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EXECUTIVE SUMMARY

As part of the efforts to understand the unexpected “self-regulating” mode of the
RCIC (Reactor Core Isolation Cooling) systems that was observed during the Fukushima
accidents and to extend BWR RCIC and PWR AFW (Auxiliary Feed Water) operational
range and flexibility, mechanistic models for the Terry turbine are being developed and
tested with the RELAP-7 code to simulate the RCIC system. In the previous work, we
developed a set of analytical models for the normal working conditions, as well as the
two-phase off-design conditions, of the RCIC system, based on Sandia’s original work.
An under-expanded jet model was developed to replace the CFD-based reduced-order
model in the Sandia work to obtain the velocity and thermodynamic conditions of the
turbine stator inlet. The models include both an adiabatic expansion process inside the
nozzle and a free expansion process outside of the nozzle to ambient pressure. For the
two-phase off-design conditions, two well-established choking models were used - the
Isentropic Homogenous Equilibrium Model (IHEM) and Moody’s model. The new two-
phase Terry turbine model used the choking models to calculate the mass flow rate, the
critical pressure at the nozzle throat, and steam quality. The two-phase nozzle expansion
model was also developed by considering the vapor phase with a similar model for the
single-phase case with the assumption that the liquid phase would slip along the wall with
a much slower speed and will not contribute to the impulse on the rotor.

A RCIC Pump model was also developed and implemented into the RELAP-7
code to couple with the Terry turbine model. It was discovered during this study that the
RCIC Pump model is under-constrained, resulting in non-unique solutions of the pump
temperature. This work presents an Improved RCIC Pump model to remedy the under-
constrained equation set. The pump homologous curves are also implemented into the
Improved RCIC Pump model.

The Improved RCIC Pump model along with the Homologous Curves, the single-
phase and two-phase nozzle models and the modified turbine rotor model according to
the original Sandia work were tested with the RELAP-7 code, along with the original
Sandia Terry turbine model. An input model was developed to test the Terry turbine
RCIC system, with reasonable results generated. The Improved RCIC Pump model along
with the Homologous Curves were further tested with a RCIC system test case to
simulate the self-regulated Terry turbine behavior observed in Fukushima accidents. In
this test, a periodic inlet condition for the steam quality varying from 1 to 0.1 is applied.
For the high-quality inlet period, the RCIC system behaves just like the normal operation
condition with a high pump injection flow rate and a nominal steam release rate through
the turbine; for the low-quality inlet period, the RCIC turbine shaft work decreases and
results in a much reduced pump injection flow rate, and the mixture flow rate through the
turbine increases due to the high liquid-phase flow rate.

The work discussed in this report represents the first preliminary models for
simulating RCIC system off-design conditions. Many other two-phase model options can
be considered. The near future work should be focused on using Terry turbine test data to
validate the proposed models when the data become available. Additional model
refinement will also be pursued, such as trying other choking models and investigating
different expansion models in the nozzle divergent section, and developing thermal
mixing and stratification models for the wet well.
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1. INTRODUCTION

As part of the efforts to understand the unexpected “self-regulating” mode of the RCIC (Reactor Core
Isolation Cooling) systems in Fukushima accidents and extend BWR RCIC and PWR AFW (Auxiliary
Feed Water) operational range and flexibility, mechanistic models for the Terry turbine, are being
developed and tested with the RELAP-7 code to simulate the RCIC system. All BWR RCIC systems and
PWR AFW systems use Terry turbines. The Terry turbine, as shown in Figure 1, is essentially a solid
cylindrical wheel with multiple machined semi-circular ‘buckets’ that are shaped into the body of the
wheel. Fixed nozzles and reversing chambers surrounding the wheel are inside the turbine casing. High
pressure steam is accelerated to supersonic flow inside the turbine nozzle. The steam kinetic energy is
then converted to shaft work by the impulse force on the turbine buckets.

