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1.0 INTRODUCTION

The Univers.ity.of -Missouri authoriéed the NUS Corpdra_tion to develop safety
limit curves for MURR Operatlon. These curves establish the maximum allow- o
ble power hmlts for safe operation under different combinations of measurable o
reactor operating vanables. The measurable operatmg varlables or process
variable_s, used in this study include reactot powe-r pressurizer pressure, and
""“cfo*otant"'t‘e'm'p‘e"rature“*a‘n'd "fl”ow rate. The safe ty hmlts ‘presented-herein-provide
the ba51s for determlmng the llmltlng safety system set pomts and operatmg
o hmlts requlred in submlssmn of a- Safety Analy51s Report pursuant to a hcense

for prOposed MURR operatlon at 10 MW,

‘For any combination of the process variables, safe reactor operati'on'i's -achiev'ed
by limiting the reactor p‘ower to a level which _'avoids either (1) subcooled botlmg
burnout (or departure frovm nu_cleate.‘:boiling) or (2) flow 1nstab111t1es Wthh can
-rlfe‘a'd-"’*ta_'jpr—emaftufe-=bt1~rno§;1~t.' Gp'e‘ra-ti’on above this power llm-lt_ can cause unpre—-
dictably htgh' fuei and clad temperatures and cohsequential permanent .fu.el ;
damage aﬁd 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 saf_ety limits were obtained -
from the MURR Hazards Summary Reports (1, 2, 3)*, the MURR Design Data
" report (4), and the revised MURR hydrau'lic"analysis (5).

* Numbers in parenthesis refer to References in Section 5.0.
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2.0 CONGCLUSIONS AND RESULTS

The results of the MURR saféty limit analysis are summarized‘ in Table 2.1

. and are plot-ted on Figures 2.1 and 2.2, The data presented are reactor .

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

“core inlet and at two pressurlzer operating Dressures. The criterion used

-~ to establlsh the safety limit on reactor power depends on the comblnatlon :

of the 1ndependent process varlables Thls can be seen by referring to

' Table-Z 1. The underscored table entries are the power 11m1ts as estabhshed-'

by the crlterlon of avmdmg any bulk boiling of the coolant, whereas the

, remalnlng entrles reflect the thermal lvlmlts estabhshed;by the subcooled -

r/’

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- dlctated by the burnout crlterlon

while. for flow rates less than 800 gpm the 1nc1p1ent bulk boiling crlteuon

'_ dictates the safe power level.

Table 2. 2 presents a summary of hot channel factors used in the analys1s.
The ll'mtmg channel (or hot cnannel) used as the basis for the sarety limit
analysis has a powerrlevel 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 J'mplicitly depend on these power and ﬂow—related factors. Any future

changes in these factors will require a corresponding change to power hmlt
results of this study. Changes {0} powor related factors can be treated in

a traight forward manner; namely, by malntalmng the product of the limiting
power and the affected power factor equal for both the new and referenced

condition, Correspeonding changes to flow-related factors are more dlf.flcult

- to accommecdate, because of the non-linear dependence of the limiting power
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TABLE 2.1

SAFETY LIMITS FOR M U R R OPERATION

1]

CINLE T M A TER ¢ 0 ND

‘120, 3,011  5.870 7.980 '9 843 11.574°
140, 2.650 5,262 7.299 9.035 10,582
7160, - 2.292 _4.546 6,675 8202 94600
180, 1935 3.83475.667 74409 80612

MAXTMUM ALLOWABLE CORE POWER LEVEL<My WITH PRESSURIZER AT 60 PSIA

ITIONS

"TEMPERATURE ‘ FLOW RATEsGPM , R
DEG F . 400s 800, 1200s 1600. 2000, 2400. 2800. 13200, ‘3600. 40006 -
. D L_.»_. [l s 'v S 3 /;_.;\.\ ) ’ . D } z:, \ [ _' G ‘_,\i&" Ju ‘

13 099 14-426 15 450 164217 16.654 -
116960 13,155 14,071 144729 15 075
10822 11877 12.669 134228 13.501
. 9685 104603 11:267 11715 11906

200, +1e4583 34131 4.515 6,009 7.282

 80“00 :96301 99863v10'204 100267

| UMAXTMUM ALLOWABLE “CORE “POWER "LEVEL-¢Ml ¥ ITH PRESSURIZER AT - 75 -PSTA

I1T1IONS

: : INLET ¥ATER COND
TEMPERATURE - e L FLOW RATEsGPM : ‘ .
DEG ¢- “400. 800 1200s 1600 20000 2400, 2800. 3200. 3600.- 4000.
120, 3278 66334 8,647 104742 12668 14,435 16,050 17 394 18, 532 19 438 .
R U ?1915 ~i&]§§ 70939 '99906 1166567 13c282 14,746 ls, 16 ?23 17« 7u7 h
160, 24556 5,080 T.317 9,067 10676 12,1338 13.4%8 14a354<¥;j* 16.139
180, 26097 4,353 6,475 Bo,236 9.680 10988 12152 13.1064 146467
- 200, 1e843 3.6560 5,415 7,099 8,686 G.845 10.868 11,689 12. 339 12.810 °

