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Abstract:  The perforated plate is one of the effective devices for measuring flow rate accurately. In this study, a perforated
plate is investigated for its characteristics, mainly including discharge coefficient C and pressure loss coefficient ¢, when applied
to cryogenic fluids with the help of ANSYS Fluent. Three cryogenic fluids are studied, including liquid nitrogen (LN,), liquid
oxygen (LO,), and liquid hydrogen (LH,). For comparison, two states of water are also investigated. The realizable x-¢ model
with standard wall function is used to describe the turbulence and simulate the near-wall flow. The Schnerr-Sauer cavitation
model is used to investigate the effect of cavitation on the performance of the perforated plate. Simulation results indicate that
the upper limit of Reynolds number of the perforated plate is significantly dependent on the properties of the measured fluid

when the temperatures of the fluids are set as the normal boiling point temperatures and the outlet pressures are 0.2 MPa.
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1 Introduction

Differential pressure devices such as orifices,
venturis, and nozzles are frequently used in flow rate
measurement. Among these devices, the orifices
have been standardized and widely used for their
advantages, such as simplicity in design, installation,
and replacement; relatively low cost; and the absence
of moving parts. However, they also have the disad-
vantages of high permanent pressure loss, sensitivity
to incoming flow distortions, and nonlinearity
(Shaaban, 2014). Compared with the standard orifice,
the perforated plate (with multiple holes distributed
on it) can balance the flow, introduce less turbulence,
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and reduce energy loss. The applications of perforat-
ed plate have attracted considerable interest in the
fields of chemical, pharmaceutical, and pulp and
paper plants to measure the flow rate in their piping
systems.

The reported work of the perforated plates
mainly focused on two performance parameters, i.e.,
the discharge coefficient and the pressure loss coef-
ficient. The discharge coefficient relates the actual
flow rate to the theoretical flow rate (ISO, 2003a),
and the pressure loss coefficient denotes the perma-
nent pressure loss. Kolodzie and van Winkle (1957)
experimentally studied the discharge coefficient of
perforated plates with air and correlated the dis-
charge coefficient with the geometric parameters,
such as plate thickness and perforated area. Smith
and van Winkle (1958) expanded the Reynolds
number (Re) range in the correlation established by
Kolodzie and van Winkle (1957) (from 400 to
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20000). Huang et al. (2013) studied the effects of
the geometry and the upstream disturbance on the
discharge coefficient of perforated plate using water
and pointed out that a perforated plate had a lower
critical Reynolds number and a stronger anti-
disturbance ability compared with the standard ori-
fice. As for the permanent pressure loss, Gan and
Riffat (1997) determined the pressure loss coeffi-
cient of air passing perforated plates in a square pipe
by means of numerical simulations and experimental
tests. Erdal (1998) performed a numerical study of
the parameters affecting the dissipation characteris-
tics of the perforated plate. Testud et al. (2007) dis-
cussed the cavitation and the related pressure loss of
water passing through perforated plates by experi-
mental observation. Zhao et al. (2011) investigated
the dissipation characteristics of several perforated
plates with water and reported an empirical formula
for estimating the pressure drop. Malavasi and Mes-
sa (2011) and Malavasi et al. (2012) numerically
studied the dissipation and cavitation characteristics
of perforated plates and, then, experimentally studied
the dependence of the pressure loss coefficient on Re,
the equivalent diameter ratio, etc., with water as op-
erating fluid. Guo ef al. (2013) numerically simulat-
ed the effect of geometry, wall roughness, and incli-
nation angle on the pressure loss with dry air.
Maynes et al. (2013) analyzed the pressure loss coef-
ficient and the onset of cavitation caused by water
flow through perforated plates and established two
correlations relating the incipient and critical cavita-
tion numbers to the geometrical parameters of perfo-
rated plates.

The above-mentioned work mainly investigated
the performance of perforated plates with common
fluids, such as water and air, around ambient tem-
perature. However, little effort has been similarly
made in the case of cryogenic fluids, which are
widely used in the field of air separation industry,
aerospace application, etc. The distinct properties of
cryogenic fluids may induce varied performances of
perforated plates, which is of great importance for
the design of a flowmeter for cryogenic fluids.

