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THE RELAP5 CHOKED FLOW MODEL AND

APPLICATION TO A LARGE SCALE FLOW TEST

Victor H. Ransom and John A. Trappa

ABSTRACT

The RELAP5 code was used to simulate a large scale choked flow test.
The fluid system used in the test was modeled in RELAP5 using a uniform,
but coarse, nodalization. The choked mass discharge rate was calculated
using the RELAP5 choked flow model. The calculations were in good agree-
ment with the test data, and the flow was calculated to be near thermal
equilibrium.

NOMENCLATURE

A,B General matrix functions

a Sound speed

"C General vector function

c Coefficient of virtual mass

D Coefficient of relative Mach number in choking criterion

L Length

M Mach number

P Pressure

S Phasic entropy

t Time coordinate

U Vector of dependent variables

v Mixture of phasic velocity with subscript

x Spatial coordinate

a Void fraction

a. EG&G Idaho, Inc., Idaho National Engineering Laboratory, Idaho Falls,
Idaho 83415. V. H. Ransom is a member of the American Nuclear Society.
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\ Characteristic root

: Mixture density of phasic density with subscript

SUBSCRIPTS

exp Explicit value

f Liquid phase

g Vapor phase

HE Homogeneous equi l ibr ium

v Mass mean Mach number

r Relative Mach number

t Nozzle throat

i,j Roots of charac ter is t i c polynomial

sat Saturation value

up Upstream condit ions

SUPERSCRIPTS

R Real part of complex root

* Total der iva t ive of a ^ t u r a t i o n property wi th respect to pressure.

I . INTRODUCTION

The RELAP5 computer codea is an advanced, one-dimensional two-phase
thermal-hydraulic system analysis code developed by EG&G Idaho, I n c . , fo r
the U.S. Nuclear Regulatory Commission's water reactor safety analysis
programs. RELAP5 w i l l be used pr imar i l y to analyze postulated loss -o f -
coolant accident (LOCA) and operational t ransients in l i g h t water reactors
(LWR). The RELAP5 code is based on new technological developments in the
f i e l d of numerical hydrodynamics, par t i cu la r l y in the areas of two-phase
transient and choked f low.

The RELAP5/M0D"0" code and associated documentation (Ransom, V. H.,
et a l . , "RELAP5/MOD'O' Code Descr ipt ion," Volumes 1 , 2, and 3,
CDAPTR-O57, May 1979) are avai lable at the National Energy Software
Center, Bui ld ing 208, Room C-230, 9700 South Cass Avenue, Argonne,
Illinois 60439.



The application described herein is the simulated blowdown of a
reactor vessel initially filled with a mixture of saturated and subcooled
water. The flow from the vesse; was choked and the depressurization rate
depended directly on the rate of mass discharge. While the RELAP5 system
code was used to model the entire vessel and discharge pipe, the appli-
cation of the choked flow model for predicting the discharge rate was the
model of most significance. Therefore, this model is described in some
detail.

This paper provides a brief description of the RELAP5 hydrodynamic
model, with emphasis on the choked flow modeling, and presents the results
obtained in an application of the model to a full-scale choked flow test,
Marviken III Test 4.

II. RELAP5 HYDRODYNAMIC MODEL

The hydrodynamic model is the basic element of the RELAP5 system code
and is used to describe the nonhomogeneous and nonequilibrium flow process
for steam and liquid water mixtures. The model is based on a physical
flow process in which two interacting fluid streams flow within a rigid
flow passage. Transient flow in one space dimension is considered and
each fluid is assumed to move with separate average velocities and to be
thermally described by two average phase temperatures. After review of
existing and proposed models, the model selected to be most consistent
with established technology is a five-field-equation model consisting of
two phasic continuity equations, two phasic momentum equations, and a mix-
ture energy equation. This model is complete with the specification that
one phase temperature is fixed at the saturation temperature. Equation of
state and constitutive relations are supplied as either tabular or alge-
braic functions. The constitutive relations include interphase momentum
transfer, interphase mass transfer, wall heat transfer and wall friction.
In general, the constitutive relations depend upon the flow regime, which
is established from an emperical flow regime map.

A linear semi-implicit numerical scheme is used to advance the
solution in time. This solution scheme is coupled with an automatic mass
truncation error control scheme, which selects the time-integration
interval. The combined numerical scheme is efficient and fast running.