NOTE .o «UNDERLINED POWER LEVELS ARE LIMITED

BY BULK BOILING
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MAXIMUM ALLOWABLE CORE POWER, MW
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o FIGURE 'Z2.2°
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TABLE 2,2

SUMMARY OF M U R R HOT CHANNEL FACTORS

" ON ENTHALPY RISEssesscaserass

~» " POWER=-RELATED FACTORS :
C# : NUCLEAR PEAKING FACTORS
. RADIALGGce.qoeoooos.ottnoocoonoooooovilﬁz 220 o
LDPAL(CIRCUVFFPEQTIAL)-oo»goocceoecoqco'l 040
NON=UNIFORM. HURNuPQ'OOO'Ol‘OllQQOClD.Ol.l’lla
AYIAL“.(.'!'CQCQ'QQO...Q.I...'...'...'.°1'000
FE ENGINEERKING KOT CHANNEL FACTORS ON ENTHALPY RISE
o FUEL CONTENT VARIATION eocessoconsssoneela030
: FUEL THICKNESS/WIDTH VYARIATIONiecevsccanl 030"
UVERALL PRODUC'¢Q¢~¢uooveco'ctconuo'nootannclon|o|lea 72

’//FLOHFRLLATED/FACTORS =

CO /LCOP FLOﬂ FRACTIONoo-oooootoaeletogal|1 000
ASSEMBLY MINIMUM/AVERAGE FLOW FRACTION,ceeele000
- CHANNEL MINIMUM/AVERAGE FLD# FRACTION
INLETY VARIATTONooo.oooooooeooooooq0300001 000
WIDTH VARIATION gceosesesceoscececrareccocly000

© WITHIN CHARNEL thI%UN/AVEnAPE FLOW FRACTION
THIIY\(SS Y & AT!(fooontﬁcpm.rc0conno’9/1 050

. EFFECYIVE FLOW AREAcscococoerares0s3231/70,3505

OVERALL PRODUCTIIQtOGGQOo‘OOb?anttlﬁjc'fOllOli"l"ﬁoﬁsi

-

ON.HEAT~FLUXG&Q°6Q§!CG!(E¢'=;

POWER=RELATED FACTORS: v
NUCLEAR PEAKIHG FACTORS
}(ADIALiQOOOQQGG"OGQ0.0Q&BOQOI.QO’.?‘.."? 2?0
LOCAL(CTR(U*'CRtNTIﬁL)-0oovqoltoecc¢woe91 040
NON~UNJFORH EURNUP.unonvoq:onnocnocoaotol i1
AYIALIGQ.(CGl‘(‘0?0909'!!5'@9‘0@‘9'9:(l0€’1 432
ENGINEERING HOT CHANNEL FACTORS ON FLUX
FUEL CONTENY VARI‘TI?Hooanr»o’nro-feo'eqiloso”
FUEL THICKNESS/WIDTH VARIATION ocecsnseelelB0
OVLRAL‘ FRODUCTc}ceoooebcseortoenoco-ooecnccncttt?'ﬂai}s

ENERGY FRACTION GENERATED IN FUEL PLAThcoecO 930

THICKNESS VARIATIONGsuesvonnoncqonnsele/1,4080 = (70"



on the core flow rate. The effect of this n6n4lineérit§ is to introduce a
proportionately greater change in the limiting .pOWeI‘ level than the change
in the ﬂow-related‘ factor., For small changes in flow (not to exceed 5%), --
it'is possible to estimate the hew»lir‘nit'in'g power from the slope of the
power-flow éurve‘ (Figure 2 .lor2 .2) for t_he désired voperating conditions;
Larger changes in the flow-related fécfor_éwﬂl require a re—evalu.étion‘ of

the safety limits.

. The 'saf‘ety limits presentéd in Table 2.1 or Figures 2.1 or 2.2 do not include

'arnly power adjustments which might _ac_iciount for

-

] power measurement errors
o flow measurement errors
® required overpower margins. '

Such adjustme‘nts 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‘,,éctualAflow
is about 3400 gpm. At these conditions the maximum, i.e., safety limit
power.level, is (fror_n Figﬁre 2.2) 16.4 megawatts. The corresponding
measuréd power level, abssum’ing a 5% power measurement error, ‘would be
about 15.6 megawatts. With a limitihg safe»ty system setting (overpower
scram)-at 12“_5__% cf nominal ful]._ power the resulting safety margin is 3.1
megawa‘t.té. The ratio of.’safety limit pbwer level to scram setfi_ng power

level is 15.6/12.5= 1.25.

-



3.0 'METHOD OF ANALYSIS-

The method for evaluéting the core power limits for Table 2.1 are discussed
below. The detalls for selectmg the safety 11m1t criteria, and for usmg a

the BOLERO (6) computer program are mcluded

3.1 Safety Limit "Cr'iteri‘é

 The study objective was. to‘detem_iine core power Timits for safe operation
atspeciﬁed combinations of 'possible‘-core operating conditions. Safe

' operation. here is defined to mean av_oiding burnout (or DNB) where excessive
fuel or;g:la"&"ternperatures could cause clad failure and thereby'release fission
produt;ts tnto the primary coolant. i'Tobav'oi‘d_DNB, the heet flux -at each local

: section in the core is maintained at a value less than the loc'ally—evéluéte'd =
DNB heat flux. It is also necessary to avoid ényvcore operating conditions .