In this study, we numerically assess the perfor-
mance of a perforated plate applied to a flowmeter
for cryogenic fluids. The flow situations of three
typical cryogenic fluids, i.e., liquid nitrogen (LN,),
liquid oxygen (LO;), and liquid hydrogen (LH,),

through a perforated plate are simulated. Two cases
of water are also simulated for comparison. Our em-
phasis is on the discharge coefficient and the pres-
sure loss coefficient. It can be found that cryogenic
fluids have much larger applicable ranges of Re for
flow rate measurement than water. An analysis of
the possible reasons is also presented.

2 Working principle of a perforated plate
flowmeter and its key performance
parameters

For a flowmeter with perforated plate, the vol-
umetric flow rate ¢, can be calculated by measuring
the differential pressure AP across the perforated
plate as the flow passage is restricted, based on Ber-
noulli’s principle (Landau and Lifshitz, 2008), which
can be given as follows (Huang et al., 2013):

CeA, [2AP

= = 1

where C is the discharge coefficient, ¢ is the expan-
sibility factor (being unity for an incompressible flu-
id), Ao denotes the total open area of the perforated
plate, p is the fluid density, and f represents the

equivalent diameter ratio (8 =,/4,/4, , where 4,, is

the pipe cross-sectional area). The differential pres-
sure AP is the pressure difference between the pres-
sure taps, one of which is on the upstream side of a
primary device, while the other is on the downstream
side (ISO, 2003a). In the numerical simulations, the
upstream and downstream pressures are measured as
the pipe wall pressures at both ends of the perforated
plate.

The discharge coefficient C relates the actual
flow rate to the theoretical expression deduced with
Bernoulli’s principle for the flow of an ideal fluid.
As one of the important parameters characterizing
the performance of the perforated plate flowmeter,
the value of C depends mainly on the plate geometry
and Re (Huang et al., 2013). There exists a range of
Re, where C is roughly constant. This range of Re
usually determines the measuring range of the perfo-
rated plate flowmeter. If possible, a larger constant C
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is expected to reduce the pressure loss of the perfo-
rated plate (Huang et al., 2013).

It should be noted, from Eq. (1), that the dis-
charge coefficient C can be written as

co NI
s4,\2AP/p’

i.e., C can be calculated with the known values of ¢,
Ao, B, p, and the measured differential pressure AP.

Another important performance parameter is
the pressure loss coefficient {, representing the dissi-
pation characteristics of the perforated plate flowme-
ter and defined as follows (ISO, 2003b):

)

-, G
pu-/2

where Aw represents the permanent pressure loss of
the perforated plate and is calculated as the differ-
ence between the average pressure measured on the
wall at the 1D (D is the inner diameter of pipe) up-
stream side of the perforated plate and that measured
at the 6D downstream side of the perforated plate in
the simulation, and u is the fluid velocity in the pipe.
The difference between AP and Aw is shown in
Fig. 1.

Fig. 1 Pressure distribution along the centerline of a
perforated plate
3 Numerical model and validation

The geometry of the perforated plate studied in
the present work is one of the examples experimen-

tally investigated by Huang et al. (2013). The layout
of the perforated plate is shown in Fig. 2. Fourteen
holes are distributed over two homocentric circles,
with five holes uniformly on the inner circle and
nine holes uniformly on the outer circle.

Fig. 2 Layout and dimensions of the holes on the perfo-
rated plate (Huang et al., 2013)

All the holes have a same diameter dy=4 mm. Five holes are
located on the circle with a diameter d;=11.02 mm; nine
holes are located on the circle with a diameter ¢,=22.62 mm.
The inner diameter of the pipe is D=29 mm, thus, the equiva-
lent diameter ratio is f=0.516. The thickness of the perforat-
ed plate is =3 mm

3.1 Numerical model

Flow predictions are carried out in a horizontal
pipe. The 1D schematic layout of the computational
domain is shown in Fig. 3. Singh et al. (2006; 2009)
found that the disturbance caused by various open-
ings of the gate valve and imposed swirl has no sig-
nificant effect on the discharge coefficient of the
cone flowmeter when the disturbance is over 5D
upstream from cone. Kumar and Bing (2011) used
5D upstream pipe length and 10D downstream pipe
length to numerically study the slotted orifice meters.
In this study, the length 10D upstream of the perfo-
rated plate is chosen to attain reliable prediction of
the discharge coefficient and the pressure loss coef-
ficient. A 15D downstream pipe length is provided
to assure that the boundary condition at the exit does
not affect the computational flow field close to the
perforated plate. Hence, the entire flow profile can
be acquired as the fluids come through the vena
contracta.

