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Abstract

A total of 17 experimental data for the onset of slugging, which is assumed to be the
precursor of the condensation-induced waterhammer (CIWH), have been obtained for various
flow rates of water. Incorporating the most recent correlations of interfacial heat transfer and
friction factor developed for a circular geometry and using an improved criterion of transition
from stratified to a slug flow, two existing analytical models to predict lower and upper bounds
for CIWH have been upgraded. Applicability of the present as well as existing CIWH models
has been tested by comparison with two sets of CIWH data. The result of this comparison
shows that the applicability of the present as well as existing models is reasonably good. Based
on the present models for CIWH, a computer code entitled as “KAIST-CIWH” has been
developed and sample guide charts to find CIWH free regions for a given combination of major
flow parameters in a long horizontal pipe have been presented along with the results of
parametric studies of major parameters (D, P, T}, and L/D ) on the critical inlet water flow
rate(Wy,.)..« for both lower and upper bounds. In addition, two simple formulas for lower and
upper bounds that can be used in an emergency for quick results have been presented.

Key Words : Condensation-induced water hammer (CIWH), Lower and upper bounds for
CIWH, Onset of slug flow, Steam-water stratified countercurrent two-phase flow

1. Introduction hammer in nuclear power plants have been

classified into nine different categories by recent
In the past three decades, since a large number studies. However, Yow et al. [1] noted that there

of water hammer events occurred in the light- are three basic types of severe water hammer

water-reactor (LWR) power plants, a number of
comprehensive studies on the phenomena
assocciated with water hammer events have been

performed. The mechanisms for initiating water
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occurring at power plants that can result in
significant plant damage: rapid valve operation
events, and

water-slug-induced events,

condensation-induced events. They also found that



KAIST-CIWH Computer Code and a Guide Chart to Avoid --- M.H. CHUN and S.O. YU

Table 1. Test Matrix for Present Experiments
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Test Section

D L Inclination Js Re, Ja No.of
im} {m} Angle (5] [mvs] Data
Steam/ o 0-7.67
Water  0.0830. 22 265 05° 002 83 (up to the onset 17
~0.10 ~124735 )
Test of slugging)

condensation-induced water hammers (CIWHs)
were responsible for about 34 percent of the 283
events compiled by Van Duyne et al. [2]. The
mechanisms associated with these CIWHs include
the following [1]: @ steam and water counter-flow
in a horizontal pipe, @ subcooled water with
condensing steam in a vertical pipe (water
cannon), @ pressurized water entering a vertical,
steam-filled pipe, and @ hot water entering a
lower pressure line. A significant event which
occurred at San Onofre Unit 1, in particular, is an
example of the first mechanism. Owing to many
exhaustive studies on this subject [3,4,5], now it is
well understood that the condensation process for
the steam and subcooled water counterflow in a
horizontal pipe will result in two-phase flow
interfacial instability, and is capable of initiating a
severe water hammer that will result in significant
plant damage.

Although a number of earlier studies identified
basic mechanisms for various types of water
hammer initiation and presented some important
strategies for avoiding water hammer initiating
events [2-4], no analytical model for the CIWH in
a long horizontal or nearly horizontal pipe can be
found at this time except the one presented by
Bjorge and Griffith [5]. The analytical method used
by Bjorge and Griffith (5] follows that of Linehan
et al. [6]. Their model used one-dimensional flow
equations and empirical correlations of interfacial
shear stress and heat and mass transfer available

at that time. The criterion of transition from

stratified to slug flow was calculated by the Taitel-
Dukler criterion [7] with local steam flow rates and
liquid depth obtained from the flow equations.
The results of calculation compared favorably to
the experimental data. The effects of varying the
inlet water subcooling, the pipe length, and the
pipe diameter on the initiation of water slug were
also studied with the verified analytical mode].