(such as hydraulic instability) that':'cou)bﬁe\matu\rely reduce_ ‘the DNB. @

flux. " The followmg discussion presents the basis for spe01fy1ng criteria

to include both pos51b111t1es.

The“"l\/IURR fuel g‘eornetrv (near rectangul..ar channels in a closed matrix) and

bthe MURR o operating conditions (s ubcooled vmter near atmosp“enc pressure)

are outside the normal range of interest for today' s commercial reactors.
‘Consequently, only a limited amount of cxperlence is available for establlshmg
safety limit crlterl_a.. l‘-‘ortunatery, however the MURR fuel assembly qeometry
is similar to the Advanced Test Reactor (ATR) fuel element so that ATR experlence
{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
C..onservatism for MURR because investigators (10) have shown higher or equal
burnout heat flux levels for shorter channel lenotlls. Similarly, the shorter
channel lengths are less susceptible to the hydraulic instabilities related -

to incipient bulk boiling.



Other test reactors (HFIR, ETR) 'héve ‘design and operating conditions that

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

directly useful in déveloping the MURR safety criteria.

Preliminary ATR te'sting'(.B) indicated that both subcooled boiling burnout and
bulk boiling burnout can occur for the range of c_:hannel thicknesseis then » |
under deéign.consideration. Tests were performed at Argonne in 1963 on .
three channel t"h"ic'kness'es. :(O.’O'Sii""", 0.072", “0.0'9{1"), a'n_d it _wa's.'found that

for the two thinnest channels {0.054", 0.072") the burncuts were due to

hydraulic instabilityJ(on_‘.‘autocatalyt_ic vapor binding) when the coolant r.e'ached T

: _'saturé}i,on'“ét the channel exit. Presumably,'l the hydraulic instabilities led

to suﬂbnormal,flow.conditions and a lower burnout heat flux. Subcooled burn- |
out occurred for the 0.094 inch channel before the coollanv_t’re'ached saturation
éo_nditions at channel exit. . The subcooled burnout heat flux data obtained
in these tests were 0.6 of f:he burnout heat flux predicted by the Bérhath

corr‘elétvion_ (7):

(T, - T +AT

,-"’.@DN."B.': hbq bo " “sat] sub
.\ivhere:_ _
h " = 10890, (32%—) + 408'6 Y
e R
T, = 1.8 [57‘ Inp - 54-(5«%) —%’—] + 32,
Tsat = saturation ter_npel;ature at p, .OP |
ATsub  ,= bﬁlk watér temperature, dégrees subcooling, OP'
D,  = '\./;fetted hydraulic .difameter, ft



D = heated hydraulic diameter, ft

1l

\Y coolant velocity, fps

P system pressure, psia

Subsequent full-scale ATR testing (9‘)»at Battelle Northwest with a chahnei
thickness of O.’O70'_' confirmed the earlier test results; namely, that burnogt
induced by hydraulic instability was.the limiting factor for ATR.. In. a._'d.dition', )
lL Was éstabli_shed that the hydraulic iﬁétability condition did not corr_espond
té initiationi of lobcal_boil_ing', but to the beginning of bulk boiling at the |
cha'nnel'e_}g:it' in the région 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 resu_lts for
MURR fuel and at MURR operating conditions, the following safety_lirr_iit‘criteria

were adopted for this study:

e - The coolant exit temperature from the hot chénnel shall be iess »

than the saturation temperature at the core exit pressure

e 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 to exclude occurrence of the in-core
hydraulic instabilities related to incipient bulk boiling. The above burnout '
heat flux limita_tion 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 wa's used to perform the calculation‘s which determine

~ local condmons of enthalpy, heat. flux and DNB heat flux for the core hot

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

it was neces_sary to calculate the-absolute pressure at-t_he core exit for each

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

deperid’ent 'oh absolute pressure and on either flow rate or power a special
COmputer program MURRPGM was wrltten to generate consistent mput for

all the cases needed for the study - A description of the MURRPGM program, -
the basis for BOLEROQO input, and the treatment of BOLERO results are presented :

‘below.

3.2.1} MURRPGM Program

;.

“"The "’MURRPGM”p‘rograrﬁ ‘was developed to calculate the absolute pressure

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

this study Smce the core outlet pressure calculatron requlred the same

data as BOLERO the program was expanded turther to generate input cards.

for th e BOLEI’O prugrdm Appendix A contains a llstmg of MUM\'PGM,

The pressure_drop from the pressurizer to the core outlet was calculated
by r*orrecting individual AD COm-)onehts as given in reference (5) to new
flow, temperatu*(, and core power conditions (see Table 3.1). The new.

AP L,omponents were then totaled and the result was subtracted from ‘the

"desired press_urlzer operating pressure (6_0 psia or 75 ps:.a) to obtain the absolute

pressure at the core outlet.

- The method for correcting the reference A p components dependad on the

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



TABLE 3.1 ‘
o _ S
REFERENCE PRESSURE DROP DATA

COMPONENT . &P, (PSI)  B,(GPM) ~ To(F) = FRICTIONAL IN CORE -

4 T 0.2689 . 1800 155 ' ND NO

S169cet10 4,08 . 3600 155 - YES - _ NO.

