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Abstract

Ten methods of the total two-phase pressure drop prediction based on five existing models
and correlations have been examined for their accuracy and applicability to pressurized water
reactor conditions. These methods were tested against 209 experimental data of local and
bulk boiling conditions : Each correlations were evaluated for different ranges of pressure,
mass velocity and quality, and best performing models were identified for each data subsets. A
computer code entitled ‘K-TWOPD’ has been developed to calculate the total two-phase
pressure drop using the best performing existing correlations for a specific property range and
a correction factor to compensate for the predicted error of the selected correlations. Assess-
ment of this code shows that the present method fits all the available data within £11% at a

95% confidence level compared with =25% for the existing correlations.
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1. Introduction

Although the average exit enthalpy of a current
PWR core under normal operation does not ex-
ceed the saturation value, bulk boiling can occur
in a hot channel. Moreover, in the event of a
reactor transient, such as a small or a large break
LOCA, bulk boiling can occur throughout the
core. For both steady and transient conditions it is
necessary to predict the pressure loss as accurately
as possible for a two-phase mixture since pressure
drop not only influences flow distribution and
pumping power requirements but also the hot
channel is limiting from DNB considerations.

Various approaches for two-phase flow pressure
drop predictions have been proposed during the
past two decades. The existing two-phase pressure
drop models can be classified into : (a) homogene-
ous models [1-4], (b)separated flow models
[5-6], and (c) mass flow correction models [7-8].
However, these existing models still have the fol-
lowing inherent drawbacks for application : (1) li-
mited accuracy(e.g., the accuracy of the most
widely used Martinelli-Nelson method has been
quoted as +35%), (2) limited applicable range of
properties (such as pressure, mass velocity, and
quality), and (3) often complicated and cumber-
some numerical procedures (or the use of tables
and figures) is required to obtain correction fac-
tors.

Idsinger et al. [9] compared a large number of
existing correlations against measured data for
conditions representing transient as well as steady-
state BWR operation, and showed that the correla-
tion which had the least RMS error overall for the
normal BWR operation conditions is the Armand-
Treschev Correlation [10]. Also, they reported
that the correlations which have shown the best
overall performance were (a) homogeneous
theory, (b)the Thom [6], and (c)the Baroczy
model [7].
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The purpose of this paper is: first, to present
the results of an assessment of existing correlations
for their applicability to PWR conditions ; and
secondly, to present the outlines of a computer
code entitled ‘K-TWOPD’ for two-phase pressure
drop calculation based on the best performing ex-
isting models for specific property ranges and a
correction factor to compensate for the predicted

errors of selected correlations [1-8].

2. Summary of Existing Two-Phase Pressure
Drop Correlations Examined

The existing pressure drop correlations may be
classified into 3 broad categories: (1) the
homogeneous model, (2) the separated flow mod-
el, and (3) the mass flow correction methods based
on the homogeneous or separated flow models. A
brief description of those models, that are selected
for assessments of their applicability to PWR con-
ditions and their accuracy of pressure drop predic-
tions, is given here to aid in understanding and for
convenience in discussion.

The Homogeneous Model

The total static pressure gradient evaluated from
the homogeneous model can be represented by
the following expression [11] :

dp dp dp dp

(g) =g, P a+0g2 (1)
where
dp _ 2fTPGQVf Vtg
—(gF)—T [1+4x( V. 1] 2
dp . oo dx  dVe dp
—(ga)—G [V'Q dz + x dp ( dz )} (3)
_dp,,_  gsing
(™ ——— @
Vi[1+x¢ V:‘)]

All the terms in Egs. (1)-(4) are defineable ex-
cept the two-phase friction factor fir. To use the
homogeneous model it is necessary to apply a
suitably defined single-phase friction factor to two-



A Two-Phase Pressure Drop -+ M.H. Chun and J.G. Oh

phase flow. A number of different approaches
have been made to the definition of this two-
phase friction factor: (1) Owens [1] has assumed
that the friction factor fr is equal to that which
would have occurred had total flow been assumed
to be all liquid. (2) Another approach is to evalu-
ate the friction factor frr using a mean two-phase
viscosity # in the normal friction factor rela-
tionships. The three different forms of the rela-
tionship between # and the quality x proposed by
McAdams et al. [2], Cicchitti et al. [3], and Duk-
ler et al. [4] are
1 X 1—x)
"ot ( 7
#=x M +(1—x)# (Cicchitti et al.) 6)
#= P [xV, #3+(1—x)\Vi 4 (Dukler et al.) (7)

Thus, the methods proposed by Owens [1],
McAdams et al. [2] and Dukler et al. [4] fall into
the category of the homogeneous model.
The Separated Flow Model