The governing equations for cryogenic cavita-
tion based on the mixture model include continuity,
momentum, and energy equations; the x-& two
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Fig. 3 1D schematic layout of the computational domain

equations; and a transport equation for the vapor
volume fraction. The continuity, momentum, and
energy equations for steady flow are as follows (An-
derson, 1995; ANSYS Inc., 2012):

V- (putt,) =0, “4)

V- (pylty)=~VP
5
+V. {(ﬂm +,ul)(Vum +Vu, —%Vumlﬂ’ ()
Putt VT =V [(A, + ) VT]+ S, (6)

where py, is the mixture density, defined as p,=py o+
pi(1-a) (py is the vapor phase density, o represents
the vapor volume fraction, and p; is the liquid phase
density), u,, is the velocity of the mixture, P is the
pressure, I represents the unit tensor, 7 is the tem-
perature, up, is the dynamic viscosity of the mixture,
1 denotes the turbulent viscosity, A, is the mixture’s
thermal conductivity, 4; is the turbulent thermal con-
ductivity, and Sg is the volumetric heat source calcu-
lated with the phase-change mass and the latent heat.
It is assumed that the flow is incompressible and
there is no velocity slip between the liquid and vapor
phases.

As for the turbulence model, both the realizable
and the renormalization group (RNG) x-¢ models are
considered. Both of the models have shown substan-
tial improvements over the standard x-¢ model
whereby the flow features include strong streamline
curvature, vortices, and rotation. The comparison
between the two turbulence models will be given in
Section 3.2.

In the cavitation process, the liquid-vapor mass
transfer (evaporation and condensation) is governed
by the following vapor transport equation (ANSYS
Inc., 2012):

g(apmv.(apvuv) =R, ™

where u, is the vapor phase velocity, and R repre-
sents the net mass transfer source term. Schnerr and

Sauer (2001) adopted the Rayleigh-Plesset equation
for bubble dynamics to deduce an expression for the
net mass transfer source term R in the following
forms:

R=

1
3 3 [2P-P
R-R=PLPig(1-g)| 231" 2LZE
l-a 4n n 3 p

P<P,
1
3 [2P-P
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m
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where R, and R, are the mass transfer source terms
related to the growth and collapse of vapor bubbles,
respectively, Py is the saturated vapor pressure, and n
is the bubble number density, which is considered a
constant. The two-phase equations will reduce to the
single-phase one when no cavitation occurs.

In the simulation, the inlet and outlet of the pipe
are set as uniform velocity and pressure boundary
conditions, respectively. The inlet turbulence intensi-
ty I=0.16Re”""® is determined under turbulence quan-
tities varying with the inlet velocity. The hydraulic
diameter maintains a constant value of 29 mm,
which is equal to the pipe diameter in all the simula-
tions. The pipe and the surface of the perforated
plate are both specified as the wall with no-slip and
heat insulation. The wall function and the inlet
boundary condition for the temperature used in the
simulation are specified later in this paper.

3.2 Model validation

The 3D geometry of the computational domain
is created by using the GAMBIT preprocessor (Flu-
ent Inc., USA). The flow domain is meshed with
both structured and unstructured meshes. For effi-
cient discretization, the whole geometry is divided
into five regions: upstream, downstream, and central
regions, and two joint regions connecting the central
region to the upstream and downstream regions, re-
spectively. Upstream and downstream regions with
smooth flow condition are meshed with coarse hex-
agonal grids. The central perforated plate region is
meshed with fine hexagonal meshes to capture the
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high velocity and pressure gradients. The two joint
regions are meshed with unstructured tetrahedral
hybrid cells from the point of transition effect. The
meshed perforated plate and the magnification of
one hole are shown in Fig. 4.

Mesh size independency test is conducted to
ensure that the numerical results are independent of
mesh size and quality. Three numbers of cells, i.e.,
796936, 1054648, and 1348213, are used to carry
out the test. In this section, LN, is selected as the
working fluid, with the computational fluid dynam-
ics (CFD) calculation being performed at the inlet
velocity of 0.1 m/s, 2.0 m/s, 3.0 m/s, and 4.0 m/s.
The discharge coefficient C is calculated using
Eq. (2), with the differential pressure measured as
the wall average pressure at the surfaces of the perfo-
rated plate. The results are shown in Fig. 5. The grid
convergence index (GCI) (Roache, 1994) of LN, at
the velocity of 3.0 m/s (Table 1) can be used to eval-
uate the grid independency. Considering the grid
independency and the computation efficiency, the
mesh with 1054 648 cells is adopted in the following
simulation.