Reversing

Figure 1. Terry turbine bucket flow (left) and interior view of turbine case (right) [1]

Prior to the Fukushima accidents, all the safety analyses assumed that the RCIC system couldn’t work
properly if the Terry turbine inlet is flooded. Under the normal operating condition, the water mass flow
rate through the turbine-driven pump into the primary system is about 10 times the steam mass flow rate
through the Terry turbine leaving the primary system. Therefore, battery power (can last from 4 to 12
hours) is required to control the RCIC system in order to prevent the reactor vessel water level from rising
too high; otherwise loss of DC power would result in flooding of the steam lines and an assumed
subsequent failure of the RCIC system [1 and 2]. In contrast, real-world observation from Fukushima
Daiichi Unit 2 (1F2) shows that RCIC function was not terminated by loss of DC power and uncontrolled
steam line flooding, and instead continued providing water injection for nearly three days.

A set of Terry turbine models suitable for system code implementation was developed by Sandia National

Labs in FY15 [1]. The Sandia Terry turbine model is based on the following assumptions:

e RCIC uses a single-stage Terry impulse turbine that functions according to the exchange of
momentum and Kinetic energy.

e Steam enters semi-circular buckets and reverses direction (~180°).
* The reversing chambers are only important for low-speed operation, such as during the initial startup.



* The expansion of steam downstream of the nozzles is total; the expansion process converts the static
pressure (enthalpy energy) of the steam into kinetic energy to be imparted into the turbine buckets.
No meaningful reaction force is developed by the Terry turbine.

The Sandia Terry turbine model is composed of a turbine nozzle model and a turbine rotor model. For the
Sandia turbine nozzle model, the turbine bucket inlet velocity is provided according to a reduced-order
model which was obtained from a large number of CFD simulations. This reduced-order model is only
valid for the specific nozzle design and operating conditions for which the CFD simulations were
performed.

In our previous work, we developed a set of analytical models [4] for the normal working conditions of
the RCIC system, based on Sandia’s original work [1]. In this new set of models, we proposed an
alternative method, using an under-expanded jet model to replace the CFD-based reduced-order model in
the Sandia work to obtain the velocity and thermodynamic conditions for the turbine stator inlet. The
models include both an adiabatic expansion process inside the nozzle and a free expansion process
outside of the nozzle to ambient pressure. The newly developed nozzle models and the modified turbine
rotor model according to the Sandia’s original work were tested with RELAP-7, along with the original
Sandia Terry turbine model. A new pump model was also developed and implemented to couple with the
Terry turbine model. For brevity, we refer to the set of RELAP-7 RCIC models as INL RCIC model or
INL model, which is composed of two parts:

* Nozzle model which predicts mass flow rate through the turbine and inlet conditions for the rotor

(semi-circular buckets),
e Turbine rotor model which describes the balance of angular momentum of the wheel.

The INL model is able to predict the steam mass flow rate and supersonic velocity at the Terry turbine
bucket entrance, which are the necessary input conditions for the Terry Turbine rotor model. The nozzle
analytical models were validated with experimental data and benchmarked with CFD simulations. The
analytical models generally agree well with the experimental data and CFD simulations.

The INL single-phase analytical Terry turbine model was later extended to cover two-phase off-design
conditions [5]. The work included: (1) adding well-established two phase choking models - Isentropic
Homogenous Equilibrium Model (IHEM) and Moody’s model, and (2) theoretical development and
implementation of a two-phase nozzle expansion model.

A new pump model was also developed and implemented into the RELAP-7 code to couple with the
Terry turbine model [4, 5]. All the models were tested with the RELAP-7 system analysis code and input
models were also developed for benchmark, validation, and tests. However, it was discovered during the
subsequent testing that the new pump model is under-constrained, resulting in non-unique solutions of the
pump temperature. Consequently, an improved INL RCIC pump model had to be developed.

