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SCALING CRITERIA FOR TWO-PHASE FLOW NATURAL AND FORCED CONVECTION LOOP
AND THEIR APPLICATION TO CONCEPTUAL 2 X 4 SIMULATION LOOP DESIGN

Dy
G. Kocamustafaogulleri and M. Ishii

ABSTRACT

Scaling criteria for a natural and forced convection circulation loop
under single-phase and two-phase flow conditions are derived from the fluid

balance equations, boundary conditions, and solid energy equations. For a

single-phase flow case the continuity, integral momentum, and energy equations

in one-dimensional area-averaged forms are used. For a two-phase flow case
the one-dimensional drift-flux model obtained from the short time temporal

averaging and the sectional area averaging is used.

The scaling criteria are applied to a conceptual design of a 2 x 4 locp
facility for simulating the Babcock and Wilcox 177 NSSS design. Feasibility
of practical solutions are studied and some conclusions on this proposed

facility in terms of the proper scaling are obtained.




TABLE OF CONTENTS

NOMENCLATURE
INTRODUCTION

SINGLE-PHASE SIMILARITY LAWS

gjmi1ar11y Parameters
Simi ;ar:ty LAwWS
Scaling Law Results
PHASE FLC

W SIMILARITY

Similarity Parameters
Similarity Laws
Scaling Law Results
Additional
Flow Regime Transition
ICATIONS
Choice of Prototype . . .
Single-Phase Forced Convec
Scaling Model Requirements
Single-Phase and Two-Phase
Distorted Scaling
Single-Phase and
Distorted Scaling

Y. SUMMARY AND CON ONS

REFERENCES

APPENDIX

Two-Phase

i cCT
LU Oa

Considerations of

Scaling Laws With Respect to

tion System, Time-Preserving

stem, Time-

Forced Convection Sy

Natural Convection System, Time-




LIST OF FIGURES

Schematic System Under Consideration

Dukler-Taitel Flow Regime Map

Typical Loop with Once Through Steam Generator

Babcock & Wilcox Low Loop Plant Design Arrangement [22]
Schematic 2 x 4 Loop Model

Single-Phase Forced Convection System, Time-Preserving Scaled
Model Requirements

Singie-Phase and Two-Phase Forced Convection System, Time-
Distorted Scaled Model Requirements "

Steady-State Natural Circulation Operation, Core Velocity
(uo) and Core Temperature Rise (ATO) Distributions
Single-Phase and Two-Phase Natural Convection System, Time-
Distorted Scaled Model Requirements aLlise &

Comparison of Forced and Natural Circulation Systems




LIST OF TABLES

Title
Single-Phase Flow Time-Preserving Scaling Laws . . . . .
Two-Phase Flow Time-Distorted Scaling Laws . . . . . . .
Single-Phase Forced Convection Prototype and Practically
Optimum Scaled Model System Parameters . . . . . . . . .
Single-Phase and Two-Phase Forced Convection Prototype and
Practically Optimum Scaled Model System Parameters . . .

NOMENCLATURL ’



fx)

NOMENCLATURE

Non-dimensional area

Flow arza

peripheral area at the outlet of pump impeller
wWall cross sectional area

Biot number

Fluid heat capacity

Solid heat capacity

Distribution parameter

Hydraulic diameter

Friction number

Modified Froude number (stratified flow Froude number)
Friction factor

Void-quality relation

Gravity

Grashof number

Mass velocity

Liquid level

Heat transfer coefficient

Total volumetric flux

Thermal conductivity of 1iquid
Thermal conductivity of solid
Orifice coefficient

Axial length

Equivalent lengt for distributed losses
Length of hot fluid section
Non-dimensional length

Non-boiling length (heated section)
Nusselt number

Phase change number

Subcooling number

Froute number

Drift flux number

Density ratio group

Friction number (two-phase)

vi

Orifice
Critice
Number
Prandt’
Therma!
Pressur
Heat ge¢
Heat s«
Heat f’
Critice
Richare
Reynol«
Radius
Stantor
Time
Fluid *
Solid *
Satura‘
Charac’
veloci®
Repres:
Liquid
Vapor
Mixtur:
Non-di
Drift
volume
Turbul
Qualit
Exit q
Transv
Non-di
Axial
Non-di



NOMENCLATURE (Cont'd)

number (two-phase)
heat flux number
f rods
number
power

eration density in solid
rce number

x

heat flux

on number

number

f pump impeller

number

mperature
mperature

on temperature
ristic time ratio
(1iquid)

tative velocity
elocity

locity

velocity

nsional velocity
Tocity

t flow Martinelli parameter

lity

se distance

nsional transverse distance
stance

nsional axial distance



vii

NOMENCLATURE {continued) ‘



NOMENCLATURE (Cont'd)

Greek Symbols

a Void fraction

ag Exit void fraction

ag Solid thermal diffusivity

B Thermal expansion coefficient
Bd Exit blade angle of pump impeller
6 Conduction thickness

AH4 Pump head on impeller

bH¢g Latent heat

8Hgub Subcooling

Ap Pressure drop

bp Density difference

Ay Viscosity difference

n Mechanical efficiency of pump
] Non-dimensional temperature

" Viscosity of liquid

.1 Wetted (heated) perimeter

P Density of liquid

P Density of solid

] Surface tension

1 Non-dimensional time

w Rotational speed of pump
Subscripts

d Pump

i ith section

0 Reference constant (heated section)
r Represertative variable
s Solid

h Hot

- Cold

B Model to prototype ratio
m mixture

g Vapor

( Im Model

( p Prototype

viii



INTRODUCTION

Nuclear reactor safety requlations have required extensive thermal-
hydraulic testing of simulated fuel cores and other reactor system compo-
nents. In view of the irherent difficulties associated with full-scale
testing, scale models of prototype systems have been extensively used to
predict the behavior of nuclear reactor systems during normal and abnormal
operation as well as under accident conditions. The severity of the accident
that occurred at the Three Mile Island Unit-2 plant has increased interest in
this area. In particular, re-examination of the scaling laws and the scaling
difficulties introduced by the scaling criteria in experimental facilities is
an area currently receiving significant attention. The major source of the
scaling difficulties is due to the existing uncertainties in the basic formu-
lation of the two-phase flow systems, two-phase flow correlations, and flow

regime transition criteria.

Several studies have been performed to establish similarity relations

between the prototype and the scale model. In a study of heat transfer

1
-~ J

problems associated with the loss-of-fluid test (LOFT) program, Rose [
employed a one-dimensional form of the conservation of mass, moment: i, a.
energy equations to devise similarity relations between the LOFT geometry and
its scale model. Carbiner and Chudnik [2] have examined scaling requirements
for modeling blowdown loads imposed on a reactor core during a loss-of-coolant

accident (LOCA). ically, two scaling laws were developed using the conser-

Bas
vation equations and presented two scalirg laws, one time-reducing and one

time-preserving. Ybarrando et al. [3] investigated thermal-hydraulic simi-
larity laws with respect to the LOFT experimental system and assessed the
effect of scaling compromises on the LOFT program. Recently, Nahavandi et al.
(4] examined the scaling laws for modeling nuclear reactor systems. In this
work, three types of scaling procedures are considered: time-reducing, time-
preserving volumetric, and time-preserving idealized model/prototype. The
necessary relations between the model and prototype are developed for each
scaling type. It was shown that scaling procedures can lead to distortion
certain areas. The development in each of these investigations is limited
the power to volume scaling and is based on single-phase flow conservation
equations that cannot reflect the phenomena associated with two-phase flow

systems.




The available methods to develop similarity criteria for two-phase flow
systems has been reviewed by Ishii and Jones [5], and the similarity analysis
for a two-phase flow system has been carried out by Ishii and Zuber [6], and
Zuber [7]. The results based on the local conservation equations and ones
based on the perturbation method were utilized by Ishii and Kataoka [8]. The
extension of the similarity analysis to a natural circulation system was
achieved by considering the scaling criteria from a small perturbation method
and the steady state solution. For this purpose, the relatively well
established drift-flux model and constitutive relations [9,10] were used.

In the present analysis, the scaling criteria developed by Ishii and
Kataoka [8] is used to obtain the preliminary conceptual design parameters for
the 2 x 4 forced and natural circulation loop system under single and/or two-
phase flow conditions. The 2 x 4 1oop scaled system contain- representative
components of all thermal-hydraulic systems considered important in performing
tests to obtain data representative of the response of the prototype plant.
This system contains an electrically powered reactor vessel simulator, and two
loops with representative hot leg, once through steam generator, and two
active cold legs with pumps. For the purpose of this study the TMI Unit-2
plant was used as the prototype B&W 177 NSSS plant. Some preliminary conclu-

sions on this facility in terms of the proper scaling are obtained.

SINGLE PHASE SIMILARITY LAWS

yimilarity Parameters

The similarity parameters for the forced and natural convection circu-
lation loop systems can be obtained from the integral effects of the local
balance equations along the entire loop. A typical system under consideration

is illustrated in Fig. 1. This system consists of a thermal energy source

energy sink, connecting piping system between components, and a circulation
pump. For a single-phase flow case, a method simiiar to that used by Heisler

and Singer [11] d Heisler [12] for a 1iquid metal system is applied here to

an
develop similarity criteria.

The dimensionless variables and parameters used in the similarity study

are obtained from the following dimensionless balance equations
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Fluid Continuity Equation for ich Section:

Momentum Equation for Loop:

du

"
’\' \ i = {-
2 (Ly/A) i
i

Energy Equation for ith Section

Fluid-Solid Structure Boundary Condition for ith Section:

(See Nomenclature for the definitions of various parameters.)

In these equations, the fluid properties are assumed to be constant ex-
cept for the buovancy term, where the Boussinesq approximation is used. The
significant dimensionless similarity parameters of the system can be expressed
in terms of the Richardson, Stanton, and Biot numbers, a dimensionless fric-
tion number, Fi, a dimensionless pump characteristic number, F4, a dimension-
less time ratio number, f:, and a dimensionless neat source number, Qsi, as

follows:




where Uy, 4T,, and 2, are a prescribed reference velocity, temperature differ-
ence, and equivalent length, respectively, for the system. 1oi is the equiva-
lent length for minor losses distributed over the ith section, i.e., bends.
elbows, etc., and Ky is the singular loss coefficient defined at the inlet and
outlet of the ith section, i.e., expansicn and contraction coefficient.

1

Finally, aH4 1s the pump head on the impeller.

I+

[t is to be noted that for a natural circulation loop without an operat-

ing pump on the loop a4Hq = 0 (F4=0) and the buoyancy force is the only driving

force. On the other hand, for a forced flow circulation loop AHyq # 0 (Fd#0>.

and the effect of buoyancy can be neglected, i.e., R = 0.
J J

In addition to the above defined physical similarity groups, several

geometric similarity groups are obtained. These are:

Axial Length Scale:

*iow Area Scale: A,




It is noted here that the hydraulic diameter and the conduction depth 6 i
are defined by

(16)

where a;, agj, and £; are the flow cross sectional area, solid structure cross

sectional area, and wetted perimeter of ith section, respectively. Hence, d;

and 8¢ are related by
(17)

The reference velocity Uy, and temperature difference AT, can be obtained
by using the steady-state solution. By taking the heated section as a repre-
sentative section, one can solve the fluid energy equation for temperature

rise. Thus,

(18)

where subscript o denotes the heated section. Substituting the above expres-
sion into the steady-state momentum integral equation, the solution for the
velocity becomes

for the natural circulation loop or

-




uo = __Z_i_ﬁ’{_"f_ (20)
};:(F,/Ai;

for the forced circulation loop.
B. Similarity Laws

Equations (6) through (14) represent relationships among the dimension-
less coefficients and the generalized variables of the differential equa-
tions. From the dimensionless form of differential equations it is evident
that if the similarity is to be achieved hetween processes observed in a model
and in the prototype, it is necessary t>» satisfy the following identities:

(aj/a )y,

i }g:(zi/zo)m/(ailao)m 1 ke
Yo (Ly/A)g = =

118

- :g:(li/lo)p/(ailao)p

(2/25)
L = — 1 (23)
hR (Ih7lo,p
[ /1 9 1/7a.\2
i el 0
‘2 fi(a; ; ai >+ Ki <§i_) ’m
2, ‘1 L - (24)
2 (Fi/Rg = ——F—T— T, T73\7
: e 4 3 D
2 2
(BgaT & _/ut) (gaH ,/u?)
RR = g 00 gm - 1 or Fm = _.___d___,g,.!'_= 1 (25)
(BgATotO/uo)p (gAHd/uo)p



C T

AT ).
0 0

u

"L/ D L
O; S_ _D,S,

v

/p.C_ _u_A >
o' "s“ps-o O)1p

It is apparent from the above set of equations that the complete trans-
verse area similarity is required as expressed by Eq. (21). On the other
hand, axial length similarity is required for the hot fluid section, Eq.
(23). The complete loop axial length similarity expressed by Eq. (22) is
somewhat weaker restriction than the complete axial geometrical similarity

required by

However, for simplicity both the transverse area and axial length similarities
are assumed where the energy transfer is important. These are given by Egs.
(21) and (30).