The purpose of this work is to upgrade the
existing analytical models to obtain the critical inlet
water flow rates (Wy, )eir of CIWH for both lower
and upper bounds in a long horizontal pipe by
incorporating empirical correlations of interfacial
friction factor (f;) and heat transfer (h,) developed
most recently for a circular pipe geometry and
using an improved criterion of transition from
stratified to a slug flow. A series of experiments
were performed to obtain experimental data for
the onset of slugging and predictions of
representative models are compared against
present experimental data. Applicability of the
CIWH models has been tested by comparison with
CIWH data. Based on the present models, a
computer code entitled as “KAIST-CIWH” has
been developed and sample guide charts to avoid
the CIWH for a given combination of flow
parameters in a long horizontal circular pipe are
presented. In addition, two simple formulas for
lower and upper bounds of the CIWH to be used
for quick results in an emergency are also
presented.
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Fig. 1. Schematic Diagram of Experimental Apparatus

2. Experiments

A series of experiments were performed and a
total of 17 experimental data for the onset of
slugging, which is assumed to be the precursor of
the CIWH in the present work, in nearly
horizontal countercurrent two-phase flow have
been obtained for various flow rates of water. The
test matrix is shown in Table 1.

2.1. Experimental Apparatus

A schematic diagram of the experimental
apparatus is shown in Fig. 1. The main
components were (O the test section, @ the steam
and the water supply systems, @ sensors and
devices to measure the water level and flow rates,

and @ the data acquisition system.

The test section is slightly inclined (0.5° from
the water inlet) and consists of four transparent
tempered glass pipes which are connected in
series by flanges. The total length and inner
diameter of the horizontal channel are 2.2 m and
0.083 m, respectively. While the saturated steam
was supplied by a 200 kW electric steam boiler,
filtered tap water was pumped from the water
surge tank to the test section. The flow rates of
steam and water were measured by a vortex and a
magnetic flowmeters, respectively: The accuracy
of the vortex and the magnetic flowmeters were
within +1.0% and +0.5%, respectively. The inlet
temperatures of steam and water were also
measured by k-type thermocouples installed at the

downstream of the vortex flowmeter and inside
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Fig. 2. Photographs Showing the Sequence of Slug Formation in a Pipe (j: =0.091 m/s)

the water reservoir, respectively. The
instantaneous water level was evaluated by
measuring the electrical resistance which varies
according to the changes in the water level
difference between two vertical parallel electrodes
inserted in the test section. The electrodes
consisted of two stainless steel wires of 0.25 mm
in diameter, mounted vertically in the test section
about 5 mm apart in a plane perpendicular to the
direction of the flow. Because of the variation of
the conductivity with temperature and impurities,
the level sensors were calibrated for each run and

also checked repeatedly during the test : The

response of this level gauge was quite linear and
the average standard deviation was about 0.5 mm.

2.2. Test Parameters and Test Procedure

The major test parameters in the present
experiment were the inlet flow rates of steam and
water, and the water level. A total of 17 runs were
made under atmospheric pressure condition as
summarized in Table 1. The range of superficial
velocity of water (j;) was 0.02 ~ 0.10 m/s,
whereas that of steam (j;) was 0.00 ~ 7.67 m/s.

The experimental procedure for a given test is
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as follows: © The inlet water flow rate was first
set to a specified value. @ The steam flow rate
was then increased in small steps until the onset of
slugging occurred. @ After allowing a sufficient
time to reach a quasi-steady state, the time
averaged water level and flow rates were taken.
The same procedure has been repeated for all the
tests.

The onset of slugying was readily determined by
direct visual observation as a slight increase in
steam flow rate at the onset of slugging resulted in
a dramatic change in the flow pattern. In addition,
the reproducibility of the present experimental
data has been confirmed by repeating the same
test three times under typical test conditions: The
ranges of standard deviation of j; and (jg )
evaluated for two sets of reproducibility tests were
0.0007 ~ 0.002 and 0.18 ~ 0.20, respectively.