The total static pressure gradient as evaluated

(McAdams et al.) (5)

from the separated flow model can be represented
by substitution of the following equations into Eq.
1:

2£.G*V;

d

—( dI;F):[ De ] ¢2f° (8)
dp _ d Xng (1_)()2\/f

g A=0g (I-a) J ®
d

~(gd)=gsind [a 0, +(1-a)0] (10)

In order to apply Eqs.(8)—(10) it is necessary to
develop expressions for the two-phase multiplier {
$%) and the void fraction (@) in terms of the
independent flow variables. As in the case of the
homogeneous model a number of different
approaches have been made to obtain ¢ % and a
: {1) Martinelli-Nelson [5] presented values of ¢ %
as a function of mass quality and pressure (e.g.,
Fig. 2.4 and Table 2.2 in Ref. 11) and also values
of @ as a function of mass quality x with pressure
as parameter (e.g., Fig. 2.6 in Ref. 11). (2) Thom

[6] proposed an alternative set of consistent
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values for the two-phase frictional multiplier ( $ %)
as a function of pressure and mass quality {e.g.,
Table 2.3 in Ref.11). Also Thom [6] proposed to
fit mass quality-void fraction curves of the type
o 2*——7)(
14+x(7 -1)
to their new data (Table 2.3 in Ref. 11) in which
the slip factor 7 is a constant at any given

(11)

pressure,
Mass Flow Correction Methods for Use with the
Homogeneous or Separated Flow Models

Attempts to correct existing models for the influ-
ence of mass velocity on the friction multiplier $ 2.
have been published by Baroczy [7] and by
Chisholm [8] : (1) The method of calculation
proposed by Baroczy [7] employs two separate
sets of curves. The first of these is a plot of the
two-phase frictional multiplier ¢ % as a function of
a physical property index[(#:/ #°2(Vi/V,)] with
mass quality x as parameter for a reference mass
velocity of 1356 Kg/m?’-s (e.g., Fig.2.12 and Table
2.5 in Ref.11). The second is a plot of a correction
factor ) expressed as a function of the same
physical property index for mass velocities of 339,
678, 2812, and 4068 Kg/m?s with mass quality
as parameter (e.g., Fig.2.13 in Ref. 11).

Thus,

d 2£.G*Vi
(g P ="",
(2) Chisholm [8] has shown that the Lockhart-
Martinelli [12] two-phase multiplier can be trans-

$ 2% (G=1356)" (12)

formed with sufficient accuracy for engineering

puroses to
$2%=14+(T2—1) [Bx? ™’ 24x>""] (13)
where
d
(Pl
= [——] 05 (14)
dp
( az e

n=exponent in Blasius’ relation for friction factor,
and recommend values of B as a function of T
and G (Tables 2 in Ref. 8).
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Summary of Correlations Examined

A summary of the correlations selected for
assessments of their applicability to PWR condi-
tions and their accuracy of pressure drop predic-
tions is shown in Table 1. This table also shows
that a different combination of frictional terms and

dJ. Korean Nuclear Society, Vol. 21, No. 2, June, 1989

void fraction models were used in the 5 fun-
damental methods examined. This approach is
taken becuase the use of different friction factor
and void fraction models can obviously affect the
pressure drops predicted by the same separated
flow models, in particular.

Table [. A Summary of Two-Phase Pressure Drop Correlations Examined

Correlation Category I[ID {Ref. Frictional Terns Yoid Fraction Models
(Authors) : No.| No.|  (frp or #%;,)
Homogeneous 1] 1 frp = Iy Homogeneous
(Owens)
Homogeneous 2 2 Eq.5 Homogeneous
(McAdams et al.)
Homogeneous 3 3 Eq.6 Homogeneous
(Cicchitti et al.)
Homogeneous 4 4 Eq.7 Homogeneous
(Dukler et al.)
Separated Flow 5 5 Fig.2.4 in Ref.ll Fig.2.6 in Ref.11
(Martinelli-Nelson) Table 2.3 in Ref.11
Separated Flow 6 | 6 | Table 2.3. in Ref.ll Eq. 11
(Thom) Table 1 in Ref.$
Mass Flow Correction 7 7 Fig.2.12 in Ref.11 Fig.2.6 in Ref.11
(Baroczy) Fig.2.13 in Ref.1l Table 2.3 in Ref.l1
Mass Flow Correction 8 7 Fig.2.12 in Ref.11 Eq.11
(Baroczy) Fig.2.13 in Ref.11 Table | in Ref.6
Mass Flow Correction 9 8 Eq. 13 (or Eq.26 Fig.2.6 in Ref.11
(Chisholm) in Ref. 8) Table 2.3 in Ref.11
Mass Flow Correction |10 8 Eq. 13 (or Eq.26 Eq.11
(Chisholm) in Ref. 8) Table 1 in Ref.§
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3. Assessment of Existing Correlations and
Discussions

