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pump speed. The results from these calculations were compared to the

equilibrium conditions determined by the RETRAN calculations, sources

of error were examined, and conclusions were drawn.



The analysis demonstrated that the method used to predict the

flows and pump speed at various steady-state conditions provides

good agreement with the RETRAN results. An error analysis indicated

that errors due to the approximations generally increased as the

strength of the perturbation increased (i.e., increased deviation

from the reference state). However, the magnitude of the errors is

such that, within limitations, the simple model provides good approxi-

mations of the flows and pump speed which are consistent with the

RETRAN model.

The advantage of the explicit solution obtained by the simpli-

fied model lies in the fact that it permits direct and easy deter-

mination of steady-state system flow rates when pump speed and

reactor power are given. When these flow rates are used as input

to RETRAN, they will result in the determination of junction form

loss coefficients for closed flow loops which will closely match

those of the reference state, hence the condition for consistency

is satisfied.
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CALCULATION OF CONSISTENT STEADY-STATE

CONDITIONS FOR BOILING WATER REACTORS

BASED ON RETRAN MODELS

I. INTRODUCTION AND OBJECTIVES

Transient analysis is an important aspect in evaluating the

performance of nuclear steam supply systems. By examining the plant

response to system perturbations, the ability of the plant to remain

within the bounds of safe operation can be ascertained. Currently

transient analysis is performed with elaborate computer simulation

codes, partially supported by experimental evidence obtained from

small scale test loops and operating plants.

Computer simulation codes are based on analytic models which are

formulations of relevant physical laws and engineering principles,

and require as input the physical characteristics of the system as

well as initial and boundary conditions. Nuclear, mechanical, and

thermodynamic material properties, and mechanical systems performance

data also are often part of the input. The initial values of the

system variables need to be chosen in a manner consistent with the

analytical model so that they constitute the initial equilibrium

level. Such an equilibrium is commonly postulated to exist prior to

the initiation of a transient.

The initial values for system variables are found by solving

the steady-state formulations of the equations which describe the

system. This includes determination of the fluid conditions through-

out the nuclear steam supply system based on conservation of mass,
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energy, and momentum, component temperatures based on heat transfer

laws, and other variables which play a role in the steam production

process, such as reactor power, pump parameters, and control system

signals. For instance, as part of the initial steady-state analysis,

the system pressure drops can be determined as a function of the

fluid flow rates, which are assumed to be known. Due to the non-

linear nature of the equations, this will generally require an

iterative process. Thus, given a set of input data necessary and

sufficient to define a unique state of the system, the variables

characterizing this state can be determined. On the other hand,

there is no unique choice with regard to the input set, and it is

often a matter of calculational convenience that decides which quan-

tities are considered as input and which are to be determined by the

steady-state balance.

Actual control of the plant operating state is carried out

through certain means which change the level of heat production in

the reactor core. The two methods used in controlling the power

level of boiling water reactors are adjusting control rod positions,

and changing the amount of flow through the recirculation system.

The latter method works through the relationship between recircula-

tion flow and steam void fraction in the core zone. This, in turn,

has a strong effect on reactivity and thus, on the power level.

The settings of these means of control (rod positions, recirc.

pump speed) along with certain other conditions (e.g., feedwater

enthalpy, pressure controller and level controller set points)

constitute the set of input parameters which uniquely determine the
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steady-state from the operator's point of view. As is the case in

this study, this set is different from the set required by the com-

puter code used for simulation of the plant. This means that a

trial and error procedure may have to be used to determine the

input, as required by the code, which achieves the desired steady-

state determined at the operating plant. This process can be tedious

and time consuming when attempting to develop several different sets

of input at various plant operating levels, as is usually needed when

studying a wide range of conditions.

A related problem is that of assuring agreement between calcu-

lated and measured steady-states over all possible plant conditions

of interest. Often one can achieve agreement at a reference condition

(e.g., nominal full power) by adjusting certain model parameters, in

particular those which are associated with a high degree of uncertain-

ty. However, agreement at this reference condition does not guaran-

tee that other states which are reached from it by introducing opera-

tional system changes also will be in agreement with measured counter

parts. Deviations may be due to improper values of relevant system

parameters, overly simplistic models, truncation, and other approxi-

mations in the numerical methods used to solve the model equations.

Last but not least, errors may exist in the measurement and/or inter-

pretation of plant parameters.

The objective of this thesis is to resolve the problem of deter-

mination of consistent steady-state conditions as outlined above.

The computer simulation model underlying this study is the RETRAN

code package as applied to the modeling of a boiling water reactor
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(BWR). Specifically, an explicit functional relationship is derived

from RETRAN fluid flow equations between the recirculation pump speed

and the steady-state flow rates in the pressure vessel and recircula-

tion loops of a BWR. This relationship can be used to directly deter-

mine consistent steady-state flow rates as required by RETRAN when

the recirculation pump speed is given. Although the same goal can be

reached by trial and error, use of the method presented here will be

significantly more convenient and less costly. In addition, the

results of this work can be used to compare computed and measured

steady-state conditions over a wide range. Due to the explicit and

relatively simple nature of the relations which are developed, it

then appears easy to eliminate eventual discrepancies by suitable

adjustment of certain model parameters.

The remainder of this thesis is organized as follows: First,

brief descriptions are given of a typical BWR and of the RETRAN

code. Then the details of the derivation of the explicit steady-

state relation between flow rates and recirculation pump speeds_ are

presented. These derivations start from the steady-state momentum

equations as used in RETRAN which relate flow rates and pressure

drops for all relevant flow paths throughout the model. They also

involve the pressure increase developed by the recirculation pumps.

This pressure increase in turn is related to other pump character-

istics such as flow rate and speed by way of empirically determined

relations (homologous pump curves). Approximations are then intro-

duced as needed in order to obtain a workable set of equations, and

the final relationships are developed relating the pump speed
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directly to major flow variables. The results of this simplified

model, along with those corresponding calculations performed with

the RETRAN code, are presented in Chapter IV. Conclusions are drawn

and limitations of this approach to predicting the steady-state

flows are presented in Chapter V. A complete listing of the nomen-

clature used throughout this thesis, details of the approximations

for the pump curves as well as other details of derivations, and

an input listing of a sample calculation are relegated to the

Appendices.
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II. BACKGROUND INFORMATION

A. Boiling Water Reactor Description

A description of the important features of the BWR nuclear

steam supply system (NSSS) pertinent to the following analysis is

presented here. A general description of the BWR can be found in a

number of literature (e.g., Reference 1). It is important to note

that the following design description applies to the BWR/4 plant

design, as subsequent newer BWR designs have several different fea-

tures.

The basic BWR flow model is shown in Figure 1. Water, which

serves both as a neutron moderator and coolant, flows through the

nuclear core where some of it is converted to steam. This steam is

separated from saturated water and is dried in the upper internals of

the pressure vessel. It leaves the vessel to drive the turbine gener-

ators, is condensed, demineralized, and returns to the vessel through

feedwater pumps and heaters. The saturated water emerging from the

steam separators and driers is returned to the core by way of the

downcomer and the recirculation system as described in the next para-

graph.

The BWR features high performance jet pumps located within the

reactor vessel, as shown in Figure 2. The driving flow for the jet

pumps is provided by a two-loop recirculation system with two re-

circulation pumps taking suction from the lower downcomer. The flow

emerging from the recirculation pumps under increased pressure is

redistributed to a manifold outside the pressure vessel and
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discharged through jet pump nozzles into 16 to 24 jet pumps, depending

on the size of the plant. The drive flow induces water in the down-

comer to be drawn into the jet pump throat by momentum transfer and

the two flows mix, then diffuse in the diffuser section, discharging

into the lower plenum. This jet pump drive system uses high pressure

flow accelerated to high speed mixing with a low pressure flow to

create a dynamic head which is converted to a static head in the dif-

fuser to provide forced circulation through the reactor core.

Reactor control is enhanced by the use of the jet pump recircu-

lation system. Variable speed recirculation pumps are used to change

the recirculation flow. A decrease in the drive flow to the jet

pumps is accompanied by a reduction in the total flow through the

core. This causes a decrease in the cooling water density in the

core, since a lower mass flow rate removing the same amount of heat

will cause an increase in the void content. At the same time, fewer

water molecules are available for the slowing down of fast neutrons

to thermal energies, a basic requirement for thermal fission.

Hence, the thermal neutron flux decreases, resulting in a decrease

in the heat generated by the nuclear core, and an overall reduction

in power level.

