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by

M. S. Sahota and J. F. Lime
Safety Code Development Group

Energy Division
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

The two-phase, two-component choked-flow model
implemented $n the latest version of the Transient Reactor
Analysis Code (TRAC-PF1) was developed from first principles
using the characteristic analysis approach. The subcooled
choked-flow model in TRAC-PF1 is a modified form of the
Burnell model. In this paper we discuss these choked-flow
models and their implementation in TRAC-PF1. Comparisons
using the TRAC-PF1 choked-flow models are made with the
Burnell model for eubcooled flow and with the
homogeneous-equilibrium model (HEM) for two-phase flow.
These comparisons agree well under homogeneous conditions.
Generally good agreements have been obtained between the
TFu#C-PFlresults from ❑odels using the choking criteria and
those using a fine mesh (natural choking). Code-data
comparisons between the separate-effects tests of the
Marviken facility and the EdwardF’ blowdown exper~ment also
are favorable. /
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Subscripts

a = air (noncondensable gas)
c! = cell center
e = cell edge

= gas (air-vapor mixture)
~E = homogeneous equilibrium
i = characteristic index
2 = liquid
n! = air-vapor-liquid mixture
max = maximum
re = real part of a complex number
s = satl$ration
v = water vapor

Superscripts

n = time level
= vector

I. INTRODUCTION

The Transient Reactor Analysis Code (TRAC) is an advanced best-estimatz

systems code for analyzing postulated accidents in light-water reactors. The

latest released version of the code, TRAC-PF1 (Ref. 1), provides this analysis

capability for pressurized-water reactors (PWRS) and for a wide variety of

thermal-hydraulic experimental facilities.

Because the TRAC-PF1 fluid-dynamics equations for one-d~mensional

components use a multistep procedure that allows the material Courant conditiou

to be violated, the choking calculations can be do~e simply by using a

sufficiently fine mesh for component!:with smooth area changes. Hc)wever,the

TRAC-PF1 quasi-steady choked-flow model saves computational time because it

allows a much coarser mesh. For components with abrupt area ckange~$ a

one-dimensional fine mesh can cause erl’oneousnatural-choking rsaults. For All

nuch cases, a separa~e choking mt)delis almc)r~t a necessity. ThuB, o choking

model not.only improves computational efficiency hut also account~ for effectr;

such aa sharp area chnnges, ~urface roughneRs, and three-dimensional modeling,

etc.

Section 11 deRcribe& the TRAC-PF1 choked-flow model. S{?ctjon 111

compares this rriodrlw~tlI other conventional models and the experimentt~ldat~~.

Section IV di:,cu~~esthe import.nntconclufiinnfi.
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11. MODEL

A. Two-Phase-Flow Choking Criterion

The TRAC-PF1 two-phase choking model is an extension of one devGloped by

~1’ISOL and Trapp2 that incorporates an additional inert gas couponent. Aa

suggested by Ransom and Trapp, we assume that thermal equilibrium exists

between t},?phases. The validity of this assumption has not been investigated

in the presence of an inert gas. However, this assumption Is not an inherent

feature of the TR4C-PF1 model and can be changed tasily, if necessary.

The two-fluid flow field under thermal equilibrium is described by the

inert gas continuity equation, the overall cmtinuity equation, two phaslc

momentum equations, and the mixture energy equation. When the nondifferential

source terms are omitted (because they do not enter into cllaracterjstic

analysis), the equations are

.& (aPa) ++ (apaVg) = O ,

2+a’JJ”o ‘

av aVg avk
+ Ca(l - av:]-o ,a)Pm[-&+ ‘g=- ~ - Vg .7X

avg avg avg
+ Ca(l - avg] -0 ,-’R-&-a)Pm[~ + ‘U ZK

--K

and

(1)

(2)

(3)

(.4)

(5)
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The last terms in Eqs. (3) and (4) represent Interphasic force terms caused by

relative accelerating. These terms are discussed in detail in Refs. 3 and 4.

