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FOREWORD

This topica! report, one of a series on research and development for
the Pathfinder Atomic Power Plant, is the final report on the Pathfinder
transient simulator and the assumptions used in its derivations, An interim
report on this same sub ject was issued as the first section of Allis-Chalmers
Report No. ACNP-6005, entitled "Pathfinder Atomic Power Plant, Interim Progress
Report of Reactor System Dynamic Analysis with Pathfinder Transient Simulator".
Prob lems that have been solved with the transient simulator will be included in :
a subsequent report,

The Pathfinder Atomic Power Plant, which will be located at & &ite near

Sioux Falls, South Dakota, is scheduled for operation in June 1962,. Owners
and operators of the plant will be the Northern States Power Company of .-

Minneapolis, Minnesota. Allis-Chalmers Manufacturing Company of Mi Iwaukee,
Wisconsin, under contract with Northern States Power Company, the U.S. Atomic
Energy Commission, and Central Utilities Atomic Power Associates (CUAPA), is
performing the research, development, and design, and is responsible for
construction of the plant. Conceptual engineering and component research and
deve lopment is being done at Allis-Chalmers Greendale Laboratories.

CUAPA member companies are as follows: Central Electric and Gas Company;
Interstate Power Company; lowa Power and Light Company; lowa Southern Utilities
Company; Madison Gas and E lectric Company; Northern States Power Company;
Northwestern Public Service Company; Otter-Tail Power Company; St. Joseph Light
and Power Company; and Wisconsin Public Service Corporation. '
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ABSTRACT

The steady-state and dynamic characteristics of the Pathfinder systems
have been simulated on a dual-console Pace Analog Computer. The derivation
.of the system equa+|ons, the assumptions involved, their numerical evaluation,
- and their conversion to analog circuitry are described in this report.

The PaThflnder_sysfem is unique because of the lnfernal nuclear superheater,
-and controlled, forced recirculation. |In simulating this system the following
ma jor assumptions were made. The reactor is a boiling-water type; moderated and
cooled with saturated, |ight water; pressurlzed between 400 and 800 psia; '
and has a neutron flux distribution that is spatially invariant. Al the im-
portant non-linearities are retained, thus permitting accurate solutions of
large system disturbances.

The neutron kinetics equations, with their six groups of delayed neutrons,
are simulated with power feedbacks through reactor pressure, steam flow, core
intet subcooling, and fuel-element temperature. Particular attention is devoted
to the accurate simulation of fuel-element heat transfer; the reactor pressure-

- control system, which operates the turbine inlet valves; and the effect of core

~inlet subcooling, since these were found to have pronounced effects on reactor
performance. The transient temperatures at the superheater hot spot and exit

are generated. Enough flexibility is included, so that all important disturbances
possible in the actual plant can be run on the simulator. Changes in system

parameters are easily accomplished by merely changing potentiometer settings.

The prime objectives of the reactor simulator are |) to establish a control
system for Pathfinder and optimize its settings, 2) to investigate system sfab;llfy
under all conditions, 3) to compute results of postulated system disturbances.
and accidents, and 4) to help obtain system charac+er|s+|cs useful in formulating

plant operaflng procedures. :
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PORCERErZ ENE INTRODUCT 1ON

In order to provide adequate control systems and operaffng procedUres, apd.To
insure safe, stable, and reliable operafionlof the Pafhfinder Afomic Péwer Plant,
a defalled'knbwledge of operating chérac+erisfics of ‘the réacTor and p!anf is
required. fo provide this knowledge, a fransien+ simulator was cons+rqc+ed{ All
+h§ pefTEnénf reactor and system equations are derived and simulated on -an
.E!ecfrénic Associates Analog Computer (Pace 231R). The result is a,coheren+ :
simuIaTioﬁ 6f the éafhfindér Plan+vwhich is designated the Pathfinder Transient
Siﬁula+or. | N
The simulator has been used to:
I, Help design and analyze reactor system controls,
2f. Compufe results of b§s+ula+ed operational disturbances, accidén+s;
and operafing errors.
3. Help establish operating and startup=shutdown procedures.

4. Predict system stability. -

5. Show the effects of varyiﬁg'such parameters as power, préssure,
void coefficients, and cénfroller consfémfs.on transient response.

| 6. Help train Pathfinder reactor opera+ors. -

:Thé éa+h%inder Plant is moderated and cooled by light water. The core
consists of two regfons: an annular boiler region in which saturated steam is
produced, énd a cenfral'superheafer region in which steam is superhea+ed. Supgrj
heated steam passes directly to the turbine.

Among the advanced features that are.incorpora+ed in the plan+ in addition

to the integral superheater, is the forced recirculation system. The recirculation

.__l3_



'sysfem includes three externall!y located centrifuga! pumps. Recircutation flow
rate is adjusted by means of the butterfliy valves on~fhe‘discharge side of ‘the
recirculation puﬁps.

éressu}e in the main steam line is~regu!a+ed au+oma+ica!lyvby positioning
the funbinelinlef valves, Thus, no steam is bypassed during normal opera+jon
and +he electrical system absorbs normal changes inm reactor output. A signal
transmitting changes in superheater-exit steam temperature is also .fed into
this control system to modify the pressure set-point. - This serves to minimize.

superheater temperature transients.

1. GENERAL DESCRIPTION OF SIMULATOR

The Integro-differential equations are derived to describe the transient
performance of the Pathfinder reactor and associated system. |In deriving
the equations, it is assumed that the reactor is:
1. Moderated and cooled by saturated |igH+-wa+er.
2. Pressurized between 400 psia and 800 psia.
3. . Assumed to be a point reactor, i.e. only the time variation of the
neutron popula?uon is considered, not fhe dnsfribuf|c1 of the neutron popula+|on
A simplified block d|agram of the SImulafor is shown in Flgure 1. The

"Reactor Kinetics" block represenfs the neufron kinetics equations and Six

delayed neufron groups The average neutron populaflon is S|mula+ed since a

ponnf reacfor is assumed Because of +he close nuclear couplang of +he Pafhfnnder

core 4|+ is also assumed }hat the superheafer-reglon neufron kaneflcs are

identical +o the b0|ler-reg|on neutron kinetics with negllgtble reac+IV|+y
.feedback from +he superheafer secfnon
The "BO|Ier Heat Transfer" block represenfs, with a disfribu+ed?patahe+er

model, the time lag between heat generation in the cylindrical ceramic fuel pins

“14-
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and the heat flow into the coolant. The +herﬁal Fesisféncevihclqdes
an appropriate average film heaf-fkénsfer coefficignT'for flowing boiling
water at 615 psia. | |

LReacfivay due to Qoppler éffecf“ is TQe effécf 6f boi ler fue].}empera+ufe
on core reactivity due to a shift in the neutron energy spectrum. |

The "Energy and Mass Balance of Saturated PriméryISysfemU calculates the
rate of pressure change due to an unbélaﬁcé'in the summation of energy terms
associated with the boiler heat flux, steam ieaving the vessel, and water enferiﬁg
the core. The energy‘of the water entering the éére is found from a similar
balance of the subcooled part of the primary Sysfem,'incIUding the transport time
fhrough.+he recirculation loop. |

The reactivity held in voids ("Reacfivify in Voids") depends on the core
pOwer,'inléf subcooling, and recircﬁlafiqn flow rate. It is also affected by
reacfor.pregsure because of density changes and transient flashing and condensafion
- of the steam.
The "Void Rediéfribufion Dynamics" accounts for the +jme'lagxinvorved in
“changing void reactivity due to void redisfribu+ioh. This lag is a;sgciafed
.wifh +h¢ Boiler—core steam +ranspor+'+ime. |
'Wifh steam flow and neutron flux as the inputs, +hék"SupérheaTer Temperafufes”
- block describes *he +ransien+ Temperéfures of the superheater exit steam, the %uel
" hot sppf; and -the steam at The_ho+ spot.. The heat transfer coefficient varies
with s+eam“¥iow, and:conServa+ivé ho*—sbof factors are used.

.The ”S+éam{$ys+em"{ "Steam Valve Actuators and Controls", and "Feedwater

Sysfeh” describe the superheater pressure drop and all components external to the
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reactor vessel including the steam piping and +urbine'flow characferisTics,lfurbine
|nle+ valve and dump valve conTroIs (under bo+h normal and emergency condl+|ons),
feedwaTer Temperafure, and flow regulafors, safefy Va|VeS, etc. ‘

A The(”RecircuIaTion System Hydrodynamicsv.considerS‘+he effecfe oflﬁdfferfly
ve!ve pceificns and core vofding on +o+el recircule+ion flow; but not fhe transient
flchdivision among the fuel channels. The total analog simufafion'u+ilfzes ap-
prcx?mafe[y }SO'pofenfiome+ers; 3Q-in+egra+ors, 50 summers, 12 mulfiplfere, 4
func*ion generators, and 5Arelaysc The analog circuitry for eacn of the sections
is shown in SecT§15;} |

| The.symbols appearing in the final equations are defined and'evalga*ed in
- the list at the end of the reporf. Alllo+here are'defined in +he_$ec+ion in
wnjch‘+hey appear. In many cases vaniablee are separafedzinfo their transient
and steady~state parts, denoted by‘prefix ng "Aand subscript "o",:respecfively.

As an example: |

‘n='no+'6n

2. NEU?RONVK[NETICS

The.+raneien+ reacfoc power is obtained from the net excess reactivity from

a set of spaflally independent differential equations with +|me varying coef-~
flClen+s. These equaflons describe the birth of neutrons a) emiffed promptly
from fissions, and b) ‘emitted some time after a fission by‘fhe decay cf fission.‘
products. These fission products are divided into six groupe according to their

decay constants.

-



Assumgfions
l. The neutron populaflon is spa+|ally |ndependen+ The axial and radial
flux shapes are lndependen+ of +|me and reac?or power Ievel

2. The concenfra+|on of fISSIOn producfs with Iong bunld~up and decay Time

constants, such as xenon and samarium, is considered constant.

Derivation

The-rate of change of neutron populafion is given by the equation:

dn _ (Ekex -1) n ,
o ST * Z Mo 2.1

=
where ékex is the excess reacfivi*ymingdol}ars, anq.fhe,resf.of the symbols are

defined at the end of the report.

e

The. rate of  change of{fissjon*producf;Conc¢n+ra+ion in group‘?i" is:

dC| B.n

& - MG . ' C(2.2)
In Eq. 2.1, 8k is given by

ékex = keods ~ ky - kg . : (2.3{

where krogg, ky, @nd k4 are reactivity in dollars held in control rods, voids,
and fue! temperature, respectively.
Egs. 2.! and 2.2 are solved simultaneous!y on the analog computer using

six delayed neutron groups.

3. BOILER FUEL HEAT TRANSFER
The low thermal conductivity of the ceramic boiler fue! pins gives rise to a

considerable lag in the transfer of heat to the coolant. The representation of

this lag has an appreciable effect on the shape of the system-frequency response J
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curve, and on seQeral of the safeguards analyses. For fhése reasons the +raﬁsiénf
heat transfer is derived in some detail. The assumptions made here are expected
to have a minor-effecf on the accuracy cf the heat delivered to the coolant durjng
a transient. |
The equation describing the dynamic heat release. from a cylindrical, distri-
‘buted-parameter fuel pin is solved fofmally using Laplace transforms and Bessel
.functions. The solution in Laplace form is expanded into an infinite series of
“partial fractions, each a simple lag. This series is made finite by grouping
the shortest lags into one equivalent lag. Three per cent of the power genefafed
is assumed to be carried directly to the coolénf”by gaﬁma radiation with no !ag.
The solutions of these dynamic heat transfer equations are not transformed
back into the time domain since the partial-fraction form of the final Eq.

