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The ob‘ stive of this study was to compare four critical flow
models and a Bernoulli mass flux expression to separate effects
critical flow data from Semiscale and t"e General Electric Company.

Critical flow multipliers were determined empirically from the

comparisons. e sensitiviti i e critical flow multipliers

to fluid stagnation conditions and flow duct geometry were also

investigated. The root-mean-square deviation of the calculated

critical flow from the data is presented.




SUMMARY

The objective of the study was to compare four critical flow models
and a Bernoulli mass flux expression to separate effects critical flow
data from Semiscale and the General Electric Company. The critical flow
models were the HEM (homogeneous equilibrium model), the Henry-Fauske
model, the Moditied Burnell model, and the Bernoulli/HEM. The data
comparisons permitted the empirical determination of critical flow
multipliers for each model and root-mean-square deviations, or accuracies,
of the riodel from the data. The sensitivities of the critical flow
multipliers to fluid stagnation conditions and flow duct geometry were

investigated.

The flow ducts from which the data were obtained included the
following:
1. Converging-diverging nozzies with throat diameters
from 0.43 to 2.45 centimeters.
2. Tubes with a 1.27 centimeter diameter, from 0 to
63.5 centimeters long.
3. An orifice with a 1.27 centimeter diameter.
The fluid stagnation conditions varied from 3000 to 13000 kPa and from
70 K subcooled to 50% quality.

several significant conclusions were drawn from the results of the

study. The Bernoulli/HEM model with appropriate multipliers produced the

best predictions of critical flow rates in nozzles and orifices.
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The Henry-Fauske model with associated multipliers demonstrated the most
consistent accuracy in predicting critical flow rates in tubes for
subcooled and low quality (less than 2%) saturated stagnation conditions;
however, the multiplier values applicable to the subcooled and 1nw
quality regimes differed significantly. The HEM with an associated
multiplier best predicted critical flow rates in a tube at higher
stagnation qualities. These models in general produced critical flow

rates within £10% of the measured values.

The results of the study indicated that of the models currently
available in RELAP4, the Henry-Fauske/HEM combination critical flow model
is the most generally applicable. This conclusion is based on the
individual performance of the Henry-Fauske model for subcooled stagnation
conditions and the HEM for saturated stagnation conditions with qualities
greater than 2%. The performance of the combination modeis Henry-Fauske/HEM
and Modified Burnell/HEM was not assessed for transition qualities from
0 to 2%. The performance at transition conditions has a significant
effect on the selection of a critical flow model for cases in which
transition qualities exist for extended periods. Calculational accuracies
better than those exhibited by the Henry-Fauske/HEM may be achieved by
using the information presented in this report to select an appropriate

critical flow model for a specific flow situation.



NOMENCLATURE

Description

Area or
Critical
Semiscaie nozzle
tap number one
Semiscale nozzle
tap number two
Semiscale nozzle
tap number three
Semiscale nozzle
tap number four
Semiscale broken
measurement
Semis:zale broken
measurement

Mass flux
Semiscale broken
Semiscale broken
Root-mean-square
Subcooled
Saturated
Semiscale broken
Vertical

Void fraction

upstream area

flow multiplier

throat static pressure,

throat

throat

1
|

00p

lcop

static pressure,

static

pressure,

static pressure,

arag disk

turbine flowmeter

density

pressure

temperature




t

5Epyrﬁcri0(s

Diameter cm
Length cm
Mass kg
Pressure kPa
lime after rupture S
Mass flow rate kg/s
; 2,
specifc volume " /kg
Mass quality (mass of vapor/mass of
mixture), or universal quality [(v-vy(p))/
(vv(D) = vy (p))]. These definitions are
consistent for 0<x<1.0.
Orifice diameter ratio, d 4.
orif’ “pipe
Percent deviation, 100(w =-w_')/w_ '
m C C
. , 3
Density Kg/m

Root-mean-square deviation

Description

Subscripts

Value calculated using a critical flow
multiplier

Critical value or chocked condition

Qescription

Ber

Bernoulli
Calculated

Exit, conditions near the exit of the tubul

51}

"
flow passages

Homogeneous equilibrium model




2 Saturated liquid

m Measured

0 Stagnation

orif Orifice

nipe Pipe

thor T Condition at the throat, minimum

area point, or tube exit
trans Transition

v Saturated vapor
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EMPIRICALLY BASED MODELING
TECHNIQUES FOR PREDICTING

FLOW RATES IN M

An analytical model of critical flow phenomena is required in the
computer model of a water cooled reactor system. LOCA (loss of ccolant
accident) experiments have shown that core thermal response is quite
sensitive to the break flow rates. Therefore, reactor safety analyses
require accurate prediction of the break flow rates. The critical flow
study reported in Reference 1 showed that break flow rates duri
LOCA transient are dependeant or fluid conditions and flow path
Different critical flow models were required when the stagnatio
conditions were subcooled, saturated with little quality
with appreciable quality.
from unity can be required to obtain gocd agreement bétween

and calculated break flow rates when choking occurs

r -
|
L&

' is used to calculate the response of a

The RELAP4 computer code
watar cooled reactor systen during a LOCA transient. Critical flow
nodeling permits a combination of two critical flow model
break flow rates during the course of the transient.

critical flow multipliers may be

*itical flow model and is




calculated with that particular model. Transition from one model to the
other occurs over a stagnation quality range from zero to a user specified

upper bound, Xo
trans

The purpose of this report was to take the first step in establishing
an empiricu| basis for the selection of RELAP4 critical flow moceling
options and to asses~ the accuracy of critical flow calculations. This
effort is part of a procedure for determininy critical flow modeling
techniques appl‘cable to a wide range of fluid conditions and to various
flow passage geometries up to full scale. Because of the lack of large
scale critical flow data, data from relatively small scale exneriments
(choked cross section diameters on the order of 1.3 centimeters), in
which choking occurred in tubes, nozzles, and orifices, were assembled in
a data base for thic study. These types o1 flow passages are typical
of break simulators in LOCA experiments and of postulatea break configu-
rations for a full scale reactor. The approach taken in this report was
to determine critical flow .ultipliers for each model which would produce
the best cgreement between measured and calculated mass flow rates for
geach test. The fundamental capability of the ciitical flow models to
predict simultaneously both the critical flow rate and the thermodynamic
state at the choke point was not evaluated. A first level evaluation of
the calculational accuracy of tk: critical flow modeis and their associated
multipliers assessed the accuracy with which the measured critical flow
rates in the data base could be predicted. This evaluation allowed
identification of the model(s) best suited for modeling critical flow

rates in each of the three types of flow passages.



The dependence of the critical  ow multipliers and calculational
accuracies on the range of the stagnation conditions was evaluated. The
dependence of the critical flow multiplier and accuracy on geometric
parameters was also uetermined. Information was thus made aviilable
to guide the selection of options necessary for predicting critical flow

rates in a given flow situation.

The basic presentation of the results of the study are in the form
of tables which present critical flow multipliers and calculational
accuracies for each model for specific flow passages and ranges of
stagnation qualities. These tables are supplemented by a set of plots
which illustrate the variation in critical flow multipliers and calcula-
tional accuracies with variations in nondimensional geometric parameters.
Another table summarizes the effect of stagnation quality range on

multiplier and accuracy values.

Two appendices contain the basic data for determining the critical
flow multipliers, calculational accuracies, and associated sensitivities.
Direct comparisons between measured and calculated critical flow

parameters are presented in Appendix A as either time histories or as



functions of stagnation universal quality, xo[a]. Fluid properties 1.put
to the critical flow calculations are also presented in Appendix A in

the sam¢ format. The plots presented in Appendix B show the dependence
of critical flow multiplier and calculational accuracy on the range of

stagnation quality.

[a] Universal quality x is defined by the equation:
x = [ve-v(p)l, [v,.p) - v,(p)]
where v is the specific volume of the mixture, p is the state point

pressure, and the saturated 1iquid and vapor specific volumes (v2 and
¥y respectively) are defined by the state point pressure only.



IT. INVESTIGATIVE APPROACH

The study reported in this document was undertaken in two phases.
During the first phase, critical flow parameters were calculated using
four critical flow models and the Bernoulli mass flux expression[a] with
input data taken from a variety of experiments. The iatios of measured-
to-calculated mass flow rates generated during the first phase were used
as input for statistical analyses in the second phase of the study. The
approach taken in each phase is described in detail in the two subsections

that follow.

1. CRITICAL FLOW FARAMETER CALCULATIONS

Critical flow parameters were calculated using the following analytical

expressions:

1)  Homogeneous equilibrium model (HEM)

2) Henry-Fauske mode1!3]

3)  Modified Burnell mode1l®! (3]

4) Bernoulli/HEM mode1! !

5) Bernoulli mass flux expression with measured throat

pressure input.

(a] The Bernoulli mass flux expression is an inverted form of the
Bernoulli equation expressed as:

G = Jzoopo(%p/po),

where G is the mass flux, 0 is the stagnation density, and p is
the .tatic pressure, and pO is the stagnation pressure.




The homogeneous equilibrium, Henry-Fauske, and Modified Burnell criti-
cal flow models were used in performing the study because they are three
of the basic models which are used by the RELAP4[2] code, either separately
or in combination, to compute critical flow rates. The Bernoulli/HEM
critical flow model was used in performing the study because this model
produced critical pressures and flow rates in the best agreement with
measured values, a: reported in Reference 1. The Bernoulli mass flux
expression was used in performing the study because this expression 1s
used by the Henry-Fauske and Modified Burnell models when the stagnation
conditions are subcooled and because it was found in the study reported
in Reference 1 to produce mass flow rates having a constant ratio relation-
ship with measured mass flow rates when measured critical pressures were

used in the expression.

