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Abstract

Numeric models of the IRIS reactor pressurizer having either two or three volumes were employed to simulate a typical out-surge transient.
The vapor volume may contain liquid drops. Vapor bubbles can be generated in the liquid volume. The mass, the energy, the constitutive, and the
state equations, represent all relevant phenomena. A pressure equation is derived by the substitution of the mass and energy equations onto the
pressurizer volume constraint, assuming that the instantaneous pressure is the same in all volumes. The pressurizer experimental data of a loss of
load transient in the Shippingport reactor are used to validate these pressurizer models. These models are also employed to verify the capacity of
the thermal power controller to restore the pressure in the IRIS out-surge transient. The preliminary validation, using the Shippingport exper-
imental data, and the close agreement reached by all the developed software, for the IRIS out-surge transient, recommends further validation of
these models for the test evaluation and the design of scaled experiments for the IRIS pressurizer.

The proper choice of the pressure number was employed to obtain the best form of the non-dimensional conservation equations for a two-
volume pressurizer. This form and the non-dimensional constitutive models, define the similarity numbers of scaled systems similar to the IRIS
reactor pressurizer. The similarity numbers represent the scaled transport of mass and energy, and of the local rainout, flashing, and wall con-
densation mass and energy transport. The genetic algorithm (GA) search variables of scaled models are the geometric sizes, the surge mass flow
rate, and the heater power needed to control the pressure. The similarity numbers are used to define a ““fitness function™ to evaluate the quality of
the defined variables. The operation of the systems is verified using a two-volume transient model to simulate a typical out-surge transient. The
agreement of the non-dimensional pressure as the model pressure increases, and the good agreement of the non-dimensional volumes of different
scaled systems recommends this non-dimensional formalism, the GA optimization, and the numeric simulation of a surge transient, to design
scaled experiments for modeling the IRIS pressurizer.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The IRIS reactor, steam generator and primary pumps are
contained within an integral vessel. The pressurizer is con-
tained within the integral vessel upper head. It has a larger
steam volume for the reactor core power than the current
PWRs. Because of its large volume, the IRIS pressurizer
does not need a spray system of sub-cooled liquid to reduce
pressure increments due to in-surge transients, but heaters
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are provided in the lowest liquid volume. The lowest liquid
volume of the pressurizer is separated from the circulating re-
actor coolant by a dividing steel structure that contains the
surge flow path. Part of the pressurizer test scope is the simu-
lation of surges in and out of the pressurizer, and the simula-
tion of the heater operating modes.

2. Mass and energy conservation equations
The three-volume model consists of an upper volume of

vapor, an intermediate volume of liquid situated in part of
the hemispheric volume, and a fixed volume of liquid located
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Nomenclature

flow area

r  Froude number

enthalpy per unit mass

thermal conductivity

proportional constant of the PI controller

integral constant of the PI controller

length

mass

m, W mass flow rate

Ny = NWwc mass flow wall condensation number

N = NWgo rainout number

N, = NQWC wall condensation heat number

N3 = NWpgp, flashing number

N4 = ¥ pressure number

Ns = NK; integral pressure control number

Ns = NK,, proportional pressure control number

N7 = (NWhgo), first enthalpy transport rainout number

Ng = (NWhgo), second enthalpy transport rainout number

Ny = (NWhg), first enthalpy transport flashing number

Nio = (NWhgp), second enthalpy transport flashing
number

N1 = (NWhywc), first enthalpy transport wall
condensation number

Niy = (NWhwc), second enthalpy transport wall
condensation number

Ni3 = (NWhwc), third enthalpy transport wall

condensation number

SExRXTET D>

N4 = (NWhwc), fourth enthalpy transport wall
condensation number

p pressure

0 thermal power

S wall area

T temperature

t time

u velocity

Vv volume

v= x(vg/a) = ((h— h¢)/hg)(ve/a) volume per unit mass
x = (h— hg)/hg steam quality

