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Abstract — A steam injector is a thermocompression device where the steam drags directly a subcooled liquid and delivers a liquid

with an outlet pressure higher than both upstream fluid pressures.

The functioning principle of injectors involves sophisticated

thermohydraulic processes whose present knowledge is essentially empirical. This work presents an experimental approach of steam

injector in order to finely understand and quantify the physical laws

driving the flow in the mixing chamber. Local measurements

(2D) are carried out on a special device with a rectangular section, where the flow was visualised. These measurements are the void
fraction, the static pressure and the static temperature. They permit the calculation of all the variables and a well understanding of the

physical phenomena involved in the flow. Especially, we show, in some

well-defined zones, the existence of important non-equilibrium

kinetic, thermal and thermodynamic phenomena. [J 2000 Editions scientifiques et médicales Elsevier SAS

heat transfer / mass transfer / condensation / injector / visualisation

Nomenclature

A interface densityarea . ......... 2m—3
Cp specificheat ............... Ky~lk-1

H heat transfer coefficient . . ... .... w2.K-1

H; total enthalpy flowrate. . . . . ... .. w
h  specificenthalpy . ... ......... Kyt

k  slipratio=uy/u_

M massflowrate . ............. lay 1

L latent heat of vaporisation . . . . .. .. -kg_l
Lm mixing chamberlength . ... ... .. m
P staticpressure .. ............ Pa
Q densityofheatflux . ... ........ wh—3

S entropy ... Mg~lk-1

S sectionarea . ............... “m
T statictemperature ... ......... K
w velocity ... ns 1

U mass flow rate ratie=- M| /My

x  abcissa of the mixing chamber . . . . . m
xy quality in the mixing chamber

xv,v quality in the “vapour” flow

* Correspondence and reprints.
jfl@genserver.insa-lyon.fr
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Greek symbols

«  void fraction

' condensationmassflux ......... -hg*3-s*1
p demsity .................. kg3
Subscripts

i with reference to abciss

L liquid

m  mixing

V  vapour

0 inlet

3 outlet

1. INTRODUCTION

A steam injector is a simple, compact and passive
device in which steam is used as the energy source to
pump cold water at a pressure lower than the steam and
to produce an outlet liquid, which is at a pressure higher
than the steam inlet pressure. Its main characteristic is
that no moving parts are needed for its functioning,
thermodynamic processes relying on direct transfers of
mass momentum and heat between the two phases.
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D : dispersed droplets flow

A : steam expansion
B : liquid injection E : condensation wave

C : stratified flow + atomization of the liquid jet F : liquid

Figure 1. Schematic representation of the steam injector.

The steam injector can be used as a safety pump in
a light water reactor, while a steam supply is generally
available in power plants. In this case a high-pressure wa-
ter supply can be useful for heat removal in case of ac-
cident. Moreover, it is a passive system without rotating
machinery and its functioning requires no external energy
supply.

Figure 1shows a steam injector schematic, divided in
five regions. In the first part called the steam nozzle (A),
which has a converging—diverging shape, the steam is ac-
celerated to a supersonic velocity owing to a nearly isen-
tropic expansion. The water nozzle or the liquid injec-
tor (B) distributes water. Here, the chosen arrangement is
a central water nozzle and an annular outer steam nozzle.
It will be seen in the following that functioning depend
on the arrangement [1]. This arrangement can be easily
taken into account in the model. In the mixing region
(C, D), steam and water exchange heat, momentum (due
to temperature and velocity differences) and mass (due to
condensation of steam on water droplets extracted from
the water cone at the exit of the water nozzle). Conden-
sation is achieved in the shock wave occurring at the exit
of the mixing section (E). The major pressure rise is re-
alised in this shock wave. Then, water is decelerated in
the diffuser (F) and kinetic energy is furtherly converted
into a pressure increase.

Although the technology of the steam injector has
been known for about one century, its modelling still
represents a not completely solved problem. Experiments
have been made by Rose [2], Grolmes [3] and Alad’yev
et al. [4, 5] in past years. More recently, its possible
use for nuclear power plants has involved new studies:
Manno and Dehbi [6], Narabayashi et al. [7], Chisacof

and Lallemand [8], Léone et al. [9] and Cattadori et
al. [10].

