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a b s t r a c t

Air bubble entrainment is a phenomenon that can significantly reduce the efficiency of liquid motion in
piping systems. In the present study, the bubble formation mechanism in a globe valve with 90% water
fraction flow is explained by visualization study and pressure oscillation analysis. The shadowgraph
imaging technique is applied to illustrate the unsteady flow inside the transparent valve. This helps to
study the effect of bubbles induced by the globe valve on pressure distribution and valve flow coefficient.
International Society of Automation (ISA) recommends locations for measuring pressure drop of the
valve to determine its flow coefficient. This paper presents the comparison of the pressures at different
locations along with the upstream and the downstream of the valve with the values at recommended
positions by the ISA standard. The results show that in partially filled pipe flow, the discrepancies in
pressure between different measurement locations in the valve downstream are significant at valve
openings less than 30%. The aerated flow induces the oscillation in pressure and flow rate, which leads to
the fluctuation in the flow coefficient of the valve. The flow coefficients have a linear relationship with
the Reynolds number. For the same increase of Reynolds number, the flow coefficients grow faster with
larger valve openings and level off at the opening of 50%.
© 2021 Production and hosting by Elsevier B.V. on behalf of Society of Naval Architects of Korea. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Globe valves are used in various industrial applications
including offshore pipelines and oil and gas refineries. Although
sizing a valve and predicting its pressure drop with single-phase
flow is a straightforward task, more challenges are faced with
two-phase flow due to its complex flow condition.

The hydraulic devices are characterized by several coefficients.
The flow coefficient is associated with the performance of a control
valve, but a safety relief valve is classified by its discharge coeffi-
cient. In order to provide the reference for evaluating the hydraulic
performance of the valve, the International Society of Automation
(ISA, Durham, N.C., USA) recommended standards with equations
and applying conditions for a proper calculation of the flow coef-
ficient and introduced factors to modify the formulas in various
val Architects of Korea.
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operating and testing conditions (ISA, 1972; ISA, 2012). Based on
the recommendation of the ISA standard, Rahmeyer and Driskell
(1985) investigated the flow coefficient of gate and butterfly con-
trol valves and concluded that the calculation of flow coefficients
should use pressure taps located at 1D (nominal diameter) up-
stream and 10D downstream of the valve. Davis and Stewart
(2002a, 2002b) used an axisymmetric numerical model to predict
the flow coefficient of the globe control valve and were experi-
mentally validated. They observed that the simulation results
matched well with experiments up to 60% of valve opening. For
higher openings, the flow field could change from an axisymmetric
flow field to a three-dimensional onewhich decreased the accuracy
of the numerical model. Based on experimental data with calcula-
tion determined by ISA standard, Grace and Frawley (2011) pre-
sented parametric equations to predict the valve coefficient for
choke valves. They recommended that the equation gave good es-
timates of the valve coefficient for new valve trim designs with a 5%
difference from experimental results. Ferreira et al. (2018)
described the loss coefficient of the ball valve as a function of the
l Architects of Korea. This is an open access article under the CC BY-NC-ND license
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Table 1
Specification of flow loop test facilities.

Reservoir tank Net volume of 2m3

Pump 5.5 kW h, Motor speed: 0e3500 RPM
Total length 18 m, stainless steel pipe
Test section 4 m, acrylic plastic pipe
Pipe diameter 300
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Reynolds number. They tested a ball valve in a pressurized pipe
system under steady conditions and showed that the response of
the valve depends on the valve geometry, valve opening, and flow
regime. Nguyen et al. (2020) studied pressure distribution and flow
coefficient of globe valve with a series of experiments conducted in
a flow test loop. The results showed that the flow coefficients level
off when the Reynolds number exceeds a certain value.

