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FOREWORD 

This topical 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 subject was issued as the first section of AI lis-Chalmers 
Report No. ACNP-6005, entitled "Pathfinder Atomic Power Plant, Interim Progress 
Report of Reactor System Dynamic AnalysiS,'"fith. Pathfinder Transient Simulator". 
Problems that have been solved with·the tr'ans·ient simulator wi II be included in 
a subsequent report. 

The P~thfinder Ato~iC Power Plant, whiCh.wil.l be located at~ "site near 
Sioux Falls ... South Dc;skota, is schedu..led f9r .. op_eratio,!1 .. in. June 1962! .. ,0wners 
and operators of the plant wi I i be the Northern States Powe·r ·compa'·ny of 
Minneapolis, Minnesota. Allis-Ch,almer!? Manufacturing Company of Mi !waukee, 
Wisconsin, under contract with Ndrthern 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 
development is being done at AI lis-Chalmers Greendale Laboratories. 

CUAPA member companies are as fo I lows: Centra I E I ectr i c and Gas Company; 
Interstate Power Compar:~y; Iowa Power and Light Company; Iowa Southern Utilities 
Company; Madison Gas and Electric Compar:~y; Northern States Power Company; 
Northwestern Public Service Company; Otter-Tai I Power Company; St. Joseph light 
and Power Company; and Wisconsin Public Service Corporation. · 
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ABSlRACT 

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

The Pathfinder system is unique becaus~ of the internal nuclear superheater, 
and controlled, forced recirculation .. In simulating this system the following 
major assumptions were made. The re~ctor is a boi I ing-water type; moderated and 
cooled with saturated, light water; pressurized between 400 and 800 psla; · 
and has a neutron flux distribution that is spatially invariant. AI I the im­
portant non-linearitiesare retained, thus permitting accurate solutions 6f 
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 
inlet subcool ing, and fuel-element temperature. Particu.lar 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 c9re 

. in I et subcoo I i ng, s i nee these were found to have pronounced effects on reactor 
performance. The transient temperatures at the superheater hot spot and exit 
are generated. Enough flexibi I ity is included, so that alI 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 si~ulator are I) to establish a control 
system for Pathfinder and optimize its settings, 2) to investigate system stabi I ity 
under all conditions, 3) to compute results o.f ··postulated system disturbances 
and accidents, and 4) to help obtain system characteristics useful in formulating 
plant operating procedures . 

-7-



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK-



CONTENTS 

Introduction· 

I. 
2. 
3. 
4. 
5. 

6. 
7. 
8. 
9. 
10. 
I I. 
12. 
13. 
14. 
15. 

General Description 
Neutron Kinetics 
Boiler Heat Transfer 
Reactivit~ Change Du~ to ~he· Doppler Effect 
Energy and Volume Mass Balance of Saturated Part of Primary 
System .~ . 
Energy and Mass Balances of Subcooled Part of Prima~y System 
Reactivity in Voids 
Void Redistribution Dynamics 
Pressure Effects on React.ivity 
Superheater Temperatures 
The Steam System 

·' 

Actuators and Controls for the Turbine Inlet and Dump Val~es 
Feedwater System 

·Recirculation Flow Hydrodynamics 
E I ectron i c Ana I og Computer S.i mu I at ion 

Appendix A - Potentiometer Sett i ngs · 
Appendix B - Symbols 

-9-

Page··~ 

Number · 

13 

14 
17 
18 
25 

27 
31 
34 
41. 
45 
48 
52 
59 
62 
63. 
66 

87 
97 



I LLUSTRA"PI.O.NS 
Figure . 
Number Title 

I. I Simplified Pathfinder Transient Simulator Block Diagram 

3. I.· Boiler Fuel Heat Transfer Parameters vs. Biot:NUmber 
for Cylindrical Geometry 

4.1 Doppler Reactivity vs.· Average Boi l.er. Fuel.' Temperature 

5. I Thermal Schematic of Primary System 

7. I 

7.2 

7.3 

7.4-

8. I 

10. I 

II. I 

11.2 

11.3 

12.1 

14.1 

15. I 

15.2 

15.3 

15.4 

Modified Martine! li Void-Quality Relation 

Reactivity in Voids vs. Effective Voi~ F~acti~n 

Local Void-Reactivity Importance vs. Distance from Bottom 
ot Core 

Fraction of Tot a I Bo i I er Power vs. Distance from Bottom 
of Core 

Bode PI ot of void Red i str i but ion Tr-ansfer Function 

Superheater Fuel Element (High Enrichment Design) 

Steam Flow Schematic 

Superheater Pressure Drop vs. Steam Flow 

Individual Safety Valve Characteristics 

Pressure Control System Functional Diagram 

Effect of Core Steam Flow (Wfg) on Recirculation Flow 
Rate (Wy) · 

Computer Diagram for Neutron Kinetics 

Computer Diagra~ for Boiler Heat Transfer 

Computer Diagram for Doppler Reactivity 

Computer Diagram for Generation of Reactor Pressure 

15.5 Computer Diagram for Transport Delay Circuit 

15.6 Computer Diagram for Generation of Subcool ing 

-10-. 

Page· 
Number 

IB 

·. 22 

26 

28 

37 

38 

39 

40 

44 
.. '. 

49 

54 

55 

58 

60 

65 

67 

68 

69 

70 
( 

72 

72 



I 
le 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

.. 
I 
I 

Figure 
Number 

15.7 

15.8 

15.9 

15. !0 

15.! I 

15.12 

!5.13 

! 5.14 

! 5. 15 

! 5. 16 

15. 17 

15. !8 

Computer Diagram 

Computer Diagram 

Computer Diagram 

Computer Diagram 

Computer Diagram 

Computer Diagram 

Computer Diagram 

Step Response of 

Computer Diagram 

Computer Diagram 

Computer Diagram 

Computer Diagram 

ILLUSTRATIONS (Cont.) 
Page 

Title Number 

for Void Reactivity 73 

for void Redistribution 74 

for Static Pressure Reactivity 75 

for Superheater Temperatures 76 

for Steam System 79 

for Safety Valves 79 

for Control System 81 

Inlet Valve Actuator 82 

for Feedwater Flow 83 

for Feedwater Enthalpy 83 

Symbols 84 

for Entire System 85 

-II-



Analog Simulator (AC Photo 215540) 

-12- .. 



.. 

INTRODUCTION 

In order to provide.adequate control. systems and operating ~rocedGres, and to 

insure safe, stable, and rei iable operation of the Pathfinder Atomic P6wer Plant, 

a detal led knowledge of operating characteristics of the reactor and plant is 

required. To provide this knowledge, a transient simulator was constructed. AI I 

th~ pertinent reactor and system equations are derived and simulated ·on an 

E I ectron i c Associates Ana I og Computer (Pac:e 231-R). The resu It is a. coherent 

simulation of the Pathfinder Plant which is designated the Pathfinder Transient 

Simulator. 

The simulator has been used to: 

I. Help design and analyze reactor system controls. 

2. Compute resu Its of postu I ated oper·at I on a I disturbances, ace i dents, 

and operating errors. 

3. Help establish operating and startup~shutdown procedures . 

4. Predict system stabi I lty. 
. r 

5. Show the effects of varying-such parameters as power, pressure, 

voi·d coefficients, and controller constamts on transient response. 

6. Help train Pathfinder reactor operators. 

The PathfInder PI ant is moderated and coo I ed by I i glt water. The core 

consists of two regions: an annular bdi ler region in which saturated steam is 

produced, and a central superheater region in which steam is superheated. Super-

heated steam passes directly to the turbine. 

Among the advanced features that are incorporated in the plant in addition 

to the integral superheater, Is the forced recirculation system. The recirculation 
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system includes three external !y located centrifugal pumps. Recirculation flow 

rate is adjusted by meaAs of the butterfly valves on the discharge side of the 

recirculation pqmps. 

Pressure in the main steam I ine is regulated automatica! ly.by positioning 

the tur.b i ne in I et va I ves, Thus, no steam is bypassed during normal operation 

and the electrical system absorbs normal changes in reactor output. A signal 

transmitting changes in superheater7exit steam temperature i~ also_fed lnto 

this control system to modify- the pressur~a S!3t-point._ ·This serves to minimize. 

superheater temperature transients. 

·I. GENERAL DESCRIPTION OF SIMULATOR 

The l_ntegro,-d i_ tferent i a I equat i.ons. ~re der.i v13d to describe -t:he transient 

performance of the Pathfinder reactor and associated system. In deriving 

the equations, it is assumed that the reactor ls: . 

. 1 . Moderated and coo I ed by saturated I i ght- water. 
2. Pressurized between 400 psia and 800 psfa. 
3 .. Assumed to be a point r~actor, i.e. only the tJme variation of the 

neutron pop·u I at ion is considered, not the d i str i but i cn of the neutron popu I at ion. 

A simp I if i ed b I ock d i agr.am of the s i m~ I ator is shown in Figure I . I . The 

"Reactor Kinetics" block represents the neutron kinetics equations and six 

delayed n~ut~~n groups. The average neutron population is simulated since a 

point r~ac+6r )s assumed. 
. ' 

Because of th~ close nuclear coup I ing of the Pathfinder 

core, it is ~rs6 assumed that the superheater-region neutron ~inetics are 

identical to the boiler-region neutron kinetics with negligible reactivity 

feedback from the iuperheater se6+fon. 

· The "Boi I er Heat Transfer" b I ock represents, with a distributed-parameter 

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 thermal resistance includes 

an appropriate average film heat-tr-·ansfer coefficient· for flowi.ng t>oi I ing 

water at 615 psi~. 

"Reactivity due to Doppler effect" is the effect of boiler fyel temperature 

on core reactivity due to a shift in the neutron energy spectrum. 

The "Energy and Mass Balance of Saturated Primary System" calculates the 

rate of pressure change due to an unbalance· in the summation of energy terms 

associated with the boiler heat flux, steam Leaving the vessel, and water entering 

the core. The energy of the water entering the core is found from a si~i lar 

balance of the subcooled part of the primary system, including the transport time 

through the recirculation loop. 

The reactivity held in voids ("Reactivity in VoidS 11
) depends on the core 

power, inlet stibcooling, and recirculation flow. rate. It is also affec.te.d by 

reactor pressure because of density changes and transient flashing and condensation 

of the steam. 

The "Void Redistribution Dynamics" accounts for the time· lag· involved in 

changing void reactivity due to void redistribution. This lag is associated 

with the boiler-core steam transport time. 

With steam flow and neutron flux as the inputs, the "Superheater Temperatures~~ 

block describes the transient temperatures of the superheater exit steam, the fuel 

hot spot, and the steam at the hot spot. The heat transfer coefficient varies 

with steam flow, and conservative hot-spot fa'ctors are used. 

The l!~team System", "Steam Valve Actuators and Controls", and "Feedwater 

System" describe the. superheater pressure drop and a I I components externa I to the 
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reactor vessel including the steam piping and turbine flow characteristics, turbine 

inlet valve and dump valve controls (under both normal· and emergency conditions), 

feedwater temperature, and flow regulators, safety valves, etc. 

The "Rec i rcu I at I on System Hydrodynamics" considers the effects of butterf I y 

valve positions and core voiding on total recirculation flow, but not the transient 

flow division among the fuel channels. The·total analog simulation uti I izes ap­

proximately 150.potentiometers; 3~ integrators, 50 summers, 12 multipliers, 4 

function generators, and 5 relays. The analog circuitry for each of the sections 

is shown in Sec> ! 5. : . 