2.3. Observation of Slug Formation and
water hammer initiation

Photographs of steam-water interactions in the
test section were taken for two different
conditions, one for a low steam flow rate (j,
=4 555 m/s) and the other for a critical steam flow
rate (j, =4.243 m/s) where a CIWH occurred.
Figure 2(a) shows the case of low steam flow rate:
The steam-water interface is clearly visible and
small ripples appear at the steam inlet and slowly
propagates toward the water inlet. A typical case
of critical steam flow rate, on the other hand, is
shown in Figs. 2(b) ( 2(f). These five photographs
show the process of CIWH formation:

@ At the critical steam flow rate, when the wave
grows large enough to fill the pipe cross
section, eventually a water slug is formed as
can be seen in Fig. 2(b).

@ Fig. 2(c) shows that a large number of small
steam bubbles are entrained in the water slug
and the water slug carries the water toward the

20
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Fig. 3. Dimensional j; Versus j, Curves of the
Present Onset of Slugging Data and
Existing Model Predictions

steamn flow direction.

® As can be seen in Fig. 2(d), the water slug
traps a large steam bubble (elongated bubble},
which condenses and collapses rapidly causing
a condensation-induced water hammer.

@ Then gravity waves originate from this
discontinuity, seeking to re-establish a stratified
flow and this process is shown in Fig. 2(e).

® Another water slug is formed before the large
wave (moving toward right) reaches the end of
the pipe, and this periodic water hammer
continues. Figure 2(f) shows the beginning of
another CIWH.

The present experimental data are shown in the
form of dimensional j, versus j; curves along with
the predictions of representative existing models
proposed for the onset of slug flow in Fig. 3. As
can be seen in Fig. 3, all the models successfully
predict the present data for the onset of slugging
or the initiation of CIWH. The agreement
between the existing models and data is about the
same except that Taitel and Dukler’s [7] and
Chun and Sung’s [8] models slightly underpredict
the (j; )ore values when j; values are larger than
0.06 m/s.
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3. Analytical Models for Lower and Upper
Bounds

The physical phenomena of CIWH in a
horizontal pipe can be described by reference to
the flow geometry shown in Fig. 4. The steam
flow interfering with inlet water flow can form a
water slug in the pipe and thereby trap a steam
bubble upstream of the water slug. Rapid
condensation of the trapped steam bubble by
continuous inflow of the subcooled water causes
acceleration of the water slug, giving rise to a
condensation-induced water hammer. This
phenomenon corresponds to a lower bound
condition for the initiation of a CIWH,

Inferring from the basic physical phenomena of
water hammer and experimental observations, an
analytical model to estimate the critical inlet
water flow rates for given flow conditions, i.e.. a
lower limit of the CIWH initiation, is first outlined

here.

3.1. Lower Bound

The analytical method to derive the lower bound
(where a CIWH is predicted to occur in a long
horizontal pipe) follows those of Bjorge and
Griffith [5] and Linehan et al. [6] except the
following:

@ In the expression of the steam condensation
rate {see Eq. (AD)), the effect of heat transfer
from the steam to the pipe wall is included,
whereas this effect was neglected in the earlier
works of others [5-6].

® In an effort to upgrade the analytical model and
to incorporate current advances made in the
understanding of interfacial transport
phenomena, correlations of interfacial friction
factor (j, included implicitly in Eq. (A3)) and
interfacial heat transfer coefficient (h; in Eq.
{AD)) developed most recently for a steam-water
countercurrent flow in circular geometry by
present authors [9-10] are used.

® Also, the criterion for the lower bound of
CIWH initiation is based on the stratified-slug
flow transition criterion developed most

recently by present authors {8].

3.1.1. Governing Equations and Boundary
Conditions

The dimensionless governing equations for lower
bound are as follows [11]:

ds" . N . N -
[1—Fr2(|+¢)}dx—{=2Fr’q w-n-1, -1 -1,~6 (1)

=g (Af }(BO 2)
. Wg,m Bz
£ Wf.m +E (3)

The applicable boundary conditions are:
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T/ =0, W, =0 at x =0 @)
1-Fr2(+¢)=0 at x‘=% (5)

The definitions of these dimensionless variables
are summarized in Appendix A. In the above
dimensionless governing equations (Eq. {1)~( (3)),
there are three dependent variables, ;", T;" and
W, . Before these equations can be solved
simultaneously to obtain the three unknowns, the
quantities of r;, t,, and r, in Eq. (A3) and h, and
h.. in Eq.(A5) must be specified using appropriate
correlations. The constitutive relations used in the
derivations of lower and upper bounds are given in
Appendix B.