a = x(vg/v) vapor (void) fraction

v,  bubble non-dimensional velocity
o density

u viscosity

o surface tension

Subscripts

FL  flashing

RO rainout

WC wall condensation

0 reference value

PI  proportional-integral
p proportional

i integral

f saturated liquid

g saturated vapor

1 liquid volume

Y vapor volume

in a cylinder below the pressurizer hemisphere. In the two-
volume model, the liquid volumes are collapsed in one volume
that spreads from part of the liquid hemispheric volume to the
liquid in the lower cylinder. The mass conservation equations
are written in terms of the mass flow rates crossing internal in-
terfaces and the surge interface. The internal energy conserva-
tion equations are written in terms of the convective heat rate,
the thermal power, and the mechanical power (Todreas and
Kazimi, 1990). The mechanical power is defined as the pres-
sure times the volume rates. The mass conservation equations
for the vapor, the upper liquid, and the lower liquid of the pres-
surizer are

d .
a(mv):WFL]_WRO_WWC_mhv (1)
d . .

a@ (my,) = W, — We, + Wro + Wi + 1,1, + iy (2)
d . .

E (mIZ) = Msurge — WFLz —myy, (3)

The energy conservation equations for the vapor, the upper
liquid, and the lower liquid of the pressurizer are

d
&(mvhv) = (WFL1 - WWC)hg — Wrohg

. . . d
- Qllv - Qwv - mllvhllv + (mvvv) d_I: (4)

d d
a(mllhl]) = (Wro + Wwe)hs + (Wer, — Wer, )hg + (my,wy,) d—lj

+ Ql]V + mllvhl]v - Ql]lz - QW][ + ml]lzhlllz (5)

We,hs + Qlllz

& (mlz hlz) = msurgehsurge -

. . d
— Qwi, — B, My, + Oheaer + (M1, V1) d*l; (6)

In the three-volume model, the lower liquid volume is fixed.
This constraint condition is used to calculate the mass flow
rate on the interface between the two liquid volumes. The
mass flow rate equation is derived by the substitution of the
mass balance equation of the lower liquid volume into the
volume constraint condition. The final result is (Barroso and
Batista Fo, 2004; Barroso et al., 2003)
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(7)

The total volume of the pressurizer is also invariant with time.
As the lower liquid volume is fixed, the remaining volume
constraint condition is used to derive the following pressure
equation

dmv i dmll n avv dhv n 6\/11 dhll
Vy—— + Vv, —— — | my— — —
d e T \ony) ™ ar T \om,),™ i

ovy, vy dp
m"(6p>hl +mv<6p)J T ®

1

+

The substitution of the vapor and the upper liquid volume
mass balance equations and energy balance equations into
Eq. (8) finalizes the derivation of the pressure differential
equation. Closure constitutive relations define the unknown
mass flow rates. Liquid and steam thermodynamic state equa-
tions are also used for closure.

3. Constitutive models

The heat diffusion from the lower liquid volume to the
middle liquid volume is neglected. The mass exchange on
the interface of the vapor volume and the middle liquid
volume is calculated using the gas kinetic theory. The heat ex-
change on the interface of the vapor volume and the middle
liquid volume is calculated using a convective heat transfer
coefficient (Kang and Griffith, 1984).

Liquid drops are generated in the vapor volume due to bulk
condensation (rainout) (Baron, 1973; Nahavandi and Makken-
chery, 1970). Due to the large density of a liquid drop as com-
pared to the density of the vapor volume, the drops never
reach speeds needed for significant drag force. Thus the liquid
drops reach the interface with the velocity of a free falling
body. They enter the liquid volume through the liquid interface.
The rainout mass flow rate is defined in terms of the interface
area, the liquid fraction in the vapor volume, and the drop final
velocity in the vapor volume.

Vapor bubbles are generated in the liquid volume due to bulk
evaporation (flashing) (Baron, 1973; Nahavandi and Makken-
chery, 1970). Due to the small density of the vapor bubble as
compared to that of the liquid volume, the drops can have a sig-
nificant (buoyancy minus gravity) acceleration. Thus they reach
sufficient speed for significant drag force. The flashing mass
flow rate is defined in terms of the interface area, the vapor
fraction in the liquid volume, and bubble terminal velocity in
the liquid volume, that is calculated using the Wilson formula
(Wilson et al., 1961). The transient rainout and flashing mass

flow rates are calculated employing a transit time delay model
(Nahavandi and Makkenchery, 1970).