The symbols appearing in the final equatioris a~e defined and evaluated in 

the I 1st at the end of the report. AI I others are defined in the section in 

which they appear. In many cases variables are separated into their transient 

and steady-state parts, denoted by prefix "o " and subscript "o", ·respective I y. 

As an example: 

n = ·n0 + ·on 

2. NEUJRON KINETICS 

The.transient reactor power is obtaine~ from the net exc~s~ reactivity from 

a set of spatially independent differential equations with tlme varying coef­

fici~nts. These equations describe the birth of neutrons a) emitted promptly 

from fissions, and b) ·emitted some time after a fission by the decay of fission 

products. These fission products are· divided into six groups according to their 

decay constants. 
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Assumptions 

I. The neutron population is spatially ind~pendent. The axial and radial 

flux shapes· are independent of time and reactor power level . 
. ' 

2. The concentration of fission product~ with long build-up and decay time 

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

Derivation 

The-rate of change of neutron 

.£!:!. = ( E k ex - I ) n 
dt 1*/S + 

popolation 

6 
\ A· C· f.- I I 

i.=l· 

is given by the equation; 

(2. I) 

where 6kex is the excess reactivity._ in dol Iars, and .the .rest of the symbols are 

defined. at the end 9f the report~ 

The. rat~ of· chang~ of·:fissjon product,conc~ntration in group ~i'' is: 

(2. 2) 

In Eq. 2. I, 61<-:~x is given by 

( 2. 3) 

Where k k and kd are reactivity in dol Iars held in control rods, voids, rods, v~ 

and fuel temperature, respectively. . . 
. ' 

Eqs. 2. I and 2.2 are solved simultaneously on the analog computer using 

six delayed neutron groups. 

3. BOILER FUEL HEAT TRANSFER 

The low thermai conductivity of the ceramic boiler fuel· 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 
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curve, and on several of the safeguards analyses.· For these reasons the transient 

heat transfer is derived in some detai I. The ass~mptions made here are expected 

to haVe a minor effect on the accuracy of the heat deLivered to the coolant during 

a transient. 

The equation describing the dynamic ·heat reI ease. from a cy I i ndr i ca I, d i str i­

·buted-parameter fuel pin is solved formally using Laplace transforms and Bessel 

functions. The solution in Laplace form is expanded into ari 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 generated 

is assumed to be carried directly to the coola~t by gamma radiation with no lag. 

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 

I. The uo2 ceramic is assumed to have cracked and expanded, completely 

fi I I ing the fuel tube with no gap between the. U02 and the cladding. Accordingly, 

the thermal conductivity for cracked uo2, 0.9 Btu/hr-ft-F, is used. 

2. The heat capacity of the zirconium cladding is n•gligible with respe~t 

to that of the uo2. 

3. Although the fi lm.coefficients in· the subcooled and boi I lhg parts of 

the channel are different, one equivalent value is assumed to exist along the 

enti~e length. Beca8se of the preseRce of subcOoled boiling, this assumption 

is quite good. 

4. The thermal conductivity of the cladding and the film coefficient are 

grouped as one overal I heat transfer coefficient, H . 

. -19-



5. Because the radius of the fuel in the upper half of the core is less 

than the radius in the lower half, a mean square radius ·is used, weighted by. 

-the relative power fractions. 

6. The infinite series of terms with time constants less than 0.2 sec are 

combined into one .term with an equivalent time constant. These involve on·ly about 

8 per cent of the power generated. 

Derivation 

The temperature in a·power generating medium of thermal conductivity K _and dif-

fusivity K is described by: 

v2 8 + ~ = 1 d8 
K K dt 

( 3. I) 

For a cylinder of radius R with hea.t transfer coefficient Hat its wal Is, the 

boundary conditions are: 

and 

-.de I 
dr 

R 

= !:!. c e - e2> 
K 

e ~ (X) at r = 0 

(3. 2), 

(3. 3) 

If this problem is solved for the fuel temp~rature at R, using Laplace 

transform methods and assuming 82 is constant at its saturation valu~, and the 

substitutions, 

= 8(s,R). 2H 
R 

N _ RH 
K 

(3.4) 

(3. 5) 

(3. 6) 
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I 

...• '.# ...... 

are made, the result is, in Laplace form 

(3.7) 

where J! and J 0 are Bessel functions. 

Eq. 3.7 may be expanded into a s~ries of partial fractlons. 

• o:l 

. ~b ( s) = L F i 

Q (s) ._
1 

I+Tis g 1- . 

(3.8) 

where Fi and. Ti are found from the simultaneous solution of: 

4 Ti /T 
(3. 9) 

and 

N = J TIT· . . I 

[ 
J I <JT!Ti )] 
Jo<J T /Ti ) 

(3 •. 1 0) 

Eq. 3.8 may be made finite by grouping the shorter time constants:in on·e equivalent 

term: 

where 

~ Fi 
L I+T·S 

1=1- .1 

I FjTi/T 
if 4= ...:.i-==~4 __ _..;.... 

I 
i=4 

3 

1- I Fi. 
i=l + _.:........,;__ 

l+'if.4 s 
(3. I I) 

( 3. I 2) 

Figure 3.1· shows the· solution of Eqs. 3.9 and 3.10, and t•he numerical solution of 

Eq. 3.12 as functions of N. With the knowledge of Nand T, and Figur~ 3. I, 

Eq. 3.1 I can be evaluated .. 
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S i nee a certain traction (y) of the power g~ner.ated is carr i·ed. by gammas 

directly to the coolant, Eq. 3.11 must be correcte9: 
'. 

3. 

·obCs) 
[ 3 F· -L' F· ]+y . ·I 

= ( 1-y) if I 
I i='l. (.3.13) 

Og(s) I +Tis + + T4s 
. · .. : 

The .generated power i~ directly proportional to the thermal neutron population. 

Therefore, at a 1.1 power I eve Is: 

· · Q 9 ( s) = 0 go 
n(s) no 

(3.14) 

Eqs. 3. 13 and 3. 14 are in a for·m read i I y adaptab I e to ana I og computer s i mu-:-. 

lation, so that they are not inverted from the Laplace domain to.the time domain. 

These two eq·uations are used in the simulation to describe the dynamic heat 

transfer in the boiler. 

Numerical Evaluation 

.As an ex amp I e of how the F i 's and TJ 's of Eq. 3. 13 .are found, the numer i ca I va Illes 

for these quantities in Pathfinder dre calculated. The heat transfer coe'fici~nt 

from the U02 to the coolant is: 

H = ...,..-~__,1,----:-~-
dc/l<c + I /hf 

(3. 15) 

where de and kc are the thickness and thermal conductivity of the cladding. 

Tr.e film coefficient, h1 , is about 6500 .Btu/hr-ft2-F for boiling conditions, and 

about 3800 Btu/hr-ft2-F for the subcooled part of the.core (assuming some sub-

. cooled boi I ing) .. Since about 18 per cent of the power is generated in the sub-

cooled part, 
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hf ~ 0.82 X· 6500 +.0.18 X 3800 

= 6000 Btu/hr-ft2-F 

Eq. 3.15 is then evaluated 

H = .028/( 12 'X ~.45) + 1/6000 = 2100 Btu/hr:..ft2-F (3. 16) 

From the data available on uo2 thermal conductivity, the estimated value for 

·the cracked, irradiated ceramic is about 0.9 Btu/hr-ft-F. 
. ' 

At the expected full-power operating temperature, the density and speCific 

heat of uo2 are 636 I bs/ft3 and 0'.073 stu/ I b-f, respective I y. Hence, 

K =thermal conductivity 
3600 x density x specific heat 

= _______ 0~._9 _____ __ 
3600 X 636 X .073 

= 5.4 x 10-6 ft 2/sec 
(3. 17) 

The· fue I pe I I et radii are different in the upper and I ower ha I ves of the 

core. The equivalent radius is:. 

~1·%Qb lowerx R2 _1ower + %Qb upper x R2 upper 
R - 100 100 

=Jo.4 c.ol3) 2 + o.6 c.OI46) 2 = o.oi40 ft. (3. 18) 

From Eqs. 3.16, 3.~7, and 3. 18, Nand Tate: 
.. 

N = RH = :·0. 0 14 x 2100 = 32 8 K : 0.9 ' 

T = R2 = (0.014)2 k = 36.3 sec. 
K 5.4 ·x 10-v 

Using these' values with Figure 3.1, Fi, Ti, and 'f4 in Eq. 13 .. 13 are evaluated. 
. . . 

The boiler heat transfer relation for Pathfinder becomes: 
. 
Qt)(s) 

Og(s) 
- 0.71 0.13 
- I + 6.8s + I + I .27s + (3. 19) 
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4. REACTIVITY CHANGE DUE TO THE DOPPLER EFFECT 
··~---· --··-·---. ---- -· 

An increase in fuel temperature causes a broadening of the resonance peaks 

238 in the U · cross section spectrum, resulting in more neutron captures 

during the slowing down process. This reactivity change, cal led the Doppler 

effect, can be directly associated with average fuel temperature, and 

considered quite independent of moderator conditions. 

Assumptions 

I. Boiling conditions always prevai I, and the average fuel temperature 

never goes be I ow 489 F 

2. The bo I I er-fue I therma I properties are constant between 489 F and 

1200 F. 

3. The Doppler reactivity. Is linear wJth avera~e fuel temperciture between 

489 F and 1200 F. (See F i gure 4. I ) 

Derivation 

The rise of the average boiler fuel temperature from the channel saturation 

value (489 F) is: 

(4. I) 

. 
where C is the total fuel heat capacity, and Og is the boiler power generated in 

the fue I , and Ob is the bo i I er power frans·ferred to the coo I ant. 

lf.kd is defined·as the change in reactivity due to Doppler effect as the 

average fw91_temperature rises above489 F, assumption3 permits: 

~kd --- = constant 
oTavg 

(4.2) 
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From Eqs. 4. I and 4.2 

(4.3) 

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

The rate of change'of reacto\ pressure results from an unbalance of the mass and 

~~ergyentering and leaving J"h&"".pr~·marytsystem. In calculating the energy balance, 

it is important to differentiate between the saturated and subcooled water .in the 

system. For simp I !city, the vessel and recirculation loops are treat~d in two 

parts: {A) a control volume including the s~turated steam and water in the vessel, 

and (8) a control volume including the subcooled.primary water between th~ feed-

water ring and the active core inlet. The first .wi I I be taken here, the second 

in Sec. 6. 

Assumptions 

I. The control volume, or volume of saturated water and steam remains 

constant. 

2. During both pressure rises and drops, alI the saturated water and 

steam remain saturated, and enthalpy and specific volume follow the saturation 

I ine. 

Derivation 

a) Mass balances 

Referring to Figure 5.1, the rate of change of mass of saturated water is 

Mf = Wv - Wd - Wtg (5.1) 
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and of saturated steam: 

Mg = Wfg - Ws ( 5. 2) 

b)· Volume Balance 

The volume bf ·saturated water and steam is: 

( 5. 3) 

where vf a.nd vg are specific volumes of the saturated water and steam, respectively. 

From assumption 1: 

c) Energy Balance 

= Mfhf + Mghg + hfMf + hgMg 

Ysat P1 
J 

where Ob is power transferred to boiler coolant, 

Om is power transferred out of active boiler core, 

(5 .4) 

( 5. 5) 

vf., vg, hf, hg are the internal energy and enthalpy of the saturated 

water and.~team, respectively. 

