ t cv. Q

POWER-RELATED FACTORS
NUCLEAR PEAKING FACTORS

RADIAL., 9,9 ,, o t(o °, 2,220
.L OC AL (C IRCU FRENT IAL) . .o .. ,... .. . € . ,1040

NON-UNIFORM BURNUP , o°,° ,oo .,, ° o • .11 .A)'IAL, 0°,,4 4ov ° 0 o ec f 0,, a f° 1,4 3 2

ENGINJEERING HOT CHANNEL FACTORS ON FLUX
FUEL CONTENT VARIITT- Ca°,,. a *I,,. ... , e .° &1030
FUEL THICKNESS/WIDTH VARIATION.,,,,,ta.,,'oi#150

VERALL FRODUCT , t c a ,c,. t ,. ° q o . o t aa.. * o * o I.t 0 4, . 35

ENERGY FRACTION GENERATED IN FUEL PLATE,.,,,,930

• )i+ T6



on the'core flow rate. The effect of this non-linearity is to introduce a

proportionately greater change in the limiting power level than the change

in the flow-related factor. For small changes in flow (not to exceed 5%),

it is possible to estimate the new limiting power from the slope of the

power-flow curve (Figure 2. i or 2.2) for the desired operating conditions.

Larger changes in the flow-related factors will require a re-evaluation of

the safety limits.

The safety limits presented in Table 2.1 or Figures 2.1 or 2.2 do not include

any power adjustments which might account for

power measurement errors

0 flow measurement errors

0 required overpower margins.

Such adjustments must be included before specifying actual core operating

limits. As an example, take pressurizer pressure and core inlet temperature

at. the parametric values of 75 psia and 140 F,. respectively. With an assumed

flow.-measurement error of 5% and a nominal flow of 3600 gpm. actual flow

is about 3400 gpm. At these conditions the maximum, i.e., safetylimit

power.level, is (from Figure 2.2) 16.4 megawatts. The corresponding

measured power level, assuming a 5% power measurement error, would be

about 15.6 megawatts. 'With a limiting safety system setting (overpower

scram) -at 125% of nominal full power the resulting safety margin is 3.1

megawatts. The ratio of safety limit power level to scram setting power

level is 15.6/12.5.= 1.25.

7



3.0 METHOD OF ANALYSIS

The method for evaluating the core power limits for Table 2. 1 are discussed

below. The details for selecting the safety limit criteria, and for using

the BOLERO (6) computer program are included..

3.1 Safety Limit Criteria

The study objective was to determine core powerlimits for safe operation

at specified combinations of possible:core operating conditions. Safe

operation here is defined to mean avoiding burnout (or DNB) where excessive

fuel or clad temperatures could cause clad failure and thereby release fission

products into the primary coolant. To avoid DNB, the heat flux at each local

section in the core is maintained at a value less than the locally-evaluated

DNB heat flux. It is also necessary to avoid any core operating conditions

(such as hydraulic instability) that €oultreiy reduce-the--NB~hie-

flux. "The following discussion presents the basis for specifying criteria

to include both possibilities.

The MURR fuel geometry (near rectangular channels in a closed matrix) and

the MUIJP operatin..g conditions .(subcooled water near atmospheric pressure)

are outside the normal range of interest for today's commercial reactors.

Consequently, only a limited amount of experience is available for establishing

safety limit criteria.. Fortunately, however, the MURR fuel assembly geometry

is similar to the Advanced Test Reactor (ATR) fuel element so that ATR experience

(8,9) can be applied to MURR. Since the MURR fuel channel length (-24")

is about one-half that of ATR, the use of ATR test results can, in fact, provide

conservatism for MURR because investigators (10) have shown higher or equal

burnout heat flux levels for shorter channel lengths. Similarly, the shorter

channel lengths are less susceptible to the hydraulic instabilities related

to incipient bulk boiling.

8



Other test reactors (HFIR, ETR) have design and operating conditions that

depart further from the MURR conditions, and their test results were not

directly useful in developing the MURR safety criteria.