The assumptions used in tha derivation of the first three critical
flow models along with the principal equations for each are presented in
Appendix B of Reference 1. The Bernoulli/HEM model is a combination
critical flow model with which critical flow rates are calculated using
the Bernoulli mass flux expression when the stagnation conditions are
subcooled and the homogeneous 2quilibrium model when the stagnation
quality is greater than a selected transition quality. “he critical
flow rate calculated for stagnation qualities between 0 and x is
obtained by interpolating between the values calculated by thetzsgs

models at the same stagnation conditions. This interpolation is

expressed by the formula:
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where w are the mass flow rates calculated using the Bernoulli

Ber 9 YueM

. +4 14 and & "
and homogeneous equilibrium models, respectively; CBer and Chgm @re the

critical flow multipliers associated with the Bernoulli and homogeneous

equilibrium models, respectively; Xo is the stagnation quality; and

X, is the lowest stagnation quality at which mass flow rates are

trans
calculated using only the homogeneous equilibrium mode] The critical
pressure ratios used for computing critical flow rates using the Bernoulli
model were derived from a curve fit of throat-to-total pressure ratio ar
¢ function of stagnation universal quality, Xy This empirical relationship

was derived from data generated using a Semiscale break nozzle as described

in Reference )

The fifth method of calculating criti low rates was to use the
measured throat-to-tntal pressure ratio as input to the Bernoulli mass
flux expression along with the measured stagnation properties
should be noted that this method of calculation does not
critical flow model since it does not provide a method
the thermodynamic state at the criticail point. alculations ng this
method were made to evaluate the Bernoulli exp. ession characterization
of critical flow processes without having to account for possible errors

in predicting the thermodynamic state at the critical point,




The calculations of critical flow parameters were made by using a
special purpose computer program, MASFLO, in which the critical flow
models are coded. This program, which is described in Appendix A of
Reference 1, computes critical flow parameters for an input set of stag-
nation fluid properties. The calculations made for each stagnation
condition are independent of those made at other conditions; although,
output parameters may be temporarily related if input data are taken
from stagnation state histories as in the case of the Semiscale data.
Calculations made with a given set of input data are made using which-
ever critical flow model the user selects. Tabulated data are produced
which include the input stagnation fluid properties, the calculated
.ritical point fluid properties, measured and calculated critical flow
raiés, and for most cases, the measureu throat pressure. The data
listed ir the printed output are alsn stored on magnetic t:pe. Plots
comparing measured and calculated critical pressure, critical pressure

ratio, and mass flow rate and a plot of the ratio of measured-to-

calculated mass flow rate were produced using the data stored on

magnetic tape as input to a computer plotting software package.

2. STATISTICAL ANALYSES

In the second phase of the study, critical floo ~. tipliers for use
in conjuncticn with each critical flow model to ~om .e critical flow rates
for a specified flow passage and range of stagnatior conditions were
determined. In addition to determining the va’ )f the critical flow mul-
tipliers, the accuracy of calculating critical flow rates used to determine

the multipliers was assessed. This type of calculation accuracy has been



termed "first level" accuracy since it is based upon the same data as was
used in the determination of the critical flow multiplier values. An

"

assessment of "second level" accuracy would require the use of data other
than or in addition to the original data. In particular, the data base

for determining "second level" accuracy would include data at larger

icale. It is conceivable that the use of the expanded data base might
introduce a significant bias type error in the critical flow multiplier
that is as significant, if not more so, as the "first level" calculational
accuracy discussed in this report. Similarly, the effect of error in the
stagnation conditions that are input into the critical flow model, an
important consideration in cystem calculations, is not addressed. Thus,
the first lTevel calculational accuracies which were determined in the study
are probably best possible accuracies with regard to the prediction of
critical flow rates occurring at fluid conditions and in flow passages
other than those used in the determination of the critical flow multiplier
values. The calculational accuracy values include both errors attributable
to the analytical model and errors caused by randcm measurement inaccuracies
since no adjustment of the calculational accuracy values was made using
measurement accuracy information. Removal of the random measurement errors

would probably result in improved calculational accuracy values.

The statistical calculations were performed using stagnation universal

qualities (x.) calculated from the stagnation fluid properties and correspond-

ing ratios of measured-to-calculated critical mass flow rate. The basic
determination of the critical flow multipliers and calculational accuracy
information involved dividing the quality and mass flow ratio data for each

ow geometry into three regimes: subcooled, saturated with stagnation

£
il




qualities less than 2%, and saturated with stagnation qualities greater than
2%. These quality regimes correspond to those which were described in
Reference 1 and delineate conditions for which the critical flow processes
were different. The mass flow ratios, wm/wc, corresponding to the gualities
in each regime were averaged to produce critical flow multiplier values.

The RMS deviation of the mass flow ratios from the corresponding critical
flow multiplier was also calculated. The ratio of the RMS mass flow ratio
deviation to the critical flow multiplier is mathematically equivalent to
the RMS deviation of the measured critical flow rate from the value
calculated using the critical flow multiplier expressed as a percentage of
the calculated value [i.e. 6 = (wm - wc‘)/wc']. The latter form of the
parameter represents the RMS of the precent errors obtained for a set of
data points and therefore provided a quantitative measure of the calcula-
tional accuracy that was obtained using the critical flow multipliers. The
RMS of the percent errors is referred to by the term "RMS percent error”
throughout this report. This information was used to determine which crit-
ical flow model produced critical flow rates in the best agreement with the

data for a given quality regime.

The previously described basic approach produced critical mass flow
multipliers associated with each critical flow model that should be used
when performing critical flow calculations for a particular flow geometry
with stagnation conditions in ¢zlh of thre quality regimes. A quantita-
tive index (RMS percent deviation) of how well the critical flow rates
calculated using each critical flow model agreed with corresponding
measured values was also obtained for each of the three quality regimes.

Although this approach allowed comparisons to he made among the models

10



for a given set of data, it was not well suited to making investigations

of how the critical flow multiplier and the accuracy values changed as a
function of some geometric characteristic of the flow passage. The reason

the approach was not adequate was that the data corresponding to different
flow geometries did not cover the same range of stagnation gualities. For
example, the multiplier derived for one geometry may have been obtained

using data having corresponding stagnation universal qualities ranging

from -2% to zero, while for another geometry the subcooled stagnation
universal qualities may have been -0.5% to zero. It was therefore necessary
to calculate critical flow multipliers and calculational accuracy values

using data spanning the same range of stagnation qualities. Such data was
obtained in the course of calculating critical flow multipliers and correspond-
ing calculational accuracies using data contained in progressively larger sub-
sets of all of the available data which was used in the first determination

of the multiplier and accuracy values. The dependence of the multiplier

and accuracy values on the range of the stagnation qualities corresponding

to the data used in their determination was thus defined and allowed com-
parable values of these parameters to be obtained. The d¢ sndence of the
critical flow multiplier and accuracy values on geometric parameters could

then be properly determined.



II1. DATA BASE DESCRIPTION

The data used to perform this study was obtained from five Semiscale
[6 through 10]

(1,

LOCA experiments and experiments conducted by the General

Electric Company Descriptions of the systems used to perform the
Semiscale and GE experiments are contained respectively in the two
subsections that follow. Also included in these subsections are descrip-
tions of the test flow passage geometries in which critical flow occurred

and a tabulation of the fluid conditions at which each flow passage

geometry was tested.

1. SEMISCALE EXPERIMENTS

The Semiscale data that were used in the study were measured during
cold leg break LOCA experiments on the vesse]l side of the broken loop
which is shown in Figure 1. This part of the system was us=d because of
the simplicity of the flow path between the vessel and break simulator
contained in Spool 23 and because of the redundancy of mass flow rate
metering instrumentation. Spool 23 is designed to accept interchangeable
break simulator inserts as shown in Figure 2. Each cf the five experiments
from which data were taken utilized a different insert. Four of the
inserts contained converging-diverging nozzle flow passages of similar
design, but varying throat diameter. Th2 key dimensions of these config-
urations are presented in Figure 3. The remaining insert contained a
tubular flow passage with a 10-degree half-angle, conical entrance

section. The dimensions of this configuration are presented in Figure 4.

12
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Fig. 1 Plan view of Semiscale vessel side broken cold-leg piping with associated
instrumentat iou.
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Fig. 4 Semiscale tubular break simulator confiauration.



The fluid properties, measured in the piping immediately upstream of
the break location (PB-23, TFB8-23, GB-23VR), were used as stagnation
properties because of the low velocity (dynamic pressure) o¢f the fluid
at the measurement station. A1l the histories of stagnation thermodynamic
states from which the data were taken contained a period of subcooled
blowdown and saturated blowdown covering an appreciable range of quality.
In addition to the measurements of fluid properties upstream of the
break simulator, static pressures (PB-CnN1) in the throat of two of the
four nozzle break simulators and in the constant area section of the
tubular break simulator were also measured. The mass flow rate was
metered using a drag disk and turbine meter located in Spool 21 and a
drag disk located just upstream of the break simulator insert in
Spool 23(a]. The range of the fluid conditions and inventory of the

data that was available for each configuration is presented in Table I.

The pressure, temperature, ancd density measurement accuracies of
the Semiscale data were +200 kPa, 2 K, and 8 kg/m3, respectively.
Turbine meter and drag disk mass flow rate measurement accuracies are
dependent upon the mass flow rate being measured. An estimate of the
accuracy of Semiscale mass flow measurements, which is thought to be
conservative, is 1 kg/s. This mass flow accuracy applies to most of the
Semiscale data used in the study except for that from Test $-02-6 for
which the instrumentation was overranged. Turbine meter mass flow rates
exhibit errors larger than the quoted accuracy when the quality of the

flow becomes greater than approximately 20%.