Methods Used to Evaluate Existing Correlations
For an objective evaluation and judgement of

the relative superiority between the existing cor-
relations it is necessary to define a quantitative
parameter that can either measure or reveal the
accuracy of each correlation. The most important
parameters used to judge the relative superiority of
a model in the present work is the fractional error,
which is defined as the ratio of the error of the
quantity to the true value of the quantity

_ (AP)—(AP)w
- (AP

€ (15)
where € is the fractional error of the predicted
value of the correlation, (AP)wr is the total
amount of two-phase pressure drop calculated
from the correlation, and (AP)we is the total
amount of two-phase pressure drop obtained from
the experimental data which is assumed to be the
true value.

In order to compare the accuracy of the pre-
dicted values (AP of the correlations for groups
of data, the mean error €, root-mean-square:
(RMS) error €:aws, and standard deviation (SD) of
the error from the mean 0« were also computed
using the following equations. :

6‘% i_ew}-ez—}- """" + €n-1+ €
&S N N
(16)
€%
eR]Vh:[ 21 N ]‘a .............................. (17)
_rl S 2% — 2 210
o=l E (e eyli=[(€my— €]

(18)

Roughly speaking, the correlation that produces a
smaller absolute values of €, €gaus, and ©o: of the
predicted values (AP).r may be considered as a
better correlation.

Experimental Data Used to Assess Existing Cor-
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relations
The experimental data represented several

geometries (e.g., tube, annulus, rectangular chan-

nels, and rod array) and had the following proper-
fy ranges :

:8.5-16.5 MN/m?

: 406.8-8000 Kg/m?s
Exit Quality(x) : subcooled to 60%
Equivalent Diameter :4.83-38.10 mm
All the data were subdivided into 14 subsets

based on the property and flow conditions to

Pressure(P)
Mass Velocity(G)

study how each correlations behave for different
ranges of pressure, mass velocity, and quality.
The property/flow condition groupings combined
data of similar pressure ranges, quality ranges, and
mass velocity ranges. Table Il shows the property
and flow condition ranges from which 14 data
subsets were formed.

Table Il. The Ranges of Physical Properties and Flow
Conditions Used to Form Data Subsets

Pressure | Nass Flux Quality Number | ID No.
of of
WN/n I((/mz-s by mass Data | Subsets
¥<€0.03 14 {
G<1356 | 0.03¢x<0.10 13 2
0010 | 3 3
P¢13.79
(P<2000 x<0.03 28 4
psia) 1356<G<2712{ 0.03<x<0.10 10 5
©0.10 | 16 §
Gy2112 x<0.03 22 7
©0.03 | 12 8
x<0.03 19 9
G<1356 | 0.03¢x<0.10 25 10
P>13.79 00.10 | 2t 1
(P>2000
psis) 1356<6<2712 x<0.03 30 12
00.03 | 14 13
G>2712 | All Region 22 14
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Calculation of Two-phase Pressure Drop(A P)eor

The total amount of two phase pressure drop
from each correlation, (AP)wr in Eq.(15), is
obtained by stepwise integration of Egs. (1)—(4)
and Egs. (8)-(10).
associated with the two-phase pressure drop cor-

To reduce the uncertainty

relations the local and bulk boiling regions were
subdivided into a finite number of smaller differen-
tial control volumes and thermodynamic prop-

J. Korean Nuclear Society, Vol. 21, No. 2, June, 1989

erties for each control volumes were found as a
function of the temperature computed from a heat
balance equation for the given region and system
pressure. The whole process of computation for
(AP)er has been performed by the computer code
entitled ‘K-TWOPD' The flow diagram of this code
is given in Fig 1. Input data required for the ‘K-
TWOPD’ to calculate (A P)er and the sample result
are shown in Table III.