The mass flow rate due to vapor condensation on the wall in
the vapor volume is calculated from the wall condensation
equation derived from the mass and energy jump conditions
on this interface (Todreas and Kazimi, 1990). The heat transfer
coefficient for condensation is calculated using the model de-
rived by Nusselt (shown in Holman, 1989). The wall temper-
ature can be calculated solving a wall conduction equation
with a heat transfer coefficient averaged over all volumes.

4. Heater simulation control

The pressurizer heaters are simulated using a time delay
equation with a typical time constant. Therefore, the equation
for the time behavior of the pressurizer heaters is (Baron,
1973)

dQ eater 1 ; -
o = _(Qéilct - Qheater) (83)

dt Th

The proportional heater bank is controlled as (Barroso et al.,
2003)

— 4 oy — . .
0 = [K(”—p j’)m / (—p [pM Toul | o) (gh)
se 1o se

The proportional heater bank power is limited to the Qg{’ml

value. The back-up heater banks power is the design value
when the pressure is within the interval of the prescribed pres-
sure set points, and zero, when the pressure is outside this
interval. The total electric power in the pressurizer electric
heaters is the sum of the power of the proportional heater
bank and the power of the back-up heater banks.

5. Model validation

This pressurizer model was compared to the experimental
data of a 74 MW loss of load transient in the Shippingport
reactor (Nahavandi and Makkenchery, 1970) using its heaters,
spray, and relief valve specific controls. As shown in Fig. 1,
the results for the three-volume and the two-volume models,
using a separate solver, are almost identical. Both results
show a very little discrepancy from results of the two-volume
model using a simultaneous solver. Despite some uncertainty
in the in-surge and spray enthalpy, the numeric results from
these models are considered in good agreement with the Ship-
pingport pressurizer experimental data.

6. IRIS pressurizer transient simulation

In IRIS, the pressurizer is located in the upper head of the
integral vessel (for the reactor, steam generators, and main
pumps), above the internal control rod mechanisms. This
placement is considered optimal for the IRIS design, since it
maximizes the overall pressurizer volume. The IRIS pressur-
izer layout is shown in the Fig. 2.
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Fig. 1. Loss of load of the Shippingport reactor.

The three- and the two-volume models were used to simu-
late numerically a typical out-surge transient in the IRIS pres-
surizer. The driving parameter in this transient is the mass flow
rate through the surge orifices, calculated in a primary circuit
simulation (Barroso et al., 2003). The mass flow rate curve is
shown in Fig. 3. In surge events, the pressure is controlled by
the heater power. The heater power value calculated by the
heater controller is shown in Fig. 4. Using the various numer-
ical models, the pressure curves are shown in Fig. 5. Notice
the pressure stabilization by the heater controller. The D-
labeled results in Figs. 4 and 5 have the wall condensation
energy terms explicitly represented in the energy equations.
In the B-labeled results the wall condensation is contained
in the heat transfer coefficient to calculate the heat losses to
the pressurizer wall. As shown in Fig. 4, all results of the
three-volume and the two-volume models are almost identical,
using either a separate solver or a simultaneous solver. The
B-labeled and the D-labeled software were developed inde-
pendently, and a preliminary “‘validation” was performed for
the D-labeled software.

The preliminary validation and the agreement of the curves
demonstrate that the calculated pressure curves can correctly

STEAM
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Fig. 2. The IRIS pressurizer layout.
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Fig. 3. Surge mass flow rate.

represent the response of the IRIS pressurizer to out-surge
transients.

7. The non-dimensional mass and energy conservation
equations

The non-dimensional mass and energy balance equations in
the two-volume pressurizer are

d

@(m,v) = Wi — Wro — Wac )
d / ! 4 ! . !