A numerical modelling able to accurately predict the
steam injector performance does not exist. Two major
problems explain these difficulties: on the one hand the
physical phenomena which occur in the mixing chamber
(two-phase flow with simultaneous exchange of mass,
momentum and energy), on the other hand, the difficulty
of a numerical treatment taking into account the global
map of two-phase flow (void fraction range from one
to zero). A complete and accurate modelling of steam
injector represents a big challenge for the next years.

This experimental work permits a physical valuation
of the flow occurring in the mixing chamber. In order
to quantify and analyse the physical laws governing the
flow, we realised local measurements. As a first step,
these laws can be inserted in numerical codes.

2. LOCAL MEASUREMENTS IN THE
MIXING CHAMBER OF A STEAM
INJECTOR

The principal aim of this work is to experimentally
determine the thermohydraulic variables in the mixing
chamber of the steam injector. Considering that the flow
is approximately one-dimensional, these variables are:

« the void fraction,

uy andu the vapour and liquid velocities,
— Py and P the static pressures,

— Ty andTy the static temperatures,

xv,v is the quality of the “vapour” flow at the entrance
of the mixing chamber.

The measurements of the thermohydraulic variables
require that the flow is adiabatic and in steady state
conditions. The flow is governed by two invariants: the
total enthalpy flow rateH; and the mass flow ratés,
which reduce the number of independent variables to five.

2.1. Experimental apparatus and
visualisation of the flow in the
mixing chamber

In order to better understand the geometry of the flow
and to optimise the sensor locations, a special device was
designed for these experimentigjre 2).

This device is a converging—diverging nozzle with a
rectangular section, 8 mm in thickness. It was designed
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according to respect the main similarity ratio of the geo-
metrical parameters used for other injectors (axisymmet-
ric) previously tested in the laboratory [11]. This thick-

— aback lighting of the flow, where the camera is located
in the opposite side of the light sourdeg(re 3(a). This
configuration permits to visualise the dispersed zone of

ness was designed and optimised for a good transmission the flow (specially droplets in the vapour phase);

of white light in the flow without 3D effect induced by
the viscous limit layer developed at the wall. The steam
injector is in horizontal position.

The visualisation of the flow in the mixing chamber is
realised with an analogic camera and a source of white
light of 1000 W. Some experimentations are carried out
with a high speed camera (8000 pictuses) specially
to visualise the flow at the start of the process and the
break up of the liquid jet. Two configurations were used
for this experiment:

75
w30 ™ 5

/ a

S ——

e e e

208 230 ) 202 P 178

i / o T /!l’ / i ]
Primary Cold liquid Mixing Visualised

injection
nozzle g chamber part

Figure 2. Steam injector device for visualisation and measure-
ments (longitudinal view) length in mm.

Camera . o
| | Attenuated light (extinction)

=

Experimental device

Flow dire ctii) ///////////// \

Retrodiffused light

Light source (white)

Attenuated light (extinction)

Flow direction

— afrontlighting of the flow, where the camera is located
in the same side of the light sourcig(re 3(b). This
configuration is better for showing the density variation
in the flow.

The test bench operates in a closed loop where it
is possible to independently vary steam pressure, lig-
uid temperature, liquid pressure and back-pressure. The
steam and water flow rates were measured by means of
calibrated orifice plate and multiple Pitot tube (Annubar),
respectively. Temperatures and pressures were measured
by K-type thermocouples and by resistive pressure trans-
ducers, respectively. The range of the independent para-
meters explored in the test program is givertable |.

No modifications of the structure of the flow were noted
during these tests. The evolutions of the parameters mea-
sured inside the mixing section are similar for all condi-
tions given intable |. Therefore, we present here only the
results for the conditions given table 1l. These condi-

TABLE |
Range of independent variables
Poy (bar) Xov.v Py (bar) ToL (°C) P (bar)
4-8 0.95-1 1.1-3.2 15-40 2-5

Experimental device

Retrodiffused light

Light source (white)

(a) (b)
Figure 3. (a) Configuration with back lighting. (b) Configuration with front lighting.
TABLE I
Experimental conditions for measurements
Mov Pov Tov Mo PoL ToL M3 P3 T3 U
(kgs™')  (bar) Q) (kgs™) (bar) €C) (kgs!) (ba)  (C)
0.1 6.06 157.9 1.056 2.1 15.2 1.155 3.6 70.0 10.58
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(b)

0 75 310 325

Figure 4. (a) Visualisation of the flow in the mixing chamber
with back lighting. (b) Visualisation of the flow in the mixing
chamber with front lighting.