This report presents the effort to: 1) improve the INL RCIC pump model, and 2) implement homologous
curves. Section 2 discusses the improvement of the pump model and the implementation of the
homologous curve. Section 3 presents a test of the improved RCIC pump model. Section 4 summarizes
the work.



2. RCIC Pump Model Improvements

21 Summary of the Previously Developed INL Terry Turbine Rotor Model and Pump
Model

211 INL Terry Turbine Rotor Model

As reported in our previous work [5], the Terry turbine rotor model developed by Sandia [1] has been
adopted with only one modification for consideration of the angular momentum conversion efficiency.
The angular momentum relationship on the turbine wheel control volume is used for the turbine rotational
speed (w):

dw Tpump ( cos 8

PR pr— = ¢ic | 2rmV; — rzmw) (1)

J1 + cos B

In Eq. (1), 7 is the turbine moment of inertia. Tpymp is the pump torque, which will be coupled from a
pump model. S is the inlet/exit angle between the fluid velocity vectors and the horizontal/tangential
direction of the turbine motion. ¢;¢ is an impulse conversion coefficient to account for the efficiency to
convert the fluid kinetic energy to the driving moment for the angular momentum. This is a new concept
added to the original Sandia model. A coefficient model should be developed according to experimental
results. m is the mass flow rate. V; is the nozzle jet velocity as calculated by the virtual nozzle exit
velocity model.

The turbine shaft work supplied to the pump is calculated as

Wt = Tpump® (2)

21.2 INL RCIC Pump Model

The pump model for the RCIC system is based on two assumptions:
* quasi-steady state,
* incompressible flow,

We designed the pump as one 0-D junction component which provides:
e one BC for upstream pipe: pressure
* two BCs for downstream pipe: pressure and total energy.

Four scalar variables: pump pressure p,, pump temperature 7, pump head H, and pump torque Tpymp are
defined as the unknowns for the pump model.

The pump pressure unknown corresponds to the mass balance as the nonlinear equation:

(pud); — (pud), =0 (3)

where subscript 1 and 2 indicate inlet and outlet conditions.

The pump temperature corresponds to the pump energy conservation equation:



p p :
(5+2) (uay, = (E+2) (ouay, + @ =yt (@)
P’ P74
where the total energy is defined as
1
E=e+-u? (5)
2
and e is the specific internal energy. In Eq. (4), n,, is the pump efficiency.

The pump head H is calculated as

Uth
H=—P"*_ (6)
(pud)1 g

where g is the gravitational constant.

The pump torque is calculated according to a scaling law as used in the Sandia model:

T

p0 o
T = — W 7
pump = 2 (7)

where 7,9 and w are the rated pump torque and speed, respectively.

Pressures at the pump inlet and outlet are calculated with the incompressible flow Bernoulli equation. We
assume that the pump work is added to the fluid only in the entrance segment and the loss in the exit
segment is ignored. For normal flow

L 1 2
p1 = (P] +Ep]u]) - p1gH B! (8)
1 1
P2 = (P] + _p]ujz) — = pauj (9)
2 2
where
p; = p(;,T)) (10)
ud
u = (pud)y (11)
P14y
where A4, is the pump reference cross section area.
Downstream total energy is calculated by
1,
(PE)2 = p2 (e(p],T]) +Euz) (12)

It has been discovered during the subsequent testing that the aforementioned previously developed
turbine-driven pump model does not provide strong enough constraints, which results in un-defined
temperature solutions for the pump. The pump temperature would float erroneously during the iterations
to find solutions of the unknown variables. Consequently, the mass conservation and energy conservation
equation (Egs. (3) and (4)) have to be modified to provide appropriate constraints to the equation set such
that unique solutions of the unknowns can be found. An alternative model for the conservation equations
has been developed and implemented into the RELAP-7 code. The improved model is described in
subsection 2.2.