Following Ransom and Trapp’s formulation, the energy equation is written in the

form of the mixture specific entropy that is ccmsewed for adiabatic flow

(neglecting irreversibilities associated with interphasic mass transfer and

relative phase acceleration). However, no basic difficulty ID the analyfiisis

experienced if the mixture energy equation is written in terns of the internzl

energy or the enthalpy.

In the thermal-equilibrium case, ‘as Pv9 Pgs sa$ Sv, and S1 are known

functions of pa and pv. If we assume that Dalton’s law of partial pressures

applies, Eqs. (l)-(5) can be mitten in terms of the five unknowns pa, pv, a,

vg, and VI. The matrix representation of these equations is

—

A(ij): +B(ti)#=O ‘ (6)

where :he vecto~ U consists of pa, pv, ~,
‘8‘

and Vt. Thf? characteristic

roots, i,, of the above system of equations are defined as the ro~ts of :~e

fifth-order polynomial,

det(A~+B)=O. (7)

Choking occurs when the signal propaga:lng with the largest velocity relative

to the fluid is stationary; that is, Ai,re,max = O. Equation 7 is extremely

difficult to solve Analytically. Thus, TRAO-PF1 obtains the characteristic

root~ of Eq. (7) numerically. This method advantageou[~lymaintains generality

and facilitates computations uridcr different assumptions. The next three

paragraphs describe the calculational sequence for the TIUC-PFl two-phase

chokin~ criterion.

1. Equatlcn (7) for its solution requires pa, pv, Q, pa, pv, pl, Sa, Sv,

s~l and tiwir derivatives to be epecified at the cell edge where the choking

criterion is applied. However, these quantities are known only at the cell

center. Direct use of the cell-center quantities yields erroneous results
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caused by the presence of steep gradients near the choking

an estimate of the thermodynamic state at the cell edge is

accomplished by assuming a constant entropy process between

plane. Therefore,

necessary. This is

the cell center and

the cell edge am! by iterating for the cell-edge pressure to maximize the mass

flux [a classical technique used in generating the homogeneous-equilibrium-

raodel (HEM) tables]. In addition to the thermodynamic state at the cell edge,

the foregoing technique also gives the homogeneous-equilibrium sound speed,

aHEs that is used as a first estimate for the largest characteristic r?ot.

(When the nonhomogeneous effects are not dominant, the desired root is close to

the homogeneous-equilibriumsound speed.)

2. By maintaiLling a constant phase slip (vg/vg)s Eq. (7) yields

intermediate time-level values of V~l/2 and V~112, so that Ai re max = O.

n+l/2, then IS compa~ed’with theThe intermediate time-level mixture velocity, Vm

current value of the mixture velocity Vm. Tf V:+l/z < vm, the flow is choked.

Vn+l/2 and V~l/23. By using Vg End VE when the flow is unchoked or ~

when the flow is choked, the TRAC hydrodynamic equations are solveti. Their

solotion gives new time-step vaiues, V~+l and V~l.

n. S,jbcooledFlow ~oking Criterion

During the subcooled blowdown phase, the fluid undergoes a phase change

at the b:eak because the containment pressure is much less than the saturation

pressure corresponding to the system fluid temperature. l%us, the choking

velocity can be calculated using the Burnell model until a point is reached

when the system pressure Ie so lw~ that the cell-edge velocity, VI, is less

than the homogeneous-equilibrium sound speed, aHE. The subcooled choking

criterion, therefore, is given by the maximum c!fthe Burnell expression and the

homogeneous-equilibrium sound speed. Thus,

2(pc - pe) ~/2Vfl- max {aH~, [v: + -——1 1 *
‘m

(8)

where the cell-edge pressum$ Pe) can be considerably lower than the saturation

pressure, PB, because of thermal nonequfl~hrium caused by fast transients. A

nucleation delay model developed by Jones5 hau been implemented in TK.AC-PF1.

This mor!elgives (ps - pe).
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The calculational sequence is similar .O that for the two-phase model.