Preliminary ATR testing (8) indicated that both s ubcooled boiling burnout and

bulk boiling burnout can occur for the range of channel thicknesses then

under design consideration. Tests were performed at Argonne in 1963 on

three channel thicknesses (0.054'", 0.072", 0.094"), and it was found that

for the two thinnest channels (0.054", 0.072") the burnouts were due to

hydraulic instability (or. autocatalytic vapor binding) when the coolant reached

saturation at the channel exit. Presumably, the hydraulic instabilities led

to subnormal flow conditions and a lower burnout heat flux. Subcooled burn-

out occurred for the 0. .094 inch channel before the coolant reached saturation

conditions at channel exit. The subcooled burnout heat flux data obtained

in these tests were 0.6 of the burn6ut heat flux predicted by the Bernath

correlation (7):

.. DNB. hb (Tbo Tsat+ ATsub)

where:
1e 48

hb 10890. De+D 06.V

e

Tbo 8 1 57 lnP-54 4 + 32.

Tsat = saturation temperature at p, F

ATsub = bulk water temperature, degrees subcooling, 0F

D = wetted hydraulic diameter, fte

9



D.
I

= heat-ed hydraulic diameter, ft

V = coolant velocity, fps

P = system pressure, psia

Subsequent full-scale ATR testing (9) at Battelle Northwest with a channel

thickness of 0.070" confirmed the earlier test results; namely, that burnout

induced by hydraulic instability was._the limiting factor for ATR.. In addition,

it Was established that the hydraulic instability condition did not correspond

to initiation of local boiling, but to the beginning of bulk boiling at the

channel exit in the region where the coolant enthalpy was highest. Test-

results also indicated that lateral mixing (in the channel) was quite small.

In view of the ATR experience, and in absence of burnout test results for

MURR fuel and at MURR operating conditions, the following safety limit criteria

were adopted for this study:

e The coolant exit temperature from the hot channel shall be less

than the saturation temperature at the core exitpressure

o The local heat flux at any point in the core shall be less than

0.5 of the burnout heat flux as given by the Bernath correlation

at that point.

The bulk boiling limitation is adopted t6 exclude occurrence of the in-ýcore

hydraulic instabilities related to incipient bulk boiling. The.above burnout

heat flux limitation is adopted to provide some additional design safety

margin by a reduction of the correlated ATR test data by the factor 0.5/0.6

relative to the original Bernath correlation. The above criteria are sufficient

to preclude the possibility of fuel failure and attendent fission product release

due to excessive temperatures.

10



3.2 Calculational Method

The BOLERO program was used to perform the calculations which determine

local conditions of enthalpy, heat flux, and DNB heat flux for the core hot'. .

channel. Since the Bernath burnout heat flux depends on absolute. pressure,

it was necessary to calculate the absolute pressure at the core exit for each

set, of inlet water conditions and core power. Since most BOLERO input is

dependent on absolute pressure and on either flow rate or power, a special

computer program MURRPGM, was written to. generate consistent input for

all the cases needed for the study. A description of the MURRPGM program,

the basis for BOLERO input, and the treatment of BOLERO results are presented

below..

3.2.1 MURRPGM Program

The"* MRRPGM program was'deve-loped to :calculate the absolute pressure

(psia) at the core outlet for every combination of operating conditions in.

this study. Since the core outlet pressure calculation required the same

data as BOLERO, the programwas expanded further to generate input cards

for the BOLERO program. Appendix A contains a listing of MURRPGPI.

The pressure drop from the pressurizer to the core outlet was calculated

by correcting individual A p components as given in reference (5) to new

flow, temperature, and core power conditions (see Table 3.1). The new.

Ap components were then totaled and the result was subtracted from the

desired pressurizer operatingporessure (6.0 psia or 75 psia) to obtain the absolute

pressure at the core outlet.

The method for correcting the reference Ap components depended on the

type of pressure drop involved. For non-frictional components, pressure

11
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TABLE 3,1

REFERENCE PRESSURE DROP DATA

COMPONENT

*1.2,3
4
5 6 ,,10

* 11'

12
13

Apo (psi)

3,259
0,?689

0o,1977
018,80

12.35

Qo(GPM) To(F) FRICTIONAL IN CORE

1800
1800
3600
3600
3600
3600

155
155
155
155

,155
165

YES
NO
YES
YES
NO
YEs

NO
NO
NO
NO
NO
YES

DATA FROM REFERENCE (5)

"• COMPONENT DESCRIPTION USING NOTATION OF REFERENCE (5)

