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Abstract—The throttle pressure reducing valve has potential for the high pressure heat exchanger with the advantage
of simple structure, easy operation and maintenance. We investigated the discharge capacity under different pressure
difference between inlet and outlet, the area of inlet and throttle though CFD simulation and validating experiments. A
theoretical formula of the discharge capacity was developed through the theoretical analysis and simulated results and
was well proved by the experiments. The results revealed that the square of discharge capacity is positively propor-
tional to the pressure difference, and the drag coefficient has a linear relationship with the throttle area and the recipro-
cal of flange area. This research establishes the theoretical basis for the designing and engineering application of throttle

pressure reducing valve.
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INTRODUCTION

The high pressure heat exchanger (HPHE) is one of key devices
for improving the thermal efficiency in a modern thermal or nuclear
power plant [1-4]. HPHE transfers the energy of high pressure steam
from steam turbine to the feedwater in order to increase its tem-
perature. When high pressure steam is lower than the saturation
temperature, the steam will turn into water stored at the bottom of
HPHE. The height of water level in HPHE is a key parameter in per-
formance of keeping heaters operating safely and economically [5].
If the water level is too high, the effective heat transfer area will be
less and the economy of this device will be reduced. In severe cases,
the high water level will damage the heat exchanger, so the heat
exchanger runs in the low water level for security. However, high
pressure steam will escape from HPHE under the low or no water
level height, a condition which is uneconomic and should be avoided.
Thus, it is necessary to ensure the water level in a reasonable range
for HPHE utilizing a trap valve [6,7]. In general, condensate water
will flow into next stage heat exchanger with lower pressure than
HPHE in order to recover the condensate water heat of HPHE.
The product of condensate water is almost unchanged during nor-
mal operation in HPHE. So, the discharge capacity needs to keep
stable under the environment of high pressure difference for the
trap valve called as pressure-reducing valve (PRV).

Numerous studies have investigated different structure PRV used
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in HPHE and simulated its internal flow characteristics. Jin et al.
[8] developed a new PRV combining a forge-welded angle-type sin-
gle seat plug with a double throttling structure. Luo and He et al.
[9,10] developed a PRV with a constant pressure ratio and analyzed
the pressure and leakage characteristics of the valve in a water hy-
draulic vane pump. Jin et al. [11] proposed a novel high multi-stage
PRV. The inner and outer porous shrouded valve core and porous
orifice plate are chosen as the first-stage and second-stage throttling
component, respectively. Qian et al. [12] investigated the Mach num-
ber and proposed the design method in multi-stage perforated
plates in high PRV. Wei et al. [13,14] studied the characteristics of
flow-induced noise in high PRV based on computational fluid
dynamics. Hou et al. [15] did a parametric study of internal flow
and throttling characteristics in a multi-stage high PRV with tur-
bulent model.

Meanwhile, other kinds of valves used at the condition of high
pressure difference was investigated. Saha et al. [16] designed a
pressure regulating and shut-off valve to reduce high inlet pressure
to a lower level of outlet pressure which remains almost constant.
Beune et al. [17,18] analyzed the opening characteristic and given
insight into the valve dynamics of an opening safety valve by the
method of fluid-structure interaction. Qian et al. [19] simulated the
dynamic characteristics of pilot-control globe valve which utilizes
the pressure difference before and after the valve to control the action
of the valve core. Zhang et al. [20] proposed a self-operated three-
way valve driven by the pressure difference between the inlet and
outlet used in a hybrid air conditioner. Chalet et al. [21] developed
a new throttle valve model considering the flow characteristics and
geometrical parameters and determined the engine performance
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at partial load.

Based on the foregoing description, an ample variety of PRV
was investigated; however, few researchers have focused on the
throttle PRV, Due to the simple structure, easy operation and mainte-
nance, the throttle PRV would be widely used in the system of
HPHE. However, the specific relationship or function among the
discharge capacity of the throttle PRV, pressure difference and struc-
ture parameters still requires further analysis and clarification.