5 R 041977 3600 -+ 155 - YES . ND
12 . 0,8480 3600 155 "NO ~ " NO

13 ’ 12,35 3600 165 . YES . .. YES

T

l o 1 11203 3,259 1800 155 . YES . ND
i

}

X . % “DATA FROM REFERENCE (5) |
"E% COMPONENT DESCRIPTION USING NOTATION OF REFERENCE (5) .

: . " t, ACROSS PRESSURIZER SURGE LINE 10 PRESSURIZER OUTLET

; R . 2¢ KCROSS-S FEEY OF & INCH PIPE

S R 3, ACRDSS 8 INCKH Y STRAINER

2 ‘B, ACROSS 8 INCH/12 INCH EYPANoION

5. ACRQSS 80 FEET QF $2 INCH PIPE

L : . b ACROZS FOUR 12 THCY 90 DEGREE ELBO®S

? ‘ 7o ACROSS THREE 12 INCH 45 DEGREE ELUOWS

‘ B ACRUOSS ONE 12 INCH BULTERFLY VALVE(S07B)
Qo ACROSS ONE 12 INCH SWING CHECK VALVE(502)
10, ACROSS ENTRANCE T0O ANNULAR PRESSURE VESSEL
11, ACROSS 6 FEET OF ANNULAR PRESSURE VESSEL
120 ACRUSS ENTRANCE 70 FUEL ELEWMENY PLATES

' : o : 4, ACROSS CORE¢e,025s5 INCHES OF FUEL ELEMENT PLATES, qTO CORF E:)JT

k/t?,-" 0'28

..,]2, e |



.drop is proportional to density and flow,
o 1.0 2.0
) oLe (To) Qo
where the subscript o denotes the reference conditions as given in Table 3. 1.

For the fnctlonal loss components the pressure drop was assumed to be

glven by the Blasius equatlon and

0.2

" semar, |2 081 o 10 1
- e B ol B e B

-

If the core pressure drop component was involved, then the temperature
T in the a_bove equation was taken as the average core temperature. cal-
culated from the core power and flow. Otherwise the value for T was the

cofe inlet water temperature .
MURRPGM also includes:

e An iterative scheme to determine the core pdwer level that would

cause incipient bulk boiling at the hot channel exit.

® Interpolaﬁon routines to evaluate intermediate fluid property
" values from tabulated input values using absolute pressure as

the independent variable.

® Simple transformations to generate BOLERO input from non-standard

BOLERO flow and power units.

3.2.2  BOLERO Input

The BOLERO program performs all necessary thermal-hydraulic calculations

._ required to establish the minimum ratio of the local burnout heat flux to



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

input specifies the single channel dlmensmns, operatlng condltlons and

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

is given in Appendix B.

The single channel analyzed in BOLERO is a repreée-ntation of the thermally
limiting channel (or hot'ch'a_nn_el') . The chan_nel' power is 2.72 times average
chan'nel power, and the channel flow rate is 0.81 times average channel

flow rate. The basis for these. da‘éa and for the local heat flux multipliers

'afe giVen in Table 2.2. The normalized axi_al power distribution used for

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

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

s

are partially inserted and represents the most limiting condition during cere

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

2

-'developed from nomlnal core dlmenswns such as flow area (0‘3'505 ft7),

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.

BOILERO input data for the Bernath DNB correlation include a DNB heat flux

multinlier (0.5), a heated-to-wetted perinﬂeter ratio (0.924) and a saturation:
temperature eorreeponding-to ‘the absolute pressure at the core exit (avai‘l_able :

from the MURRPGM prdgram :esults) for each core power, pressnrizer pressire, -
and core inlet condition. This approach ensn/res‘the correct Bernath DNB |
heat flux when the minimum DNBR nccurs at the channel exit, énd produces a

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

3.2.3 BOLERO Qutput

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

either the bulk boiling or DNB heat flux criterion, Those values limited by

14



bulk boiling (underscored values in Table 2.1) were. immediately ,evi‘d'ent

because BOLERO results indicated that -

$ DNB

s Locar > 10

DNBR =

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 corg,,.pégver levels limited by the DNB criterion were the result of an
itera{i;'e procedure. The procedure included the sequential use of the
MURRPGM program to caldulate the absolute‘ pressure at core exit and the
BOLERO pr_dgram to caiculate the DNBR. -.The DNB—limited power levels in
Table 2.1 were determined by terminating the iteration prc-)c,edure when
the 1.0000 £ 0.01. | |

/\DNBK - 66060 fo{ol
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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 affecting safe core operation is core flow rate.
The higher the core flow rate, the hlgher the maximum allowable core power
level The effect is essentially linear at low core flow rates where the bulk
b0111ng crltenon is controlllng and becomes non-linear as the flow rate is
increased 1nto the DNB controlled regions. The non- hnearlty in the safetyr

limit is more pronounced for higher inlet water temperatures ‘Two compet—

_ itive coolant flow related phenomena are respon51ble 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 decrease.s 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

16
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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 ex1t pres sure and the dependence of

the Bernath correlatlon on absolute pressure is respon51b1e 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 :



15

75

- 30

a5

40

45

PROGRAM

50

55

OO0

OO0

(g} o0

OO

MUR

RPOM ) ) CDC 6600 FTN V4,0-P340 oPT=1 05/22/73 13.45.00.