J. is an energy conver~ion factor. 

Combining Eqs. 5.1, 5.2, 5.4, .and 5.5 to eliminate Mf, Mg, and Wfg• and making 

the substitutions, ~h = hf - hin and Wv - Wd = Wtw + Wps - Wp, (See Figure 5. I) 

then, 

dPI Ob +Om- Wv6h - (1+ vf) hfgWs + hfgVf (Wf + W - W ) ---= ------·-------·----~--V~f~g~----------V~f~g _____ w ____ ~p_s ____ ~p--

dt Mf ( ahf - ~ avf ) + M c· ~ -~ avg \; - Vsat 
. TP vfg ar . g aP vfg ap .1 -J-

(5. 6) 
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Numerical Evaluatior. 

Due to uncertainties in evaluating the saturated portion of flutd in the steam 

separator region, maximum and minimum values of the denominator of. Eq. 5.6 

(defined as "0") are calculated. Using·the minimum saturated water mass of· 

32,400 lbs and total saturated volume of 1424 tt3· 

Dmin=32,400 (0.205-728 ·x 3. 75x 10-6
)+ 1025(728 x I .25 x ·lo-3 - 0.017)- 1424 

0.732 0.732 5.4 

= 749! Btu/psi ( 5. 7) 

( 

Using the maximum saturated water mass of 47,500 lbs and total saturated volume 

of 1729 ft3: 

10,485 Btu/psi (5.8) 

The best estimate is considered to be 34,200 lbs and 1460 tt3, which gives 

a "D" of: 

o. = 8000 Btu/psi ( 5. 9) 
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I. 

.·1. .. •:.>. 

Assumptions 

I. Volume of subcooled water is constant. 

2; S~bcooled .water is incompressible. 

3. ·Purification out-flow, pump-seal in-flow, and pump energy given to 

fluid are consta~t and occur a~ feedwater rin~ rather than at .their actual 

locations. 

4. 

5. 

Derivation 

Changes in local pressure are equal to changes. in reactor dome pressure. 

Recircul~tion transit time is constant during a process. 

a) Energy and masi bal~nces at feedwater ring 
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''·· 

il1e''f:iow contint,Jity equation at the point of the feedwater ring is: 

·(s~e:as~O~ption 3 and Figure 5.1) 

( 6 •. 1) 

Th~:eMergy rate balance is: 
' . ' 

{6.2) 

i . 

· ~.he:~:·O·p· is the energy rate given to the water by the pump. 

' '·' ,.. 

Combining Eqs. 6.1 _and 6.2: 

{ 6. 3) 

· ... · 

b)·. Energy balance of subcooled control volume: 

During transients, the internal energy of the subcooled control voltime,(i .e., 

.. the vo I ume of water between the feedwater ring and the core in I et, t ncl ud in~ the 

r,ec.l rcu I at ion I i nes and I ower vesse r pI enum) Is not the same throughout. Therefore, 

th i ~ volume is broken up C';ll ong the f I ow !» th i'nto an Infinite number of sections 

qf :.infinitesimal length, each of which has a volume, tJ.V. An energy balance 

for one of these sections is, using assumptions 2, 3, arid 4: · 

h • ) = U = p6.V h • - 6.V P 1 
I . I .. J 

{6.4) 

: where hi and h1_ 1 are the enthalpies at the outlet and inlet of the 1th section; 

U is.the 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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F~. A,4 is written for each section, and this Infinite se~ of equ~tions 

is solved for the entha!py at the out!et of the ·I~Stse~tion~ The ootlet 

. enthalpy of the last section (which is also the core inlet: enthalpy, hin> 

can then be written as a function of the enthalpy of the first section, 

hr, and reactor pressure, P 1: 

( 6. 5) 

where Tr, the transport time through the entire sub~ooled control volume is 

considered a constant according to assumption 5. 

Final !y the subcool ing at the core inl~t is, 

where hfn is obtained from Eqs. 6.3 and 6.6, and 

~h is defined as hf - hin· 

In the derivation of Eq. 6.5 a flat velocity profile was assumed for the 

fluid in the volume between the_feedwater ring and the core inl~t. Actually, 

some undetermined amount of mixing wi I I occur just below the feedwater ring 

and in the recirculation piping, so that a parabolic velocity profile wi I I 

prpbably exis+: Cold feedwater would actually be seen at the core inlet 

gradually, rather than suddenly as the equation states. Thus, the pure delay· 

indicated by the C+-Tr> function should be a smoother function. As explained 

in Sec. 15, the actual simulation of this delay phenomenon is smoother than 

that indicated by Eq. 6.5 . 

. To increase the accuracy of. the analog simulation, the ~ariables and equations 

are broken up into a steady•state and a variable component, e.g., P1 = P1
0

+6P 1: 
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Keeping only the transient part of Eq. 6.3 and rearranging: 

+ (6W -6Wf .) 6hf - (hf· -hf ) 6Wf. r w o wo w ( 6. 7) 

The transient part of Eq. 6.5 is: 

(6.8) 

where 6h0 is evaluated from the steady-state solutions of 6.3 and 6.5 as 

( 6. 9) 

Wfwo + Wpso · 
= Wro (hfo - hfw> Wro (hfo - hpso> - Op 

Thus, Wv6h is generated in the simulator f~om Eqs. 6.6, 6.7, 6.8, and 6.9. 

7. REACTIVITY IN VOIDS 

Voids in the boiler-core. moderator increase the fuel-to-moderator ratio 

and decrease the core reactivity. The reactivity decrease due to boiler 

voids can be expressed as a function of inlet flow, subcool ing, and boiler power. 

The ·voids in the superheater moderator have been found ~o have a neg I igible 

effect on reactivity, so they are neglected here. 

Assumptions 

I. 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 calculating the-effective void fraction, the local coefficient, 
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okeff/ox, is constant . in. the ! ower core ha! f, · and constant at 68 per cent of 

this value in the upper core half. 

3. The axial fast flux is the prop~r void weighting function, 

Although under some conditions the validity of these assumptions may be 

questioned, the net effect on the results of this section is minor. 

Derivation 

a) Mean Effective Steam Fraction by Weight 

The effective steam fraction is the actual steam fraction multiplied by the 

local void-reactivity importance function shown in Figure 7.3. Thus, the 

mean effec~ive steam weight~fraction is: 

( 7. I) 

and,. 

x(z) ( 7. 2) 

where, z is fraction of core height measured from the bottom, 

z0 is positi6n of boi I ing incidence, 

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

.xe is steam fraction at core exit, 

¢<z> is fraction of core power ~enerated below z, and is assumed to 

be a function of z only (assumption. I). See Figure 7.4. 

~~(z) is the local void-reactivity importance function, and according 

to,assumptions 2 and 3, is the fast neutron flux for z <o.5, and 

O.o8 times the fast flux for z >0.5, normalized such that 

j··l ~; (z)dz= 1.0. 
0 
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Eqs. 7. I and 7.2 were combined and numerically integrated (using Figures 7.3 

and 7.4). A change of variable 

= ( 7. 3) 

is made; ~here, Ah is the enthalpy of subcool ing, and hfg is the heat of 

vaporization. The resultant function is approximated by 

x = I xe - E 6h 
hfg 

where, J = J~ cpj (z) Q(z) dz = 0.537, and 

E, graphically evaluated, is 0.375. 

Eq. 7.4 does not consider the dynamics of void formation. Hence, 

5<( s) = 5< g ( s) 

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

and 

The exit void w3ight-fraction, Xe, is generated from the equations: 

Wtg = Ob -. 6hWw 
hfg 

oWfq p. 
- • I 

oP 1 

where, owf
9

/oP 1 is derived in Sec. 9. 

b) Mean Effective Steam Fraction by Volume 

(7 .4)· 

( 7. 5) 

(7 .6) 

(7.7) 

The relationship between steam fraction by· weight and volume depends on the 

pressure, the channel geometry, and coolant velocity. Experimental data for 

conditions similar to Pathfinder indicate that the Modified Martine! I i relation-

ship (Figure 7. I) would probab I y be the best estimate for the steam vo I ume'"" 

fractlo~-to-weight-fra~tion relation. 
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c) Reactivity In Voids 

Various core conditions with widely different values of inlet.s~bcool ing and 

power level were us~d as inputs to the PDQ code on the IBM 704 Computer from 

which the values of reactivity in voids were obtained .. For each of these 

core conditions, the mean effective void volume-fraction was calculated as 

in "a" and "b" above. Figure 7.2 shows these void. volume-fractions plotted 

against the reactivity obtained from the PDQ problems. The reactivity co-

efficient is qu~te constant at 19.1 $/a. 

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

7 .2. 

8. VOID REDISTRIBUTION DYNAMICS 

If boiler core power or subcool ing change suddenly, the axial void distri-

bution wi I I change according to the equations in Sec. 7, changing the core 

reactivity. However, the tot a I reactivity .·he I d in voids does not change 

suddenly to a new value after the disturbance, becau~e the newly formed voids. 

must be washed up the core before a new steady-state distribution can exist. 

Thus, a certain time lag, associated with the core void-transport time, must 

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

Assumptions 

I . A I I assumptions of Sec. 7 app I y. 

2. The function g(s) is derived for void disturbances resulting from 

power changes on I y, but the resu l_t is a 'i so app II ed to disturbances rest:i It i ng 

from subcool ing changes. 
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3 .. The axial core boi! ing ·,!·ength was taken .as: eight· sections,:-wi,:t:h 

conditions assumed uniform throughout a·secti·on. · 

Derivation 

Consider an impulse in boiler core power variation. The void distribution 

wi I I not return to its original condition unti I the new voids formed at each 

axial core position have been washed out of the core. The new voids formed 

at core posttion z (fraction of core height above bottom) wil I have been washed 

out after a time T(z), where, 

T(z) =II dz 
z v(z) 

(8. I) 

and v{z) is steam velocity in core-height-per~seco~d. ThJs is cons)dered a 

transp~~t ·Ia~. ~ Th~ Laplace transform is used to· include this dynamic effec+ 

in Eq. ·7. 1': 

where; the symbo Is _other than T(·z) are defined in Sec. 7, and Q(z0 ) is con­

sidered constant for the purposes of this tran~ient effect (assumption 2). 

From Eq. 7.5 and _8.2 the transfer function g(s) is: 

g(s) =II '1' (z)e-T(z)sdz 
zo 

where, _from the relations derived in Sec. 7_: 

I 

cpl (z) [Q(z) - QCz0 )] 

,.. (Z) -=s I • 
z qJ I . . 0 

{z) [Q<z) 
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. To facti itate the solution of Eq. 8.3; th~ cor~ is brok.en down into· 
. . .·.. ··.·.. . . . . ; 

eight axial sections, Eq. 8.3 being expressed as a .summation. instead of an., 
.. ~ .. : 

integral, and the perfect_ lag is approximated such·that Eq: ·8.3 tan b·e . . . ' . . 

written as: 

g(s) 

where, 

i=l 

Yi (I Tis) 
(I fTJS) 

+ I (I - z0 ) 

lf a Jr:: .. (i-l~(l _ zo)l(z) dz 

8 

and 

zo + i ( I - zo> 
8 

dz 
'~"i = v(z) 

Zo + (i-l)(l·~ Zo) 
8 

~umertcal Evaluation 

'·· ..... 
,. ·' ., .·· 

. (8. 5) 

(8.6) 

(8. 7) ' 

.The values of Ti and l'i w~re. calculated from Eqs. 8.4, 8.6, 8.7 using Figures 

7.3 and 7.4. and a steam ve I oc·Jty .vCz>: g I veri by Eq. 8.8. 

v(z) = 4.33 z sec-1 . (8 .8) 

Examination of Figure 8. I shows that one single lag with a· break frequency 

of 20 radians/second is a good approximation to the more exact Eq. 8.5 in the 

. frequency range of interest. Thus, Eq. 8.9 is the relation simulated that 
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accounts for the dynamics of void redistribution. 

g( s) ,..., ~.,..;-­
+ Tvs 

9. PRESSURE EFFECTS ON REACTIVITY 

The boiler-core pressure can affect the mod~rator density, and, thus, the 

Gore reactivity, in three ways: 

(8. 9) 

I) Th~ static reactivity coefficient ~ue to changes in steam bubble 

size and water temperature and density, which depends upon the magnitude of 

the pressure. 