The jet pump recirculation system provides the BWR with good

load-following capability. Coupled with the use of conventional

control rod positioning characteristic to all nuclear generating

systems, the BWR has the ability to easily change the level of

steam production to meet required generation demands, as shown in

Figure 3. This power-flow map charts the core thermal power versus
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the total or core recirculation flow. As shown, the reduction of the

recirculation pump speed with fixed control rod positions brings the

thermal power and core recirculation flow down along flow control

lines. Control rod movement changes the core thermal power while

effecting only minor changes in the total core recirculation flow

under constant recirculation pump speed.

The power-flow map also demonstrates another characteristic of

BWR's. The generation of steam within the reactor vessel results in

a very strong buoyancy force which basically enables the BWR to

operate on natural circulation up to 50% power.

The BWR/4 plant characteristics used for the reactor model are

taken from the Peach Bottom Atomic Generating Station Unit 2. The

plant is rated at 3293 MW thermal output, 102.5 x 106 lb/hr core

flow, and 13.37 x 106 lb/hr steam flow at 965 psia turbine inlet

pressure. Further information on the Peach Bottom Unit 2 plant

including basic design information and operating history is available

in References 1 and 2.

Additional design and performance data was recorded during a

series of transient and stability tests which were conducted at the

Peach Bottom Plant in April, 1977. This information is found in

Reference 3. Specific plant characteristics for the computer model

input used for the simulation of the aforementioned tests are found

in Reference 4.
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B. RETRAN Description

The RETRAN (RElap4 TRANsient) system analysis code was developed

to simulate the thermal-hydraulic behavior of light-water reactors

during operational transients and normal startup and shutdown opera-

tions. It contains essentially the same thermal-hydraulic differen-

tial and state equations as employed in the RELAP4 simulation code.

Whereas a full description of the RETRAN code package is found in

Reference 5, this presentation is concerned only with those por-

tions of the code which are pertinent to this thesis.

To describe the behavior of the fluid in the relevant flow

systems of a plant, these flow systems are broken down into a linear

network of volumes suitably connected by junctions. The conservation

principles of mass, energy, and momentum, and the fluid state equa-

tions are applied to each volume or junction in terms of volume aver-

aged state variables and flow characteristics. Empirical correlations

are required for describing specific phenomena such as single and

two-phase friction, boiling heat transfer, critical flow calculations,

and others.

Code submodules for the simulation of pumping systems, heat

exchangers, and other mechanical equipment are necessary for modeling

of special components commonly found in light water reactors. Of

prime importance to this particular study are the centrifugal pump

model, jet pump momentum transfer formulation, and the steady-state

self initialization option.

The pump model, which describes the pump performance in fluid

systems, uses pump characteristic curves derived from empirical data
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generally supplied by the pump manufacturer. The curves represent

functional relations between pump head, flow, speed, and torque

data in tabular form. Linear interpolation is used between data

points to approximate continuous functional relationships (see

Appendix B).

Special formulations of the momentum equations are used for

modeling of two-stream fluid mixing as is essential in jet pump

action. These formulations are presented in Chapter III. The

suction and drive flow paths are modeled as separate junctions,

with momentum exchange in the throat of the jet pump represented

in the momentum equation for both junctions.

The steady-state self initialization option allows the user

to provide a minimum of input data which is sufficient to define

the state of the system. The code then employs an iterative pro-

cess to calculate a complete steady-state set of initial values for

the remaining system variables. Specific requirements of this option

are the specification of all junction flow rates satisfying conser-

vation of mass requirements, one enthalpy and one pressure per flow

system, and all junction form loss coefficients with the exception

of one loss coefficient for each closed loop flow path, along with

all of the geometric system parameters. The code will then calcu-

late values for the unspecified loss coefficient(s) which satisfy

closed loop pressure conditions in steady-state. Alternatively,

the user may specify all volume pressures and junction flow rates,

and one enthalpy per flow system, and have the code generate all the

loss coefficients, or any combination of volume pressures and junc-

tion loss coefficients. Regardless of any of the aforementioned
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options, the junction flow rates and geometric system parameters, with

the exception of the loss coefficients, must be specified.

When applying the RETRAN code to model a given system, one faces

the problem of having to specify quantities which are actually pro-

cess variables. On the other hand, the code, in order to achieve

equilibrium conditions, will calculate quantities which actually

are system characteristics. This can lead to a number of diffi-

culties, such as obtaining unrealistic or inconsistent values for

these parameters when applying the code to several different equili-

brium states of the same system. A more proper approach would be to

balance the system by solving for the junction flow rates, since

empirical data are available for specifying the loss coefficients.

However, this results in a substantial increase in the numerical

complexity due to the second-order flow terms.

Whereas steady-state self initialization is recognized as an

important feature of RETRAN, it appears that the current version

does not permit specification of those parameters which are used

in an operational sense to define a steady state. The analysis out-

lined in the subsequent chapters presents a solution to this prob-

lem. For the case of BWR's, the solution is obtained in the form of

explicit relations for the determination of flow rates from (known)

system parameters, in particular, pump speed and geometric para-

meters. Since these equations are derived from the RETRAN flow

equations applied to a typical BWR, the solution is fully consistent

with RETRAN except for minor deviations introduced by making a number

of simplifying assumptions.
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C. RETRAN Boiling Water Reactor Model

The RETRAN model used as the basis for the steady-state analysis

presented in this thesis is shown in Figure 4. This model was de-

vised for simulation of the Peach Bottom Unit #2 turbine trip tests

(Reference 4). Thirty-five (35) volumes represent the vessel inter-

nals, recirculation loops, and steam lines. Single flow paths are

used whenever two or more parallel flow paths have identical charac-

teristics. A full description is found in the aforementioned

reference. The model was used to determine a set of consistent

steady states, by first establishing a reference 100% power, 100%

core reculation flow (refer to Figure 3), then introducing changes

in pump speed and/or control rod position. In each case, the new

steady-state condition was obtained as the asymptotic equilibrium

which is approached some time after introducing the perturbation.

A simplified model is shown in Figure 5. This was done to

reduce the mathematical complexity of the steady-state relationships,

and to eliminate portions of the full model that are not essential

to this analysis. The major simplification pertains to the reactor

core region, where a single, lumped volume replaces the 12 volume

core model previously used. The steam line is eliminated as the

steam flow can be determined by the flows within the pressure

vessel. Also, flow from the exterior portion of the steam separator

(Figure 4, Volume 34) to the steam dome dryer (Figure 4, Volume 35)

is neglected due to its small magnitude (approximately 2 lbm/sec)

and the steam dome dryer and steam dome volumes are consolidated into

one volume. This simplified model is used as the basis for defining
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the steady-state relationships required to formulate the flow versus

pump speed approximation. The model contains three closed loops;

(1) the reactor core and core bypass, (2) the reactor vessel through

the core, upper internals, downcomer, jet pumps, and lower plenum,

and (3) the recirculation loop through the recirculation pumps and

jet pumps. These are referred to as the core, vessel, and recircu-

lation loops, respectively, for the remainder of the text.
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III. STEADY-STATE ANALYSIS

A. Steady-State Momentum Equations

At steady-state equilibrium, the pressure drop between two

adjacent connected volumes (see Figure 6) is obtained by RETRAN on

a volume average basis from applying the conservation of momentum

law:

P -Pk =
1 [ Z2( 2-t V/1 I

144 90 TcA1, Lg. 2T

4,71)( + +1W; ) KJWJ
Dhk Dhl 2 -gj

90 ( 7k(2 Z:1) + 71( Z.; L))]

where the subscripts k, 1 and j refer to conditions at the upstream

volume, downstream volume, and connecting junction, respectively.

The bar superscript refers to volume average conditions. The nota-

tion used here is that of Reference 5, and is explained in Appendix A.

Equation (III-1) is applied to all junctions of the model with the

exception of four junctions; the junctions on either side of the

recirculation pump volume, where one-half of the pump differential

pressure is added to each junction, and the jet pump junctions.

The jet pump suction and drive flow junctions require a special

formulation of the momentum equation for modeling two-stream fluid

mixing (refer to Reference 6). Figure 7 shows the schematic

pertinent to the jet pumps. The mixing section is not represented
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as a separate RETRAN volume, but rather is incorporated directly into

the junction equation as given below.