2.2 Improved INL RCIC Pump Model

The angular momentum relationship on the turbine wheel control volume remains unchanged:

dw Tpump

= ¢ic (erhV- _cosh rzmw) (13)
dt  1+cosf J

The turbine shaft work supplied to the pump is calculated as:
Wt = Tpump® (14)

The mass and energy conservation equations are modified to add the rate of change in time for the density
and energy terms respectively. These additions make the RCIC pump model appropriately constrained as
well as to make the code more robust to handle the transition from startup to normal operating conditions.

The pump mass balance equation is:

0
V=2 = (pud); - (pud); (15)

where V is the volume of the fluid inside the pump, subscripts 1 and 2 indicate inlet and outlet conditions.
The primary variable for this equation is the density p.

The pump energy conservation equation is:

d(pe .
y2ee) (E + 3) (pud), + W, — (E + 3) (pud), (16)
ot Py Py
where the total energy is defined as
1
E=e+ Euz (17)

and e is the specific internal energy. The primary variable for this equation is pe which is used to
approximate pE. Since the RELAP-7 code obtains the solutions through residual reduction, re-writing
Eq. (16) in the residual form yields:

d(pe .
Res = —V% + (pEA + PA) uq; + W, — (pEA + PA),u,
The Jacobians are the following:
ORes d(pe)/ot
kee(0,0) = = -V———
(0.0) d(pe) d(pe)
dRes (pEA+ PA); 0P

= U (—m—mm—— + J—
d(pA), ! (pA)1 0ps
JRes (pEA + PA), daP

apud),  (pA); o),
ORes
IO R TR
dRes (pEA + PA), 0P

= u —+_
d(pA), 2 (pA), dp2



dRes (pEA + PA), aP

apud), (A,  a(pw); 2
ORes oP
3D, ~ U a0,

ORes
ow,

The residual equation and the Jacobians are implemented into the RELAP-7 code in order to obtain
solutions for the unknowns.

The pump head H is calculated as
) W,
(pud)1g

where g is the gravitational constant and 7,, is the pump efficiency.

(18)

The pump torque is calculated according to a scaling law as used in the Sandia model:
_Tpo
Tpump = w_g w (19)

where 7,9 and w are the rated pump torque and speed, respectively.

Pressures at the inlet and outlet pipe ends are calculated with the incompressible flow Bernoulli equation.
We assume that the pump work is added to the fluid only in the entrance segment and the loss in the exit
segment is ignored. For normal flow

r 1,
pP1= (p] + Epjuj) — p19H — 5 P1tt (20)
1 1
Py = (p] + Ep,ujz) — Epzuﬁ (21)
where

p;=p(;,T)) (22)

uA

P4,

where A4, is the pump reference cross section area.

Downstream total energy is calculated by

1
(PE)2 = p2 (3(29]' T) + Eu%) (34)

2.3 Pump Homologous Curves

The improved RCIC pump model described in subsection 2.2 would provide unique solutions to all the
unknown variables in the nonlinear equation set. In this subsection, the homologous curves for the RCIC
pump are implemented to further augment the RCIC pump model when the pump operating data are



available.

Interaction of the pump and the fluid is described by empirically developed curves relating pump head
and torque to the volumetric flow and pump angular velocity. Pump characteristic curves, frequently
referred to as four-quadrant curves, present the information in terms of actual head (H), torque (1),
volumetric flow rate (Q), and angular velocity (w). These data are generally available from pump
manufacturers. For ease of code implementation, the four-quadrant curves are converted to a more
condensed form, called homologous curves [6], which use dimensionless quantities. The dimensionless
quantities involve the head ratio, torque ratio, volumetric flow ratio, and angular velocity ratio, where the
ratios are actual values divided by rated values. The rated values are also required pump component input
and correspond to the design point or point of maximum efficiency for the pump. The pump homologous
data should be checked by computing pump efficiency from the homologous data. The non-dimensional

homologous parameter are defined as: pump rotational speed ratio: @ = wﬁ , pump volumetric flow ratio:
R

. H .
v= Q& , pump head ratio: h = 77> bump torque ratio: B = TL . The pump performance data are converted
R R R
.. h R . . .
to homologous form with R % , vﬁz as the dependent variables and g , % as the independent variables.