(a] Data from a test conducted with the drag disk in Spool 23 removed
demonstrated that the presence of the device did not affect the
fiow rate.

17



8l

TABLE 1

INVENTORY OF DATA POINTS AND STAGNATION FLUID PROPERTY RANGES
CBTAINED FROM SEMISCALE TESTS

T

Test Flow Throat Pressure Temperature Quality Veid Max imum Ho. of No. of No. of Data Time
No. Passage Diameter Range Range Range Fraction Subcooling Subcooled Saturated Data Points Interval
Range pata Points Data Points with
(dth) (Po) "o) (lo) (uo) (lo < 0) (lo > 0) (0§!°<5)
cm kPa * K s
$-05-6 Comerginjr 2.45) 10087 573 -0.0070 0.0 6.17
Diverging to to to to 26 4 16 1 to
Nozzle 5804 547 +0.2746 0.9233 7.3
5-02-4 Converging- 1.760 10999 SN -0.0119 0.0 0.05
Jiverging o to to to 39 57 296 i to
Nozzle 3268 512 +0.4922 9.9797 18.47
$-29-1  Converging- 1.311 10133 566 -0.0084 0.0 1.46
Diverging to to to 33 54 124 19 to
Nozzle 4885 536 +0.2989 0.9308 19.93
5-02-6 Converging- 0.429 13186 564 -0.0241 0.0 0.35
Diverging to to to to 53 9 24 0 to
Nozzle 7150 560 +0. 3006 0.8942 99.65
$-06-5 Constant 1.760 10253 569 -0.0086 0.0 0.17
Area te te to to 32 91 45 8 to

Duct 2774 503 +0.2871 0.9600 20.00




2. GENERAL ELECTRIC EXPERIMENTS

The General Eiectric data that were used in the study were taken
from Reference 11. The experiments reported in Reference 11 were performed
by exhausting subcooled water or low-quality steam-water mixtures from a
pressure vessel through various flow passages in which choking occurred.
A schematic drawing depicting the test system is presented in Figure 5.
The flow passages included a single-point throated, converging-diverging
nozzle; tubes having length-to-diameter ratios of 0, 9, 18, and 50;
and an orifice, all having a minimum diameter of 1.27 centimeters. The
key dimensions of the configurations that were tested to generate the

data used in the present study are shown in Figure 6.

Pressure and temperature in the vessel at the elevation of the
penetration leading to the test duct hardware were measured. These
measurements were used as the stagnation values. The density at the
same location was derived by making a local differential pressure
measurement. The static pressure was measured in the throat of the
orifice and the nozzle. In the case of the tubes, the static pressure
near the exit was measured. The mass flow rate was determined from the
time rate of change of the fluid mass inventory in the vessel. The
fluid mass inventory was determined from the liquid level based on
differential pressure measurements in combination with the density of
the fluid. The range of fluid conditions and an inventory of the data
that were available for each test configuration is presented in Table II.

The accuracy of the measurements was not stated in Reference 17.

19



Throat Pressure
Pressure

near exit @

= /

S s 8w e s 20 e b ;W By B S

e el

\—Nozzle

Vessel wall

Typical nozzle installed in pipe

T

- Saturated steam

L
/—Saturatec liquid
-~

LMMA/.

L
@ D) Suoeooted aui
fene
_@._

o o s om0/ sparger

~—Blowdown valve
/ (quick opening)

—@4—@—%9'—6)

' M\A‘l
See detailed o~ |
sketch above ~ @’_ﬁ ,

Pressure vesse! b
(0.28 m")

Fig. 5 Schematic of General Electric critical flow test equipment.
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Fig. 6 General Electric critical flow test duct configurations.



Flow
Passage

Converging-
Diverging
Nozzle

Constant
Area Duct
e/d {)

Constant
Area Duct
/d 9

Constant
Area Duct
¢/d 18

Constant

Area Duct
e/d 5

Orifice

INVENTORY

Throat Pressure

Diameter Ranye

O

kPa

074
to
3034

6757
to
5723

6839
to

5764

6984
to

()u(jj

7129
to
5909

6805
to
4275

OF DATA

Temperature
Range

POINT
OBTAINED FROM GENERAL

TABLE 11

S AND STAGNATICON FLUID PROPERTY RANGES
ELECTRIC TESTS

Void
Fraction
Range
(ur0

No. cf
Subcooled
Data Points
(Xq < 0)

Maximum
Subcooling

Quality
Range

No. of
Saturated
Data Points
{x_ > 9)

B =

-0.0041
to to
+0. 0080 0.1848

-0.0021 0.0
to to
+0. 0065 0.1338

-0.0018 0.0
to to
+0.0012 0.0732

-0.0008 0.0
to to
+(. 048 0.0964

-0.0044 0.0
to to
+0.0040 0.0769

-0.0059 0.0
to to
+0. 0060 0.1325




IV. DISCUSSION OF RESULTS
The results of calculations made to determine critical flow multi-
pliers for nozzle, tube, and orifice flow passages are discussed in this |
section. Critical flow multipliers and RMS percent devictions from the

critical flow multipliers were derived from ratios of mcasured-to-

calculated critical flow rates. The calculation of critical flow par-

ameters including the mass flow ratios is not discussed in this section

but is discussed in Appendix A. The discussion presented in this sec-

tion is divided into three parts. In the first part, the suitability of

each of the critical flow models for calculating critical flow rates

occurring in particular flow passages when the stagnation conditions are

in specified ranges are discussed. Calculational accuracies exhibited

by the model and a computional technique for use with tubular flow

passages are aiso discussed. The discussion of the data presented in

the first part treats each flow passage configuration idenpendently

of the other configurations. This same approach is maintaired in the

second part of the discussion, which covers the variation of the crit-

ical flow multiplier and accuracy values with the range of stagnation

qualities corresponding to the data used in their cetermination. ‘“he

last part of the discussion deals with the effect of flow passage

geometry changes on the critical flow multinliers required for calcu-

lating critical flow rates occurring in a particular type of flow passage

and on calculational accuracy for the same type of flow passage coniig~

uration, i.€., nozzles and tubes.
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1. BASIC CRITICAL FLOW CALCULATION CONSIDERATIONS

The critical flow data associated with each of the flow passage
configurations were divided into three sets on the basis of stagnation
uriversal quality. The three regimes of stagnation universal quality
were: (a) negative universal qualities corresponding to subcooled
conditions, (b) positive universal qualities between 0 and 2%, and
(c) positive universal qualities greater than 2%. The ratios of
measured mass flow rate to the critical mass flow rate calculated using
a given critical flow mode! for a particular flow passage with stagna-
tion conditions in ors of the three regimes were averaged to produce a
critical flow multipliier. The root-mean-square (RMS) deviations of the
mass flow ratios from the critical flow multiplier were calculated and
are presented as percentages of the corresponding critical flow multi-
pliers. These percentages are equal to the root-mean-square of the
percentage difference between measured and calculated mass flow rates

(IR

[i.e. (wm - W ,wc'] and are referred to as "RMS percent deviations".

c
In this form the RMS percent deviations are indices of calculational

accuracy.

Critical flow multiplier and RMS percent deviation information are
presented in Tables III, IV, and V. The data for each flow passage are
divided into three categories in the tables on the basis of stagnation
universal quality. The model which was found, by virtue of having the
lowest RMS percent deviation, to be the most suitabie for computing
critical flows for each flow passage with stagnation conditions in one

of the three categories is indicated in Tables III, IV, and V.
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TABLE L0

CRITICAL FLOW MULTIPLIER AMD RMS PERCENT OEVIATION
OATA FOR WOZILES

Critica) Plow Muitipliarst) s Percent Deviations
Irgnsition  Saturated Subcooled Tramsition
. \ Ir’ 1.?.!
Vdu . l " w* | co
i, ® 0.7t 020 100 2.9 w274
Mo, ef points 4 1 1}
Crities) Flow
il
e 1124 ( Hiil 0.7% 1
MHanvry-F ausis Az an
Mod ! f1ed Burnal ] ¥ 0 92 1 543
sarnaui 170 ®] g ane a2 E s . L
Sarnou! | 0.829 0,681 0.67 3 ol s
with t:
024
IIO“ .45, d, " o
<119 %0 +0.07  0.08 to .98 2.5) to 49.22
Y n 28
118 1.033 q:g;j 1508 “n 3 8%
0.v23 0.614 5. na 7.5%
0.9 0.822 0.808 8% 16 8% s
S 1) (L) () L] ] )
T (N N vl vy
1 -29:1
W, v ey )
s ® 0.8 <004 010t )98 2.2 to 2989
o of peinte “ 9 108
Critical Flow
—rtl
L 1821 1048 0964 23 18 7R
Nenry-f sushe 1,022 0.770 0.748 20 4% 27.5%
Wedifiod Guemall ) OA) 0. 980 0878 N« na
serneui 1 (en®! CTTHT) o i) e v
Barneu! (e} (e) pal ] (e) (e)
with ':
Vegtri
Vg 9% Ny ©
, ® «0.41 ta-0.01 0,10 te 0.80 s
o of paints »n 03 0
| 520 No data un 20.6% No data
nanry-F suske 1,139 o data 6.5 165 Mo data
Mod!fied Burnel! 1,128 No data LAY ) 4% Mo data
vernout i /menl®! xan ho deta 6% e No data
o R ...
T e T g
Sernaul | 0.920 0082 »o data PRIl sl o data
with
L
1 <02+
l/l“ . B S 9 o
,, ™ 241 t 008 - 1.6) w 30.06
N of peints 9 0 i)
critical Mow
T} B,
1882 N date 1.7 oo N0 data 88
Manry-f auo ke | A Mo data 13,08 No data o
Nodifiae Burnall 1 432 No data N No data 5%
sernaut 1w (T o dats 114 ' o date s o
Barnou! i (e) No data el L&) o data 13
witn

