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Abstract

The pressure drops through contractions in horizontal single and two-phase flow were
investigated. A total of 167 measurements were made for four different entrance shapes to
study the effects of the entrance shape on the pressure drop through a contraction in
horizontal single and two-phase flow. From this data, pressure drops were calculated and
compared with the pressure drops predicted by analytical models for single and two-phase
flow. For single phase flow the agreement between the data and predictions is within +25%,
whereas for two-phase flow Hoopes model, which gives a befter agreement than the
homogeneous model, underpredicts the data as much as 45%. In addition, the effects of void
fraction and liquid phase mass velocity on the pressure drop through the sudden flow channel

contraction were investigated for two-phase flow.
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1. Introduction

One of the least-studied aspects of two-phase
flow is that of the change in static pressure and
the energy loss associated with entrance shape of
sudden flow channel contraction. The losses
through sudden enlargements and contractions
may constitute a significant portion of the total
pressure drop in forced and natural convective
flow through the flow path with complex geomet-
ry. In nuclear reactor systems, the primary coolant
encounters sudden contractions of the flow chan-
nel when the coolant enters into the core flow
channels from the lower plenum of a reactor ves-
sel, and also when the coolant enters into U-tubes
from the lower plenum of a steam generator. The
typical heat transfer applications, such as heat ex-
changers, involve a flow contraction at the entr-
ance and a flow expansion at the exit.

The purpose of the present study is to investi-
gate the effects of the void fraction and the entr-
ance shape of sudden contraction on the pressure
drop in horizontal two-phase (air-water) flow. In the
present work, the pressure drops through four
different entrance shapes of sudden flow channel
contraction are determined experimentally and the
data are presented in graphical form along with
the predictions of existing models for single and
two-phase flow.

2. Experimental Apparatus and Procedures

A. Test Apparatus

Fig.1 is a schematic diagram of single and two-
phase flow test loop. The water leaving the pump
passed through flow-measuring orifice, rotameter,
and air-water mixer ; the air supplied from an air
compressor passed through air flow meters and
mixed with the water at the air-water mixer before
entering the upstream test section. The two-phase
fluid then passed through the entrance and down-
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stream test sections and discharged to water reser-
VOIr.

1) Test Section :

The test section consisted of three parts : (1) up-
stream, (2) entrance, and (3) downstream sections,
respectively. These three sections were connected
in series by flanges. To visually observe the two-
phase flow pattern in the measuring test section,
the whole test sections were made of acryl tube.
Detailed dimensions of test sections are shown in
Fig.2. The upstream section consists of a 4 cm [.D.
150 cm long horizontal acryl tube preceded by an
air-water mixer ; this provided 37.5 diameter of
upstream pipe before the sudden contraction to be
sufficient to serve as calming length and to obtain
a fully developed flow.

For the entrance test section, on the other hand,
four different shapes of entrance were made of
acryl as shown in Fig.2. These shapes were
selected to observe the effect of typical entrance
geometries of sudden contraction on single and
two-phase pressure drop. For convenience in pre-
sentation, the four different entrance test sections
shown in Fig.2 are designated as Type-1 (Flush
entrance), Type—2 (Re-entrant shape), Type-3
(Conical shape), and Type—4 (Slightly rounded
shape), respectively.

The length and inside diameter of the down-
stream test section were 110cm and 1.9 cm, re-
spectively.

2) Instrumentation :

Water flow rate was measured by rotameters
and orifice ; two rotameters (max. capacity of 9.65
liters/min each) were used in .parallel to increase
the range of measurement. When the flow rate
exceeds the capacity of the rotameters, the pre-
calibrated orifice meter was employed. For air
flow rate measurement, on the other hand, two air
flow-meters {max. capacity of 110 liters/min each)

were used.
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Fig.1 A Schematic Diagram of Experimental
Apparatus.
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Fig.2 Entrance Shape and Dimensions of Sudden
Contraction Section.