Under steady-state equilibrium conditions, the momentum equation

for the drive flow junction is

Pi Pk! = I r ( I

144 se L 2 /ji A

1 Wrh ( I

4" 2 -ft
2

AL

+ \ALP ii + W:J2 J z Win Vet ;kJ IktgOKI VV ict - A
Tj It W). W7

Am ph 10110 i"k14.1 1../h1 e-1

K W.1 so (7,( Z3.) + -171(Z:11 -21)

2 tit Aji

where the subscripts jl and j2 refer to the drive and suction flow

junctions, respectively, and subscripts 1 and kl refer to the vol-

umes connected by the drive flow junction. For the suction flow

junction,

[
2

PI Pic2 = I WIZ
144 gc 7K1 T. Al2

4- W.22. ( I )
2 Sit A j /k

7
kt

virt, ( I I , V/...1\31 W3aVi2 - WmV.,
jm Az;,

a
Am

42. c)iczNAIxtz -; I 1L .71 W31(-Pkt

Dhict itct. Am. phi Ti At
)

2 L

+ Se ( 7)2.) 71 ( zit -21) )1
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where the jl and j2 subscripts are retained and the 1 and k2 subscripts

now refer to the volumes connected by the suction flow junction.

Subscript m refers to the mixing section of the jet pump, and is

defined to be the sum total of the drive and suction flow junction

conditions for the junction areas and flows, and the density aver-

aged over the two streams.

Referring to Figure 5, the simplified volume model, the follow-

ing mass flow rate relationships must be satisfied as based on

steady-state mass balances for the three closed loops in the system

(see Appendix A for definitions):

Wt = Wd Ws (III-4)

W = W + W (III-5)Wt c b

W = W + WWt r p (III-6)

The steam flow leaves the steam separator and passes through the

steam dome, leaving the vessel through junction 15 in Figure 5.

The recirculation flow (in Equation 111-6) is that portion of the

total flow which is separated from the steam and recycled back

through the downcomer. The total flow and the core recirculation

flow are one and the same, and further reference to this quantity

will be designated Wt, the total flow.
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B. Flow Loop Equations

The momentum relationships can be written for all junctions of

the three loops of the flow model. The boundary conditions which

apply to this system require that the pressure drops summed over

each of the three closed loops must be equal to zero.

For the core flow loop, this condition can be written as

Wb 1 ( 1 1 ) I ( 1 1 ) 2.43 is 43 K., 4, K3
z T2, A. 21 27S 23 A2-4 Dh373 AL3 2 f,A2,,, fs Ajj

v4:[ ( I )4. t ( ) 4. K, KZ

ass, A, AZ z3Z Az Aa 014.12. AL, zp, A 2.pz.AZ

+ go [7. z, z F3 ( Z3)] =

where terms for the flow rates Wb and We have been separated from

the gravitational terms.

Examining the vessel loop in a similar manner and using

Equation (III-2) for the suction flow junction results in a rela-

tionship including the total flow (Wt), core flow Odd, suction

flow (Ws), drive flow (Wd), and recirculation flow (Wr):
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(r-J(1 0_1(1 _11 1(
1.2.9.,\ z 3)4\ A4 A2s) Ps .16) 2 Pq Azq z;

+ 1 I 2;4144 iSs Is cOs-

TR A q 3, AD.. h4 44 A4 Ns 795 AS

24t) leis 24q iq cq K
Ng ' 8Ag Dhq 39 49 294A4 2fsAs Z fq Az4

2-c(.14:. 4)6
-11.

_:\rel_i_.(1 _ 1 V.I.J._.(1 _ 1 4. 2;1..41.2. K. Kt -1+ +
Z?, \ A2; -At/ 2 ft k AI A..1.1 Dh2 7z Ai 2 f,Az; 2 ftAt

_Wel[1(3 _1)± 1 (1 _1)+25All K(.. K, 1+ +29,A 7 2P, -=A1 11 phi-, Az, 2Q4. Al 2. r, A;

4. W="1! (I 1
i+ I

L2? \ AI Alis) Pe.A6A., fa At 2 f'Ke.Azi s" ] 4- \j\j:.[Z fls Al IsAm]

+ go p. ( 2. Z.) + 2.( Z. 2,) + 74 ( zz.z4 ) + 7s ( z4 zs)

+ 3 5 4 , ( zi; L.) 4. 743 (26Z4)) + 31 (24, .fi) +11(11 Z1)

+ 3e(Z, Zs) + 7q(zsig) + -T, (zq 2.)1 = 0

Developing the momentum relationships for the jet pump recircu-

lation loop involves the recirculation pump curves. The steady-state

operating levels of the recirculation pump for the specific cases

analyzed here all fall within a fairly narrow range of the homologous

pump curve expressing the pump differential head as a function of

flow and speed. Using a linear least squares fit through the three

data points describing this portion of the curve results in the

expression:
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Ppk.tmp = 9a [MP b Pt Hr Wd
1443. Vr Ng' 4

The complete derivation of Equation (II1-9) and the definitions of

the terms are included in the appendices.

The recirculation loop momentum relationship can now be de-

veloped, using Equations (III-2) and (III-3) for the jet pump junc-

tions, and Equation (III-1) along with the recirculation pump dif-

ferential head approximation. This yields the following relation-

ship containing the suction and drive flows, and the normalized

pump speed ( c< ):

W
ys t)

K e i
L

q
/A A; 24 At o

I (It_l ) I (I I )4, i 24k. lo 41.to
29,2 Ai. ,17,7,., 2. As A;, gs i".." Af; Dhi,Tic, Atai

2 4,. II, 45,, .. K .4. Kit Ks+ 9. 1321-6 b -1

1ph ti 3-', At, 2 fu kit, 2 ?mg, 2 ill Afil Vr ie i

+ 90 [-ft ( ts Zs) + Tig (Zs tq) ?a as Zu ) To (z,, 2.12.)

_ 1 (742 - zib) - ?et (Z+3 Zq 1 = 9,,, c31-1, m Aid c'c
\b.

The three mass balance equations (III-4, 5, 6) and the three

pressure balance equations for the closed loops (111-7, 8, 10)

constitute a set of six equations in the flow rates Wt, Wc, Wb, Wp,

Ws, W
d
and Wr as well as the normalized pump speed (0( ).

Therefore, if the steam flow rate is assumed to be known, all of the
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other flow rates can be determined as functions of e4 . In particu-

lar, it is then possible to obtain the total flow as a function of

.

The assumption that the steam flow is known independently is

justified by the fact that it is primarily a function of the power

level. On the other hand, since the flow map (Figure 3) shows that

the total flow is very little affected by the power level. This

means in turn that the amount of steam flow also has a small effect

on the total flow.

In order to facilitate further treatment of the six governing

equations, simplifying terminology is introduced for those expres-

sions which are considered constants. Because the equations are

quadratic in the flow rates, it appears most convenient to assume

a certain total flow (Wt) and solve for all the other flow rates

and the pump speed as shown below:

et
[I (I

2g. -At

( I ) z4.'S A343 to Ks

2 fs 7,2.4 oh,T, 5 2 go A ;) 2 At

ea=
[I (I I ) I EL _j__) 2;z1z.ci)z + K. + Kt I

21, issz2. 2yt At z?4, zf,A1

e3 --z[soL-42.(z,-z2.) --?5(zio -z3)]]
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Equation (III-7) is reduced to

Gm: - ez\/./ + 93 = o

and substituting for the core flow by Equation (III-5) gives

eiwb-e2(wt-zwtwb4wn 4 e,

Grouping terms in powers of Wb results in

(ei-ez)wt- (zetwt)wb 4-(e3 -e2A4) = o

This equation can now be solved for the bypass flow rate as a func-

tion of the total flow rate giving

Wb = (2ezW*) q(zer.w02-4(ei-ez.)(e3-eLvitt)
2(et-ez)

Assuming the total flow rate and the parameters in el, ez,and e3 are

known, the bypass flow rate, and consequently by Equation (III-5),

the core flow rate, can be determined as functions of Wt. The "+"

sign applies in Equation (III-11) as was verified by comparison of

a sample case with results obtained from the RETRAN model.