Table III. Input Data For K-Twopd Code and Sample Results

Input Data :Model ID no. 1
Pipe Length (m) 0.146
Heat Flux (W/m?) 1.81x10°
De (m) 0.0045
Inlet Temperature (degree C) 310.11
Mass Flux (Kg/m?-sec) 5072.00
System Pressure (Pa) 1.013x108
e/De 0.0002
Inclination Angle (degree) 90.0
Output : Void Departure Position 0.0396 m
Saturation Position 0.162 m
Bulk Boiling Position 0.247 m
Beginning { Interval| Quality| dPf (Pa) | dPa (Pa) | dPg (Pa)
Point (m) (m)
0.00 0.0396 0.00 26268.8 2895.8 2620.0
0.0396 0.0427 0.22 29647.2 16271.5 2688.9
0.0792 0.0427 0.66 30957.2 16340.4 2551.0
0.122 0.0427 { 1,09 32336.1 16340.4 | 2482,
0.165 0.0427 | 1.53 33646.1 16340.4 | 2413.1
0.204 0.0427 | 1.97 34887.2 | 16340.4 | 2275.3
0.247 0.0335 | 2.61 29923.0 | 32060.4 | 1792.6
0.280 0.0335 | 3.47 31922.5 | 32060.4 | 1654.7
0.314 0.0335 | 4.32 33990.9 | 32060.4 | 1585.8
0.347 0.0335 | 5.18 35990.3 | 32198.2 | 1516.8
0.384 0.0335 | 6.03 37989.8 | 32198.2 | 1378.9
357559.1 {245175.5 [23028.3
Total Pressure Drop = 6.26 x 10° (Pa)
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Fig.1 Flowchart of the Method for Evaluating a Single and Two-Phase Pressure Drop
by the K-TWOPD Code.
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Comparison of Existing Correlations with Data are identified by the numbers indicated in Table 1.
Table IV gives the results of the overall evalua-  The correlation errors appearing in Table IV refer

tion of existing correlations using 209 ex- to the uncertainty in the two-phase pressure drop

perimental data points : This table gives the mean (  based on data and the discrepancy between data

€), the RMS (€ aws), the standard deviation (¢ <}  and correlations. The errors are obtained by Egs.

of the error, and the confidence limits of correla- (15)-(18).

tions at a 95% probability level. The correlations

Table IV. Results of Overall Evaluation of Existing Correlations

| i
Confidence Limits(%)
Model | Mean Error | RMS Error S.D.
ID No, of Error Upper Lower
1 -0.07445 0.12507 0.10049 | 9.08616 | -23.97585
2 -0.08043 0.13257 0.10538 9.29221 | -25,37895
3 -0.08508 0.13367 0.10309 8.45094 | -25.46660
4 -0.09164 0.13903 0.10455 8.03537 | -26.36278
5 -0.01396 0.14710 0.14644 | 22.69316 | -25.48523
6 -0.09435 0.14458 0.10955 | 8,58529 | -27.45583
7 -0.06085 0.10657 0.08749 | 8,30697 | -20.47734
8 -0.05257 0.10995 0.09657 | 10.62806 | -21.14264
9 -0.05155 0.09934 0.08493 8.81569 | -19.12494
10 -0.04379 0.10469 0.09509 | 11.26289 | -20.02135
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Table V. Mean Errors, RMS Errors, and Standard Deviations of the Error of Existing Correlations for Data

Subsets
modal
1 2 3 4 ] 6 7 H 9 10
subest ; e

I 4 -0.0437 -0.0429 «0.0467 0.0450 «0.0374 «0,0458 «0.0410 0.0313 «0.0425 0.0322

1 Exms 0.0573 0.0573 0.0589 0.057¢ 0.0558% 0.0671 0.0578 0.“]9 0.0575 0.0629
-9 0.0370 0.0369 00359 0.0362 0.0415 0.0490 0.0404 0.0534 0.0387 0.0536

4 -0.1169 Q1179 Q12m 0.1238 0.0740 | -0.0976 0.0741 0.0385 0.0734 | 0.0373

2 tas 0.1354 0.1364 Q1328 0.1423 0.1074 0.1466 0.0994 0.1015 0.1031 0.1073
g, 0.0632 0.0637 0.0695 0.0700 0.077% 0.1095 0.0661 0.09%9 0.0724 0.1005

T 02212 -0.2311 02440 02594 <0.1054 Q.2456 0.1199 -0.0981 -0.0685 0.0470

3 Epps 0.2362 0.2452 18} 02717 0.1778 0.2646 0.1470 0.1353 |.0.1223 Q1183
d, 0.0830 Q081s 0.0806 0.0808 0.1432 0.0985 0.0851 0.0931 0.1019 0.1086

T 00858 | 00859 | 00864 | 00870 | 00756 | -0.0987 | 00853 | 0.0898 | -0.08538 | -0.0903

4 fans 0.1092 0.1093 0.1094 0.1096 0.1070 Q1131 0.1087 0.1142 0.1084 0.1140
S, 0.0676 0.0675 00672 0.0656 0.0757 00648 0.0673 0.0705 0.0662 0.0695

T -0.0069 -0.013s Q0167 0.0291 0.0620 -0.0588 0.01%7 0.0107 0.0026 -0.0053

5 Cams 0.0459 0.0497 QD498 0.0560 0.0840 0.0866 0.0543 0.0646 0.04381 0.0653
S, 0.0453 Q0479 O 0.0479 0.0563 0.0835 0.0510 0.0637 0.0480 0.0651