FROGRAM MURRPGM (INPUTsQUTPUT»TAPEG2) o
M U K R SAFETY LIMIT® ANALYslb
PROGRAM TO CALCULATE COKE EALT PRtSSUPt(PS[A) FOR GIVBEN PRESSURE
UirOP COnPuNuN1b SPECIFIEU AT REFERENCE FLOW/TEMOERATURE VALUES
eests U L & H U INPUT DAILA CARDS ARE ALSO GENERATED BASED ON
THESE UATA N
0«/13 N US CORP F r VAuuHAN . \

OMMUN /PRUPT/SPACt(JOI)vaAToTSATT

DIMENSION TLTLE(H)

UDIMERSTON DPU(90) +Q0(50) yRHUO S50 9 XMUD(S0) »FACTOR(550)

DIMENSION TSAT(B)vUENS(&)vau(a)oCP(B)vH(8X

TOAT(I) ee e SATURATIUN TEMPERATURESDEG F

DATA TSAT _ o
v/ 1004 12Veo l4U e 1oVaey 18Gey 200.s. 2204 2407 ..
: - UENS(I) ees SATURATED WATER DENSITY,LB/CU FT

UATA DENS
@ /61990901 T23406)1.387461 OIJ.bo 569,60.132+%59.630,59,102/

AMU(I)...VISCUSITY oF 5ATURAItU wATtRoLH/PY/HR

UATA AMU

# 7/ 1,650 13939 14137, 0.970, 0. 839' 0.738, 0.660' 0.595/
© CP{I)eeeSPECIFIC HEAT OF SATURATED WATERBTU/LB/DEG F

DATA CP .

$ /069976906997 740459889 1e000491.0022916004791+4007942.01197
H{I) o o s ENTHALPY OF SATURATED wATER.BTU/LB

DATA H
v/ bTewTy HT. 07.107.59,127 d9y147 929167:999188413,208.34/

UATA IPUNCH/L/ ) \ .
uuounuuwucoouuuooﬁonuQQO#oq#a#%&#o#u#&wo9“Qdo#ﬁ&ﬂﬂu@éqéuu#b@ﬁ&&%uﬁ
HOT CHANNEL FACTORS AND OTHER DATA
FORE = 1403%1,.,03
FRAN = 2.¢¢0°1 0%091 112

AR = 0.3231/0.3505 - v

- FWE = 1./1.08/1.05
FOE = 1.03%1.15 ' . S
FOR = €.07 : ’ ’
LUF = 0,5
FR = 0,924
FACTER = le=1.E=05

302

69000d&QQOD990909#99#9##9##4“#99##99009###%“Q“QQQ#Q#G##GQQQ#QQQQG#

HSFQ = (l.=-FUR)®FQE/FDRE

‘

CONTINUF

INPUT oo CARD 1u,.TITLE CARD BLANK ¢C01-10 CAUSES PROGRAM STOP
KEAD 1002 TITLE ) : . : i
IFCTITLE(L) .EQ.)Y0H ) STOP

PRINT 100 TITLE

PAGE
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PROGRAM MURRPGM B . h COC 6600 FTN V4.0=P340 OPT=1 05/22/73 13.45.00. . PAGE 2
 PRINT 100

INPUT .. .CARDS 2 TO JeaoFLULL PHOPEPTY LIBRARY DATA(SEE suse PROPCI)
CALL PROPCUI(XeX+Xs X9 IPUNCH)

A0

a0 a0

INPUT .0 o CARD U%leeeP0a.oPPESSYRTZER PR&SSURE’PSIA
REAU  102+P0 ‘\

\

- _ . o ' : ‘ N
AS , N o= 0 : L . : \

(s Xel

N
INPUT &4 o CARDS J+2 TO KeeortFEREMCE PRESSURF DROP DATA FROM PRESSURIZER
DPO0 e s REFERENCE PRESSUKRE! DROPPSID
Q000+« REFENENCE FLUOW FOR UPQO»GPM
Tee e REFERENCE TEMFERATURE FOR G00+D0PO0 VALUES.DEG F
FR<sFRACTION OF CORL-FLOW FOR WHICH Q00 ADPLIES;FDACTIONAL
FACTUROQ.».TYPE OF DPO0 CORRECTION REQUIRED
CeQ FLOUW ANU DENSITY CORRECTION
140 FRICTIUW FACTOR AND 0.0 CORRECTION
240 FrICTIUN FALTUR AND 0.0 CURRECTION AT AVG CORE TEMPE
20¢ HKEAD 1G2sDP00+000sTiFRIFACTORO . _ \
IF(UPON.EQ.0.0) GO TO 201 )

OO0

_ _ o= N+ . N
80 ' UPOIN) = DPOO -
QO (HY = Q0D ' : -
) FACTOR(N) = FACTOR{ ,
1 KROU (N) = YVALUE(T+8y TSATIDENS)
oo AMUO (NY = YVALUE (T+83TSAT »XMU)
RS PRINT 1f£,DPO(N)vOO(N)sTyerFACfOR(N)7RHOO(N)¢XMUO(N)
. WOtMY = QO(iM) /FR
IF(NLLT.50) 6O TO 2060