3.1.2. Criterion for the Condensation-
induced Water Hammer Initiation

In a manner similar to the methods used by
earlier workers [5,11], a localized water slug
formation is assumed to lead to a CIWH in a
long horizontal pipe. To obtain the lower
bound for CIWH initiation, the criterion of
stratified-slug flow transition for a horizontal or
a nearly horizontal pipe proposed by Chun and
Sung [8], is first transformed into the following

form:
NCIWH =——¢L21.0 (6)
(1-87)*cos®C
where
C=14+12%Pe 7

When Ngws =1.0 at any location along the
pipe, a localized water slug formation is assumed
to lead to a CIWH.

3.2. Upper Bound

When the injected water flow rate is large
enough, the reduction rate in the steam volume
due to refilling is approximately equal to the
amount of condensation on the steam-water
interface and the pipe wall. At this point, the net
steam flow into the pipe is approximately zero and
is not large enough to generate a water slug. In
other words, if the inlet water flow rate exceeds
the condensation rate (i.e., W, 2W, ), then no
net steam will flow into the pipe, and water
hammer will not occur. Thus, an upper bound
may be obtained from the following relations:

The mass of steam is balanced by the
condensation rate.

dp,V
_dlpg g)=W

_BSL Ty -Ty) +hSeL Ty = Ty) (o)
dt [+ .

g

Eq. (8) assumes that the steam is condensed on
both the water surface and the pipe wall. Then, an
approximate expression for the upper bound

criterion to avoid water hammer is

Wf,in 2W, ()

The water depth, in addition, can be obtained
from the solution of the following equations:

FngA}pzf : v
2w} v
where W; can be determined by

Wr _ig+CrTy ~Trm)
Wi i +Cpr(Tg =Ty) (11)

Eq. {10) is derived from the Froude number
defined by Eq. (A8) in Appendix A, whereas Eq.
(11) is obtained from the mass and the energy
balance equations for the control volume of both
phases.
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3.3. Numerical procedures

To obtain the lower bound for a given condition,
the governing equations with the given boundary
conditions should be solved numerically. In the
present study, after the nodalization of the given
pipe, the finite difference method (FDM) was used
and the values of the major dependent variables
8", T;", and W, were calculated at every node.
The 8 steps of overall calculation procedure is as
follows:

Step 1: Leftward Sweep (increasing direction of

X‘ ):
Using the FDM, Eq. (2) is expressed as follows:

T nr = @), +[q{i—slﬁj] [0 -6,] (12
r A Bo "

where n is the node identification. To solve Eq.

(12), Egs. (3) and {(4) are used along with the

starting value of (8;"),=0.5

Step 2: Flow parameters and properties included
in the governing equations, i.e., those
values defined by Egs. (A3) ~ (A6), and
(A8), are calculated for node (n+1) with
(T o

Step 3: The water level of the last node, (9" ),.n
that satisfies Eq. (5) is then obtained by
Newton-Raphson method.

Step 4 : Rightward Sweep (decreasing direction of
X'):

Eq. (1) is first expressed in finite difference form as

follows:

2Fr2q.(\y—])— 1‘; —T} —r; -0
1-F(1+9)

(5}>n-.=(6_})”—[ }[(x'),,—(x'),,_l] (13)
The (8;"),.y value for the last node obtained in
Step 3, along with other flow parameters and
properties, is then substituted into Eq. {13) to
obtain the dimensionless water depth at (n-1)
node, (8 ), 1.

Step 5: Flow parameters and properties included
in the governing equations are evaluated
again for node (n-1) using(8;}. ...

Step 6: The above calculation procedure is
repeated until the following two conditions
of convergence are satisfied at j the
calculation.