Nevertheless, there is a limited number of studies on the globe
valves with Partially Filled Pipe Flow (PFPF), which often occurs in
numerous piping systems. In general, high oscillation flow char-
acteristics produce a high vibration on pipes that leads to crack and
corrosion of the pipes. Henry et al. (2018) discussed various phe-
nomena in a horizontal PFPF using stereoscopic particle imaging
velocimetry. They investigated the pressure-driven laminar and
turbulent flows and found out that the friction factor is a function of
Reynolds number and Froude number. They also revealed that the
motions in PFPF are compressed and distorted by the existence of
the free surface and mean secondary motion. Ng et al. (2001) used
the Boundary Element Method (BEM) to evaluate the volumetric
flow rate, the wall shear stress, and the velocity profiles of gravity-
driven laminar flow in a partially filled pipe. They concluded that
with the BEM, only three physical parameters, the Bond number,
the contact angle, and the holdup of the free surface are required to
describe the flow system. A visualization study was applied to
investigate the heat transfer in a PFPF (Chatterjee et al., 2017). In
that work, thermal imaging was used to capture outer wall tem-
perature to provide an insight into the single-phase heat transfer
characteristics of a rotating heated pipe. The flow transitions in
PFPF were also studied by Chatterjee et al. (2018). They investigated
the effects of liquid flow rate, pipe inclination, diameter, and length
on the flow transitions. The study developed a flow regime map
based on Reynolds number and Froude number to undertake
parametric study for fluid flow transitions.

The understanding of the flow characteristics of PFPF from the
viewpoint of multiphase flow is very critical. Lemmens (2006)
conducted experiments on single- and two-phase flow through
the globe valve and gave the clue that the pressure drop through
the valve increased with the increase in void fraction. Chikhi (2016)
suggested some methods to determine the void fraction and
pressure drop for two-phase flow through the porous media and
introduced the interfacial drag term to calculate the interfacial
friction between the phases. Alimonti (2014) recommended the
Fig. 1. Two-phase (air-water) flow lo
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Chisholm model and the Lockhart-Martinelli model to predict
pressure drops in two-phase flow in the globe valve and ball valve,
respectively. The mass flow rate through a safety relief valve was
predicted satisfactorily using the Homogeneous EquilibriumModel
(HEM) (Dempster et al., 2013). The results indicated that the HEM
method gave a good prediction for liquid mass fractions up to 0.4.
Dinaryanto et al. (2017) investigated several basic mechanisms of
slug flow by visual observation and pressure fluctuation measure-
ment. They proposed a flow initiation map to address wave co-
alescences, wave growth mechanisms, and large disturbance
waves.

The present work aims to study the bubble formation and the
flow characteristics in the globe valve with a PFPF. The shadow-
graph imaging technique was implied to illustrate the flow through
the transparent valve model. This paper provides an understanding
of pressure behavior inside the pipeline along with the globe valve
and the characteristics of flow coefficient for varying conditions.
2. Experimental facility and procedure

2.1. Experimental setup

The two-phase (air-water) flow loop at Pusan National Univer-
sity is shown in Fig. 1. This loop consists of a reservoir tank, pump,
flow meter, and the test section with a 3-inch nominal diameter
pipeline and a total length of 18 m. The flow rate for the flow loop
was generated by a multi-stage centrifugal pump with a maximum
pump speed of 3500 RPM. Table 1 summarizes the specification of
the facilities.

The test section is made of a 4-m length acrylic pipe to aid the
visualization study. A series of nine Kistler 4043A2 piezo-resistive
pressure gauges were equally spaced along the bottom of the
pipeline from the upstream to the downstream of the valve (Fig. 2).
op in Pusan National University.



Fig. 2. Schematic of the test section.

Table 2
Specification of the pressure sensor and flow meter.

Pressure sensor Flowmeter

Sensor KISTLER 4043A2 KTV-700
Type Piezo-resistive Vortex
Range 0e2 bar (abs) 2-100 (m3=h)
Sampling rate 1000 Hz 50 Hz

Q.K. Nguyen, K.H. Jung, G.N. Lee et al. International Journal of Naval Architecture and Ocean Engineering 13 (2021) 554e565
Besides, four pressure gauges were installed on the top of the
pipeline to investigate the difference in pressure between the top
and the bottom of the pipe at the same cross-sections. Note that the
PG3 at 2D inlet and PG6 at 6D outlet are the pressure tap positions
recommended by the ANSI/ISA-75.01 standard (ISA, 2012).