(4] Por a given quality regise, the mode! indicated with boses sround tha sultiplier provided the dast representation
of the date, based on minieus AMS percent deviation For all three quality regimes considersd together  the mode)

ingicated by double |ines under the sultipliers provided the Last representation of the data

(8] Marnoul | {/MEN caleu’ations ware sade wit. critical flow multipllers of 0.8) and 0 84 respectively a0p!ied to the

wass flaw rates colculated using the Indiviuel Sarnouli! and HEN sodeis  The absolute suitipliers to be appl
e

10 the Sernoulll and HEM sodels for subcooled and seturated stagnation conditions are the product of the ta
valuss and the auitipliars that were used to make the calculations

s

(€] Measured throst pressures wars net availedle, therefors, the calculation with the Bernoul 11 sass flux expression

coult nolL De sade

(4] The Barnoull! mass flux exprassion with the seasured throat prasiure (aput for critical pressurs, althougn not a
eritical flow mode!, Nas produced sess flow (flux) ratios having the smallest WMS percent deviation from the cor

rasponding critical flow sultiplier

(8] Only one dats point wad avallsdle with stagnation quality In this regiee
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TABLE 1V

CRITICAL FLOW MULTIPLIER AND RS PERCENT OEVIATION
DATA FOR TUBES

Ceftical Flow Miltip)tarsl?) W15 Parcant Oaviations

Ganeral Electric Mos2le 2, 1/9%0
4% 1.2 cn, £ =0 ca

1, B “0.2) t0 ~0.08 0.0 to0.88 ave
M. of points 1 0 0
Critical Flow
-

1.8%0 1.908 No data " N.3% No date
Wenry=Fauske 1.2 1.086 No data 1.6 " No data
Modified Burnell 1.3%7 1.8 Mo data in L . No data
ey UL s WAL (3 No data 1.0 ) No data
Serneul 1 1028 0.907 to date “n soxld wo data
with =
-
Semiscale Tast 5-06-5, 1/d = 4
d* 1760 ca, £ = 7 186 co
L ) *0.08 Lo 0. ) 0.46 %0128 2132
Na. of paints 1] L} 4
Cricical Flow
—rl
e 0.998 1.084 o MAL Y] ‘o La 1
Hanvy-F aus e W 0097 N, 188 o
Modified Burnell . 1.031 26% 404 9. 5%
sernoul Linen®) 0720 0.944 q:m: e ) m m
Sarnoul || 0.93%0 0.949 A bR - 5. 5% lew
with #*
L]
Genara)l Electric Nortle 2, t/da = 9
4% 1.270 ca, £ * 1] 430 co
a [ 3] “0.18 o -0.00 0.00 to 0.3 48
Mo, of paints L] 0 0
Critical Flow
NN | 1,181 Mo data 14 8 1 Ho data
ManrveFanake 0 638 No date 2 6% No data
Modiflad Burnall 0.8 ™) No dats 5" AT No data
Bernout 1 enl®! o grs 0.724 No data 1% 0 No data
Barnoul !} () (e} No data . (e) fe) No data
with p*
-
General Elactric Nozzle 2, t/d = 18
d*1.270cm, & 22 860 co
' x) +0.00 to -0.04 0.10 to 0.48 ave
Mo, of points L} " 0
Critical Flow
HEM 1.01 Mo dats 18X A No data
HanryFaushe No deta i - 118 No data
Mod!fied Burne!) 0. 87 0.723 o data “m 14 No data
dernoutt w0 ses a.m No data o o No data
Sernoul |l 0.589 0446 No data - 6.1% No data
with #»
L
Genera) Electric wortle 2, t/d = 50
1.270 em, & = 6) 500 c»
% (%) “0.44 to +0.0) 0.05 to 0. 40
No. of paints “ ar 0
Critical Flow
|
WEN 0.749 0 .88 No sata 0N 48 No data
Henry f auske 0.570 A No data 11 4% “5 No data
Mod!f1ed Burnall m No data 6 an No data
L 6w 139 No data
Barnoul | (/nen! 0,499 0,588 No data 6
Sarnon! 1} 0.897 Mo dats o data 9= Mo data No data
with 0:

[a] For 4 given quality regiea, the sode!s Indicated with Doxes around the @uitiplier provided the oest apresentation of
the data, Dased on minimum RMS percent deviations. For al) three quality regimes considersd together, model; naicated
by double )ines undar the wultipliers provided the best representation of the data

(8] Barnouli /MEM calculations were made with critical flow multipliers of 0.81 and 0 84 respectivaly 4pp!ied to the mass flow
rates calculated using the {# “Ividual Barnou! !l and HEW sodeis  The absolute multip)iers Lo be apoiies to the Bernou "
and HEN wode!s for subcsolw saturated stagnation conditions are the product of the table values and the auitip)iers that
ware used to sake the colew and.

(€] Measured throat pressures were Aot availadle; therefore, the calculation with the Bernoul!! aass flux expression could net be
(d] The Barnoulll sass flux expression with the measured throat pressure (nput for critical prascure, altnough not a critical

flow Wode!, has produced mass flow (flux) ratios having the smallest RMS percent deviation from the corresponding critical
flow suitiplier
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TABLE ¥

CRITICAL FLOW MULTIPLIER AND RMS PERCENT DEVIATION
DATA FOR AN ORIFICE

General Electric Nozzle 3
d=1.270 cm, B = N.294

Critical Fiow italtipliel"s“l RMS Percent Deviations
Subcooled Transition Saturated Subcooled Transition Saturated

X, (9] ~0.59 to -0.02 0.0 to 0.60 s
No. of points 18 4c 0
Critical Flow

Mode )
HEM 1.214 1.721 no data 32. 1% 8.7% no data
Henry-Fauske 0.935% 0.941 no data 1. 5.5% no data
Modified Burnell 0.933 1.143 no data 18. 9% 6.0% no data
Bernoul 1 i/nem! 1.213 no data a3 10.5% no dats
Bernoul 1i 0.672 0.652 no data 2.ox!c) 2.axlc] no data
with p:

la}

(b}

{c]

for a given gquality regime, the model indicated with a box around the multiplier provided the best representation of the
data, based on minimum RMS percent deviation. For all qualtiy regimes considered together, the model indicated by cCouble
lines under the multipliers provided the best representation of the data.

Bernoulli/HEM calculations were made with critical flow multipliers of 0.83 to 0.84 respectively applied to the mass flow
rates calculated using the individual Bernoulli and HEM models. The absolute multipliers to be applied to the Bernoulli and
HEM mode’s fer subcooled and saturated stagnation conditions are the product of the table values and the multipliers that
were used to make the calculations.

The Bernoulli mass flux expression with the measured throat pressure input for critical pressure, although not a critical flow

model, has produced mass flux ratios having the smallest RMS percent deviation from the corresponding cri.ical flow multiplier.




The critical flow multipliier corresponding to the most suitable
model for each range of stagnation conditions is enclosed in a box. The
critical flow model which is considered the most suitable for predicting
critical flow rates occurring in a particular flow passage for all
stagnation conditions is indicated by underlining o’ the values corresponding
to that model. The number of data pcints that were available in each of
the three stagnation quality regires and the actual range of stagnation
universal qualities spanned by the data in each stagnation quality

regime are indicated in Tatles III, IV, and V for each flow passage.

In both Tables III and IV, the data presented for a given guality
regime we e not evaluated using data "panning exactly the same range. The
data presented in the next sect "7 show that RMS percent deviation
and criticual flow multiplier - ~an vary significant'y, depending on
the range of the stagnation quality data. For this reason, the data pre-
sented for the various configurations in Tables III and IV cannot be
legitimately compared in most cases. The values in Tables IIl, IV, and V
are those derived using the largest range of stagnation conditions for

which data were available.

Despite the differences in the actual stagnation quality ranges,
trends in the suitability of the models for predicting critical flow
rates in nozzles and tubes are identifiable in the data presented in
Tables III and {¥. The Bernouili/HEM model is indicated *o be the most

suitabie for predicting critical flow rates in all five of the nozzle
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configurations, because or the consistently low values of the Bernoulli/HEM
RMS percent deviations. However, even better predictions than those
obtained using the Bernoulli/HEM model could be obtained using the
Bernoulli mass flux expression for subcooled and transition conditions,

if the critical pressure could be accurately predicted. The conditions

for which the Bernoulli mass flux expression produced superior accuracies

are indicated by a footnote.