@(ml) = _WFL + WRO + WWC + msurge (10)
d pov? dp/
@(m/vh:/) = (WI/:L - (VC)h/g - 1/10 h; + 70 £ m:/‘”:/@

fg

(11)

1,8E+03
1,6E+03 1 -
= B-3Vol. Simult. Solver, Dt=0,5s
1,4E+03 1— — D-3Vol. Simult. Solver, Dt=0,1s [
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Fig. 4. The heater power control in the IRIS pressurizer.
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Fig. 5. The out-surge pressure transient in the IRIS pressurizer.

. (mih}) = (Wio + Wiye) iy — Wiy, + P\, dp’
— (mhy) = — my,——
dl‘, 1" RO wC)™"f FL g h?g 1 ldt/

A0
-/ ’ h N
+ msurgehsurge + - 0 ho Qheater
m fg

surge

(12)

The primed variables in Eqgs. (9)—(12) are non-dimensional.
The O superscript parameters are reference values. The ni,
mj, h.,, and hj are the non-dimensional unknowns in these equa-
tions. The W, , Wy, and Wy are non-dimensional mass flow
rates which are obtained through specific non-dimensional con-
stitutive equations. The constitutive equations, in turn, intro-
duce new non-dimensional numbers, as defined later in this
report. All other prime variables are non-dimensional that
need to be made equal in a similar model. The similarity con-
cept is defined later in this report. The surge mass flow rate
prime variable is a given function that is equal in all scales.
For in-surge, the surge enthalpy, hgurge, is a given function,
that is the same in all scales. For out-surge, the surge enthalpy

prime variable is a function of the solution, hence 7/ =

surge
hy /h(f)g.

The reference time used in Egs. (9)—(12) is the reference
mass divided by the reference mass flow rate. Due to this
reference time, the mass equations introduce only the non-
dimensional mass flow rates that, as mentioned, may introduce
non-dimensional numbers through respective constitutive
equations.

The prime variables, /4 and h:g, in Egs. (11) and (12) are
expanded in the neighborhood of the reference pressure,
respectively, as

hf ho Po dhf
Bo=-L =T BT 13
f h?g h(f)g h?g dp 0 (P ) ( )

h, h  po (dh
W ="t__8 (% 1 14
£ h(f)g h(f)g +h(f)g(dp>0(p ) ( )

Besides these non-dimensional, in the energy equations appear
two additional non-dimensional factors: the pressure number
and the heat source power number, which are, respectively,
defined as

0,0
PV,
(VPh) = e @O (15)
g
. QO
NOL. ):7’1 16
( Qheater mgurge h(f)g ( )

8. The local phenomena

The closure equations in non-dimensional form represent
the scaled mechanisms of rainout, flashing, and wall conden-
sation. The model derived by Nusselt (Holman, 1989) defines
the heat rate of wall condensation as

1/4
: ak; (gpi(p; — pg)heg(Ly)’
= S (T, — Ty, 17
Qwe 3LV< 4ucke(T, — Ty) ( ) (17)
The non-dimensional form of Eq. (17) is
Olye = (NOY oS, (T~ T,) (18)
where the wall condensation heat number is defined as
0270 (70\3\ 4 / 407,070 /70
(NQO )_4<g(p)h(L)> (AkT/L> (19)
we) = :
3 4uOkoT0 Q2
The mass flow rate associated to wall condensation is
Wwe = Qhwc (20)
fg

The non-dimensional form of the wall condensation Eq. (20) is

Q?Q(vc 20 o\ wes, (T/ —T, )
W = h — (N ) (N )#
we mgurgeh(f)g h;g Qheater QWC h;g

(21)

Eq. (13) defines a mass flow wall condensation number as
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Table 1
Distortion in the pressure number with reduced pressure

Table 3
Consistency test data for the IRIS pressurizer

Pressure P P x Vi/Hy, Wm =P x Vi, /Hg, e=(1-¥Ym/¥p) Pressure Hemispheric Surge mass flow rate Heating power
(MPa) (MPa) radius (m) (maximum) (kg/s) (maximum) (KW)
15.5 2.737E—02 Yp=0.13038 0.0000E+00 15.5 3.1115 54.84 1000.00
10.0 1.102E—02 1.2581E—01 3.1490E—02 15.5 (%) 3.0239 51.75 937.61
5.0 3.928E—03 1.1636E—01 1.0470E—01
2.5 1.6280E—03 1.0699E—01 1.7940E—01
0.5 2.5900E—04 8.8600E—02 3.1790E—-01 terminal velocity is calculated using the Zuber formula
0.2 9.6000E—05 8.0300E—02 3.8180E—01 (Whalley, 1996)