A vortex-type flowmeter was installed 10D away from the valve
inlet. The specifications of the pressure sensor and the flow meter
are listed in Table 2. The pressure and flow rate were obtained in
5 min of measurement, and there was 1 min of relaxation time for
the stable measurements after the valve opening and pump speed
change.

The valve model used in the experiment is a straight pattern (Z-
shaped body) globe valve which has a nominal diameter of 3 inches
and maximum valve travel of 5 cm. This is a prototype of an 8-inch
sized globe valve designed according to ANSI B16.11 - Class 2500#,
which has a scale ratio of 2.7:1 (Fig. 3). The globe valve prototype
was tested at various valve openings which indicate how far the
valve plug was moved relative to its maximum travel (Davis and
Stewart, 2002).
Fig. 3. Testing valve: (a) Design of an 8-inch globe valve according to ANSI B16.11 -
Class 2500# globe valve; (b) 3-inch testing prototype.
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Valve opening ð%Þ;a¼ x
L
� 100% (1)

where x denotes the valve travel from the fully closed position, and
L means the maximum valve plug travel length (Fig. 3a). The valve
opening was in increments of ten percent and ranged from 10% to
100%.

2.2. Shadowgraph imaging technique

The shadowgraph imaging technique was used to investigate
fully filled and partially filled pipe flow (Fig. 4). To observe the
formation of bubbles and the aerated flow inside the valve, a high-
speed CCD camera (Redlake Y5) was used. The camera was equip-
ped with a 105-mm, f/1.8 macro focal lens set at f/2.8 and the im-
ages were obtained with a maximum frame rate of 500 fps. Several
LED lamps were used as lighting sources to support the visualiza-
tion study. The detailed specification of the camera is shown in
Table 3 below.

2.3. Experimental conditions

The experimental tests were carried out with 100% (fully filled)
and 90% (partially filled) volume Water Fraction (WF) in the pipe-
line (Table 4). To establish practically the 100% WF flow, the pipe-
line and the reservoir tank were fully filled, and the flow circulation
was generated by the pump gradually from slow to fast velocity to
diminish every air component exist in the pipeline. With the
assumption that the pipeline was ideally horizontal, the 90% WF
was determined as the ratio of the flow area Al occupied by the
water over the cross-section area A of the pipe. Fig. 5 shows the WF
measurement and Eqs. (2) and (3) give details of the calculation.
Fig. 4. Shadowgraph imaging technique.



Table 3
Specification of the high-speed CCD camera.

Maximum resolution 2352 � 1728 pixels
Pixel size 7 mm
Dynamic range 8 bit
Acquisition rate 500 Hz
FOV 495 � 364 mm2

Table 4
Experimental conditions for measurement of flow coefficients.

Valve opening Water fraction Pump Speed

10e100% (every 10%) 100% 90% 1000e2000 rpm (every 100 rpm)
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With the known pipe radius and the measured water column
height from the shadowgraph image, the WF could be calculated.

WF ¼Al

A
¼ðq� sinqcosqÞ

p
(2)

cosq¼R� d
R

(3)

The test was to investigate the flow coefficient, which describes
the relationship between pressure drop and flow rate through the
valve at each valve opening:

Kv ¼Q

ffiffiffiffiffiffiffi
SG
DP

r
(4)

where Q andDP are the flow rate and the pressure drop through the
valve, respectively; SG is the specific gravity of the liquid being
measured to water (SG ¼ 0.9982 in this study). The pressure drop
was measured between pressure gauges PG3 and PG6 which are 2D
from the upstream and 6D from the downstream of the valve
(Fig. 2). Eq. (4) is used for single, incompressible, and turbulent flow
without cavitation and choked in the valve, which satisfies the
conditions in this study. To date, there is no standard formula exist
for the calculation of the flowcoefficient in two-phase flow through
the control valve. Based on the experience and the available liter-
ature, Parcol valve manufacturer (2016) suggested a formula to
determine Kv in two-phase flow without mass and energy transfer
between the phases. The expression of Kv for separated gas-liquid
flow with low volume fractions of the gas phase is as Eq. (5).
Fig. 5. WF measurement: (a) Water column m
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Kv ¼Kv:l þ Kv:g (5)

where Kv:l and Kv:g are the independent calculation of flow co-
efficients for the liquid phase and the gaseous phase, assuming that
the mean velocities of the two phases are considerably different.
This assumptionmay be acceptable for this experimental condition,
where the air velocity is assumed to be zero.