The vessel loop Equation (III-8) is a function of several flow

rates. Assuming a known core thermal power level and therefore the

steam flow, the recirculation flow is determined by Equation (III-6)

and the previously assumed total flow. Coupled with the previous

development for the core loop, the unknown flows in Equation (III-8)



are the suction and drive flows. Substituting as done previously,

e4.11 (I _I )_ I )_I (; _1)
24m ; 111. S'4 z4 z Al AtAs

2.C111431 Z-F4 14 cila. 2-cs ctls 2 fc.. 4)4.+
Aq ?mg, AI Dh43-A4 DhS 35sAzz 36 A t

_ 2fs ci)a 2 44 14 cbq K4 Ks 1H
Dhis AI Dbq A; 214g. cs AI 2 fq

es =[!_ I

Z f At)
+ I I 1 + Zfziz.c1Nz K, 4 kc

2f2 VA:. Az4 j DhZ4ZAZ 2j,A2 21ZAi

29

6,
H(1 ) 2.c11, 41, Kb + kl

2r4, \ Az-7) 2 f, \ A7 AS D6171 2.? At, 29,A;

e-, ( 1

2 fe. \ A

Gs= [ 1

L 2 ?Is Alb

gsAs Am V it, Azt

eq- [se [31(2, -Zi) +1L (Z. Z2.) + 34 (Z7.- Z4) + ,s Zs)

-I- 34) (-Zs 24.) + Ct. Zeo) + 31(zi. ) + Z-7 )

+ It( Z, -Zs) + (z.s- Z.9 ) 737, (Z9



30

reduces Equation (III-8) to

e.04t-eswt-eoN,24e,w:+ea4:i+ 0, =0

Replacing the drive flow term using Equation (III-4) and rearranging

gives

(E3,+es)vg -(zetwt)ws + [(e4 es)vit - (NW:: e4.\41. +9q] = 0

This also has a quadratic solution. For the suction flow rate, the

solution is

eswt -4.:4(2.esvit)a-4(ei+es)ke4+(38)vg-evit-eww,-2-*eg]
z(ei+ee)

Thus, Equations (III-4, 5, 6, 11 and 12) uniquely determine all flow

rates: Wt (known), Wp (known), Wc, Wb, Ws, Wd, and Wr.

The pump speed can now be determined from Equation (III-10).

For this purpose, define

es.
L2 fa \ A b feAee

K3

z faAg

e = L ( 1 1 ) ( 1 _ _ + 4.

Lz?. I 2912. \ 2fls\ -4,2; A.12',/ ril At

Kit K 1,04) 2-00 94114 6
+

fii.A4t. 2 Si,g1 Vrt r),
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= 90 [P's ze) Cza-t9) Tact Z,.) -13,(Z., Z12)

?,. (Z12 zi.) 79 (Ls-Z9)i]

= 26 ,13

Vr

This reduces Equation (III-10) to

stows &AA/di ett

and solving this equation for a< yields

.4 stows ei,v1,1 em
et. Wd

The six equations (111-4, 5, 6, 11, 12, 13) describe the rela-

tionships between the seven major flow parameters and the normalized

recirculation pump speed for the specification of two of the flow

parameters; the total or core recirculation flow, and the steam flow

or thermal power level. These relationships are based on the physi-

cal characteristics of the flow system, and the assumption that fluid

state variables and values for the friction factors are known. This

will be the case when a RETRAN steady-state self initialization has

been completed for the conditions which have been chosen to serve

as a reference case for all other steady-state conditions, as is

discussed in the next section.
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C. Approximations and Final Solution

The three momentum relationships (Equations III-11, 12, 13)

developed in the previous section contain several other quantities

which are functions of the state of the system. These are the

junction and volume densities, and the single and two-phase friction

factors. The densities are fluid state variables, and are deter-

mined by the system pressures and enthalpies. The friction factors

are determined using the fluid variables and system parameters by

means of empirical formulations. The relative changes of these vari-

ables have an effect on the pressure drops, and in order to accurately

predict the steady-state flows and pump speed, these changes in

density and friction terms must be taken into consideration. This

process would require bringing in the energy balance equation for

determining enthalpies. Also, it would be necessary to rely on iter-

ative techniques for generating the correct mass flow rates since

the resulting equations are highly nonlinear; essentially an exten-

sive computing process similar to the steady-state self initializa-

tion option in RETRAN.

In order to satisfy goals of keeping the final solution simple

so as to not require a complex computer solution, the densities and

friction factors are assumed to remain approximately constant. This

appears justified since the dominant terms in the momentum equations

are the flow rates. The variations of the density and friction fac-

tor changes are examined by using the results from the RETRAN simu-

lation cases. They are tabulated in Tables 4 and 5 of Chapter IV,

and are seen to be quite small.
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Using the above approximations, the "0" terms in the momentum

relationships can be considered as constants. They are obtained

using the densities from the 100% power, 100% recirculation flow

reference case generated by the RETRAN steady-state self initiali-

zation. The friction factors are calculated by hand, also based on

the reference case data. The results of these calculations are

presented in Appendix C.

The final relationships between the flow rates and pump speed

can now be evaluated, with the two flow rates required as input,

total flow (Wt) and steam flow (4p), determined from the BWR power-

flow map. The remaining flow parameters and pump speed are calcu-

lated using the following procedure:

1. Wb . (2oz.vh) Azetvit)z- 4(e,-e.)(el-e,w:)
z(e,--et)

2. Wt a wt- Wb

Wr = Wt -Wp

3. Ws = (2e5\40 V(2e0\t.i.t)2- 4 (87 + Es)[(e4+es)v,i.t_ Gs v12. _ e&wrt t eq]

2.(e, +es)

4. Wei = -

5. d e,avg el% Wdt
Ais\nla
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IV. RESULTS AND COMPARISONS

The steady-state flow and pump speed predictions from the simp-

lified model developed in Chapter III are presented in Table 1. The

corresponding points on the power-flow map expressing the steam and

total flows for each case are shown in Figure 8. Case 1 is for

reference conditions and was used to determine the correct signs

for the quadratic solutions of the flow relationships. Each case

represents an equilibrium state as determined using the RETRAN code

by modeling a reduction in pump speed and/or insertion of control

rods. Cases 1 through 5 represent the rated flow control line

resulting from pump speed reduction only. Similarly, Cases 6

through 10 and 11 through 15 also form flow control lines for two

different rod patterns. The near vertical displacement between

lines due to the introduction of negative reactivity is in increments

of $1.50.

A complete list of flow and pump speed results from the RETRAN

runs is presented in Table 2. It should be noted that these figures

were obtained by RETRAN simulation over a period of 150 seconds, and

although they are relatively accurate, minor changes in the system

variables are expected since the systems were not quite at steady-

state equilibrium. Better agreement may have resulted if the

transients had been run out longer to get closer approximations to

asymptotic equilibrium states.

Table 3 gives a comparison between the two sets of results for

core and drive flows, and pump speeds. The reference case compari-

son shows minor discrepancies between the results from the simpli-

fied model and the RETRAN calculations. This is attributable to
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Table 1. Results of the Simplified Model

Case
No.

Flow Rates (lb/sec) Normalized

Total*
Flow

Steam*
Flow

Core
Flow

Bypass
Flow

Recirculation
Flow

Suction
Flow

Drive
Flow

Pump
Speed

1 28472.2 3716.8 26012.4 2459.8 24755.4 19455.7 9016.5 0.9219

2 24987.1 3302.7 22865.9 2121.2 21684.4 17188.7 7798.4 0.7951

3 19551.9 2654.5 17975.4 1576.5 16897.4 13703.6 5848.3 0.5910

4 14617.8 2063.5 13576.0 1041.8 12554.3 10659.3 3958.5 0.3902

5 10717.3 1596.8 10193.5 523.8 9120.5 8523.9 2193.4 0.1918

6 28581.5 3095.0 26111.1 2470.4 25486.5 19523.3 9058.2 0.9263

7 25062.7 2748.4 22934.0 2128.7 22314.3 17234.3 7828.4 0.7983

8 19571.6 2204.3 17993.1 1578.5 17367.3 13713.2 5858.4 0.5921

9 14563.8 1702.5 13528.3 1035.5 12861.3 10624.7 3939.1 0.3881

10 10580.5 1304.8 10079.4 501.1 9272.1 8453.6 2121.9 0.1831

11 28650.8 2576.7 26173.8 2477.0 26074.1 19565.3 9085.5 0.9291

12 25096.3 2284.8 22964.4 2131.9 22811.5 17253.2 7843.1 0.7999

13 19551.1 1824.3 17974.7 1576.4 17726.8 13697.8 5853.3 0.5916

14 14472.7 1397.4 13447.8 1024.9 13075.3 10568.6 3904.1 0.3844

15 10401.5 1059.1 9931.2 470.3 9342.4 8376.9 2024.6 0.1712

*from RETRAN results



Table 2. Results of the RETRAN Calculations

Case
No.