3.13 so readily adapts to analog computer simulation.

Assumptions

l. The U0, ceramic is assumed to have cracked and expanded, completely
filling fhe fuel tube with no gap befween the. U0, and the claddlng Accordingly,
" the thermal conduc*lvafy for cracked U0z, 0.9 Btu/hr-f+-F, is used.

' 2. The heaf capacity of the zirconium cladding is negl|g|ble with respect

to that of the UOé | |

3. Alfhough the film coeffucuen+s in fhe subcooled and bonling parts of
the channel are dlfferen+ one equuvalen+ value is assumed to exist along the
:enflre Iengfh. Because of the presence of sucholed boiling, this assumption
is quite good.v

4. The thermal conduc+ivi+y of the cladding and the film qoefficien+ are

groupedvas,one overal ! heat transfer coefficient, H.




5. Becausé the radips of the fue! in ?Be upper half of the core is less
than the radius in the lower ha!f, a mean square radius'is used, Weighfed'by.
-the reléfive power fractions.

6. The infinite series of terms with time constants less than 0.2 sec ére
compined into one term wi+h>an equivalent time constant. These involve only about

8 per cent of the power generated.

Derivation
The temperature in a power generating medium of thermal conductivity K and dif-

fusivity 8 is described by:

y2g+%a=1498 ' - ' . (3.1
K ¥

|
xd
For a cylinder of radius R with heat transfer coefficient H at its walls, the

boundary conditions are:

-d8| _ H (8 - 8, oy
dr_ —K 2 (3.2),
R
and
%o atr =0 (3.3)

|f this problem is solved for the fue! Tempérafure at R, using Laplace
transform methods and assuming 8, is constant at its saturation Qalue, and the

substitutions,

Op(s) = B(S,R)'%?

N= RH
K
T = RZ/K

-20-~




are made, the result is, in Laplace form

Qp(s) = Qq(s) [2 4, TS V=TS

: — — 3.7
ToWTE) /T 51 W) "
N
where J| and Jo are Bessel functions.
Eq. 3.7 may be expanded into a series of partial fractions.
. A m
Qpls) z Fi (3.8
ég(s) i=1 |+T'S o )
“where F; and T; are found from +He simultaneous solution of:
- 4 Ti/T ' :
LI VY R | (3.9)
and
N=STT |5 TTT;)}
o — (3.10)

Eq. 3.8 may be made finite by grouping the shorter time constants in one equivalent

term:
N 3'
s . ' I-ZFi- .
Qb(s; = i T b | (311
Q.g(s —',;,'—I‘}.Tlis |+T45 . A ol
where ' : ,'
}: FiTi/t
—_ 1=4 .
T,= A A _ ,
4 Z e , - (3.12)
L tvTe '
i=4 _

Figure 3.1 sho@s the  solution of Eqs. 3.9 and 3.10, and +he numerical solution of

Eq. 3.12 as functions of N. With the knowiedge of N and T, andiFigure 3.1,

Eq. 3.11 can be‘evaluafed.:

21-
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Since a certain fraction (Y) of the power generated is carried by gammas

dirécfly to the cdolanf, Eq. 3.!1 must be correcfed;n-
80 = (1-) S Fi _.1___2 i P .<3 '3
og(S) Y Z_-r H'Tls I+ T4s Y 21

The .generated power is directly proportional to the thermal neutron population.

Therefore, at all power levels:

0g(8) Qg - - S -
g - X490 . (3.14)
n(s) no

Eqgs. 3.13 and 3.14 are in a fofh‘readily adabfable to analog computer simu-
“lation, so that they are not inverted from the Laplace domain to.the time domain.
These two equations are used in the simulation to describe the dynamic heat

transfer in the boiler.

Numerical Evaluation

As an example of how the Fi's and Tj's of Eq. 3.13 are found, the numerical values
for these quantities in Pathfinder are calculated. The heat transfer coe“‘ficient

from the U02 to the coolant is:

= P T o
= S (3.5
Ry Py | (3.15)

where dciand Ke ére'fhe-fhickness and thermal conductivity of the cladding
Tre f:lm coeff;cnenf hf, is about 6500 Bfu/hr-ffz-F for boullng cond|+sons, and
abou+ 3800 Bfu/hr #42-F for the subcooled part of the.core (assuming some 5ub-

“cooled boiling). Since about I8 per cent of the power is generated in the sub-

cooled part,

-23-.




ht = 0.82 x 6500 + 0.18 x 3800
= 6000 Btu/hr~f+2-F

Eq. 3.15 is then evaluated

4 = P
.028/(12 x 7.45) + 1/6000

= 2100 Bfu/hr;fT2~F , (3.16)

From the data available on YO, thermal conductivity, the estimated value for
‘the cracked, irradiated ceramic is about 0.9 Btu/hr-ft-F.
~ At the expected ful l-power operating temperature, the density and'sﬁecific

heat of U0, are 636 1bs/ft> and 0.073 Btu/lb-F, respectively. Hence,

§ = thermal conductivity = 0.9
3600 x density x specific heat 3600 x 636 x .073

S (3.17)
5.4 x 10”6 £1+2/sec

The- - fuel pellet radii are differenf.in the upper and lower halves of the

core. The equivalent radius is: .

- [ 20, lower x RZ lower + 2Qp, upper x RZ upper
R=y7o0 To0

=J0.4 (.013)2 + 0.6 (.0146)2 = 0.0140 ft. (3.18)
From Eqs. 3.16, 3.17, and 3.18, N and T are:

RH =:0.014 x 2100 _

N:
K 0.9

32.8

N

2 .
T=RZ - 0.0 = 3¢ 3 sec.
% 5.4 x 10 :

Usiﬁg these values with Figure 3.1, Fir» Ti» and Ty in éq. 13.13 are evaluated.

The boiler heat transfer relation for Pafhfinder_becomes:

710 o3
6.8s T T+ 1295 ¥

%) _ _o. © 0.05 0.
Qgts) T4 T+ 051 VT + +.03 (319

>
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4, REACTIVITY'CHANGE DUE TO THE DOPPLER EFFECT

An increase in fue! temperature causes a broadening 6f the resonance peaks
in the y238 cfoés section spectrum, regulfing in‘mofe’neﬁtrog capfureé
during the slowing down proces%.' This reactivity éhange, called the Doppler
effeqf; can be dirécfly associ;fed wffh average fuelrfemperafuhe, and

considered quite independent of moderator condifions.'

Assumpt ions

l. . Boiling conditions always pfévéil, and Thé average fuel temperature
never goes below 489 F

2. The boiler-fuel thermal properfieg are constant between 489 F and

1200 F.

3. The Doppler reactivity.is Ijnear with average fuel temperature between .

489 F and 1200 F. (See Figure 4.1)

The rise'of t+he average boiler f;él temperature from the channe! saturation
value (489 F).is: |
Movg = & f: (Qg-0p) dt | | | (4.0

where C is the total fuel heat capacity, and 69 is the boiler power generated }n
the fuel,‘;qd Qb is the boiler power transferred to the coolant.

'vlfAkd is defined'as the change in reactivity due to Dopplér effécf as +Be
' léverage_fuélhfemperéfufe rises above 489 F, assumption 3 perﬁifs:
3k g

= = constant o 4.
aTayg - 4 ( 2)_
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From Eqs. 4.} and 4.2

avg

[g"d RN <og«ab>d+. (.3

5.~ ENERGY AND VOLUME MASS BALANCE OF SATURATED PART OF PRIMARY SYSTEM

The rate of change of reactor pressure resulfs from an unbalance of The mass and
energy entering and leaving Jhénprgmaryésysfem. In caqulafing'+he'ener9y balan;e,
it is jmporfan? to differenfiafe between the saturated and subcooled wé*erljn the
sysfem. For simplicity, the vessel and Eecifculafiqn loops afe{+réaféd in‘fwo
p§r+s: (A) a_con+rol volume including the sqfurafed sfgam and water iﬁ'fhe‘QeSsel,
and (B) a control volume.jncluding the subcooled:primary water between the feed-
wafer ring'and the active core inlet, Thé first will be taken here, the sécond‘

in Sec. 6.

Assumptions

b, The thfrol volume, or volume of saturated water and steam remains
constant. |

2. During -both pressure rises and dropé, all the saturated water and
steam remain sa+ufa+ed, and enthalpy and specific volume fol low +hé saturation

line.

Der ivation
a) Mass balances
Referring to Figure 5.1, the rate of change of mass of saturated water is

ME= Wy - Wy = Wig | | ' (5.1)



.

e
- .
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Figure 5.1 Therma! schematic of primary system. (A-C 'Dwg. 43-024-710)
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and of saturated steam:

Mg = Wig - Ws (5.2)
b) ~ Volume Balance
The vo[ume oftsafura+ed water and steam is:
(5.3)

Vsa+ = Mgvg + Mgvg

where -v¢ and Vg are specific volumes of the saturated water and steam, respectively.

From assumpflon I

Vsa+ vaf + Mgvg + vfo + VgMg =0 (5.4)

c) Energy Balance
s _d A
Qb + Qm + hinwv - hgws - hfwd = E? (Ufo'+ UgMg)
= Mghg + Mghg + heMg + hgMg

_ Vsat P
J ‘ ©(5.5)

where éb is power transferred to boi ler coolant,
Qm is power transferred out of active boiler core,

Vi, Vg, he, hg are the internal energy and enthalpy of the saturated
‘water and ‘steam, respectively.

J is an energy conversuon fac+or

Combinlng Egs. S.I 5.2, 5. 4, and 5.5 to elumvnafe Mg, .g’ and Weg, and mak i ng

the subsfi+u+ions,,éh = hf - hin and wv - Wy =Hw$w + wps -_Wp, (See FiQUfe 5.1)

then, : o e . e

g vt hgve
ap, O + O - Wdn - (14 __;> hehs + —e3E g, ¥ Wog - W)
dt Mg dh¢ ) hfg an:> b (hahq : hfg anx\‘_ Vsa+ _ (5.6)
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Numerical Evaluatior

Due to uncertainties in evaluafing the saturated portion of fluid in the steam
separator regfon, max imum and minimum values of the denominator of Eq. 5.6
(defined as '"D") are calculated. Using-the minimum saturated water mass of -

32,400 Ibs and total saturated volume of 1424 f+°.

D, : =32,400 (0.205-728 ' 3.75x107°)+ 1025(728 x 1.25 x 107> - 0.017)~ 1424
0.732 0.732 | 5.4

= 749! Btu/psi : (5.7)
Using the maximum saturated water mass of 47,500 Ibs and total saturated volume
of 1729 3

Dpmax = 10,485 Btu/psi ' : | (5.8)

The best estimate is considered to be 34,200 Ibs and 1460 f+3, which gives‘
a an Of’:

D. = 8000 Btu/psi . . . | o BENER-
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6. _ENERGY AND MASS BALANCES OF SUBCOOLED PART OF PRIMARY SYSTEM

" The temperature and flow rate of the water enfefing +ﬁe'bo++om of the boilér»
core has .an appreciable effec+ on the core dynamics. Thé water temperature
just belon+he feedwater ring immediately reflects any changes in vessel |
pressure, flow raTes} or femperafurés. Héwevef,'a‘fransporf time must be
allowed for this Wafef +o'flow through the recirculation system before the
t+emperature change is fel+-a+ the core inlet. In this section, dyhamic core
inlet subcoo!ing is obtained as a function of the system flow rates, feacforA

' pressure, and feedwater temperature.