The realizable x-¢ turbulence model (RKE) and
the RNG x-¢ turbulence model (RNGKE) with
standard wall functions (SWFs) and enhanced wall
treatment (EWT) are considered in the simulation.
Fig. 6 shows the comparison of the simulated dis-
charge coefficient C, with the corresponding exper-
imental values with water as working fluid under
atmospheric pressure and room temperature (Huang
et al., 2013). Tt is found that all the values from the
simulation are slightly smaller than the experimental
values, and the RKE model with SWF (RKE-SWF)
gives the best agreement with the experimental re-
sults, with deviations <5.5%, and is used in the fol-
lowing simulation.

0.81 L I EE A B A B B |
O 796 936 cells
0.80 /g @ 1054648 cells B
> D> 1348213 cells
0.790 .
O 0.78 B
m]
m]
0774 G ' .
0.76 - B B
075 " 1 " 1 " 1 " 1 " 1 " 1

0 1 2 3 4 5 6 7
Re (x105)
Fig. 5 Mesh size independency test

Table 1 Grid convergence index (GCI) of LN, at the
velocity of 3.0 m/s

Number of cells GCI (%)
From 1358213 to 1054648 0.196
From 1054 648 to 796936 0.578

1.0 T T T T T T T T

09 E

S 19 o Experiment
o6l —e— RKE-SWF i
L RKE-EWT
05L —wv— RNGKE-SWF
I RNGKE-EWT
o4t 1
0 1 2 3 4 5

Re (x10°)

Fig. 6 Comparison between numerical and experimental
results of discharge coefficient C

RKE-SWF: realizable x-¢ turbulence model with standard
wall functions; RKE-EWT: realizable x-¢ turbulence model
with enhanced wall treatment; RNGKE-SWF: renormaliza-
tion group (RNG) «-¢ turbulence model with standard wall
functions; RNGKE-EWT: RNG k-¢ turbulence model with
enhanced wall treatment

To validate the Schnerr-Sauer cavitation model,
a simulation was conducted and compared with ex-
perimental data in Hord (1973) for the case of the
hydrofoil 283C, for which the boundary conditions
are listed in Table 2. The experiment was conducted
in a tunnel with a hydrofoil installed in it (Fig. 7, the
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2D computational domain). In the simulation, a uni-
form velocity is specified at the inlet, and a pressure
is set at the outlet. The cavitation number plays a
role in implying the flow condition (Hord, 1973).
Both the RKE model and the Schnerr-Sauer cavita-
tion model are activated. As shown in Fig. 8, com-
pared with the experimental data, the numerical val-
ues are acceptable in most cavitation regions, con-
sidering the instrumentation uncertainty of 6900 Pa
for pressure and 0.2 K for temperature. Zhu et al.
(2015) also proved that the Schnerr-Sauer cavitation
model has a good performance in simulating cryo-
genic cavitation. Thus, the Schnerr-Sauer cavitation
model is adopted in our simulations.

kinematic viscosity of saturated liquid corresponding
to the inlet free-stream temperature for the five fluids
for the simulation. For LN,, LO,, LH,, and Waterl,
the inlet free-stream temperatures are set as their
normal boiling point temperatures, while ambient
temperature is considered for Water2.

4.1 Typical simulated results of pressure, tem-
perature, and vapor volume fraction

Taking LN, as an example, the typical simulat-
ed results of pressure and temperature 2D upstream
and downstream from the perforated plate are shown
in Fig. 9. The reference point (i.e., the origin of the
horizontal axis) is located at the front surface of the
perforated plate. The pressure has a dramatic drop at

4.0 T T T T T T
4 Results and discussion sl @ " Experiment |
' Simulation

After validation, the simulation mainly focuses _ sor |
on three cryogenic fluids and water at two states, i.e., [Py -
liquid nitrogen (LN,), liquid oxygen (LO,), liquid X Lol 1
hydrogen (LH,), and water at two specific tempera- ® »
tures (denoted as Waterl and Water2, respectively). T i
Table 3 lists the inlet free-stream temperature, outlet 10 1
pressure, saturated vapor pressure, density, and ol s P