In view of the complete transverse area similarity, the dynamic similar-

ity condition, Eq. (24), reduces to

1R
i




This expresses that pipe friction loss and the minor losses associated with

L . X \
a2 1 1 . .
the loss coefficient fj (dE + df- ) and K; can be interchanged without

changing the overall value of the pressure loss term. By adding or removing

bends or by providing additional flow restriction in the form of orifices, it
should be possible to simulate a wide rarnge of scaling conditions. In ex-
pectation that the pressure 1oss term can be satisfied independently of the
remaining scaling requirements, it appears reasonable not to consider it

further in the remaining part of the scaling discussions.

In view of the reference temperature difference, Eq. (18) and the refer-
ence velocity, Eq. (20) c 21) the Richardson number and/or the pump charac-
teristic number are automatically satisfied provided that the model and proto-

type pumps are homologous.

In general, the solid materials as well as the working fluid need not
the same between the model and the prototype. However, for simplicity the
of the same material for structures and of the same working fluid with the
same operating conditions, i.e., with the same system pressure, are assumed in
the present analysis. Hence, the remaining similarity requirements expressed
by Eqs. (26) through (29) reduce to the following scaling ratios:

Wall Conduction Depth Ratio:
iR

Hydraulic Diameter Ratio:

———

dir = %R * Y R/%

Convective Heat Transfer Coefficient Ratio:

Heat Generation Ratio:

R

where the reference velocity ratio is given




P

up = Lagp

for the natural circulation loop, and

'J‘/ s ! ;Hd'p

r the ;orced flow circulation loop.

t can be seen that the above equations, i.e., Eqs. (32) through (36),
comprise a set of five eouations in the following seven unknowns ép, dp, iR,
Up, hg, dsp', and ATg for the case of the natural circulation loop. In the
case of the forced flow circulation, however, one additional unknown AHq4p has
to be included resuiting in the total of eight unknowns. Therefore, two of
the unkinowns in the former case and three of the unknowns in the latter case
must be specified indepertdently before a solution of the set can be ob-
tained. For both cases, twd of the obvious choices are the system axial
lergth scaling ratio & ind the power scaling factor déé' because the first
one is limitaed by the size of the model whereas the second is limited by the
available puwer. For the forced convection case an additional independent
parameter (o be specified is AH4ggp. In view of these choices, it is important
"0 note that the time scale will be distorted by the factor

ihercfore, for a real time simulation an additional constraint of
(38)

should be imposed In this case, the power level and the pump head can be

iniqusly determined by




Then all the other scaling ratios can be expressed in terms of the single
geometric system scaling ratio, tp. The results of a simuitaneous solution
are given by the following:

bg = dp =1 (41)

hy = 1 (42)
and

aTp = 2o (43)

In contrast to the design parameters such as 8; and d;, the heat transfer
coefficient cannot be determined independent of a flow field and fluid proper-
ties. Thus, Eq. (42) imposes an additional constraint on the flow field.

In general, the heat transfer coefficient depends on the fluid properties
and flow conditions. It is customary to represent a correlation for h in
terms of the Nusselt number defined by

Nu = hd (44)

where d and k are the hydraulic diameter and thermal conductivity of fluid.
There are a number of correlations for Nu for a flow in a relatively long
tube, hewever, the following three correlations typically represent the three
important groups

Laminar Flow (q" given) Nu = 4.36

Turbulent Flow (1 < Pr < 20) Nu = 0.0155 Re° 33 ppl+3 (45)
0.83
Liquid Metals (Pr < 0.1) Nu = 4.82 + 0.0185 (RePr)

This shows that the Nusselt number depends on the Reynolds number and fluid
properties.

11



On the other hand, in a free convection range, Nu depends on the length
of a heated surface and the Grashof number defined by

g g (TS-T) I
Gr = i (46)
(u/p)
Then for a wide range of Gr, the Nusselt number may be correlated by
0.3
Nu = 0.3 (GrPr) (d/1) (47)

Those different constitutive relations for h indicate that the similarity
requirements from the Stanton and Biot numbers are not easy to meet over a
wide range of operating conditions, particularly in the case of a fluid to
fluid simulation. The correlation for forced convection flow given by Eq.
(45) shows that it is desirable to use a fluid with a similar Prandt] number.

With the assumption of the same fluid used in the model and prototype
operations, the heat transfer correlation yields

hg = 1/dp (48)

for a laminar flow range and

0.83,.0.17
hR = up /dP (49)

for a turbulent flow with ordinary fluids.

It is evident that Eqs. (48) and (49) impose different constraints on
operational and design parameters. In vie of the design parameter given by
Eq. (41), Eq. (48) reduces to Eq. (42), and, therefcre, the similarity condi-
tion based on the Biot and Stanton number is satisfied in the laminar flow
regime. In the case of the turbulent flow, Eq. (49) reduces to

0.83
hR = up (50)

which indicates that the similarity condition based on the Biot and Stanton
number is not satisfied in a real time simulation since ug = fp in this

12



case. Because of this, the similarity condition based on the Biot and Stanton
number should be careful: evaluated.

Another operational constraint is set by Eq. (40) for a forced flow
circulation loop. However, this condition can be achieved by adjusting the
speed of the circulation pump. It is to be noted that the pump head on the
impeller can be expressed as

(r w)z au
d 00
BHy = n 3 (1 - ‘d'd“)(c“ ed) (51)

where rq, w, a4, and 84 are the radius, the rotational speed, the peripheral
area at the ocutlet, and the exit blade angle of the impeller, respectively,
whereas n is the mechanical efficiency of the pump. For homologous pumps the
flow coefficient, the term in the parenthesis of £Eq. (51), is duplicated
between the model and the prototype. Hence, in view of Eq. (51), Eq. (40)
reduces to

(rd"’)m .

Trar = *
dp

(52)

which can be met by adjusting the rotational speed of the pump.

To summarize, the effects of each of the terms appearing in the
conservation equations are preserved in the model and prototype without any
distortion, if one satisfies the requirements of:

a) Equal Pressure and Properties:

P (o] W
" ol et ad -t (53)
p p p pp

13



b) Scaling Relations:

u
-J'!-?" = 15 (54)
p qlll
P
which imply
t
m
=1 (55)
%

¢) Equal Area Ratios:

(a,/ao)m

GhaT ! (56)
ai ao p

d) Equal Friction Numbers:

2
D oFi/lag/al);
i

2
Zri/(aiho)p
i

=1 (57)

If some of these requirements are not satisfied, then the effects of some of
the processes observed in the model and prototype will be distorted.
C. Scaling Law Results

In this section, we shall determine power and other core characteristic
parameters that satisfy the scaling laws developed in the preceeding section.
Power: P

The power is obtained from overall energy generation rate, that is, from

P=a_21 q" (58)

14



Hence, model to prototype ratio is given by

= .ICI- z
’R 3 L A a %o (59)

Number of Rods: n

With the rod diameter of &., the number of rods is determined as
n=4a_/n § (60
S0 s
Then the number of rods ratio can be expressed by
n, = a,/8 (61)
R R" sk

In view of Eqs. (32) and (41), the ratio becomes

g = ap/ V bolug = ap (62)
Similarly, it can be shown that the number-of-tube ratio in the steam

generator can be expressed by the same equation as Eq. (62).
Heat Flux: q"

Energy balance yields
q" = P/(n GS L n) {63)
and the heat flux ratiy is expressed as
q; = PR/(GsR Lo nR) (64)
Using Eqs. (41), (59), and (62) in the above equation, one obtains

qi - a&u " "R (65)

g single-phase scaling laws are summarized in Table I.

15



Table I. Single-Phase Flow Time-Preserving Scaling Laws

Scaled Quantity

Model /Prototype Ratio

Length
Hydraulic Diameter For Core and

Rod Diameter Steam Generator
Number of Rods (or Pipes) Only

Flow Area

Volume

Velocity

Time

System Pressure (Fluid Properties)
Solid Structure Properties

Heat Generation/Unite Volume/Unit Time
Power

Heat Flux (Steam Generator)

ig
V’oﬂ/uk =1

Vir/ug = 1
ap

ap

aR iR

p
R/uR = 1

iR
ap b
]

16



II1. TWO-PHASE FLOW SIMILARITY

A. Similarity Parameters

The similarity parameters for a closed loop system under a two-phase flow
condition can be obtained from the integral effects of the local two-phase
flow balance equations along the entire loop. Under a natural circulation
condition, the majority of transients are expected to be relatively slow.
Furthermore, for developing system similarity laws, the response of the #tole
mixture is important rather than the detailed responses of each phase and
phase interactions. Therefore, the drift-flux model formulation is more
appropriate for the derivation of system similarity parameters under a natural
circulation condition [5,6,13]. This is because the drift-flux mode)! can
properly describe the two-phase mixture-structure interactions over a wide
range of flow conditions.

The similarity criteria based on the drift-flux model have been developed
by Ishii and Zuber [6] and Ishii and Jones [5]. Two different ethods have
been used. The first method is based on the one-dimensional drift-flux model
by choosing proper scales for various parameters. Since it is obtained from
the differential equations, it has the characteristics of local scales. The
second method is based on the small perturbation technique and consideration
of the whole system responses. The local responses of main variables are
obtained by solving the differential equations, then the integral effects are
found. The resulting transfer functions are nondimensionalized. From these
the governing similarity parameters are obtained.

The first method based on the balance equations of the drift-flux model
is useful in evaluating the relative importance of various physical effects
and mechanisms existing in the system. However, there are certain problems
encountered in this method when it is applied to a system similarity analy-
sis. In developing the similarity criteria, the most important aspect is to
choose proper scales for various variables. However, this may not always be
simple or easy, because in a natural circulation system the variables change
over wide ranges. Therefore, the scaling parameters obtained from this method
are more locally oriented than system oriented.

The second method requires that the field and constitutive equations are
firmly estabiished and that the solutions to the small perturbations can be

17



obtained anaiytically fer the system under consideration. When these condi-
tions are met, it gives quite useful similarity laws.

Recently, the combination of the results obtained from the above two
methods has been used by Ishii and Kataoka [8] to develop practical similarity
criteria for a natural circulation system under two-phase flow conditions.
Rather than duplicating this work, the essential parts of the similarity
criteria are summarized below.

The important diemensionless groups whichk characterize the kinematic,
dynamic, and energetic‘flow fields are obtained by nondimensionalizing the
conservation equations based on the drift-flux mode! formulation. They are
given as follows: )

Kinematic Similarity Parameters:

. AT :
Phase Change Number, Npch H W (p—g) (66)

v
Drift-Flux Number, N, = 621 (or Void-Quality Relation)
0

P
Density Ratio Group, Np = 39 (67)

Dynamic Similarity Parameters:

u

’ U
Fr " g lo uy

fle+ 25) | 1+ x (80/pg) a,\2
Friction Number, N¢ = g 0% (a_ (69)
[1+x (Au/ug)] ' .