2) The transient coefficient, which includes the changes in amount of 

steam voids because of flashing or condensation resu.lting from arate of 

pressure change. 

3) Changes in core inlet subcooling, or core non-boi I ing length. This 

effect was treated in Sec. 6. 

Assumptions 

I. The mean void fraction by volume is equal to the· mean effective 

void fraction by volume (See Sec. 7). 

2. Changes in the steam dome pressure are the same as those in the 

boiler core press~re. 

3. The normally saturated core water and steam always follow the satu~ 

ration II nes. 

4. The results are I inear'~ze~ about· 615 psia. 
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Derivation . I. 

a) Static Effect 
.. ~ -· ' ; . -

The reactivity coefficient due to pressure eff_ects on channel density is: 

where, the channel density, Pc, is 

= (I - ~) ~ (I - ~) Pc - + -~----
Vf Vg Vf 

the void fraction by volume, ~. is 

~= ----'----
I 

~ y__ s ~c.-1. . I ~ Vf fg f c· .) - Sh 
. . Vg X . · .. · Vg .Xhfg 

where: 

Vf and vg are the specific volumes of saturated water and steam, 

hfg is the heat of vaporization per pound, 

S is the channel slip ratio, 

~ is the total st~am fraction by weight, and 

P 1 is the core pressure (see assumption 2). 

From Eq. (9.2): 

oa 
-= -vf 
oPe ... · . 

( 9. I) 

( 9 .2) 

(9.3) 

(9. 4) 

Remembering that the product hfgX is independent of pressure, from Eqs. 9.2 

ah'd 9.3 it can be shown that·. 

ope ( I - a) [ c I ':::t.v I ':::. - ':::. - a - ~ - - ~·) < 1 - a>.~ J 
oP1-- vt .. vf oP 1 · hfg oP 1 . + vf. ·,oP

1
. (9. 5) 
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Substituting Eqs. 9.4 and 9.5 into Eq. 9~ 1·: 
· .. ; ... · 

( 9. 6) 

To. simplify the analog circuitry, the (I - ~) factor in front of the bracket 

is considered constant, so that okv/oPI becomes a linear function of~ .. 

b) Transient Effect . 

Taking the control volume as the saturated water and steam in th~ core, and as-

sumJng core_power and fiubcool ing constan~, Eq. 5~6 can be appl led to the core, 

giving 

( 9. 7) 

where, D' is evaluated just as D was in Sec. 5, exce~t that the masses and 

volume apply to the core only. Wfg 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: 

0' = 2100 (0.2 - 3.5 x 10-6 x 6~~3) 

C 0 18 + I 10-3 728 ) 53 . + I I . 7 - . 0 ; 2 x . x -. - -. -. -. = 4 I 6 Btu 1 psi 0 . ..73 .5.4 . 

and Eq. 9. 7 becomes 

0~fg = -416 . 
oP 1 . 728 (I + .0202) ·= 

. . 73 

-0.57 
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10. SUPERHEATER TEMPERATURES 

The superheater tue I e I emen:f"s contain their tue I as a. uo2~~ta in I es~ .. stee I 

ce~met in two concentric annuli with st~inless steel cladding. Stea~ flows 

on either side of each. annulu~. in three annular steam spaces. (See tig~re 10.1) 

Although temperatures at various p6ints of th~:superheater are ~idely differ~?~, 

the only two positions of interest in dynamics studies are the hot spot and the 

superheater exit. Hot spot data (including wire spacer etfects)·were obtained 

from heat transfer stt~di'es cr,.the digital e:·omputer tor the·reterence design 

of 750 F maximum exit steam temper.atur·e. The· equations derived here use these 

data to give the transient temperatures at the hot spot and superheater exit 

as functions of neutron flux and steam flow. This si~!Jiatio~ is greatly 

simp I if led by the fact that the superheater-temperature ~eactivlty coefficients 

are neg I i g i b. I e. 

Assumptions 

I . The neutron f I ux I eve I throughout the ·superheater ·var Fes uniform I y 

with the tota I reactor f I t.ix ·1 eve I • 

2. Reactivity coefficients i~ the superheater are negligible as compared 

with tho~e in the boi I er . 
. . '-· .. 

3. Fluctuations in the am6unt of heat transferred by radiation are 

neg I i g i b I e. 

4. The thin fuel tubes can be descrfbe~ ~ith .lumped parameter, flat 

plate geometry. 

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

6. The steam heat capacity is negl iglble as compared to that.of the fuel. 



BURNABLE POISION TUBE 
INNER FLOW CHANNEL 
INNER FUEL TUBE 
MIDDLE FLOW CHANNEL 
OUTER FUEL TUBE 
OUTER F~OW CHANNEL 
INNER INSULATING TUBE 
INSULATING STAGNANT 

STEAM SPACE. 
OUTER INSULATING TUBE 

TUBE 

llloeflll-++--- --··· · -·llt-HH+~N--- SURFACE AS SOCIA TED WITH . 
Th:,: > G:b, t Hh 

----FLOW CHANNEL AS::,OCIATED 
WITH T115 

T2 IS AVERAGE OUTLET STEAM 
TEMPERATURE OF ALL FLOW 

CHANNELS 

SCALE: ABOUT 2 TiMES 
. ACTUAL SIZE 

Figure 10. I High-enrichment superheater fuel element. 
(A -c Dwg. 43-024-803) 
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7. The specific heat of the steam at the hot spot and at 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 I and 2 are within the 

accuracy of the overal I simulation for reasonable power fluctuations.· Assumption 

3 is valid except at very low power levels ( < I per cent of ful I power). With 

regard to assumption 5, the uncertainties in the absolute value of the heat 

transfer coefficients make a temperature correction i I logical. The remaining 

assumptions do not appreciably affect the accuracy of the results. 

Derivations 

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

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

where, Qh =power generated per ft2 of surface area at hot spot, 

qh = heat flux at surface at hot spot, 

ch = fuel heat capacity at hot·spot, 

Thf = fuel temperature at hot spot. 

If the steam heat capacity is neglected with respect to ch; 

( 10. 2) 

where, Ths is the steam temperature at the hot spot. 

The heat transfer coefficient "Hh" is considered as a function of steam 

flow only, so that: 

( 10 .3) 
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I 

_) 

I 

1 f .the neutr:on f l.u.x t.hroughout. the. ent,i r:e supE;)rheater is assumed to vary 
. ' . . . ; ' ' . . . .. 

unIform l.y. with the neutron. f I ux. ca l.cl! I ated · i .n. Sec. 2; th,en., 

(10.4) 

and 

hI o> . ( 10. 5) 
'' I • •: • 

Changes·in the hot spot steam temperature are related to steam.enthalpy 

changes simp,ly by: 

. or hs ~-~ (I 0. 6) 
Cp 

sine~ cp, the specific heat of steam,· is very n~a~ly a c6nst~nt ·in ~he fower 

regions of the superheater for alI reasonable pressure and fe~pe~ature swings. 

Because of assumption I, the bu I k steam terhperatur:e change a+ the .-superheater 

exit can be written as: 

(I 0. 7) 

where, h2 and cp2 are the enthalpy and specific heat of steam at the exit. 

' . 
The i~let enthalpy, h 1 , is considered constant. 

. . 
Because of the neg I igible steam heat capacity, the above set of equations 

must be r~-arranged to avoid an ~lgebraic loop in the analog ~imulation. If 

Eqs. 10.2, 10.3, 10.5 and 10.6 are combined to eliminate Ths~ hh; and Hh~ 
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When Eq. 10.8' is applied to the· Pathfinder superheater ·tiot ·spot; the first 

bracket is almost linear with·steam ·flowrate between'·o and liO ·per·cent·flow; 

Ther,efore, it is approximated by: 

Ws 
Wso · 

- Hh Ws 
Wso 

(I 0. 9) 

... , . .. 
Using this approximation in Eq. 10.8 and keeping only the transient p·art 

of the ~esufts:·· . ; .. , •• 1 ••• 

'' · ... 

( 10. 10): . 

Cpmbinin~ E,qs. 10.5, 10.6, and .. I0.8,t~e.fpp~ox_imation of Eq; .. 10.~, and 

ke~ping only the transient parts: 
• I • \ •' •' ' '· ' •• • ' •' .• •' ~ > • ' \ : ' • '. ..... 

'I; • 

~10.11) 

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

( 10. 12) 

·.: ' ·, 

Eqs. 10.10, 10.11, 10.12, and 10.7 are simulated with on and OWs as the 

inpu_ts and oT_s, oThf• 6Tz, and oqhas the avai !able outputs . . .. \ 

I I . THE .S.TEAM SYSTEM 

The equations describing the pertinent steam f I ows and pressures from the 

reactor dome through to the turbine and dump valve are derived here. The 

dynam lc :·:e'ffect of steam cornpress i .b i I i ty is taken into .account·. These equations 
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generate the input (steam-1 ine pressure) and use the output (turbine-inlet 

and dump-valve positions) of the control system (Sec. 12). The steam flow 

schematic is Figure I I .I. 

Assumptions 

I. The steam is stifficiently.superheat~d to follow the perfect .gas 

law. 

2. The steam inertia can be neglected. 

3. Shock wave phenomena ~re not consider~d. 

Assumptions 2 and 3 have been analytically proved valid. Any shock waves 

set up in the line are highly damped. 

Derivation 

a) Steam Line Pressures 

The superheater exit pressure variation is:. 

( i I . I) 

(refer to Figure 11.1 tor symbol definitions) 

and at the turbine inlet! 

(I I .2) 

where, the superheater pressure drop (.6P5> is shown in Figure I 1..2 as a 

function of steam flow rate. The steam line pressure drop is: 

(I 1 .. 3) 
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b) Steam Line Thermodynamics and Flow Balances 

Using assumptions I, 2 and 3, and using Pz as the_ average steam I ine pressure 

(since 6Psl is smal 1), the steam I ine thermodynamics can be described by the 

perfect gas law, 

( I I . 4) 

where, Tz, M
5 
~nd ~s are the temperature,~~ss and ~olume_of the steam in the 

I ine, and Rs is the gas constant for :steam~ T2 here is degrees Rankine.· A 

reversible adiabat)c process ·is assumed, 

.TzPz 

1-k 
k 

1-k 
k ( I I . 5) 

where, k· ts the ratio of ~pecific heats· for the superheated steam and the steam 

I ine mais b~lance: 

( I I . 6) 

.. 
Linearizi·ng Eq. 11.4 and 11.5, and solving Eqs. 11.4, 11.5, and 11.6to eliminate 

T2 and Ms: 

5Ws I = 5Wt + 5Wb + 
144 Ys dPz 

kRsTzo .dt ( I I . 7) 

'• 

Also, from Figure II. I: 

5W = s 5Ws I + 5Wsv (I I .8) 

.. 
' •. 