Flow Rates (lb/sec) Normalized
Pump
Speed

Total
Flow

Steam
Flow

Core
Flow

Bypass
Flow

Recirculation
Flow

Suction
Flow

Drive
Flow

1 28472.2 3716.8 26011.8 2460.4 24755.4 19453.1 9019.1 0.9247

2 24987.1 3303.5 22851.9 2135.2 21683.6 17162.8 7824.3 0.80

3 19551.9 2657.1 17936.5 1615.4 16894.8 13638.3 5913.6 0,60

4 14617.8 2068.9 13523.7 1094.1 12548.9 10577.4 4040.4 0.40

5 10717.3 1607.5 10128.6 588.7 9109.8 8451.8 2265.5 0.20

6 28581.5 3095.0 26168.1 2413.4 25486.5 19586.7 3994.8 0.9247

7 25062.7 2748.4 22971.0 2091.7 22314.3 17261.8 7800.9 0.80

8 19571.6 2204.3 17995.7 1575.9 17367.3 13678.7 5892.9 0.60

9 14563.8 1702.5 13505.2 1058.6 12861.3 10544.0 4019.8 0.40

10 10580.5 1308.4 10026.8 553.7 9272.1 8334.9 2245.6 0.20

11 28650.8 2576.7 26279.5 2371.3 26074.1 19675.0 8975.8 0.9247

12 25096.3 2284.8 23043.3 2053.0 22811.5 17314.0 7782.3 0.80

13 19551.1 1824.3 18008.6 1542.5 17726.8 13677.6 5873.5 0.60

14 14472.7 1397.4 13442.3 1030.4 13075.3 10471.2 4001.5 0.40

15 10401.5 1059.1 9875.1 526.4 9342.4 8176.5 2225.0 0.20



Table 3. Comparison of Results

Case
No.

Core Flow Drive Flow Normalized Pump Speed

Approx. RETRAN Approx. RETRAN Approx. RETRAN

1 26012.4 26011.8 -0.6 9016.5 9019.1 2.6 0.9219 0.9247 0.0028

2 22865.9 22851.9 -14.0 7798.4 7824.3 25.9 0.7951 0.80 0.0049

3 17975.4 17936.5 -38.9 5848.3 5913.6 65.3 0.5910 0.60 0.0090

4 13576.0 13523.7 -52.3 3958.5 4040.4 81.9 0.3902 0.40 0.0098

5 10193.5 10128.6 -64.9 2193.4 2265.5 72.1 0.1918 0.20 0.0082

6 26111.1 26168.1 57.0 9058.2 8994.8 -63.4 0.9263 0.9247 -0.0016

7 22934.0 22971.0 37f:0 7828.4 7800.9 -27.5 0.7983 0.80 0.0017

8 17993.1 17995.7 2.6 5858.4 5892.9 34.5 0.5921 0.60 0.0079

9 13528.3 13505.2 -23.1 3939.1 4019.8 80.7 0.3881 0.40 0.0119

10 10079.4 10026.8 -52.6 2121.9 2245.6 123.7 0.1831 0.20 0.0169

11 26173.8 26279.5 105.7 9085.5 8975.8 -109.7 0.9241 0.9247 -0.0044

12 22964.4 23043.3 78.9 7843.1 7782.3 -60.8 0.7499 0.80 0.0001,

13 17974.7 18808.6 33.9 5853.3 5873.5 20.2 0.5916 0.60 0.0084

14 13447.8 13442.3 -5.5 3904.1 4001.5 97.4 0.3844 0.40 0.0156

15 9931.2 9875.1 -56.1 2024.6 2225.0 200.4 0.1712 0.20 0.0288
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round-off errors in the information taken from the RETRAN reference

case, in hand calculations of the friction factors from the empirical

formulations, and to the approximation used for the recirculation

pump performance curve. In any case, the reference case results

from the simplified model are in good agreement, showing nominal

error in the flow and pump speed comparisons (See Figures 9 and 10).

The flow rate predictions are seen to have errors of no more than

2.25% from their reference case values. A comparison of pump speed

results indicates errors no more than 3.15% of the reference case

pump speed. The largest errors were found for conditions which

occupy the lower left corner of the flow map, i.e., which are fur-

thest away from the reference case.

The errors in the flow and pump speed predictions result from

the change in fluid density and friction losses between steady-state

levels, and from the pump approximation. The core flow and drive

flow results indicate that the relative changes in densities and

friction factors tend to offset each other under certain conditions.

Tables 4 and 5 present the densities and friction factors for selec-

ted volumes and junctions for different steady-state cases as deter-

mined by RETRAN. These results are primarily concerned with the

volumes which contain two-phase mixtures. The densities in the

volumes containing subcooled water change relatively little, and

the friction factors are primarily functions of the fluid flow rate,

i.e., a decrease in the flow rate results in an increase in the fan-

ning friction factor for turbulent flow conditions.



Table 4. Selected Volume and Junction Densities from the RETRAN Test Cases
Volume Density (lb /ft3) Junction Density (lb /ft3)

Case
No.

Volume 2
(Core)

Volume 4 Volume 5
(Upper Plenum)(Stand Pipes)

Volume 6
(Stm.Sep.)

Junction 2
(Vol 2-Vol 4)

Junction 4 Junction 5
(Vol 4-Vol 5)(Vol 5-Vol 6)

1 28.5642 13.2442 13.1021 23.7473 12.3364 13.2287 13.0896

2 28.3785 13.0541 12.9407 23.9116 12.1700 13.0392 12.9299

3 28.0782 12.6993 12.6255 24.3353 11.8516 12.6886 12.6160

4 27.7924 12.2626 12.2169 24.8509 11.5198 12.2543 12.2090

5 27.5651 11.7051 11.6769 25.2536 11.1917 11.6988 11.6705

6 29.3066 14.9823 14.3252 29.5958 14.0532 14.9629 14.8103

7 29.6386 14.8001 16.6735 28.5716 13.8647 14.7839 14.6588

8 29.3670 14.4595 14.3757 27.4028 13.5694 14.4462 14.3632

9 29.0931 14.0378 13.9850 26.7391 13.2553 14.0272 13.9744

10 28.8974 13.4619 13.4284 26.4759 12.9278 13.4536 13.4196

11 31.1002 16.8626 16.6840 33.8198 15.8808 16.8405 16.6635

12 30.9501 16.6890 16.5464 31.9254 15.7188 16.6692 16.5279

13 30.6941 16.3670 16.2715 29.5775 15.4403 16.3505 16.2553

14 30.4462 15.9646 15.9032 28.1020 15.1466 15.9512 15.8891

15 30.2667 15.3869 15.3565 27.2476 14.8325 15.3758 15.3342
-p-

c)



Table 5. Selected Friction Factors from Some RETRAN Test Cases
Case Friction Factors (f40

No. Vol. 1 Vol. 2 Vol. 3 Vol. 4 Vol. 5 Vol. 6 Vol. 10 Vol. 11

1 0.00318 0.00799 0.00438 0.02608 0.00793 0.00487 0.00168 0.00187

2 0.00326 0.00838 0.00453 0.02806 0.00839 0.00503 0.00170 0.00191

3 0.00340 0.00914 0.00482 0.03162 0.00997 0.00552 0.00177 0.00198

6 0.00318 0.00754 0.00440 0.02279 0.00707 0.00397 0.00168 0.00137

11 0.00317 0.00704 0.00441 0.01924 0.00632 0.00343 0.00167 0.00186
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Figure 9. Comparison of Core Flow Rate Predictions for Pump
Speed Reduction.
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Figure 10. Comparison of Drive Flow Rate Predictions for Pump
Speed Reduction.
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Perturbation: Reduce recirculation pump speed

Overall Effects: Decrease in thermal power level

Decrease in system flow rates

Decrease in system pressure

Specific Effects: Increase in density in steam separator and
steam sep. ext.

Increase in density in subcooled liquid regions
(small)

Decrease in density in two-phase regions

Increase in friction factors in subcooled
liquid regions

Increase in friction factors in two-phase
regions

Flow Prediction Error Trend in the Simplified Model:

Core flow underpredicted - drive flow overpredicted

Figure 11. RETRAN Prediction of the Generalized Behavior of a
BWR Due to a Recirculation Pump Speed Reduction.
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Perturbation: Insert control rod(s)

Overall Effects: Decrease in thermal power level

Small changes in system flow rates

Decrease in system pressure

Specific Effects: Increase in density in steam separator and steam
sep. ext.

Decrease in density in subcooled liquid regions
(small)

Increase in density in two-phase regions

Decrease in friction factors in subcooled liquid
regions (small)

Decrease in friction factors in two-phase regions

Flow Prediction Error Trend in the Simplified Model:

Core Flow Over Predicted - Drive Flow Underpredicted

Figure 12. RETRAN Prediction of the Generalized Behavior of a BWR
Due to an Insertion of Negative Reactivity.
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Analysis of the relative changes in the fluid densities and

friction factors for the cases studied supports the flow rate results

obtained and gives some indication of the sources of error involved

when comparing the results from the simplified model to the RETRAN

calculations. This information is presented in Figures 11 and 12

for pump speed reduction and control rod insertion, respectively.