T -0.0559 -0.0742 -0.1044 -0.1334 0.1583 <0.1432 -0.1046 -0.0901 -0.0995 -0.0850

6 ams 0.0739 Q.0912 Q1160 0.1421 02161 Q01546 0.1208 0.1095 0.1228 Q.1131
- 0.0557 0.0531 0.0506 0.0433 0.1471 0.0583 |_ 0.0604 0.0623 0.0720 0.0746

T -0.0873 0.0873 -0.0875 -0.0900 -0.0730 0.0945 -0.0886 0.0984 -0.0831 0.9

7 Eoms 0.1156 0115 Q1156 0.1167 0.1215 01163 0.1157 0.1181 0.1160 Q1164
Se 0.0758 0.0757 Qo755 0.0743 0.0971 0.0686 0.0744 0.0654 0.0809 0.0700

T 0.0399 0.0320 00157 -0.0054 0.2000 0.0923 -0.0990 0.1380 -0.0618 -0.0983

H Exps 0.1276 0.1215 1032 0.1004 02971 01411 0.1334 0.1564 0.1138 01322
S, 0.1212 0.116% Q1077 0.1002 02197 0.1063 0.0893 0.0771 0.0955 0.0887

T 0.03m -0.0303 Q0307 0.0312 -0.0233 -0.0354 -0.0295 0.0221 -0.0318 -0.0245

9 s 0.0506 Q.0506 Q0507 0.0509 0.0495 00588 0.0496 0.0539 0.0499 0.0543
Oy 0.0406 0.0405 Q0404 0.0402 0.0406 Q.0470 0.0399 0.0492 0.0334 Q0434

I3 -0.0375 -0.0331 00393 -0.0407 -0.0216 0.0271 -0.0140 0.012¢ -0.0199 0.0068

10 Tanms 0.0863 0.088% 0.0830 0.0893 0.0792 0.0994 0.0744 0.0851 0.0754 0.0845
O, 0.0778 0.0781 Qo787 0.0795 0.0763 0.0956 0.0731 0.0341 0.0727 0.0842

T 0.1134 0.1158 01192 0.1227 0.0705 -0.1054 -0.0415 -0.0170 0.0449 -0.0205

n s 0.1721 0.1799 [1 % § 51 0.1360 0.178S 2021 0.1593 0.1595 0.1553 0.1551
G, 0.13n Q1I™ Q1389 01397 0.1839 01728 al1s53s 0.1586 0.1487 0.1537

T -0.0836 -0.0837 Q0841 -0.0846 <0.0724 -0.0984 -0.0784 -0.0913 -0.0738 -0.0917

12 Sams 0.1092 Q1093 Q3054 0.1096 0.1059 01189 Q1073 0.1146 0.1070 01144
a, 0.0702 a.g702 0069 0.0696 0.0712 0.0669 0.0733 0.0693 0.0724 0.0685

T -0.0638 0.0677 | -0O713 00706 | -0.0%08 0.1240 -0.0629 -0.0763 0.0647 -0.0876

13 s 01010 [ §1.. ) Q1100 0.1031 0.0972 01338 011 0.1128 0.1036 01144
G, 0.0733 aosts 00833 0.0752 0092 Q0818 0.0990 0.0527 0.0809 a.0741

T -0.0897 -0.0899 Q0% 0.0923 0.0796 Q.1026 -0.0983 -0.1083 -0.0508 -0.1008

4 Cange Q1095 Q1097 alm 0.1120 o108 0.1260 01243 0.1381 0.1140 0.1240
S, Q.0629 0.0630 0063 0.0626 0.0631 aoTR2 Qo761 0.0808 0.0690 aoT2
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Table V, on the other hand, shows th~ results of
the evaluations of each correlations fcr 14 data
subsets shown in Table II. Also, in Fig.2 the RMS
error (€rms) ranges of existing correlations ex-
amined for each data subsets are shown in order
of increasing RMS error along with the list of 4
best performing correlations for each data groups.
From the Table V and Fig.2 it can be observed
that the RMS error ranges of the correlation for

d. Korean Nuclear Society, Vol. 21, No. 2, June, 1989

low quality region (x<0.1) are considerably smal-
ler than those for high quality region (x=>0.1).
As can be seen from Figs. 3-5, comparisons of
experimental and predicted total pressure drop us-
ing the Owens model [1], Martinelli-Nelson mod-
el [5], and Thom model (6] show that the ex-
—28% and +23%
spread of the correlation at a 95% probability

perimental data. fall within

level.