N

AsstE+iQns
b, : Volumé of‘éubcooled water is constant.
2: : Schdoled.wa+er is incompressible.
3; 'Purifica+ion out-f low, pumb—seai ih-flow,.and-pump engfgy given fo
" fluid are consfahf»aﬁd occur at” feedwater ring_fafher.fhan at their actual
locations. | |
4, -Changes in local pressure are‘equal to changes in reactor dome pressure.

5. Recirculation transit time is constant.during a process.

Derivation

a) Energy and mass balances at feedwater ring

oa-




Théjfiqw continuity equafion at fhe‘poln? of the feedwater ring is:
.1(5ée}a350mp+ion 3 and Figure 5.1) ‘ - a

Wy T Wy F W gy - Wo ~ ' . - (6.

ps
' Tﬁégéﬁefgylréfe balance is:

AR heW, = heWg + hoWpg + hfﬁwfw _-hrwp + Qp - ©(6.2)
;iﬁﬁeéélagf;s the energy rate given fé the water by the pump.

Ax‘._fcombining Egs. 6.1 and 6.2:

he = hy - = (6.3)
rof Wy + Wp

I   b) - ’Energy balance of subcooled control volume-
" Dur|ng fransuen+s, the internal energy of the subcooled control volume,(i.e.,

f;fhe volume of water between the feedwafer ring and +he core inlet, Includlng the
reclrculaTnon | ines and Iower vessel plenum) Is not t+he same throughout. Therefore,
+h|s volume is broken up along the flow path lnfo an infinite number of secflons
'.:of snf|n|+e51mal length, each of which has a volume, AV. An energy balance

for one of these sections is, using assumptions 2 3, and 4:
W, (hi_,» - hy) =0 = pAV h; - %‘L Py ' | (6.4) '
}n;fyhere“hi and h;_; are the enthalpies at the outlet and inlet of the TN section; |

U fsA+he rate of. change of internal energy in the section;

p is the density of the water and

J is an energy conversion factor.
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Fn. 6.4 is written for each section, and this infinite set of equations

is solved for the entha!py at the outl!et of +he-has+seétidnll The odflef
-enthalpy of the last section (which is also the core inlet enthalpy, hjp)
can then be written as a function of the enthalpy of the first section,

h and reactor pressure, Pj:

rl

PI(H) Py (-
hig(H) = h (+ - T + (T

r Y (6.5)'

where T, the transport time through the entire subcooled contro! volume is
considered a cons*aﬁf according +ovassumpfion 5.
Finally the subcooling at the core inlet is,
Wy = (We = Wp) Che = hyp) R (6ﬁ)A
where h;nAis obtained from Egs. 673 and 6.6, and
| Ah is defined as h¢ “.hin-
~In the derivation of Eq. 6.5 a flat vélocffy,pfofile was assumed for the
fluid in the volume between the feedwater ring aﬁd The'corerfnLef. Actually,
some undefermined amounf'of mjxing will occur just below Tﬁe feedwater rfng ~‘
and in the recirculé+ion piping, so that a parabolic veloci+y'profile will
pfobab]y exist. ColdAfeedWaTer would.acfhally Ee seen at the coreAinléT
gradually, rather than suddenly as the equation states. Thus, the pure delay:
indicated by the (+-T.) function should be a smoother function. As explained
in Sec. f5;l+he actual simulation of this delay phenomenon is smoother than

‘that indicated by Eq. 6.5.

. To increase the accuracy of. the analog simulation, the variables and equations

-are broken up into a steady-state and a variable component, e.g., P|'= P|o+6P|:
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Keeping only the transient part of Eq. 6.3 and rearranging:
Weodhe = WeoMtwoWpso) Shy + (hegmheg) AWr

HOW =8W, ) Bhe - (hy che ) W a (6.7)

+ 6wfwéhfw + Weyuobhey 6Wréhr

The transient part of Eq. 6.5 is:

' W o Wro
WroBhin(h) = WpoBhe (1-T,) = =55 0P (T=Tp) + =78 &P (1) (6.8)

where Ah, is evaluated from the steady-state solutions of 6.3 and 6.5 as

Ahg = heg = h;

o ino~ Nfo = b

0. o 'ro

(6.9)

wfwo W '
—22 (h¢y - hey) + 222 ¢
Weo fo fw Wro (hto

’"hpso) - Qp

Thus, W,Ah is generated in the simulator from Eqs; 6.6, 6.7, 6.8, and 6.9.

7. REACTIVfTY IN_VOIDBS

Voids in the boiler-coré.moderato; increase the fuel-to-moderator Fafio

and decrease the core reactivity. The reac+ivf+y‘decreasé due to boiler

" voids can be expressedAas a fun¢+ion of inlet flow, subcooling, and boiler‘power.
The voids in the superheater hoderafor have been féund to have a negfig}ble

effect on reacfivify; so they are neglected here.

- Assumptions

b Axial power shape is the same regardless of subcooling or power level,
as long as no more than 40 per cent of the power.is used to saturate the coolant.

2. In calculafihg the-effective void fraction, the local coefficient,
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Okgff/3x, is constant in.the lower core ha!f, and constant at 68 per cent of

this value in the upber core half.

3. The axial fast flux is the proper void weighting function,

Alfhoqgh under some conditions ;he vélidi+y of these assumpfioné méy.be _
questioned, the net effect on the resul%s ofrfhis secffon is minor. |
Derivation

a) Mean EffecfiQe Steam Fraction by Weight
The effeé+ive steam fraction is the acfuél steam fraction multiplied by the
focal void-reaéffvify importance fﬁnc+ion shown in ?igure 7.3. Thus, the

mean effective steam weigﬁf‘fracfion is:

) | ' ’ :
X = L P (2) x(z) dz _ (7.1)
o - :
and,
x(Zj = xg [o=) ".(..)(20)] . ' >. o S (7.2) l
b =0 (zp) ‘ '

“where, é is fraction of core he}gﬁf measured from the boTTbm,

io is position of boifiné incidence, |

x(z) is the steam fraction by weight at position z,

Xe is sfgam,fracfion at core exit, |

- 0(z) is fraction of core power generated below z, and is éssumed to
be a func+ipn-of z only (assdmpfionAl). See ngure'7.4.-

‘¢i(z) is fhé_lo¢a|Avoiq—reac+ivi+y iﬁporfance function, and according

+oqassumb+fon$ 2 and 3, }s the fast neufroﬁ flu% for z <0.5, and

0.68 times +he,fas+ flux for z 0.5, normalized such that

J" ®| (2)dz = 1.0.
.,0
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The Eela+ionship befween steam fraction by weight and volume depends on the

‘ship (Figure 7.1) would probably be the best estimate for the steam volume-

fraction-to-weight-fraction relation.

Eqs. 7.1 and 7.2 were combined and numerically integrated (using Figures 7.3 . .'
and 7.4). A change of variable

Qlzg) _ Ah

: = 7.

i s made; where, Ah is the enthalpy of subcooling, and hfg is the heat of

vaporization. The resultant function js approximated by
X =1 %xe - E == ) (7.4

! . »
where, T = [ ©! (2) ¢(z) dz = 0.537, and

E, graphically evaluated, is 0.375.
Eq. 7.4 does not consider the dynamics of void formafion. Hence,

X(s) = % g(s) ‘ A : (7.5

where, g(s) is derived in the next section.

The exit void wzight-fraction, xg, is generated from the equations:

and

Weg = Qb = By _ Miq g

- k (7.7)
hf’g aP|

where, awfg/aﬁ[ is derived in Sec. 9.

b) Mean Effective Steam Fracfioh>by Volume

préésufe, the chanhel.geomefry, and coolant velocity. Experimental data for

condifioné similar to Pathfinder indicate +Ha+ +he Modified Ma#+ine|li relation-
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points were obtained from PDQ code. (A-C Dwg. 43-024-754)
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) Reacfivify In Voids
Varjous_cgre conditions with widely differeﬁf values of<inle¢‘§ubcoo)jng and
power level were used as inputs to the PDQ code on the (BM 704 Compu+er from
which the values of reactivity in voids wererbfained.. For each of these
core conditions, the mean effecfive void volume-fraction was cafcula+éd as 
in "a" and "b'" above. Figure 7.2 shoWs Tﬁese void,voluhe—fracfions plotted
égains+ the reactivity obtained from +he PDQ broblems. ‘Thé reac+iv}+y cé—
efficient is quite constant at 19.1 $/a. o

The relations simulated are €qs. 7.4, 7.5, 7.6 and 7.7; Figures 7.1 and

7.2.

8. VOID REDISTRIBUTION DYNAMICS

1f boiler core power or subcooling chahge suddenly,'}he axial void distri-
bution will chahge according to the eqﬁéfions in Sec. 7, changing the core
reactivity. However, the total reacfivify;he]d in voids does not changeAI
suddenly +to a new value after the disjurbance; becauée the newly formed VOids: ‘
must be washed up the core before a new steady-state distribution can exist.
Thus, a certain time lag, associated wifh the core void-TransporTlfime, must

be accounted for in calculating the void changés in the core.

Assumptions
. All assumptions of Sec. 7 apply.

2. The function g(s) is derived for void disturbances resulting from -
power changes only, but the result is also applied.to disturbances restilting

from subcooling changes.




-y
T

3. ..The axial core boiling ltength was taken .as eight sections,:with i~

conditions assumed uniform throughout a section.

Derivafioﬁl

Cons{der aﬁ.impuise in boifer core boﬁer variafioﬁ.':fhé void dfs+fibu+ign

will ﬁof refurnlfo f+s oriéiﬁal condiffon unfil'fhé'new voias forméd g+ eééh
axial core posi+i§1 have beentwéshed ouTbo;A+he core.l The neﬁ vo}ds forhéd

at core posTTiop z (fraction of core height abové bQ++om$'wiJj have béeﬁ wééhed

out after a time T(z), where,

| dz 1
'r - —
(2) z v(z) : . @-h

and v(z) is steam velocity in core-height-per-second. This isvconé}dered a
Transpgkf'Jag.v'Thé'LapIace transform is used toinclude this dynamic effect
in Eq. 7. I

| o %(s) = sz P! (2) x(2ye TS ¢ - (8.2
where; the symbol§'pfhér fhan_T(é) are Qefined in Sec. 7, and é(zo) is con-
sidereq constant for the purposes of this +ransjén+ effeéf (assumption 2).

From £q. 7.5 and 8.2 the transfer function g(s) is:

g(s) = j;o Y (2)e"T(2)Sqz ' (8.3)

where, from the relations derived in Sec. 7:

| 9, (2 @ - 0ze)]
Y.'(Z).g '

by ) L (8.4)
J;o ) (2) [0(2) - Q(zp) Jdz '
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- To facillfafe the solution of Eq 8.3, fhe core IS broken down |n+o
eight axial secfions Eq 8.3 being expressed as a summa+|on |ns+ead of an

lnfegral, and the perfecf lag |s approxlmafed such fhaf Eq 8 3 can be

wrtffen as:
S = TWTIT) e e
where,
IR
2o + _i__B o)
o= | ¥(z) dz g | 8.6
T 7| '
2o P (il o)
and
20+ 1 = 20)
-8
. ' | dz o . : o
'ri = R ) V(Z) . . o - (8.7
zo + i )Sl;;___l\

Numer ical Evaluation

4The‘valu§s of T; and ?i wgre_calcujafed from Eqs. 8.4, 8.6; 8;7 using Figures
7.3 and 7.4 and a steam velocity v(z) " given by Eq. 8.8. | |
N vii) = 4;33 z se.c'I | . ' | ' A(B.B)
'Examlﬁafion of Figure 8.1 sﬁows that onelsingle Iag wifh'a~break frequency
'of 20 radnans/second is a good approxamaflon *o the more exacf €q. 8. 5 in the

Thus, Eq 8.9 is +he relaflon snmulafed that

.frequency range of |n+eres+
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=&

accounts for the dynamics of void redistribution,

I ¥ Tys (8.9)

g(s) ~

.'9.__ PRESSURE_EFFECTS ON REACTIVITY

The boiler~-core pressure can affect the moderator densi+y; and, thus, the
core reactivity, iﬁ three ways:

1)  The static reacfivify'céefficienT’due to chaﬁges in steam bubble |
sige and water temperature and densify,_which.deﬁehas ubon +he'ﬁagni+ude of
the preésufe.