Condensation wave
Vapour (stratified flow)
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Figure 5. Mesh for the measurements.

tions remain the same for all experiments in order to have
a same reference point for all measurements.

Figures 4(a)and4(b) show a stratified flow composed
of a central liquid jet surrounded by the vapour phase
(zone 0 mm< x < 75 mm, figure 5. After this zone,

a fine dispersed droplet zone appears resulting from
atomisation of the jet liquid. After the throdigure 4(a)
shows a clear zone in the diffuser (365 mmx <

520 mm), showing that the flow is single phase (liquid).

The flow visualised in the mixing chamber allows to
define three pertinent lines useful for the measurement
mesh {igure 5:

— one line located in the vapour part of the stratified flow
(y =17 mm),

— one line located just at the base of the liquid jet{

7 mm),

— one line located in the center of the liquid jet £
0 mm).

2.2. Void fraction measurement

The void fraction measurement is realised with the
gamma-ray attenuation method. For our experiments,

AN
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10 mm

Figure 6. Experimental apparatus for the void fraction mea-
surements: (1) source, (2) device, (3) detector, No = number of
emitted photons by the source, N = number of received pho-
tons by the detector.
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Figure 7. Void fraction profiles in mixing chamber.

this method is the most accurate for a two-phase flow
with a large range of void fractions (near one to zero).
The experimental apparatuiglre § is composed of

a radioactive source (americium), a collimator and a
photon detector. Each photon emitted from the source
crosses the thickness of the flow and is absorbed or not
by the water. Using a high-energy ray like gamma-ray, the
attenuation of the incident flux is only due to absorption
phenomena (diffraction or diffusion does not contribute
to the global attenuation flux). The counting rate (ratio
of received photons to incident photons) depending on
the flow density can be easily correlated with the void
fraction. Uncertainty of the measurements, taking into
account sensor accuracy, is equalAda = 0.05 for a
counting time of 20 s.

The void fraction profiles are shownfigure 7for the
operating conditions given irable Il. Figure 7shows an
increase of void fraction in the center ling£ 0) due to:

— the atomisation of the liquid jet,

— the reduction of the slip ratio between the vapour and
the liquid.
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The void fraction can be related to the slip ratio,
the steam quality and the densities by the following
expression:

XvPL

o= (1)
kpy(1— pv) + pixy

The effects of the steam quality on the void fraction
are illustrated ifigure 8where the void fraction is plotted
against the slip ratio. A plot of void fraction versus steam
quality is shown irfigure 9.

As shown infigure 8 the void fraction is mainly
sensitive to the slip ratio for the range of steam quality
(0.001 < xy < 0.1), with an increase of void fraction
when the slip ratio decreases. In the first zone (0 snm
x < 150 mm andxy, ~ 0.1), the vapour is decelerated
by the droplets generated by the liquid jet atomisation.
This phenomenon reduces progressively the slip ratio
and explains the increase of mean void fraction at the
entrance of the mixing chamber. After this zone, the void

Steam quality
Xv=Mv/(Mv+MI)
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Figure 8. Void fraction dependence with the reduction of the
slip ratio (o, = 1000kg-m~2 and py = 0.4 kg-m~3).

Slip ratio
k=UJ/U,

.

TN,

0.8 1

Void Fraction o
=
e
G
TS
1
-y
S

—

=
.
N
S

T
=
i
S

|
.
»
8

0.2

0.0 t t t t t t + + +
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Steam quality x,,,

Figure 9. Void fraction dependence with the flow quality (o, =
1000kg-m~3 and py = 0.4 kg-m~3).
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fraction becomes nearly constant £ 0.9) and shows
that the flow is fully dispersed. The mean diameter of
the droplets, calculated with atomisation correlation of
Monote [12], is Sum.

Behind the throatfigure 7 shows a high decrease of
void fraction, which is characteristic of the condensation
wave (extinction of the vapour phase). As shown in
figure 9 the void fraction varies greatly with the steam
quality (00 < xy < 0.01 and the slip rati& ~ 1). That
explains the fast decrease of the void fraction in the
condensation wave zone.