X el

90 201 CALL STARTR(XsXsXeXsIPUNCH)
: INPUT 4o o CARD K+1...C0RE UFERATING CONDITIONS
XeoosDUiiMy . R
Ql...CORE INLET FLOW RATEGPM 0.0 VALUE CAUSES EXIT FROM LOOP
TlesaCURE INLET wWATER TtMPERATUREthG F
PO...CORE POWER MW ,
3CC READ 1C024X+0Q1T1aPO !
IF(Q1.E0.0.0) GO TO 301
PRINT 121”0014 T1
: : KHUL = YVALUE(T1s8eTSATsULNS)
100 AMUL = YVALUE(T]+B2TSAT+AMU)
HIN = YVALUE (T1a8sTSATH)
CHFL = A0.%0.133682RH0L1*0L
401 CONTINUL
) crHPu = Py
105 ©LHAC = 3, Ql/ltUb“CHPU/CHPL
: Te = 11 + LHAC/2.

'sX2XsXaKs]

95

RH(G2 YVALUE(T vB89TSAT S UENS)
AMUE YVALUE (T2 8+ TSAT s Aial) )
PRINT 1929A00l e TLa2rUle AiULy I 29 HO2 e XMUZ



120 -

125

130

135

140

145

150

16S

MUR

-202

400

REGM , ) o COC 6600 FTIN V4,0-P340 0PT=1 05/22/73 13.45.00. .

P = PO

PRINT 1024P : . '

V0 202 u=1aN ) . . e
UR = U1/Q0((J) . \

KHOR = =HU1/RHU0 (J) \ _ N
1F (FACTOK (J).EW.2) RHOR = RHU2/RHOQ (J)° \\

1

AMUR = XMUL/ZXMUQ (D) . :
LF{FACTOR{J) JEQ42) XMUR =  XMU2/XMUD(J) . A \,
Fl = URFURPRHOR & : . ’ : N
P2 = AAMUR/RAOR/VRI##Q .2 : ' ' N
LP DPY(JI*F ' ’ )
LF(FACTOY(J) oGT.0.6) DP = DP®*F2
P =P - P

FRINT 1G2sP0P

CONT IMUE

PrINT 102sP

w4

CALL PROPCU(PaXsXsX22) : I \
DHMAX = HSAT~HIN o ‘ \

. N\
UHHC = OMACHFDHE“FRAN/AR/FWE \

LF (OHHC . LEDHMAX) GO TO 400

PRINT 120

PO = PO#UHMAX/DHHC
PU = PO#FACTER

GO T0 401

CONTINUE
CALL TITLth(PUquleoPOsIPUNCH)

CHPO®FDHE*FRAN
CHF L #AR®FWE

CHPO
CHFL

- CALL RCONULCL(CHPO. CHFLyHlNyHbFU IPUNCH)

301

100

CALL PROPCD (PyXsXoeXs IPUNCH)
CALL BNTHCD(UF+PR+TSATT+Xs IPUNCH)

CALL ENNCL(XsXeXeXe IPUNCH)
GO T0 300

CALL ENDH(KquX;X,IPUNCH) :
60 TO 3¢2 ; o '

FORMAT (RAL0)

FORMAT(HF 10 .4)

FPURMAT (1 A9 90K 20HYHWAS UUlLlNU“““”“”)

FURMAT(bOHX PRESSURIZER PRESSUREIPSIAcceccssssscanssfFb.1/
* [V Ry FLOW RATE 90FPMeosoacencesnsssscssscsensect0,1/
g 40H INLET TLMELHA1UN§,U£Q | PP s T V4

PAGE-
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FUNCTION YVALUE Lo - CDC 6600 FTN V4,0-P340 oPT=1 05/22/73 13.45.12. = PAGE 1
' FUNCTION YVALUE (XsN3XAsYA) ‘ '

ROUTINE "TO .LINEARLY INTERPOULATE BETWEEN N PAIRS OF {XA(1)svAt(I))
VATA IN A DATA TABLE . e
NOYE..I.O‘IF XoLT-.)'\A(l)yTHEN YVALUE YA(l)
evsasolf XsGTOXAIN)Y 2 IHEN XVALUE YA(N) .
CHECKED QUT |, ¢7/11/72 F R VAUGHAN . \\

nou

. . : \

INPUT  XesoAHSCISSA VALUE FUR WHICH YVALUE 15 DESIRED
NoooeNUMBER OF PAIKS OF (XAC(1)sYA(I) OATA IN DATA TaABLE
XAw oo ARRAY UF ABSCISSA VALUES IN DATA TABLE ‘
YA.. o ARRAY OF OKUIMATE VALUES IN DATA" TABLE

10 -

e

15 DIMENSION AAIN) «YA(N)

OO0 OO0 0OO00N

IF (X 0T XACL))Y GO TO 100
J =1 ) '
20 GO TO 1lo2

100 IF (A.LT.XA(NYY GO TO 101 o AN -
. 102 YVALUE = YA(J)
25 ' RETUKRN ) o

101 DO 200 J=Z2sN
IF (XLT XA(JY)Y GO TU 201
200 CONTINUE
30 C
LiNTRY YYVALUE i
201 JJ = J=1 : :
O YVALUE = YA(JJ) ¢ (YA(IDI =YALJII Y #(X=XA(JIJ) ) /7 (XA(J)=XA(JI))
35 KETURN . B '
: END



SUBROUTINE

X2 Xs

10

15

20

30

35

40

- 45

50

S5

OO0

BOLEKOT . ‘ COC 6600 FTN V4,0-P340 0PT=1 .05/22/73 13.45.15.