The need for fine spatial noding is eliminated by the use of special
models for processes having large spatial gradients, such as at points of
abrupt flow area change, branching, and choked flow. The fluid dynamic
the thermodynamic processes for such phenomena are approximated by steady
flow relations, which can be solved to provide lumped parameter data
and/or boundary condition data for the transient solution.

The hydrodynamic model is embodied in a user convenient system code,
which can be applied to general fluid network problems. In addition, the
system code includes a transient heat conduction solution for heat struc-
tures. Heat structures can be used to model thermal coupling between
fluid loops and/or the environment. While the system code has general
capability for analysis of steam/water fluid systems, the code also
possesses specialized capability for analysis of LWR system transients.



I I I . RELAP5 CHOKED FLOW MODEL

The RELAP5 choked flow model is based on a character is t ic analysis of
the governing d i f f e r e n t i a l equations to establ ish the condit ions fo r a
stationary acoustic wave. The resul ts of t h i s analysis are applicable to
two-phase f low and are extended, by special considerations, fo r choked
flow of a subcooled l i q u i d .

1. CHOKED FLOW THEORY

Choked f low is defined as the conditions wherein the mass f low rate
becomes independent of the downstream condi t ions, that i s , that point at
which fur ther reduction in the downstream pressure does not resu l t in
change to the mass flow ra te . The fundamental reason that choking occurs
is that acoustic signals can no longer propagate upstream. This occurs
when the f l u i d veloc i ty equals or exceeds the acoustic propagation
veloc i ty .

For any d i f f e r e n t i a l operator, the pathl ines for signal propagation
are established from a character is t ic analysis. The d i f f e r e n t i a l equa-
tions for two-phase flow can be wr i t ten as a system of f i r s t - o r d e r quasi-
l inear , p a r t i a l d i f f e r e n t i a l equations of the .Torm

A ( U ) 0 U / 3 t ] + B ( F ) [ d U / a x ] + (T(U) = 0 . ( 1 )

The characteristic directions (or characteristic velocities) of the system
are defined [1»2J as the roots, A.,-(i<n), of the characteristic polynomial

!A. \ -B| = o. (2)

The real part of any root, An-, gives the velocity of signal propagation
along the corresponding characteristic path in the space-time plane. The
imaginary part of any complex root, A^, gives the rate of growth or
decay of the signal propagating along the respective path. For a hyper-
bolic system in which all the roots of Equation (2) are real and nonzero,
the number of boundary conditions requred at any boundary point equals the
number of characteristic lines entering the solution region as time, t,
incrtases. If the system, Equation (1), is considered for a particular
region with the spatial variable x bounded between x = 0 and x = L and the
boundary conditions at x = L are examined, it follows that as long as any
A^ is less than zero some boundary information must be supplied in order
to obtain the solution. If, on the other hand, all the A-j are greater
than or equal to zero, then no boundary conditions are needed at x = L
and, hence, the interior solution is unaffected by conditions beyond this
boundary.

A choked condition exists when no information can propagate into the
solution region from the exterior. Such a condition exists at the boun-
dary point x = L when

A.J > 0 for al I j < n. (3)



These are the mathematical conditions which are satisfied by the
equations of motion for a flowing fluid when reduction in downstream
pressure ceases to result in increased flow rate. It is well known [3]
that the choked condition for single-phase flow occurs when the fluid
velocity just, equals the local sound speed, and for this case, one of the
Xj is just equal to zero. For the two-phase case, it is possible for
ail Xj to be greater than zero under special conditions which can exist
during choked discharge of a subcooled liquid.

The RELAP5 hydrodynamic modela for the conditions of interest can
be considered to have the form of Equation (1). The differential equation
contains differential interphase mass and momentum transfer models. The
mass transfer model is based on the equilibrium rate, and the momentum
transfer model is based on the virtual mass effect resulting from relative
fluid acceleration. These differential terms have a significant effect on
the propagation velocity and, consequently, on the choked flow rate. The
nondifferential source terms, C(U), in Equation (1) do not enter into the
characteristic analysis and thus do not affect the propagation velocity.
These terms include wall friction, steady interphase drag, and wall heat
transfer.