2.3. Static pressure measurement

The measurement of static pressure is realised with
relative sensors (rangé®; 8 bar]) and differential sen-
sors (rangd—0.4; +0.4 bar]). Uncertainty of the mea-
surements, taking into account sensors accuracy, exper-
imental fluctuations and statistical treatment, is lower
than 1.5%. For the operating conditions giventa
ble I, figure 10shows that the static pressure fields for
the vapour { = 17 mm) and for the liquid{ =0 mm)
are decoupled at the entrance of the mixing chamber.
At the interface of the jet the liquid pressure is equal
to the liquid-vapour equilibrium pressure. The vapour
continues to expand until it encounters the liquid jet
or droplets due to atomisation. When the vapour en-
counters the liquid phase, it is suddenly decelerated and
it transmits its impulsion to the liquid phase. These
phenomena explain the small increase of the liquid
pressure, which is observed in the zone 25 <
75 mm.

Downstream the liquid jet, the static pressure becomes
constant (the mixing flow is also in quasi-equilibrium).
In the part where the flow is homogeneous, the pressure
is altered by the high condensation rate, involving a
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Figure 10. Static pressure profiles in the mixing chamber.
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Figure 11. Static temperature profiles in the mixing chamber.

drop in specific volume and a pressure decrease which
is equal to the increase due to the mixing section
convergence. After the throdigure 10shows a high-
pressure increase until the final pressure delivered by the
steam injector. The downstream pressure has no influence
on the flow before the condensation shock until this
pressure reached a value for which the mixing flow stops
suddenly.

2.4. Static temperature measurement

The static temperature is measured using thermocou-
ples (type K) with an accuracy dfl K. The thermocou-
ple soldering is located at 3 mm from the wall in order to
be outside of the thermal boundary layer. Only the liquid
temperature on the center ling £ 0 mm) is measured
because it is impossible to measure accurately the static
temperature in the high velocity fields of the vapour or at
the interface of the liquid jet (the measurements are al-
ways in a range varying from the total temperature to the
static temperature). The results for the operating condi-
tions oftable Il are presented ifigure 11

The temperaturdifure 17 of the liquid phase quickly
increases at the entrance of the mixing chamber. It proves
that the heat transfer between the liquid and vapour
phases is very high in the jet atomisation zone. After
a complete jet disintegration and when the flow is fully
dispersed the temperature does not significantly change.

3. EXPERIMENTAL RESULTS AND
PARAMETER CALCULATIONS

The aim of this paragraph is to correlate the set of
measured variables in order to understand the physical
phenomena occurring in the mixing chamber and to

[ ] Hl “
o b
—m . 40
120 —a Tv=Tsat(Pv) H i
— o 35
~mPl - /
~ 100 —— —-Pv 1 30
o ] 1 =
< [ £
] 80 \ - Pl 725 ¢
E
Y s A | ! 2
£ / il 120 &
é‘ 60 T T g
1 1
/ H / | 15 @
40 1 1
:/ - 10
1
20 i — - i
T Lo B 0.5
) 1
0 Lot 00
0 50 100 150 200 250 300 350 400 450 500

X (mm)

Figure 12. Subcooling between the vapour and liquid phases
in the mixing chamber.

calculate the unknown parameters (mass flow rates and
velocities). For this analysis, we have made the following
hypotheses:

— the two-phase flow is one-dimensional,

— the liquid temperature is assumed to be equal to the
center line measured temperatufes= Ty—0 mm,

— the liquid and vapour pressure fields are equal
(Pv = PL) in the fully dispersed flow,

— the vapour is saturate@y = Tsa Pv).

3.1. Subcooling of the liquid phase

The subcooling is defined as the difference between
the saturation temperature at the vapour pressure and
the liquid temperature. This subcooling, representative
of the thermal non-equilibrium between the phases, is
the driving force of the energy and mass transfer (direct
condensation).

The subcooling, deduced from the temperature profile
(seefigure 12, may show that the main heat transfer
occurs in the zone 0 mm x < 150 mm. It may be
expressed as

Qi =AHL(IV—-T) 2

with:

e (; density of heat flux,

e H;_ heat transfer coefficient,
e A; interface density area.