The homogeneous-equilibrium sound speed is calculated by maximizing the mass

flux, as described in Sec. 11.A. ltIeonly unknown is the liquid-phase choking
n+l/2.velocity that is aet explicitly using Eq. (8), which gives VR

III. RESULTS

In Sec. 111.A, the TRAC-PFI calculated results are compared with other

conventional models under approximately homogeneous conditions to investigate

t$e validity of the TRAC model under such conditions. Comparisons of the

TRAC-PF1 choking calculations wi:h models using fine mesh and the experimental

data from some separate-effects facilities are given in Sec. 111.B.

A. Comparisons with Other Models

The primary requirement for an acclrate choked-flow model is that it

yield results that are close to the homogeneous-equilibrium calculations when

the flow approaches such a limit, because the nonhomogeneous effects are only
of secondary importance in most situations. Therefore, the

homogeneous-equilibrium cound speed calculated by TR4C-P??lshould agree with

the true sound speed. Figure 1 shows a comparison of the

homogeneous-equilibrium sound speed calculated by TRAC-PF1 with that obtained

from the tables of D. G. Ha116 for different void fractions at 56&K saturation

temperature. The agreement between the calculations and the tables is

excellent.

Figure 2 compares the TKAC-PF1 subcooled critical flow to the Burnell

model and the HEM for stagnation pressures ranging from 7.1 MPa (saturated

liquid) to 15.0 M.Pa(subcooled liquid) at a constant 560-K temperature. The

Burnell model is the modified-Burnell model from RELAP4/MOP6, (Ref. 7) that

accounts for nucleation delay by an empirical expression, The HEM mass flux

represents a lower limit on the mass flux. As desired, the TRAC-PF1 model

calculations give re~ults that are similar to those for the Burnell model. The

minor discrepancy bl$tween the TRAC-PF1 ct~oked-flow and the Burnell models

primarily is caused by the difference in the nucleation-delay nrodela.

Figure 3 compares the TRAC-PF1 two-pha6e c~itical-flow model calculations

with tht! HEM data nt 5b0-K saturation temperature. The agreement again is

good. T%e TRAC-PF1 calculations differ from the HEM dpta becauae the

nonhomogenroug vffect~ ar~ not accounted for in the HEM. LarHer differences
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Comparison of the two-phase critical mass fluxes for the TIUIC-PF1calculations
and the HEM tables.

between the results obtai~ed from the two models

phasic velocities differ. (The flow upstream

stagnant for this calculation.)

are expected

of the break

when the upstream

was assumed to be

B. Comparisons with Fine-Mesh Calculations and the Experimental Data

A true test of the accuracy of a choking model i!;its ability to predict

results similar to those obtained using an extremely fine mesh (natural

choking) for geometries with smooth area changes. Therefore, the TRAC-PF1

choking calculations are compared with the fi~e-mesh results and the

experimental data from Tests 4 (Ref. 8) and 24 (Ref. 9) of the Marviken test

facility and the Edwards’ blowdown experiment.10

1. Marviken Test Facility. The Marviken full-scale critical-flow tests

assess the ability of computer codes to predict large pressure-vessel

blowdowns. The four major components cf this facility are a pressure vessel,

originally designed to be part of the Marvtken nuclear power plant; a discharge

pipe; a test nozzle wi~h the minimum flow area in the system; and a

rupture-disk assembly. Figure 4 shows the vessel that still includes part of

the core superstructure and the moderator tank plus three gratings installed to
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eliminate vortex formation. Figure 5 shows the other compcnents. All

elevations in both figures are measured relative to the vessel bottom.

Pressure and temperature transducers are located along the vessel and the

discharge pipe, as shown in Figs. 4 and 5. The signals from the varic,l!s

transducers are processed through a signal-conditioning unit with its chann(1s

connected to a pulse-code-modulation system.