0 ~0 ~0 174

_ o _

(NWWC) - (NQhealer) (NQWC) (22) Uy, = 1.41 [—g(pfz pg)‘| (28)

Liquid drops are generated in the vapor volume due to bulk
condensation (rainout) and flow through the liquid interface.
The drag force is neglected because the acceleration resulting
from the drop weight and the buoyancy reaction force is small
in the equation of motion of a single liquid drop. The non-
dimensional equation of motion of a liquid drop is

a’y L

I Y (23)
ar? u3 Pt
The similarity number for the local phenomena of rainout is

defined as the inverse of the Froude number. The rainout
number and the Froude number are defined as

1 gL®
(NWEO) = Fr = u—% (24)

The rainout mass flow rate is
Wro = peua(1 — o) A (25)

where the velocity that the liquid drop reaches the liquid
interface is

oL (‘) (26)

The non-dimensional form of the rainout mass flow rate Eq.
(25) is

pep’ugn’ (1 — o) A°A,
5 =(1-

surge

U
WRO

oy ) piiigAy, (27)

Vapor bubbles are generated in the liquid volume due to
bulk evaporation (flashing) and flow through the liquid inter-
face into the vapor volume. Because the acceleration resulting
from the bubble weight and the buoyancy reaction force is
large, it is necessary to include the drag force in the equation
of motion of a vapor bubble in the liquid volume. If the bubble

Table 2
Ranges of the pressurizer variables

the non-dimensional equation of motion of a vapor bubble is
&y [Ap "aLo (0 i =Py
dr? Pq u(z) Pl
0 271/2
| (Ap) gp (L) T P —py () &; ey (29)
Pe a° 2 pp \p)o dr

The reference difference density ratio is fixed for a given
pressure. The Froude number, Fr, equivalence is necessary
for the rainout similarity. The flashing number is obtained
from the ratio of square of the non-dimensional factor that
appears in the drag force, to the non-dimensional factor in

the gravitational force term of Eq. (29). The flashing number
is thus defined as

0
Ap Lou?
(Nwp) = <p—> =" (30)

0
o ag

If the bubble terminal velocity is calculated using the Wilson
formula (Wilson et al., 1961),

271[6’(@) ] “ (31)

the non-dimensional equation of motion of a vapor bubble is
2.0 0 / ’
d-y _ % gfLo Py — Py l Ap ,0f ,Og
dr? pg | uj p; v\ p, Pl
. g L2 0.5 p‘/g 0.5 dy, 2 32
X pf 0_0 0_/ @ ( )

The bubble non-dimensional velocity, v, is assumed, in the
model pressurizer, of the same magnitude of that in the IRIS
pressurizer. Therefore, the same Eq. (22), expression, for the

Hemispheric radius (m) Surge mass Heating power (kW)
flow rate (kg)
0.31115-3.11150 5.484—54.840 10.0—1000.0

Table 4

PI controller numbers for the IRIS pressurizer

Pressure (MPa) NK) NK?

155 3.4392E4-00 9.7672E—09
15.5 (%) 3.4392E+00 9.7672E—09
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Table 5
Size data for the model pressurizer

Pressure Hemispheric Surge mass flow rate Heating power
(MPa) radius (m) (maximum) (kg/s) (maximum) (kW)
15.5 3.1115E400 5.4840E+01 1.0000E+03
10.0 2.6434E+00 5.1172E+01 5.5844E+02

5.0 1.6512E+00 3.0000E+01 1.5000E+02

2.5 1.2394E+00 2.0000E+01 6.0000E+-01

0.5 1.5237E+00 2.5000E+01 2.5000E+-01

0.2 1.5285E+00 1.0000E+01 6.1877E+4-00

Table 7

Similarity numbers for the IRIS and the model pressurizer (B)