2o
4,31.
sLo
50

70
8,
90

10,

12,
S3 ,

ACROSS
ACROSS
ACROSS
ACROSS
ACROSS
ACR•VSS

ACROSS
ACROSS
ACROSS
ACROSS
AC R ,OS

ACROSS

PRESSURIZER SURGE LINE TO PRESSURIZER OUTLET
5 FEET OF 8 INCH PIPE
8 INCH Y STRAINER
B INCH/12 INCH EXPANSION
.80 FEET OF 12 INCH PIPE
FOUR 1? T!H 90 fEGRLE ELOS
lHiE" 12 INCH 45 DEGREE ELUUO/$
ONE .12 INCH BUTTERFLY VALVE(507B)
ONE 12 INCH SWING CHECK VALVE(502)
ENTRANCE TO ANNULAR PRESSURE VESSEL
6 FEET OF ANNULAR PRESSURE VESSEL
ENTRANCE T0 FUEL ELEMENT PLATES
CORE,,,25,5 INCHES OF FUEL ELEMENT PLATES.,TO CORE EXIT

. 403gi

.12



drop is proportional to density and flow,

Lp P T 1.0° [ Q 2. 1 0Ap 1- Po _p '0) Qo0

where the subscript o denotes the reference conditions as given in Table 3.1.

For the frictional loss components, the pressure drop was assumed to be

given by the Blasius equation and,

S) 8 11.8 0.2

p (T 0) Qo /

If the core pressure drop component was involved, then the temperature

T in the above equation was taken as the average core temperature cal-

culated from the core power and flow. Otherwise the value for T was the

core inlet water temperature.

MURRPGM also includes:

a An iterative scheme to determine the core power level that would

cause incipient.bulk boiling at the hot channel exit.

a Interpolation routines to evaluate intermediate fluid property

values from tabulated inputvalues using absolute pressure as

the independent variable.

0 Simple transformations to generate BOLERO input from non-standard

BOLERO flow and powe'r units.

3.2.2 BOLERO Input

The BOLERO program performs all necessary thermal-hydraulic calculations

requirgd to .establish the minimum ratio of the local burnout heat flux to

i 3.



the local surface heat flux (DNBR) for a single coolant channel. BOLERO

input specifies the single channel dimensions, operating conditions, and

the Bernath DNB correlation and its parameters. A more detailed discussion

is given in Appendix B.

The single channel analyzed in BOLERO is a representation of the thermally

limiting channel (or hot channel). The channel power is 2.72 times average

channel power, and the channel flow rate is 0.81 times average channel

flow rate. The basis for these. data and for the local heat flux multipliers

are given inTable 2.2. The normalized axial power distribution used for

the channel'is given in Figure 1 of TM-WRP-62-10 contained in reference (4).

This power distribution occurs at beginning core life when the control rods

are partially inserted and represents the most limiting condition during core

life due to the high flux level at the channel exit. Channel dimensions are
- t2

developed from nominal core dimensions such as flow area (0.;3505 ft
2

heat transfer surface area (184.28.ft ) and core length 2.0 ft). The effects

of worst-case dimensions are included in the corresponding hot channel

factors.

BOLERO input data for the Bernath DNrB correlation include a DNB heat flux

multiplier (0.5), a heated-to-wetted perimeter ratio (0.924) and a saturation

temperature correspondingto the absolute pressure at the core exit (available

from the MURRPGM program results) for each core power, pressurizer pressure,

and core inlet condition. This approach ensures the correct Bernath DNB

heat flux when the minimum DlNTBR occurs at the channel exit, and produces a

conservative result when the minimum DNBR occurs elsewhere in the channel.

3.2.3 BOLERO Output

The maximum core power levels summarized in Table 2.1 were limited by

either the bulk boiling or DNB heat flux criterion. Those values li-mited by

14



bulk boiling (underscored values in Table 2. 1) were immediately evident

because BOLERO results indicated that

DDNB
DNBR>

4.LOCAL > 1.0

for the initial core power estimate evaluated by the MURRPGM program at

the threshold of bulk boiling. No further iterative procedure was required

because any core power increase to reach the DNB flux limit would also

violate the bulk boiling criterion.

The core power levels limited by the DNB criterion were the result of an

iterative procedure. The procedure included the sequential use of the

MURRPGM program to calculate the absolute pressure at core exit and the

BOLERO program to calculate the DNBR. The DNB-limited power levels in

Table 2. 1 were determined by terminating the iteration procedure when

the l;0000.+ 0.01.

A .000

1-5



4.0 DISCUSSION OF RESULTS

Figures 2. 1 and 2.2 illustrate the effects of core operating conditions on

the maximum allowable core power for safe MURR operation. The trends noted

here generally represent the behavior of the two design criterion for various

core operating conditions.

The variable most strongly affcti-,, safe core operation is core flow rate.