C) Steam Flow Through Turbine and Dump Valve 

Flow through the turbine is critical and thus can be described by 

( I I . 9) 
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le· 

.:;· ~ .... 

-

~·there Sc, the "capacity coefficient", is proportional to the i.nlet valve 
···.;., ... 

position .. The p~oduct of the pressure and specific volume (P3v~) is considered 

constant. 

Flow through the dump valve may be similarly described by 

(I I . I 0) 

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

The transient parts of Eqs. I I .9 and I I. 10 are: 

&l~t -=(I~~-HSco·l)p3 + P3o1;Sc + ~P36Sc) ( I! . I 'I) 

and 

( I I • 12) 

Eqs. 11.2, 11.3, 11.4, 11.5, 11.7, 11.8, 1!.!1, and 11.12 are simulated using 

the values I isted in the symbol sheets for the constants. 

d) Reactor Safety Valves 

Four safety valves dre located at the superhe6ter exit and wi I I pass steam 

directly to the condenser. Figure I I .3 shows t~e individual capacities of 

the fcur valves for both increasing and decreasing pressure at the valves. 

The fourth safety valve is a dual purpose valve which operates automatically 

on overpressure or by motor drive on simultaneous closure of turbine and dump 

valves. 

The pair of general equations describing the flow through each safety 

·v~IVe after P2 has reached th~ rei ief pressure, and before it drops below. 

the reset pressure are: 

p . ~ p2 s p . 
r I pI 

= < m i - m i i) P2 + b i i - b i 
(1!.13) 

;·1here the subscript "i" indicates the safety valve number,_ and priand pPi.are 
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reset and popping pressur~s, respectiv~ly. I~ is assumed that each valve has 

the same simple lag res~onsefur opening and closing. Thus; 

I 
(11.14) 

· 12·. ACTUATORS AND CONTROLS FOR THE TURBINE INLET AND DUMP VALVES 

The functional schematic of the controls Is shown in Figure 12.1. The turbine 

inlet valve is positioned by steam-1 ine pressure error through a triple-action 

controller (RP-IOa). The pressure set-point is modified during transients by 

a temperature error signal· from the superheater exif steam, in order to minimize 

superheater temperature transients. The temperature error signal is first sent 

through a proportional-plus-rate controller to compensate for its measuring lag. 

The dump valve opens, and assumes the pressure regulation, only if th~ turbine 

i n I et va I ves have reached their f u I I y open posit i on. The •)·excess demand" 

signal reaches the -dump valve actuator through summer RP-IOe. 

For emergency conditions such as turbine trip or load dump, a relay system 

is provided to quickly open the dump valve. The simulation of this relay system 

wi II be included in a subsequent report because it is considere~ as a special 

input to the basic simuLator. 

Assumptions 

I. VeJocity limiter RP-IOd perfectly matches the dynamics of the inlet 

·valve and actuator. 

i 
2. The measuring lag of temperature transducer 960 varies as the in-

1 .. verse of steam f I ow to the 0.8 p·ower. 
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Derivation 

a) Turbine Inlet Valves Actuator 

A pneumatic- actuator moves a "reach rod'' into the hydraulic turbine control 

system. This hydraulic system consists of a p.i lot valve, a pOI'Ier piston and 

cylinder, and mechanical linkages; The experiment~! dynamic response of the 

pneumatic actuator alone approximates a perfect lag of Ta sec, and is simulated 

as such (Figure !5.14) .. The response of the hydraulic system was calculated as 
c 

an order of magnitude faster, so it is assumed instantaneous on the simulator. 

The pneumatic actuator can move the valve at a rate no faster than ful I 

travel in 3 sec. This I imit, along with the fully open and fully closed 

I imits for valve travel, are included in the simulation. 

b) Dump Valve Actuator 

Ex peri memta I response data for ·the hydrau I i c dump va I ve actuator has not been 

avai fable. A simple lag of Tb sec. is assumed, since the response should be 

quite fast anyway. The minimum 6pening time for the vaive is·0.4 sec. This 

I imit, along with the fully open and fully closed I imits fo~ valve tr~vel, 

are included in the simulation. 

c) Controls 

The l~gs due to pne~matic tubi~g, response of the pressure transd~cer, etc., 

were found to be so short that they can be neglected with respect to the cut-

off f~equency of the pneumatic actuator. As mentioned in assumption I, the two 

input$ of. summer RP-IOe exactly cancel each other unless the inlet valves are 

fully open, in which· case· the demand signal actuates the' dump valve • 
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The actions of the rest of the control components are obvious from 

Figure 12. I . 

13. FEEDWATER SYSTEM 

The feedwater flow is regulated by the'reacto~ le~el control system, which 

insures that the feedwater f I ow is a I ways proportion a I to the ·steam f I ow. 

The feedwater is heated by turbJne bleed steam in the feedwate~ heater~, so 

its temperature varies with. steam flow. A regulating system is included in 
. ' 

the last heater to prevent the final feedwater temperature from dropping below 

340 F. Thus, above 8f per cent steam flow, the feedwater temperature increases 

with steam flow, and below 81 per cent it remains at 340 F. 

Assumptions 

I. The level control system is represented by a simple lag, by which 

changes in feedwater f I ow I ag changes in steam f I ow .. 

2. Feedwater enthalpy is I inear with steam flow at steam flows above 

81 per cent rated, and constant at 31 I. I Btu/lb below this. point. 

Derivation 

a) Feedwater Flow 

The transfer function of the level control system and feedwater valve qctuator 

is assumed to be a simple lag: 

where, Wfw and Ws are the feedwater. and steam flows, respectiv·ely, and 

Tfv is estimated at about 2 sec .. 
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b) Feedwater Temperature 

Between 81. and 100 per cent ~team flow, the feedwater enthalpy changes· at a 

rate 6f ab6ut 0.54 Btu/!b p1r lb/sec of steam flow. Below 81 per cent steam 

flow, the regulating s'ystem keeps it constant at 311.1 Btu/lb, or 94.6.per 

cent ~f it~ rated value. The time constan~ due to transport lag through 

the feedwater heaters at rated flow is estimated at about 20 sec. (Tfh). 

The equations describing this system are: 

r. ~hfw 
u hfw == -- --.!.--

aws I·+ TfhS 

( 13. 2) 

6hfw == - .5.4% hfwo 

14. RECIRCULATION FLOW HYDRODYNAMICS 

The study of the hydrodynamics of the recirculation system is broken down 

into three areas: 

! • Inter-loop flow of the three recirculation. loops: 

Th~ individual flow rates can be .expected to be very similar in the 

operating r~circulati6ri loops if the butterfly vcilves are operated in~ ~anged. 

manner, since the core head loss (common to alI loops). is quite large as com-

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

nearly equal. ·Therefore, for simulation purposes the three loops are considered 

as one wit~ th~ combined charact~ristits. 

2. Flow divisio~ ~mong the fGel channels:. 

Flow in individual or multiple-channel cores of the Pathfinder type with 
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forced recirculation is very stable. This permits consideration of the boiler 

core, for simulation purposes, as a single channel model wi.th its parameters 

expressed as the radial averages. 

3. Effect of core voids on recirculation flow rate: 

Increased voids in the core can either increase or decrease the recfrcu-

lation rate, depending on the magnitude of the flow rate and the operating mode 

of the recirculation loops. For natural circulation, an increase in voids in-

creases the density change through the -core and can increase the flow rate. At 

high recirculation flows, the "choking'' effect presented-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 recirculation flow rate due to these effects is derived in this 

section. The lower I imit of the Pathfinder flow range is sti I I high enough to have 

a negative void -recirculation flow coefficient. 

Assumptions 

I . The dynamic effect of the water inertia during f I ow changes is 

neglected. The inertia of the pump impellers need not be included because they 

run at assent i a II y constant speed. 

2. The approximation shown on Figure 14. I is made. 

Derivation 

Characteristic curves of core steam flow versus recirculation flow were calcu-

lated for several butterfly valve positions for one, two, and three pump 

operation. These characteristics are fairly linear, and their slopes_oWv/awfg 
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. . .. ~ .. ~ . .. . '• 

are plotted against their zero steam flow intercepts (~'J: 1 V) ·ih''.Fi.giire 14.1. 

The 11 ! fnear .. approx i.mat ion" of F'i gure ! 4. ! is used in ·the s i mu! at ion. 

The approximate equation 9f Figure 14. I is integtated~ and· the boundary 

conditiof'\S 

and 
I I 

. wv·W~o· Wv Wvo at Wf~ = Wfgo 

are applied. The transient part of the result is: 

= ~\'/ (_! . I - 4 . 8 X ! 0 - 4w v~ .1. ;.,\'/ I 4 
. fg ~I - 4 8 X 10-¢ Wfg ' v (I - 4.8- w ) 

fgo 

-4 I - 4.8 x 10 ~Wfg ~Wv 

I 

where, W is a function of pump speed a~d butterfly valve position. v 
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15. ELECTRONIC ANALOG COMPUTER SIMULATION 

15. I . ·I ntroduct'i on 

This section gathers the final equati~ns from the other sections and ·shows 

the computer circuitry used to simulate the equations. The -subsections 

herein are numbered in accordance with the previous sections; for example, 

the equations and circuitry for Sec. 2, "Neutron Kinetics", are contained 

in Sec. 15.2 In some instances rearrangement and combination of the 

equations developed in the preceding sections, as wei I as some additional 

equations, are necessary for the computer model. 

The pot settings are shown on the diagrams where it is convenient. 

However, a I I pot settings are given both symbo I i ca I I.Y and numer i ca I I y in 

Appendix A. AI I symbols appearing here and in Appendix A are defined, 

given units, and evaluated in Appendix B. 

Several circuits, such as those simulating control rod motion, scram, 

turbine trip, etc., are not shown here because·they are c·l~ssified as special 

inputs to the basic simulator, and, hence, beyond the scop~ of this report. 

The circu'ltry used is drawn in symbolic form showing the. actual 

computer components uti I ized. The definitions of the computer symbols 

used in these diagrams are given in Figure 15. 18, and the complete computer 

diagram of the system is shown In Figure 15. 19. 
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15.2 Simulation of the Neutron Kinetics· 

The equation generating change in neutron population is 

I Ai Ci 
·dn = (<5kex -I) n ~ 
dt 1*/13 

( I 5. I) 

i=l 

where each of the six groups of delayed neutrons are from 

( 15 .2) 

and the excess reactivity is generated by 

( 15. 3) 

The analog circuitry for these eight equations is shown on Ffgure L5.1. 

Figure 15. I Computer 
diagram for neutr6n 

kinetics. 
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15, . .3) s;i;mu.! aHon of Boi I er Fue I Heat Transfer 

Gombi;n·ing Eqs. 3.13 and 3. 14·, there results: 

3 ~ 3 I -L Fi 
Ob( s)• · Oqo I Fi i=l Ogo y 

= (I - Y) + + 
n. ( s) no 

;_i=l 
l+iiS I+T4S no 

whi'ch is simulated by the circuit shown in Figure 15.2. 