Pressure (MPa) (NWRo), (NWRo), (NWp), (NWRL),
15.5 1.687E+00  6.349E—01  2.687E+00  4.744E—01
15.5 (%) 1.687E+00  6.349E—01  2.687E+00  4.744E—01
10.0 1.069E+00  3.268E—01 2.069E+00  1.372E—-01
5.0 7.041E-01 1.899E—01 1.704E+00  2.490E—02
2.5 5.228E-01 1.335E-01 1.523E+00  6.555E—03
0.5 3.037E-01  7.668E—02  1.304E4+00  2.138E—02
0.2 2.292E-01 6.056E—02  1.230E+00  2.194E—-02

flashing number is obtained. In the second derivation, the
flashing number is also defined as the ratio of square of
the non-dimensional factor that appears in the drag force, to
the non-dimensional factor in the gravitational force term of
Eq. (32).

The flashing mass flow rate is

WeL = pgubalAlv (33)

The non-dimensional form of the flashing mass flow rate
Eq. (33) is

pgp upu’ oy A°A;

-0

1 surge

The substitution of Eqgs. (13) and (14) into the Egs. (11) and
(12) introduce eight new non-dimensional numbers. As the
rainout mass flow Eq. (27) and the flashing mass flow Eq.
(34) do not introduce new non-dimensional numbers, the
similarity numbers associated with the enthalpy transport by
rainout and flashing are defined, respectively, as

Wi, — — gAY, (34)

similarity numbers associated with the enthalpy transport by
wall condensation are defined as

(NWh) = (NW%C),'Z—i (39)
(W)= (o) (0
(W) = (W) () )
(W)= (i) (). @)

9. The PI controler

In a transient of out-surge, the pressure can be controlled by

Ho a PI controller (Barroso et al., 2003). The equation for the
(NW hy ) = h_é (35) heater bank control can be put in a non-dimensional form as
fg
. . mK; [
(NWth) _ (dhf> (36) Qileater = Q;’l = Kp(l 7p,) + 7i° lj (1 *P’)dl‘, (43)
27 h dp 0
As the PI controller is employed to simulate the dynamic
ho behavior of the pressurizer, the substitution of Eq. (43) into
(NWth) = h—§ (37) Eq. (12) defines new similarity numbers. These new similarity
fe numbers are the proportional and integral numbers, defined
dhy respectively, as
(W, ) =20 ( ) (38) .
e\ dp 0°
. . (NKO> =K, | 2+ (44)
As the mass flow wall condensation Eq. (21) introduces the P gurgeh
mass flow wall condensation number, defined in Eq. (22), the
Table 6
Similarity numbers for the IRIS and the model pressurizer (A)
Pressure (MPa) (NWye)o (NWye), (NWyc), (NWyc)s (NWye)s
15.5 3.281E-01 5.534E—-01 2.083E—-01 8.815E—01 1.556E—01
15.5 (%) 3.329E—-01 5.614E—01 2.113E-01 8.943E—-01 1.579E—01
10.0 5.101E-01 5.450E—-01 1.667E—01 1.106E+4-00 6.995E—02
5.0 8.708E—01 6.131E—-01 1.654E—-01 1.484E+00 2.169E—-02
2.5 1.255E+4-00 6.562E—01 1.675E—-01 1.911E+4-00 8.228E—04
0.5 3.296E+4-00 1.001E+4-00 2.527E—01 4.297E+00 7.047E—02
0.2 1.082E+-01 2.481E+400 6.554E—01 1.330E+-01 2.277E—-01
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Table 8
Similarity numbers for the IRIS and the model pressurizer
Pressure (MPa) (NP).,) NOYe NW, NWY, FIT
15.5 1.304E—01 1.739E+01 8.557E405 3.581E+01
15.5 (%) 1.304E—01 1.764E+01 8.330E+-05 3.474E+01 1.381E—02
10.0 1.258E—01 2.703E+01 5.834E+05 4.092E+01 3.695E—-01
5.0 1.164E—01 4.615E401 2.059E+05 6.835E+01 8.169E—01
2.5 1.070E—01 6.652E+01 1.274E+05 1.047E+02 1.292E+00
0.5 8.860E—02 1.747E+02 2.749E+05 2.787E+02 3.906E+00
0.2 8.030E—02 5.735E+02 1.853E+06 9.216E+01 1.230E+01
m°K; 0° . . N
(NKO) =— 0711 (45) 11. Genetic algorithm optimization
i . ; 0
msurge msurgehfg

These PI controller numbers of Egs. (44) and (45) substitute
the heat source number.