2) The transient coefficient, which inéludes the changes in amount of
steam voids because of flashing or condensation resulting from a rate Ef
pressure change.

3) Changes in core inlet subcooling,'or'coré non—boiliﬁg léngfh. Thi§

effect was treated in Sec. 6,

Assumptions

. The mean void fraction by volume is equal to the mean effective
void frac+fon by volume (See Sec. 7). | |

2. Changes in the steam dome pressure are the same.asjfhoée_fn'fhe-
boiler core pres$Ure.

3. The normally saturated core'wafer and sfeam‘always fpllow +h¢ satu~
ration |lnes.

4. The results are linearized about 615 psia.
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=

Deriva#ion : o
a) Static Effect
The‘reacfivify coefficient due to pressure effects onuchann;fldéhéify is:

dky 8k, 3T Opc - - A
3P, T 3T dp. OF; : ~ (9.1)

where; +he channel density, Pes is

il

I = R R € el (9.2)
v Vg v
the void fraction by volume, @, is
_ | ‘ 1 -
Q= sh » ' - (9.3)
v
] S <~ h[) Vvt oNtg hf
: v vq.Xhiq -
where: 9 9
v¢ and Vg'are the specific'volumesfof sa+urafed'Wa+er‘and §+eam,
hfg is the heat of vaporization per pound,
S is the channel slip ratio,
X is the total steam fraction by weight, and
P, is the core pressure (see assumption 2).
Froﬁ Eq. (9.2):
el | - (9.4
= —y : .
apc N ) ' . )

Remember ing that the product hng ié independent of pressure, from Eqs. 9.2
and 9.3 it can be shown that’
3p

- _ o
C — - _!_3dh¢q. | - q) dvf
3P| [ <Vf " Frg 3 > + va‘ 3 :| L (9.5)
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Substituting Eqs. 9.4 and 9.5 into Eq. 9. 1:

My, LBk o e o S

> - T U-® [E(.’.‘_av | 3nh¢ >+(|-a) dvg

bf’l _30L _ . T\ Vg ?_q g B_—Q,Pl Altew ,._.._apl o
To 5|mpl|fy ‘the analog canU|+ry, The (I - a) fac+or in fron+ of +the bracket

‘s consudered consTanf, so Thaf 3k /BP| becomes a ||near func+|on of -@.

b)  Transient Effect .
Taking the confrpl volume as the safurafed water and steam in the bore, aha as-
suming ;ore'poweé and subcooling constant, £Eq. 5.6 can be appliedﬂ+o +he core,
giving
anq L o ST ' .
KT <| vf o - 9.7
A - g Vfg S . 4 .

where, D' is evaluated just as D was in Sec. 5, except that the masses and

volume apply to the core only. ng is the core exit steam flow.

Eq. 9.7 is used to evaluate Eq. 7.7.

Using the values for the boiler core, D' is calculated:

D' = 2100 (o.z - 3.5 x 1076 x 228

0.73/
- . -3 728 53

and Eq. 9.7 becomes

— =057 | 9.8
¥ 728 (I +————0202 T LGP
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10. SUPERHEATER TEMPERATURES

The superhea+er fuel elements contain +he|r fuel as a U02-s+a|nless s+ee|
cerme+ in +wo concen+r|c annuln with sfalnless s+ee| cladding. Sfeam_flows

on either side of each annulus in +hree annular sfeam spaces (See figure 10. l)
Al+hough +empera+ures at varlous pounfs of The superheafer are wndely d(fferenf,
the only two positions of interest in dynamucs studies are +he ho+ spo+ and +he
superheater exit. Hot spot data (including wire spacer effec+s)]were obtained
from HéaT*Transfer‘sfudfés'dnifhe’digi+a1 computer for the reference design

of 750 F ﬁéxihum exit steam Tempenafufé. Thé-equaTions<derived'here use these
data to give the transient +émpera+ures at the hof»sbof and superheater exit

as fupc+ions of neutron fqu and steam flow. This simulation is gre§+ly
simplified by +he fact Thaf the sﬁperheéfer-fempeka+ure'feacTivi+y coefficients

are negligible.

Assumgffons

. The neutron qux'Ievel'fhroughou+.+he'supeﬁhéafer‘varFés uniformly
with the total reac+or'f|ux'level.

2. Reactivity coefficients in the superheater are negligible as compared
with +hose in The bO|Ier |

3. Flucfuaflons |ﬁ’+he amoun+ of hea+ +ransferred by radiation are
negligible. .

. 4. The thin fuel tubes can be described wifh.lumped.parame+er, flat

plate geometry. |

5. The heat transfer coefficients are functions of steam flow only.

6. The steam heat capacity is negligible as compared to that of the fuel.
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Figure 10.1 High-enrichment superheater fue! el!ement.
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7. The specif}c heat of the steam at the hot sp9+ andlaf the exit are
constant during the expected temperature and pressure variations.

8. The steam enthalpy at the inlet is constant.

Physics calculations indicate that assumptions | and 2 are wifhfﬁ the
accuracy of the overall simulation for reasonable power fluctuations.’ Assumption
3Ais valid except at very low power levels ( < | per cent 6f full.power). With
regard to assumption 5, the uncertainties in the absolute vélue of the heat
fransfer coefficients make a temperature correction illogical. The remaining

assumptions do not éppreciably affect the accuracy of the results.

Derivations
Considering a lumped-parameter fuel tube, the energy balance across the fuel

surface af'some axial point (taken here as the hot spot) is:

' - == dT hf' ;
c. Gthf.
Qn ~ 9n h oF - (IO.I).
where, éh = power generated per #+2 of surface area at hot spot,

q, = heat flux at surface at hbT spot,

fuel heat capacity at h6+‘spo+,

O
=
il

Tht = fuel temperature at hot spot.
If the steam heat capacity is neglected with respect to Cy;
ah = Ha(The — The) ' (10.2)
where, Tphg is'+he steam temperature at the hot spot.

The heat transfer coefficient ”Hh” is considered és a function of steam

flow only, so that:

Hn = Hho(Ws/Wso)0’8 (10.3) <r~\
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. - If .The neutron flux throughout the entire superheater is assumed to vary

uniformly. with the neufron,flux\Calqula+eg'jn4Sec, 2; Thg@;

.9 S o S
Op = n ‘%% | | A - (10.4)
and
Ii , _ Gh - SR
We(hy, = h)) = - Wsolhho = Do) . (10.5)
: . . t ho R TR ) E < Coe C

Changés-in the ho+_spo+ steam temperature are re]afed to éfeam.eﬁ*hélpy
changes simgly by: | |
o7, ﬁ'éﬁh | o - " (10.86)

P : .
since cp,'+he sbecific'heaT o%'sfeam,'fs Qefy néakiy 6.cbns+5n+'iﬁl}5e fower
regions of ~the superheafer for all reasonable'pressufg and temperature éWingé.
Because of assumption |, the bulk s+eam‘+emberafuﬁe change at +he:superhga+ér
exit can be written as: |
- cb(ﬁzd —AE|6)

8T, = 8T (10.7)

‘CpZ(hho - ho
where, 52 and cbz are the enthalpy and specific heat of»gfeam éf +Hé exit.
The inlet enTBaIpy; hi, is considered constant.

éecause of the 6éélf§iéle:s+eéﬁ héé+-cabaci+y{'+he abdvé.se+ of equéfid%é
must be re-arranged to avoid an algebraic Io&p in the aﬁalog simulation. " |f
Eqs. 10.2, 10.3,:10.5 and 10.6 are combined to eliminate Tﬁs; hy, and Hh;'.

Theré resulfs:

ol 0.8 T
q = - T _ T + ho lO)
9T | Hholbho “HiQ . i _g.pl- | Tht T Thso T
T e g (/M) P :
P (10.8)
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ol

When'Eq.‘IO.B'is'appfied to +hé“Pa+hfinderfSuberhéa#er'ho+ spot, the first
bracket is almost |inear with steam flow rate betieen O and T10 per: cent™flow:

Therefore, it is approximated by:

Ws Hho . 1 =l Ws '
Wso - Hho(hho - hlo{J =T Wso 1 ' ¢16.9
: Cp Gho

Using this approximation in Eq. 10.8 aﬁd.kéeping only the transient part

4 e,
; ;

of the results: -

. .hho - hlo -
' Thio = Thso ¥ — <5 8The W | B
8ap, = Hh [EThf'+A m P— bwg + ——D%—-—ﬁ (10.10)" -
SO - - Yso

Combining €qs. 10.5, 10.6, and 10.8, the approximation of Eq. 10.9, and

keeping only the transient parts: _

o1, = Pro T Miod gp 0D
hs 6 hf : ST
€p “ho ' :

And, finally, combining the transient parts of Eqs. 10.1 and 10.4

Oho dTh¢ : T

Egs. 10.10, 10.11, '10.12, and 10.7 are simulated with én and 5ws'as The‘

inpgtsdand 6{5, 6Th¢, 875, and 8q,as the available oufpdfé.

||. THE STEAM SYSTEM .

The equations describing the pertinent sfeam'¥lows and preséunes‘from the
reactor dome through to the furbine and dump valve are derived here. The

dynamic. effect of s+éam'c5mpﬁessibi1i+ylfs taken into account. These equations
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generate the input (steam-line pressure) and use The ou+pu+‘(+urbine-inle+ _
~ and dump-valve positions) of. the control system (Sec. 12). The steam 10w

schematic is Figdre N I

Assumgfiqns

“1. The steam is sufficiehfly,superheaféd to follow the perfect gas
law. |
2.  'Thé steam inertia can be neglec+ed;
3. Shock wave phenomena‘are‘no+ cénsidered.
Assuhp#ions 2 and 3 have been analytically proved valid. Any shock waves

set up in fﬁe'line are highly damped.