Downstream this zone, for > 150 mm, the subcool-
ing becomes nearly constant and equal to 10 K. It shows
that the flow is in quasi thermodynamic equilibrium, but
this equilibrium is never completely reached.
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3.2. Calculation of the mass flow rates with the Newton—Raphson method. The thermodynamic
and the velocities of the vapour properties of steam and water are deduced from
and liquid phases Schmidt’s tables [13]. The last unknowig andu| are

calculated from the knowledge a@ffy, M and experi-
mental parameters. Thus, all thermohydraulic variables

Two semi-empirical models are developed in order to .
of the flow are determined.

calculate the mass flow rate and the velocities of both

phases:
« a first model based on the conservative variables of the ~ Second model
flow, Condensation of the vapour results in heat transfer to
e a second model based on the heat transfer between thethe liquid surface (essentially jet). This model supposes
phases. that the temperature increase of the liquid phase is only
due to the direct condensation of the vapour, which
First model progressively gives up its latent heat. The vapour mass

flow rate variation is also equal to
For a steady flow, the flow is characterised by two

invariants, the total mass flow rat&t and the total _ _ M Cp(TL)
energy of the flowHr: dMy = STy dv = xv.vL(Py) di (®)
Mt = My + M| = CS*® with:
) ”\2/ ”E (3) e Iy =(1/S)(dMy /dx) condensing mass flux of
Ht =My (hv + 7) + M <h|_ + 7) = Cste vapour,

e L(Py) latent heat of vaporisation @,
e Cp_ liquid specific heat.
The conservation of the total mass flow rate implies

These invariants are calculated from the upstream
operating conditions of the injector. Furthermore, we

have the following equation:
My = apyuy S 4)
M =A—a)pLuLS dMy = —dM (9)
Z\L/ : ﬁi’ti{)\/T;L))C\’/—;V;(TL) and By integrating equations (8) and (9) along the mixing
’ n (5) chamber (lengtiL ), we obtain:

hy = hsaf Pv; xv,v)

h. =h(PL; TL) = h(T}) My = — /Lm M CpL(TL) A1 + Moy
and writing the intermediate parameters OL xv.vL(Py) (10)
m
1 ML=—/ dMy + Mo
pv = 0
“s ©®)
1 This integral system (10) contains two unknowns
L= @)pLS (Mv; My). Other variables are deduced from the mea-
surements and state equations. As the preceding method,
the set of equations (3) becomes it determines all the thermohydraulic variables in the
Mt =My + M = Cste flow.
) 02 M2 02 M? Figures 13 14and15show the mass flow rate for each
Ht =My <hv + ¥ V) + ML (hL + g) (7) phase, the velocities and the slip ratio of the two phases,
2 2 respectively.
= Cste In figure 13we see that the major part of the vapour
In this non-linear systemMy and M are unknown phase is condensed in the zone<Ox < 150 mm. In
and all other variableghy; hL; pv; @) are directly de- figure 14we can observe that the vapour is firstly ac-

duced from the measurements, the geometry and the celerated (effect of the direct condensation), then decel-
boundary conditions. This system is numerically solved erated when it encounters the liquid phase (momentum
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transfer). The liquid phase is always accelerated until the
throat. At the abscissa= 150 mm figure 15shows that

the slip ratio of the two phases is equal to one, show-
ing that the flow becomes homogeneous after this point.
The large velocity fluctuations (séigure 14 are due to

the sensitivity of temperature measurements in the zone
x > 150 mm (heat transfer becomes negligible). Conse-

14
1 1
1 1
1 1

12 e v
o spesn
HWM 1 1
1 1
1 1 1
1 1
% os{—| o Vapour-Metodt HE.
= ~o— Liquid - Method 1 : :
£ &~ Liquid - Method 2 [
g 067 auic - el 1
2 —8- Vapour - Method 2 1 1
2 1 1
g 04 s
= 1 1
1 1
02 1 1
D
Throat IH
8 1 1
o \B\E‘S-( o

1 1

E 100 150 200 250 3001 350 400 450 500
1 1

-0.2

x (mm)

Figure 13. Mass flow rate for each phase (kg-s™3).
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Figure 14. Velocity profiles in the mixing chamber.
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Figure 15. Slip ratio profile in the mixing chamber.

quently, this method is non-adequate for the zone where
the flow is in quasi equilibrium.