For the equilibrium interphase mass transfer model, the RELAP5 system
of equations reduces to a fourth-order system and the characteristic
determinant yields a fourth-order polynomial for the system of equations.
An approximate factorization of the characteristic polynomial can be
carried out analytically to obtain the kinematic roots.a These roots
have magnitudes approximately equal to the vapor and liquid phase velo-
cities and are:

+ V q + PC/2 + Qc/2)
2 - aqVqpf]

1/2vf}
1,2 ~ (OfPg + pc/2) + (OgPf + PC/2)

 {q)

where the terms of Equation (4) are as defined in ihe nomenclature list.
The two roots are obtained by neglecting the fourth-order factors relative
to the second-order factors in (A-Vg) and (A-Vf) (there are no first-
or third-order factors). Inspection of Equation (4) shows that the \\ 2
have values between vg and vf, thus the fourth-order factors (x-vg)
and (A-vf) are small and can be neglected. The values for x^ 2 may be real
or complex depending on the sign of the quantity [ ( P C / 2 ) ^ - alafpqpfT.

The remaining two roots are obtained by dividing out the quadratic
factor containing Xi 2» neglecting the remainder and subsequent factor-
ization of the resulting quadratic terms [this procedure can be shown to
be analogous to neglecting the second and higher order terms in the rela-
tive velocity (vg - Vf)]. The remaining roots are

A3,4 = v + D (vg - vf) + a (5)

a. Refer to page 2, footnote a.



where

v = (agPgvg + V f v f ) / p

P2 + P ( a g P f + a f P g ) ] / ( C P 2 + PgPg)1 / 2

and

a = aHE [ ( C P 2 + P ( a g P f + a f P g ) ] / ( C P 2 + PgPg)1 / 2 (7)

D-I/2.1
 (Vf - Vg* i , V f (afpf - Vq*
p + a V W p(pP + PV

2 p (vgy

The quantity a ^ is the homogeneous equilibrium speed of ̂ ound. The
roots ^3 4 have only real values.

The general nature and sign^'cance of these roots is revealed by
applying the characteristic considerations. The speeds with which small
distrubances propagate are related to the values of the characteristic
roots. In general, the velocity of propagation corresponds to the real
part of a root and the growth or attenuation is associated with the com-
plex part of the root. The choked flow condition concerns the velocity
with which a disturbance propagates from a boundary, thus, a criterion for
choking is establishpd from examination of the real part of a character-
istic root. Choking will occur when the signal, which propagates with the
largest velocity relative to the fluid, is just stationary:

xR = 0 for j <. 4 (9)

and
A R > 0 for all i * j. (10)

The existence of complex roots for A^ 2 makes the initial-boundary-
value problem ill-pcsed. This problem has'been discussed by many investi-
gators r>5] and it is only noted here that the addition of any small
second-order viscous effect renders the problem well-posed. [4,6] y^e
whole phenomenon of systems with mixed orders of derivativies and, in
particular, a first-order system with the addition of a small second-order
term has been discussed and analyzed by Whitham.[f] He has shown that
the second-order viscous terms do give infinite characteristic velocities,
but \/ery little information is propagated long these characteristic lines
and the bulk of the information is propagated along the characteristic
lines defined by the first-order system. It is concluded that the ill-
posed nature of this system can be removed by the addition of small
second-order viscous terms and that these terms will have little effect
upon the propagation of information. Therefore, the choking criterion for
the two-phase flow system analyzed here is established from Equation (9).
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The nature of the choking criterion for the two-phase flow model will
now be examined. Since the two roots, \^ 2, are between the phase velo-
cities v* and Vg, the choking criterion is established from the require-
ment that the roots A3 4 vanish. This condition yields the relation

v + D(vg - vf) = + a. (11)

The choking criterion can be rewritten in terms of the mass mean and rela-
tive Mach numbers as follows:

Mv = v/a, Mr = (vg - vf)/a (12)

and
Mv + DMr = + 1. (13)

This relation is \/ery similar to the choking criterion for single-phase
flow, wherein only the mass average Mach number appears and choking also
corresponds to a Mach number of unity.

2. APPLICATION OF THE TWO-PHASE CHOKING CRITERION

The two-phase choking criterion is established from Equation (13)
with the consideration that either right or left traveling acoustic waves,
corresponding to the +_, may satisfy Equation (13). The resulting
criter 1 on is

;M V + DMr|= 1. (14)

When a flow is known to be choked or i t is desired to calculate the flow
rate for a choked f low, Equation (14) is used as a boundary condition for
the flow solut ion. Since the re la t ive velocity, in addition to the mass
average velocity, enter into the choking c r i t e r i on , Equation (14) must be
solved simultaneously with the equations of motion. The amount of s l i p ,
(vg - Vf), which exists in a flow approaching a point of choked f low,
w i l l affect s ign i f icant ly the choked flow rate. This fact makes the
calculation of a choked flow more complex for two-phase flow than for a
single-phase f low.