2
0

Froude Number, N %ﬁ (68)

a, \2
Orifice Number, Ng =K 1+ x3/2 (A"/"g)](a_o) (70)
i

18



Energetic Similarity Parameters:

Subcooling Number, N_ ISu o\
sub H ) )
f q / g

CHF (Critical Heat Flux) Number, Nq

Time Ratio Group,

Heat Source Number, 0
S

The Froude, friction, orifice, and heat source numbers together with the
time ratio group have their standard significance. On the other hand, the
subcoolirg, phase-change, drift, density, and CHF numbers are associated with

the two-phase flow systems.

The subcooling number takes intc account the time-lag effects in the
single-phase 1iquid region due to the subcooling of the fluid entering the
heated section. It is one of the important parameters for the similarity of

the systems.

The phase change number corresponds to Damkohler's Group I in chemical
kinetics [14], and it scales the change of phase due to the heat transfer to
the system. Since Np(h 1s the inverse of the nondimensional inlet velocity,

it can be seen that N is one of the decisive parameters for the kinematic

pch
similarity. Both Np(h and N . are significant not only for dynamics of the
system but also for the description of the steady-state operational condi-

tions. It can be shown from the steady-state energy balance over the heated

section that NDLh and N . are related by

NDCh 3 NSuh

where Xe is the vapor quality at the exit of the heated section.




The drift number takes into account the drift effects due to the relative
motion of the fluids and thus plays a role in two-phase flow similar to that
of Damkohler's Group II in diffusion processes. Since the vapor drift veloc-
ity Vgj depends on the flow regime [15], this group characterizes the flow
pattern.

The density ratio group actually scales the dynamic effect of the system
pressure, which is taken into account by the term (80/0g) also appearing in
Nsub, Npch» Nf, and Ng.

The CHF number replaces the groups related to the thermal boundary layer
in single phase flow, i.e., the Stanton and Biot numbers. In two-phase flow
systems with heating the boiling heat transfer is rather efficient, and the
value of two-phase flow convective heat transfer coefficient is generally very
high. In normal conditions, the wall superheat, Tg - Tgat is relatively
small. However, the cccurrence of the critical heat flux is significant, be-
cause the heat transfer coefficient is drastically reduced at CHF. Therefore,
in two-phase flow the simulation of the CHF condition is mcre important than
that of the thermal boundary layer. The occurrence of CHF can be considered
as a flow regime transition due to a change in heat transfer mechanisms.

It should be noted that the constitutive relations for the relative mo-
tion between two phases, hence for the drift velocity, Vgjs and the critical
heat flux, q¢, should be specified in the above similarity groups.

The relative motion can be specified by a number of different forms. The
representative constitutive equation [20] for the relative motion based on the
drift velocity correlation is given by

1/4
: oglp
ng = 0.2 (1 - Vpg/o) J+1.4 (—32—) (76)

where the volumetric flux, j, in the heated section is given by
J=[1+x (Ao/og)] Uy (77)

On the other hand, the relative motion based on the classical void-quality
correlation may be expressed by
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a=alx, pg/o. ”g/“f’ etc.) (78)

Equation (78) is mathematically equivalent to Eq. (76).

In view of Eqs. (76) and (77), the relative motion similarity based on
the drift velocity correlation becomes

- 1.4 [ogap \1/4
Ng = 0.2 (1 - \,og/o) [1+x (Ap/og)] + u—o-‘(—z-z-—) (79)
or it should have the same void quality correlation given by Eq. (78), a =
f(x).
The CHF condition at low flow has been reviewed by Leung [16], Katto
[17], and Mishima and Ishii [18]. The modified Zuber correlation [19] for low
flow rate is given by

, 1/4

" oglp

qs = 0.14 (1-a) o, Aufg(-fz—) (80)
g

Based on the limited data on biowdown experiments it is recommended [16] for
the mass velocity range of -240 to 100 kg/m2s. This correla*ion is based on a
pool boiling CHF mechanism. Thus it may apply only for transients involving
flow reversal.

Katto's correlation [17] for low mass flow rate is given by

d 0.043 M
w _ 1 0 og sub
Q" = y 8H, G — + (81)
c ¥ fg 1 [(62';0) MHeq J

which implies that the critical quality is x; = (09/6200)0'043- Here G is the

mass velocity. The typical value of xc is 0.5-0.8, thus the underlining mech-
anism should be the annular flow-film dryout. This correlation can be applied

to most slow transient situations at low flow rate range.
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However, there is a possibility [18] that the critical heat flux may
occur at much lTower exit quality than chat given above due to a change in two-
phase flow regimes. In a natural circulation system with very small flow
fluctuations, the occurrences of CHF have been observed at the transition
between the churn-turbulent to annular flows. Beyond this transition, the
Tack of large disturbance waves eliminated the preexisting rewetting of dry
patches. This leads to the formation of permanent dry patches and CHF. The
criteria developed by Mishima and Ishiy [16] for this case is given by

d
. 1 r“"“"
% © LI [(EZ 1) AHfg °g g+ 8 AHsub] (82)

where C; is the distribution parameter for the drift-flux model [20] and given

by
C,=1.2-0.2 ,,pg/o (83)

These CHF criteria should be used to develop a similarity criterion for
the fluid-solid boundary. This ensures that the critical heat flux occurs
under the similar condition in a simulated system.

B. Similarity ' aws

Equations (56) through (74) represent relationships among the dimension-
Tess groups and the generalized variables of a two-phase flow system. The
dimensionless groups must be equal in the model and prototype if the simi-
larity laws are to be satisfied. In general, scaling of two-phase flow
dynamics with complete similarity is practically impossible due to the large
number of nondimensional groups. However, a scale model with the same fluid
under same system pressure results in significant amount of simplifications.
In this case, all the fluid properties can be considered the same between the
model and prototype, and the similarity criteria become

e % %
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(g * e * ! (85)
fle + 2,) a,\?2
(N)p = K (a°>2 1 (87)
0'R R 3 /n
* Ln
R "R
alll !,
by & i R ¢ § (89)

(AHsub)R =1 (90)
Voilr _
(Ng)g . " 1or Ny)p = ap = 1 (91)
N), = —€ .4 (92)
QR éauc
SO

The drift flux number requirement Eq. (91) can be automatically satis-
fied, if the contribution of the local slip is small in comparison with the
slip due to the transverse velocity and void profiles. When the local slip,
f.e., the second term on R.H.S. of Eq. (79), is the dominant factor for the
relative motion, (he similarity requirement is U = 1 which is a rather severe
restriction. From (Nd)p = 1 one obtains,

Distribution Controlled Slip » Automatically Satisfied (93)

Local Slip Controlled » up = 1
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For most cases the first condition applies. Even in the second case, the
distortion of the velocity wi'l introduce 1imited changes in the void-quality
relation. Therefore, in the following analysis the first condition will be
assumed.

In view of requirements expressed by Eqs. (84) and (90) and the quaiity
relation given by Eq. (75), it is evident that basically the similarity in
terms of the vapor quality is met. Thus,

Xp = 1 \94)

And from Eq. (93) this implies that the void similarity also exists,

ap = 1 (95)

Furthermore, using the Katto CHF criterion given by Eq. (81) and Noch
similarity criterion, it can be shown that the critical heat flux requirement
expressed by Eq. (92) becomes

g | 0.043 1 )
X o by e =
o (“R ‘R)

It is noted that the exponent of the above expression is very small. There-
fore, it may be assumad that Eq. (96) is approximately satisifed if the
quality similarity given by Eq. (94) holds.

Physically, the subcooied 1iquid number is mainly determined by the ex-
cess cooling in the condensation section of the loop. The similarity analysis
becomes much more complicated when there is not sufficient cooling to condense
all of the steam generated in the heated section or the subcooling cannot be
well controlled by the condensation section. In such a case, detailed model-
ing of condensation process and the analysis of the secondary loop may become
necessary to determine the exit quality or subcooling at the condensation
section. In this analysis it is assumed that the subcooling number is well
controlled in the condensation section. In this case, the subcooling number
requirement, Eq. (90), can be assumed to be satisfied.
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Hence, excluding the friction similarity conditions, together with the
requirement imposed by the drift number and CHF number, it is required that

6 al.' l
R\ (R ™
R_R)a (97)
<UE)( U )

=1 (98)

o 1 (99)

—_— =1 (100)

The above set of equations comprise a set of four equations in the following

five unknowns 6R, dr, up, fg» and 8g''. Therefore, one of the unknowns must
be specified before a solution of the set can be obtained. The obvious choice
is the system length ratio because it is limited by the size of the model.
With this choice it becomes necessary that

Uy * \/1; (101)

1
Q' . (102)
RVR

and

) /‘n 1/4
Sp = dp = EE = (gp) (103)
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These requirements identically satisfy the single phase scaling criteria on
the velocity expressed by Eq. (36) and approximat=ly satisfy the CHF criterion
given by Eq. (96) because when Eq. (1C1} is substituted in Eq. (96) we obtain

) X.p ¢ 1.22 for 1> Lo 2 0.1 (104)
However, the real time simulation cannot be achieved in case of two-phase flow

due to the additional conditions imposed on the system. The time scale is
distorted by

R ,/ (105)
.. PP 105
uR R

Therefore, the time events will be accelerated in the model for fp < 1,

Finally, it should be noted that Eq. (102) implies that the power to the
system should be increased in the model for 2p < 1,

To summarize, the effects of each of the terms appearing in the conserva-
tion equations are preserved in the model and prototype without any distortion
if one satisfy the requirements of:

a) Equal Pressure and Properties:

p"‘=°—"'--u-"-'=c""=ag"=u9"'=c°9"-1 (106)
L M C P u C
o p p pp "ep Ygp  “pgp

b) Scaling Relations:

-:1"- =\[r-i—l!‘- (107)
p p
%l! l
qp . 1% (108)

which imply time distortion
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=4
<"l

c¢) Equal Area Ratios:

ta7ar =1
i op

d) Equal Friction Numbers:

- "
25 (a';"
g

te_1>
d1 ]

=

L

L

(109)

(110)

(111)

: i, tei]
Z(a )

-~

K
P (112)

If some of these requirements are not satisfied, then the effects of some of
the processes occurring in the model and prototype will be distorted.
C. Scaling Law Results

As it has been done in the single phase case, one can determine power and
other loop component characteristic parameters that satisfy the scaling laws

presented above.
Power: P

The power is obtained from overall energy generation rate, that is, from

P = - 0 &é" (113)

In terms of ratios, it can be expressed as
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PR = ap Lo q;" -2 \[I; (114)

Number of Rods: n

With the rod diameter of &, the number of rods can be obtained as
follows

- 2

n=4 ‘so/'ss (115)
Then the number-of-rod ratio can be given by

g =% (116)
It is to be noted that in two-phase similarity, the rod diameter and hydraulic
diameter ratio should be such that Eq. (103) should be satisfied. However,
from the practical point of view it is desirable that

§,=d, =1 (117)
Since the exponent is very small on the right hand side of Eq. (103), it can
be assumed that Eq. (117) is approximately satisfied. With Eq. (103), Eq.
(116) becomes,

(118)

which is the same as the requirement obtained in the sinale-phase flow.
Heat Flux: q"

From the energy balance
qQ" = P/(n 65 lo n) (119)
and the heat flux ratio becomes

q; = PR/(GSR o nR) (120)
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In view of Eqs. (114), (117), and (116), Eq. [120) becomes

a = 1/ \/TR (121)

Note that the heat flux is increased when compared with the single-phase case.