3. Results and discussion

3.1. Bubble formation

Visualization studies were carried out at every 10 degrees of
opening in 100% and 90% WF flow (Fig. 6 and Fig. 7). The present
study focuses on the characterization of the flow inside the globe
valve. (The video version of these figures is available in the online
version of this article). The flow in 100%WF showed no exceptional
incidents where the flow was nearly ideally stable at every valve
opening without any bubbles. However, in the case of 90% WF,
there were great quantities of bubbles formed at the valve throat
and resulted in vortices in the valve chamber. The three-
dimension-aerated flow produced shaking and a slight noise at
the valve before passing to the downstream pipe section.

Fig. 8 and Fig. 9 are the snapshots of the flow with 90% WF at
upstream and downstream, respectively. Fig. 8 illustrates the form
of slug flowwith roll waves and the free-surface deformation in the
valve upstream. After the interaction with the globe valve, plumes
of bubbles are created, and the highly aerated flow arises
throughout a long pipe section downstream (Fig. 9).

The air entrainment process and self-aerated flow in the globe
valve in the WF of 90% are shown in detail in Fig. 10. In PFPF, the
large waves appeared in the form of roll waves in the valve up-
stream and produced complexity of air-water interactions. At the
pipe bends (point 1 in Fig. 10), the free air was entrapped, and the
bubbles were formed due to the sudden change in direction and the
collision for flow with the pipe wall. The bubbles coalesced and
produced vortices after the entrainment region. The aerated flow
then hits the valve plug and changes its direction again at the vena
contracta. As a result, the large bubbles were broken into a cloud of
the aerated tiny bubble and to prolong in the valve downstream.

3.2. Pressure characteristics

The pressures were measured on the wall of the pipeline from
6D inlet to 10D outlet of the valve and the pressure magnitudes
easurement; (b) Cross-section of the pipe.



Fig. 7. Flow visualization inside the globe valve in 90%WF: a) 10% opening. (b) 20% opening. (c) 30% opening. (d) 40% opening. (e) 50% opening. (f) 60% opening. (g) 70% opening. (h)
80% opening. (i) 90% opening. (j) 100% opening.

Fig. 6. Flow visualization inside the globe valve in 100% WF: a) 10% opening. (b) 20% opening. (c) 30% opening. (d) 40% opening. (e) 50% opening. (f) 60% opening. (g) 70% opening.
(h) 80% opening. (i) 90% opening. (j) 100% opening.

Fig. 8. Snapshot of the flow at the valve upstream.
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Fig. 9. Snapshot of the flow at the valve downstream.

Fig. 10. Bubble formation in globe valve in 90% WF flow.
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with their standard deviations are shown in Fig. 11. The measure-
ment showed a continuous decreasing pressure with the increase
in the valve opening from 10% to 50% before leveling off with
further openings, which represented a quick-opening characteristic
valve (Nguyen et al., 2020). Significant large pressures are obtained
with the small valve openings at 10% and 20% (Fig. 11a and b). The
very narrow flow path between the valve plug and valve seat might
stifle the flow. For that reason, valve manufacturers usually
recommend not to operate the valve with a valve opening smaller
than 20% (Bauman, 2009; Monsen, 2013). For each opening, the
pressures begin to dropwhen the fluid passed through the valve (X/
D ¼ 0) and show similar values for different locations along with
the upstream (from �6 of X/D to �2) and downstream of the valve
(from 2 of X/D to 10).

In 90%WF, the pressure drops undergo a decrease in magnitude
compared to those in the fully filled flow (Fig. 12). Nevertheless, the
line graphs in both cases confirm the quick-opening characteristics
of the valve. Fig. 13 deduces the ratio of pressure drops (F) in 100%
WF to 90% WF. At a specific valve opening, the ratios increase lin-
early with the Reynolds number (Fig. 13a). The differences at 10%
559
valve opening are notable where the pressure drops in 100%WF are
1.6e3.4 times higher than those in 90% WF. The ratios decrease
significantly at 20% opening and show almost similar values for
further increase in valve opening. Table 5 summarizes the linear
fitting parameters for each valve opening. Besides, the ratios grow
faster with smaller valve openings and level off from 30% valve
opening, for the same increase in Reynolds number. This is dis-
played by the slopes of the linear trendlines (mFÞ in Fig. 13b.