Deriva+jon
a) Steam Line Pressures
The superheater exit pressﬁre variation is:. |
6P, = 6P '-A!l?’s+‘APso | | o B i
(refer to Fiéure ﬂ.l for symbol definitions)
and at the turbine inlet: .
5Pz = 6P, - MPg; + OPg o o o A' 2
wheré, the superhea+ér pressure drop (APg) is éﬁown in Figure 11.2 &@s a.
func+ioh of steam flow rate. The sfeam Ijne pressﬁfe drop is:

Apslrz(APslol/.ws%o) Wszl .‘ ‘ - - 3
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Figure I!.1 Steam-flow schematic.” (A-C Dwg. 43-024-804)




120

100

»
o

3

L . A A RATED - VALUE

PRESSURE DROP - PS|

8

OM s [ I A A L

[ 02 04 08 08 . 10 .12
FRACTION OF RATED STEAM FLOW (vvs/ws)

4

-Figure 1!.2' Superheater pressure drop versus steam flow.
(A-C Dwg. 43-024-763)
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b)  Steam Line Thermodynamics and Flow Balances

Using‘assumpfions I, 2.and 3, and using P, as The'average sfeam line pressure
(since APy is small), the steam line Thermodynamfés can be described by the
perfec+ éas law,

Py = éST2M5/|44 Ve I A RS
where,‘Tz, Mg énd Vg are the +emperafure,m§ss and yo|ume,qflfhefs+eam‘Fn the
line, and Rg is the gas constant for .steam. T2 here is degrées.Rénkine.- A
reversible adiabaf?c process is assuﬁed,

-k | -k

oy ——

k

where, k-is the ratio of specific ‘heats: for the superheated steam and- the steam

| ine mass balance:

dMg

—5F = Owg) oWy -'éwb : s . S )
Linearizing Eq. |1.4 and I'l.5, and ;olviﬁg Eqs; ]3.4; II:5, and 11.6 to eliminate
T, and Mg: | o

SW ; SWy + Owy, + lﬁf;zé—-gfz

s t b 7 kRgTpo . dt - (.7
Also, from Figﬁfe ll:l:
BWg = BWg| + OWg, | ‘ | - | (1.8

c) Steam Flow Througthurbihenand Dump Valve
Flow Through +he turbine is critical and thus can be described by

Wy = S¢ P3/ VP Vg : | (1.9
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Qhere Sc, the ”;apaci+y coefficient’, is proportiona! to +he.inlef valve
posifioﬁ.. The producflof +he pressure and specific volﬁme (P3v;5 ;s considered
constant.

F!ow”+hrough the dump valve may be simi!arly‘described by - .

"Wy = SpP3/Pavg | 1 (11.10)

where, Sy, the "capacity coefficient"”, is proportional to valve position.

The transient parts of Egs. 1.9 and 1!.10 sre:
By = (1 /WP3vg ScoP3 + PaghSe + P30Sy : URD
.and _
By = (1 Pav (Pag™Se + 8P35S) . , (11.12)
Eqgqs. 1.2, I!LB, LV.4, tE.5, 1.7, 118, 1., qnd 11.12 are simulated using

the values listed in the symbo! sheets for the constants.

‘d) : Reactor Safety valves
Four safety valves are located at the superheater ex{f and will paés §+eam
direcf@y to the condenser. Figure I1.3 shows the individual capacities of
the fecur valves for bofh increasing and decreasing pressufe'af the valves.
The fourth safety valve is a dual purpose valve which operates automatically
on overpres;ure or by motor drive on simu[faneéus closure of turbine and dump
valves. |

The pair of general equations describing the flow through each safety
valve after Py has reached the relief pressure, and‘before it drops SelowA

the reset pressure are:

(WSV>i = mipz _'bi , P_. s P2 s P

ri pi
= ‘- .. ’ . ‘ l!’
(mi = mji) P2 + bj; - b; , P> Ppi ( 13)
where ihe subscripf "i" indicates the safety valve number, and P-jand ﬁ'u are
. . pi_

_57_ .



VALVE ¥4

SAFETY VALVE CAPACITY -LB/SEC.

- A
L : . .
45 =T"ma -m 14
T /
a0 | — "
1s |
k L!4hpr4 ’ s Pps
(o]
VALVE ¥3 — s ~ M 33
45 —
30 [ A m3
15 |
-
o L L™ k Ve
as VALVE ¥2 ___ ——-— Mz o
30 I /'4{
K
N | 4 Pp2
0 L_ué 2 y

45 VA'LVE*I 4/L St
N my |

30

5

o | /4 ' ) " 4 : ‘
560 580 - 600 820 640 660
VALVE: INLET PRESSURE (R) - PSIA.

Figure !!.3 Individual safety valve characteristics.
(A-C Dwg. 43-024-765)
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le

" reset and popping pressures, respectively. It is assumed that each valve has

the same simple lag response for opening and closing. Thus;

iz; <qu>?

J e s

Wey =
S 4 1S

(11.14)

-12.  ACTUATORS AND CONTROLS FOR_THE TURBINE TNLET AND DUMP VALVES
The functional scHemaTIc of the controls Is shown'in'Figure.IZ.l. The turbine .
inlet valve is positioned by s+eam-line.pre$sure error through a triple-action
controller (RP-10a). The pressure 5e+—poin+.is modified during +rapsfen+s by
a femperafuré error signal from the superheafer'ex7+ steam, in ofder +o‘minimize
superﬁeafer temperature transients. The Tempera+uf§.error signal is first sent
through a proportional-plus-rate control ler to compensate for its measuring lag.

- The dump valve opens, gnd assumes the pressure regﬁ|a+ion, only if TheA+urbine
inlet vafves have reached their fully open ﬁosifion. The "excess deriand"

signal reaches the -dump valve actuator through suhmer RP-10e.

is provided to qulckly open the dump valve. The simulation of this relay system
WITJ be included in a subsequen+ report because it is considered as a speclal

|

|

, - For .emergency conditions such as turbine trip or load dump, a relay system
input to the basic simulator.

Assumgffons :
| 4 I. Velocity limiter RP-10d perfectly matches the dynamics of .the inlet
"valve and écfuafor.

| - 2. The measuring lag of temperature transducer 960 varies as the in-
| , ' : 4
k verse of steam flow to the 0.8 power.
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Derivation

a) Turbine inlet vValves Actuator
A pneumafic-acfﬁafor moves‘ab“reach rod" into the hydraulic turbine control
system. This hydraulic system cqnsiﬁfs of a pilot valve, ;‘power piston and
cylinder, and mechahicalmlinkages; The experimenfal dynamic respénse of the
pneumatic acfuafof alone approximafes'a perfect lag of T, sec, and is simulated
as suchA(Figure !5}I4)i . The response of the Pydraulic_sysfem was calculated as
an order of magnifudg faster, so it is assumed instantaneous on the simulator,

The pneumatic actuator can move the valve at a rate no fasferAThaﬁ full
travel in 3 sec. This limit, along with the fully open and fully closed
limits for valve travel, are included in the simulation.

b) Dump Valve Actuator
- Experimental respcnse data for'fhe‘hydraulic dump valve actuator has not been
available. A simple Iég of'Tb sec; is assumed, - since fhe'responSe should be
quite fast anyway. The minimum opening time for fﬁe vaive is-0.4 sec. This
limit, albng Wifh fhe'fully'open.and fully clOSed.Iimi+s for valQe travel,

are included in the simulation.

- ¢) Con+r§ls
The lags due to pneumatic tubing, Fesponse of the pressure transducer, etc.,
were found *olbevso short that they can be neglected with respect to the cut-
of f frequency of The_pneumafic actuator. As mentioned in aséumpfién l,'fhe two
'fnpufs of,summer RP-10e éxac+|y caﬁcelzeach other unless_+he intet valves are

fully.open, in which'case the demand signal actuates the dump valve.



The actions of the rest of the control components are obvious from

Figure 12.1.

|3. FEEDWATER SYSTEM

The feedwater flow is regulafed by the reactor leve! control sysfem,'which
insures'fhaf the feedwater flow is élwaysApropoffiona| +o the steam flow.

The feedwater is heated by turbine bleed steam in the feedwater heaters, so

vi+§'+empera+ure varies with steam flow. A regulating system is included in
fhé'lasf»heafer +o<preVen+.+he final feedwater Tempérafufe fromadropping below
‘340 F. Thus; aBove 8| per cent steam flow, the feedwafer fémperafure increases

with steam flow, and below 8! per cent it remains at 340 F.

Assumptions

. The level control system is represented by a simple lag by which
changes in feedwater flow lag changes in steam flow.
2. Feedwater enthalpy is linear with steam flow at steam flows above

8! per cent rated, and constant at 311.1 Btu/Ib below this. point.

Derivation
a) Feedwater Flow
The Trénsfer function of the level control system and feedwater valve actuator

is assumed to be a simple lag:

SWs - . S :
Wy = ——m— | (13.1)
| + vas

where, W¢, and W  are the féedwater. and steam flows, respectively, and

T¢y is estimated at about 2 sec..

-62~-

o

F




b

b)" Féedwafer Temperature

Between 8! and 100 per cent steam flow, the feedwater enfhélpy changes'af a

rate of about 0.54 Btu/!b par Ib/sec of steam flow. Below 8! per cent steam

flow, the régulafing.sysfem keeps it constant at 3i1.1 Btu/lb, or 94.6 per

Hcenf of its rated value. The time constant due to transport lag through

the feédwafér heaters at raféd flow is esfiméfed'af about 20 sec. (ffh"

‘TheLequafions describing this system are:

. bh{' | S
bhiy = W e > -19% W
S s 14 Teps s =0
(13.2)
She, = - 5.4% heyo BWg < =19 Wgy

14. RECIRCULATION_FLOW_HYDRODYNAMICS
The study. of the hydroaynamics of The.recirculafion sy§+em is broken down
into three areas:

'.  Inter-loop flpw of the Three Eecircula+ionlloops:'

The individual flow rates can be expected to be very similar in the
operating recirculation Ioobs if the butterfly valves are'Qperafed in 3 ganéed.
manﬁer, since the core head loss (common to all Ioop;);is quite large as com-{A

pared with the individual loop head losses. The individual losses are very

.nearly equal. ' Therefore, for simulation purposes the three fobps are considered

as one with the combined.characteristics.

2. Flow.division among the fuel channels: .

‘Flow in individual or multiple-channe! cores of the Pathf inder type with
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forced recirculation is very stable. This permits cgns[derafion of the boiler
core, for simulation purposes, as a single channe} mode | wi+h its paramefe(s
expressed as the radial ave?ages.

3. Effect éf core voids on recifcujafion flow rate:

Increased voids in the core can either increase or decrease the rééircu—
lation rate, dependiﬁg on the magnitude of Tﬁe flow réfe and fhe'oberafiné mode
of the recirculation loops. For natural circutation, an increase In voids in-
creases the density change through the core énd can increase the flow rate. At
high recirculation flows, the 'choking" effect pfesenTed'by the voids overrides
this density effect, and decreases the flow rate. During forced circulation, in-
creased voids decreases the recirculation flow rate. The relation between core
steam flow rate and recircula+ionAflow rate due to these effects is derived in this
section. The lower |imit of the Pathfinder flow range is still high enough to have

a negative void - recirculation fiow coefficient.

Assumptions

. The dynamic effect of the water inertia during flow changes is
neg'ected. The inertia of the pump impellers need not be included because they
run at éssenfially constant speed.