For differential pressure measurements, two
pressure taps were installed in the upstream sec-
tion, whereas four were placed on the down-
stream section ; the distances between these taps
are shown in Fig.3. That is, pressure gradient
along the test sections including the sudden con-
traction (i.e., the entrance section) were measured
with six manometers (water was used as manomet-
ric fluid) connected to the pressure taps. The man-
ometers were 170 cm in height, 0.6 cm LD., and

provided with a scale graduated in 0.1 cm incre-
ments. Bypass lines are provided to remove the
air bubbles from inside the connecting lines of
manometers which otherwise will affect the press-
ure readings.

In addition, the average void fraction was mea-
sured by an acryl tube of 100 cm long and 2.5 cm
in inside diameter mounted vertically at the end of
the test section as shown in Fig.1. For each test
run, void fraction was measured by simultaneously
closing the two quick-closing valves installed at
both ends of the tube, thus permitting the storage
of the liquid columns of vertical tube. The void

fraction can be determined by reading the water
column contained in the acryl tube.
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Fig.3 Pressure Variation Along a Test Section with
Sudden Contraction.

B. Test Parameters

There are basically three controllable variables
that must be considered in approaching a given
test condition : (1) Number of phases (i.e., single or
two-phase flow), (2)the sudden contraction entr-
ance geometry, and (3) flow rates of each fluid. In
this experiment, the best method for approaching
a given condition was to keep flows of water and
air to desired values.
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The whole test program was divided into two
parts : (1) single-phase and (2) two-phase tests. The
total number of runs made for single and two-
phase tests were 92 and 75, respectively. The

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

breakdown of the tests for the four different
shapes of sudden contraction is shown in Table 1,
whereas the summary of test parameters is given
in Table 2.

Table 1. Number of Runs Made for Single and Two-Phase Test

Sudden-Contraction

No. of Runs Made

Entrance Geometry Single-Phase Test Two-Phase Test
(1) Flush Entrance(Type 1) 23 19
(2) Re-entrant Shape(Type 2) 23 18
(3) Conical Shape{Type 3) 21 19
(4) Slightly Rounded Shape(Type 4) 25 19
Total No. of Runs Made 92 75

Table 2. Summary of Test Parameters

Parameters

(1) System Preissure
(at Inlet) (Pa):

(2) Fluid Temperature
(°K) :

(3) Test Section Position :

(4} No. of Sudden Contraction Geometry :

(5) Mass Inlet Velocity of Water(Kg/m?-s)
Reynolds Number of Water

(6) Mass Inlet Velocity of Air(Kg/m?2s):
Reynolds Number of Air

(7) Outlet Void Fraction(a)

(8) Outlet Mass Flow Quality(x) :

(9) Flow Regimes

Single-Phase Test Two-Phase Test
101300-140500 101300-140500
(14.7-20.4 psia) (14.7-20.4 psia)
285.2-289.9 285.2-289.9
Horizontal Horizontal
4 shapes 4 shapes
366.8-2,303.1 233.3-1,099.9
7,223-45,354 3,5632-18,024
N/A 3.9-13.3
3,717-12,436
N/A 0.69-0.93
N/A 0.004-0.043
Turbulent Turbulent and
stratified flow

C. Test Procedure

To determine pressure drops due to a sudden
contraction in single and two-phase flow in hori-
zontal round pipes as a function of contraction
shape, flowing mixture void fraction, and mass
velocity, the follwing procedures were used ;

1. One of the four entrance test sections (i.e.,
types 1-4) was first installed between the upstream
and downstream sections with two flanges.

2. After actuating the pump (for two-phase flow
test, compressed air was allowed to flow into the

air inlet), flow rate of water (and air for two-phase
test) was adjusted according to the flow meters.

3. Flow patterns, pressure, and temperature at
the inlet of the test section were checked.

4. When the flow became steady, the differen-
tial pressure measurements were made with U-tube
manometers along with flow rates of water (and
air for two-phase test.)