~o.ooo5CJ• 

O.ISn'. 

F'i'gure r5.2 Computer diagram for 
. bo,i 1:er heat transfer 
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15.4 Simu!9tion of the Doppler Effect 
.. .. -· 

A fraction, y, of the heat generated is transferred im~~d)ately b~ nucle~f 

radiation to the coolant, hence,,it has no effect on fuel temperature. 

Using this fact, and combining Eqs. 3.14 and 4.3, the reactivity due to 

fuel temperature change is: 

-o.sn 
---t 

-100 

Figure 15.3 Computer diagram for 
Doppler reactivity. 
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15.5 Simulation of the Energy, Mass, and Volume Baiance 6i- ~at~fa~ed·P~2t 

of Primary System 

' ·rt the denominator of Eq. 5.6 is defined as "0", and the following substitutions 

are made in Eq. 5.6: 

· ' Omo 
0 =- n 

m no 
(I 5. 6) 

( 15. 7) 

( 15 .8) 

there resu! ts: 

dP1 ___ 1 {o'b +Omo + htgvt ~ (I vtJ ~ n - Wv~h - uWtw - + vtag htg uWs 
dt D no vfg 

(15.9) 

where the terms in the brackets are constant. 

-o.!'n 

Figure 15.4 Computer diagram fo~· generation of rea~tor pressure. 
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15.6 Simulation of the Energy and Mass Balances of the Subcooled P.art of 

the Primary System. 

Eqs. 6.6, 6.7 and 6.8 are combined ~ith the relations 

( 15. 10) 

and 

( I 5 ~ I I) 

to obtain: 

- 1- ). ~p; + ~ho~Wr - Wpc)l',h 
pJ . 

ohf 
+<&Wr - OWfw) oPI OPI - (hfo - hfwo> OWfw 

( 15. 12) 
. '· 

where the steady state value.of Ah is.ev~luated from Eq. 6.9. 

The compute~ diagram of Eq .. 15.12 is shown in Figure 15~6. 

·The analog simulation of transport delay is approximated by the following 

transfer functiori . 

. e:-~rs~ 476- 160.5 Tr~ + 22.8 Tr 2s2
- 1.48 Tr 3s3 

476 + 309 Trs + 91.8 Tr 2s2 + 12. I Tr 3s3 + Tr4s4 
( 15. 13) 
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which is preferable if the signal to be delayed cont~ined frequencies about 

w 4 Tr' as in step response or ramp response. (The transport delay circuit· 

is shown in Figure 15~5.) 

+O.OI ~~(MANUAL CONTROl INPII 

Figure 15.5 Computer diagram for 
transport delay circuit. 

71/ANSPORT 
·>--"-----1 DELAY (11/('UIT 

~IG· IS.f 

F. i gure 15 .• 6 .. Computer .d i agr.am for generation of si.J bcoo 1 i rig. 
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I 

15.7 Simulation of the Reactivity in Voids 

The reactivity in voids is simulated by the to! lowing relations 

okv .­
kv. = oa F(x) 

'X = I Xe - E 1\h 
htg 

xe = ~JtgiWw 

Vlf g 
Qb 1.\hvJw 

= ----
hfg hfg 

Ww = vlwo 
wWv 

vo 

0Wi.9. . 
--: PI 
oP 1 · 

. ( 15. 14) 

( I 5. 15) 

( 15. 16). 

( I 5. 17) 

( 15. 18) 

The computer circuitry is shown in Figure 15.7. Since Xe and x have 

.to be positive values, a bridge I imiter is used between amplifiers 39 and 32 

and a diode I imiter is used on amp I ifier 19. The function is scaled such 

that the voltages of both the input and.o~ut signals are around 50 v 

at 100 per cent po~er. 

The function generator F60 generates the steam volume-weight correlation· 

shown in Figure 7. I. 

-ooo 
IOAh 

.Figure, 15.7 Computer diagram for void reactivity 
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!5.8 .Simulation of the Void Redistribution Dynami~s 
.. , : 

A good enough approximation to the void redistribution transfer function 
'· 

. is a simple Ia~ with time constant Tv· 
• j, •• ,! 

g(s) = 1/(1 + Tvs) 
... ; ' •• ':1 

It requires only one integrator as shown in· Figure 15.8. 

~. 1,: •• 

+too 

Figure f5.~ Com~uter diagra~ for 
void redistribution. 

'·' 
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!5.9 Si~ulafion of Static Pressure Effect on Reactivity. 

Substituting kv ~a for ct rn Eq. 9.6 and re-arranging the results: 
. . ~kv 

- flpl (I -c) I :::)kv I OVf c· I OVg ! ohtg I OVf )·~ . . - -~----+kv- -- ---- (15.20) 
·- ac: vt aP1 vg aP, htg aP, vt oP1 

where the factor (I - ~) is considered constant to simp! ify the simulation. 

The simulation is shown in Figure 15.9. 

- o. z.OP, -"'---.-----~------{ 

>---O.JJkv 

Figure 15.9 Computer diagram for static pressure reactivity . 

.. 
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!5. 10 Simulation tit Superheater T~~peratur~s. 
•• l_ 

Eqs. 10.10 and 10.12 are combined to give 

~Ws J 
- Hhc5T hf Wso 

Eq. !0.! I is repeated here; 

And this, combined with Eq. 10.7, 9ives: 

, < h2o - h ~o> 
6T = H · ~T 

. 2 ... h . Cp2 Oho . hf 

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

Figure 15. 10 Computer diagram 
for superheater temperatures. 
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.. 

15.1 I Simulation of the Steam System. 

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

144 Vs dP2 = 5w +- .r..w +- -
t .· b kRs T~w dt 

&Wt =(1/J P3vs><Sco&P3 +- P3o&Sc +- f>P3fiSc> 

0Wb =(1/J P3vs>CP3o&Sb f 6P3~Sb) 

<Wsv> i = m·P2 - b· I I 

· The computer circuitry is shown in Figure I 5. I I . · 

( 15. 24) 

(15.25) 

( 15. 26) 

(15.27) 

( 15. 28) 

( I 5. 29) 

( 15. 30) 

( 15.31) 

( 15. 32) 

(15.33) 

(15.34) 

The feedback capacitor on amplifier 30 is used to break the algebraic 

loop in the superheater exit pressure circuit. The differentiating circuit 

is approximated by the following transfer function 

Eo s 
f:" = I + ( I -a) s 

I 
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where the constant "a11 is. set s I i ght I y I ess than I .0. 

The safety valves are simulated by using two relays for each valve as 

shown in Figure 15. !2. When P2 ::!: Ppi both relays operate, which gives the 

results shown in Eq. 15.33, when P2 is reduced into the pressure range Ppi 

to Pri• MO wi I! keep operate but Ml wi I I reset, which gives the results 

shown in Eq. 15.32, and when P2 < Pri both relays reset that means the safety 

valve is closed. There are three circuifs of the form shown in Figure 15.12 

simulating safety values No. I, 2, and 3. 

The function generated by F70 is that shown on Figure I I .2. 
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' ~ ' 

-100 

-o.zl>P. 

-100 

o.~'bW...r 

Figure 15. I I Computer diagram for 
steam system. 

-100 

~igure !5. 12 Computer diagram for 
safety valves. 
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15,12 S i mu I at I on ··O.f · tJne ;Actuat:or'S :and ·ConT,r.o:l:s J,or: ·t:he Tur·b·i ne lnl et and 

!Dump V a I ves~-

Figure 15.13 is the analog ,ck:.cuiit-r;y simu·Lat.i'n:g the bl~ock d.iagram 'Shown on 

Figure :1.2.'1. Functlon ger:1er~1<or :F~62 ·and tt:he c'i-rcult ·o.f a111piHier 00 simulate 

the var i a'b:l e I ag o:t the T2 tra.n:sm.i:tter:·• .and amprl H ii·ers 0'1 and 02 s-i mu I at.e the 

proporfional-_plus-rate uni-t. Summer HP-lOg is .ampiiH!er 1'2. The ,proporthonal-

pI us-r'ese:t·-.pl:us-rate unit i.s r.epr.esen·ted \by amp! ,;t:iers .II~ 13, -'26, 65, -and 

66 suc:h that eac-h ·o.f its ·three actions ·can be changed i n:d i vi dua II y with a 

pot sett i.rJg. Ve I oc:ity Hmiit,er .RP-lOd and the rate of change l.imit of the 

inlet valve pos.it•iorier 'bot·h 'have ami·n:hnum time for full range·changes of 

t'hnee s.econds .. · :he:nce ca.n hoth be lr·eprese.nt·ed :by t·he .same ,c:k.ou:it· '(•amp:! 'i .f i er 

20). 

The .I ag :of t:he in :let va!lv.e posTlt"iioner., T.a• i·s ·.represented :by t:he s.ame. 

approximation as i"hat used for ."the t.r.a:ns:port lag iin Fiigur·e !1~5.<6., except 

' 
that '~"a is.used iinsitead ,of Tr·· The comp·ar'iso.n of ·the .res:r)Qrn·se of _t'l:lis cir-cuit 

/with that of tl:le aci'wa:l., experlmenta'l·,positi•or:Jer r·es,ponse \is show:!" :in 

Figure .I 5 .. 14 ~ AmplHTers 3'1; .36., '90, 7:1., 75., :amd .1:9 for.m ·tlhis ~.kcuit • . , 

Summer RP-IOe is .amp I it ier '23, .and the ck.c.wlt ,of .ampil":i H:er .25 :repr<esents 

the 0 .4 second c I ose-to-operi H'mlt of . tihe ·dump va 'I ve. actuaTor~ . 
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o.o clrz. ,-·---------~ 

. . o.>.S VIIs 

Figure 

o.o'lM 

'------- o.2.~P1. 

15.13 Computer diagram for 
control system. 
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w 
~ 70 0 
cr 
f-
(/) 60 
...J 
_J 

::::> 50 lL. 

1-
z 40 w 
I.) 
0:: 
W. 30 a.. 

20 

10 

0 
0 

-

/'/ 
~ ....... ---
"" 

~/ 

0 ~/ '-

~ 
// 

a.. L" 
~-- - i/ fl 

-~ / 
/ v 

/ 
£' 

~ I I - I I 

(.0 . 2.0 3~0 4.0 
STROKE TIME - SECONDS 

Figure 15.14 Step ~esponse 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-G Owg. ~)-024-801) 
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I 5. 13 S i'mu I at ion of tbe · ·Fee'dwater System 

Figure 15.15 is the computer circuit for the feedwater flo\\1 equation shown. 

below 
·~ '· 

( I 5. 36) 

Figure !5. !6 is the computer circuit for the feedwater enthalpy equations, 

a relay is used tor the non! inear change . 
..... .. 
':',..J. 

5htw = ~5.4% ~two , 
.; (15.37) 

V7:~., 

I ·:1 
-O:S JWs---~-----~---~-----0.5 ~ Wr.w 

·. 1/Tfv .. 

Figure 15. 15 Computer diagram for feedwater f 1 ow. 

-100 

Figure 15.16 Computer diagram for feedwater enthalpy . 
. : .. 

. ... ~ 
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----- --------

=t>­
·=i>-· 
X :L_-'XY -lJ IOC 

·.+~·+:A . ·.-~·=·B . . +IOC \iSM2i ---m::J 
+XY -xz 

-Y +Z 
DFG 

X :-------1 F( X) 
_. ~· 

L__ ...• 

--:-0--. 