T -apy

%_%IL)_SE, n=12,--N (14)
f/n

B3 - @5

_f_(a_‘()}f_)_sg, n=1’2’...’N (15)
fon

Step 7: When a set of solutions for the dependent
variables (8, T," and W,’) are obtained,
the stability parameter Newy given by Eq.
(6} is calculated for each node.

Step 8: By varying the inlet water flow rate, the
above procedure is repeated until the
calculated maximum Newn value just
exceeds unity at any node. The localized
water slug formation, which is assumed to
be leading to a CIWH, is then predicted
when there is any Newn =1.0 value at
any node.

The water depth and the critical inlet water flow
rate that satisfy the upper bound of CIWH given
by Eq. (9) can be obtained in a manner similar to
the numerical procedure used for the lower bound.
That is, Eq. (10) can be solved by the Newton-
Raphson method to find the critical inlet water
flow rate for the upper bound.

4. Results and Discussions
4.1. Assessment of Present Model
Present and representative existing analytical

models for CIWH initiation have been examined
for their applicability using an actual water
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hammer event of SONG-1 [12]} and the sample
case study of Izenson et al. [4). Figures 5(a) and
5(b) show critical inlet feedwater flow rates,
{(W;in)ers, as a function of the pipe length to
diameter ratio (L/D) along with water hammer
region boundaries predicted by various models for
two CIWH events.

For the actual water hammer event of SONG-1,
loops A and C (each about 38.10 m in length)
were about half the length of loop B (~60.96 m),
and the two loops A and C were completely filled
at a high auxiliary feedwater flow rate (9.45 kg/s)
while the loop B was filling at a low auxiliary
feedwater flow rate (1.58 kgss) at the time of the
water hammer. The reason why a severe water
hammer occurred only in the main feedwater line
B, even though all three feedwater lines (A, B, and
C) of the SONG-1 were partially or completely

voided and then refilled during the event, can be
explained as follows: For the flow rate larger than
the upper bound, the net steam flow will reverse
its direction and move toward the steam
generator, and the water slug generated will tend
to move out of the horizontal feedwater line and
flow toward the steam generator. In this case,
because of the presence of large amount of steam,
it will be impossible to form a low-pressure zone in
front of the water slug, and therefore, the water
slug will not be accelerated and collapse. Figure
5(a)} shows that loops A and C were operated well
outside the region bounded by lower and upper
critical inlet feedwater flow rates. The condition of
the loop B, however, falls within the lower and
upper bounds where water hammer can occur.
Figure 5(a) also shows that the lower bound
obtained from the present model is slightly lower
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Table 2. Ranges of Parameters Examined

System Parameters Range No. of Cases
Pipe diameter [m) 0.10 ~0.75 12
System pressure [MPal 0.1~16 5
Inlet feedwater temperature ['C] 10 ~ 50 5
Ratio of length to diameter (L/D) 30 ~ 250 12

Total number of cases (Lower + Upper)

7200 (=3600x% 2)

627

than that from Bjorge and Griffith’s ‘absolute
stability limit’ [5], whereas the upper bound
predicted by present model is slightly higher than
that by Chiu et al. (12]. Bjorge and Griffith [5] and
Chou and Griffith [13] used the pipe run full
criterion with Froude number of 0.5 and 1.0,
respectively, in their prediction of the upper
bound, and both results overpredicted the upper
limit of the water hammer region. Chou and
Griffith [13] and Jackobek and Griffith [14] did not
consider the pipe length in their analysis. Also,
the lower bound model of Chiu et al. [12] shows
that increasing the L/D slightly increases the
critical inlet water flow rate for water hammer
initiation as opposed to the predictions of the
present as well as Bjorge and Griffith [5] models as
can be seen Fig. 5(a).