In this paper, numerical simulation and validating experiments
were implemented to reveal how the pressure difference and struc-
tural parameters influence the discharge capacity of the throttle
PRV and establish a theoretical formula to predict the discharge
capacity under different working conditions.

DESCRIPTION OF THE THROTTLE PRV

1. Throttle PRV Structure

A schematic representation of the throttle PRV is provided in
Fig. 1. The key components of the throttle PRV are two flanges and
a throttle. The throttle is fixed by the flanges through some bolts
and a sealing gasket prevents water leakage. The area difference
between the flange and throttle determines the discharge capacity.
The throttle results in the pressure reducing due to the damping
effect.
2. Theoretical Analysis of Throttle PRV

The pressure difference provided in Eq. (1) can be calculated

Flangl

Fig. 1. The schematic representation of the throttle PRV.

: throttle
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according to Bernoulli equation when the liquid flows through the
throttle.

2
ap=2 0

where Ap is pressure difference between inlet and outlet, Pa; u is
the throttle velocity descripted in Eq. (2), m/s; p is the liquid den-
sity, kg/m’; Jis drag coefficient which has relation with the area of
throttle and flange showed in Eq. (3).
-Q
u= A 2
where Q is volume discharge capacity, m’/s; A, is the throttle area,
2
m'.

5= %) ()

where A, is the flange area, m’; f represents an uncertain function
which would be confirmed based on the next simulated results.
According to Egs. (1)-(3), Q can be redescribed as

2 ZAPAg

o

1

The relation among Q, Ap A, and A, would be validated by
means of computational fluid dynamic simulation and validated
experiments in the next part.

)

THEORETICAL AND NUMERICAL METHODOLOGIES

1. Computational Model

A three-dimensional geometrical model was built in the pre-
processor ANSYS Workbench Design Modeler based on the struc-
ture in Fig. 1. Fig. 2(a) shows the mesh model produced in the
software of ICEM 14.5. The cross-sectional view of the outlet is
provided in Fig. 2(b). In this figure, the throttle and flange diame-
ter is 8 mm and 32 mm. The area of inlet flange is the same with
that of outlet flange. The lengths of inlet flange, throttle and outlet
flange are 15 mm, 6 mm, 100 mm, respectively. The O-grid block
is chosen as grid topology to produce the structured mesh. The mesh
size of throttle and flange is about 0.75 mm. Orthogonal quality was
used to analyze the quality of the meshes. The minimum orthogo-
nal quality was 0.73, which stated that the grids is nice to be com-
puted in the simulation.

outlet

(b)

Fig. 2. (a) Computational mesh of throttle PRV (b) cross-sectional view of outlet.
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2. Governing Equations
The continuity equation based on the incompressible fluid could
be described as

V-¥=0 ©)
The momentum equation is expressed as
V- (p¥) == Vp+V-[u(V3+(V¥) )] +pg ©)

where pis the fluid density, kg/m’; ¥ is the velocity vector, m/s; p
is the static pressure force, N; y is the molecular viscosity, Pa-s; pg
is the gravitational body force, N [22,23].

The turbulent viscosity, 44, is calculated by the standard k-& model
where k is the turbulent kinetic energy and &is the dissipation rate.

ok
M= _L;— @)

The turbulent kinetic energy equation simplifies to

o(pku) 8 M\ ok

ox;, 6xj[('u+ 0'1) aXJ:| +Gimpe ®
The turbulent dissipation ratio equation simplifies to
opew) o Hi\OeT] €€ g

ox axj[(‘” c axJ]+ Kk ©)

where u; is the time averaged velocity, m/s; Gy represents the gen-
eration of turbulence kinetic energy due to the mean velocity gra-
dients, m’/s”. The constants ¢;, ¢,, ¢, G, and o, are 1.44, 1.92, 0.09,
1.0 and 1.3, respectively [24].

3. Simulation Scheme

Governing Egs. (5)-(9) were solved in the software of Fluent
14.5. The pressure-based solver was chosen to solve the governing
equations. The SIMPLE scheme and least squares cell based of gradi-
ent were employed in the calculation process. The standard scheme
was taken for pressure term. The second-order upwind scheme
was used for the momentum equations and the first-order upwind
scheme was used for the turbulent kinetic energy and turbulent
dissipation rate.