The pump performance can be characterized with 8 input regimes or curves, as shown in the table below.

Table 1. Homologous Curves Regime Number

Regime
number

Regime
mode
ID name

o

v

vio

Independent
variable®

Dependent®
variable

Dependent®
variable

head torque

1 HANBAN | >0 [ >0 | <1 via o2 Bla?
Normal
pump
2 HVN BVN 20 | >0 | >1 alv h/v? B2
Normal
pump

3 HADBAD | >0 | <0 | >-1 vio. o2 Blo

Energy
dissipation

4 HVDBVD | 20 | <0 | <-1 av W2 B2

Energy
dissipation

5 HAT BAT <0 <0 <1 v/o ho? 8 /o2
Normal
turbine

6 HVT BVT <0 <0 >1 a/v A2 ]3/V2
Normal
turbine

7 HARBAR | <0 | >0 | >-1 v/ow Wo? Blo
Reverse
pump
8 HVR BVR <0
Reverse
pump

>0 | <-1 oV hv? piv?

a. o = rotational ratio; v = volumetric flow ratio; h = head ratio; and p = torque ratio. Note: For the case o. =0
and v=0inregime2,h=0and f=0.

In this work, the Pump normal operating regime 1 which is represented by the regime mode HAN for the
pump head curve (Curve 1) and BAN for pump torque curve (Curve 1), and the pump normal operating
regime 2 which is represented by the regime mode HVN for the pump head curve (Curve 2) and BVN for
pump torque curve (Curve 2) are implemented into the RELAP-7 code.



231 Pump Head Curve 1 — HAN Regime

Pump Head Curve 1 (HAN regime): In the HAN regime the independent variable is x = g < 1.0 and the

dependent variable is y = %. A simplified curve for the HAN regime based on Fig. 3-5.10 of the
RELAPS5-3D Code Manual Volume I [6] for the pump head is developed as:

y=-03x+1.3

h v .
where = o and x = = hence the equation becomes

h v
—=-03-+13
a a

h=13a?-0.3va

since h = H/Hg, a = w/wg, v = Q/Qp, the residual can be written as:

R H 13(w)2H +03QwH
es= H-13|— 33—
WR . Qr wg .
The Jacobians are the following:
" (00)_8Res_1
= B T
oRes _ 26w 1H +03Q ! H
do T wgp wg ¢ T Qpwp R
JdRes w 1
=0.3— — Hp

0.3
0Q wr Qg

dRes B (puAd)A ORes
d(pd)  (pA)? 0Q

ORes B A ORes
d(pud)  pA 9Q

2.3.2 Pump Head Curve 2 — HVN Regime

A simplified curve for the HVN regime based on Fig. 3-5.10 of the RELAP5-3D Code Manual Volume I
[6] for the pump head is developed as:

y=1.67(x —0.4)

h a .
where = ek and x = o hence the equation becomes



h—167a 0.4
v2 (v 4)

h =1.67av — 0.668v?2

since h = H/Hg, a = w/wg, v = Q/Qp, the residual can be written as:
R H 167QwH +0668(Q>2H
es= H—-1.67—— . —
Qr wg . Qr .