The result of another CIWH analyses performed
for the sample case study of Izenson et al. {4],
whose scenario is similar to the SONG-1 event
except for its detailed conditions, is shown in Fig.
5(b): The effective length of the feedwater line,
from the isolation valve to the riser at the steam
generator, is about 60.96 m and the diameter is
0.3048 m. The void fraction in the pipe at the
time of the water hammer is 0.17, which means
that the pipe is almost full. As shown in Fig. 5(b),
the data point falls within the region bounded by
lower and upper bounds, and the predicted
location on the critical feedwater flow rate versus

L/D curve is closer to the upper boundary limit. In

general, the lower and upper bounds obtained by
various models are similar to the case of the actual
water hammer event of SONG-1.

4.2. Parametric Effects on CIWH

The effects of major system parameters, i.e., @
the pipe diameter (D), @ the pipe length to pipe
diameter ratio {L/D), ® the system pressure (P),
and @ the inlet feedwater temperature (T},,), on
the critical inlet feedwater flow rate (W}, )..) are
shown in Figs. 6~8. The ranges of parameters
considered in the lower and upper bounds
analysis, on the other hand, are summarized in
Table 2. From the results of present analysis
shown in Figs. 6~8, major parametric effects can
be summarized as follows:

@ For a given L/D, as the pipe diameter (D) is
increased, the critical feedwater flow rate, (W;,,
)err, increases for both lower and upper bounds
as can be observed in Figs. 6(a,b).

@ However, Figs. 6(a,b), 7{a,b), and 8(a.b) show
that for a given pipe diameter or system
pressure and/or inlet feedwater temperature,
{(W/in Jerw for upper bound increases linearly,
while (W}, ). for lower bound decreases, when
L/D is increased.

@ Figures 7(a,b) show that increasing the system
pressure (P), (Wy, ) for upper bound
increases, while that for lower bound decreases.

@ Figures 8(a,b), on the other hand, show that
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decreasing the feedwater inlet temperature,
(Wiin )ere for upper bound increases, whereas
that for lower bound decreases. Figures 8(a,b)
also show that the effect of the inlet feedwater
temperature on (W, ). is relatively smaller at
higher system pressure (e.g., 8.0 MPa) than at
lower pressure (e.g., 0.1 MPa).

4.3. A guide Chart for Operators and
Designers

Based on the present analytical models for
lower and upper bounds, a computer program
entitled as “KAIST-CIWH” has been developed.
Using this computer code, a series of (Wjin )it
versus L/D curves are obtained for various
combinations of flow parameters. The key input
parameters for the “KAIST-CIWH” computer
code are @ the pipe diameter, @ the system
pressure, and @ the inlet feedwater temperature

Figure 9(b), on the other
hand, shows a sample output obtained from the
“KAIST-CIWH". This figure shows two sample
curves that can be used to find CIWH free
That is, regions I

as shown in Fig. 9(a).

regions for given conditions.
and III are located outside the upper and lower
bounds of the CIWH region,
Therefore, no CIWH is predicted to occur in

respectively.
these regions. The region II, on the other hand,
is surrounded by both lower and upper bounds
and the CIWH is predicted to occur only in this
region.

Two sample guide charts obtained from the
KAIST-CIWH code are presented in Figs. 10(a,b)
using the pipe diameter (D) and the system
pressure (P) as major system parameters. Using
the KAIST-CIWH code, one can easily produce a
similar guide chart for other conditions

depending on the problem.



630

dJ. Korean Nuclear Society, Volume 32, No. 6, December 2000

Table 3. Comparisons of Predicted Critical Feedwater Flow rates by KAIST-CIWH Program
and by Eqs. (16) and (17)

Actual accident

RAIST-CIWH  Egs.(16),(17) (©O-@V/®

®© @ (%)
Upper  9.45ka/s(A, Cloop) ¢, 8.306 -0.801
San Onofre bound (No water hammer)
Unit Lower 1.58 kg/s (B-loop)
0.3 0.354 6.842
bound (Water hammer) 80 35
8.665 k
Sample case PP a/s 9.700 9.764 -0.660
bound (Water hammer)
study by
lzenson etal. Lower i 0543 0.500 7919
bound

Fig. 9. KAIST-CIWH Computer Program Printout (W},m)cm,lower =19352(7")"*® (") 8433[

Vb .Ili!;glonljl_Watéthamnng .