LN B

LN AL A R A AN AL S S N N BN SN L R B S S S B S e
t Nos.1,2,7,9 (]
2 [ Nes.7,8,9,00 (1
3 Nos.10,9,8,7 [ —]
4 Nos.5,9,7,t (]
5F Nost 9,23 ]
g 6 Nos.1,2,8,3 [ ]
e T Nos.1,2,3,7 3
W sl Nos.4,3,9,2 [ -
2 o592
10} Nos.7,9,5,10 1
" Nos.10,9,7,8 [ ]
12 Nos.5,9,7,1 [
13 Nos5,1,2,3 [ )
19 Nos.5,1,2,3
SR Y SN S SN G SN TR SN VU S SN SN S S NN ST T T N S T N WA S S S
0.05 0.10 0.15 0.20 025

CORRELATION RMS ERROR { €pug )
Fig 2. RMS Errors of All Correlations for Each Data Subsets.

4.0Outlines of a New Method and Its Assessment
Outlines of the New Method Proposed

The basic concept of the new method proposed
here is to calculate the total two-phase pressure

drop using the best performing correlation for a
specific data range and then apply a correction
factor to compensate for the expected error of the
selected correlation.

To summarize, the step-by-step calculation per-
formed by the computer code developed here
(i.e., the ‘K-TWOPD' code) is as follows :

(1) Select the best performing correlation that
has the smallest RMS error out of the 10
methods shown in Table'| for a given speci-
fic property and flow conditions with the aid
of Table V and Fig.2.

(2) Calculate the total two-phase pressure drop

{AP)o using the selected correlation.
(3) Obtain a correction factor ¥ to compensate
the expected error of the selected correla-

tion by

¥ =Bix+ Bz(%) +BaL?+ Bqlogw(%) +

L
leoglo(ﬁ'H—Co (19)
where
B:=0.26739, B.=—0.36968,
Bs=0.00024, B.s=—0.07543,
B:=—0.13777, (Cov=1.35224,

x is the exit quality, q” is the heat flux in Btu/
hr-f, G is the mass velocity in Ibm/hr-f2, L is the
pipe length in ft, and De is the equivalent dia-
meter in ft.

(4) Finally, the predicted value (AP)ew is
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obtained by substituting (AP)ox and ¥ into
the the following expression :
(A Py

v
Procedures Used to Obtain the Correction Factor
v

If some input variables to evaluate (AP)wr are
very influential on the error €, those input vari-

ables or their combinations require a close study

(APhe= (20)

in composing a correction factor that can reduce
the error vectors. The stepwise regression techni-
que (SRT) [13] is used to select these sensitive
parameters, thereby to build a regression equation
composed of not undue member of input para-
meters while the constructed regression equation
reveals the input-output relationship. This proce-
dure enables to select or remove the most impor-
tant variables sequentially. At each step, to decide
the adequacy of the constructed regression model
composed of the selected input parameters, the
analysis of variance (ANOVA) calculation has been
performed.

The procedure used to derive the correction

factor ¥ is as follows:

(1) Select the best performing correlation for
each data subset with the aid of Table V and
Fig.2, and collect the selected correlations.

(2) Calculate the error of those correlations col-
lected in step 1.

(3) Select the most important parameters sensi-
tive to produce errors obtained in step 2 by
the stepwise regression technique.

(4) Introduce new varibables by the combina-
tion of selected parameters, taking its logar-
ithm or powers.

(5) The stepwise regression technique is used
again to select or remove the introduced new
variables in step 4.

(6) Build up the error response, €, which is a
function of the selected variables.

(7) Finally, from the definition of the error,
Eq.(15), the correction factor ¥ to compen-
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sate the expected error € in the (AP)om
obtained by the best performing correlation
is derived as
¥=1+c¢ (21)
where € is the predicted error regressed with the
important parameters as shown in Eq. (19).
Evaluation of the New Method )
As described in the previous section, once the

best performing correlation that has the least RMS
error is selected for a specific range of pressure,
mass velocity, and exit quality, the two-phase
pressure drop calculation with a correction factor
V¥ to compensate the expected error of the
selected best performing correlation can be carried
out by the computer code ‘K-TWOPD’: This code
calculates the exit quality internally by the Bowr-
ing model [14]. To examine the goodness of fit
and the accuracy of this new procedure the fol-
lowing statistical analysis has been performed.
(1) Stepwise Regression Results: the import-
ance of variables and regression of the cor-
rection factor ¥, Eq. (19), are investigated
by stepwise regression procedure [13]. In
addition, the analysis of variance (ANOVA)
has been performed to see the difference
between € and €. The analysis of variance
table obtained from the final stage of the
stepwise regression is shown in Table VI.
There are basically three factors that de-
scribe how well the model actually fits the
observed data [13], (1) the mean square
due to residual variation (MSE), (2) the
coefficient of determination R?, and (3) the
calculated F value. The smaller the MSE
value, the better is the regression. Notice
that the MSE value is 0.00388 as shown in
Table VI. Also one should be pleased if the
sum of squares (SS) due to regression is
much greater than the SS due to the re-
siduals, or what amount to the same thing if
the ratio R® is not too far from unity. The F
value serves to test how well the regression