_/ __ _ 

HiGH GAIN· OPERATIONAL 
AMPLifiER 

.SUMMING AMP.LIFIER 

INTEGRATING AM.PLIFIER · 

. ELECTRONIC MULTIPLIER 

SERVO MULTIPLIER 

DIODE FUNCTION GENERATOR 

COMPARATOR 

BRIDGE LIMITER 

. DIODE 

POTENT lOt\ IE TER, 
UIJGROUN:>ED 

P - POTEI\1 TIOME TER, 
GROUt·~ OED 

0- POTENTIOMETER, 
GROUNDED 

FUNCTION SWITCH 

Figure 15.17 Computer diagram symbols. (A-c Dwg. 43-024-806) 
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+100 

I 

Figure 15.18 Computer diagram of Pathfinder transient simulator. 
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APPtNDIX·A 
. ~ . 

POTENTIOMETER SETTINGS 

PATI-IFINDER SIMULATOR CONSOLE A, Q POT 

0 POT 

00 
01 
02 
03 
04 

05 
06 

07 

08 

09 

10 
II 
12 
13 
14 

15 
16 
17 
18. 

. 19 

20 
21· 
22 

. 23 
24 

25 

SYSTEM 

Neutron Kinetics 
.Neutron K i net i.cs 
Neutron Kinetics 
Neutron Kinetics 
Neutron Kinetics 

Neutron K·i net i cs 
Neutron Kinetics 

·soi ler Fuel Element 

Pressure effects 
· on react i v i ty 

Pressure effects 
bn ·react. 

Neutron Kinetics 
Neutron Kinetics 

S~fety Valve #I· 
Vessel Pressure 

Neutron Kinetics 
Time Axis 
Superheater 

Void React. 

Safety Valve #I 
Safety Valve 112 
Vesse I Pressure · 
React. Sum. 
Superheater 

26 vessel Pressure 
27 
28 
29 Subcoo I i ng 

, PARAMETER 

AI 
X 
S~/S 
S4/S 
S2/S 

X3. 
:x4 

10-3 x F4 x Ogo 
f4 no 

5x 103 ,..:a [-1 OVg -_I_· ahfg - _I OVf] 
10.47< . > v9 aP hfg oP vf ap 

okv .:... I OVf 
so oa x< t-a>'Vf oP 

0.1 Xs 
0.1 ~6 

Ppi/1000 
WvoiDWwo 5xto-3 

0.005 no· 
I volt/sec .. ' •, . 
Hh < h2o - . h to> /Cp2 Qho 

200 El~tg 1 

. Ppt I 1000 
. b2/ 1000 

Sea I i r19 factor 
0.1 (kdo + kvo> . 
H~ (hho - hlo)/cp Qho 

.00'1 Wp0 

-87-

SETTING 

0.0127 
.• 0317 

.1280 

.4068 

.2130 

.1150 

.31 io 

.7450 

/I .5158 

• 1280 

.1400 

.3870 

.6080. 

.2785 

.. 5000 
.0100 
.3480 

.1920 

.6080 

.1862 

.2000 

.7100 
.7300 

.0050 

.0111 



-...,,., 

PATHFINDER SIMULATOR CONSOLE A, Q POT (Con+.) ·~· . . 

0 POT SYSTEM PARMETER SETTING 
. l: 

~ . 
~~ . 
I! 

30 Superheater 0·.2 Oho/Ch n o. 7795. 
0 

,5339 31 Superheater JOO HMO. 5 Wso c·h 
32 Vo.i d React. 2.5 x m-5 htg • 181l) ,.: 

33. 
I 1,.; 

34' Subcool ing 0 •. I: ·.6h
0 .3790' 

35. · Dopp I er React . · 
Ogo · 3Kd I' 

(I -y) .2150 100 - ), 

no 3Ta.vg C 

36 Safety Va I ve 1/:2 . Pp211ooo .6150 

ro-4 w -:: 
37 Subcoo I i ng .6285 WO 
38 
39 Feedwater 0.5 (I. 9 X 10-3 Wso> .1620. 
40 Boiler Fuel Element 1/'rl .1471 
41 Boiler Fuel Element I 1-rz .7874 

42 
43 

10-3 X 
. Ogo 

44 Boiler Fuel Element y X . y = 3% .0447 
no 

45 Boi fer Fuel Element I0-3 · F3 Qgo 
.1461 

46 
x ~ x no 

47 · ..... 
48 F.eedwater I /'r fh .0500 
49 

50 
51 Safety Valve 113 Pp3 - PR3/ 1000 ,0480 
52. Safety Valve 113 m3 .3767 
53 Safety Valve 112 .bzzliOOO .1828 
54' Safety Valve 113. b33/1000 .1822 

55 Boi I er Fuel Element 10-5 F4 Ogo .0596 
2 

56 Safety Valve 113 Pp3/ 1000 .6200 
57 Safety Va I ve 1/:3 · b3/1000 .1856 
58 . Safety Valve 113 m33 .2938 
59 
60. 

61 .· Subcoo I i ng 10-5 Wro (1 -
pJahf/ar). 

.6870 

··~ 
, .. 
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I 

PATHFINDER. SIMULATOR CONSOLE A,. Q POT (Cont.) 

Q POT SYSTEM PARAMETER 

62 

63 
. 64 .. 

65 
66 
67 

68 
69 

70 
71 
72 
73 
74 
75 

76 
77 

. 78. 
79 
80 

81 
82 
83 

84 

8~ 
86 

. 87 
88 
89. 

90 
91. 

92 

93 
94 

. 95 .· 
96 
97 

Subcool i ng 0. I Wro 

Wwo 

Subcoo II ng 0.1 6h0 
·Voids Reactivity Adjusted to make 

. Subcoo I i ng 10-5 Wro 6ho 

_I 
Boiler Fuel E lament 0.1 -

'r 4 .. 

Subcool i ng 
Safety Valve Ql 
Safety Valve §2 
Subcool ing 
Subcool i ng 

Safety Valve Ql 
Safety Valve §3 

Subcoo I i ng · 
Subcoo I i ng 

Subcoo I i ng 
Subcool i ng 
Spbcoo I i ng 

I .21 /Tr 
mlf 
mz2 
WwoiWro 
Sea I i ng Factor 

b 11 11000 
Pp3/ 1000 

3 160.5/Tr · 
.002 (hfo - hf~6) 

· 309/!r 3 
. Sea I i ng Factor 
Sea I i ng Factor 

output <x> always 

Subcool ing 1 o-4 
[wro(l - pJo~f/oP) - w f w o J 

Subcoo I i ng 
Subcoo I i ng 
Subcool ing 

· Feedwater System 
. :subcoo I i ng 

S l1 bcoo I i n g · 
Feedwater System 

Feedwater System·. 

Feedwater. .System 
Subcool i ng 

· Subcoo I i ng 

· 476/Tr 
4 

I A8/Tr 
• 001 wf~o 
I /Tfv . 
0~ 1 .. 6h0 

22.8/Tr2 

1/Tfv 

ohfw/oWs 
2 Tfh 

..:4 
5.4 x 19 hfw0 /Tfh · 
9.18/Tr 

. Sea ll ng Factor 

. -89-

>0 

SETTING 

0.1112 

.3790 

.005 

. ~2653 

.6250 

.1624 

.2841 

.2973 

.8993. 

.1000 

.1727 

.6200 

.3890 

.2922 

.7480' 
.• 0200. 
.1000 

.6688 

.1545 

.1988 . 

.1800 

.5000 

.3790 

.4110 

.5000 

.0540. 

.0088 
:1653 

.0200 



PAltlFINDER SIMULATOR CONSOLE A, P POT 

P POT. 

·oo 

SYSTEM PARAMETER 

01 
. 02 

03 
04 

. 05 
06 
07 
08 
09. 

Neutron Kinetics 
Neutron Kinetics 
Neutron K i net ks 
Neutron Kinetics 
Neutron Kinetics 

Neutron Kinetics 
Neutron Kinetics 

10 Neutron Kinetics 
I I Neutron Kinetics 
12 
13 Safety Valve Ill 
14 Safety Valve 61 

I 5 Neutron Kinetics 
I 6 Neutron Kinetics 
17 
18. Subcoo·l Jng 
19 Void React. 

20 Safety Valve Ul 
21· ··Safety VaJ ve #2 
22 
23. 
24 

25 
.26 
27 
28 

29 

30 

31 

32 
33 

Void React. 
Void Red i str ·ibuti on 
Vessel Pressure 
Vessel Pressur·e 

Vessel Pressure 

Superheater 

Superheater 

34 Safety Valve #2 

A.l 
"-2 
S6lf3 
S3/S 
81/S 

>..3 
"-4 

0. I 
0.1 

ml 

X "-5 
X. A6 

bj/1000 

0.01 S/1* 
5 X J0-3 no 

Sea I i ng Factor 
0.067/I 

Pp1 - PRI/1000 
·mz 

o.o5 okv/oa 
10 kvo 
1/o x 5 x w-4 

htg Ws0 /100D 

2(1 + VtoiVtgo>~tgo 
o· 

Ht/Ch 
r._Thfo 0 .. 2 l 

-90-

SETIING 

0.0127 
;o317 
.0260 

.. -1880 
.0380 

.1150 
,'3110 

.1400. 

.3870 

.3700 

. 1781 

.7778 

.5000 

.2000 

.1241 

.0470 

.3800 

.9550 

.6020 

.2500 

.1574 

.1868 

.4568 

.4547 

.6150 

I I, 

.. ., : 

I 



I 

P POT 

35 

I 
36 

37 

I 
38 
39 

40 

41 

42. 

43 

44 
45 

46 

47 
48 
49 
50 

PATHFINDER SIMULATOR CONSOLE A, P POT (Cont.) 

SYSTEM ' . 

Doppler React. 

Vessel Pressure 

Doppler React. 
Safety Valve 112 

Boiler Fuel Element 

Boiler Fuel Element 

Soi ler Fuel Element 

Boiler Fuel Element 

Boiler Fuel Element 

Boiler Fuel Element 

.al<d. I 
--=---X 
aTavg c 

2 Omo 
· n0 D 

kdo/2 
Pp2 - PR-z/1 000 

F Q 
10-s 2 go 

2 

I 
0. I ,-

3 

lo-5·F3 Ogo 
. 2 

. PARAMETER . 

-91-

SETTING 

0.1490 

.0065 

.5400 

.. 0480 

. 1554 

. 1525 

.5285 

.0969 

.1961 

.0373 



-- -----------------------------------

0 POT SYS"J1M 

00 Control 
0! Control 
02 

03 Steam System 

04 

05 
06 
07 
08 
09 

10 
I I 
12 
13 
14 

15 

16 
17 
18 
19 

20 

21 

22 

23 
24 
25 

26 

27 
28 

29 

30 
31. 

Steam System 

Control 

Control 

Control 

Control 

Contro! 

Control 

Control 

Steam System 

·control 

32 Steam System 

PATHFINDER SIMULATOR CONSOLE B, Q POT. 

!/0.24 8 
5/B 

PARAMETER 

Arbitrary constant thst ~ust be.· 
near I .0 for differentiation. 

Vs 
2.5xl44 k Rs T2o (Where T2o is 9R) 

0.1 A 

Sc max K3 K4/2 

.05 sco 

0. I ~~ :~ (Sea I i ng) 

O. I 309 
160.5 

Sea I i ng 

01 1b_!_( I') • 
1

_48 Sea 1ng 

Adjusted such that the maximum rate 
of change o+ sb is 9.44/0.4 Sb/sec. 