No one critical flow model was found to be consistently the most
suitable for predicting critical flow rates occurring in tubular flow
passages. However, close examination of the data for tubular configura-
tions shows that, while the Henry-Fauske model did not produce the lowest
RMS percent deviation values for all configurations, it did produce
values quite close to the lowest values in neariy every case. If a
single model had to be selected to produce predictions in the best
agreement with critical flow rates occurring in constant area ducts for
subcooled and very low quality (xo < 2%) stagnation conditions, the
Henry-Fauske model is indicated to be the best choice. The same good
performance might well not be exhibited if more data were available for
saturated stagnation conditions having qualities greater than 2%, because
the equilibrium conditions might well exist at the choke point in con-
trast to the Henry-Fauske assumption of nonequilibrium at the choke
point. An indication that this would be the case is shown by the fact
that, for Semiscale Test $-06-5, the Henry-Fauske RMS percent deviation
for saturated conditions is the highest value listed. Interestingly,

the HEM index for the same conditions is the lowest.
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The prospective user of the information listed in Table IV must
consider the fact that the critical flow calculations upon which the
critical flow muitiplier values are based were made without accounting
for viscous pressure losses in the tubes. These losses cculd have been
accounted for, but wouid have required iterative calculations which were
beyond the scope of the study. Check calculations showed that accounting
for pressure losses in making the calculations could significantly change
the values of the calculated flow rates or fluxes and subsequently
change the derived critical flow multiplier value when the stagnation
conditions wefe ycooled. Since the viscous losses were not accounted
for in determining the critical flow multipliers, the effect of the
viscous losses has been incorporated in the tubular critical flow multi-
plier values listed in Table IV. For this reascn, the piping between an
effective plenum such as the vessel and the break location should not be
nodalized in a system calculation if the values listed in Table IV
are used, because the pressure losses would effectively be accounted for
twice - once in the critical flow multiplier and once in the system
calculations. The proper use of the tubular critical flow multipliers
in Table IV would be to select a multiplier value on the basis ¢€ the
length-to-diameter ratio of the pipe connecting the closest effective
plenum and the break location. The choking location would then be
considered to be at the exit closest to the break from the volume which
was used to model that part of the system which forms an effective

plenum.

The most suitable model for use in predicting critical flows in

orifices could not be conclusively determined, since data generated with
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only one orifice was used in the study. The data for the orifice
presented in Table V are nonetheless noteworthy. Calculations made with
the Bernoulli mass flux expression, in which measured orifice pressures
were used as critical pressures, produced the lowest RMS percent deviations
listed. These results indicate that at least for subcooled and very low
quality stagnation conditions the Bernoulli mass filux expression couid
be used to predict critical flow rates through orifices with a good
degree of accuracy if an accurate analytical expression were available
for predicting the critical pressure. It is also interesting to note
that the critical flow multiplier values calculated for the Bernoulli
mass flux expression are in the sixty percentiles, which is typical of

single-phase orifice coefficients.

The Bernoulli/HEM model produced critical mass fluxes in the best
agreement with the measured values, while the homogeneous equilibrium
model produced values in the worst agreement with the measured values
when the stagnation conditions were subcooled. The net multiplier for the
Bernoul1i/HEM model for subcocled conditions was 0.69 (i1.e. 0.83 * 0.828)
which is a typical orifice coeffic 'nt value. These results indicate
that a nonequilibrium state existed at the choke point. The bas.c¢c data
presented in Appendix A shows that the empirically derived expression
for critical pressure ratio used in connection with the Bernoulli/HEM
model produced critical pressures that were in the best agreement with the

measured pressures and exhibited the same trend as the measured values.

The Bernoulli/HEM model did not, however, produce critical mass

fluxes in the best agreement with measured values fcr very low quality
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stagnation conditions. This result is probably due in part to cenditions
at the choke point remaining in rionequilibrium, while the calculated
values were quality weighted averages of mass fluxes produced by one model
which assumes nonequilibrium at the choke point and another model which
assumes the existence of equilibrium conditions at the choke point.
Calculations made using only ne Bernoulli mass flow rate would have
produced critical mass fluxes in better agreement with the measured

values.

The Henry-Fauske model actually produced the mass Tluxes that were
in the best agreement with the measured values for very low stagnation
qualities. The result must be regarded with some degree of caution
because Table V shows that the Henry-Fauske critical flow multiplier for
the transition quality regime was 0.941 instead of a value in the sixty
percentiles. The basic data presented in Appendix A also shows that the
agreement between the Henry-Fauske critical pressures and the measured
orifice pressure is quite poor. The good agreement between the Henry-
Fauske critical mass fluxes and the measured values is suspected to be
fortuitous. It is possible that the high critical pressure predictions
which would have produced mass fluxes that were low were compensated for
by use of the actual orifice area in making the calculations rather than
accounting for the flow area reduction at the choke point caused by the

formation of a vena contracta.

The good performance of the Bernoulli/HEM model for subcooled
conditions and the questionable nature of the performance of the Henry-

Fauske model for stagnation conditions having very low gualities leads




to a recommendation to use the Bernoulli/HEM mcdel for the prediction of
critical flow rates through orifices in situations when it is known that
the stagnation conditions will be both subcooled and saturated with very
low quality. Use of a large transition quality like 10% wiil help

ensure that mass flow rates calculated at very low qualities are primarily

the result of nonequilibrium calculations.

Identification of the critical flow model which can best be used to
predict critical flow rates in each of the three types of flow passages
for which data was used in the study leads to an interesting question.
Which of the models can best be considered a multipurpose critical flow
model with the proviso that the selected model must currently be available
in the RELAP4 code? The RMS percent deviations for nozzle flow passages
presented in Table III show that a Henry-Fauske/HEM combination critical
flow model would produce results nearly as good as those produced by the
Bernoul1i/HEM model, which is not presently available as a RELAP4 critical
flow model option. Critical flows occurring in tubular flow passages were
found to be best predicted over the full range of fluid conditions (sub-
cooled through high quality saturated) using a combination of the Henry-
Fauske model for subcooled stagnation conditions and the homogeneous
equilibrium model for saturated stagnation conditions, according to the
information presented in Table IV. For orifice flow passages, Table V
shows that fair to good predictions can be produced using a Henry-Fauske/HEM
mode] for subcooled and transition conditions, but due to the lack of data,
no assessment was made of the accuracy with which HEM can predict critical
flow rates through orifices at saturated stagnation conditions. If a multi-

purpose critical flow model which is currently available in RELAP4 were to
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be selected, the ‘.formation presented in Tables III, IV, and V indicate
that the Henry-Fauske/HEM combination critical flow model would be the
best choice. However, this selection must be made with some reservation
because only calculational accuracies of individual models were assessed
in the study, with the exception of the Bernoulli/HEM model. The Henry-
Fauske/HEM critical flow model option currently available in RELAP4
calculates critical flow rates using a quality-weighted average similar
to that expressed by Equation (1) when the stagnation quality is between
zero and the user-selected transition quality. The calculational ac-
curacies of the Henry-Fauske/HEM and Modified Burnell/HEM combination
modeis for transition stagnation conditions were not investigated in the
study, although performance in the tr-nsition regime may be important in
particular cases. Selection of the Henry-Fauske/HEM model instead of the
Modified Burnell/HEM model may be inappropriate in cases where the
stagnation quality at the break remains in the transition regime for an
extended period of time. Nonetheless, based on the currently available
data, the Henry-Fauske/HEM model is the best choice for a multipurpose
critical flow model currently available in the RELAP4 code. It should
still be remembered that calculational accuracies better than those
exhibited by the Henry-Fauske and HEM models can be attained in some
cases by using a critical flow model and associated multiplier values
that have been shown to be the most suitable for a particular flow

situation.

The data presented in Tables III, IV, and V, along with that presented
in the other two subsections of this section, are intended to be used in
the selection and application of critical flow models for performing

system model calculations. However, the user should keep certain infor-
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mation in mind when applying these data. Interpretation of the RMS per-
cent deviation data is dependent on the type of probability density

distribution.

The probability distributions of the mass flow ratios that were gen-
erated during the study are not presented in this report due to the lack
of sufficient data to properly define the probability distributions in
general; however, the probability distributions that were generated
using the larger sets of data were approximately normal distributions
and the RMS deviation therefore approximates one standard deviation. It
should be remembered that even if all the distributions were normal,
values beyond the quoted calculational accuracies will occur 32% of the
time if a large numuer of calculations are made. On the other hand,
the RMS deviacions quoted are probably conservatively high since thev

.eflect random measurement errors as well as model inaccuracy.

It is important to note that there is a difference between the critical
flow prediction accuracies of "component" critical flow models of the type
which were obtained in this study and the critical flow prediction
accuracies that can be obtained when these component models are used in
an integral system model. In the study performed, the input stagnation
conditions were known to correspond tc the critical flow rates which were
being predicted. In a system model calculation, the predicted critical
flow rates depend upon the predicted stagnation property values which are
used as input to the critical flow model. If the input stagnation property
values are wrong due to mismodeling in other system model components, the

critical flow rate predictions can be in error even if a perfectly accurate
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critical flow model were used to predict the flow rates. The calculational
accuracy estimates generated in this study did not account for possible

input stagnation property errors.

2. THE EFFECi JF STAGNATION QUALITY RANGE

Two key questions exist about the use of the data presented in
Tables III, IV, and V. Answering these questions requires having infor-
mation about the dependency of critical flow multiplier and RMS percent
deviation values on the range of stagnation qualities covered by data used
in their derivation. One question is whether the values listed in Tables III,
IV, and V. which were derived using data spanning the largest range of stag-
nation qualities for which data was available, can be used if it is known
that stagnation qualities in a proposed system calculation will span dif-
ferent ranges of qualities. Another question is w .ether the critical flow
multiplier and RMS percent deviation values exhibit some simple dependence
upon a geometric characteristic of flow passages of a particular type. This
dependence could cnly be explored by comparing critical flow multipliers
and RMS percent deviation values derived using data covering the same range.

The question of geometry dependence is discussed in the next subsection.

Information about stagnation quality range dependence was obtained b
computing critical flow multiplier and RMS percent deviation values using
subsets of the available data contained in successively largr stagnation
quality ranges having zero quality as one boundary. The va’ thus derived
were plotted against the upper (lower in the case of negative . versal

qualities) 1imit of the quality range. The plots of this type generated
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using Bernoulli/HEM data and Henry-Fauske data for nozzle and tubular flow
passages, respectively, are presented and discussed in Appendix B. These
models were selected because they most consistently produced critical flow
rates in relatively good agreement with the measured values. The question
of the utility of the data presented in Tables III and IV for different

ranges of stagnation quality is discussed in this subsection.