5. Void fraction was also measured using the
quick-closing valves.

6. The above procedures were repeated at
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different flow rates and with different entrance test

sections.

3. Models Used for Predicting Single and Two-
Phase Pressure Drop Through Contraction

A brief description of the methods used to pre-
dict the single and two-phase pressure drop
through a sudden contraction is first given here for

convenience in discussion.

A. Single-Phase

In single-phase flow, the static pressure change
in sudden contraction between stations (1) and (2)
(i.e., upstream and downstream) may be expressed
as'

(APJse=(P1—P2)=

G# G

— 2
2g.p 1T It Keg o

(1)

Since the losses are from the vena contracta to the
reduced area the loss term is customarily given in
terms of the downstreamn mass velocity (Gz). The
first term in Eq.(1) is the pressure drop which
would occur due to flow area change alone, with-
out friction. The second term in Eq.(1) is the loss
due to irreversible free expansion that follows the
abrupt contraction ; the itreversible component of
the pressure drop is contained in the abrupt con-
traction, or entrance coefficient K..

The contraction form loss is caused primarily by
the turbulence and vortex motion created by the
enlargement of the stream after it passes vena
contracta. Therefore, K. depends strongly upon
the formation of vena contracta, which is affected
primarily by following three factors : (1) Area con-
traction ratio (¢), (2} geometrical shape of the
contraction entrace, and (3) Reynolds number. Fi-
gure 4.11 (Entrance loss coefficients) and Fig.4.9
(Values of K. for a tube bundle) in Ref. [2] show
the effects of these factors on the value of K.

The analytical expression for contraction loss
coefficient is given by’

q 2
K=lcicz—e*D @

Magnitudes of the velocity and contraction coeffi-

cients at the tube entrance, C. and C. can be
obtained from Tables 1 and 2 in Ref. [3]. In any
case, values of the entrance loss coefficients have
been determined experimentally.

K: may be considerably reduced by rounding or
tapering the inlet. A re-entrant tube, such as
shown in Fig.2 (b) produces a maximum contrac-
tion of the entering stream because the stream-
lines come from around the outside wall of the
pipe, as well as more directly from the fluid in
front of the entrance. The degree of the contrac-
tion depends upon how far the pipe may project
within the upstream and also upon how thick the
pipe walls are, compared with its diameter. Figure
4.11 in Ref. [2] shows the ratios of K. for a
particular inlet shape to that for a sharp-edged

entry.

B. Two-Phase

The twa-phase pressure drop due to sudden
contraction of flow channel area is usually express-
ed by multiplying the single-phase pressure drop
by a two-phase multiplier. The two-phase multi-
plier depends on several parameters, such as the
void fraction (@) and the relative velocity between
the phases.

The expression for the static pressure drop
across the contraction for two-phase flow is *

(APJr=(AP)s®=[(1— a3 +K.]

G

chlof o (3)

It should be noted that (APdJw is static pressure
drop across the contraction and not the pressure

loss across the contraction which is

Ge
(A Pros)e= Kcm [¢3) 4

The functional form of ® can sometimes be
derived from the two-phase conservation equa-
tions, but it is normally synthesized empirically.
Over the last three decades, a number of correla-
tions have been proposed to calculate pressure
drop across restrictions under two-phase bulk boil-
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ing conditions. A brief study was made to deter-
mine which model predicts the data best and to
examine what significant difference exists between
the various correlations. The correlations of par-
ticular interest in the present work are those of
Geiger and Rohrer’s homogeneous model*® and
Hoopes model.® There are several existing models
to obtain a proper functional form of @.