The errors associated with the pump speed calculations are

attributable to two approximations; the errors involving the drive

flow calculation, and thus associated with the aforementioned density

and friction factor approximations, and second, the approximation for

the pump performance curve. The errors associated with the drive

flow predictions are related to the information presented in Figures

11 and 12. The pump approximation is examined in Appendix B.

Figure 13 shows the relationship between the steam flow and

the thermal power level. The linear relationship is evident,

demonstrating that knowing the power level of the plant, one can

find the steam flow rate, and indicating that the power level is

essentially independent of the total flow, as is shown by Figure 8,

the power-flow map.
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Figure 13. BWR Power vs. Steam Flow from RETRAN Calculations.
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V. CONCLUSIONS

Examination of the relative density and friction factor changes

in comparing various steady-states obtained by RETRAN reveals the

problems associated with using the approximations of constant density

and friction factors in the simplified model. These changes can be

separately associated with the two control methods used to change

the operating level, reduction of pump speed, and insertion of

control rods.

As a result of the pump speed reduction, the power level (steam

flow rate) is reduced. At the same time there is a reduction in the

flow rates (i.e., total flow is reduced, less coolant is flowing

through the system), and a decrease in the system pressure. As a

result of the flow reductions, the friction factors in subcooled

liquid regions increase, as do the friction factors in two-phase

flow regions. This second change is attributable to a decrease in

the fluid density in the core, for even though there is less steam

produced, the core flow drops significantly, resulting in a relative

decrease in the density (i.e., higher void fraction) in the core and

upper internals. This result also demonstrates the decrease in

neutron moderation discussed previously. The average density in the

steam separator increases due to the reduction in steam production

and subsequent rise in the mixture level. In general, the different

relative changes in densities and subsequently the friction factor

changes due to both density and flow rate reduction, are responsible

for the errors in flow rates determined by using the simplified

model.
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Inserting control rods results in a reduction of power, but

there is relatively little change in the flow rates as is shown

in the power-flow map (Figure 8). However, the density in com-

pressible flow regions is increased. This effect is easily under-

stood by examining the reduction in power level corresponding to

reduced steam production while maintaining total flow. More of the

coolant remains as a saturated liquid and the increased density

effects a large decrease in the two-phase friction factors, hence

the flow prediction errors should tend to vary in the opposite

direction as those determined for the pump speed reduction cases.

This is verified in Table 3, where Cases 1 through 5 show tenden-

cies to underpredict the core flow and overpredict the drive flow

rate, and Cases 1, 6, and 11 indicate just the opposite.

The two major sources of error are;(1) relative density changes

in two-phase regions, which in turn is related to friction factor

variation, and (2) changes in friction factors for liquid phase

regions due to changing flow rates, both of which are neglected in

the simplified model. However, the two control mechanisms have

opposite effects on the density, indicating that using both pump

speed reduction and control rod insertion should tend to create an

offsetting effect to some extent. This logic is supported by the

results in Table 3, where improved accuracy for flow rate predic-

tions is found in Cases 7, 8, 13 and 14.

Errors associated with the pump speed predictions are inter-

dependent on the accuracy of drive flow calculations, and the

approximation used to represent pump characteristics. As previously
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mentioned, a linear least squares fit over three data points was used

to generate the results presented in Chapter IV. Subsequently,

another set of tests were conducted using a linear approximation

between two data points. The RETRAN calculations are based on linear

interpolation between two adjacent points on the homologous pump

curves; therefore, the error due to a poor pump approximation is

eliminated in the tests for specific cases. This resulted in only

nominal improvement in the accuracy of the pump speed predictions for

these cases (1, 2, 6, 7, 11, and 12), hence indicating that the major-

ity of the error is a result of inaccuracy in determining the drive

flow.

The previous discussion points out the shortcomings of the

simplified model. The results in Table 3 indicate that the approxi-

mate solution tends to provide better accuracy for pump speed

reduction than for insertion of control rods. The reason for this

is given in Table 4, where the densities vary more for the control

rod insertion cases. Conversely, the friction factor changes in

liquid filled volumes are negligible for control rod insertion,

since the flow rates undergo little change, thus giving further

indication that the errors in flow calculations are primarily due

to density changes in two-phase regions.

Based on this analysis, the limitations for predicting the flow

rates and pump speeds at various steady-state operating levels using

this method (for BWR's) can be summarized in the following manner.

Predictions for flows and pump speeds along a flow control line are

relatively good, with error increasing in an approximately linear
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fashion for increasing deviation from the reference conditions.

Predictions for control rod repositioning are somewhat more inaccu-

rate. Using both control mechanisms tends to improve the accuracy

of the flow predictions to a limited extent and there appear to be

regions of the power-flow map where the densities are approximately

constant, and flow predictions are consequently quite accurate.

In conclusion, this method provides good overall results for

predicting the major flow parameters and recirculation pump speeds

without requiring a complex iterative solution when used within the

aforementioned limitations. Since the magnitude of the perturbation

has a strong influence on the accuracy it may, in fact, be more

efficient to establish several consistent reference states with

RETRAN, and use each reference case to develop a corresponding set

of data parameters for making predictions in the vicinity of each

reference state.
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APPENDIX A

Nomenclature

A. = junction flow area (ft2)

Ak = volume flow area (ft2)

b = y intercept for the linear pump approximation (dimensionless)

Dhk = volume hydraulic diameter (ft)

fk = fanning friction factor (dimensionless)

go = gravitational acceleration = 32.174 (ft /sect)

Hr = pump rated head (ft)

Kk = junction form loss coefficient (dimensionless)

1
k

= volume flow length (ft)

m = slope for the linear pump approximation (dimensionless)

Pk = thermodynamic pressure at volume center (psi)

Re = Reynolds number (dimensionless)

Vr = pump rated flow (gpm)

V3 = junction fluid velocity (ft/sec)

W3 = junction flow rate (lb/sec)

Wk = volume flow rate (lb/sec)

Wb = core bypass flow rate (lb/sec)

We = core flow rate (lb/sec)

Wd = recirculation pump (drive) flow rate (lb/sec)

Wp = steam flow rate (lb/sec)

Wr = recirculation flow rate (lb/sec)

Ws = jet pump suction flow rate (lb/sec)

Wt = total (core recirculation) flow rate (lb/sec)



Zj = junction elevation (ft)

Zk = volume elevation at center (ft)

cc. = normalized pump speed (dimensionless)

1S3 = conversion factor = 448.83 (gal-sec)/(ft3-min)

401, = modified Baroczy two-phase friction factor (dimensionless)

g 1 = junction density (lb /ft3)

k = volume density (lb/ft3)

Subscripts:

= junction conditions

k = upstream volume conditions

1 = downstream volume conditions

j1 = drive flow junction conditions

J2 = suction flow junction conditions

m = jet pump mixing section conditions

Terms:

Cn/-:-. \Tit

31, -AZ ;EA

( Ak Ai )

K
23'3 M

--z
"Fk J1( 14)K WK

DhK 31( 7S2.1C

= momentum flux due to density change

= momentum flux due to area change

= junction friction pressure loss due to form

drag and area changes

= friction pressure loss within each half-volume

54
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Note: For two-phase conditions, the density is the saturated liquid

density, g4

9c,[ii,C2K )j = gravity pressure differential from

volume center to junction
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APPENDIX B

Recirculation Pump Analysis

The RETRAN computer code contains a submodule for modeling a

centrifugal pump. A complete description of the pump module is

presented in Reference 5, and only a brief description is supplied

here pertaining to the information required for this thesis,

The pump model requires the input of data in tabular form

describing the pump characteristics as related to the pump fluid.

The pump is modeled as a volume, and the pump head is added to up-

stream and downstream junctions in equal portions. The head is

obtained from pump characteristic curves which are supplied to the

code in their homologous form, i.e., the head ratios (actual/rated)

are input as functions of the pump speed and volumetric flow ratios.

The torque ratios are also input in the same manner, but are not

applicable to this analysis. The characteristic parameters are

defined as:

= speed ratio

h = head ratio

v = flow ratio

Linear interpolation is used to develop continuous relationships.