3.3. Non-thermodynamic equilibrium in
the dispersed flow and in the
condensation wave

The preceding results show that the slip ratio is nearly
equal to one when the flow becomes fully dispersed.
The flow is also homogeneous. Assuming the hypothesis
that the velocities of both phases are equal, the vapour
quality can be directly deduced from the void fraction
measurements:

apy

= 11
VT oo+ A—a)pL (1)

The following relations give the mixing velocity and
the average density of the mixing flow:

M-
umzuvzuLz—T (12)
PmS
pm=apy + (1 —a)pL (13)

Quality and velocity profiles for the quasi-equilibrium
zone are shown ifigure 16

Assuming the hypothesis of a slip ratio equal to one,
we obtain coherent results in the quasi equilibrium zone
(figure 16. The quality profile curve shows that the con-
densation of the vapour in the mixing flow is achieved af-
ter the throat where the condensation wave occurs. This
condensation is followed by a strong reduction of the
void fraction that increases the density and decelerates
the mixing flow. This zone is characterised by a thermo-
dynamic non-equilibrium flow due to a delay of the relax-
ation time for the condensation. figure 17 we compare
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Figure 16. Mixing velocity and vapour quality in the mixing
chamber (quasi equilibrium zone).
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Figure 17. Non-equilibrium flow and condensation time lag in
the condensation wave.

the real qualitycy and the quality of the flow which is in
thermodynamic equilibriumy, as a function of the pres-
sure of the flow. The variation of the pressure with the
steam quality before the total condensation results in vari-
ation of the temperature. We note the presence of (small)
vapour mass, which should not be present, if we were at
the thermodynamic equilibrium. This phenomenon is re-
sponsible of the degradation in the final pressure rise for
the steam injector. It implies a compression work for the
mixing more important than if the flow was single phase.
The final pressure gain is lower than the pressure gain
obtained in the absence of condensation relaxation time
delay. Our estimation for this time isyts in accordance
with the results of Bilicki [14] who previously studied
this phenomenon.

3.4. Entropy production of the system
in the mixing chamber

From this set of thermohydraulic variables, it is also
possible to calculate the entropy production generated by
the irreversibilities of the flow in the mixing chamber.
The specific entropy of the mixing flow can be calculated
as

My sy + Mys.
Sm=——"7—"—"——_"

(14)
(My + M)

with:

e sy =s(Py; xv.v) specific entropy of the vapour phase,

e s. = s(P.; TL) specific entropy of the liquid phase.

The entropy is a very interesting parameter for two
reasons:
— analysis of sensitivity shows that this parameter is par-
ticularly accurate, because slightly sensitive to measure-
ment variations,
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Figure 18. Specific entropy in the mixing chamber.

— it permits to verify the coherence of the thermohy-
draulic variables (measured and calculated) in accor-
dance with the second law.

The evolution of the fluid entropy shown figure 18
On one hand, it shows that the thermohydraulic variables
are coherent because the entropy variation is globally
increasing. On the other hanfigure 18shows that the
main entropy production occurs at the entrance of the
mixing chamber, where the difference of temperatures
(figure 12)and velocities fjgure 149 of both phases are
at maximum values. When the flow reaches the quasi-
equilibrium zone £ > 150 mm), the evolution of the flow
can be considered as quasi-isentropic. The condensation
wave is finally weakly dissipative, but the pressure in the
liquid phase is very sensitive to the entropy variation. For
example, for liquid water (pressure 6 bar, temperature
60°C) an isenthalpic process with an entropy increase of
2 %o drives a pressure drop of 5 bar.

4. CONCLUSION

The analysis of the experimental results allows to have
a better knowledge of all thermohydraulic variables in the
flow and permits to do some simple hypotheses for the
modelling of the mixing chamber. The main conclusions
of this study are the following:

— atthe entrance of the mixing chamber, the flow is char-
acterised by a strong non-equilibrium of temperatures
and velocities. This zone is strongly dissipative with high
production of irreversibilities;

— quickly, the flow becomes homogeneous and follows
a quasi-isentropic evolution. Nevertheless, the thermody-
namic equilibrium is never reached by the flow. In par-

ticular, we show that a condensation relaxation time is
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responsible of the degradation of the pressure recovery in

the condensation wave.

This calculation of the thermohydraulic variables will
be useful for the source terms of one-dimensional model.
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