Water-liquid was chosen as the simulated material, with density
998.2 kg/m’, and viscosity 0.001003 kg/(m-s). The boundary condi-
tions for the inlet and outlet are pressure-inlet and pressure-outlet,
respectively. The outlet pressure is fixed to zero. The inlet pressure
is 0.50 MPa, 0.75 MPa, 1.0 MPa, 1.25 MPa, and 1.50 MPa, which
changes with different simulation conditions. Residuals for govern-
ing equations are performed within 1.0x10™ relative error as a cri-
terion for convergence of the solution. Flow rate of inlet and outlet
reaches a balanced and stable level, which is regarded as another
convergence condition.

4. Mesh Independence

It is necessary to check the mesh independence before starting
the simulation in order to eliminate the numerical errors. In this
study, the mesh independence is based on applying different mesh
numbers [25]. Through adjusting the mesh size, the different mesh
number could be obtained. The simulated results of mass flow rate
under different mesh numbers were compared in Fig. 3. As the
mesh number increases, mass flow rate decreases first, and then
remains stable. The reason may be that too large mesh size cannot
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Fig. 3. Relation between the mass flow rate and mesh number.

detect the relevant flow features [26]. When mesh number increases
from 733,069 to 904,808, the mass flow rate increases from 1.63
kg/s to 1.64 kg/s (0.6%). This finding indicates that enhancing the
mesh number does not have an effect on the accuracy of the results
[27,28]. However, considering the calculation time, the model with
733,069 mesh number was chosen for numerical simulation.

RESULTS AND DISCUSSION
1. Relation between Q and Ap

Fig. 4 shows the pressure contour and velocity streamline of the
central surface under different Ap of 0.5 MPa, 1.0 MPa and 1.5
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Fig. 4. (a) pressure contour and (b) velocity streamline under dif-
ferent Ap of 0.5 MPa, 1.0 MPa and 1.5 MPa.
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Fig. 5. Relation between Ap and Q’.

MPa. From these pressure contours, the pressure difference occurs
in the location of before and after of the throttle. It can be con-
cluded that the area difference between flange and throttle is one
main reason to cause the pressure difference. According to veloc-
ity streamline, the throttle velocity increases with the increasing of
Ap, which will lead to raising of the discharge capacity. In turn, the
larger throttle velocity will also lead to more fluid resistance. In
addition, a vortex will form behind the throttle for the reason that
the high speed fluid through the throttle could not spread com-
pletely the pipeline immediately, which is another reason for the
pressure difference. As a consequence, the discharge capacity pres-
ents the tendency of nonlinear increase with the increment of Ap.

The relation between Ap and Q’ is shown in Fig. 5. The volume
flow rate Q increases with the increase of Ap, which has been
explained based on the Fig. 4(b). According to the fitting equa-
tion, Q" is a linear function with Ap and the very small intercept
can be ignored, which is identical with Eq. (4), indicating that the
theoretical equation is reasonable. Combined with Eq. (4) and Fig.
5, it can be concluded that the pressure difference has no impact
on the drag coefficient, .

2. Relation between dand A,

For the purpose of obtaining the relation between dand A,, the
models with different A, and unchanged A, and Ap were simu-
lated. The unchanged diameter of A, is 8 mm, Ap is 1.0 MPa, and
the difference diameter of A, is 12 mm, 14 mm, 16 mm, 24 mm,
32 mm, and 40 mm, respectively. The 6 could be calculated on the
basis of Eq. (1) where Ap and Q obtained from simulated results.
Fig. 6 provides the relation between ¢ and 1/A,. Under the same
Ap and A,, the bigger A, will reduce discharge capacity and enlarge
6, so the & decreases with the increasing of 1/A,. According to the
fitting equation in Fig. 6, it is a linear relationship between ¢ and
1/A,, which can be expressed as Eq. (10).