The two-phase choking cr i te r ion used in RELAP5, Equation (14), is
checked each time step and at each flow junction where two-pnase flow
exis ts , and i f the quantity

M = TM + DM I (15)
exp L v r-iexp v '

exceeds unity, the flow is assumed to be choked (the subscript "exp" is
used to indicate that the criterion is checked using expV'.cit calculations
for the velocities). When choking occurs, Equation (14) is solved
implicitly with the upstream vapor and liquid momentum equations for vg,
v.f, and P at the point of flow choking (upstream is with reference to
the mass average velocity, v). This solution is used as d boundary con-
dition so that the upstream solution is decoupled from the downstream
conditions. If M e xp on any time step is less than unity, then the pro-
cess is reversed and the flow is calculated as in the normal unchnked case.



3. NONEQUILIBRIUM EFFECTS

The effect of a nonequilibrium mass transfer rate is not included in
the RELAP5 choked flow criterion at present due to the fact that a
relaxation-type vapor generation model is used. In particular, a differ-
ential model for the vapor generation terms, such as is the case for
equilibrium, is necessary in order for the nonequilibrium effects to be
reflected in the choking analysis (algebraic relaxation models appear in
the analysis as nondifferential source terms). A relaxation model cor-
rectly predicts transient nonequi1ibrium effects in the finite differ-
ence hydrodynamic model, but does not enter into the characteristic
analysis. The effect of nonequi1ibrium mass transfer rate on the critical
flow criterion has been investigated emperically. Both the equilibrium
and frozen interphase mass transfer models have been used to predict the
results of pipe blowdown experiments, wherein the discharge flow is choked
and pipe internal pressures are known functions of time. It was found
that the choking model, in which thermal equilibrium is assumed to exist,
agrees well with data while the frozen model predicts blowdown to occur in
about half the actual time.

4. EXTENSION OF THE CHOKING CRITERION TO SUBCOOLED CONDITIONS

The previous analysis assumed that two-phase conditions existed
throughout the break flow process. However, for some conditions of inter-
est, the flow approaching the break, or nozzle, will be subcooled liquid,
and under most conditions of interest in LWR system blowdown, the fluid
undergoes a phase change at the break. The transition from single-phase
to two-phase flow is accompanied by a discontinuous change in the fluid
bulk modulus. This is especially true for the liquid to liquid-vapor
transition. For example, at a pressure of 600 kPa the ratio of the
single-phase to two-phase sound speed at the liquid boundary is 339.4.
Thus considerable care must be exercised when analyzing a flow having
transitions to or from a pure phase (a discontinuity is also present at
the vapor boundary, but the ratio is near unity).

To obtain a feeling for the physical process which occurs for sub-
cooled upstream conditions, consider the flow through a converging-
diverging nozzle connected to an upstream plenum with subcooled water at a
high pressure. For a downstream pressure only slightly lower than the
upstream pressure, subcooled liquid flow may exist throughout the nozzle.
Under these conditions, the flow can be analyzed using a modified
Bernoulli equation which predicts a minimum prssure, Pj., at the throat.
As the downstream pressure is lowered further, a point is reached where
the throat pressure equals the local saturation pressure, Psat- If the
downstream pressure is lowered further, vaporization will take place at
the throat. When this happens, the fluid sound speed lowers drastically,
but continuity considerations dictate that the velocity, v*., of the
two-phase mixture (at the point of miniscale void fraction) just equals
the velocity of the subcooled water slightly upstream of the throat. When
this occurs, v^ in the subcooled region is less than the water sound
speed, but in the two-phase region, vt can be greater than the two-phase



sound speed. Hence, the subcooled water has a Mach number less than one,
whereas the two-phase mixture at the throat has a Mach number greater than
one. Under these conditions (that is, Mach numbers greater than one in
the two-phase region) downstream pressure effects are not propagated
upstream, and thus the flow is choked. In addition, the velocity will
increase and the pressure will drop as the supersonic two-phase fluid
expands in the diverging section (transition back to subsonic flow could
occur in the nozzle as a result of a shock wave). This choked condition
is illustrated as Case a in Figure 1. Contrary to the usual single-phase
choked flow in a converging-diverging nozzle, there is no point in the
flow field where the Mach number equals one. This is because the fluid
undergoes a discontinuous change in sound speed from the single-phase
subcooled conditions to the two-phase condition even though the fluid
properties are continuous through the transition point. The flow rate
when this condition prevails can be established from application of a
modified Bernoulli equation. For further decrease in the downstream
pressure, no further increase in upstream fluid velocity will occur as
long as the upstream conditions are maintained constant.