000000

nnonOo o

(@

aOO0O00O0O00 O0n

100

&

SUHRQUTINE BOLEROI(X)1sX29X39 X4+ JPUNCH) :
KOUTINE TO GENERATE AND PUNCH INPUT CARDS FOR 8 0 L E R O ©ROGRAM
IPUNCH...CARD PUNCH OPTIONsODses TO SKIPslaeo TO DUNCH

CUMMON /PROPTY/ NTAH;TSAT(bO)9PJAT(SO)9VF(50)9VG(50)9HF(50)9HFG(50)

s HSATTSATT \ \\
\
ENTHY TITLECO : ' _ AN
KOUTINE TO PUNCH +TITLE. CARU FoR BOLERO : N .
T PO.esCOME POWER LEVEL st .
QleaaCONE FLOW.RATEGPM
TieesCORKE INLET wATER TtMPERATURE,DEG F
PU.eaPRESSURTIZER PRESSUREPSIA
PO = X1
ul = X2
Tl = X3 ) .
PO = A& " : .
FRINT 2019P0s01sT1aPO . \\
IF (IPUNCH.EQ.1) wRITE(62+201) PDs01+T19PO y
TKETURN _ N\

ENTRY KRCONUCD

‘ROUTINE TO PUNCH .RCUND. CARU FOR BOLERO —

CHPOQ-.COHE POWER s MW

CHFLI..CORL FLOWQLB/HQ

HIN.,..CORE INLET ENTHALPY BTU/LB

HSF Qe oo LOUCKL HUT=5POT FACTORvUIM&NSIONLESS

CHPO

= Y1} . . . -
CHFL = X2
HIN = X3
HSFQ = X4

PRINT éUZoCHPO CHFL»HIN;HSFQ

AF (IPUNCH.EWQ.1) WRITE(62+202) CHPO» CHFL s HINSHSFQ

KE TURN o

CENTRY PROPCDI

ROUTINE TO KEAD IN PROPLRTY TABLES FOR .ENTRY. PRORCD
NTAB = 0

INPUT«..CARDS 2 TO Je..FLUIU PROPERTY LIBRARY DATA
TSATOwea SATURATION TEMPERATURE AT PSATOSUVEG F
PSATCeeSATUKATION PRESSURE AT TSATO0,.PSIA
VF.O.e o SPECIFIC VOLUME OF LIQULO AT PSATO:CU FT/LB
VGO e  SPECIFIC VOLUME UF VAPOR AT-PSATQ.CU FT/LB
HF Do e o ENTHALPY OF Llwuln AT PSATOsLTU/LE
HEGO e e o ENTHALPY OF VAPUR AT pPSATOSBTU/LE

READ 101+(SATO+PSATGIVFUIVGUIHFO9HFGO

1IF(TSATO.EQ.ULU) RETURN

NTAZB = NTAH+]

PAGE
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'SUBROUTINE HOLEROI ' ‘ CDC 6600-FTN V&4,0=-P340 0PT=] 05/22/73 13.45.15. ' PAGE 2,

ISAT(NTAB) = TSATO
PSATINTAB) = PSATO
VE(NTAR) = vfo
‘ , VO (NTAR)
69 , rb (NTARY )
HEGINTAL) = HFGO v

60 10 190 - . . : \\
LNTRY PROPCL , M N . . _ .
ROUTINE TO GENERATE «PROP. CARD' FOR BOLERO PROGRAM \\
: PSIA.eSYSTEM FRESSURE.PSIA : .
T XZ2aees . : ' ~
X3awe ‘ '

K& o0

i II
T <
G

<

£

B

65

OO0 O

PSIA
HSAT
HFEGO

x1

YVALUE (PSTASNTAB,PSAT s HF)

YVALUE (PS1A«NTAB:PSATsHFG)
DENW 1./YVALUE(PSIAZNTABsPSAT,VF)

75 ' UENR DENG2YVALUE (PSTAsNTABPSATIVG) .
TSATT = YVALUE (PSTASNTABPSAT+TSAT) : \
IF (IPUNCHWEQ.2) RETURN \

nwunuwu

PRINT 203sPSIAHSAT»HF GG DENR» UENW N

R0 : IF (IPUNCHAEQ.1) WRITE(62+2203) PSIASHSATsHFGG»UENR s DENW
RETURN e

ENTRY BNTHCL - C ‘
HOUTINE TO GENERATE +BNTH. CARD FOR BOLERO ' ) ‘ -
UF e« o DESIGN FACTOR FOR BERNATH CORRELATION ’ ' : :
PR+ HEATED/WETTED PERIMETER RATIO S
TSATTe.aSATURATION TEMPERATURE. FOR SYSTEM PRESSURF.DEG F
X4a0a

9-V

as

oOCO0O0n (9]

G0 OF X1
' PR = X2
~TSATT = X3
PRINT 2049+0F 9PRSTSATT
: IF(IPUNCH.EQ. l) WRITE(62+204) DFsPRsTSATT
95 RETURN .