5= 11%1 +b, (10)
3. Relation between dand A,

To investigate the relation between J and A,, the models with
different A, and unchanged A, and Ap were simulated. The un-
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Fig. 7. Relation between dand A,.

changed diameter of A, is 24 mm, Ap is 1.0 MPa, and the differ-
ent diameter of A, is 4.8 mm, 6.0 mm, 8.0 mm, 12 mm, 15 mm, and
18 mm, respectively. Fig. 7 provides the relation between dand A,.
Under the same Ap and A, the bigger A, will allow more liquid
through the throttle, then magnify discharge capacity and shrink &
Thus, the ¢ decrease with the increasing of A,. According to the
fitting equation in Fig. 7, the Jis inversely proportional to A,, which
can be described as Eq. (11).

S=k,A,+b, (11)

4. Relation between dand Ay/A,
Based on Egs. (3), (10) and (11), the relation among &, A, and
A, can be re-described as

A
5:1(1?0 +b (12)
1

The relation between dand Ay/A, is shown in Fig. 8 which con-
tains all the data in Fig. 6 and 7. From Fig. 8, it can be seen that
the J decreases with the increasing of Aj/A, and is in a linear func-
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tion with Ay/A; which matches with Eq. (12). According to the fit-
ting equation in Fig. 8, Eq. (4) can be reorganized as Eq. (13).
2ApAZA,

2_
Q T p(—1.69A,+1.93A,) (13)

EXPERIMENT

1. Experimental System

To verify the simulated model, especially the theoretical Eq. (13),
an experimental system was developed to test the performance of
throttle PRV. Fig. 9 shows the experimental flow diagram. This sys-
tem consists of a water tank, a high pressure pump, a bypass valve,
a high pressure tank, a throttle PRV, a pressure transducer and a
flow transducer. The high pressure pump was used to maintain the
high pressure environment of this system. The high pressure tank
was utilized to ensure a stable flow rate through the throttle PRV.
The discharge capacity and pressure difference was adjusted by
bypass valve nearby high pressure pump. The pressure and dis-
charge capacity could be measured by the related transducers with
a precision of £0.5%.

In the experimental process, water as the working fluid flowed
out the throttle PRV into the atmosphere, so the gauge pressure of
outlet was zero. At the beginning of the experiment, the bypass valve

(F) Flow
Throttle PRV “transducer
-] -—
High pressure tank|  proccire
transducer  Bypass valve

Bl N IV

),

High pr-;;surc pump
Water tank

Fig. 9. Experimental flow diagram.
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Fig. 10. Relation between discharge capacity and Ap.

should be full open. Then, the bypass valve was closed slowly until
the pressure of high pressure tank reached 0.50 MPa, 0.75 MPa,
1.0 MPa, 1.25 MPa, and 1.50 MPa. Finally, the discharge capacity
through the throttle PRV was obtained through the flow transducer
when the flow rate reached a stable status.
2. Experiment Validation

The discharge capacity was obtained under different Ap with A,
diameter of 80 mm and A, diameter of 5 mm. The simulated and
experimental results between discharge capacity and Ap are given
in Fig. 10. In Fig. 10, the square points denote the theoretical results
calculated on the basis of Eq. (13), and the circular points repre-
sent the experimental results. From Fig. 10, it can be seen that experi-
mental discharge capacity increases with the increasing of Ap, which
is in a good agreement with the simulated results, illustrating that
the simulated model and the theoretical Eq. (13) are reliable.

CONCLUSION

The throttle PRV is widely used in the HPHE with the advan-
tage of simple structure, easy operation and maintenance. To calcu-
late the discharge capacity, the relations among discharge capacity,
pressure difference between inlet and outlet, the area of inlet and
throttle were investigated by means of CFD simulation and vali-
dating experiments. Based on the simulated results, the square of
discharge capacity is positively proportional to pressure difference,
and the drag coefficient has a linear relationship with the throttle
area as well as the reciprocal of flange area. A theoretical formula
of the discharge capacity was developed through theoretical analy-
sis and proved by the experimental results.

This paper establishes the theoretical basis for the designing and
engineering applications of throttle PRV. The theoretical formula
introduces a simple way to calculate the discharge capacity under
different operational condition and throttle structures.
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