The two-phase scaling laws are summarized in Table II.

D. Additional Considerations of Scaling Laws With Respect to Flow Regime
Transition

During a small break, the transition of most concern is that from strati-
fied two-phase flow regime into a slug or to annular-dispersed flow in a hori-
zontal pipe, since the large size of a PWR pipe is expected to promote sepa-
rated flow during slow transients.

There are several two-phase flow regime maps which can be used to esti-
mate flow regime transitions in horizontal pipes. Zuber [7] has investigated
scaling criteria associated with flow regime transition from stratified to
slug or to annular flow in a horizontal pipe. The analysis was done using
two-phase flow parameters and the Taitel and Dukler [21] flow regime transi-
tion criteria.

Taitel and Dukler have shown that this transition boundary can be des-
cribed in terms of two dimensionless parameters; the turbulent flow Martinelli

parameter

u \0.1/p 0.4<jf)o.9
= (“9) <°9) Iy

and a modified Froude number given by

o §2\172
rrs(.g%ﬁ!) (123)

The transition boundary was shown by Taitel-Dukler to occur for values of

Xtt > 1.6. As further addressed by these authors for this value of X¢t, the
dimensionless 1iquid depth in a horizontal pipe should be 0.5 and the value of

Fr is 0.6. Therefore, in general, the transition occurs for pipe dimensioniess
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Table I1. Two-Phase Flow Time-Distorted Scaling Laws

(Satisties single-phase scaling Taws also
with time distortion as indicated in the

table)

Scaled Quantity

(Model/Prototype) Ratio

Length

Hydraulic Diameter ror Core and
Rod Diameter Steam Generator
Number of Rods Only

Flow Area

Volume

Velocity

Time

System Pressure (Fluid Properties)
Solid Structure Properties

Heat Generation/Volume/Unit Time
Power

Heat Flux (Steam Generator)

R
=1

=1

= aR

aQr

aQ

ViR

sp/up =Vig
1

1/41g
aaﬁ
/%R
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liquid levels larger than 0.5 or void fractions in the pipe less than or equal
to 0.5. As shown in Ref. [21], the dimensionless 1iquid level (Hg/d) is an
explicit function of the Martinelli parameter and since the void fraction and
dimensionless 1iquid level are uniquely related, Zuber indicated that the
modified Froude number is an explicit function of void fraction. Conse-
quently, it appears that if transition is to take place at the same void
fraction in different pipe sizes, the modified Froude number must be equal or

from Eq. (123)

2 1/2
b Fro ) (99 jglngd)m

P (og Jg/gApd)p

[f the model and the prototype have the same fluid and the processes
occur at the same system pressure, Eq. (124) reduces to

j d (’a ')1/4

gm _ m[(m (125)
S d ¢

gp p p/

The preceding result will be applied to two-phase, time distorted natural
convection system scaling. It is shown above that the two-phase, time dis-
torted natural convection scaling leads to

up = \[; (126)

Rewriting Eq. (124) and substituting

Tﬂ = up = \/; (127)

J
ap

in the resulting equation, one gets
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Fr o gﬂ ; /_._'R (128)
Ve

S

It can be seen that the modified Froude number scaling when combined with the
scaling criteria obtained in the preceding sections, “esults in a scale dis-
tortion given by Eq. (128).

The results are plotted on Fig. 2 for a8 = 1/300 with 2R as a parame-
ter. It is apparent from this figure that for the casc of equal void which
implies that the model and the prototype are geometrically similar, the
constant void line intersects the prototype and model curves at different
values of Fr. Thus, if conditions in the prototype are such that a flow
transition occurs, say from separated to slug flow, then the hot leg in the
model will have slug flow.

It can be concluded, therefore, that Froude number scaling when used in
conjunction with the general scaling criteria developed in Section 111, leads
to a distortion sc that one cannot satisfy simultaneously geometric similarity
(equality of void fractions) and equality of Froude numbers. If one is satis-
fied, the other is not and vice versa. However, considering the fact that the
modified Froude number range lies over several order of magnitude for a minor
change in the (Hy/d) ratio, i.e., for a minor change in the void fraction,
violation of this requirement does not seem to be severe. Furthermore, it
should also be noted that as Eq. (128) indicates, the flow regime transition
criterion can be satisfied by changing the dimension of the horizontal section
of the hot leg so that

&y /do\ 1/
;;(ai) =1 (129)

is satisifed. For example, for an area ratio of 1/300, i.e., for a diameter
ratio of 1/ 300, the modified Froude number criterion can be satisfied for

fm/&p = 0.24 in the inverted U-tube section of the hot leg. Similarly, for a
Tength ratio of 0.3, the diameter ratio should be 0.09 instead of 0.06.
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As a summary, it can be concluded that the distortion intrzduced by the
modified Fruude number is not a very severe one in terms of the general
requirements of the scaling criteria presented for the two-phase flow case.

IV. APPLICATIONS

A. Choice of Prototype

Since the accident occurred at the Three-Mile Island Unit-2 plant, numer-
ous issues have been raised in regard to 2 x 4 loop NSSS designs [22]. Some
of the issues are generic in nature and others are design specific. In par-
ticular, concerns have been raised relevant to the Babcock and Wilcox (B&W)
NSSSs largely because cof some unique components and hardware features con-
tained in the plant design in addition to the 2 x 4 loop geometry. It was
suggested that unique design features of the B&W reactor may produce unique
and complex thermo-h,draulic behavior during small break loss of coolant
accident or during some other abnormal transient that could be misleading to
an operator.

Perhaps the most distinguishing feature of the B&W plant design relative
to the other PWR vendor designs is the once-through steam generator (0TSG) as
illustrated in Fig. 3. In the OTSG system, primary fluid flows downward
through the tubes in the steam generator. The secondary feed enters the steam
generator secondary riser section from the bottom. The design is such that
superheated steam can be produced whereas, the U-tube in shell design, (Fig.
1), used by cther vendors can only produce saturated steam. However, use of
the OTSG in the B&W NSSS necessitates the use of a vertical hot leg, with a
180 degree U-bend at the top to route the primary fluid from the reactor
vessel to the top of the steam generator.

After a thorough study of the technical issues unique to 2 x 4 loop plant
design, and more specifically the unique design features of the B&W design, it
was suggested by Larson et al. [22] that the best possible execution of a test
program to resolve the issues can be affected in a new, well-scaled, 2 x 4
loop simulator. Therefore, the scaling concepts presented in the preceding
sections are applied here to obtain a 2 x 4 loop facility conceptual modeling
of a B&W 177 NSSS lowered loop plant design, Fig. 4.
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The proposed 2 x 4 loop scaled mode! as shown schematically in Fig. 5
contains representative components of all thermo-hydraulic systems considered
important in performing tests to obtain data representative of the response of
the prototye plant, Fig. 4. This system contains an electrically powered
reactor vessel simulator and two loops with representative hot leg, once
through steam generator, ard two active cold legs with pumps. For the purpose
of this study the TMI Unit-2 plant is used as the prototype B&W 177 NSSS
plant. The prototype system parameters are summarized in Table III.

To obtain the model requirements three separate circumstances are dis-

tinguished. They are enumerated as follows:
1. Single-phase forced convection system, time-preserving scaling,

¢. Sin }e-phase and two-phise forced convection system, time-distorted
scaling,

e S1n?le-phase and two-phase natural convection system, time-distorted
scaling.

The rw~del requirements to meet for each case are described in the
following sections.

B. Single-Phase Forced Convection System, Time-Preserving Scaling Model
equirements

From the single-phase flow similarity analysis presented in Section II,
it has been concluded that the following conditions should be satisfied;

up = L (130)

aé.. = 1 (131)
and

SR = dR =1 (132)

Under these conditions, the time preserving scaling is established, thus one
has

t 8—.3 1 (133)
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Table 11I. Single-Phase Only Forced Convection Prototype and
Practically Optimum Scaled Model System Parameters

COMPONENT PROTOTYPE MODEL
System Pressure (bar) 148.6 148.6
Area Scale Factor 1/1 1/5C0
Optimum Length Ratio 1.0 0.194

CORE
Number of Rods 36,816 73
Rod Diameter (m) 1.092 x 1072 1.092 x 1072
Rod Pitch (m) 1.443 x 1072 1.443 x 1072
Hydraulic Diameter 1.326 x 1072 1.326 x 1072
Flow Area (m?) 4.572 9.15 x 1073
Length (m) 4.206 0.816
Velocity (m/s) 5.125 0.994
Mass Flow Rate (kg/s) 16,682 6.472
Reynolds Number 5.41 x 10° 1.05 x 10°
Friction Number 10.604 2.976
Fower (MWt) 2772 0.212
Time Ratio 1.0 1.0

HOT LEG (1 OF 2)
Diameter (m) 0.915 4.09 x 1072
Flow Area (m2) 0.658 1.32 x 1073
Length (m) 21.123 4.098
Velocity (m/s) 19.524 3.788
Mass Flow Rate (kg/s) 8820.0 3.422
Reynolds Number 1.45 x 108 1.26 x 106
Friction Number 1.515 1.515
Time Ratio 1.0 1.0

STEAM GENERATOR (1 OF 2)
Number of Tubes 15,531 31
Diameter of Tubes (m) 1.42 x 1072 1.42 x 10-2
Flow Area (m?) 2.441 4.88 x 10~3
Length (m) 15.880 3.081



Table II1

STEAM GENERATOR (1 OF 2)

{Cont'd)

CoLD

Velocity (m/s)

Mass Flow Rate (kg/s)
Reynolds Number
Friction Number

Time Ratio

LEG (1 OF 4)

Pump

Pump

Suction Section
Diameter (m)
Flow Area (m
Length (m)
Velocity (m/s)

Mass Flow Rate (kg/s)
Reynolds Number
Friction Number

Time Ratio

2)

Discharge Section
Diameter (m)

Flow Area (m?)

Length (m)

Velocity (m/s)

Mass Flow Rate (kg/s)
Reynolds Number
Friction Number

Time Ratio

DOWNCOMER

Hydraulic Diameter (m)
Flow Area (m?)

Length (m)

Velocity (m/s)

Mass Flow Rate (kg/s)
Friction Number

Time Ratio
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PROTOTYPE

5.075
8820.0
5.72 x
16.686
1.0

10°

0.711

0.397

11.126
15.071
4410.0
8.39 x
1.060

1.0

107

0.711
0.397
8.810
15.071
4410.0
8.39 x 107
1.047

1.0

0.505
3.855
6.523
5.872
16682.0
0.154
1.0

MODEL

0.985
3.422
1.11 x
4.560
1.0

3.18 x
7.94 x
2.158
2.924
1.711
7.28 x
1.019
1.0

3.18 x
7.94 x
1.709
2.924
1.711
7.28 x
0.813
1.0

9.91 x
7.71 x
1.265
1.139
6.472
0.153
1.0

1072
1074

10~2
10°4

10~2
103



In addition to the above three constraints, the dynamic similarity and
geometric similarity conditions are required. Thus,

oo o )] (2,

and

(2)e () -

Equation (134) requires that the flow resistance similarity be satisfied
only for a whole loop, but not for each section separately. However, for a
multi-Toop system under various transient or accident conditions it is desir-
able to have similarity conditions for each section separately. Thus,

£ ei .
Fip = [f (a— r)* K ]R =1 (136)

Among the above constraints, Eq. (132) stands for the similarity of the
thermal conduction in the solid structure. Generally, it is difficult to
satisfy this condition in a scale model. However, it is easily satisfied in
the core and steam generator sections where most of the heat transfer takes
place.