Regjon 11l No watér hammer

(b) Output form

4.4. Simple Formulas for Lower and Upper
Bounds

The computation time required to produce an
output by runing the KAIST-CIWH code depends
largely on the pipe diameter (D). For pipe
diameters below 0.1 m, it takes less than 20
minutes to get an output from the KAIST-CIWH
code, whereas it takes 2~3 hours when pipe
diameters are larger than 0.6 m. Therefore, an
effort has been made to derive simple formulas for
both upper and lower bounds that can be used in
an emergency where a quick rather than an
accurate result is needed.

Noting that (W}, ). value for both lower and
upper bounds are functions of D, P, T;,,, and L/D,
a series of sensitivity analysis have been performed
with alternating conditional expectation algorithm
[15], and the following two simple formulas are
obtained:

(W/,in )m/, upper = 0.

» 1.0030
2 1-0.9214T (D')_O'S(’O"( 2)

1-0.2720T" D (16)

exp[o.3002(;>‘)°3245]

1+001274/D] 1.,
1+0.0450L/D
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Fig. 10 Sample Guide Charts to Avoid CIWH Initiation when Pipe Diameter and System Pressure are

Used as Major Parameters

where
W7 imderi - Wrmeic = dimensionless  critical
‘ PrAVED  foedwater flow rate,
. 8Py . . .
D' =D =L = dimensionless diameter,
Sr
L] Pmm + P — d : nl d
p' =Zam ™ = dimensionless system pressure, an
Patm
e Ttin = dimensionless inlet feedwater
T,

temperature.

It may be noted here that the system pressure (P)
does not appear in Eq. (17) for the lower bound. The
effect of pressure, however, is included implicitly
through T~ which varies according to the system
pressure. Also, the ranges of parameters summarized
in Table 2 are also applicable for Egs. (16) and (17).

To examine their applicability and accuracy, Egs.
{16) and (17) have been applied to two CIWHSs of San
Onofre Unit and [zenson et al.. Predicted (W}, o
values obtained by Eqs. (16) and {17) are compared
with those obtained by KAIST-CIWH program in
Table 3. The maximum deviation between the two
In addition, KAIST-CIWH
code has been run 300 times to obtain a total of

values is less than 8%.

3600 data points and they are also compared with
the predictions of Egs. (16) and (17) in Figs. 11{a,b).
Both results agree within + 10% for upper bound and
+ 20% for lower bound, respectively.

5. Summary and Conclusions
The CIWH for steam-water countercurrent flow

in a nearly horizontal circular pipe has been
studied both experimentally and analytically. The
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present work may be briefly summarized as

follows:

1. A total of 17 experimental data for the onset of
slugging have been obtained in a nearly
horizontal steam-water countercurrent flow for
various flow rates of inlet water.

2. Following existing methods used by earlier
workers, incorporating interfacial correlations
of h; and f, developed particularly for a circular
pipe geometry, and using the criterion of
transition from stratified to a slug flow
developed most recently, two analytical models
to obtain (W, ) values for both lower and
upper bounds of the CIWH initiation have been

upgraded.

3. Present models for a CIWH initiation have been
tested for their applicability using two sets of
CIWH data and also compared with results of
existing models. This comparison shows that
the present models are reasonably applicable to
predict lower and upper bounds of the CIWH
initiation.

4. Based on the present analytical models of lower
and upper bounds for the CIWH initiation, a
computer code entitled as “KAIST-CIWH” has
been developed and sample guide charts to find
CIWH free regions for a given set of conditions
have been presented.