0.12 0.14 0.16 0.18 0.20

Table 2 Boundary conditions for the hydrofoil 283C

x (m)

(Hord, 1973)
Liquid Free-stream Free-stream Cavitation 7
4 temperature, 7 (K) velocity, # (m/s) number, K, i
LN, 77.71 14.5 1.8
e d
~
15 T T T T T T T T T
TE‘ 10 Wall B
£ Inlet e Outlet
~ 5 ydrofoll surface . .
> Symmetry 76.8 |- Simulation B
0 1 | | L | L B Experiment
0 50 100 150 200 250 76.6 . I . I . I .
X (mm) 0.12 0.14 0.16 0.18 0.20

Fig. 7 Computational domain of the hydrofoil 283C for
validating the Schnerr-Sauer cavitation model. The x-
and y-axis scales are not equal for a better visualization

x (m)

Fig. 8 Distributions of pressure (a) and temperature (b)
along the hydrofoil wall from computation

Table 3 Conditions and corresponding properties of the fluids

Liquid Inlet free-stream  Outlet pressure, Saturated vapor Liquid density, Liquid kinematic v
temperature, T (K) P (MPa) pressure, P, (Pa) p (kg/m®)  viscosity, v (cm%/s) (x107° kg-cm/s?)
LN, 77.36 0.2 101385 806.08 0.001993 0.00320
LO, 90.19 0.2 101348 1142.00 0.001706 0.00332
LH, 20.37 0.2 101358 70.85 0.001 880 0.00025
Waterl 373.15 0.2 101418 958.38 0.002938 0.00827
Water2 293.15 0.2 2339 998.20 0.010040 0.10062
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the front surface of the perforated plate, followed by
a gradual increase till the distance of roughly 1D
downstream (Fig. 9a). This can be attributed to the
variation of velocity according to Bernoulli’s princi-
ple (Landau and Lifshitz, 2008).

Additionally, cavitation occurs when the pres-
sure drops below the local saturated vapor pressure,
and the temperature at the low-pressure zone will
drop due to the heat effect of evaporation. For the
case of 4.0 m/s, there is a visible temperature drop
(Fig. 9b), which can also be found in the contour of
vapor volume fraction near the perforated plate, as
presented in Fig. 10.
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Fig. 9 Pressure (a) and temperature (b) profiles
upstream/downstream of the perforated plate along the
pipe. The inset in (b) shows the detailed 7 around x=0

T(K)

77.20
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4.2 Discharge coefficient

The variation of discharge coefficient C with
Reynolds number Re is shown in Fig. 11. Three dif-
ferent regions (i.e., unstable, stable, and cavitation
region) can be identified for each fluid. In the unsta-
ble region with relatively small Re, the unstable flow
leads to variable discharge coefficient as a function
of Re (Huang et al., 2013). For the stable region, the

.50

40 3
c
S
— 30 §
S °
E £
= 3
20 9
5
Q.
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I10

0

X (mm)

(a) (b)

X (mm)

Fig. 10 Contour of vapor volume fraction of LN,:
(a) u=2.0 m/s; (b) u=4.0 m/s. References to color refer to
the online version of this paper

1 —
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—%— LO;
— LH;

- -~ Water1 |
—<— Water2

O 0.75[

0630 104 105 108 107
Re
Fig. 11 Variation of discharge coefficient with Reynolds

number

volumetric flow rate g, is proportional to the square
root of the differential pressure AP, with almost con-
stant discharge coefficient, which is preferred for the
flow rate measurement application. However, a fur-
ther increase in Re will lead to an abrupt drop in dis-
charge coefficient, which indicates the appearance of
cavitation. The occurrence of liquid/vapor two-phase
flow in cavitation can result in an abrupt rise in pres-
sure drop, which then leads to the abrupt decrease in
the discharge. Thus, besides the disadvantages of the
cavitation erosion and the increased pressure loss,
from the viewpoint of the varying discharge coeffi-
cient, the cavitation region should be avoided for the
flowmeter application.

As mentioned above, the flow rate measure-
ment with a perforated plate focuses on the stable
region of the discharge coefficient. The approximate
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ranges of Re for the stable region of the five fluids
obtained from Fig. 11 are listed in Table 4 with the

corresponding average discharge coefficient C and
the standard deviations o.