-92-

SETTING 

0.4167 
.5000 

.80 

.875 

.0250· 

.0400 

.4220 

.403 

.193 

.5000 

.8160 

~2900 

.1462 

.7500 

I 
.. 



J PATI-iFINDER SIMULATOR CONSOLE B, Q POT (Cont.) 

Q POT SYSTEM PARAMETER SETIING 

33 Steam System .. I 00 I s./P3V;, 0.7500 

·I 
34 Steam System Sc 0 10. 5../ P3vs .6330 
35 
36 Steam System .002. t\P so .1300 
37 Steam· system .005 Wso .8550 

. 38 Steam System Sea I i ng Factor .5000 
39 Steam System .0025 wslo .4275\ 
40 

.. 
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SIMULATOR ·cONSOLE B, 
~ 

PA~FINDER P POT 
.. : 

p POT SYSTEM PARAMETER SETIING 

00 Control 
KIK2 

0.6 """"K3 0.1200 I 
01 
02 
03 
04 
05 

06 
07 
08 
09 
10 

II 
12 Control 0.1 R .1000 

13 Control 
0 < (I - Pl3) << Pl2 

.9000 (Differentiating approximation) 

14 

15 Control O.l I ~48 .1644 
a 

16 Control 0.05 22.8 .8550 
I .48 Ta 

17 
18 Control,} Adjusted such that the maxi mum rate · 

.0028 19 Control of change of Sb is 9.44/3.0 Sb/sec. 
20 
21 
22 Control Sea I i ng Factor .8000 

23 Control 0.2 476 
.6590 160.5 Ta 

24 Control .Sea I i ng Factor .5000 
25 
26 
27 
28 

29 I 30 
:?I 
32 Steam System P30/ 100,} P3ovs . 2025 .. 
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I 

, .. 
PATHFINDER SIMULATOR CONSOLE 8, P POT (Cont.) 

P POT SYSTEM PARAMETER SETTING 

33 Steam System P3o/ I oo,J P3ov s .2025 
34 
35 Steam System Sea I i ng Factor .2500 

36 Steam System 
APslo 50 
Wsfo 

X 0.0625 
.2735 

37 Steam System 
APslo 

200 
.0500 

38 

39 
160.5 

Control O.l 22.8 T 
ia. 

.7825 

40 

, . 

I 

.. 
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For all 

ENGLISH -
A 
B 
b i I b·. 

I I 

c 
ch 

Ci 

cp 
Cp2 
D 
E 

I F· 
I -· 

Hh 

Hh 

hi 
h 
'h2 . f 

.• h 
.g 
hfg 
hin 
hfw 
hps 
hr 

hh 
6h 

I 

J 
k 

kex .. kd 

APPENDIX B 

SYMBOLS 
. 

variables, the subscript "o" denotes steady-state, rated value, and 
the pref i x "O'' denotes departure from this va I ue. · 

Reset setting on unit RP-1 .Oa (See Figure 12. I) 
Rate setting prop+ rate unit (See Figure 12.1) 
Safety valve flow characteristic intercepts 
on Figure II .3. 
Total boiler fuel heat capacity 
Superheater fuel heat capacity per tt2 

at hot spot 
Concentration of ith group delayed neutron· 
precursors 
Specific heat of steam at superheater hot spot 
Specif·ic heat of steam at superheater exit 
Denominator of Eq. 5.6 
Graphically evaluated subtool ing effect 

. (Eq. 7 .4) · 
Gain of ith term in boller fu~l transfer 
function (See Eq. 3.19 for values) 

·Heat Transfer coefficient at ~urface of 
superheater hot spot. 

Hho<hho-hiO) 
. Hho/ I + cp Oho 

Enthalpy 
Enthalpy 
Enthalpy 

of stea~ at superheater inl~t 
of steam at superheater exit· 
of saturated water at 615 psia 

Enthalpy of saturated steam at 615 psia 
h - hf 
E~thalpy of 
Enthalpy of 
Enthalpy of 
Entha I py of 

water entering core 
feedwater entering vessel 
pump seal in~flow 

water Just down~stream of teed-
·water in I et 
Enthalpy of steam at superheater hot spot 
hf - h· 1 n. 

·s· I • . 
0 

cpl (Z) Q (Z) dZ (See Section 7) 

Energy Conversion factor 
Ratio of specific heats of superheated. steam 
Excess reactivity 
Reactivity dec~ease (Doppler effect) due to 
fuel temperature rise above 489 F 
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RATED VALUES 
. -1 

0.25 sec 
10 sec. 

lb/sec. 
1300 Btu/F 

0.0985 Btu/tt2-F 

0.54 Btu/lb-F 
0.555 Btu/lb-F 
8000 Btu/psi 

0.375 

0.167 Btu/sec-F-ft2 

6.0450 Btu/sec-F-ft2 · 

1203. I Btu I I b 
1368.0 Btu/lb 
475. I Btu/ I b 
1203 ~ I Btu I I b 
728.0 Btu/lb 
471.5 Btu/lb 
328.7 Btu/lb 
60.1 Btu/ I b 

4 7 I . 3 Btu I I b 
!539.6 Btu/!b 
3.6 Btu/lb 

0.537 

5.4 ft3-lb/Btu-in2 

I .285 
0 Dollars 

I .08 Dollars 



ENGLISH 

kv 

~rods 
.KI 
K2 
K3 
K4 
I* 
mi; mi i 

N 

Op 
Q<zo) 

qh 

R 
Rs 
s 
sb 
Sc 
t 
T 
T2_ 
~"tit . 

Ths 
Tr 

I SYMBOLS (Cont.) 

Reactivity decrease due to core void formation 
Reactivity due to control rod position 
Sensitivity of T2 tr~nsducer (See Figure 12.1) } 
Gain of prop+ rate unit (See Figure 12.1) 
Sensitivity of P2 transducer (See Figure 12 .. 1) 
Gain of unit RP-IOa (See Figure 12.1) 
Effective neutron I ifetime 
Safety valve· flow characteristic slopes on 
Figure II .3 
Biot number for heat transfer from boiler 
fuel pellets 
Total neutron population in units of percent 
Reactor dome pressure 
Superheater exit pressure 
Turbine inlet pressure 
Peppin~. pressure of ith safety valve 
(See Figure I! .3) 

.Reset pressure of ith safety valve 
(See Figure I I .3) 
Superheater pressure drop 
Steam I ine pressure drop 
Power transferred to water in boiler fuel boxes 
Heat flux generated at superheater hot spot 
Remaining power transferred to water outside 
boi fer fuel boxes 
Pump energy delivered to water 
Fraction of boi fer power delivered to ~ubcooled 
water 
Heat flux delivered to steam at superheater 
'hot spot (including unbending effect) 
Rate setting on unit RP-IOa (See Figure 12.1) 
Gas constant for superheater steam 
Laplace operator (d/dt) 
Dump valve capacity coefficient 
Turbine ·in let va I ve cap·ac ity coefficient 
Time 
Boi fer fuel characteristic time (See Eq. 3.6) 
Superheater steam outlet temperature 
Superheater fue I hot SID t temperature 

Superheater steam temperature at hot spot . 
Transport time throygh subcooled water 
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RATED VALUES 

5.92 Dollars 
7.0 Dollars 

K1K2 = o·.~86~ 
50 volts/800 
0.14_5 
9x 10. sec. 

lb/sec-psi 

32.8 
100% 
615 psla 
555 psia 
541 psia 

psi a 

psi a 
60 psi 

volts 
F 

psi 

I I psi 
I .49x 105 Btu/sec· 
38.4 Btu/sec-ft2 

2.6x 103 Btu/sec 
· 697 Btu I sec 

0.15 

38.4 Btu/sec-ft2 
10 sec. 
81.5 ft/F 

-I 
sec . 312 . 
0.0 1n-ft 31~sec. 8.44 in-ft /sec. 
sec. 
36.3 sec. 
725 F 

1270 F 
1040 F 
7 sec. 

I 



ENGLISH 

-X 

xe 

GREEK 

/'(· 

A· I 

SYMBOLS (Cent.) 

Volume of main steam I ine 
Specific volume of saturated water 
Specific volume of saturated steam 
V - Vf 
s8ecifrc volume of superheated steam 
steam flow through bypass valve 
water flow through downcomer 
Steam flow at core exit 
Feedwater flow rate 
water flow to purification system 
Pump seal water in-flow 
Flow at pump discharge 
Steam flow through superheater 
Steam flow through steam I ine 
Total steam flow through safety valves 
Steam_ flow through turbine inlet 
Recirculation flow entering vessel 
Recirculation flow entering boiler fuel boxes 
· ( propo_rt ion a I to W v> 
Mean effective boiler steam fraction by 
weight 
Steam fraction at boiler. core exit by weight 

RATED VALUES 

308 tt3 

0.0201 t33/lb. 
0.753 ft3/lb 
0.732 ft /lb 
I. 20 ft3 I I b 
0 I b/sec .. . 
7.079 lbs/sec. 
I 71 . I I bs/ sec. 
1.80. I I bs/sec. 
11.1 lbs/sec. 
2.1 lbs/sec. 
7,260 lbs/sec. 
171.1 lbs/sec. 
171.1 lbs/sec. 
0.0 lbs/sec. 
171.1 lbs/sec. 
7,250 lbs/sec. 

6,480 lbs/sec. 

0.0123 
0.0264 

RATED VALUES 

Mean effective boiler steam fraction by volume 0.308 
Total delayed neutron fraction 0.007 
Delayed neutron fraction of ,ith group 
(See Table below) -~ 

Parameters of Delayed Neutron 

I 
2 
3 
4 
5 
6 

0.0380 
0.2130 
0.1880 
0.4068 
0.1280 
0.0260 .· 

Groups 

0.0127 
0.0317 
0. II 50 
0.3110. 
0.1400 
0.3870 

Fraction of p·ower transferred immediately to 
boiler channels· by ~ariima radiation_ 
Decay constant of i h delay group 
(See Table above) 
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0.03 



GREEK 

T . 
fv 

'TJ 

SYMBOLS (Cont.) . 

Density of subcoo led water in vesse I 
·-Average t~ime_CQJlStant of 4th to alth partial 

.fractions in boiTer-fueTtransfcr function 
expansion 
Response time of pneumatic inlet valve 

·actuator 
Time constant by which feedwater temperature 
lags sfeam f.!_ow 
Time constant by which feedwater flow lags 
steam flow · 
Time constant of ith term in boiler fuel 
transfer function (See Eq. 3.19 for values) 
Opening tlrne lag of safety valves 
Time· constant of \X:J i d red i str i but i .on 

PARTIAL DERIVATIVES 

RATED VALUES 

49.5 lbs/ft3 

0.16 sec. 

0.9 sec. 

20 sec. 

2 sec. 

se~:. 

0. I sec. 
0.05 sec. 

VALUES 

0.2 Btu/lb-psi 
-0.017 Btu/lb-psi 
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-0.217 Btu/lb-p~i 
0. 54 Btu-sec/ I b 
1.9xlo-3 Dollars/F 
19.2 Do I I ars 
3.75xlo-6 ft3/lb-psi 
-1 .25xlo-3 ft3/lb-psi 
-0.57 lbs/psi 
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