10. Similarity

In general, similar systems are those represented by the
same equations. For similarity, it is sufficient the equality of
all the corresponding similarity numbers of the scaled models
and the full-scale system. In a scale optimization, the values of
the similarity numbers are used to define the parameters of the
scaled system. Due to the impossibility to match the prime
variables (that are not the unknowns) with different pressure,
it can be attained only an approximate similarity. The pressure
numbers of the full scale and of the scaled systems with
smaller pressure are shown in the third column of Table 1.

All scaled models with smaller pressure can only be
designed with approximate similarity, due to the distortion in
the pressure number. The pressure number as defined in Table
1 has “self similarity”’, which is defined as the repetition of
details at descending scales (Reyes and Hochreiter, 1998). If
the liquid density were defined as reference (column 2), the
resulting pressure number would be much more distorted.
The last column of Table 1 shows the distortion in the pressure
number with reduced pressure.
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Fig. 6. Non-dimensional pressure for the similar pressurizer with same
pressure.

Genetic algorithms (GAs) (Goldberg, 1989) are optimiza-
tion methods inspired in the evolution theory, in which artificial
chromosomes composed of binary numbers (genes) encode
solution candidates. In this work, the chromosome encodes
the list of search variable. In the GA, initially a population of
chromosomes is randomly generated. Then, guided by a fitness
function (the objective function of the optimization problem),
the evolution takes place by simulated natural selection,
crossovers and mutations. By such operations, the solution
candidates (chromosomes) are improved from generation to
generation. One of the first applications of GA to design a ther-
mal—hydraulic experiment can be seen in Lapa et al. (2004).

In this work, the pressure of a scaled experiment is fixed,
but exist complex dependencies of the similarity numbers on
the size and operation parameters. The search variables are
the radius of the hemisphere of the pressurizer, the surge
mass flow rate, and the heater thermal power. Eq. (46) defines
the fitness function as the overall difference between all corre-
sponding similarity numbers of the scaled experiment and the
original pressurizer. The similarity numbers with superscript,
“P”, are for the full-scale pressurizer, and those with super-
script, “m”, are of the scaled experiment.

Fixing the pressure of a scaled model, one search variable
is the radius of the hemisphere as in the IRIS pressurizer
(Barroso and Batista Fo, 2004). The other dimensions are in
a linear proportion. The remaining search variables are the
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Fig. 7. Non-dimensional pressure for IRIS and the model pressurizer
(10 MPa).
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Fig. 8. Non-dimensional pressure for IRIS and the model pressurizer (5 MPa).

surge mass flow rate and the heater thermal power. Several sets
of these variables are defined and tested by the genetic
algorithm (GA).

Sowi(1 = NP /NF)

FIT =
Zilio Wi

(46)

In Eq. (46) N represent the similarity numbers of the IRIS
pressurizer and NJ" those of the scaled model, as defined in
the Nomenclature, and w; are weighting numbers. The weight-
ing numbers used were wyp = wy = -+ = wu = 1.

The out-surge test transient in IRIS pressurizer is driven by
a mass flow rate curve having a maximum (negative) of
—54.84 kg/s (Barroso and Batista Fo, 2004). An adequate PI
controller can control the transient. The maximum heat power
of the proportional bank of the PI controller is 1 MW. This
transient requires different sizes for scaled models, as defined
by GA. The parameters of the PI controller can also be calcu-
lated by GA, and was done for the consistency test.
Nevertheless, it was observed that the GA search always
matched the similarity numbers of the controller. Therefore,
the parameters of the controller of the models with reduced
pressure were calculated from the exact equality of their
corresponding similarity numbers.
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—— Reduced Scaled (2.5 MPa)
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Fig. 9. Non-dimensional pressure for IRIS and the model pressurizer
(2.5 MPa).
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Fig. 10. Non-dimensional pressure for IRIS and the model pressurizer
(0.5 MPa).