The variations in the values of critical flow multipliers and cor-
responding RMS percent deviations with changes in stagnation quality range
within specified limits'are listed in Table VI. These data summarize the
data presented in Appendix B in which critical flow multiplier and RMS
percent deviation values are plotted versus stagnation quality range
boundary. The stagnation quality ranges were divided into two or three
groups depending upon the overall quality range spanned by the available
data or the appropriateness of performing critical flow calculations with
twe or three stagnation quality regimes. The data for Semiscale Test $~05-6
will be used as an example. Since sufficient data was available and indicated
critical flow rates could be most accurateily calculated by defining three
stagnation quality regimes as discussed in Appendix B, three sets of data are
presented in Table VI for Test $-05-6. The first set of quality regime limits
are -0.010 to 0.0. Data spanning different quality ranges within these
1imits were used to calculate values of the critical flow multiplier and
the corresponding RMS percent deviation. These calculations resulted in
minimum @nd maximum values for the critical flow multiplier and the RMS
percent deviation. It is important to note that minimum and maximum
values of the critical flow multiplier and RMS percent deviation do not
necessarily correspond to one another, but are simply the minimum and

maximum values that were obtained using data in yuality ranges contained
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TABLE VI

VARIATION IN CRITICAL FLOW MULTIPLIERS AND RMS PERCENT DEVIATIONS

ing=Diverg! 1 F1 p
Barnoul 11/HEM Critical Flow Model (8]

Quality Range Critical Flow RMS Percent
Limit Multiplier Qeviation
Variation Variation Variation
Semiscele Test 5-05-6
d A‘" - ‘.’.
=0.010 %0 0.0 0.867 to 0.894 5.9 t0 7.3%
0.0 to 0700 1.123 to |.|9om 2.9 to 4. 8%
0.060 to “ 300 1.200 to 1,230 0.0 to 2.0%
Semiscale Test 5-02-4
d/dm . 2.45
=0.010 to 0.0 0.967 to 0.978 §.5 to
0.0 to 0.020 i.031 to(holl 8.0 to/l4.
0.020 to 0.492 1.004 1.5%
Semiscale Test 5-29-)
d/d,, = 3.29
=0.010 to 0.0 041 to 1.083 4 1%
0.0 to 0.020 [1.320 to 1. 440] to # ]
0.020 to 0.300 1.164'°

Ganearal Electric Nozzle |
e/am “ 3.40

«0.004 to 0.0 0.9 0 0.997 6.1t 7%
0.0 to0.008 [0.912to 1,022 4.3 to 28X
Semiscale Test 5-02-6
a/d,, = 10.07
<0.010 to 0.0 “{ 6.0 to 2. ‘9')
0.0 to 0.400 9 8.4t 9

Tubular Flow Passages
Henry-Fauske Critical Flow Mdol[”

Quality Range Critical Flow RMS Percent
Limit Multiplier Deviation
Varfation vVariation variation
General Electric Nozzle 2
t/d = 0
=0.003 to 0.0 1,324 to 1. o 2.6 to 3.7%
0.0 to0.007 [T.086 to 1. 9.3 to 9.7%
Semiscale Test 5-06-5
i/d = &
«0.010 to 0.0 0.847 to 0.872 2.6 to 3.7%
0.0 to 0.02¢ 0.632 co[g’w 1, afx
0.020 to 0.287 0.897

Genera' Elmctric Nozzle 2
L/d =+ 9

-0.002 to 0.0 0.804 to 0.814¢)
0.0 to0.004 0636 to 0 692

General Electric Nozzle 2

L/d = 18
<0 001 to 0.0 0.700!9!
0.0 to 0.005 0.567 to 0.607
Genera) E'actric Nozzle 2
L/¢ = 50
=0.00% to 0.0 0.493 to 0.570
0.0. to 0.00% 0.467 to 0.490

2. axldl
0.8 to 6.1%

0.6 to 3.1%

6.3 to [L.4%)
0.2 to 6.9%

(8] The Barnoull{/HEM mode! was selected from the models considerad fn this study because ft provided the best agreement to all of
the converginiy=diverging nozzle data in the maximum quality ranges available, based on RMS percent deviation data.

(b] The Henry-Fauske mode! was selected from the models considered in this study because it provided the best agreement to all of
the tube data in the maximum quality ranges available, based on RMS percent deviation data.

{¢] Range was estimated from a piot of mass flow ratfo as a function stagnation universal qualfty.

(4] Oata on the varfation of the critical flow multiplier and RMS percent deviation with quality range are no* -
values shown corresponds to the maximum quality range for which data were availadble.

e. The

(e] The maximum critical flow multip)ier value was derived from a stagnation quality range containing only one data point and 1.
therefore questionable. The next highest valus of the multiplier was based on more daia and fs 1,142,

(f] These values were derfved ucing questionable data,

Better values corresponding to a stagnation quality range of 0.020 to
0.100 are a critical flow multip!ier of 1.000 and RMS percent deviation of 10.0

(9] These data are suspect because of questions about the mass flow measurement accuracy.
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in the specified limits. Comparison of the data pre. .nted in Tables III
and VI for Test $-05-6 shows that t.e use of a critical flow multiplier

of 0.894 from Table III would be a good choice for performing critical
flow calculations over stagnation universal quality ranges from zero

down to as low as =0.010; since the lowest value of the critical flow
multiplier recorded was 0.867[31. The RMS percent deviations varied

from a minimum of 5.9 to a maximum of 7.3%. Unfortunately, it can not

be simply assumed that critical flow rates in the Test $-05-6 flow

passage or similar flow passage geometry can be calculated to within at
most +7.3% error for subcooled conditions. The RM3 percent deviations
represent calculational accuracies that can be expected only if a par-
ticular critical flow multiplier is used. It is conceivable that use of
the critical flow multiplier value of 0.894 could result in calculational
errors of approximately *10% instead. This would occur if calculations
were to be made over a range of stagnation qualities equal to the range

of qualities spanned by the data that produced the critical flow multiplier
value of u.867. Furthermore, if the RMS percent deviation corresponding
to the 0.867 value was +7.3%, use of a 0.894 critical flow multiplier
instead would produce values that were an additional 3% too high. The
calculation accuracy band would be biased by 3% and would approximately
span from +4 to -10%. In cases where the choice of the critical flow
multiplier from Tables III and IV does not produce acceptable calculational
accuracy estimates using the approach just discussed, more specific
information about the values of the critical flow multiplier and corresponding

RMS percent deviation can be obtained from the plots presented in Appendix B.

(a] A critical flow multipiier value specifically suited for a specific
quality range can be obtained from plots presented in Appendix 8.
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Several significant facts are illustrated by the data presented in
Table VI. The values of critical flow multipliers which exhibit variations
greater than 0.1 and values of %MS percent deviations greater than 10%
are enclosed in boxes in Table VI. There are notably few of these boxes
and all of the values which exceed the aforementioned limits do so for
reasons which are at least understood and could conceivably be corrected.
The reasons for the large critical flow multiplier variations and RMS
percent deviations will be discussed later in this section. Ignoring
the boxed values, the data presented in Table VI shows that critical
flow rates in the nozzle configurations could be calculated to within
+6%, on the average, if a critical flow multipliier value commensurate
with the range of stagnation qualities over which calculations are to be
made is used. An expected average accuracy for tubular flow passages
defined by the same method and subject to the same restrictions is
+4.5%. If the worst choice of critical flow multiplier value is made[a]
and the maximum RMS percent deviation corresponds to the range of stag-
nation qualities over which caicu1ations are to be made, the average
error that would occur in computing critical flow rates for nozzle and
tubular flow passages would be +8%, with the highest value being t14%.
The boxed values were not used in calculating these average accuracies

for reasons which will be discussed next.

The boxed data in Table VI exceeded the arbitrarily set limits of
0.1 variation in the critical flow multiplier or £10% in the RMS percent

deviation. In all of the cases where these limits were exceeded, some

-

(a] The worst choice in critical flow multiplier value would result from
the selection of the maximum multiplier value listed in Table VI when
the minimum value should have been selected or visa versa.
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information was known which made the results understandable. This
information concerned the data used to perform the calculations or the
manner in which the calculations were made. With the exception of the
Semiscale Test $S-02-6 critical flow multipliers for ~aturated conditions,
the critical flow multipliers that varied more than 0.1 were for very

low quality, saturated stagna*ion conditions. These conditions have
been identified in Reference 1 as conditions for which the nature of the
flow process is changing from one in which nonequilibrium conditions
exist at the choke point to one in which equilibrium is achieved at the
choke point. It should be remembered that the Bernoulli/HEM model
utilizies a weighted average technique when making the transition from
computing critical flows using the Bernculli model to computing critical
flows using the homogeneous equilibrium model. This approach, while it
limits the computed critical flow rates to values between reasonable
upper and lower limits, does not produce values derived from fundamental
physical principles. This is probably why sirable variations in the values
of the critical flow multipliers and/or large values of RMS percent
daviations were obtained for Semiscale Tests $-02-4 and $-29-1 and for
the General Electric Nozzle 1 for stagnation conditions having qualities
between 0 and 2%. The boxed data for Semiscale Tests $-02-6 and $-29-)
for saturated conditions are quite possibly the result of break flow
measurement errors a: discussed in Appendix A. The large variation in
the value of the subconled critical flow multiplier for General Electric
Nozzle 2, 2/d = 0, is the result of computing a critical flow multiplier
using a range stagnation quality range that contained only one data
point. Neglectirg this value and using only data generated using several

data points results in a range of multiplier values from 1.056 to
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1.142. The large RMS percent deviation value listed for Semiscale