2. The approximation shown on Figure 14.1 is made.

Derivation
Characteristic curves of core steam flow versus recirculation flow were calcu-
tated for several butterfly valve positions for one, two, -and three pump

operation. These characteristics are fairly linear, and their slopeslawv/awfg
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ed agafns+ their zero steam flow intercepts (va)gih\Figuﬁe 14,1,

are plott
The ”!fneahuapproximafion” of Figure '4.1 is used in the simulation.
approkimafe equation of Figure 14.! is integrated, and the boundary

. The

conditions

Wy =W, at Wy = O
and
t 1 .
Wy Wy Wy Wyo at Weg = Wegg
are app!ied. The transient part of the result is:
W, = fwg (f" - 2.8 x !O_4WV2> LA (g4
\Y N =q AL - .
9NI"-478x 107" Wgq v Wtgo!
-4.8x 1074 '
_ .8 x Mg Ay (14,1)
where, W; is-a function of pump speed and butterfly valve position.
- 5 _
U
n -4
My
- Y
/\
S b -3 /
AL 1~
N A
w B yd
.
E o, d
g P74
X , by .
W - , v
=} SIMULATED CURVE7 —COMPUTED
J CURVE
g - <
e Pz //'
S & ::”),/’
0 A / A A A
o .2 A .8 .8 10 2
FRACTION OF RATED RECIRCULATION FLOW RATE (vvjl)
. vo
Flgure 4.1 Effect of core steam flow (W¢g) on recirculation flow rate

(W) . (A-C Dwg. 43-024-766)
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|5. ELECTRONIC ANALOG COMPUTER S [MULATION

5.1 Introduction

This section gathers the final equations from the other sécfiohs and ‘shows
the computer circuitry used to simulate the equa+ionsr The-subsecfions
herein are numbered in accordance with the previous sections; for example,
the equafjons and circuitry for Sec. 2, "Neutron Kinetics'", are contained

in Sec. 15.2 In some instances rearrangement and combination of the
gqua+ions developed in the preceding sections, as wel[.as some addffibnal ,
equations, are necessary for the computer model.

The pot settings are shown on-the diagrams where it is conveniéﬁT.
However, all pot settings are given both symbol?cal[y and numerically in
Appendix A. All symbols appearing here and in Appendix A are defined,
given units, and evaluated in Appendix B.

Several circuits, such as those simulafing control rod motion, scram,
turbine trip, etc., are not shown here because they are CJassified as special
inputs to the basic simulator, and, hence, beyond the scopé of this report.

The circulitry used is drawn in symbolicAform showing fhe,acfual
computer components utilized. The definitions of the computer symbols
used in these diagrams are given in Figure 15.18, and the compléfe computer

diagram of the system is shown in Figure 15.19.

-66-




15.2 Simulafioﬁ of the Neutron Kinetics '

- The equation generating change in neutron population is

-d - 5k -1 |
dn _ (Bkex =1) n 'ji i Ci . : (15.1)

dt 1*/B et

where each of the six groups of delayed neutrons are from
—L = —— -\ Cj | ‘ O 15.2)

and the excess reacTivf+y is generated by

Bkgy = Krogs - Ky - Kg ' (15.3)

rods v

- The analog circuitry for these eight equations is shown on ngure'LS,l.

oung

- Figure 15.1 Computer
diagram for neutron
kinetics.
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15.3 Simulation of Boiler Fuel Heat Transfer .

Combining Eqs. 3.13 and 3.14, fhere.resulfs;

- 3
. . .3 V) R
Qp(s)-_ Qgo 0 - }E i, __i=l . Qgo Y
n (s) no ‘ S {+T;s I+T4s no

which is simulated by the circuit shown in Figure !5.2.

U N .
'“‘——:j1ibgﬂﬂfﬂ;
i}

9

Figure [5.2 Computer diagram for
' . boi ler heat fransfer

(15.4)




15.4 S|mu'a+|on of the qupler Effecf

:

A fracflon, Y, of the heat generafed is +ransferred lmmedlafely by nuclear
radlafton +o fhe coolan+ hence,u+ ‘has no effect on fuel femperafure

Using this fact, and comblnung Eqs 3. |4 and 4. 3, fhe reac+|vs+y ‘due to

fue! temperature change is:

5 .[ [" Y) n -(Qb - Yg%g n)]'df o (15.5)

avg

-10 ky

Figure 15.3 Computer diagram for
‘Doppler reactivity.




15.5 Simulation of the Enerqy, Mass, and Volume BalanceAéf'Sé+dfa¥éd‘Paﬁ+ .

of Pfimary System

‘It the denominator of Eq. 5.6 is defined as "D", and the fol lowing substitutions

are made in Eq. 5.6:

. Omo
= —n
Om o
Wg = BWg + Wgo

Wey = BWgy + Weyo

there results:

dt no

[+ ) eg wso -

(15.6)

(15.7)

(15.8)

dP . h¢qV v
"é{%*g@n-wvﬁ“—fg—fﬁwfw'(' *V%)“fg s

Vfg

W v - ]

where the terms in'The»erCke¥s are constant.

-0.000% Qb

®

-5p -025p,

-o.5Nn

Figure 15.4 Computer diagram for generation of reactor pressure.
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15.6 Simulation of the Energy and Mass Balances of the Subcooled Rart of

the PFimary Sysfem

Eqs. 6.6, 6.7 and 6.8 are combined with the relations

dh¢ : :
Shf = —L 6P ~(15.10)
f oP| L :
and A
SWr8hr =~ (Sht - 8Ah) SWr - (151 1)
to obtain:
dh | L ' ,
WV WFO BP] pJ-> | .A_o Wr Wpoﬁh

+ 8WrAAh + Wrohho

ahf
{(Wro <] - 5333;7357:> - wao} P 5?| t (hgo = heo) AW,

, oh B
+(6Wr - 6wa) apf 8P| ~ . (hfo - hfwo) 6wa

Sy FWyoihey * W (}Ah - ép,:& (IS.!Z)

where the steady state value.of Ah is evaluated fromEq. 6.9.
The compu+er‘diagfam of Eq. 15.12 is shown in Fuoure 15.6.

" The analog S|mula+|on of +ranspor+ delay is: approxnmafed by the follow:ng

transfer. function.

e'TrS. 476 - 160.5 Tes +22. 8 Tr 2 2. .48 T, 3 3

(15.13)
476 + 309 Tes +91.8 T, 252 4 12,1 1,767 + 1464




which is preferable if +he signal to be delayea cdnfg?ned‘fréduénéies about

w as in‘s+ep response or ramp response. (The transport delay circuit:

B

is shown in Figure [5.5.)

Figure 15.5 Computer diagrgm for
+ransport delay circuit.

SM7
N |.5

+0.01 SV fanwar conraos wevk

_ ‘ e -
D) > SM2

-MWPD—"@ L~ N

b\

N | - TRANSPORT
584 OELAY C(IRCUIT
£16- 15.5

Shey ~&

Figure 15.6.. Computer diagram for genera+ibﬁ of subcool ing.
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5.7 Simulation of the Reactivity in Voids

The reactivity in voids is simulated by the fo!lowfné refé+ions

. adk _ .
kv = 55~ FGO . . . N S N )
% =T xe - €20 - = . (15.15)
. hfg _ o
xe = Wfg/Wy ‘ . (15.16)

_Qp  BhMy, AWy . '
Wig = — - —— - 3 Py o : (15.17)

. W
W, = 4O

wVO

(15.18)

\

The compu+er'circui+ry isyshown'in Figure i5.7. Sinée Xg and X have
.to be positive values, a bridge Iihi+er is used between amplifiers 39 and 32
and a diodé limiter is used on amplifier 19. The funcfion is scaled such
that the vo!tages of both the input and ouput signals are around 50 v
at !00 per cent perr. |

The function generator Fg0 generates the steam volume-weight correlation

shown in Figure 7.1.

10-4T k,,
ammammme e 4

1wah

‘Figure 15.7 Computer diagram for void reactivity
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o

15.8 Slmulaflon of +he Vond Red|s+r|bu+|on Dynamncs

oy

A good enough approximation to the vond red|s+r|bu+|on +ransfer function
is-a simple lag with time constant Ty.

gts) = 1/l + 7.5) e (15.19)

It requires only one integrator as shown in Figure 15.8.

26

26 +100
“othk,,

Flgure (5.8 Compufer dlagram for
void redlsfrubufuon

-74-



5.9 Simulation of Static Pressure Effect on Reactivity. . ..

Subs+1+u+|ng kv 2C_ for @ in Eq. 9.6 and re- arranglng the results:

\
, bav i éh
bk =:—5P,(1- __x_'___i+k . L] ,fQ__'___>J
oY [ 3T vf AP v &~vg BPI htg 9P| vi 8P| (15.20)
wheré the factor (! - @) is considered constant to simp!ify the simulation.

The simu!lation is shown in Figure 15.9.

-0.26P

Qw47kv 576 6A
+11

0.18k,

Figure 5.9 Computer diagram for static pressure reactivity.



15.10 Simulation of Super heater Temperatures.. .

Eqs. 10.10 and 10.12 are combined to give ‘ - o .
dThf . | ' '_Q . he~h :'. 5
—_— T e hO 6 - |6 - ] - . + hO IO WS
3T Gy g B0 T HRSThe ~ (Thto - Thso G oo
z ,gws ‘ . )
- Myt ] (15.21)
Eq. !'0.!!l is repeated here;
(hho = i) s S ce .
) = H . Qo '
And-this, combined with Eq. 10.7, gives:
| (hzo - hl’O)
6T, = Hy, == —x—— 5T IR . (15.23)
2 h Cp2 Qho . oo o " A

Eqs. 15.21, 15.22, and 15.23 are simulated in Figure 15.10.

. ' 0.18Tz
@ ' 0.18Te

' 015Tag

‘Figure 15.10 Computer diagram
for superheater +¢mpera+ures.
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15.11 Simulation of the Steam System.

The equations used for simulating the steam system are the followihg:

8Py = 8P| - APg + APgq S S (15.24)
5Pz = APp - APg| + APgo | . (15.25)
8P, = FMg) B | (15.26)
rp
_ slo 2
MPg| = gz W] - (15.27)
5 By b W, S e’ (15.28
W, = BWy + fWp + ——— —= '5.28)
sl + b kRs T‘ZO dt
5WS - ;,Wsl + 6WSV . . ‘_ . ) . (|5.29)
Wy =(1// Pavg)(ScobPs + P3pbSc + 5P38Se) . (15.30)
SWp = (1 /W P3vs ) (P305Sy + 6P3SH) - (15.31)
(st)i = mle - bi ) . Pri s P2 < Pp_i (|532)
(Wg); = (mj - m; )Py + by = by , Py2 Py, (15.33)
s , '
;jfwsv?n
Wey = e (15.34)

~* The computer circuitry is shown in Figure I5.11.°
The feedback capacitor on amplifier 30 is used to break the algebraic
| oop in +hé_superheafér exit pressure circuit. The differentiating circuit

is approximated by fhe‘foilowing transfer function

m

S = > (15.35)

Ei I ¢+ (l=-3a)s
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where the constant nan is set slightly less than 1.0

The safefy valves are simulated by using two relays for each valve as
shown in Figure [5.12. When P, 2 Ppi both relays opera+e,-which gives the
results shown in Eq. i5.33, when P, is reduced into +hé pressure range Ppi

to P MO wil! keep operate but MI will reset, which gives the results -

ri
shown in Eq. 15.32, and when P, < P_.; both relays reset that means the safety
valve is closed. There are three circuits of the form shown in Figure 15.12

simulating safety values No. |, 2, 'and 3.