The higher the core flow rate, the higher the maximum allowable core power

level. The effect is essentially linear at low core flow rates where the bulk

boiling criterion is controlling and becomes non-linear as the flow rate is

increased into, the DNB controlled regions. The non-linearity in the safety

limit is more pronounced for higher inlet water temperatures. Two compet-

itive coolant flow related phenomena are responsible for this observed

behavior. An increase in the coolant flow rate results in (1) lower absolute

pressures at core exit which, in turn, decreases the water saturation temp-

erature and thereby decreases the Bernath burnout heat flux limit; and (2)

higher predictions of the Bernath burnout heat flux limit with increasing

coolant velocity.

The allowable core power limit is inversely related to the core inlet water

temperatures. This is readily understood in terms of a higher permissible

core power level for an increased inlet subcooling; that is, the channel

power to achieve incipient bulk boiling or local burnout increases as the

inlet subcooling increases (coolant inlet temperature decreases) with all

other variables held constant.

The effect of pressurizer pressure is available from a comparison of corresponding

curves on Figures 2. 1 and 2.2. Clearly, higher pressurizer pressure results



in an increase in the safety limits on core power due to the increase in the

coolant saturation temperature and the pronounced absolute pressure dependence

of Bernath correlation at low absolute pressure. As already noted, the influence

of the coolant flow rate on the channel exit pressure and the dependence of

the Bernath correlation on absolute pressure is responsible for the slope

change observed in the safety limit curves of Figures 2.1 and 2.2.

17
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APPENDIX A

THE MURRPGM PROGRAM LISTING



,m m m m m - - - - - - - -

PROGRAM MURHp'GM CDC 6600 FTN V4.0-P340 OPT=l 05/22/73 13.45.00. PAGE

IPROGRAM MUrNRPGM(CINPUTOUTPUITAPFb2).
C

C M U k R SAF-TY LIMIT'ANALYSfS,
C PROURAM ro CALCULAIr_ CORE EALT PRESSURE(PStA) FOR GIVEN PRESSURE

5 C URUP COMPONENIS SPECIFIEU AT REFERENCE FLOW/TEMPERAVLIRE VALUES
C ... h U L L H U INPUT UAIA CARDS ARL ALSO GENERATLD .ASEO ON
C. THESt DATA
C 04/73 N U S CORP F R VAUGHAN
C

)o 0COMMON /Pk)PPT/SPACE (30l) ,HSAT,TSATT
UINENSIUN 1LITLt(i)
UI iENbI(oN DPu (50) ,t00 (5.) ,RHU (50),XMUO(50),FACTOR(50)
DIMENSION rSAT(8) ,DENS(8) ,AMUu(),CP(8),H(8)

C TiAT(I)...SAIURAIIUN IEMPERATURE-,DEG F
15 DATA ISAT

C0* / 0 , O., 14J.. 100-, 180., .200.,, 220., ?4 U./
UENS(1) ... SATURATL.U WATER DI-NSITY,LU/CU FT

UATA U.NS
* /61.99b,b I .726,b1.387 b1.OiJb0.5"69,bU.132,59.b30,b9.102/

20 C AMU1) ... VISCOSITY OF SAlURAIFD wATERLH/1T/HR
UATA AMU

* / . , 1.353, 1.137, 0.970, 0.839, 0.738, 0.660, 0.595/

C CP(1)...SPLCIFIC HEOAT OF SATURATED WATER,bTU/L8/DEG F
DATA CP

' P5 0.9976,0.99779,.99b8, I.00•,1.0022,1.0047,1.0079,1.0119/
C- H(I)... ENTHALPY UF SAIUNATED WATERHTU/LB

LATA h
* / 67.-97, 87.92,107.d9,127.•"¼147.92,167o99,1lb8.13,20B.34/

C
.30 DATA IPUNCH/l/

CC . • *******4*************9**********

C HOT CHArINLL FACTORS ANO U[HEN DATA
35 FDME = 1.03*1.03

PHAN = 2.2;.0*1.040*.1[ed
C

AR 0.3231/0.3505
*FWE = 1./I.08/1.05

40 C
FQE = 1.03*1.15
FOR = 0.07
UF = 0.5
PR = 0.q24

45 FACTER = I.-I.E-05
C,* . . . o ,* 9 * . *

C
HSFO (I.-FOR)*FQE/FDHE

C
50 302 LONFINUE

C
C INPUI...CARU I...TITLE CARD. BLANK CCOI-10 CAUSES PRO(GRAM STOP

HEA) Ic0,1ITLE,
IF (1ITLF(1).EO.IOH ) STOP

C;5 PRINT 100,TITLE



PROGRAM MURRP(,M CDC 6600 FTN V4.0-P340 oPT=l 05/22/73 13.45.00. PAGE 2

PRINT 100

C INPUT... CARDS 2 TO J...FLUIU PROPEPTY LIBRARY DATA(SEE SUBp PROPCI)
CALL P4OPCDI(XX.'XXIPUIkCH)