84

model fits the data. If the calculated F value
exceeds the ‘critical-F’ value obtained from
a statistcs table for F(k, n-k-1; @) the re-
gression is significant at a level of 100 (1—
a)%. It can be observed that all the values
shown in Table VI pass the above tests for
the precision of the estimated regression
and the F-test for significance of regression.

Table VI. The Analysis of Variance Table for Final

Stage of Stepwise Regression of Error

Degrees of Freedom 208
Variable Entering 5
Multiple R 72977
R Square 53256
Adjusted R Square .52105
Standard Error 06229
ANOVA
Source D.F S.S N.5 F Criticsl-F
Regression 5 .89725 |.17945| 46.25625 2,25
Residual 203 . 78753 |.00388
Total 208 | 1.68478

D.F : Degrees of Freedom
S.S : Sum of Squares
M.S : Mean Square

< : M.S. Due to Regression/M.S due to Residual
: Critical F Value in 5% significance level

Critical-F
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aid of Fig.2, whereas lower figure (Fig.6b)
shows the results obtained from the new
procedure with a correction factor ¥. From
these figures two facts can be observed:
first, the distribution of error is nearly sym-
metrical for both cases, with the highest fre-
quency occuring in the middle where the
error is zero. Secondly, the magnitude of all
errors, such as €, €mws, and 0. of the new
procedure is appreciably smaller than those
of the best performing correlations.
Comparison of Experimental and Predicted
Total Pressure Drop Using a New Procedure:
Fig.7 shows the comparison between be-
tween experimental data and predicted total
two-phase pressure drop using the present
new procedure with a correction factor. As
can be seen from this figure, all the ex-
perimental data fall within £11% spread of
the new procedure at a 95% confidence
level, whereas the same data has approx-
imately £25% spread for the existing cor-
relations examined in Figs. 3-5.

(2) Histograms of Errors:to examine the fre-

quency distribution of errors from the new
method two histograms of errors are com-
pared as shown in Fig.6 : top figure (Fig.6a)
shows the distribution of errors obtained by
using the best performing correlations for
each 14 subsets (shown in Table lI) with the

T rorrre T T T T rrry T T A
50 - sTMeoL SOURCE PRESSURE(M/mZ) , / /i
L+ e 1379 J Zh
* o2 13.79 7
30 & ucla wea s oata 1379
v Wi cata 10.34-13.79 ye
o e 1.03 e
[ © UOF cAMBRIOGE DaTA B62-14 82 Y B
4 pa 1379-16.58 /
B CISE BULK BOILNG DATA 893 Ll /
(P{-P4 DATA OBTAINED 8Y SEVERAL INOUSTRIES) <
10 |- % .
o p 3
a. [ oo ]
X 5.0 Ry —
— L {2 /" B
a s Yo\
3 30 23 .
’ / x
- f 4
g /
wA
10 2
e WA ]
- by (Nofe)  Multiply (8Ple, NG (8P)coy Dy 0 006895 To
- 7 Obfun the Total Presswe Drop in MN/mZ —
0.51-, 5 —
'S4 i
03 / L1 | ! L« 1
03 05 1.0 30 50 10 30 50
(AP }oore

Fig.3 Comparison of Experimental and Predicted Local

and Bulk Boiling Total Pressure Drop Using Owens

Homogeneous Model.
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Fig.4 Comparison of Experimental and Predicted
Local and Bulk Boiling Total Pressure Drop
Using Martinelli-Nelson Model.
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Fig.5 Comparison of Experimental and Predicted
Local and Bulk Boiling Total Pressure Drop
Using Thom Model.
Applicability of the New Method to PWR Analysis
In previous sections 10 different approaches of

existing correlations have been compared against
measured data for conditions representing tran-
sient as well as steady state PWR operation. The
data subsets investigated that are pertinent to the
normal operation of the PWR, in particular, are
those representing the following properties :
Pressure : 15.1-15.8 MN/m*(2200-2300 psia) ;

Mass Velocity : 3254.4-3525.6 Kg/m*-s(2.4-2.6
M1b/ft-hr)

Quality : 0-1.

As can be seen in Fig.2, the correlation which
had the least overall RMS error for the above
conditions (equivalent to the subsets No.14 in
Table II) is the Martinelli-Nelson correlation (ID
No.5 in Table I).