The function generated by F7O is that showh on Figure |1.2.
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-0,28P,

TV

-o.ZSP;

N +0.25P;
- +0.25 Wa
0.5 5wy *
Figure 15.11 Computer diagram for
steam system.
=100
©, acot b,

Figure !5.12 Computer -diagram for
safety valves.
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f5,12 Simulation of the Actuators and Controls For +he Turbine inlet and

Dump Valves.™

Figure i5.13 is the‘ana1ég:chcuﬁ*ry'éimu1a+img‘the'Slodkidiagram ‘shown on
Figure 12.1. ‘Funcf?oh,generator%ﬁgz and the c¢rcui#/of'ambi5#ier‘00 simulate
the variable lag of the To %ransmi#fer?\aﬁd ambdjfiers 01 and 02 simu]até the
proportional-plus-rate unit. Summer RP-10g is ampdifieF'TZ. The propor#ﬂona]-
plus-reset-plus-rate unit is-nephesen*ed by ampJ£$&ers 1, 13,.26, 65, and -

66 such that eachfof f+5'+hree actions .can be changed individually with a

pot setting. Ve1ocﬁ#y‘1imi$eruRP-TOd and fhe”rafq of change limit of the

inlet valve posi#ioner bo¢h'have a,mfnimum time for full range changes of

three seéonds,fhenéezcan bo}h'beznepresenwediby the same «circuit (amplifier
20). | |

The lag of the inlet wvalve positioner, T i's represented by the same

a?
apbro%imafion as:fha%vusgd‘for¢1he'ftanspor+ lag.ﬁniFﬁgune4W5.6,.excep+
Théf Tsvis.used instead of T,.. :The:COmﬁarisoE of'#he.responséﬁof_fhis cinéuif
fﬁifh +Ha+ of the actual, ekherlmehtai;posi#ionerfnesponsé is shown in
 Figure I5.14. Amplifiers 31, 36, 90, 71, 75, and 19 form “this circuit.
Summer RP-10e Is.émp1ifier 25, and the ciircuit of amb%ifﬁer;ZS:nepnesen+s'

the 0.4 second close-to-open 1imit of the dump valve actuator. . .
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Figure 15.13 Computer diagram for
‘ contro! system.
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100

90

80

70
60
50

40

PERCENT FULL STROKE

30

20

I S R N B

o 20 ' 30 4.0
STROKE TIME - SECONDS |

Figure 15.14 Step response of inlet valve actuator. Code:
a) response to 10 per cent step; b) response to 100 per cent

step. Measured curve is solid; simulated curve is dashed.
(A-C Dwg. 4}—024-80!)
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15.13 fsrmu|a+foh'Of_+he-Feéﬁwa+er System

Figure 15. 15 is the computer circuit for the feedwater f!ow equation shown .

below
B ¢ : ;
Wy, = T—T—??;g , . (15.30)

Figure !5.16 is the computer circuit for the feedwater enthalpy equations,

a relay is used for the nonlinear change.

ey Py
W aWS I+ T¢nS

8h , g 2 -19%:Wso

(15,37

She,, "-5.4% hfwo , "gws s_-|gz W;é"

b/z}v
— (89

05 W — (51— J} |'\3’/¥ 09 W
,;b(ﬁva, : ' .
Figure I5.15 Computer diagram for feedwater flow.

~
-055Mé RS .
=4
| 7 )

/T
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Figure 15.17 Computer diagramksymbolsy
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“C)—'PCYTEPJ

HIGH GAIN OPERATIONAL
AMPLIF‘IER o |

SUMMING AMPLIFIER

INTEGRATING AMPLIFIER -

"ELECTRONIC MULTIPLIER

SERVOMULTIPLIER

DIODE FUNCTION GENERATOR

COMPARATOR

BRIDGE LIMITER

,,DKDDE

POTENTWDNWTEQ
UhGROUNDED

P - POTFNTWDMETER
GROUNDLD

IOMETER,
~ GROUNDED

FUNCTION SWITCH

(A-C Dwg. 43-024-806)




-0.5n

-0.55We

0.005n,

106

- 10kd
—10ky 2
3
23) 0.1 Krods
+100

100 Skex
A

§ Kol
(MANUAL CONTROL INPUT)

Console A

v

+105¢,

22

29

'°l¥,.‘, S“]

+108S¢

+100

N [|.5

4Tk,
10-8Thky 26
+100
10 ko
P
l SM6 :
- Wauo A
X 0.001 W ah T 6

%

ED” -025p,

- 100

S6-88-~~3

Figure 15.18 Computer diagram of Pathfinder transient simulator.
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N ) T APPENDIX - A
POTENTIOMETER SETTINGS

PATHF INDER SIMULATOR CONSOLE A, Q POT

Q POT - SYSTEM * PARAMETER o SETTING

00 Neutron Kinetics Ry A - 0.0127
. 0l - .Neutron Kinetics Xz - , : 0317
02 Neutron Kinetics Bs/B . . ' ‘ .1280
03 . Neutron Kinetics Ba/B ' . 4068
04 Neutron Kinetics B2/B s .2130
: 05  Neutron Kinetics A3 o | L1150
: 06  Neutron Kinetics ‘A4 , , U3t
07 ' Boiler Fuel Element 107> x £4 x Qa0 .7450
o o - T4 o
' PressureAe¥fec+S‘ T 5107 [ ] - 8htq ! an] ‘o
08 on reactivity . 10. 47(I ) vg aP B htg OP T vf oP ‘.5I58
o - V: Pressure effects ‘ Aky _L_ézi | S
, 09 esct 50 5% x(1-Dgr 55 L1280
10 Neutron Kinetics 0.l A5 ' . » .1400
1 'Neutron Kinetics -~ 0.l }g ' - ' .3870 -
13 safety Valve #1°  Py;/1000 ' S .6080
14 Vessel Pressure Wvo/DWwo S5x 107 -3 ' .2785
5 415" Neutron Kinetics 0.005 no - o ~.5000
) 6.  Time Axis . - | volt/sec. . - .0100
|17 - Superheater - " Hp (hpo - h|o)/Cp2 Qho : o .3480
R o o
- 19 Void React. 200 E/hfg I ' -.1920
20~ Satety valve #1 - Pp /1000 B 6080
21 .- Safety Valve #2 - bp/1000° ‘ . ©.1862
22  Vessel Pressure Scaling factor : .2000
.~ 23 React. Sum. . = O.l(kKgo * kyo) ) : .7100
- .24 ° Superheater . Hh (hho —"hio)/cp Qho o . 7300
"". 25 T - }
_ .,gg' Vessel Pressgre ' 2 vg hfg/D Vg S ' .0050

: .z o c | : :
k 29 Subcooling = .00 Wpg - .ol
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Q _POT

20
3
32
33
34 -

35"

36

37
.38
39
40
41

42
43
44

45
46 -
47
48
40

. 50
5
52 -
53
54

55
56

57
58

59

60

61 -

PATHF INDER SIMULATOR CONSOLE A, Q POT (Cont.)

SYSTEM

'Superhea+er
‘Superheater

void React.

Subcool ing

‘<DoppJer React.

Safety valve #2
Subcool ing

Feedwater

Boiler Fuel Element
Boiler Fue! Element

Boi ler Fuel Element

Boiler Fuel Element

Feedwater

Safety valve #3
Safety Valve #3
Safety Valve #2

Safety Valve #3.

. . Boiler Fuel Etement

Safety valve #3
Safety Valve #3-
Safety valve #3

Subcooling

. 'PARAMETER
.2 Qho/Ch nb ‘
00 H{/0.5 Weq Cy
2.5 x 1072 hgg
0.1 bhg

Pp./ 1000
1074 W,
0.5 (1.9 x 1073 wgy)
/7 ' o
I/"r2
- s
107> x Y X‘ﬁgg' 4 Yy =3
: o
.3 F3  Q
{0 3 X W%Qx %gg
RV

m3,
by 1000

b/ 1000
IO—_S F4 ZQgO

Pp3/ 1000
b5/1000
m33

107 w0 (- i5m7m)

. -88-

SETTING

0.7795
.5339

1816

.3790°

".2150

.6150
.6285

1620 -
147t
.7874 -

.0447

. 1461

.0500

.0480
.3767
.1828
.1822

.0596

.6200

- . 1856
.2938

.6870




69

0 _POT

62

63 M

65
66
67

68 -

.70

71
72
73
74
75

76
77

78

79
80

8l -
82

- 83
. "84

85
- 86

. 87
88

- 89.

% -
ol

92

93
- 94

.95 .

- 96

97

" PATHF INDER S IMULATOR CONSOLE A, Q POT (Cont.)

SYSTEM

Subcooling

- Subcool ing
" Voids Reactivity

- Subcooling

Boiler Fuel Element

Subcooling .
Safety valve #I
Safety Valve #2
Subcool ing
Subcool ing

Safefy valve #I
Safety Valve #3

Subcool ing
Subcool ing

'Subcooling

Subcool ing
Subcooling -

Subcool ing

Subcool ing
Subcooling

~ Subcool ing
" Feedwater Sysfem 4
»fSubcoollng

Subcoollng -
Feedwater System

' Feedwater Sysfeml

: Feedwafer\Sysfem

Subcool ing

“Subcool ing

PARAMETER .
W :

0.1 .I°

- Wwo

0.1 Bhe . A
Adjusted to make output (X) always > 0

1072 Wro Aho

L
0.1 &

1.21/T,

mi

m22
wwo/"}’ro
Scaling Factor

by /1000
Pps/ 1000

160.5/T.>

'309/T
},Scallng Factor

Scallng Factor

107 (1 - m> wao]

'476/T

I 48/Tr
.00! W
/1 Tey fwo

) 0.1 . Bhg

22.8/T,2
-I/va

Tth

5.4 x 197 htyo/Tth -

_Scaling~Fac+or

-89~

SETTING

0.1112

.3790
.005 -

';2653

,6250‘ -

.I624 o

.2841
.2973 .
.8993 .

. 1000

1727
.6200

.3890
.2922
.7480".

..0200 -
.1000

.6688
.1545
.1988.
.1800
.5000
.3790

4110
.5000

.0540.

.0088 -
. 1653

.0200



- 00

o1

02
03
04

- 05
06
07
08
09

10
b
12
5]
14

15
16
17
. 18 .

20

20
22

23
24

25
26
27
- 28.

29
30
31
32

33
T 34

PATHF INDER SIMULATOR CONSOLE A, P POT
. , CONS )

SYSTEM

Neutron Kinetics

~ Neutron Kinetics
Neutron Kinetics -

Neutron Kinetics

Neutron Kinetics

Neutron Kinetics

_xNeuTron'Kine+ics

Neufron Kinetics
Neutron Kinetics

Safety valve #I

" Safety Valve #I

Neutron Kinetics
Neutron Kinetics

Subcooling
void React.

Safety valve #I

- Safety valve #2

void React.

Void Redistribution
Vessel Pressure
Vessel Pressure

Vesse! Pressure

‘ Superheater

Superhéafer'

Safety valve #2

0
0.

PARAMETER

ox Asg
I x Ag

m|

b/1000

0.01 B/1*

5 x 1072 No
4Séal{ng-FaC?or
0.067/T

Pp| - Pr1/1000
‘mz _

0.05 3, /3G

10 k
17D %5 x 1074

2(1 + Vfo/vfgg)hfgp

— o

H{/Ch A

Thto ~ Thso t (hho_‘hl/CP)_I .
. Ch, Wy j Hh

0.2

sz/lOOO

- =-90-

SETTING

0.0127
.0317
.0260

~.1880

.0380

L1150
3110

. 1400,
.3870

.3700
.1781

L7778
.5000

.2000

L1241

.0470
.3800

.9550
.6020
.2500
.1574

. 1868
.4568

.4547

6150




36

37

38
39

40

4]

42
43

45

46
47
48
49

50

PATHF INDER SIMULATOR CONSOLE A, P POT (Cont.)

SYSTEM ' -

Doppler Reac+.

Vessel Pressure

Dbppler React.
Safety valve #2

Boi ler

Boi ler

Boi ler

Boiler

Boiler

- Boiler

Fuel

Fuel

Fuel
Fuel
Fuel

Fuel

E lement

E lement

Elemenf

E lement

E lement

E lement

LKy

_ L x 103
3T avg

, o
o
K do/2
Ppy - Prop/1000

Io"s___x ggg
T o

1072 2 X 999

' PARAMETER - SETTING
0.1490

.0065

.5400

.0480

. 1554

. 1525

.5285

.0969
1961

0373
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o

PATHF INDER SIMULATOR CONSOLE B, Q POT .