60 C
C IIvPUTT...CARq J.)I...oPOo... PESSINHIZER PRESSUREPSIA

REAL) 102,PO
C '
C \

6S I• = 0,

C
C 1NPUT...CAYUS J+? TO K... .FERELNCE PRESSURE DROP DATA FROM PRESSURIZER'-
C DP0O...REFER£ENCE PRLSSURE. DROP,PSID,
C 000...RLFE'.4ENCE FLUO FOR ()POO,GPIM

70 C T...REFERENCE Tr.0HERATUPE FOR u00-DPO0 VALIJES.DEG F
C FR...FRPACTION OF CUOE.FLOW FOR WHICH 000 APPLIESFRACTIONAL
C FACTU O...TYPE UF O900 CORRECTION REQUIRED
C. 0.0 FLOw ANU DENSITY CORRECTION
C 1.0 FHILIIUN FACTOR AND 0.0 CORRECTION

75 C e.0 FHICIIUN FACTOR AND 0.0 CORRECTION AT AVG CORE TEMPE
200 HEAD 10P2,DPJ00.000,TtFR,FACTONO

IF(UPO,.EU.0.U) GO TO 201
C

i = N+I

8 0 P0(N) = UP00

FACTOR(N) = FACTORO
HHOO(N0) = YVALUE(Tv,6TSAT,DLNS)

) ,MUO(N) = YvALUE(TdTSAIXMU)
ý5 'R IiNT 1C2,DPO(N),O0(N),T,FRFACTOR(N),Rt'¶O0(N),XMUO(N)

UO(N) = Q0(N)/FR
IF"(N.LT.SO) GO TO -200

C
C

90 201 CALL STARTR(XXX.,XqIPUNCH)
C INPUT...CARU K+I...CORE UPERATING CONDITIONS
C X.. -DUMMY

C 01...CORE. INLET FLOW RATEGPM 0.0 VALUE CAUSES EXIT FROM LOOP
C T.'..CURL INLET WATER TEMPERATUREDEG F
C" PO. .CORE POWERIW

30C HEAD 1?2,X.N1,TlqPO
IF(OI.EO.0.0) GO TO 301
PRI14T 1I?.NO,OI ,TI
RHOI = YVALUE(Tltb-TSATUL.NS)

100 A.MUI = YVALUt.(TI-,iTSAT,AfMU)
HIN YVALUE(TI,89TSATH)
CHFL 60.*0.1133b8'RHiOI*UI

401 CowJT I NJL
CHPU = PU

105 * .iHAC = 3.41?2_L06*CHPO/CMFL
I It + "UHAC/2.
RHO2 = YVALUE(T2ý89TSATiULNS)
AMIeJ• = YVALUt' (T?.8. TSAI A;li)
P'RIi'NT 1O.I,,Au.TI,-Tt½UI.Ai31,I2,PHO?,XMU2

110 C



--- - - - --- - -, ---tl . - m• - -

PROGRAM MURRP-(5M CDC 6600 FTN V4.0-P340 OPT=I 05/22/73 13.45.00. PAGE 3

C

115

120

130

C.
C

C

C

PRINT .1029P
i)0 20? j= I N

RHOR = kHOI/RHOO(J)
IF(FACTOýý(Jý.Eu.2) RH-OR =RH02/PHOO(J)*

Ai<= YXMUl1/XMU0 (J)
I (F-AC T 0:-BJ) .EU. ?) AMUR =XMU2/XMUD(J)

UP b Po(J)*F1
1F(FACIoW'(J).GT..0.) DP = U*F2
P =P - UP
HPINT IG29PL)P

202 CON TIIIJUE

CALL PNoPCU)(P. X 9A9X,,2)