The most severe condition in terms of the thermo-hydraulic simulation is
imposed by Eq. (136), because in a scaled model the hydraulic diameter can be
much smaller in piping system. Therefore, for a given value of ag, calcula-

tions are centered to determine %R to meet Fp = 1 for each section as required
by Eq. (136). A computer code which is capable of calculating F; for each

section among other system parameters for the prototype and scaled model was
developed. (See Appendix for the computer code.) The results gathered from a
series of computer calculaticns indicated that the hot leg simulation imposes
the strongest constraint. Once the necessary condition for the hot leg is
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obtained, the other sections are easily adjusted by increasing the minor loss
coefficients. Therefore, in what follows the basic scaling criterion from the
hot leg is presented.

The prototype hot leg flow resistence consists of the commercial steel
pipe friction and the distributed 1oss due to elbows. The distributed loss
factor, (f; %54/dj), was calculated to be about 1.2704 for the prototype. For
a scale model, lower (fj Lej/dj) value is desirable due to the requirement
imposed by Eq. (136). Therefore, the friction factor for a drawn tubing is
used. Two different cases are distinguished for (2gij/dj). One, in which the
distributed flow restriction is assumed to be negligibly small, is the idea)
case. The other, in which the practically minimum values for the flow
restrictions are used, 1> the practically optimum case. The latter can be
achieved by using large radius elbows [23].

The colution to the similarity criteria for both ideal and practically

optimum cases is presented in Fig. 6 where ag is the flow area ratio. The
solution can be approximated by

Ly = 13.18 (1/aR)'°-64 (137)

for the ideal case, and

to = 15.28 (l/aR)'°'7° (138)

for the practically optimum case.

Similarly, volume ratio for both cases are given, respectively, as

follows:

Vp = 13.18 (1/a,)"1.64 (139)
and

Vp = 15.24 (1/a)"1-70 (140)

Hence, for a sample case of Vp = 1/815.3 [22], one obtains the following
solutions for the practically optimum modeling:

42



t’m/yp

LENGTH RATIO, (p

1.0

| | [ |
0.9} "
0.8 -l
0.7 £
0.6 _
0.5 _
0.4 -

@ fg=13.18(1/ag) 0-6399
0.3 —~
0.2} @ tp=15.24(1/ag) 7024 > 3
0.1 1 L | |
100 200 200 600 P00 1000

Fig. 6.

1 "
INVERSE OF AREA RATIO. lag = apla,,

Single-Phase Forced Convection System, Time Preserving
Scaled Model Requirements

1. Ideal Case

2. Practically Optimum Case

43



ap = 1/254.1
(141)

Up = Qg = 2p = 0.312

These imply that the flow area should be reduced by 1/254.1 whereas the veloc-
ity, the power density, and the length should be reduced by 0.312. The same
criteria apply to the other components of the model.

A summary of the important system parameters for the prototype and the
practically optimum scaled model of ap = 1/500 case is provided in Table
II1. It should be noted from the table that in order to meet the condition
imposed by Eq. (136), additional flow restrictions must be introduced to those
components of the loop where F, < Fip' From the practical point of view,
this does not introduce additional difficulty in designing the model plant.

Finally, it is to be noted here that, with Eqs. (137) and (138), two
phase flow cannot be simulated. For the simultaneous single-phase and two-
phase simulations, please see the sections that follow.

C. Single-Phase and Two-Phase Forced Convection System, Time-Distorted

Scaling

From the two-phase flow similarity analysis presented in Section III, the
following conditions are necessary for two-phase flow simulations:

up = \/;; (142)

and

qé" =1/ \/lR (143)

With these conditions imposed on the modeling, the time is distorted by

tl!l
. Gl ke \/lg (144)

P

For 25 < 1.0, this implies that the time runs faster in the scale model by a
factor of ﬁ
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In addition to the above constraints, the dynamic and the geometrical
similarity conditions expressed by Eqs. (135) and (136), respectively, are
required for a proper scaling.

The solution to the similarity criteria for both ideal and practically
optimum scaled models is presented in Fig. 7. It is approximately given by

. -0.614 . _ -1.614
to = 12.0 (1/a) 3 Vo = 12.0 (1/ap) (145)

for the ideal case, and

-0.622 , _ -1.622
1q = 10.23 (1/ap) ; Vg = 10.23 (1/ap) (146)

for the practically optimum modeling case.

Hence, for a sample case of Vp = 1/815.3 [22], one obtains the following
solutions for the practically optimum modeling:

aR = 261.5
IR = 0.321
(147)
uR = 0.566
&é" = 1.765
and
tR = 0.566

Equation (147) indicates that the flow area, length, and velocity should oe
reduced by 1/261.5, 0.321, and 0.566, respectively. On the other hand, the
power density should be increased by about 76.5%. The time distortion is
given by 0.566, therefore, all the events are expected to occur in short>r
time by a factor of 0.566 in the scale model than in the prototype.

A summary of the important system parameters for the prototype plant and
the practically possible optimum scaled model is provided in Table IV for the
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Table

Phase Forced Convection Prototype

IV. 5ingle-Phase and Two-
nd %

ractically Uptimum ScaTed Model System Parameters

COMPONENT

CORE

System Pressure (bar)
Area Scale Factor
Optimum Length Ratio

Number of Rods

Rod Diameter (m)

Rod Pitch (m)
Hydraulic Diameter (m)
Flow Area (m?)

Length (m)

Velocity (m/s)

Mass Flow Rate (kg/s)
Reynolds Number
Friction Number
Power (MWt)

Time Ratio

HOT LEG (1 OF 2)

Diameter (m)

Flow Area (m%)

Length (m)

Velocity (m/s)

Mass Flow Rate (kg/s)
Reynolds Number
Friction Number

Time Ratio

STEAM GENERATOR (1 OF 2)

Number of Tubes
Diameter of Tubes (m)
Flow Area (m)

Length (m)

PROTOTYPE

148.6
1/1
1.0

36,816
1.092 x 152
1.443 x 152
1.326 x 15°
4.572

4.206

5.125
16.682

5.41 x 10°
10.604
2772.0

1.0

0.915
0.658
21.123
19.524
8820.0
1.45 x 108
1.515

1.0

15,531
1.42 x 152
2.441
15.880
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MODEL

148.6
1/500
0.216

73
1.092 x 152
1.443 x 152
1.326 x 15°
9.15 x 153
0.913
2.387
15.491
2.51 x 10°
2.905
2.573
0.466

4.09 x 1072
1.32 x 1073
4.584
9.095
8.190
3.01 x 108
1.515
0.466

31
1.42 x 1072
4.88 x 1073
3.446



Table 1IV.

STEAM GENERATOR (1 OF 2)

(Cont'd)

CoLD

Velocity (m/s)

Mass Flow Rate (kg/s)
Reynolds Number
Friction Number

Time Ratio

LEG (1 OF 4)

Pump

Pump

Suction Section
Diameter (m)
Flow Area (m
Length (m)
Velocity (m/s)

Mass Flow Rate (kg/s)
Reynolds Number
Friction Number

Time Ratio

2)

Discharge Section
Diameter (m)
Flow Area (m
Length (m)
Velocity (m/s)

Mass Flow Rate (kg/s)
Reynolds Number
Friction Number

Time Ratio

2)

DOWNCOMER

Hydraulic Diameter (m)
Flow Arsa (m?)

Length (m)

Velocity (m/s)

Mass Flow Rate (kg/s)
Friction Number

Time Ratio

(Cont'd)

PROTOTYPE

5.075
8820.0
5.72 x 10°
16.686

1.0

0.711
0.397
11.126
15.071
4410.0
8.39 x 10
0.950

1.0

0.711
0.397
8.810
15.071
4410.0
8.39 x 107
1.047

1.0

0.505
3.855
6.523
5.872
16,682.0
0.154
1.0

MODEL

.357
.190
.65 x
.449
.466

o & N O™

.18 x
.94 x
414
021
.095
.74 x
.945
.466

O O = & N N N W

.18 x
.94 x
912
.021
.095
.74 x
.813
.466

O O = BN N W

w21 X
J1 x
.415
735
15.491
0.154
0.466

N = W

10~2

106

10~2
154

10~2
10-3



area ratio of 1/500. Again, additional flow restrictions should be intro-
duced to components other than the hot leg to insure Ey. (136) is sectionally
satisfied.
8. éig#}g-Phase and Two-Phase Natural Convection System, Time-Distorted

caling

In the case of single-phase natural circulation, the core velocity, u,,
and the temperature rise, AT,, can be determined by Eqs. (19) and (18), re-
spectively. At the system pressure of 148.6 bar and the core inlet temper-
ature of 290°C, the natural circulation flow 1imit in the single phase region
can be obtained by setting the upper limit for the temperature as the satura-
tion temperature (341.4°C). The flow 1imit obtained in this way is shown in
Fig. 8. The maximum single phase core velocity due to natural circulation is
about 0.6 m/s. Although it is possible that the flow rate may increase in the
two-phase region due to increased driving force, this velocity is taken as a
reference velocity for the similarity criteria under a natural circulation
condition.

The same similarity criteria as those presented in Section III can be
used for this case also. The solution to the similarity criteria for both
ideal and practically optimum cases is presented in Fig. 9. It can be given
approximately by

-0.658
o = 12.08 (l/aR) (148)

for the ideal case, and

2 = 10.0 (1/a) ™87 (149)

for the practically optimum case. Similarly, the volume ratio for both cases
are given, respectively, as follows:

Vg = 12.08 (1/ap)7 %% (150)

and

-1 0672
Vg = 10.0 (1/ap)
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Hence, for a sample case of Vp = 1/815.3, one obtains the following solu-
tions for the practically optimum case:

ap = 1/218.4
2o = 0.27 (151)
6,;" = 1.93

In this case, the time distortion can be expressed as

tm
tg = o = 0.52 (152)
p

The comparison of the forced convection and natural convection, i.e.,
comparison of Eqs. (146) and (149), indicates that for the volume ratio of
1/815.3 the length ratio suitable for both forced and natural convection
simulation is given by

0.270 < i < 0.312 (153)

Overall comparison of the forced and natural convection circulation is
given in Fig. 10. The hatched area between two curves indicates the length
ratio region where the solution should be sought if the model is to be built
for forced and natural circulation simulations. For example, if the model is
built for the natural circulatior purposes (the lower curve in Fig. 10), then
the forced convection friction number will be higher in each section than
those corresponding sections in the model. Therefore, for the purpose of
making a compromise the mocel should be built with a length ratio in between
two requirements imposed by the natural and forced circulation simulation
criteria.
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V. SUMMARY AND CONCLUSIONS

Scaling criteria for natural and forced convection circulation loop under
single-phase and two-phase flow conditions have been derived from the balance
equations. For the single-phase case, the fluid continuity, integral momen-
tum, and energy equations in one-dimensional area-averaged forms have been
used tngether with the appropriate boundary conditions and the solid energy
equation. From the non-dimensional form of these equations, important dimen-
sionless groups characterizing geometric, kinematic, dynamic, and energetic
similarity between the prototype and a model have been identified. In the
case of single-phase natural convection flow, they are the geometric simi-
larity group, friction number, Richardson number, characteristic time constant
ratio, Biot number, and the heat source number. In the case of forced convec-
tion flow, the “ichardson number is replaced by the pump characteristic num-
ber. The geometric similarity group consists of the axial length and cross-
sectional area ratio of various sections.

Simultaneous solution of the equations imposed by the similarity require-
ments yielded the similarity criteria. These criteria satsify all the simi-
larity requirements except the condition imposed by the Biot number. Since
the Biot number involves the heat transfer coefficient, it was shown that it
may cause some difficulties in simulating the turbulent flow thermal boundary
layer. However, the relaaation of the Biot number similarity condition in-
fluences the boundary layer temperature drop only, and, therefore, it may not
be very significant in the single phase case.

For a two-phase flow case, the similarity groups were obtained from a
perturbation analysis based on the one-dimensional drift-flux model. The
dimensional analysis indicated that the phase change number, drift-flux
number, friction number, density ratio, and two-phase Froude number are the
important similarity groups. The physical significance of these groups were
discussed and conditions implemented by them were evaluated to arrive at
similarity criteria. The criteria were simplified for the purpose of
practica! simulation experiments.