0 POT SYSTEM ' PARAMETER  SETTING

00 . Contro! 1/0.24 B L : fv014l67'
0! Control ' 5/8 : .~ .5000

Arbitrary constant that must be .

03 Steam System near 1.0 for differentiation. -80
- : Vs . o
04  Steam System 2.5x144 K R, T, (Where Tyg is °p)‘ ‘ .875
| .05 ‘
06
07
08 -
09
| 10 Ccontrol 0.1 A S .. .0250°
| 1 ' . :
‘ :g Control . Sc max Kz Kq/2 o | .0400
| 14 Control! | .05 S¢q ‘ . .4220
15 Control 0.1 2L:8 (scaling) ) " 403
: 1 22.8 9 L .
16 . - ‘ . -
17 . , :
I8 : , o .
19
20 contro! 0.1 222 | S .193
160.5 , : o i
21 Control Scaling . 5000
22 Control 0.1 %Zjé (Scaling) » .8160
23 '
24
25
MPeo , : A
26 Steam System 20 T2 : .2900
SO
27
28 :
, Adjusted such that the maximum rate
29 Control of change of Sy is 9.44/0.4 Sp/sec. 1462
30
32  Steam System 100/5/ P3vg _ . 7500

-90-



Q_POT
33

35
36
37
. 38
39
40

‘Steam
‘Sfeam

Steam
Steam
Steam
Steam

PATHF INDER SIMULATOR CONSOLE B, Q POT (Cont.)

SYSTEM

System
System

System
System
System
System

slo

PARAMETER ‘ . SETTING
"100/5/ Pavg 0.7500
Sco/0.5/ Pavg | 6330
.002 AP . 1300
.005 We, ‘ .8550
Scaling Factor .5000
.0025 W .4275 |
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P _POT

00

of
02
03
04

05 -

06
07
08
09

10

[
12

13

14
15

16

17
18
19
20
21

22

23

24
25
26
27
28

29
30
31
32

SYSTEM

Control

Control

Control

Control

Control

Control
Control’

Control

Control

Control

Steam System

PATHF INDER SIMULATOR CONSOLE B, P POT

PARAMETER

K Ko
1Ko
0.6 ¢

0.1 R

0 < (! -PI3) <«<PI2 '
(Differentiating approximation)

.48
0.1
Ta
22.8
0.05 7778 1,

Adjusted such that the maximum rate
of change of S, is 9.44/3.0 S, /sec.

Scaling Factor

476

02 7505 1,

.Scaling Factor

P:’)O/ | OOI\,/ P:'JOVS

-94-

© SETTING

0.1200°

. 1000
.9000

. 1644

.8550

.0028
.8000

.6590
. 5000

.2025




v

33
34

35

36

37
38

39

40

PATHF I NDER SIMULATOR CONSOLE B, P POT (Cont.)

SYSTEM

Steam System

Steam Syéfem

Steam System

Steam System

Control

PARAMETER
PSO/IOO“/ PSOVS

Scaling Factor

MPs o 50

Wefo . 0.0625

AP

sto

200

160.5_
0.1 22781 -
(.

-95-

SETTING
.2025

.2500

L2735

.0500

.7825




" APPENDIX B

SYMBOLS 0
For all varlables, +he subscript "o" denotes steady-state, rated value, and )
the prefix "&" denotes departure from this value.
ENGL 1SH RATED VALUES
A Reset setting on unit RP-1.0a (See Figure 12.1) 0.25 secl_I
B Rate setting prop + rate unit (See Figure 12.1) 10 sec.
bj, bj; Safety valve flow characteristic intercepts
. on Figure |1.3 Ib/sec.
C Tota! boiler fuel heat capacity 1300 Btu/F
Ch Superheater fuel heat capacity per . f+2
at hot spot : 0.0985 Btu/f+2-F
C; Concentration of ith group delayed neutron’ ‘
precursors
p . Specific heat of steam at superheater hot spot 0.54 Btu/lIb-F
Cp2 Specific heat of steam at superheater exn+ 0.555 Btu/Ib-F
D Denominator of Eq. 5.6 8000 Btu/psi
E Graphically. evaluated subcool ing effecf
"(Eq. 7.4) - . 0.375 |
Fi Gain of iTP term in boiler fuel transfer
~ function (See Eq. 3.19 for values)
Hy - Heat Transfer coefficient at surface of '
A superheafer hot spot. : A 0.167 B‘ru/sec-F—H2
Hho Hho(PhoP10? | , '
Jioh 0.0450 Btu/sec—F-f+2 -
' ‘,Hho p Qho RS _
hI Enthalpy of steam at superheater inlet ©1203.1 Btu/lb
h2 Enthalpy of steam at superheater exit ' 1368 .0 Btu/lb
ht Enthalpy of ‘saturated water at 615 psia 475.1 Btu/lb
' hg Enfhalpy of saturated steam at 615 psia 1203.1 Btu/lib
4hfg he = o ‘ 728.0 Btu/lb
hin nghalpy of water entering core _ A 471.5 Btu/lib
New Enthalpy of feedwater entering vessel _ 328.7 Btu/lIb
hps Enthalpy of pump seal in-flow 60.1 Btu/lIb
hp- Enthalpy of water just down-stream of feed-
.. “water inlet , , ' : 471.3 Btu/l1b
hy Enthalpy of steam at superheater hot spot 1539.6 Btu/!b
Ah - hf - hy, , : ‘ , 3.6 Btu/1b
1 'I ®| (2) 0 (Z) dZ  (See Section 7) - 0.537
J Energy Conversuon factor 5.4 ++3-1b/Btu-in2
k Ratio of specific heats of superheafed steam |.285
, Keax Excess reactivity ‘ O Dollars
' - ky Reactivity decrease (Doppler effect) due to ‘
u . " fuel temperature rise above 489 F 1.08 Dol lars

. =97~




, J ' : " SYMBOLS (Cont.)

ENGLISH . _RATED VALUES

ky - Reactivity decrease due to core void formation 5.92 Dollars
Krods Reactivity due to control rod position 7 © 7.0 Dollars
K| . Sensitivity of T, transducer (See Figure 2. } KIK> = 0.2x50 volts
K2 . Gain of prop + rate unit (See Figure 12.1) IK2 800 -: F
Kz Sensitivity of P, transducer (See Figure 12.1) 50 volts/800 psi -
Kg Gain of unit RP-10a (See Figure 12.1) O.I4__5 ,
* gffective neutron lifetime 9% 10~ sec.
mj; mjj Safety valve flow characteristic slopes on o
" Figure I1.3 . Ib/sec-psi
N - Biot number for heat transfer from boiler
fuel pellets ' 32.8
n Total neutron population in units of percent 100%
Py Reactor dome pressure 615 psia
P2 Superheater exit pressure . 555 psia
.P3 Turbine inlet pressure 541 psia
Ppi Popping pressure of ith safety valve :
(See Figure |!.3) psia
Pri Reset pressure of ith safety valve
" (See Figure |1.3) ‘ psia
APs ‘Superheater pressure drop 60 psi
AP., . Steam line pressure drop [l psi
Qb "Power transferred to water in boiler fuel boxes I.49xlO5 Btu/sec’ -
4Qh " Heat flux generated at superheater hot spot 38.4 Btu/sec-f12
Om Remaining power transferred to water outside 3
‘ boiter fuel boxes . 2.6x10° Btu/sec
Qp " Pump energy delivered to water ‘ 697 Btu/sec
Q(zo) . Fraction of boiler power delivered to subcooled
water 0.15
“qp . Heat flux delivered to steam at superheater
. ‘hot spot (including unbonding effect) 38.4 BTu/sec-sz
R © Rate setting on unit RP-10a (See Figure 12.1) 0 sec. '
Rs -Gas constant for superheater steam 81.5 ft/F
s - Laplace operator (d/dt) sec” 3/ B
Sp Dump valve capacity coefficient . 0.0 in-ft 3/ése'c.
S¢ - “Turbine -inlet valve capacity coefficient 8.44 in-ft /sec.
+ Time ‘ sec.
T Boiler fuel characteristic time (See Eqg. 3.6) 36.3 sec.
Ts Superheater steam outlet temperature 725 F
Mhe Superheater fuel hot sppt temperature
| o 1270 F
" Ths . Superheater steam temperature at hot spot 1040 F
T- Transport time throygh subcooled water 7 sec.
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ENGL.ISH

‘Steam flow through

SYMBOLS (Cont.)

Volume of main steam line ,
Specific volume of saturated water
Specific volume of saturated steam
Vg = V :
Speciffc volume of superheated steam
bypass valve
downcomer

exit

water flow through
Steam flow at core
Feedwater flow rate
water flow to purification. sysfem
Pump seal water in-flow

Flow at pump discharge

Steam flow through superheater
Steam flow through steam line

"Total steam flow through safety valves

Steam flow through turbine inlet
Recirculation flow entering vessel
Recirculation flow entering boiler fuel!l boxes

‘(proportional to W,)

Mean effective bonler steam fracf;on by
weight

"§team fraction at boiler core exit by welghf

Mean effective boiler steam fraction by volume
Total delayed neutron fraction

Delayed. neutron fraction of ith group
(See Table below) Co

Parameters of Delayed Neutron Groups

RATED VALUES

2.1

308 £1° |
£ 0.0201 f3°/1b

3

0.753 f+°/tb
0.732 ft-/1b
.20 f+2/1b

0 Ib/sec..
7.079 lIbs/sec.
171.1 Ibs/sec.
180.! ibs/sec.
11.1 Ibs/sec.
Ibs/sec.
7,260 lbs/sec.
171.1 Ibs/sec.
171.1 Ibs/sec.
0.0 Ibs/sec.
171.1 lbs/sec.
7,250 Ibs/sec.

6,480 |bs/sec.

0.0123
0.0264

RATED VALUES

i - . B;i/B \i

| 0.0380 0.0127
2 . 0.2130 - 0.0317
3 0.1880 0.1150
4 0.4068 0.3110
5 .0.1280, 0.1400
6 0.0260" 0.3870

Fraction of power +ransferred immediately to-
boiler channels by gamma radiation

Decay constant of i delay group

(See Table above) .
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fh
fv

Ti

SV

Time constant of wid redistribution .

PARTIAL DERIVATIVES

dhy /3P
ahg/aP

dh g/BP
3hp 3/3M,
Bk /BT
kS
av /OP
ng/aP
Bng/apl

SYMBOLS (Cont.) .
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RATED VALUES
Density of subcooled water in vessel ©. 49.5 Ibs/f+3
““Average time constant of 4+h to w'h partial
fractions in boiler fuel “transfer. function _ .
expansion 0.16 sec.
Response time of pneumatic inlet valve
“actuator 0.9 sec. !
Time constant by which feedwafer temperature ‘
lags steam flow 20 sec.
- Tlme consfanf by which feedwater flow lags
steam flow 2 sec.
Time constant of ith term in boiler fuel :
transfer function (See Eq. 3.19 for values) sec.
Opening time lag of safety valves 0.1 sec.
0.05 sec.

VALUES

0.2 Btu/ib-psi
-0.017 Btu/Ib=-psi
-0.217 BfU/lb—pii

0.54 Btu-sec/!b

1.9x10"3 pollars/F
19.2 Dol lars

3.75% 1070 f+3 Ib-psi
-1.25x107> +°/1b-psi
-0.57 lbs/psi