UHM1AX = HlSA-HIN

UH-HC = (h-AC*FO.HiE*FRAN/AR/FdE
1F(UHHC.LE.UHl4X) GO TO 400

PRINT 1?0
PO0 Po*UHAX/DHHC
PU = P0*FACTER
UO .10 401

400 CON T INUE
CALL TITLECY(PU901 ,T19PO, IPUNCH)

CHiPO =CHlPU*FDHE*FRAN
CHFL = CHFL'*AR*FvE
CALL RCONUCU(CHPOCHFL,HINM$FU.IPUNCH)

CALL PROPCD (PqX,X9XIPUNCH)

CALL bfATHCU(UF9PRv'TSATT,,ilPUNCH)

CALL EN0CU (XX9XvX.IPUNCH)
tO TO 3uO

301 CALL E.NIUN(A , X 0(tI PUNCH)
(0,O 1 3(12

135
c

140

145

C

C

C

C

C

C

1SO

155

160
100
102

121

1OPMAT(8AIO)
FO- RMAI (SFIU.4)
-UPMAI (IAf UA,• ,0O "UWAS UUILINU******)

FORMAT(OHI PPESSURIZER PRESSURE,PSIA .............. F6.1/
SU rl FLOW RATL,(,PM... .... ............. ........ °, . /

401H 1rLEI TEMPL.RA1UNL,ULG F. ........... .. °,6.1/
1(-5 *

L14U



-I I-,I -I- -I --- I I- I -I -. - - - -

FUNCTION YVALUE CDC 6600.FTN V4.0-P340 OPT=1 05/22/73 13.45.12. PAGE I

FUNCTION YVALUE(AqNXApYA)

ROUTINE TO.LINEARLY ItNTEHtOLATE BETWEEN N PAIRS OF (XA(I),YA(I))
UAIA IN A DATA TABLE

NOTE ...... IF X.LT.XA(I),?TlEN',YVALUE = YAMi)
...... IF X.G1. A (N),1 r1,.N 0VALUE = YA(N)

CHECKEU OUT 07/11/72 F k VAU(3HAN

5

Io

15

20

INPUT X°...AHSC.ISSA VALUE FUR
N...NUMHLN OF PAIHS OF
XA ... AkRAY OF Ab5LIbA
YA...ARRAY OF OHDINAIE

DIMENSION AA(N).YA(N)

iF(X.GT.XA(l)) GO TO 100
j = 1
GO TO 102

WHICH YVALUE IS DESIRED \
(XA(1),YA(I) DATA IN DATA TABLE
VALUES IN DATA TABLE
VALUES IN DATA' TABLE

t-.

100 IF(A.LI.xA(N)) GO
j = N

102 YVALUE = YA(J)
RETURN

TO .101

101 '0 200 J=29N
IF(X.LI.XA(J)) GO TO 201

200 CONF IN'tE
30 C

C
LNTRYI YYVALUE

201 dJ = J-1
YVALUE = YA(JJ)
kETURN
END

(YA(J)-YA(JJ))*(X-XA(jj))/(XA(J)-XA(jj))

35



SUBROUTINE ROLEHOI CDC 6600 FTN V4.0-P340 oPT=1 05/22/73 13.45.15. PAGE

bU-ROUTINE BOLEROI(X!,X2,X3,X4.IPUNCH)
.C ROUTINE TO GENERATF AN) PUNCH INPUT CARUS FOR B 0 L E R 0 LROGRAM
C IPUNCH...CARD PUNCH OPTION,0... TO SKIP,-... TO PUNCH

5 COMMON /PROPT/ NTAHTSAT(SO),-PbAT(SO),VF(SO),VG(50) ,HF(SO),HFG(50)
.,HSAT,fSAIT

C

C
10 ENT-,Y rITLECO

C hOtJI.NETO PUNCH .TITLE. CARL) FOR BOLERO
C Po... COPE POwER LEVEL-,W
C Q I...CO"E FLOw.RArLGPN,
C Ti...COkE INLET WAT.R TENPERATURE,DEG F

15 C PU .. .PRESSURIZER PLS.StJRE.PSIA
C

PO = Xl
Pl = A?
TI = X3

20 PO = A4.
frI-R r,,l 2Ui,PO,Ul,Tl ,P.O

IF(IPUNCH.EO.I) wRITE(b2,261) PO,C1,TI,P.O

<ETURN

25 ENTRY RCONOCD
C ROUTINE TO PUNCH .RCUND. CARD FOR BOLERO
C CHPO,...CORE POUWRMW
C CHFLL...CORE FLOW,LB/HR
C H I N...CORE INLET LNTHALPYBTU/LB