1. Homogeneous Model : For homogeneous
flow, the change in static pressure at a sudden
contraction is given by the sum of the frictional
dissipation and the theoretical kinetic energy
change.®

) ,

(APm=go sl 17+

Vfg
(1= o 3] [1+(;x
V
V

fg

=(APJsr [1+(55)x] (5)

f

For the homogeneous model, therefore, ® can be
expressed as

Vig
Vi

2. Hoopes Model : The model used by Hoopes®

Priovo. = [1+(-)x] (6)

to predict orifice pressure losses can be expressed
as

x Vg

1—xp
P Hoopes = T( V. 1=

1= a) @

Equation (7) can also be obtained from Romie’s
equation’ when @:=@; (ie, when @ is nearly
the same upstream and downstream). Practically,
for area ratios of 0.5 or larger and' high void
fractions, the change of void fraction across a flow
restriction may be ignored, i.e., a1=¢,=a In
case of sudden enlargement, Eq.(7) can be derived
analytically on the basis of separated flow model.

)

4. Experimental Results and Discussion

A. Experimental Determination of Single- and

Two-Phase Contraction Pressure Drop

The pressure drop due to a sudden contraction
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of flow channel is not a directly measurable
quantity but can be determined from static press-
ure measurements taken along the sections up-
stream and downstream of the area change :* The
pressure gradients are first established on both
sides of the sudden flow channel contraction by
plotting these static pressures. The pressure gra-
dients are then extrapolated to the point of the
sudden flow channel contraction from both sides
as illustrated in Fig.3. The pressure drop at the
sudden contraction is defined here as (AP.)se and (
AP for single- and two-phase flow respectively.
These are the increase in pressure drop due to the
presence of a flow channel contraction.

Measurements of (AP were made in single-
and two-phase flow. For single-phase (i.e., water)
flow, the inlet mass velocity varied between 366.8
and 2,303.1 Kg/m%*s. For two-phase (water and
air) flow, inlet mass velocity of water varied from
233.3 to 1,099.9 Kg/m?*s, whereas that of air was
between 3.9 and 13.3 kg/m’-s; this combination
resulted in a stratified flow whose void fraction
ranged from 0.69 to 0.93.

B. Analysis of Single-Phase Experimental
Data

1) (Kc)m-:r versus (Kc)smsxp:

The entrance-loss coefficients for four different
entrance shapes shown in Fig.2 were first deter-
mined from the information given in Ref. [2,3]
and they are designated here as (Korer. The (Ko)rer
values are listed in the third column of Table 3.

Experimentally determined single-phase contrac-
tion loss coefficients, on the other hand, are de-
fined as (KJseexe and they are obtained from the
following expression :

(A PC)SPVEXP(ZQC £ _

. (KC)SPVEXP = ng

(1—0?) 8

Equation (8) can be derived from Eq.(1) replacing
{APJse and Ke by (A Poseexe and (Koseexe. The(Kdse-
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pe values shown in Table 3 are mean values and
standard deviations of (KJseexe calculated by Eq.
(8). Notice that the (KJ)sexe values are generally
larger than (Krer values except for the re-entrant
shape.

2} Comparison of Experimental (AP)srexe Data
and Predicted Values :

Experimental and predicted pressure drops due
to sudden contraction for four different entrance
shapes are graphically shown as a function of
Reynolds number in Fig.4. Predicted (AP:)se
values are obtained from Eq.(1) using the (Kdrer
values listed in Table 3. Figure 4 shows that the
pressure drop due to sudden contraction increases
as Reynolds number increases for all entrance
shapes. The agreement between the experimental
data and model predictions is within +25%. It
should be noted that the model predictions might
be somewhat improved if the more appropriate K.
values for each entrance shapes vere known.

Table 3. Comparison of Contraction Loss Coefficients

for Various Entrance Shapes

Entrance Entrance (Ko)rer (Ro)spexe
Type No. Shape
1 Flush 0.459 0.52+0.08
2 Re-entrant 0.918 0.59+0.09
3 Conical 0.077 0.22+0.07
4 Slightly 0.153 | 0.32+0.09
rounded
T o
S o et vt 41
g woor g = ]
i A
s 2000- B
i
¢
%0 30000 30000 000 %0000

RLYNOLDS  MUMBER (g, }
Fig.4 Comparison of Experimental Contraction
Pressure Drops for Single-Phase Flow.