Before a test is ruu, the vessel Is partially filled with deionized water

and hea~ed by removing water from the vessel bottom, passing it through an

electric heater, and returning it to the steam dome at the vessel top. This

procedure produces a complicated Inftial temperature distribution in the

vessel. A saturated steam dome fjlls the vessel region above the initial water

level. The test is initiated by releasing the rupture disks and terminated by

closing a ball valve in the discharge pipe. Marviken Tests 4 and 24

specifically were chosen because Test 4 had the longest nozzle and Test 24 had

the shortest nozzle in the entire test series. The TRAC model for Marviken

Tests 4 and 24 included four components. A zero-velocity FILL component

modeled the vessel upper boundary. A PIPE component modeled the vessel above

2.6 m, including the maximum diameter region plus the top cupola. Another PIPE

component modeled the lower part of the vessel, the discharge pipe, the nozzle>

and the rupture /!{skassembly. A BREAK component provided a pressure boundary

condition at the rupture-disk-assembly lower boundary. Nor the fine-noding

cases, the nozzies were modeled with 30 cells (15 in the converging section and

15 in the straight portion with a Animum cell length of 0.025 m) for Test 4

and 12 cells (5 in the converging section ~nd 7 in the straight portion with a

minimum cell length of 0.02 m) for Test 24. When using the choked-flow model,

the nozzl~s in both tests were modeled by only two cells, one in the convergiIg

section ~~nd the other one simulating the entire straight section, with the

choked-flow model invoked at the downstream edge of the second cell.

Figure 6 shows the TRAC mass flows using the choking model and the fine

noding compared with the experimental flows derived from velocity

(pitot-statfc) and vessel differential-pressure measurements. The pitot-static

data curve 1s valid throughout the transient, whereas the vessel

differential-p~?seure curve is valid only after -5 s. The choking calcul~tion

gives almost identical resuits to those for the fine-mesh case. Both the

choked-flow and the fine-meGh calculations also agree well with the
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experimental data and the TRAC-PF1

Tlmo (s)

Fig. 6.
flows for Marviken Test 4 between the
models using fine-mesh and choking criteria.

experimental data except during the subcooled blowdown phase when the mass flow

is underpredicted by an average of ‘Q?.

Figure 7 shows the maas flows for Test 24. The agreement between the

choking calculation and the result~ obtained from the fine-mesh cage is not as

goGd as for Test 4. T’hisdiscrepancy is attributed to the predominance of

nonequilibrlum effects between the phases caused by the short nozzle length.

These nonequilibrium effeccs are not modeled in the ‘1’KAC-PF1 choking

calculation. (The straight suctions of the nozzles for Te8ts 4 and 24,

respectively, were 1.5 and 0.166 m long with length-t~diaueter ratios of 2.95

and 0.33.)

To ivvcstigllte the importance of nonequilibrfum effects in Test 24, n

sensitivity ru~lwas made by mc,vingthe choking plane from the downstream to LIIC

upstream edge of the straight uection. ‘fhigis approximately equivalent to

makinf; the “frozen” assumption in the straight eection Inetead of the

thermnl-?quil.Lrium assumption. Fiq~re H ehow~ the curve for the new

calculation, where the mass flow usin~ the choking model iR now overpredicted

compared to t}leflow from the fine-menh reBult~. Thc’as~umptiun thnt thermal
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at the upstream ed~e of the nozzle otralght section.
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equilibrium exists between the phases even in the absence of a noncondensable

gas may not be valid under all situations.

2. Edwards’ Blowdown Experiment. The Edwards’ horizontal-pipe blowdown

experiment studied depressurlzatlon phenomena of initially nonflowing subcooled

water. The experimental apparatus consisted of a 4.096-rn-long,straight, steel

pipe with a 0.073- inside diameter. The apparatus was designed for a maximum

17.24-MPa pressure at temperatures to 616.5 K. ‘he discharge end of the

horizontal pipe was sealed with a 0.0127--thick glass disk.