30 C. iSFL)....LOCAL riuT-bPOI FACTOR,DIMENSIONLESS
-C

CHPO = XI

ChFL = X2
HIN A 3

35 hSFU =X4
PRINT 202,CHPOCHFLHINHSFU
.IF(IPUNCH.EQ.I) WRIIE(b2,.20) CHPOCHFLHIN,HSFQ
RETURN

C.
40 LNTRY PROPCDI

C HOUl INE To READ IN PHOPLNTY [AbILES FOR .ENTRY'. PROPCO
C

NTAB = 0
C

1.5 C INPUT...CARDS 2 TO J...FLUIU PROPERTY LIBRARY DATA
C TSATO...SATUHATION IFMPERATURE *AT PSATO,UEG F
C PSATO...SATURATION PRESSURE Ar TSATO,PSIA
C VF.O...SPECIFIC VOLUME_ OF' LIOUI AT PSATO,CU fT/LB
C VGO. SPECIFIC VOLUNe; OF VAPOR AT PSAFOCU'T/LB

so C HFO...ENTHALPY OF LIUUI() AT PSATO,.STU/Lf3
C H- "O ... ENTiALPY iF VAPuN AT piATO0tTO/LH'

100 REAL) 101,9ISAT'oPSAT',VFOVGOHFoHFGO
IF(TSATO.EU.0.0) RETURN

55 NTA3 = NTAU+I



SUBROUTINE ý3OLEHOI CDC 6600..FTN V4.0-P340 oPT-- 05/22/73 13.45.15. PAGE 2'

ISAT(NTAH) = TSATO
PSAT(NTAB) = PSATO
vF(NTAi) = vFO
v(",NrA!6 VGO

, r-iF (1'4 At-) = r-O

HFG(NTAk) = HFGO6'
bO 10 100

C
LNTRY PiOPCU

65 C ROUTINE TO GENERATE .PROP. CARD"FOR BOLERO PROGRAM
C PSIA.. .SYSTEM PRESSURE.PSIA
CC XJ2...

C
70 C

PSIA = xl.
HSAT = YVALUE(PSIANTAB,PSATHF)
HFG6 = YVALUE(PSIANAASPSATHFG)

LUE.NrJ = I./YVALUE(PSIA,NTABP6AT,.VF)
75 UENR = DE1w*YV.ALUE(PSIANTAU.P6ATVG)

TSATT YVALUE(PSIANTA-, -SA[,TSAT)
IF(IPUNCH.EL.2) RETURN

PRINT 2U3,PSIAHSAT ,HFGG.UENRUENW
P0 IF(IPUNCH.E0.l) WRlTL(b?,203) I.PSIA,'HSAT,,HFGGUENROENW

C
ENTRY BNTHCU

o) C HOUI INE TO GENERATE .BNTH. CARL) FOR BOLERO
PC UF.. .L)ESIGN FACTOR IOR BERNATH CORRELATION

C PR...HEATED/WETTEO PERIMETER RATIO
C TSATT...SATURATION TEMPERATURE. FOR SYSTEM PRESSUREDEG F
C X4 ...
C

90 OF = Xl
PR = X2

•ISATT = x3
PRINT 2 0 4,OFPRTSATT
IF(IPUNCH.EO.I) WRITE(b2,9204) UFtPRTSATT

95 RETURN
C

ENTRY E-OCO
C ROUTINE TO GENERATE .ENU. CARD FOR BOLERO
C Xl...

100 C Xe...
C. Xi...

C X4...
C

PRINT 205
105 IF(IPUNCH.EU.1) WRITE(62,205)

HFTURN

C
LNTRY STAHIR
IF (IPUNCH.EU. 1). WRITE (62, 110)

110 RETURN



SU83ROUTftqE 80LEFkOI CDC 6600 FTN V4.O-P340 oPTIl 05/22/73 13.45.15. PAGE 3

c
ENTRY ENUR
lF (IPUNCH.EQ.2) WRI.TE(b2912 1)
HETURN

101 F OR,-,A~ T ((DE10 .4)
110 FOmtIAT ( IXA,. 3H( (.C)
III ýUNMATH/,93HHtL)
201 FOIRMAT(1X,3'2HTITLE M U k R SAFETY STUDY fF6.39 3HNMW 9.S0 4H