In view of the unique design features of the B&W plant design, the
scaling concepts presented above were applied to obtain a 2 x 4 loop facility
conceptual modeling of a B&W 177 NSSS lowered loop plant design. Numerical
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calculations performed to meet the similarity requirement indicateu that the
most severe condition in terms of the thermo-hydraulic simulation is imposed
by the friction number requirement over the hot leg section. Therefore, a
solution for the similarity criteria based on the hot leg was presented. For
three separate circumstances, i.e., single-phase forced convection (time-
preserving), single-phase and two-phase forced convection (time-distorted),
and single-phase and iwo-phase natural convection (time-distorted), it was
shown that a solution in the form g = f(aR) was feasible in each case. It is
suggested that once the necessary condition is obtained by the solution, the
other sections must be adjusted to meet sectionally the friction number
requirement.
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APPENDIX

Here a computer code which is capable of calculating the friction number
(Fi) for each section among other systew parameters for the prototype ind the
scaled model is given. For each value of the area scale factor (aR = am/ap),
the prototype and model parameters are listed for different values of the
length ratio (g = xm/lp). For the purpose of demonstration, & typical output
for the case of ap = 1/500 is given. A series of outputs for different values
of ap is used to determine the solution ip to meet Fp = Fm/Fp = 1 for the hot
leg section because the hot leg simulation imposes the strongest constraint.
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DIMENSION RL(‘GI.QP(C).DP(G).XP(G).UP(G),PP(b),DH(b);E(é),CH(é,iO)
C.UP(‘),REF(‘),PSF(A),FF(6),CF(6),FTP(6),Aﬂié:,lﬂiq.10),UH(6.10).
CUH(O.10).&5"(‘.10).FN(6.19).75"(&,QO),FTH(6.10).FH(6,10).TRﬂ(b.10)
&, F0WM(10) +JQMC10) REE),V(6) FVEF(1) ,PVEMI10) ,FSTi ¢4),P5IMC10),
APSEFC1) ,PSEM(10) ,PDIFP(1),PDIM(10),FPIP(1) JPRIM(10) ,PFEFP(1),PFEM(Y
&0) ,RA1 (D)

I UNITS INDEX NUMBEK
I=1,CORE

I=2,HOT LEG

1=3,CO0LD LEC PUMP SUCTION
I1=4,COLD LEC PUMP DISCHARGE
I1=5,5TEAM GENERATOR

I=6, DOWNCOWMER

SUESCRIPTS
#.MODEL
F PROTOTYFE

NOMENCLATURES
AP ,AM FLOW AREA (M2)
CP ,CM -FRICTIOM NO. (DIST. LOSS ONLY)

CVE ORIFICE NO. OF VESSEL EXIT

cs1 ORIFICE WO. OF STEAM GENERATOR INLET
CSE ‘CRIFICE NO. OF STEAM GENERATOR EXIT
Cp1 ‘ORIFICE NO. OF DOWNCOMER INLET

crl ORIFICE NO. OF PUMF INLEY

CFE ORIFICE NO. OF PUMP EXIT

CoP FREE-FLOW/FRONTAL-AREA RATIO OF CORE
CKF CONTRACTION COEFFICIENT OF CORC

CEP EXFANSION COEFFICIENT OF COREC

DLCF,DLCM DISTRIKUTED LOSS COEFFICIENT

Dr DM FLOW DIAMETER (M)

DikF,DRM ROD DIAMETER (M)

E LEM TUEBC ROUGHNESS

FF ,Fn FRICTION FACTOK

FIF,FSM -TOTAL FRICTION NO.

FTFP,FTH FRICTION NO. (FR. LOSS ONLY)

Hick ,HiEH  ROD FITCH OF CORE (M)

NLF,NEM  NUMBER OF CORC-RODES

NIF,NSH _NUMEER OF TULLS OF STCAM GENERATOR
Ft L PM FRCZSURE DROF (FA)

FVEF,PVEM VESSEL EXIT MINOR LOSSES
FEIF,PSIM STCAM GENERATOR INLET MINOR LOSSCS
FSEF,FSCH STEARm CENERATOR EXIT MINOL LCSSCS
FLIF,FDIM DOWN COMER INLCT MINOR LOSSCS
POW,FOWM POWER DF CORE (MWT)

QF ,QM . MEAT FLUX OF CORE (KW/M2)

L3 ‘DENSITY OF WORKING LIQUID

RMA, RAV RMI MAXIUM,AVERAGE AND MINIMUM FLUID DENSITIES
RA,RA1 :AREA SCALE FACTOR

RL ‘LENGTH SCALE FACTOR

REF,REM .RCYNOLDS NUMEER

s -AREA RATID OF STEAM GENERATOR

sSSP :FREE-FLOW/FRONTAL-AREA RATIO OF STEAM GENCRATOR
SKp :CONTRACTION COEFFICIENT OF STEAM GCHLRATOR

SEP (EXPANSION COEFFICIENT OF STEAM GENERATOR

TRM :TIME SHIFT FACTOR

UF ,UM VELOCITY (M/S)

v ‘VISCOSITY OF WORKING LIQUID (KG/S5-M)

WF WM 'MASS FLOW RATE (KG/S)
XP XM CLENGTH (W)
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33

97

L 4¢]
99

i

READ (1,®) (RL(J),J=1,10)

READ (1,%) CVE,C51.CSE,CDI,CFI,CPE

READ (1,w) SSF,SKFP,SCP,CSP,CKP,CCP

RCAD (1,%) DLCP:.DLcr3.DLCP4,DLCﬂ:.DLCHs.DLCHA
RCAD (1 ,w) RMA, RAV, KNI

READ (1,%) NRF,DRF,HRI, POW

READ (1,w) DP(i;.XP(t).uP(1), R{1), V(1) ,AFPCYH)
READ (1 ,%) DF() , XP(2),WF(2), R(2),v(D)

READ (1,#) DP(3),XF(3),Wr(3), R(3),Vi3)

READ (1,w) DPiA),xF(A).UF(Q). R(4),Vi4)

READ (1.w) DP(S).XP(S).UP(S),R(S).v<5>.AP(S),NSP.S
KEAD (1,w) DP(é).XP(é).UP(b), Ridi, Vi), AF(&)
READ (4,%) (RAY (M), M=1,9), MM

READ (41,%) KK

IF (KK.EQ.0 ) GO TO 20

K=9

IF (KK.NE.1) GO TO 96

WRITE (K,97)

FORMAT (/////7,' TWO-FMASE FLOW MODELING',/,1X,23("'%'))
CO 70 99

WRITE (k,90)

FORMAT (//777,' SINGLE-PHASE FLOW MODCLING',/,1%,26("'x" )}
DD 95 M=1, MM

RA=RAY (M)

HRM=HKF

DRM=DKF

DM(1)=DP (1)

E(1)=0.0000015

E(5)=0.0000045

E(6)=0.000046

CM=0.0000015

DD ¢t I=2.,4

EtI)=5.00004¢

AP(I)=3.1416%DF(1)mu2/4,

DMCLI=DF(I1)/Rbare. 5

U CALCULATION OF PROTOTYPE VAKINELES

LB

"

DO 2 I=%.,é

UF (D) =WP(I)/(R(I,)®AF(I)) N

EF(I)=DF ' TYaR{TI)eUFRCI), V(1 ) = . 2
$§c1>=173:- «aiéc&c<1)/(DP(I)c3.7)oS.?Q:RCT(..--.?')--;
FIP(D)=FP D) «XF{1)./DP (1)

FI'c1)=2,2%FF(Y)

FTP(1)=2.2«FTF (1)

Cre2)=3.%F(2)=DLCP2

Cr(3)=FF(23) JLCF3

CFP(4)=FF(4)=DLCFA4

Ci=CKP+{.~-CSFun2

Cl=1.~-CSFes2-CEF

S1=3KFet1, SSFuel

S2ay ,~SSPuan-SEP

7Y 1-2.4 '

ﬁg(I)srP?I)-(XP(I)/DP(I)OCP(!)/FP(I))'.SOR(X)-UF(I)ln2
FrRea)=FTIP{&In . SnR(4)MUF(4)nn2

Crié)=90.

“RAave=l/RMA o s

?;:1§~.5-R11-UPt1)--2-( CY +2.%(RMA/RMI-1 . )+FTF (1) siinAa/RAV L2«
SKMA/Z/RMI)

£F71)t2.'FP(1)/(R(1)'UP(i)liz)-rfr(i)

Veul/RMI .

ﬁg?;?:.;-ass~u9<5)--:-( St 2. % (RMI/RMA-1 . )+FTP(5)=RMI/RAV-S2
S%RMI/RMA)

CR(S)I=2 . #FP(S)/(R(S)%UF(S5)aa2)-FTF(S)

DO 72 I=1,6

FSP(L1)=FTP(I)+CF(])

QF=OWn1000./(3.14146%DRFPeXF{1)*NRF)

NEM=NRF/RA

NEM=NSF/RA

DM(1)=DF (1)

DM (S)=DF(S)

DMi&)=-(4 . %AP(&)/RA/3. 14146)8n.5
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C CALCULATION OF MODELINC VARIABLLS

100
104

75
74

T

77

79
78

102
5

DG 3 Is4,6
AR(] . =aP(]I)/RA

DG 4 J=1,10

XMil, Jo=XPcl eRicJ)

I (kK.NC.3) GO TO 100

UMCI , DD<RL) inm SeUP(T)

GO TC 1014

UNC{T,Jdi=RLCJIeUP (D)

WH{I, Jo=ancl) ®UMCI, DRI

REMCT, Si=0MEI) wUM(I,Jien{I)/NVII:

Fncl,di=1, 25/(ALOG(EM/(DM(1) 83, 7)45.74/REM(I,  J)nn_ 9))an2
IF (1.NE.Y) GO TD B8

FM(Y ,J)=2.20FM(! , D)

FTMCT , Ji=FM(l,J)eXM(I,J)/DM(T)

IF (KK.NE.1) CO TO 103

TRMCI, )=FL(J)en. 5

GO 70 4

TRM I, J)=4,

CONTINUE

CUT INUE

PO 73 J=t,10

CM(Z,J)=3.»F {(2,J)=DLCH2

LM 3, J)=FH(3,J)sDLCMI

Crid4,J)=FM(4,6 J)=DLLCMA

DD 74 1=2,4

DO 75 J=1,10
FH(l.J)sFﬂ“1,J)I(KH(I.J)/DH\I)¢CHiI,J)/FH(I,J)ic.Sc{xI)iUHfI,J)..:
CUNTINUE

D0 75 J=1,10

MG, J)=FTH(SE , D)k (S)RUM S, J)NaDn. 5
Crv6,d)+0.