In the event of a nuclear reactor transient such
as the small and large LOCA;s, the quality can be
higher, whereas the mass velocity and the press-
ure in the core can be lower. Under these cir-
cumstances, conditions above may be changed
and the best performing existing correlation for the
changed conditions can be found from Fig.2.
However, the new procedure outlined in previous
sections is recommended for the more accurate
analysis of PWR pressure drop at steady and tran-
sient core conditions. For the above property
ranges representing the normal operation of the
PWR, the RMS error of the new approach (for the
subset No.14) is € ris=0.0569 whereas that of the
best performing correlation (ID No.5) is € aws=
0.1015. This indicates that the new approach is
superior to the best performing correlation for the
subset No.14. In general, this is true for all the
subsets as can be deduced from Fig.6 and the
derivation of the correction factor ¥.

401
Coliection of the best performing
L correlations for each subset :
€ * -0.03749
N 30% €qus" 0.09420
g o, +0.08642
u wpper confidence limit =10.46677%
g 204+ lower confidence limit = -17.96438%
1O
0 1 1 W |

-04 -03 -02 -0Oi o o1 02 03 04
ERROR

(a) Distribution of errors of the best performing correlations
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401 - New Procsdure :
L € - 0.003m
€pms® 0.06199
30k F Ams
> o, * 0.06188
L upper confidence limit =10.55804 %
20k lowsr confidence timit = -9.79965 %
10or
1
o — ) n )
-04 -03 -02 -0t o 01 02 03 04

ERROR

(b) Distribution of errors of the new procedure.

Fig.6 Comparison of Two Histograms of Errors :
The Best Performing Correlation VS. the New

Procedure.
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Fig.7 Comparison of Experimental and Predicted Total
Two-Phase Pressure Drop Using a New Procedure

with a Correction Factor W.

5. Conclusions

The performance of the ten two-phase pressure
drop prediction methods were evaluated for their
accuracy and applicability to PWR conditions.
Specifically, the best performing correlations were
identified for each data subsets representing speci-
fic ranges of pressure, mass velocity, and quality
and data sets representing PWR conditions. The
root-mean-square error between madel prediction

and data was used as the criteria to evaluate mod-
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el performance.

(1) Considering the total data bank, the existing
models exhibiting minimum error were (a)
Chisholm model(ID No.9 and 10), (b) Baroc-
zy model(ID No.7 and 8), and (c)the
homogeneous model with the two-phase
viscosity term based on all-liquid flow (ID
No.1).

{2) The best performing models or methods for
each data range can be found with the aid
of Fig.2 or Table V.

(3) The new method proposed here is to calcu-
late the total two-phase pressure drop using
the best performing correlation for a specific
data range and apply a correction factor ¥,
defined by Eq. (19), to compensate the ex-
pected error of the selected correlation : that
is, use Eq. (20). This new approach fits all
the pressure drop data collected in the pre-
sent work within £11% at a 95% confi-
dence level compared with +25% for the
existing correlations.

Nomenclature
B Coefficient in Eq. (13)
De Hydraulic equivalent diameter
fio Friction factor based on total fow

assumed liquid
frosso Isothermal friction factor based on total
flow assumed liquid

fre Two-phase friction factor

G Mass velocity

g Acceleration due to gravity

L Length of channel

n Exponent in Blasius’ relation for fric-
tion factor

P Static pressure

q Surface heat flux

Vi Specific volume of liquid

Ve Specific volume of vapor or gas

Vi Difference in specific volumes of satu
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rated liquid and vapor d
q ) P (—pz) Pressure gradient due to static head
Mass vapor quality dz
Axial coordinate .
. . Subscripts
Void fraction . o
fo Assuming total flow to be liquid

Dimensionless slip factor used in
Eq.(11)

Physical property coefficient defined by
Eq. (14)

Fractional error defined by Eq. (15}
Pipe roughness

Mean error

Root-mean-square error

Predicted error used in Eq. (21)
Angle to horizontal plane

Liquid viscosity

Vapor viscosity

Mean viscosity of homogeneous fluid
Liquid density

Vapor density

Average density of homogeneous fluid
Standard deviation of the error from
the mean

Two-phase frictional multiplier based
on pressure gradient for total flow
assumed liquid

Correction factor defined by Eq. (19)
Total two-phase pressure drop calcu-
lated by correlations

Total two-phase pressure drop

obtained by experiment
Total two-phase pressure drop calcu-

lated by the new method proposed,
Eq. (20)

Total two-phase pressure drop calcu-
lated by the best performing correla-

tion

Total pressure gradient
Pressure gradient due to friction

Pressure gradient due to acceleration

Liquid
Gas or vapor
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