The pipe W?S filled with demineralized water; a hydraulic pump and a

control valve regulated the system pressure. The pipe was evacuated by a

vacuum pump before filling it with water. Before rupturing the glass disk, the

pipe was isolated from the supply tank to prevent the discharge of cold water

into the pipe during blowdown. Pressure transducers were located at gauge

stations GS-1 to GS-7 and a temperature transducer was located at GS-5

(Fig. 9)0 Also provided at GS-5 were two aluminum alloy disk windows for

transient void-fraction measurements, using an x-ray absorption system. The

pipe was insulated and heated electrically. The operating procedure required

that degassed water completely fill the pipe. The pipe was pressurized cold to

-25% above the initial depressurizatlon 7-MPa test pressure and checked for

-+
s“? GS”GGS-5 6s”4 Gs-s GS-2GS”I

H -~. i T*EA D i 1-CIBIA 1

1

Fi~. 9.
Schcmaf.ic of Edward&’ horizonttil-pipe blowdown experiment (adapted from
Ref. 1(.)).
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leaks. Next, the pressure was reduced to 3.45 MPa and heat was applied

gradually for -1.5 h. During the heating of the water, the system pressure was

maintained at -3.45 MPa above the saturation pressure to prevent liquid

flashing. The temperature variation along the pipe was limited by adjusting

the voltage control for each heater. The system initially was brought to an

approximately uniform 515-K temperature and 7-MPa pressure. Because the

isolating valve between the pipe and stora2e tank closed, the glass disk

ruptured and the data were recorded automatically.

The TRAC model consisted of a zero-velocity FILL component to simulate

the closed end of the pipe, two PIPE components coupled in series, and a BREAK

component. Near the discharge end of the pipe, the minimum cell lengths were

0.00509 m for the fine-mesh case, and 0.17325 m for the choked-flow model. The

choking model was invoked at the discharge end, which had the minimum

cross-sectional area in the system.

Figure 10 shows the pressure histories near the middle of the pipe

(GS-4). The agreement between the choking a~d the fine-mech calculations again

. .
00 01 9.2 O.J O,J O.b

limo (s)

J....
0.6

FiR. 10.
Pressure hi~tor$ comparison for Edward~’ blowdown experiment between the
experimental data and TKAC-PF1 calculation using fine-me~h arid choking

criteria.
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is good with the choking calculational results being closer to the data than

the fine-mesh results.

Iv. CONCLUSIONS

Ihe two-phas~, two-component choked-flow model implemented in TRAC-PF1

was developed from first principles with a minimal amount of empiricism. The

model assumes that thermal equilibrium exists between the phases in the

presence or mbsence of an inert gas. The eigenvalues for the system of coupled

differential equations are obtained numerically= This 6ene~ality gives the

user the freedom to investigate and incorporate differential equations derived

under different assumptions. The model yieltiE results similar to thosz

obtained using a fine mesh for components with smooth area changes. However,

the quantitative agreement with the fine-mesh calculations is deficient for

Marviken Test 24, which has a short n>zzle, becallsethe equilibrium assumption

may be improper in that case. The results also compare well with other

conventional models (the modifitd Burnell and the HEM). A good mass flow

comparison between the TRAC-PF1 two-phase model and the HEM was obtained

because the upstream fluid was stagnant, which gives minimal nonhomogeneous

effects. However, for other two-phace situations, where the upstream liquid

and “apor velaciLies differ significantly from each other, the nonhomogeneol~s

effects may be very important. Comparisons of the TRAC-PFI calculations wit~,

the data from the separate-effects Marviken tests and Edwards’ blowdown

experiment L181,were favorable.

Next, the choked-flow comparisons with the air-water experime~tal dntu

from facilities such as Moby Dick will be made to investigate the validity of

the therms)-equilibrium assumption in the presence of a noncondcnsable gas. It

is suspected that the equilibrimn nNsumpticn In this caoe may be even more

restrictive than thau in the abaence of a none.ondentiahle gAu. Ihlrtlh!!r

comparisons with the data In the absence of a none.onden~able gaq al~o arc

needed to explore fully the applicability of the model. If a frozen model ts

found to predict the results of the experimental data morn accurately in a

number of situations, it alBc~will be implemented in TRAC-PF1.
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