I 0GH . T i ) P)
202 &CP0PAT (iIX.oHpcuiN ,FI01.4,F10.lFlU.2,)F10.4,20)x

* 10H- Tv(ji P)
203 VOUNIlAT(lXil~iwppop PF1U.I-PFIO.L'gFI.2,<10.2,F10-3,I0X9

125 10H T. '- P P
204 k0RRMAT(1A,10HtJNrt- vF,F13.4Fj0.4iF20.29-30Xf

-205 FUNRAAT(1XqG4'ThDIA
E.NDU



APPENDIX B

BOLERO Program Input Development

The sample BOLERO input data set given in Table B. 1 was used in the

MURR Safety Analysis. It is typical of all other cases and is the basis

for discussing each BOLERO data card and its included data. The data on

the DIMEN card and the AXIAL cards were fixed throughout the Safety Analysis,

whereas all remaining cards had variable data and were for convenience,

generated by the MURRPGM program. Each BOLERO input card and its data

are discussed below:.

The TITLE card specifies the heading of all BOLERO output for

each data set.

The DIMEN card specifies hot channel (or core in this study)
2

dimensions..such as flow area (0.3055 ft ), hydraulic diameter

(0.15573 in.), heat transfer surface area (184.28 ft 2) and core

length (2.0 ft). Nominal core dimensions are used since the

- hot channel factors account for extreme dimensions.

The AXIAL cards specify the normalized axial power distribution

from core flow inlet to exit. This power shape corresponds to'that

occuring at beginning of core life when control rods are half-

-in, and is most limiting during core life because of the high

flux level at core exit.

The RCOND card specifies the core operating conditions in

terms of hot channel parameters. The related power and flow

factors are given in Table 2.2. The hot channel power is

8.9278 MW (3.278 MWx 2.220 x 1,040 x 1.112 x 1.03 x 1.03)*.

* Rounding of computer output prevents an exact check of these numbers.

B.- 1



The hot channel flow is 160988.8 lb/hr (400. gpm x 60. x 0. 13368

x 61.728/1.08/1.05 x 0.3231/0.3505) where the water density at

120 F is 61.728 lb/cu. ft. The inlet water enthalpy (at 120°F) is

87.92 BTU/lb . The local hot spot factor is required to reduce the

hot channel power used in enthalpy calculations to the power required by

heat flux values. Its 1.0383 value is calculated from 0.93 x 1.03

x 1.15/1.03/1.03.

The PROP card specifies the water properties for a given system

pressure, which is the value calculated at the core (or channel)

exit.j This approach ensures the correct Bernath DNB heat flux

when the DNB limit occurs at the channel exit, and produces a

conservatism result when the DNB limit occurs elsewhere. For

the example in Table B. 1, where core conditions are 3.278 MW,

core flow is 400 gpm, core inlet temperature is 120 F, and pres-

. surizer is 75 psia, the calculated core exit pressure is 74.6

psia. The water properties corresponding to this absolute pressure

are:

. saturated enthalpy of 277.18 BTU/lb

0 latent heat of vaporization of 904. 59 BTU/lb

* steam/water density ratio of 3333.73

* water density of 57.071 lb/cu ft.

The BNTN card specifies data for the Bernath DNB heat flux cor-

relation. It contains the Bernath DNB heat flux multiplier (0. 5),

the heated-to-wetted perimeter ratio (0. 924), and the saturation

temperature corresponding to an absolute pressure of 74.6 psia

(307.22 0 F).

The END card specifies end of input for a data set, and initiates

the BOLERO calculations.

B-2
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TABLE 8.1

SAMPLE 8 0 L E R 0 INPUT DATA SET

TITLE
DIMEN
AXIAL

J AXIAL
AXIAL
AXIAL
AXIAL
AX I AL

RCOND
PROP
@NTH
END

MU R R SAFETY STUD)

1
2

3
4
5,.

6
7

0.3505
48 0.360

0.505
0.785
,1.110
1.385
1.425
1.160 6 .----

8.9278
74.6

.5000

0.15573
0.340
0.540
0.830
1.155

1.405
1.105
16098' .8

277.13
.9240

r 3.2734 400GPrA
184.23 2.0
0.350 0.375
0.5blU 0.620
0.875 0.92u
1.200 1,245
1.425 1.440
1.375 1.345
1.055 1.015

87.92 1.0363
90L.459 333.73
307.22

1200E6 F 75 PSIA

0.400
0.-60
0.965
1.285
I.'.50
1.305
1 U0] 0

0.435
0.700
1.015
1.325
1.450
1.2.60
1.070

TO. P

0.470
0.745

1.065
1.35q

1 * 4
1.210

57.071
T,9,
TQ.PRT,9 o"P.

P

B-
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