5. To examine the effects of major parameters
such as D, P, T}, , and L/D on {W,,, ) of both
lower and the upper bounds, a series of (W,,,
)ene values versus L/D curves are obtained for
different combinations of major flow
parameters using the “KAIST-CIWH" code, and
conclusions are deduced from these curves. In
addition, two simple formulas for lower and
upper bounds of the CIWH to be used for a
quick result in an emergency are also
presented.
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Nomenclatures
A area (m?
C constant defined by Eq. (7)
C, specific heat (J kg™ K?)
D pipe diameter {m)

Fr Froude number
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g gravitational acceleration (m s?)
h heat transfer coefficient (W m? (C*)
é depth (m)
i specific enthalpy (J kg™
j superficial velocity (m s
L pipe length (m)
Newn stability parameter in Eq. (6)
P system pressure (Pa)
REr Reynolds number
S perimeter (m)
T temperature (K)
Vv velocity (m s)
w mass flow rate (kg s
a void fraction
0 inclination angle (radian)
p density (kg m*)
o surface tension (N m™)
T shear stress (N m?)
Subscript
atm atmospheric *
c condensation
crit critical
f water
g steam
i interface
in inlet
n node identification
sat saturation
wa wall
Superscript

* dimensionless quantity
Appendix A
Definitions of Dimensionless Variables Used in

the Dimensionless Governing Equations for Lower
Bound of CIWH

Definitions of dimensionless variables in Egs. (1) ~
(3) are as follows:

* Sf * X
6f Z—D'- X —B (Al)
. Wy . Wy
Wp=re We= A2
f Wf,in g Wf,in ( )
« 178 PN N 1S,
IR RS
preAy Predg oprgAs
- Ty ~Trn) Ad)
(Tg'Tf,in)
o S Ty =T+ huaSg (T ~Tuady
g = . (A5)
WfSi’fg
I-a ngg2 1-a\Vg
¢=(—-’—) T VT, (A6)
a prf f
io—ir; i, —i ir—ig;
O Sl LR W P et Ay P ALY
ife 'R e
vis, Wi,
[ AR (A8)

g gptA]
Appendix B

Constitutive Relations Used in the Lower and
Upper Bounds for CIWH

B.1. Constitutive Relations for Lower Bound

Constitutive relations to obtain z,, 7, t,, h;, and h,,
are as follows: The liquid-wall shear stress t; and
steam-wall shear stress t, are obtained from the
basic relation between friction stress r and friction

factor f :
r:%fsz (B1)

where the friction factor for turbulent flow could
be approximated by
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f=0316Re % B2)

In Eq. (B2), Reynolds numbers for liquid and steam
are defined as

VD s VD
_PrPhr Re, = Pe’e"he (B3 a, b)

Re !
' Ky He

where Dy, and D, ; are given by

D=, b, Baawb
Sy Sg*+S;

The interfacial shear stress t; in a condensing
flow is calculated as a linear superposition of the
interface shear stress with no condensation and
the suction parameter

JuPg¥s +-E—F (B5)

For the nearly horizontal (#=0.25") countercurrent
air-water flow in circular pipe (D=0.083 m), the
empirical correlation for the adiabatic interfacial
friction factor was given in KEPRI report [10] as
follows.

fia =1.93x107" Re§?! Re 2% (B6)

The local interfacial condensation heat transfer
coefficient , on the other hand, is obtained from
the correlation of Chu et al. [9] for countercurrent
stratified flow of steam and subcooled water at
atmospheric pressure in a circular pipe geometry
at an inclination of from the horizontal.

Nu, =4.31x107 Re'* Re)? pr®%’ (B7)

The local film condensation heat transfer
coefficient on the wall can be obtained from the
modified Nusselt correlation as follows:

(B8)

3 /4
h, =F Prips—plgky iy
“ Dy (T, ~T,0)

where

0.12
w,D
F=0.31'V g } (B9)

Aghtg
in the wawy, slug and plug flow regime, and
A 3
lfg=lj:g' +§Cpf(Tg_Twa) (BlO)

In the above equation, T.. is approximated by

Te+Ty
L.

B.2. Constitutive Relations for Upper Bound

The approximate average heat transfer
coefficients hi and hwa are obtained from the
result of Brucker and Sparrow [16] and the
modified Nusselt correlation, respectively. The
approximate value of the average steam-water
interface condensation coefficient is

B =10* W/m? °C) (B11)

whereas that for the pipe wall is

. T
h,, = 0.56| LI —PIE K7 g (B12)
Duf(Tg - Twa)
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