Test $-06-5 for stagnation ccnditions having qualities greater than 2%
is probably the result of the Henry-Fauske assumption of nonequilibrium
at the choke point for conditions at which equilibrium has actually been
achieved. The assumption of nonequilibrium at the choke point results
in the use of stagnation densities to compute critical flow rates con-
sequently producing values that are in poor agreement with observed
values in situations where equilibrium has been reached at the choke
point. The achievement of equilibrium at the choke point is accompanied
by a significant amount of mass transfer, which results in densities
lower than stagnation values and invalidates the assumption of a con-
stant density flow process. Use of the homogeneous equilibrium model
for the same conditions yields an acceptable RMS percent deviation value
of +3.5%. The 'arge RMS percent deviation value listed in Table VI as
the maximum value obtained using General Electric Nozzle 2, 2/d = S0,
data at subcooled conditions is the result of not accounting for viscous

(a]

laesses in performing the critical flow calculations

3. THE EFFECT OF FLOW PASSAGE GEOMETRIC PARAMETERS

In this section “he effect of geometric parameters on the values of
critical flow multipliers associated with and calculational accuracy of
each of the models is discussed. The discussion has been divided into
two subsections: one dealing with nozzle flow passages and one dealing

with tubular flow passages. Data showing the effect of nozzle diameter

[(a] The question of accounting for viscous losses in performing critical

flow calculations for tubular flow passages is discussed in Appendix 8
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ratio upon critical flow multipliers and calculational accuracy is
presented. For the tubular flow passages, the independent variable used
in presenting the effect of flow passage geometry is length-to-diameter
ratio. The use of nondimensional parameters as independent variables
instead of actual dimensions cannot be satisfactorily justified at this
time due to a lack of sufficient data. Use of length-to-diameter ratio
as a characteristic parameter for tubular flow passages is discussed in

Appendix A.

The approach taken in the presentation is to show the effect of the
gecwetric parameter on the value of the critical flow multiplier needed
to compute critical flow rates from stagnation conditions having qualities
in one of the three specified regimes. These quality regimes are the same
ones that have been discussed previously: subcooled, transition, and sat-
urated. In order to allow comparison of critical flow muitipliers and
calculational accuracy values associated with different values of the
geometric parameter, multiplier and accuracy index values determined
using mass flow ratios spanning approximatley the same range of stagna-
tion conditions were used. For this reason the data presented in this
subsection ditfers from that presented in Tables III ard IV, although in

general the differences are slight.

3.1 Nozzle Flow Passages

The effect of nozzle diameter ratio on the value of the critical
flow multin'ier and the associated calculational accuracy are presented
in this subsection. The discussion is divided into three parts, each

discussing the effect of nozzle aiameter ratio on critical flow multiplier
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value and corresponding calculational accuracy associated with calculating

critical flow rates in a particular quality regime.

3.1.1 Subcooled Conditions. The variation in critical flow multi-

plier for use in computing critical flow rates in nozzles with subcooled
stagna-ion conditions is presented in Figure 7 as a function of nozzle
diameter ratio. A1l of the data presented were calculated using data
having stagnation universal qualities approximately covering the range
from zero to -0.5%. The data presented in Figure 7 shows good agreement
between the critical flow multipliers determined using data measured in
Semiscale and General Electric experiments with rozzles of similar
geometry and nearly the same nozzle diameter ratio. The geometries of
the Semiscale and General Electric nozzles are presented ir Figures 3

and 6, respectively.

The critical flow multipliers associated with all of the models and
the Bernoulli mass flux expression presented in Figure 7 are monotonically
increasing. These results, which do not show any evidence of the critical
flow multiplier value decreasing with increasing diameter ratio, may be
misleading. The break flow rates measured in 7 niscale Test $-02-6 may
have been too high as discussed in Appendix A. The lower mass flow
rates that were calculated using a mass balance would have resulted in
the Test $-02-6 critical flow multipliers being lower. It is intuitively
conceivable that the values of the critical flow multipliers might
actually reach a maximum and decline for smaller throats, because as the
size of the throat is reduced, separation zones (if they exist) and the

boundary layer displacement thicknesses account for larger fractions of
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the throat area. This reduction in the effective flow area would have

to be accounted for in the value of the critical flow multiplier since
it is not accounted for analytically r~, the critical flow models and

would result in the curves in Figure 7 exhibiting maximums.

The variation in the calculational accuracies which can be expected
w#hen using the critical flow multipliers presented in Figure 7 are
presented in Figure 8 as a function of nozzle diameter ratio. The
accuracies of the Henry-fFauske and Bernoulli/HEM models do not vary
greatly with nozzle area ratio and are between 6 and +7%, respectively.
Figure 8 shows that the Henry-~Fauske model produced slightly more accurate
results than the Bernoulli/HEM model, which is shown in Table III to be
the best model to use in calculating critical flows in nozzle flow
passages when the stagnation conditions are subcocled. The data presented
in Table III are based upon all of the available data rather than just
the data having stagnation universal qualities between zero and -0.5%.
The data presented in Table III also shows that the Bernoulli/HEM RMS
percent deviations are lower than the corresponding Henry-Fauske values
for all nozzles except the smallest one (Semiscale Test S$-02-6). The
variations in the HEM and Modified Burnell critical flow multipliers in
Figure 8 are well behaved at lower diameter ratios, but the values
obtained using data from Semiscale Test $-02-6 (d/dth = 10.07) do not
seem to be consistent with the data at the lower diameter ratios. For
this reason the HEM and Modified Burnell RMS percent deviations listed
in Table III, which were calculated using all of the available data,
have been added to the plot and an extension of the data presented at
lower diameter ratios has been connected to these points. As was noted

for the critical flow multipiiers, the RMS percent deviations associated
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with Semiscale Test $-29-1 and GE Nozzle 1 are quite similar with the

Henry-Fauske and Bernoulli/HEM values actually being in good agreement.

3.1.2 Transition Conditions. The variation with nozzle diameter ratio

of the critical flow multipliers to be used when the stagnation ccnditions
include qualities betwaen zero and 2% is presented in Figure 9. No data
ware available for the transition quality regime for Semiscale Test

$-02-6 and therefore information is available only for a very limited
range of nozzle diameter ratios. A1l of the multipliers associated with
the four critical flow models exhibit the need for progressively larger
critical flow multiplier values as the diameter ratio increases. The
multiplier values associated with the Bernoulli mass flux expression

into which measured throat pressures were substituted for the critical

pressure shows an asymptotic increase with increasing diameter ratio.

The calculational accuracy information presented in Figure 10
covers an even more restricted range of nozzle diameter ratios due to
the lack of Semiscale Test $S-02-6 daia in the transition regime and the
existence of only one data point in the transition quality regime for
Test S-05-6. The Bernoulli/HEM model clearly is capable of the most
accuracy for transition stagnation conditions. Cal'culational accuracies
for stagnation conditions in the transition regime are the worst of thnse
associated with the three quality regimes. This increase is probably a
result of the changing nature of flow at stagnation conditions cor-
responding to the transition regime. The problems of modeling critical

flows at very low stagnation gualities is discussed in Appendix A.
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The critical flow multipliers and calculational accuracies
associated with Semiscale Test 5-29-1 and GE Nozzle 1 are shown to be

in fair agreement in Figures 9 and 10.

3.1.3 Saturated Conditions. The variation in critical flow multiplier

values for calculating critical flows when the stagnation conditions
include qualities greater than 2% is presented in Figure 11 as a function
of nozzle area ratio. The variation of the critical flow model multiplier
values is well-behaved with the exception of the data associated with
Semiscale Test S-05-6. These data appear to be consistently about 20%

too high although checks made of the Test $~05-6 break flow measurements
failed to show that the data was questionable. The existence of a

ininimum in the curves is not believed at th's time and requires additional

investigation.

The variation in calculational accuracy presented in Figure 12
shows that the homogeneous equilibrium model can be used to calculate
critical flow rates to within +3 to +4% occuring in nozzles having small
diameter ratios. This accuracy degenerates to nearly +9% at the largest
diameter ratio for which data was available (Semiscale Test $S-U2-6).
The Modified Burnell and Henry-Fauske model accuracies are well behaved
functions of nozzle diameter ratio. These models provide better accuracy
than HEM at the larger diameter ratios. The values presented for Semiscale
Test S-29-1 (d/dth = 3,29) are not believed to be true measu.es of
calculational accuracy because some of the stagnation propertiy data and

the measured break flow rates contained a lot of noise[a]. For this

[a] A discussion of the basic data is contained in Appendix A,
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reason the Test $-29-1 values are shown, but have been ignored in establish-
ing the functional dependence of calculational accuracy on nozzle area

ratio in Figure 12. The Bernoulli mass flux accuracy data is quite high

at an diameter ratio of ten compared to the values at the smaller c'ameter
ratios. This result is probably principally due to break flow inaccuracies
suspected to have occurred in Semiscale Test $-02-6, but is also partially
due to the assumption of incompressible flow incorporated in the model

not being appropriate for conditions in which significant mass transfer

cdn occur.

3.2 Tubular Fiow Passages

Data for tubular flow passages, similar to that which have already
been discussed for nozzle flow passages, are presented in this subsection.
The majority of the data presented is from the General Electric tests,
which did not include data at stagnation qualities greater than 2%.
Therefore, the effect of length-to-diameter ratio on only subcooled and
transition critical flow multipliers and associated calculational accuracies

is discussed.

3.2.1 Subcooled Conditions. The effect of tube length-to-diameter

ratio on value of subcooled multipliers is presented ‘n Figure 13. All of
the data presented in Figure 13, with the exception of that for Semiscale
Test 5-06-5, were calculated using data at stagnation universal qualities
petween zero and =0.2%. The Test $-06-5 values were calculated using data
at stagnation universal qualities between zero and -0.5%. The data for
all five of the analytical critical flow models exhibit the same trencs.