The ANSI/ISA-75.01 standard (ISA, 2012) recommended tapping
the pressure gauges at the 2D inlet and 6D outlet of the valve for
pressure drop calculation. In this study, the comparison between
measured pressures at different positions to the values at reference
taps was conducted. From observation by shadowgraph images,
there were a lot of bubbles appearing at the valve throat and
downstream of the valve in PFPF. This may have a link with the
difference in pressure between the bottom and the top of the
pipeline at the same cross-sectional plane (Fig. 2).

Fig. 14 and Fig. 15 compare pressures at various pump speeds at
upstream and downstream sides, respectively. In 100% WF flow,
there are no remarkable differences between the pressures at
various measurement locations with the recommended positions.
The magnitude of the ratios is almost 1 for all valve openings and
pump speeds. In the case of 90% WF, the pressures downstream of
the valve show a considerable discrepancy between different po-
sitions. The ratio deflects well from the unity, especially at the small
valve openings (Fig. 15). Fig. 16 also shows notable differences be-
tween pressures at the top and the bottom of the pipeline in PFPF,
especially at the 6D outlet. The differences are significant at 10%,
20%, and 30% valve openings. Note that in the shadowgraph images
(Figs. 6e10), the flow before the valve was as stable as in the single-
phase water flow. However, when the flow passed through the
valve, the air bubbles were generated, and the large recirculation
region developed in the valve chamber and on the downstream
side. At the small valve openings, bubble formation is severe due to
the high resistance of the valve. The critical high local velocity of
the bubble produces the differences in pressure distribution
downstream of the valve. Therefore, it is recommended to have the
minimum opening no less than 30% to provide stable operation for
the globe valve in PFPF. In fact, the recommendation of 20% opening
(Bauman, 2009; Monsen, 2013) is the most unstable condition
(Fig. 15).



Fig. 11. Pressure distribution: (a) 10% opening. (b) 20% opening. (c) 30% opening. (d) 40% opening. (e) 50% opening. (f) 60% opening. (g) 70% opening. (h) 80% opening. (i) 90%
opening. (j) 100% opening.

Q.K. Nguyen, K.H. Jung, G.N. Lee et al. International Journal of Naval Architecture and Ocean Engineering 13 (2021) 554e565

560



Fig. 11. (continued).

Fig. 12. Pressure drop at the globe valve: (a) 100% WF. (b) 90% WF.
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Fig. 13. Pressure drop deduction: (a) ratios of pressure drop in 100% WF to 90% WF; (b) reduction of the pressure drop ratio for the same increase in Reynolds number.

Table 5
Fitting parameters for the linear trendlines of pressure drop ratio (F) to Re

Valve Opening, a Reduction of F;mF b R2

10 2� 10�5 1.5 0.97
20 0:8� 10�5 1.1 0.95
30 0:7� 10�5 1.0 0.95
40 0:7� 10�5 0.8 0.92
50 0:7� 10�5 0.8 0.92
60 0:7� 10�5 0.8 0.92
70 0:7� 10�5 0.7 0.93
80 0:7� 10�5 0.8 0.94
90 0:7� 10�5 0.7 0.96
100 0:7� 10�5 0.7 0.95

Fig. 14. Comparison of pressure at the valve upstream: (a)1000 RPM; (b) 1500 RPM; (c) 2000 RPM.
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3.3. Flow coefficient

In PFPF, it is assumed that the flow rate of the air existing on the
top part of the pipeline is zero. Therefore, the contribution of the air
on the calculation of the total flow coefficient in Eq. (4) might be
562
negligible. However, the effect of the air on flow coefficient is
demonstrated by its effects on pressure drop (Fig. 12) and the flow
rate (Fig. 17), which are involved in flow coefficient calculation.
Fig. 18 compares the flow coefficients in 100% WF and 90% WF pipe
flows. For small pump speeds, the flow coefficients of the 90% WF



Fig. 15. Comparison of pressure at the valve downstream: (a) 1000 RPM; (b) 1500 RPM; (c) 2000 RPM.