C. Analysis of Two-Phase Experimental Data

1) Comparison of Experimental Data with Pre-
dictions of Models:

The predicted pressure drops for the two mod-
els were calculated and are tabulated in Ref. 8.
For the homogeneous flow model, (APJr was
calculated using Egs. (3), (6) and measured flow
quality, while Egs. (3), (7), measured flow quality
and void fraction were used for the Hoopes mod-
el. For both models, (Kzer listed in Table 3 is
substituted for K. in Eq.(3). These predicted press-
ure drops are plotted against the experimentally
determined pressure drops and are shown in Figs.
5 and 6. The 45-degree line indicates where per-
fect correlation is achieved. In general, the
homogeneous model over-predicts the ex-
perimental data, whereas the Hoopes model
under-predicts the data. The maximum deviation
between the predictions of homogeneous model®
and the experimental data is as much as 218%,
whereas the maximum deviation between the pre-
dictions of Hoopes model® and the data is 45%.
The Hoopes model® consistemly gives a better
agreement than the homogeneous model for the
range of variables covered in the present work.
The main reason for this may be attributable to
the following: The test conditions in the present
work were such that a stratified flow occurred in
all the two-phase flow tests. Also, calculation of
the slip ratio for the present two-phase flow test
showed that the slip ratio varied from 3.38 and
1.28. Therefore, the homogeneous model® is not
directly applicable since :t assumes the slip ratio of
unity. The Hoopes modelé, on the other hand, is
based on the separated flow, and consequenty this
model is readiiy applicable to the present two-
phase flow tests where a stratified flow occurred.
These comparisons are made assuming that the K.
values in single-phase flow and in two-phase flow
are equal. It should be noted that the agreement
between the data and the model predictions could
be somewhat improved if the more appropriate K.
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values were known. However, nothing is definitely
known about K. values for two-phase flow, and
even the published K. values (for various entrance
shapes) for single-phase flow are open to ques-

tion.
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2) Effect of the Entrance Shapes of Sudden
Contraction on (APdmwex:
Under approximately the same liquid mass

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

veiocity and void fraction, a few experimental two-
phases pressure drops for four different entrance
shapes are obtained and they are summarized in
Table 4. This result shows that when the liquid-
phase mass velocity and the void fraction are held
constant the (APdJwexe increases in the following
order :

Type 3<Type 4<Type 1<Type 2
This order is the same as that of the (KJrer for
single-phase flow.

3) Effect of the Void Fraction on (APdwee:

Experimentally determined two-phase pressure
drops due to sudden contraction (APJwexr are
plotted against the void fraction @ for all entrance
shapes at similar liquid-phase mass velocity ranges
as shown in Fig.7. This figure clearly shows that (
APJwrex increases as the void fraction @ in-
creases when Gi is held constant.

4) Effect of the Liquid-Phase Reynolds Number
(Nre)r on (APJwexe :

As can be seen in Fig.8 (APJw increases as the
liquid-phase Reynolds number (Nz.): increases for
all entrance shapes of sudden contraction.

5) Effect of the Liquid-Phase Reynolds Number
on the Two-phase Multiplier ®exr:

Figure 9 shows experimentally determined two-
phase multiplier ®exe. versus (Ne.) for all entrance
shapes. The ® e values shown in Fig.9 are deter-
mined by using (A Pwexe and (Korer in Eq.(3). This
figure shows that, in general, ®er decreases as
(N&e): increases for all entrance shapes of sudden
contraction. This indicates that as the liquid-phase
mass velocity is increased the two-phase flow
effect is decreased.
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Table 4. Comparison of Experimental Two-Phase
Pressure Drops Between Four Different Entrance
Shapes of Sudden Contraction under
Approximately the Same Liquid Mass Velocity
and Void Fraction