The scatter in the HEM data is noteably large, but this is probably the
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result of the scarcity of data points. It is noteworthy that the data
from Semiscale Test $-06-5 (2/d = 4) fit in well with the General
Electric data. It is also interesting to note that the HEM critical
flow multiplier attains a value of unity at an 2/d of approximately
eighteen or a length ¢f approximately 23 centimeters for the 1.270 cen-
timeter diameter tubes with which the data was generated, although the
scatter in the data is noteably large. This result is at variance with
tne results reported in Reference 11, which concluded, based on the same
data and using the same criterion, that a length of only approximately
thirteen centimeters was required to achieve equilibrium at the choke

point and thus not require a c¢vitical flow multiplier.

Another facet of some of the data presented in Figure 13 which tends
to support the conclusion reported in Reference 11 is that a knee occurs
in the curves for the Henry-Fauske and Modified Burnell critical flow
models and for the Bernoulli mass flux expression. Tne position of the
knee is the dividing point between when nonequilibrium effects have a
significant effect on the critical flow rate and when frictional pressure

losses have a significant effect, the position of the knee can be used

as an indicator of the length or 2/d - ch equilibrium is achieved at
the choke point. The occurrence of es in the curves at an £/d of
approximately 9 or a length of appr. «11.5 centimeters is in good
agreement with the tube length of ap; ate'v 13 centimeters or 2/d =

10 required to achieve equilibrium at tue choke point as concluded in
Reference 11. A further discussion of the comparison of the results of
the present study with those reported in Rererence 11 is included in

Appendix B.
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The variation in RMS percent deviation with length-teo-diameter
ratio presented in Figure 14 contains anomalies which are attributable to
the small number of - ailable data points. The HEM data vary over a
range fron $3.5 to £14.5%. The HEM data at 2/d's = 0, = 9, and = 50 have
been joined to define an upper bounding curve. The HEM data at 2/d's = 4
and = 18 have much lower values because these data were generated using
data that covered only part of the stagnation universal quality range
from zero to -0.2%. Therefore, these data do not reflect the full
variation of the data over the guality range that was selected; con-
sequently, they have lower RMS percent deviations. The Modified Burnell
data are not well-behraved either because of the scarcity of data or the
fact that the data is clustered and does not cover the quality range
completely. The lack of agreement between the data for the 2/d = 50
flow passage and the trends in the Henry-Fauske and Bernoulli/HEM data
at lower values of 2/d is probably associated with the fact that the
calculations for the 2/d = 50 case were made without accounting for
iscous losses in the duct. Not accounting for viscous losses probably
Tted “n higher RMS percent deviations. The Henry-Fauske values are
in figure 14 to be most consistently the lowest which is why this
mu.z1 1s recommended for calculating critical flows in tubular flow

passages with subcooled stagnation conditions.

3.2.2 Transition Conditions. The data presented in “igure 15

show the variation in critical fiow multipliers for use in calculating
critical flow rates when the stagnation conditions include qualities
between zero and 2% as functions of length-to-diameter ratio. The data

is well behaved with an acceptable amount of scatter. The Semiscale
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Test 5-06-5 data fits in well with the General Electric data. An

2/d ratio of twenty (2 =25 centimeters) is shown to be required before
the HEM critical flow multiplier assumes a value of unity, indicating
that equilibrium conditions can be achieved at the choke point in a tube
having this length-to-diameter ratio for stagnation qualities less than
2%. This result is at variance with the results reported in Reference 11.
However, use of the knees in the Henry-Fauske, Modified Burnell, and
Bernoulli mass flux expression ~ves at indicators of the £/d at which
equilibrium is achieved at the choke point, results in excellent agree-

ment between the results of this study and those reported in Reference 11.

The variation in RMS percent deviation presented in Figure 16 shows
that the accuracy of the calculations become better with increasing
length-to-diameter ratio except for the case of the Bernoulli/HEM model
and the Bernoulli mass flux expression. In the case of the Bernoulli/HEM
model, this result is probably due to the quality-weighted average
technique with which critical flow rates are calculated at transition
regime stagnation qualities. The Bernoulli mass flux expression RMS
percent deviations at the smaller 2/d's are approximately equal to the
lowest values achieved using the HEM, Henry-Fauske, and Modified Burnell
models. The lack of data at larger 2/d values makes it questionable
whether the increasing trend exhibited by the Bernoulli data at low
2/d's would actually continue at higher 2/d's and result in RMS percent
deviation values that were significantly larger than thoce of the three

critical flow models.
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The RMS percent deviations associated with the four critical flow
models, which were calculated using data from Semiscale Test $-06-5,
do not agree with the trends exhibited by the General Electric data.
These discrepancies are thought to be the result of the greater quantity
of data available from Test $-06-~5 and the fact that the Semiscale data
covers a range of stagnation qualities above the quality ranges covered

by the General Electric data as shown in Table IV.

The RMS percent deviation data presented in Figure 16 and Table IV
for tubes indicated that the accuracies of the Modified Burnell and
Henry-Fauske models are similar for very low stagnation qualities. The
Henry-Fauske values are lower than the Modified Burnell values for
three out of the five configurations for which data was available and
therefore the Henry-Fauske model is recommended for computing critical

flows in tubular flow passages.
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V. CONCLUSIONS AND RECOMMENDATIONS

A method for empirically determining critical flow multipliers and
associated calculational accuracies for critical flow models has been
developed. The method was applied to determine critical flow multipliers
and calculational accuracies for experiments with five different nczzles,
five different tubes, and an orifice. The Bernoulli/HEM best predicted
the critical flow rates in the nozzles and orifice. The Henry-Fauske

»4el performed best for tubes at subcooled and trznsition stagnation
conditions, and the HEM demonstrated superior accuracy for the single

tube tested at saturated stagnation qualities above 2%.

The effect of stagnation quality range spanned by the data is less
than 0.1 variation in the critical flow multipliers for the recommended
models. The critical flow rate data for the nozzies and tubes could be
predicted within 210% even if the critical flow multiplier was not based
on data in the same range of stagnation qualities as the predictions.

The Bernoulli/HEM and Henry-Fauske critical flow multipliers and calcula-
tional accuracies for nozzles and tubes, respectively, are reasonably

well behaved functions of nondimensional geometric parameters.

0f the critical flow models currently available in RELAP4, the
Henry-Fauske/HEM combination critical flow model is the best for general
purpose application. This selection is based on the overall comparisons
of the individual models to all tests, and does not include any comparisons

in the transition regime. Better calculational accuracies may be achieved
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by using the information presented in Tables III, IV, and V to select an

appropriate critical flow model for a specific flow situation.

The general conclusion of the study is that good predictions of
critical flow rates in specific nozzles, tubes, and orifices can by
achieved with current analytical models. The critical flow multipliers
and calculational accuracies presented in Tables III and IV permit the
prediction of critical flows in nozzles and tubes with known accuracy
when the fluid stagnation conditions are known. However, the range of
fluid conditions and size of flow passages for which the information
in Tables III, IV, and V is valid must be investigated in a subsequent
study. For integral system calculations, the uncertainty of the critical
flow rate predictions cannot be completely determined from the reported
calculational accuracies; the uncertainty of the system model critical
flow rate calculation depends in part on the accuracy with which the
stagnation conditions (critical flow model input) can be predicted.
Finally, scale effects have not been fully addressed and may result in a

significant bias type error in the critical flow muitiplier.

This report identified areas in which additional work could strengthen
the results. The results should be applied to additional data with a wider
range of fluid conditions and a variety of flow passage geometries and
scale to verify the predictability and accuracy of calculated flows. The
data can be refined in sev. "al ways, such as mathematically filtering to
remove random errors and removing the time weighting as discussed in

Appendix B. Multipliers and accuracies for tubular flow passages could
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be derived by an iterative procedure which would account for viscous

losses in the duct. Cri  cal flow multipliers thus derived would rot

have to account for viscous losses and would be less sensitive to variations
in the range of stagnation conditions. Transition qualities could be
analytically determined to optimize both transition and saturated critical

flow predicticns.

Areas of investigation not specifically related to the data generated
in the course of the study were also identified. Information about
critical flows in tubes was not available at stagrnation qualities
greater than 1% except for Semiscale Test $-06-5 (tube 2/d = 4). A data
base should be assembled for flow through tubes at higher stagnation
qualities. The Bernoulli mass flux expression is capable of producing
superior comparisons to measured critical flow rates at subcooled and
transition stagnation conditions in nozzles and orifices. A correlation
should be derived for critical pressures in nonequilibrium critical flow.
The correlation could then be used in conjunction with the Bernoulli mass

flux expression for improvod predictions of cri*ical flow rates.

The Bernoulli/HEM should be included as a critical flow model option
in the RELAP4 code because of the good predictive cupabilities exhibited
in this study. The temperature depencence of the critical pressure ratio
function should be investigated. The method of computing critical flow
rates at transition qualities with the Bernoulli/HEM could probably be
improved; the quality weighted averaging technique currently employed

does not have any physical significance.
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A data base should be assembled to address the question of scaling
parameters for critical flow. Diverse opinions have been expressed in the
technical literature supporting either absolute length or diameter as
opposed to nondimensional parameters. Scaling of critical flow calculations
must be resolved for system model calculations of postulated full scale

loss-uf-coolant accidents.

Continued investigations in all areas of critical flow modeling depend
on having a critical flow data base covering a wide range of flow
geometries and fluid conditions. A centralized critical flow data bank
should be established to provide readily accessible, uniformly formatted
data. In order to be of maximum use, critical flow data should include
corresponding stagnation state data, critical flow rate data, and if

possible critical statec (at least critical pressure) data.
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