Fig. 16. Comparison of pressure at the top to the bottom of the pipeline: (a) 1000 RPM; (b) 1500 RPM; (c) 2000 RPM.
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flow are much lower than those of 100% WF flow because the flow
rates are lower while the pressure drops are consistent. For high
pump speeds (>1600 RPM), the rate of decrease in pressure drop in
the case of 90% WF is greater than the rate of decrease in flow rate
Q, which follows in larger flow coefficients. Nevertheless, the flow
coefficients in both cases show the same quick-opening
Fig. 17. Flow rate of the globe valv
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characteristics, although there were fluctuations in the 90% WF
flow coefficient due to the bubble effect.

In addition, the flow coefficients of 90% WF show no conver-
gence characteristics with the Reynolds number as found in the
case of 100% WF (Nguyen et al., 2020) Alternatively, they increase
linearly with Re at every valve opening (Fig. 19a). Table 6 shows all
e: (a) 100% WF; (b) 90% WF.



Fig. 18. Flow coefficient of the globe valve: (a) 100% WF; (b) 90% WF.

Fig. 19. 90% WF flow coefficient deduction: (a) flow coefficients increase linearly with Re; (b) increment of flow coefficient for the same increase in Reynolds number.
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fitting parameters for each valve opening. The increment of flow
coefficients to valve opening is represented by the slope of linear
trendlines (mKvÞ, which increase continually and level off at 50%
degree of opening (Fig. 19b). In another word, the flow coefficient of
the glove valve grows faster with large valve openings before being
stable at 50% opening, for the same increase in Reynolds number.
Table 6
Fitting parameters for the linear trendlines of Kv to Re

Valve Opening, a Increment of Kv mKv b R2

10 3� 10�4 2.5 0.99
20 4� 10�4 9.3 0.96
30 5� 10�4 18.9 0.94
40 6� 10�4 26.4 0.94
50 6� 10�4 26.6 0.94
60 6� 10�4 28.2 0.95
70 6� 10�4 28.4 0.94
80 6� 10�4 29.4 0.93
90 6� 10�4 30.0 0.93
100 6� 10�4 30.2 0.93
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4. Conclusions

An experimental study on PFPF in a horizontal, transparent pipe
of 3-inch nominal diameter has been conducted. The study focuses
on the formation of bubbles and the effect of aerated flow on
pressure characteristics and flow coefficient of the globe valve. The
visualization study was employed with the shadowgraph imaging
technique to investigate bubble formation in the globe valve. The
pressure distribution along the pipeline upstream and downstream
of the test valve was measured and the flow coefficients were
determined. The results indicate that:

1. The free air in the pipeline can be accumulated and entrained to
form the bubble at the bends of the globe valve. There is a
coalescence of the formed single bubble and the large aerated
flow is then collapsed into a dense plume of the bubble at the
vena contracta of the valve.

2. In PFPF, the pressures downstream of the valve show a consid-
erable discrepancy between the locations, especially in valve
openings smaller than 30%. As a result of the complex rotational
flow with a lot of bubbles occurring inside of the valve and
passing on the valve downstream, the differences are expected.
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The pressure drops of the valve in 90% WF are much lower than
those of 100% WF flow, which is up to 3.5 times at the smallest
degree of valve opening. The rate of the decrease in pressure
drops enlarge with smaller valve openings and level off from
30% valve opening, for the same increase in Reynolds number. In
PFPF, thus, it is recommended to operate the globe valve with an
opening of no less than 30% to have a stable control and avoid
any possible damage.

3. The flow coefficients in PFPF show the same quick-opening
characteristics as those in fully filled flow despite the fluctua-
tion caused by the effect of air bubbles. Besides, the flow co-
efficients increase linearly with the Reynolds number. For the
same increase in Re, the flow coefficients increase continually
with valve openings and become stable from 50% of the
opening.
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