ENTRY ENDCD . R
ROUTINE TO GENERATE +END. CARD FOR BOLERO
xl‘.. )
xﬁ...
X3eao
Xboase

100

'nnnnno

PRINT 205 :
1905 IF(IPUNCH.EQe1l) WRITE(62+205)"
. RETURN ) .
c ) ;
: ENTKY STARTKR -
IF(IPUNCHsEWG1) WRITE(62+110)
110 o KETURN :



N e

. 'SUBROUT INE
c

115 c

120

202 FUPMAT (1X+ 1UHRCUND

BOLEROI

ENTRY ENDR
LF(IPUNCHWEQW )
KETURN

FORMAT (6E1D44)
FORMAT (1X3s3HE{.C)
FORMAT (1 Xe3RHITL)
FORMAT (1 X5 32HTITLE

101
110
111
201

[N [N

3

CDC 6600 FTN V4,0-p340 oPT=1 -05/22/73

WRITE(62+111)

\
N\

M U.R R SAFETY STUDY sF6.3, 3Hmw\\ss.o. 4H
. N

#OPM 2F4,0s HHDEG FF oF3,09 SHPSIA »2Xs \

2 10H Tl P)
bt 104 Talo P)
203 FORMAT {1 A9 LURPRQOP
= 100 TetlePR )
204 FORMAT (1X210HBNTH
“# 1oH TeOsPR )

‘205 FORMAT (1 ARA20GHEND )

END

PR

PF10:45F10.19F10a29F1044920X9
sFLl0eloF10.2+F10429F10.22F21043410X0

sF10a43F10.4+F10.2230X>

13.45.15.

PAGE
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‘ APPENDIX B

BOLERO Prd_gram Input Development

The sample BOLERO input data set given in Téble B.1l was uséd_ in the
MURR Safety Analysis. It is typical of all other cases and is the basis
for discussing each BOLERO data card an.d, its included data. - The data on _
the DIMEN card and the AXIAL cards were fixed throughout the Safety Ana1y51s .
whereas all remaining cards had variable data and were for convemence,
generated_ by the MURRPGM program. Each BOLERO input card and its data
are discussed beloyv:"

,»/E'/ | ‘ . :

" The TITLE card specifies the heading of all BOLERO output for

v each data set.

‘The DIMEN card specifies hot chanr;el (or core in.this study)
'dimensions.,such as flow aree; (0.3505 ftz), hydraulic diameter
(0.15573. in.), heat transfer surface area (184.28 ftz) and core
lenéth (2.0 ft). Nominal core dimensions are used since t‘he

-~ hot channel factors account for extreme dimensions.

The AXIAL cards épecify the normalized axial power distribution
from cofe flow inlef to exit. This power shépe corresponds to that
occuring at beginning of core life when control rods are half-

in, and is most limitirig dufing 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 glven in Table 2.2. The hot channel power is

8,9278 MW (3.278 MW x 2,220 x 1.040x 1.112x 1. 03Xl 03)*

* Rounding of computer output prevents an exact check of these numbers.
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The hot channel flow is 160988.8 Ib/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

IZOQF is 61.728 Ib/cu. ft. The inlet water enthalpy (at 120°P) is

"87.92 BTU/1b .~ The local hot spot factor is required to reduce the
_ _ N C

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

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

x1.15/1.03/1.03.

The PROP card specifies the water properties for a given system

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

exit~1/ This approach ens'ures the correct Bvernath ‘DNB heat flux
/\‘N/hen the DNB limit oécurs at the cha_nnel exit, and produces a
conservatism result when the DNB Hmit 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 IZOOP, and pres-

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

psia. The water properties corresponding to this absolute pressure

are:

e  saturated enthalpy of 277.18 BTU/lb
) latent heat of vaporization of 904,59 BTU/1b
e .steam/water' density ratio of 333.73

o  water density of 57.071 lb/cu ft.

The BNTN card specifies data fqr _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 correspbnding to a.n absolute preséure of 74.6 psia

(307.22°F).

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

the BOLERO ¢alculations.

B-2



TABLE 8.1

{ . \ SAMPLE B O L E R 0 INPUT DATA SET

\ 4 .
I ,
! 5

Iv’ TITLE MU R R SAFETY STUDY 3.2734&  4006PM 12UDEn F 75 PSIA TsQ. p
i : : DIMERN 6.3505 C.15573 . 184,28 240 ‘
AXI1AL
e D7 AXIAL
l ' Pt AXIAL
: AXIaL

¢.360 0.34¢ 0.350 04375 0460 0.435 = 0.470
£.505 6.540 0.580 0.620 0eb50 0.700 0.745
0.785 04830 0.875 t.92y 0965 1.015 1.065
Ta116 1,155 1,209 1.245 1.285 1.325 1.355
. AXTAL 1.385 1,405 '1.425 1.440 14450 1.450 1,441

. ; AXTAL" 1,425 1,405 1.375  1.345 14305 1.260 1.21¢
l( S AXTAL 1.160~" 1,105 1.055 1,015 1.010 1.070 :
. RCOND 8.9278 160983.8 87.92 1.0383 - TsQ. P

»
s8]

* f
i

NS BN e

. : PROP 7446 277.18 904,59 333.73 57.071 C TeQuPR.
l{ 4 BNTH .5000 $ 9240 307.22 : CTsQPR
END

j‘_
} .

Ilr
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