Now consider the process where a subcooled choked flow as just
described initially exists (with a very low downstream pressure) and the
upstream pressure is lowered. As the upstream pressure is decreased, the
pressure at the throat will remain at Psaj- and application of a modified
Bernoulli equation will predict a smaller subcooled water velocity, v̂ -,
at the throat. As PUp is lowered further, a point is reached where
v̂ . = a^, and thus M = 1 on the two-phase side of the throat (the Mach
number in the subcooled portion upstream of the throat is less than one).
This situation is illustrated schematically as Case b in Figure 1.

As the upstream pressure is lowered further, the point at which the
pressure reaches Psat must move upstream of the throat (see Figure 1,
Case c). In this case, the subcooled water velocity at the Psat
location is smaller than the two-phase sound speed and the flow is sub-
sonic. In the two-phase region between the point at which Psat is
reached and the throat, the Mach number is less than one, but increases to
unity at the throat, that is, the two-phase sonic velocity is reached at
the throat (just as in the case of choked two-phase flow having a con-
tinuous variation of sound speed with pressure). As the upstream pressure
is lowered still further, the point at which the pressure is equal to

moves upstream until the flow becomes completely two-phase.

The homogeneous assumption applied in the subcooled choking descrip-
tion is very close to the real situation when vapor is first being
formed. However, nonequilibrium can result in the throat pressure being
significantly less than the saturation pressure of the fluid. This
nonequilibrium effect may be accounted for empirically by specifying the
ratio of the throat pressure at the onset of vaporization to the local
saturation pressure.

The choked velocity, based upon the process depicted in Figure 1,
Case a and assuming Pt = Psat, can be calculated by applying
Bernoulli's equation, that is,
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Case a Case b Case c

I'sat

(Pup-PSat)/P

Pup

Psat
\

M :

M < 1 M > 1

=N/2(Pup-Psat)/p = a H E Vt = a H E

INEL-A-13 835

FIG. 1. THREE CASES OF CHOKED SUBCOOLED NONHOMOGENEOUS EQUILIBRIUM
NOZZLE FLOW
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For the process depicted in Figure 1, Case b and Case c,

vc = a (17)

and the RELAP5 two-phase choked flow criterion applies.

To determine which of the above situations exists, both vc's are
calculated and the larger (that is, the larger mass discharge rate) is
used as the choked velocity to be imposed at the throat. This velocity is
imposed numerically at the throat in exactly the same manner as the
choking criterion used for the two-phase condition, which was described in
the previous section.

The RELAP5 subcooled choking model is very similar to models proposed
by BurnelllT] and Moody PO; however, the criterion for transition from
subcooled choking to two-phase choking is now more fully understood and is
in agreement with the physics of two-phase flow. The model proposed here
is also in agreement with cavitating venturi experience, that is, experi-
mentally confirmed behavior.

IV. RELAP5 SIMULATION OF MARVIKEN III TEST 4

The RELAP5 code was used to simulate the Marviken III Test 4 in order
to evaluate the ability of the code to predict the hydrodynamic behavior
of a large scale test. Simulation of the test allows evaluation of the
RELAP5 choked flow model under conditions that are comparable to those
expected in an LWR during a postulated LOCA.

1. BRIEF DESCRIPTION OF MARVIKEN III TEST 4

The purpose of the Marviken III Test 4 a was to establish choked
flow rate data for a large scale nozzle with subcooled and low quality
water conditions at the nozzle inlet. Schematics of the pressure vessel,
discharge pipe, and test nozzle are shown in Figure 2. The pressure
vessel was initially filled with water to an elevation of 16.8 m above the
discharge pipe inlet. The stream dome above the water level was saturated
at 4.94 MPa. The water for about 6 m below the water level was at nearly
saturation conditions. Below the saturated fluid, after a small tran-
sition zone, the water was subcooled by about 30 K. The initial temper-
ature profile is also shown in Figure 2.

Highlights of the results of Test 4 a included:

a. This test is one in a series of tests performed as a multinational
project at the Marviken Power Station by A B ATOMENERGI SWEDEN. The
test results are reported by Ericson, L., et al in "Interim Report
Results from Test 4," MXC-204, May 1979.
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Marviken III vessel RELAP5 nodalization Initial temperature profile

16.800 m 20.290 m

Discharge pipe

Test nozzle

521
522
523
524

I—1525

TT527
D 528

501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520

507 536
Temperature (K)

INEL-A-13 836

FIG. 2. MARVIKEN III TEST 4 VESSEL SCHEMATIC, RELAP5 NODALIZATION, AND
INITIAL TEMPERATURE PROFILE
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1. The existence of subcooled conditions at the nozzle inlet
for 17 s. The initial subcooling at the nozzle inlet was
60 K but dropped to about 35 K during the first 0.5 s and
thereafter decreased until saturated conditions occurred
at 17 s. Two-phase flow was present at the nozzle inlet
during the next 30 s.