20 77 J=1,10

FHOL, D)= SeRT1{eUMCY, J)nndu( C} * 2.8 (RARMI -1 .)+FTM(1,J) eRHA/IKAV-
& C2  sKkMA/RMID 1
fH(t.J)J2.-PH<‘,J)/(R(1)'UH(!.J)hGZ)-FTH(1.J)
FrIS,3)= SoFESSeUN(E , Jinals( 5§ *2 . 8(RMI/RMA 1 .2 eTTHIS, S mEMI/RAY -
& J2  #RAl/EMA)

CniS, Js=2,oFM(5,J)/(R(5)aUM(S, J)uu2)-FTHLS, J)
CONT INUE

D0 70 I=1,6

BGC 79 J=1,190

FSMOI, J)=FTH(I,J)+CMc(1,))

CONTINUE

PVEF (1 )=CVE#RMI®UP (D) uul/D,
FSEIM(1)=CSIwRMI%Ur(2)uu2/2,
FSEF(1)=CIC«RMARUF(3)uu2/2,
PODIF(1)=CDI«RMARUP(4)nu2, 0,
PPIF(1)=CPI®R(3)%UP(3)uu2/2,
FFEF(1)=CFE#R(4)%UF (4)ua2/2,

DU S J=1.,10

FVOCM(J)=CVE*RMI®UM(2, J)nu2/2,
SIMCD)=CZIaRMIRUM(D, J)uu2/2,

FSEM( ) =CSERRMARUMNCS, J)uu2/2,
PDIM(J)=CDInRMARUM(A, J)unD/2,
PPIM(J)=CPIaR(3)«UM(3,  J)un2/2,
FFEM(J)=CPE®R(4)%UM(4, ) )uu2/2,

IF (KK.NE.1) GO TO 102
POWM{J)=RL (J)ne SePOW/RA

G0 TO S

POWUM( 1) =RL(J)wu2POW/RA
QH(J)-POHH(J)Giabo./(J.QOOGCDRPDXN(1.J)-NRH)

OUT PUT THE PROTOTYPE AND MODELING VARIABLES

3

*WRITE (X,3%)
FORMAT (///,' CORE',/,' wmwa' / 2%X, 'PROTOTYPE', 43X, 'MODEL',/, 25X,
A9('®') SX,90('n"'))

61
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34
335
36
37
39
40

41

43
44
4s

110
45
47

48

105
107
10¢

4y

50

w
-

" -
' -

12

13
56

61
5?7

WRITC (K,32) RA

FORMAT (' AREA SCALE FACTOR' 10X, '1/1',46X,'1/',F4.0)
WRITE (K,33) NRP,NRM

FORMAT (' NUMDER OF RODS',10X,19.41x,18)

WRITE (K,34) DRP,DRM

FORMAT (' ROD DIAMETER (M)',BX,.F9.5,41X,F8.5)

WRITE (K,35) HRP,6HRM

FORMAT (' ROD PITCH (M)',11X,F9.5,41X,F8.5)

WRITE (K,34) DF(Y1),DMC(1) 4

FORMAT (' HYDKROULIC DIAMETER (M)',2X,.F9.5,41X,.FB8.5)
WRITE (K,37) AF(1),AM(Y)

FORMAT (' FLOW AREA (M2)',10X,F9.4,41X,F8.4&)

URITE (K,39) (RL(J),J=%,10)

FORMAT (' LENGTH SCALE FACTOR',BX,'$/4',7X,10F9.1,/,1X,128B("'w"))
WRITE (K,40) XP(1),(XM(1,d),J=1,10)

FORMAT (' LENGTH (M)', 14X, F9.3,4X,10F9.3)

WRITE (K,4%) UFPC1), (UMY, J),J0=¢,10)

FORMAT (' VELOCITY (M/S)' ,10X,F2.3,4X%X,10F2.3)

WRITE (K,42) WPC1) . (WM(Y,J),J=1,10)

FORMAT (' MASS FLOW RATE <(KG/S5)',3X,F9.2,.4X,10r9.3)
WRITE (K,43) REP(1),(REM(Y,J), J=1,10)

FORMAT (' REYNOLDS NUMBER',7X,F11.0,4X,10F9.0)
WRITE (K,44) FP(1),(FM(1,J),J=1,10)

FORMAT (' FRICTICN FACTOKR',9X,F9.5,4X,10F?2.5)

IF (KK.NE.f1) GO 7O 110

WRITE (K,45) FTP(1) ,(FTM(1,0),J=1,10)

FORMAT(' FR.NO.(FR.LOSS ONLY)',4X,.F9.5,4X,10F%.5)
WRITE (K,38) CP(1),(CHM(1,0),Jd=1,10)

WRITE (K,46) FSP(1),(FSM(1,J),J=1,10)

FORMAT (‘ TOTAL FR.ND.', $2X,F9.5,4X,16F9.5)
WRITE (K,47) PP(1),(PM(1,D),J=1,10)

FORMAT (' PRESSURE DROF (PA)',6X.F9.0,4X,10F9.0)
FORMAT (' FR.NO.(DIST.LOSS ONLY)', 2X,F9.4,4X,10F9.4)
IF (KK.NE.{1) GO TO 10S

WRITE (K,4B) (TRM(1,J),J=1,10)

FORMAT (' TIME SHIFT',$7X,"4/4',7X,10F9.3)

GO TO 106

WRITE (K,107)

FORMAT (' TIME SHIFT' , §7X,*4/9',7X,10(3X,"1/1',3X))
WRITE (K,4%) POW, (FOWM(J) ,J=1,10)

FORMAT (' POWER (MWT)',13X,F9.1,4X,10F%2.3)

WRITE (K,50: QF,(QM(J),J=1,10)

FORMAT (' HEAT FLUX (KW/MZ)' ,7X,.F9.1,4X,10F9.2)

DU é I=2.,6

IF (I1.EQ.3) GO TO 41

IF (I.EQ.4) CU TO $2

IF (1.EQ.S) GO TO 13

IF (I.EQ.é) GO TO 146

WRITLC (X,51)

FORMAT (//77,' HOT LEG',/,"' nensnss')

CO TO 14

WRITC (K,S2)

FORMAT (//7,' COLD LEG FUMF SUCTION',/.1X,29C'w",,
CO TU 14

WRITE (K,S3)

FORMAY (//7,' COLD LEGC PUMF DISCHARGL',/,1X,23.'%'))
CO TO 14

WRITE (K,Se)

FOKMAT (/7/," STEARM GENCRATOKR',/, 94X, . S('a'))

WR1ITE (K,%4)

WRKITE (K,32) RA

WRITE (K,41) NSP,NSM

FORMAT (' NUMBER OF TUBES',9X,19.44X,18)

WRITE (X,57) §.5

FORMAT (' AREA RATIO', 14X, F9.4 41X ,F8.4)

GO TD 3



1é
S8

14
54

15
55
17

as

B

WRITE (K,38)

FORMAT (///,' DOWNCOMER',/ 1X,%('m"':)
WIRITE (K,54)

WRITE (K,32) RA

WRITE (K,30) DFP(&),DM(&)

GU TO 7

WRITE (K,S54)

FORMAT (25X, 'FPROTOTYFE',43X, "MODCL',/,25X,9('n'),5X,90{'w",,

WRITE (K,32) RA

WRITE (K,S5) DF{(1),DM(I)

FORMAT (' LD1AMETER (M) ', 12X,F9.5,41X,FB.%5)
WRITE (K,37) AF(I) ,AM(I)

WRITE (K,3%) (RL(J),J=%,10)

WRITE (K,40) XP(I),(XM(I,J),Jd=1,10/

WRITE «K,4%) UFCI),(UMCI, J),J=1,18)

WRITE (K,42) WP(L),(WM(TI,J),J=1,10)

WRITE (K,43) REP(I), (REM(I,J),J=1,10)

WRITE (K,44) FFCI), (FMCI,J),J=1,10)

IF (KK.NE.4) GO TO 1114

WRITE (K,A4S) FTP(I),(FTM(I,J),Jd=1,10)

WRITE (K,38) CFCI),(CMIL,Jd),Jd=1,18)

WRITE (K,4¢) FSP(I),(FSM(I,J),J=1,10)

WRITE (K,47) FP(I),(PM(I,J),Jd=1,10)

IF (KK.NE.$) GO TO 112

WRITE (K,48) (TRM(I,J),J=1,10)

GO 70 &

WRITE (K,107)

CONTINUE

WRITE (K,Bf)

FORMAT (///,' MINOR LOSSCES',/,' #sssunsuwunss')
WRITE (K,82) CVE

FORMAT (/,' VESSEL EXIT: ORIFICE NUMECR=',F4.2)
WRITE (K,B3) FVEFR(1),(PVEM(J) ,J=1,10) s
FORMAY (' FRESSURE LOSSES (FA)', 4X,F9.0.4X,10F9.0)
WRITE (K,84) CZ1

FORMAT (/,' STEAM GENERATOR INLET: ORIFICE NUMECR=',F4.2)
BWRITL (K,83) FSIF(1),(FSIM(J),J=1,10)

WRITE (K,85) CZC

FOKMAT (/,' STEAM GENERATOR EXIT ORIFICC NUMEBER=',r4.2)
WRITE (K,B3) FEEP(1 T, (FIEM(J),J=1,10)

WRITE (K,3s) CDI

FORMAT (/,' DOWNCOMLCR INLET. ORIFICL NUMBLR=',r4.2)
WEITE (K,83) FDIF(1),(FDIM(JI) ,LJ=1,10)

WRITE (X,07) Cr1

FORMAT (/,' PUMF INLET: ORIFICC NUMLER=',F4.2)
WLITE (K,83) FFIF(1) ,(PFINCJI,,J=1,18)

WRITE (K,08) CFE

FORMAT (/,' PUMF EXIT OFRIFICE NUNMLLR=',F4.2)
WRITE (i(,33. FFEF(1),(FPCM(J) ,Jd=1, 10}

CONTINUE

CO TO 3¢

CALL WINFUT(2)

stor

END

63
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TWO-FPHASE FLOW MODELING
FERERARRERR AR RN

CORE ¥
Rone
::2:2::55 BERRARRRRR RN NODEL
AREA SCALE FACTOR 174 un.nnn|n.lu.-::;;sl.lnn.nlnnnInQlnlilnl.III...Q!!.Q..QO.IO!I.OIO.
NUMBER OF RODS 36814 :
ROD DIAMETER (M) 0.01092 PR
ROD PITCH (M) 0.01443 0.01443
HYDROULIC DIAMETER (M)  0.01324 0.01326
FLOW AREA (M2) 4.5720 0.009144
LENGTH SCALE FACTOR 1/ 1.0 0.9 ;
B0 0000 " % e el e.4 0.3 0,4 0.3 6.2 0.1
LENGY" ‘") ‘ ,;:..’..'..:.:;.’...l;.;;;....;.;;;'I.':.;.'l.........“..............‘;b".....'..‘"'.'....’.....'.
.2 .2 ! : 2.944  2.524 2.103  1.682  1.262 ,
VELOCITY (M/$) 5.125 5.125  4.862 . .26 0.841 ° 0.424
- DR .862 ‘.r .2 & h
WASS FLOW RATE (KG/S)  14682.00 3 G o A i R G O i L
3.364  31.452 29.042 27.914 25.844 23.592  21.10% 18.274 °
::;:?Lns NUMBER 541430, SELa00. SIIR. MITE. 437D, AIENS. IE20eE. Dasise. FeEER 2:3333' 1;?53;'
FR "oxon FACTOR 0.03187 0.03187 0.03705 0.03226 0.03251 0.03280 0.03316 0.03363 ©.03427 0.03526 0.03716
.NO. (FR.LOSS ONLY) 10.11015 10.11015 9.15008 0.10705 7.21001 &.24273 5.25979 4.26792 3.26141 2.23664 1.1787
;:izg.;:l:;.Loss ONLY) 0.4934 6.4936 ©0.47346 0.4936  0.493.  0.4936 0.4936 0.4934 0.4936 6‘4336 6‘423:
o Lol N 10660370 10.40378  9.64447 0.68060 7.71165 6.73637 5.75342 4.76077 3.75506 2.73020 1.67243
e g B 9137. 99137.  B1151. 64926, 50468, 37700,  26095. 17804, 10532,  5105. 1564,
s AN 1.000 0.949  0.094  0.837 0.775 0.707 0.632 0.548  0.447  0.316
2772.0 5.544  S.059  4.959  4.438  4.294  3.920  3.506  3.037 2.479  1.733
HOT LEG
BEERERR
PROTOTYPE MODEL
HRRRERAES .‘."...l....l'.i'.‘..ﬂlﬂl..lh.l.l..l’IIl..‘....h'.'.......................'..".“........
AREA SCALE FACTOR 171 1/500.
DIAMETER (M) 0.91500 0.04092
FLOW AREA (M2) 0.6576 0.001315
LENLTH SCALE FACTOR /1 1.0 0.9 6.0 0.7 0.4 0.5 0.4 0.3 0.2 0.1
.’.l.n!ln!l....!.!i.!il!ln!inlln'.-lnlnnnnuluu-nnnnnnl-n--ulnnnunnu-nlan--n-l-------u-lu.Illnlnnﬂ!ln!n!llln!ill.'l!ll..l.ll.i...
LENGTH (M) 21.123 24.123  19.011 16.878 14.786 12.674 10.562  B.449  6.337  4.225  2.492
VELOCITY (M/$) 19.524 19 594  10.523  17.463  16.33%  15.124  13.006 12.348 10.694 8.732  6.174
MASS FLOW RATE (KG/S) 8020.00 17.640 16.755 1%.778 14,759 13.664 12.473 11.157 9.662 7.6889 5.578
REYNOLDS NUMBER 145055792 64B7094. 6154196, 5002227, 5427450, S0240U2. AS07067. 4102797. 3553127. 29¢ 1116. 2051400,
FRICTION FACTOR 0.01059 0.01063 0.01066 0.01069 0.01073 0.G1077 ©.01033 0.01090 ©.01101 ©0.01 18 0.01439
FR.NO.(FR.LOSS ONLY) 0.24439 < aB529 4.95047 4.41366 3.87567 3.3352% 2.79507 2.25161 1.70503 1.13377 0.59404
FR.NO.(DIST.LOSS ONLY) 1.2704 0.2951  0.7957  0.2565 0.2574 0.2505  0.2599 0.2617  0.2642 . ©.2602 0.2762
TOTAL FR.NO. 1.51477 5.74136 S.208214 A.47016 A.13309 3.592477 3.05497 2.51332 1.96927 1.42198 0.8702%
PRESSURE DROP (PA) 198349. 751795, 613540, 409222. 378040. 2024208. 200015. 131641. 77359,  37240. 11393,
0.837  0.775  0.707  0.632  0.548  0.447 0.6