For this analysis the relation of interest is that relating

pump speed, head, and flow. From the RETRAN input:
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v/oc. h/c4.1 0(/v h/v2

0.4 1.325 0.77 0.405

0.6 1.246 0.87 0.650

0.8 1.150 0.975 0.91483

1.0 1.0 1.0 1.0

Hr = 716.5 ft (rated head)

Vr = 90,400 gpm (rated flow).

Nr = 1668 rpm (rated speed)

The tabulated data is plotted in Figure Bl. In order to determine

the specific operating region of interest, the RETRAN results for the

test cases were used to determine the steady-state operating levels

for the pump. These are tabulated in Table Bl, and indicate that the

curve between the points (a( /v = 0.87, h/v2 = 0.650) and (c( /v =

1.0, h/v2 = 1.0) contains most of the pump performance levels needed

for this study, with the 20% pump speed cases outside of this range,

Using a linear least squares fit through the three points of

interest:

x y X2 y2 xy

0.87 0.650 0.7569 0.4225 0.5655

0.975 0.91473 0.9506 0.8368 0.3919

1.0 1.0 1.0 1.0 1.0

2.845 2.565 2.7075 2.2592 2.4574 TOTALS

35xx x4 - (E x ) =. 0.0095

55xy = E XY (ZX)(EY) = 0.0251



The slope is

The intercept is

58

S SXX
M =

SSxx
2.6420

b = y - mx = -1.6506

and the linear approximation is

From the curves

y = mx+b

h H V .:-

Y =
;
'2 = ii

71. "InT-
V

Substituting for x and y

..a. v - rn Vr. ct b
H. 727 V



and solving for the pump head gives

H = HrVrnck 4 1-11,-V113 (F+)

Vr Vri

H

=[f9. (Hr\imck 4. Hr\/21:1
1449c Vr Vr /J

(PSI)

Using the following to replace the flow term (V),

gives

V = Wa ( LB /5e.c) , p (GPM) ,..._ Vic115, (GPM)
9 (L6 /F/5) (FT5/5Ec) f

p = 448.83 C6rm V Cr=73/e_c,)

H =..- f9. [HrWaPrnek +
t 2,

Hr vici FE b
144 9e. 3 Vr 32 \l ]

H = ____S___ [ m151-lc-Wad + b j3tHr WaL

144 9. VI- Vrt 1

59
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and substituting LS P pump for H gives the final relationship

pPpump = [rr 131.-ir Wick + b I321.-kr Vlat (Pst)
14dis

which represents the pump head as a function of the normalized

pump speed (0( ) and the drive flow rate (Wd ), and the numerical

values of the constants in the above equation are

m = 2.6420

b = -1.6506

Hr = 716.5 (ft)

Vr = 90.400 (gpm)

448.83 (gpm) /ft3 /sec)
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Figure Bl. Homologous Pump Head Curve:
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Table Bl. Pump Performance Data from RETRAN Results

Case
No.

Normalized
Pump Speed

(o()

Volumetric
Flow Rate

(V)

Normalized
Vol. Flow

(v)

cc h
v Vz

1 0.9247 85185.5 0.9423 0.9813 0.9362

2 0.80 73812.7 0.8165 0.9798 0.9311

3 0.60 55685.7 0.6160 0.9740 0.9122

4 0.40 37969.6 0.4200 0.9523 0.8575

5 0.20 21250.8 0.2351 0.8508 0.6030

6 0.9247 85269.3 0.9432 0.9803 0.9328

7 0.80 73884.1 0.8173 0.9788 0.9277

8 0.60 55728.5 0.6165 0.9733 0.9104

9 0.40 37962.5 0.4199 0.9525 0.8580

10 0.20 21173.9 0.2342 0.8539 0.6106

11 0.9247 85322.0 0.9438 0.9797 0.9308

12 0.80 73934.6 0.8179 0.9782 0.9256

13 0.60 55753.0 0.6167 0.9729 0.9094

14 0.40 37948.6 0.4198 0.9529 0.8590

15 0.20 21076.4 0.2331 0.8578 0.6201
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APPENDIX C

Derivations and Detailed Analysis

The full development of the simplified model solution is pre-

sented here. Included is a complete tabulation of the numerical

values for the reference case as applied to the simplified model.

The analysis is based on the steady-state mass and momentum

conservation equations. The following momentum equations describe

the pressure drops across junctions. For the simply connected

volumes,

- C/7/ 12 C711 y_JL( I

14491 L
\ "6""` AI

(Ixikctix \;/;. 4. -4101)1741
DhK phi 731. Tzt

)
z s'; AI

( .7k (214. + 2L))]

For the jet pump drive flow junction,

,./2.
- Pio = [ Wit ( I ) vv." )

1449c. 2 -A)2C1 Azit 2 f A4; 76+11.

+ vhiv:rz (+v3 ivo cbio STI

phy,1 AL phi Ti Al

Kit vt + 94

P
(71(1 CZ "Zit) + 31. ZA))]

2 h
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and for the jet pump suction flow junction,

_ I
PK2 = W VIA

4 ( 1 \14 "1449c [3$1,2, 9)2,T12. 2.9)7. "Ac't 2.S'. A..; AI

WhVii Vi2 Vti4 ;Kt 1K2. 4)10. WKZ

A. 0+11<c TKL %.

KA\4?-2.

2 f;2. AIL

4. 9o( Ticz.(ZKz (Z3t Z.IL))]

4.1. IA \7121,

phi 74 /

Simplifying the momentum equations in order to facilitate development

of the close loop formulations results in the following general

expression for the momentum equations,

where

and

= I [AP(5):3 AP(4)i LP(7.)i
1449c.

= PK

AP(4); = +130,4)K.C11 -CL I14 1(.1

DI,K3K DhL 76.3. f; A)

APCz)i 9. 5iv, CZ14 Z;) 20]

QP(s); = \AIK \/4 ( I

AK 73L

Vq7\k

ii 2 )
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for simply connected volumes,

A P(5)31 = ( 1 ) \Abs, ( I ) + VIAV)L-

2 Tit Al Zg. AL Aft

for the drive flow junction, and

AP(S) = 741:2. Wilt + V131 ( I 1 \i\j:%i

A10. fit A:2.
z

fiL Alz -AL \

Wit \Lit 4 Wit %Z. VbsiNbAs

for the suction flow junction. At steady-state, the following mass

flow rate relationships exist,

Wt = We Wb (C-5)

Wt = W + W
t r p

Wt = Ws Wd

(C-6)

(C-7)

and the junction and volume flow terms can be assigned to the above

flow rates as

Wt = W1 ' W4 ' W5 = W6 = W8 = W9 ' W4 = W5 ' W9

Wc = 1; ' W1 ' W2

Wb = 173 = W3 = W10

Wr 77 ' W6 = W7

Wp = W12 = W14 = W15 = 716

Ws = W8

Wd = 710 ' 711 = W12 = W13 = W11
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The simplified model contains three closed loop flow paths.

At steady-state, the pressure drops summed around each of the closed

loops must equal zero. The three loops are:

(1) Core loop - volumes 1, 2, 3, and 4

junctions 1, 2, 3, and 10

(2) Vessel loop - volumes 1, 2, 4, 5, 6, 7, 8 and 9

junctions 1, 2, 4, 5, 6, 7, 8 and 9

(3) Recirc. loop - volumes 8, 9, 10, and 11

junctions 8, 11, 12 and 13

Summing pressure drops around the core loop gives

OPT t LP2 APs = 0

and substituting for the AP's with Equation (C-1), grouping terms,

and rearranging gives

p_4(J_ v/23.(_1_ v1;1
zy,,, T20 ay, crit; 71) Ali 2.8t 1TJ

2*Atctlzwl 1,w1 Kzwal
Dh3 13 Al 2 f Ab 2 -3)A3 2/i Pj /ft At

9.(3z(Z, Zz) 333 Z3))] = 0

This equation can be expressed in terms of the core and bypass flows

and the elevation term as
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1

+
(1 2c3134-,--- +

As Z93 AI Dh;f3Al

( gzitclst
7,1 ) Zft.Azz Tj4) Dh7-3tS2

[ (z, zz.) z1) = 0

4

Assigning representative terminology to the bracketed terms,

ei = I LL
z R.\ Al 413

et
[I 1

2.17(,VAI T1)

1 1 2.1.3144.

4T.FsU+3 7.7 + DI,173 + z fi.gb 2 fl

1 (4.1. 1 ft 12. 41.