The Jacobians are the following:

kee(0,0) = ORes =1
o0H
ORes = —1.67g iHR
ow Qr wpg
ORes = —1.67i iHR + 1.336gi Hp
0Q wgr Qg Qr Qg

dRes (puAd)A ORes

a(pd)  (pA)? 9Q

ORes B A ORes
d(pud)  pA 9Q

2.3.3 Pump Torque Curve 1 — BAN Regime

The Pump Torque Curve 1 (BAN regime) is developed based on Fig. 3.5-11 of the RELAP5-3D Code
Manual Volume I [6] as:

y = 0.5x + 0.5

i v .
where = w2 and x = o hence the equation becomes

v
%: 0.5—+0.5
a a

since f = 17/tg, @ = w/wWg, v = Q/Qg, then the equation can be written as:
B = 0.5va + 0.5a2

The residual is written as:

Res = = — 0522 _ 0502y
es=——05———0.5(—
TR Qr wg WpR



The Jacobians are the following:

dRes 1
kee(0,0) = = —
Jt TR
dRes B . Q 1 w 1
dw  Qr wp wWg Wg
dRes B . w 1
aQ " wg Qr

dRes (puAd)A ORes

a(pd)  (pA)? 9Q

ORes B A ORes
d(pud)  pA 9Q

2.34 Pump Torque Curve 2 — BVN Regime

A simplified curve for the BVN regime based on Fig. 3-5.11 of the RELAP5-3D Code Manual Volume I
[6] for the pump torque is developed as:

y = 1.25(x — 0.3)
where = :% ,and x = % , hence the above equation becomes

,3_12561 0.3
v2 (v 3)

B = 1.25av — 0.375v2

since § = 17/tg, @ = w/wWg, v = Q/Qg, then the equation can be written as:

2
L2529 0375 (2)
TR Wr UR Qr

The residual is written as:

2
Res = L 1.25ii + 0.375 (g)

TR Wg UR Qr
The Jacobians are the following:
JdRes 1
kee(0,0) = = —
Jt TR
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dRes Q 1

=—-125— —

dw Qr wg
oRes 1252 L0752
aQ wgr Qr Qr

dRes B (puAd)A ORes
d(pd)  (pA)? 0Q

ORes B A ORes
d(pud)  pA 9Q

2.4 Summary of Improved RCIC Pump Model with Homologous Curves

The following is a summary of the improved RCIC pump model with the homologous curves. Four scalar
variables: pump density p, pump energy pe, pump head H, and pump torque Tpymp are defined as the
unknowns for the pump model. The turbine rotational speed w and the turbine shaft work W, are the two
unknowns for the Terry turbine rotor model.

241 Homologous Curves 1 — HAN/BAN Regimes

dw Tpump ( cos 8

= 2rmV;
1+ cosf = G (2rm

2-
—— — 1w
71 + cos )

Wt = Tpump®

a = (pud); — (pud),

_ ( E) (pud); + W, — (E + P)z (pud),

da(p

( ) Hp —0.35—1{(‘% Hp

r=052% 1o 5(—)2r
Qr wg K K

24.2 Homologous Curves 2 — HVN/BVN Regimes

dw Tpump ( cos 8

= 2rmV;
1+ cosf = G\ 2rm

2-
T —Tr'mw
71 + cos B )

Wt = Tpump®

28 = (pud), — (pud),

V
ot
d(pe) ( p - p
%4 = E+—) uA +W—(E+—) uA
ot P 1(,0 )1 t P Z(P )2
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2
w
H = 1.672— Hp — 0.668 (g) Hp
Qr wg Qr

w Q Q\
7=125——15, — 0.375 (—) T
wg Qr K Qr .
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3. IMPROVED RCIC PUMP MODEL TESTS WITH HOMOLOGOUS
CURVES

3.1 Improved RCIC Pump Model Start-up Tests with Homologous
Curves

The same RELAP-7 input model used for testing the single-phase and two-phase Terry turbine model as
shown in Figure 2 in the previous work [4, 5] was used to test the improved RCIC pump model with
homologous curves. The input model is composed of a Terry turbine model, a coupled pump, a check
valve on the water line, connecting pipes and time-dependent volumes at the boundaries. The boundary
conditions are also shown in the figure. Two different turbine outlet pressures at 193 kPa and 300 kPa as
used for the Terry turbine nozzle test are used in these simulations. The two-phase model simulation
results are compared to the nominal steady-state values and single-phase results.

p: 7.5e6 Pa
T:563.686 K

Vapor
Inlet

Check Valve Turbine

Water
Outlet

p: 7.5e6 Pa

p: given value

p: 1.013e5 Pa
T: 305.372 K

Figure 2. RELAP-7 Terry turbine RCIC system test model.