TIME SHIFT 1 /1 1.000 0.749 0.0%74
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COLD LEG FUMIT JUCTION
BEBERRRRN AR AR AN ER

AREA SCALE FACTOR
DIAMETER (M)

FLOW AREA (M2)
LENGTH SCALE FACTOR

LENGTH (M)

VELOCITY (M/S)

MASS FLOW RATE (KG/S)
REYNOLDS NUMBER
FRICTION FACTOR

FR.NO. (FR.LOSS ONLY)
FR.NO.(DIST.LOSS ONLY)
TOTAL FR.NO.

FRESSURE DROP (PA)
TIME SMIFT

COLD LEG PUMF DISCHARGE
L

ARZA SCALE FACTOR
DIAMETER (M)

FLOW AREA (M2)
LENGTH SCALE FACTOR

LENGTH (M)
VELOCITY (M/5)

MASS FLOW RATE (KG/S)
REYNOLDS NUMBER
FRICTION FACTOR

FR.NO. (FR.LOSS ONLY)
FR.NO. (DIST.LOSS ONLY)
TOTAL FR.ND.

PRESSURE DROP (PA)
TINE SHIFT

FROTOTYPE AUDLL
LA A LR R I.l.llﬂh’.!lilhlln'lllhullnhl.ﬂnnh.—ul-iu.-:~hnlunlnhl'lullnIll.lIIQI‘II'.I..I....I.CII.-.
171 17500,
0.71100 G.O03100
0.3970 V. 0007743
171 1.0 0.9 0.0 0.7 0.6 0.5 0.4 0.3 0.2 0.1
..ll.l!.!..lll..llllll..lﬂ!!QIIDCIQQ.QQDHl.!Iu«nn-llinn.unnnnnlnnnnnnnlpnu--naunl--lunnlnnhnnnnn.-nl...u.llll.lll..bu.ln!l.lill.
11.126 11.126 10.043 8.%701 7.788 6.676 5.563 4.450 3.338 2.22 1.443
15.07 15.071 14,290 13.400 12.609 11.674 10.657 ?.532 8.2%% 6.740 4.766
4410.00 8.820 8.367 7.889 7.379 6.6832 6.237 5.578 4.831 3.944 2.789
83924414, 3753217, 3560613, 3356980. 31401467, 2907229. 2653925, 2373743, 2055722. 16784%90. 1184872,
0.01109 0.01129 0.01132 0.011346 0.0114% 0.01147 0.01154 0.011464 0.01177 0.01198 0.01239
0.17355 3.94928  3.56552 3.10087 2.79516 2.40820 2.01946 1.62911  1.23582 0.83842 0.43370
0.7744 0.0903 0.0904 0.0909 0.0913 0.0918 0.0924 0.093¢ 0.0942 0.0958 0.0992
0.94994 4.03957 3.465609 3.27177 2.00646 2.49996 2.11204 {.7222 1.33000 0.93427 6.53205%
79506. 338108. 275410. 219075. 169116. 1255464, 88387. 57659. 333%96. 15639. 4440.
1/1 1.000 0.949 0.874 0.837 0.775 0.707 0.632 0.548 0.447 0.316
PROTOTYPE MODEL
HRERERrE. l.'ll"l.illlllllli.!QQ.IInl&nbﬂﬁ..ﬂlﬁlll..llll.lIlll.llll.II.QII!QI...IC.II.I.O.III.II'..
1/1 1/500.
0.71100 0.03180
0.3970 0.000794
1/1 1.0 0.9 0.8 0.7 0.6 0.5 0.4 6.3 0.2 0.1
.I.l'l.i.'..l.l.l.Q.'.QI.!'Q‘C!IIQ.'.I..IID..ﬂl.....lillllnllnI.uIlllln!llIllllllnl.dllﬂ.ll.llQIIlIIII.I......II'..II......IC...
8.810 8.010 7.929 7.048 é&.167 5.286 4.405 3.524 2.643 1.762 0.881
15.071 15.07 14.298 13.400 12.609 11.674 10.657 9.532 8.255 6.740 4.746
4410.00 8.820 8.367 7.089 7.379 6.832 6.237 5.578 4.8314 3.944 2.789
83924416, 3753217, 3560613, 3356980. 3140167. 2907229. 2653925. 2373743, 2055722. 16784%0. 1186872.
0.01109 0.01129 0.01132 0.011346 0.01141 0.01147 0.01154 0.01164 0.01177 0.01198 0.01239
0.13743 3.42719 2.82332 2.51873 2.21332 1.904690 1.59925 1.20999 0.97857 ©0.66390 0.34342
0.9074 0.0903 0.0%06 0.0%909 0.0943 6.0918 0.0924 0.0931 0.0942 €.0958 0.0992
1.044687 3.29748 2.71389 2.40964 2.30461 1.99067 1.67140 1.30311 1.07275 0.75974 0.442%7
87622. 259300. 219501. 174739. 135026. 100372. 70792. 46306, 26936, 12718. 3704.
171 ) -000 0.949 0.094 0.037 0.775 0.707 0.632 0.540 0.447 0.316
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STEAM GENERATOR

AREA SCALE FACTOR

NUNBER OF TUBES
AREA RATIO

DIAMETER (M)

FLOW AREA (M2)
LENGTH SCALE FACTOR

LENGTH (M)

VELOCITY (M/5)

MASS FLOW RATE (KG/3)
REYNOL DS NUMEER
FRICTION FACTOR
FR.NO.(FR.LOSS ONLY)
FR.NO.(DIST.LOSS ONLY)
TOTAL FR.NO.

PRESSURE DROP (PA)
TIME SHIFT

DOWNCOMER
LT

AREA SCALE FACTOR

HYDROULIC DIAMETER (M)
FLOW AREA
LENGTH SCALE

i{M2)
FACTOR

LENGTH (M)

VELOCITY (M/5)

MASS FLOW RATE (KG/S)
REYNOLDS NUMBER
FRICTION FACTOK
FTR.NO.(FR.LOSS ONLY)
FR.NO.(DIST.LOSS ONLY)
TOTAL FR.NO.

PRESSURE DROF (PA)
TINE SHIFT

PROTOTYIE AubLL
AN REEEN R L Rl e e R R R R R AT R R R R R R R R R R R )
171 17500,
15531 31
0.3826 0.3026
0.014145 0.01415
2.4410 0.0040402
1/1 1.0 0.9 o.u 0.7 0.6 0.5 0.4 0.3 0.2 0.1
Il I I I T T R R R R R R R R R L]
15.800 15.680 8,292 12.704 11.1146 ?.528 7.940 6.352 4.764 3. 176 1.588
5.075 5.075 4.014 4.539 4. 2446 3.934 3.5089 3.210 2.780 2.270 1.4605
8820.00 17.640 16.735 5. 778 14.759 13.4644 12.473 11.157 9.662 7.089 5.578
5721585, S57215%5. SA42794. S11791. 470700. 4431920. 404575. 361063, 313382, 235076. 180931.
0.01432 . ‘0.01432 0.01440 0.01449 0.01460 0.01474 0.01490 0.01511 0.01540 0.01584 _ 0.014669
16.06958 16.069508 14.54407 13.01300 11.47278 9.92261 8.36024 6.78237 5.18376 3.5548% 1.87329
0.61469 0.6169 0.6169 0.61469 0.6149 0.6169 0.6169 0.6169 0.6169 0.4169 0.6169
16.£0643 16.68643 15.16174 13.62907 12.00765 10.53948 0.97710 7.39925 5.80064 A4,.17169 2.49017
152987. 152987, 125107. 9971, 77590. 579178. 41153. 27136. 15955. 7650. 2283,
171 1.000 0.749 0.074 0.837 0.775 0.707 0.632 0.548 0.447 0.316
PROTOTYFE MODLL
LA AR L L2 M I T T T ey e R L R R R R R R R R R L R DL L L DLl L
171 1/500.
0.50500 0.099208
3.8550 0.007710
171 1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 c.1
e e T T Lttt L e L L L R L L LA Ll L Ll Ll
6.523 $4.523 5.871 S.218 4.566 3.914 3.264 2.609 1.957 1.305 0.452
5.872 5.872 5.570 S.252 4.913 4.548 4.152 3.714 3.216 2.626 1.857
16482.00 33.3464 31.652 29.042 27.714 25.044 23.592 21.10% 18,274 14.921 10.551%
23223360. 4556330, 4322521, 4075311, 3012103, 3529323, 3221015. 28014679. 2495609. 2037655. 1440841.
0.01188 0.00998 0.01003 0.01009 0.01015 0.01023 0.01033 0.01045 0.01062 0.01088 0.01137
0.15351 0.65730 0.59443 0.53139 0.44000 0.40425 0.34006 0.27532 0.20984 0.14328 0.07408
0.0000 0.0000 0.0000 0.00060 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.15351% 0.65730 0.59448 0.53139 0.46800 0.40425 0.34006 0.27532 0.20984 0.14328 0.07488
1950. 0351, &1917. 5401, A1 62. 3001. 2160. 1399. 8006. 364. 95.
1/1 1.000 0.749 0.974 0.037 0.275 0.707 0.632 0.548 0.447 0.316



MINOR LOSSES
HEREREERERER

VESSEL EXIT ORIFICE NUMBER sh
PRESSURE LOSSES (PA) £5472.

STEAM GENERATOR INLET ORIFICE NUMELF

PRESSURE LOSSES (PA) 130944 246189

STEAM GENERATOR EXIT: ORIFICE NUMEEF

PRESSURE LOSSES (PA) 41849 8370.

OWMNCOMER INLI ORIFICE NUMBER=1 .00

16740,

T
FRESSURE LOSSES (FA) 83699.

PUMF INLETY. ORIFICE NUMBER={.00
PRE JRE LOSSES PA) 83499

PUMP EXIT OF IFICE NUMBER=0.50
PRESSURE LOSSES (PA) 41849, 41049,







§$ NUCLEAR REGULATORY COMMISSION

BIBLIOGRAPHIC DATA SHEET