2. fz AL --A-T) Oht Z A2.

es = so{ (z% z,.) (z16 - z31

thus reduces the equation to

= 0

K,+ +
K.,

Z 5'.A1 2.3tAt

Now substitute for the core flow using Equation (C-5), resulting in

the following equation in terms of Wb and Wt:

(el et) vikt (2_ez.\t,lt)V1b+(e-E32.W:) =

This equation can be solved for the bypass flow as a function of the



total flow, giving

Wb 2 eewt ± Azez*ItY.- 4(e,- ez.)(e etvi+n
2Ces -e:)

Repeating this process for the vessel loop gives

+ L*1:)E + ,LP4 + APs + + AP-1 +4LPia + LPq = 0

and using equations (C-1) and (C-3) plus the steady-state flow

relationships yields

A.4. r 1 ( l 1_ I 1 I_ i 1_ t

L21-,141 Aql Zf+C74 75-1 zrsrks Tf.) 2f9 \ )

2fi At dP, 2..f4144)4 2CsIs ctk 244, hi 41/4
Dh, g, AZ Dn4114g4 735 "A5 13,,

2.-ctAs 4=.12, 2.-Ca Aq

Dhe lb A's Dhl14 A; 2 f4A4 4'4 Aqt
K4 Ks

vct.iL(
L2g, l\

At

Wr [ (
2! \:-EiSk

+
2Pe,\Ab

1 ) 1( 2,;117.412. K,

Az 2 W2. A4 Dhlit-A1 2 ill AI

I 1

) 2i91 \

1

As fesAisAm

It)
cll., + K. K,

Ny.17 2 4),At 2f,A;

1

gsgs 2 fs
[

J L 313 ArS Arfri

+ 96 [ zq - Zi + -z2) + 73'4 C zA) + 7s z4 zs

+ ( Zs + + 3s(z-f-Z.$) + Cza-11)] 0
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Making similar substitutions for the bracketed terms results in

e4 Wt es wc.- ewr2 elv.- G9\ilci eci

where the 6 terms are equal to the corresponding expressions in

the preceding equation. Substituting for the drive flow using

Equation (C-7) gives

+ es) w: - (zeewt) W + ((e4 +et) wt esysg. - eq) 0

With the core flow determined by Equations (C-8) and (C-5), and the

recirculation flow known assuming that the total and steam flows are

known (by Equation (C-6)), this equation relates the suction flow to

the total flow. Solving for the suction flow gives

ze,w, 4(2eswt)2-4(ei es)((e4+ es\kl-e,.\/4 + el)
z(el-ret)

For the final closed loop, the recirculation system, summing

the pressure drops results in

6,Ps AR dPit 6P13 = 0

and substituting using Equations (C-1), (C-2) and (C-3) along with

the steady-state flow relationships, grouping terms, and rearranging

gives
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W:[1(1 1)_ I Ks 4. \Afd ( 1

z fits \ All fe Ais ?e,

[
\

1 ( ) (I t I

+
a;0110 4 )10

+
2.c110114 111

n 10 rut

t

72.
L.5-1, rut

Ki$

Tr) n z
MIS It M11 6'htt l'"N 10 Dhl1311 AZ11

+ Je rQs (zit -zs) + 3q(z.s- z,$)g 2 i,12.A.zz 23,$

_ 316 (Z.1, - Ziz ) =fit (.. Zit lis) = APpuref (14434)

Using the pump head approximation developed in Appendix B and assign-

ing constants after grouping like terms results in

el° \AI: Eh% Wdz +

where

e

ket

2.9% A.1 )

[(

-Al -AL
(__L_ _LA _

zilt AL )
72

A-1 fn41

2.416 310 411.10 4. 1;1111 Ck It 4 Kit Kit <13

131116 Ito To; to D,, it, AZ. af IV; -x. 2 in (4'15-

9pbt31-14r

WI. 7 0
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[Gm = 90 34e (Li Za) + .3'et (ZS- LS) - .iio (1%- Zit) ?it (Zit- LI)]

els = 9..m Hr
Vr

and solving the equation for the normalized pump speed (0() gives

0( = slow: + etiVid +(Bit

etsVid

Equations (C-5) through (C-10) form the simplified model solu-

tion which relates the pump speed to the flow rates under the assump-

tion that the steam and total flow are known, and the 9 terms are

constants.

The physical constants from the RETRAN model as used for

evaluating the 9 terms are tabulated in Table C-1. The only adjust-

ments required for these terms are for the core volume, where the

12-volume core parameters from the RETRAN model are adapted to the

single core volume in the simplified model. The densities are

taken from the steady-state equilibrium conditions generated by

RETRAN for the reference case. This steady-state data is also used

for hand calculations of the friction factors, using correlations

found in Reference 5. These are also tabulated in Table Cl and, as

was the case for the physical constants for the core volume, the

density and friction factors for the core are based on average

conditions over the RETRAN core volumes.

Using the data in Table Cl, the 9 terms were calculated, and a

test case for reference conditions was used to determine the proper
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signs in the quadratic solutions of Equations (C-8) and (C-9). These

results are presented in Table C2, along with a comparison with the

RETRAN results for the reference case.

The final simplified model solution is now determined to be

(1) Select W WWt, p

(2) \Alb 2(32.\\It V(2e2We- 4 (e.-etXe3 ezViti)

2. (e. -02.)

(3) We. "=- Wt - Wb

Wt- = Wt -Wp

(4) Ws rz 28eVit - V(2es\n1-01- 4 (el + es% e4+Als)W:-GsVle-e)4,V11-14-eq)
2(el 4 G8)

(5) \Aid \N*--\45

(6) oc = etoVi; + GtiVidt ell
eta Wd



Table Cl. Input Data for Calculation of the Constants in the Simplified Model.

Vol.

Flow Area
(ft2)

Flow Length
(ft)

Hyd, Diameter
(ft)

Density
(lb /ft3)

Friction
Factor

Two-Phase
Fric. Factor

Elevation
(ft)

1 115.8664 18.2465 0.16472 47.5022 0.00318 1.0 9.0130

2 82.4216 12.0000 0.04834 28.5642 0.00376 2.52376 24.0260

3 35.3603 12.0000 0.10511 47.1460 0.00438 1.0 24.0260

4 206.6750 5.6000 0.03237 13.2442 0.00485 5.37726 32.8269

5 42.3323 6.8333 0.50542 13.1021 0.00223 3.55426 39.0445

6 42.3323 23.1439 0.50542 23.7473 0.00223 2.18584 46.5417

7 226.2395 8.1667 1.78000 26.5431 0.00243 2.60469 46.5417

8 132.5028 32.2917 1.20580 47.5083 0.00234 1.0 26.3921

9 39.3790 6.0015 0.03883 47.5020 0.00341 1.0 18.4000

10 7.8056 75.9831 2.22917 47.5203 0.00168 1.0 -6.2292

11 8.0654 76.9857 1.03890 47.5681 0.00187 1.0 2.9623



Table Cl. (Cont.)

Jun.

Flow Area
(ft2)

Loss
Coefficient

Density
(lb /ft3)

Elevation
(ft)

100% Flows
(lb/sec)

1 82.4216 32.16786 47.5010 18.0260 26011.8

2 82.4216 4.09279 12.3364 30.0260 26011.8

3 35.0686 96.09 46.8022 30.0260 2460.4

4 42.3323 0.359 13.2287 35.6278 28472.2

5 42.3323 0.449 13.0896 42.4583 28472.2

6 122.9047 0.0 45.0081 42.4583 24755.4

7 293.1067 0.0 45.6892 42.4583 24755.4

8 6.2235 0.581329 47.5082 26.4741 19453.1

9 39.3790 0.875 47.5023 10.3258 28472.2

10 35.0686 983.9316 47.5010 18.0260 2460.4

11 7.8056 0.85 47.5100 12.3438 9019.1

12 7.8056 4.938 47.5222 -22.69792 9019.1

13 1.0755 0.32643 47.5647 26.4741 9019.1

m 7.2990 47.5261 28472.2



75

Table C2. Constant Values and Reference Case Comparison

Constant

(G)

Reference Value

1

2

9.274237 E-3
9.353638 E-5

3 7.174210 E+3
4 -2.276909 E-4
5 9.353638 E-5
6 5.597228 E-6
7 3.308722 E-5
8 2.678190 E-3
9 1.387381 E+4

10 4.302886 E-4
11 3.292020 E-2
12 8.092516 E+1

13 3.024015 E+2

Flow Approximate RETRAN

Term Value Value

Wt 28472.2 28472.2

W
P

3716.8 3716.8
We 26012.4 26011.8

We 2459.8 2460.4

Wr 24755.4 24755.4

Ws 19455.7 19453.1

Wd 9016.5 9019.1
cx 0.9219 0.9247