Table 1 shows the major parameters for the turbine and pump. These values are taken from the Sandia
MELCOR test case which is based on a RCIC system for a generic 2000 MWt BWR [1].

The simulation was run for 100 s to reach steady state. The time step in the beginning is 0.001 s, and
gradually increases to 0.01 s at 10 s and maintains this value. The nozzle parameters rapidly achieve
steady state values. Other major parameters of interest such as the shaft work, rotational speed, and pump
torque take more than 1 minute to reach steady state. Table 2 and Table 3 compare important steady-state
results from the improved two-phase models, single-phase model, Sandia model, and rated nominal
values for the turbine outlet pressures at 193 kPa and 350 kPa, respectively. All model results are quite
close to the rated values. The two-phase model with Moody’s choking model produces closer results to
the single-phase model than the IHEM choking model. Comparing results between two different outlet-
pressure conditions, a higher outlet pressure results in a slower shaft speed, less torque, less shaft work,
and a smaller pump mass flow rate for all the models; but the difference is not large. The calculated RCIC
rotational speed at steady state from the Moody model is 446 radians/s, which is very close to the rated
speed of 450 radians/s shown in Table 2. The calculated pump torque at steady state from the Moody

13



model is 436 N-m, again very close to the rated value of 449 N-m. The calculated steady-state shaft work
from the Moody model is very close to the rated value: 194 kW versus 202 kW (450 radians/s x 449 N-
m). The mass flow rate through the pump is about 10 times that of the turbine at steady state,
which is the expected ratio for a typical RCIC system. The steam quality at the nozzle exit from both
two-phase models is about 0.92.

Table 2. Terry turbine and pump parameters

Model Parameters

Value

Turbine wheel radius (r)

0.3m

Turbine inlet/outlet angle ()

n/4 radians

Number of nozzles 5

Total nozzle throat area 1.2315¢-4 m’
Total nozzle exit area 2.048¢-4 m’
Turbine moment of inertia (I) 10 kg-m’
Impulse conversion coefficient (cic) 1.1

Rated RCIC speed (wg)

450.295 radians/s (4300 rpm)

Rated pump torque (Tyo)

449 N-m

Rated volumetric flow rate

0.014 m’/s

Rated pump head

766 m (7.52 MPa)
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Table 3. Important Terry turbine and pump calculated parameters at steady state for outlet pressure at 193

kPa
Model Parameters Rated Modified | INL Model Improved INL Improved INL
Value Sandia (Pure Model with Model with
Model Homologous Homologous
Steam)
Curves Curves
(IHEM) (Moody)
Pump efficiency N/A 0.49 0.52 0.514 0.518
Turbine impulse N/A N/A 0.98 1.1 1.1
conversion
coefficient
Pump head, m 766. 755. 755. 755. 755.
RCIC speed, rad/s 450. 455. 446. 444, 446.
Pump torque, N-m 449. 459. 441. 424. 436.
Shaft work, kW 202. 2009. 197. 188. 194.
Bucket entrance N/A 946. 928. 908. 907.
speed, m/s
Turbine mass flow N/A 1.39 1.39 1.32 1.36
rate, kg/s
Pump mass flow N/A 13.83 13.84 13.07 13.61
rate, kg/s
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Table 4. Important Terry turbine and pump calculated parameters at steady state for outlet pressure at 300