Entrance Flush | Re-entrant | Conical | Slightly
Shape (1) 2) 3) Rounded
{Type No) @)
Gr 428.6 426.6
a 0.85 0.85
(APJwexe | 9770 898.8
Run No. #6 #62
Gi 882.1 891.0 884.4
9 a 0.73 0.73 0.74
(APJwexe |2335.0 | 28235 |1817.2
Run No. #13 #32 #50
Gr 882.1 882.1
3 a 0.86 0.86
(APJwer | 42109 40574
Run No. #16 #72
G 1093.2 |1093.2
. a 0.71 0.71
{AP)eexp 2628.1 | 33120
Run No. #54 #73
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Fig.7 Two-Phase Contraction Pressure Drop Versus

Void Fraction for All Entrance Shapes at
Similar Liquid Mass Velocity Ranges.

5. Conclusions
The pressure drops through contractions in hori-

zontal single and two-phase flow were investi-
gated. A total of 167 measurements were made
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for four different entrance shapes of sudden con-
traction at system pressures between 14.7 and
20.4 psia. From this data, pressure drops were
calculated and compared with pressure drops pre-
dicted by anaytical models. Plots of experimental
pressure drop against predicted pressure drop for
single-phase flow show that agreement is within =
25%. For two-phase flow, even though Hoopes
model underpredicts the data as much as 45% this
model gives a better agreement than the
homogeneous model for the range of variables
studied in the present work. The measured press-
ure drops showed that the effect of entrance
shape on the pressure drop in single and two-
phase flow is very large. The magnitude of the
pressure drop is closely related with the degree of
flow distrubances caused by the flow-obstruction
geometry and the pressure drop increases with the
increase of the Reynolds number. For two-phase
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flow, in particular, the pressure drop increased as
the void fraclion is increased, whereas the two-
phase flow effcct is decreased as the liquid-phase
mass velocity is increased. Finally, the pressure
drop through the sudden flow channel contraction
is much greater in two-phase flow than in single-

phase flow.
Nomenclature

A Flow area, m*

Ac Flow area at vena contracta, m*

C. Contraction coefficient (Ac/A2) of
vena contracta

C. Velocity coefficient of entrance

g Conversion factor

G: Mass velocity at the station down-
stream of the vena contracta, Kg/
m?-s

G Mass velocity of liquid phase
alone, Kg/m*s

K. Contraction loss coefficient,
dimensionless

{(Ko)spex Mean value of the contraction loss
coefficient for single-phase flow
determined by experimental data,
dimensionless

Nee Reynolds number for single-phase
flow, dimensionless

(Nre)s Reynolds number of liquid phase
alone for two-phase flow, dimen-
sionless

P, P2 Static pressure, Pa

AP Static pressure drop across the
contraction, Pa

AP Static pressure loss due to sudden
contraction, Pa

Vi Specific volume of liquid, m*/kg

Vig Difference in specific volumes of
saturated liquid and vapor, m*/kg

X Mass flow quality, dimensionless

a Void fraction, dimensionless
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£ Density of liquid phase, Kg/m’

g Area contraction ratio (A2/Au),
dimensionless

P Two-phase multiplier

Subscripts

1 At the station upstream of the area
change

2 At the station downstream of the

vena contracta

c At the vena contracta station
EXP Determined by experiment

f Liguid phase

g Gas phase

HOMO Homogeneous model

HOOPES Hoopes model

REF Detemmined from Ref. [2,3]

SpP For single-phase flow

SP-EXP For single-phase flow determined
by experiment

TP For two-phase flow

TP-EXP For two-phase flow determined by
experiment

TP-HOMO For two-phase flow predicted by
homogeneous model

TP-HOOPES For two-phase flow predict d by

Hoopes model
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