The consistency of the method is verified searching the
parameters of a full pressure system similar to the IRIS pres-
surizer. In the GA search, the ranges of the search variables are
shown in Table 2. The obtained variables are shown in Table 3.

The consistency test in the PI controller numbers of the
scaled system of Table 3 is shown in Table 4. The size data
of the small-scaled models are shown in Table 5. The
similarity numbers for the models are shown in Tables 6—8.
An asterisk marks the consistency data in these tables. It is
shown that the similar pressurizer in the same pressure reaches
excellent agreement in all similarity numbers for a final dis-
crepancy of ~0.0138 in the final fitness function. Fig. 6 shows
the good agreement also obtained for the non-dimensional
pressure curve of the out-surge transient for the similar
pressurizer with same pressure.

The similarity numbers of the controller of all models match
the respective numbers of IRIS pressurizer, presented in Table 4.
As expected, the discrepancy in the similarity numbers
increases when the pressure decreases. It is shown by the rela-
tive deviation in the wall condensation number, that the local
phenomena most difficult to attain similarity in a much-reduced
pressure are wall condensation. The deviations in the similarity
numbers cause the distortion in the solution of the pressurizer
Eqgs. (9)—(12) for the small-scaled models.
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Fig. 11. Non-dimensional pressure for IRIS and the model pressurizer
(0.2 MPa).
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Fig. 12. The vapor volume for the IRIS and the model pressurizer.

Figs. 7—11 show the degree of agreement that can be
obtained for the non-dimensional pressure curve of the out-
surge transient of the similar pressurizer with reduced pres-
sures. Despite the fact that experiments with much-reduced
pressure as 0.2 MPa or 0.5 MPa, have much distorted non-
dimensional pressure, the variation in the pressure still permit
experimental measurement for code validation. A much better
experiment, the 2.5 MPa experiment, certainly is adequate and
acceptable by the licensing authority for code validation.

Despite the discrepancy in these numbers, the transient
simulations, presented in Figs. 7—11, show that the non-
dimensional pressure curves of the models tend to the curve
of the IRIS pressurizer prototype when the pressure of the
models increases. It is observed that the non-dimensional
time for the minimum pressure is approximately the same in
all scaled models.

Although the largest distorted pressure is for the model
with 0.2 MPa, the non-dimensional vapor and liquid volumes
still show good agreement with the IRIS transient results, as
shown, respectively, in Figs. 12 and 13.
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Fig. 13. The liquid volume for the IRIS and the model pressurizer.

12. Conclusions

As shown, the results of the three-volume and the two-
volume models are almost identical, using either a separate
solver or a simultaneous solver. The preliminary validation,
using the Shippingport experimental data, and the close agree-
ment reached by all the developed software, for the IRIS out-
surge transient, recommends further validation of these models
for the test evaluation and the design of scaled experiments for
the IRIS pressurizer.

Because of the smaller distortion in the pressure number,
the form obtained of the non-dimensional mass and energy
equations shall always be used. The derivation of non-
dimensional constitutive models is of great relevance to scale
the local phenomena of rainout, flashing and wall condensa-
tion in a scaled model. The GA defined the model parameters
(size, flow rate, power, and the PI control constants). For this
definition, the sum of the square of the differences between re-
spective similarity numbers was minimized. This GA optimi-
zation is a much valuable tool to obtain the parameters for the
model. Without the GA or other good optimization algorithm,
the individual designer would have much difficulty to define
the best parameters. The agreement of the non-dimensional
pressure as the model pressure increases, and the good agree-
ment of the non-dimensional volumes of different scaled
systems recommend this non-dimensional formalism, the
GA optimization, and the numeric simulation of a surge tran-
sient, to design scaled experiments for modeling the IRIS
pressurizer.
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