kPa
Model Parameters Rated Modified | INL Model Improved INL Improved INL
Value Sandia (Pure Model with Model with
Model Homologous Homologous
Steam)
Curves Curves
(IHEM) (Moody)
Pump efficiency N/A 0.49 0.52 0.509 0.513
Turbine impulse N/A N/A 0.98 1.1 1.1
conversion
coefficient
Pump head, m 766. 755. 755. 755. 755.
RCIC speed, rad/s 450. 4217. 442, 441. 443,
Pump torque, N-m 449. 403. 433. 411. 422.
Shaft work, kW 202. 172. 192. 181. 187.
Bucket entrance N/A 841. 913. 883. 882.
speed, m/s
Turbine mass flow N/A 1.39 1.39 1.32 1.36
rate, kg/s
Pump mass flow N/A 11.39 13.47 12.44 12.95
rate, kg/s

3.2 RCIC System Test with Periodic Inlet Boundary Conditions

A RCIC system test with a periodic steam quality inlet condition has been developed based on the model
shown in Figure 3 in order to test the two-phase Terry turbine model. The turbine inlet pressure is 7.5
MPa and the turbine outlet pressure is 193 kPa. The steam quality at the turbine inlet as shown in Figure 3
is inputted through a control file. The goal is to create a Fukushima-accident-like scenario, with
reasonable self-regulating behavior appearing in the simulation. Only the Moody two-phase model is
used. The simulation covers about two cycles of dry steam and low-quality two-phase flow stages. A
quick transition period of 20 seconds is assumed between the dry steam turbine inlet and the low-quality
(0.1) two-phase flow turbine inlet conditions.

Figure 4 shows the mass flow rates through the RCIC system, i.e. the pumped water mass flow
rate, the turbine mixture mass flow rate and the turbine steam mass flow rate. Figure 5 shows the
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calculated RCIC turbine shaft work. Figure 6 shows the calculated RCIC pump efficiency with periodic
inlet condition.

o
o

o
~

Turbine Inlet Steam Quality
o
o

o
N

0 100 200 300 400 500 600
Time, s

Figure 3. Specified turbine inlet steam quality for the RCIC system simulation with periodic inlet
condition.
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Figure 4. Calculated mass flow rates through the RCIC turbopump — mixture and steam through the
turbine nozzle exit, water through the pump for the RCIC system simulation with periodic inlet condition
and the Moody model.
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Figure 6. Calculated RCIC pump efficiency for the RCIC system simulation with periodic inlet condition
and the Moody model.
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4, SUMMARY

In this work, we present an improved INL RCIC Pump model which allows the nonlinear equation system
to be adequately constrained such that unique solutions to the unknown variables can be found. The HAN
and HVN regimes of the pump head homologous curves and the BAN and BVN regimes of the pump
torque homologous curves under the pump normal operating conditions are also implemented into the
RELAP-7 code along with the improved INL RCIC Pump model. The improved INL RCIC Pump model
and the homologous curves have been tested with the RCIC start-up tests. Two-phase models were also
simulated and compared with the single-phase model. Similar results are obtained. Finally, we designed a
RCIC system test case to simulate the self-regulated Terry turbine behavior that was observed in the
Fukushima accidents. In this test, a periodic inlet condition for steam quality varying from 1 to 0.1 was
applied. For the dry-steam inlet period, the RCIC system behaves just like the normal operating condition,
with a high pump injection flow rate and a nominal steam release rate through the turbine, resulting in the
net addition of water to the primary system; for the off-normal low-quality two-phase flow inlet period,
the RCIC turbine shaft work dramatically decreases resulting in a much reduced pump injection flow rate
and an increased mixture flow rate out of the turbine.

This work represents the first step for two-phase Terry turbine analytical models. These preliminary
models can be refined with more local modeling choices. The near future work should be focused on
using Terry turbine test data to validate the proposed models when the data become available. Additional
model refinement will also be pursued, such as trying additional choking models and investigating
different nozzle expansion models in the nozzle divergent section. Thermal mixing and stratification
models should also be developed for the wet well.
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