2. The flow rates evaluated by independent methods agreed
within 5% during the subcooled period.

3. A positive pressure gradient (pressure increasing down-
stream) was observed in the nozzle which can be inter-
preted as a flow separation at the entrance of the test
section.

2. RELAP5 MODEL

The nodalization used for the numerical simulation is illustrated in
Figure 2. A nearly uniform cell length (̂ 1 m) was used everywhere. No
special nodalization was used in the nozzle region. This was possible
because RELAP5 includes an analytical choking criterion which is applied
at the throat of the nozzle. The model included heat transfer from the
walls.

3. CALCULATED RESULTS

The calculated blowdown transient was simulated by opening the dis-
charge pipe outlet to the ambient pressure. The measured data consisted
of pressures, differential pressures, temperatures, and mass discharge
rates inferred from pilot-static pressure data. Corresponding values were
calculated and comparisons are shown in Figures 3 through 7, Figures 3,
4, and 5 show the pressure histories at the vessel top, vessel bottom, and
nozzle inlet, respectively. Except for an initial nonequilibriiim under-
shoot (at < 3 s after rupture) the depressurization process was essen-
tially in equilibrium. The calculated blowdown rate was in agreement with
the system blowdown rate, and since the depressurization rate was con-
trolled by the break mass flow, the fact that the pressure profiles were
in agreement demonstrates that the discharge flow was modeled accurately.
The experimenters indicated that there may have been some separation at
the nozzle entranced For this reason, two calculations were made: one
with no area reduction and another with a 5% area reduction at the nozzle
inlet. The results with the 5% area reduction were in slightly better
agreement with the test data, and the results reported herein are for this
case. The blowdown transient was calculated both with and without heat
transfer from the vessel walls, and no significant difference was obtain-
ed. All results presented herein are for the case without heat transfer.

a. Refer to page 11 footnote a.
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Figure 6 shows the temperature calculation at the nozzle entrance.
Both the saturation (vapor) temperature and liquid temperature are shown
overlayed on the test data. The point at which the liquid temperature is
equal to the saturation temperature is the time at which the local fluid
became a saturated low quality two-phase mixture. This transition
occurred at about the same time in the calculations as in the test data,
thus indicating an accurate tracking of the energy profile.

Figure 7 shows a comparison of discharge flow rates. The mass flow
rates were not directly measured, but derived by the experimenters from
pressure measurements.3 Two methods were used: (a) pilot-static
measurements in the discharge pipe were used to define a local velocity
profile from which the mass discharge was calculated and (b) flow rates
were also derived using the vessel differential pressure meaurements and
calculating the time rate of change of mass in the vessel. The clear
transition from subcooled to two-phase critical flow is shown both in the
test data and in the calculations at about 17 to 20 s after rupture in
Figure 7. This transition is also shown in Figure 6 in the temperature
profile at the nozzle entrance, where at about 20 s after rupture the
inlet changes from subco^led water to a saturated two-phase mixture. This
was reflected in the numerical calculations as the code automatically
switched from the subcooled choked flow criterion to the two-phase
criterion.

V. CONCLUSIONS

Comparison of the PELAP5 calculations with the Marviken III Test 4
provided a good evaluation of the ability of a two-phase thermal-hydraulic
model to correctly predict mass discharge rates under choked flow condi-
tions at large scale. Comparison of the RELAP5 model calculations to the
test data indicate that the assumption of thermal equilibrium with respect
to the onset of vaporization gave good agreement with the test data.
Additional tests, where nonequilibrium effects are more significant are
necessary to define the limits of validity for the equilibrium assumption.

The comparison of the RELAP5 calculation results to the test data
dearly indicate the system, and particularly the choked discharge rate,
is properly modeled both in the subcooled and low quality flow regimes.
This has been accomplished without recourse to fine spatial nodalization.

The ability of the RELAP5 model to simulate the mixture level and
sharp energy gradients without recourse to special assumptions, interface
tracking models, or fine nodalization is also demonstrated.

a. Refer to page 11 footnote a.
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