It can be seen that C is almost the same for all
the five fluids in the stable region, which is not sur-
prising but a direct result of the CFD model, whereas
the ranges of Re are different. The lower limits of the
Re for the constant discharge coefficient, the so-
called critical Reynolds number Re. (Huang et al.,
2013), are relatively close, i.e., in the range of
5.77x10* to 9.87x10". It means that the Re, is proba-
bly determined mainly by the geometry of the perfo-
rated plate. However, for the upper limits of Reyn-
olds number (denoted as Re,,), there are quite large
differences for diverse fluids, with a maximum of
216.00x10* for LH, and a minimum of 15.90x10"
for Water2. In addition, the values of standard devia-
tion indicate that the discharge coefficient has a good
stability in the stable region for the five fluids.

Table 4 Ranges of Re for the stable region and the
corresponding values of average discharge coefficient

C and standard deviation o for the five fluids

Fluid  Range of Re (x10%) C o (x107%
LN, 7.27-58.20 0.770 5.89
LO, 8.45-59.20 0.768 5.96
LH, 7.71-216.00 0.768 4.47
Waterl 9.87-39.50 0.768 5.64
Water2 5.77-15.90 0.769 7.77

We attempt to give some explanations for the
relatively large different Re,, values from the proper-
ties of the fluids. The pressure drop of the fluid
through the perforated plate can be calculated by
(Idelchik, 1989)

2

AP=5p”7, ©)

where ¢ is the resistance coefficient, depending on
the geometry of the perforated plate. Eq. (9) can be
rewritten as

B ERé’

2D? (19)

pV°.

According to Eq. (10), for a given Re, the pressure
drop caused by the perforated plate is proportional to
the product of the density and the squared kinematic
viscosity, i.e., pv*. Table 3 shows that, compared
with water, the cryogenic liquids (LN,, LO,, and
LH,, especially LH,) have smaller values of pv’.
Therefore, with a fixed Re, the pressure drops
through the perforated plate for these cryogenic flu-
ids are much less than that for water. In addition, the
saturated vapor pressures P, of the three cryogenic
fluids and Waterl in this study are almost equal to
the atmospheric pressures because the temperatures
of the fluids are set at the normal boiling point tem-
peratures. Thus, the occurrence of cavitation is more
difficult for the three cryogenic fluids under compa-
rable thermofluid dynamic conditions, i.e., the same
pressure at the outlet section. As for Water2 at ambi-
ent temperature, its saturated vapor pressure is lower
than those of the three cryogenic fluids at their nor-
mal boiling temperatures; however, the much larger
pressure drop due to the much larger pv* of Water2
leads to the occurrence of cavitation at relatively low
Re, i.e., low Rey,, in comparison with the three cryo-
genic fluids.

4.3 Pressure loss coefficient

Similar to the discharge coefficient as shown in
Fig. 11, the pressure loss coefficient ¢ has different
dependence on Re for the unstable, stable, and cavi-
tation regions (Fig. 12). In the stable region, the
pressure loss coefficient is not only roughly a con-
stant, independent of Re, but also smaller than those
in the other two regions. The liquid/vapor two-phase

35—
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30X Lo,

LH,

- =~ Watert

2 | —4— Water2

15 it _

|
105
Re
Fig. 12 Variation of pressure loss coefficient with Reyn-
olds number
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flow caused by the occurrence of cavitation increases
the flow resistance, resulting in a marked rise in the
pressure loss coefficient. A lower permanent pres-
sure loss, indicated by the smaller pressure loss coef-
ficient, is beneficial for the flowmeter application.
Meanwhile, the constant pressure loss coefficient is
almost not affected by the type of fluid, which is not
surprising, being a direct consequence of the CFD
model. However, for the investigated cryogenic flu-
ids, especially LH,, the pressure loss coefficient can
remain constant even in the case of much larger Re.
This can be attributed to the larger Re,, related to the

occurrence of cavitation, as mentioned in Section 4.2.

5 Conclusions

Numerical simulations have been carried out to
investigate the characteristics of a perforated plate
with five working fluids, including three cryogenic
fluids (LN,, LO,, and LH,) at normal boiling point
temperature and two different states of water (Wa-
terl at normal boiling point temperature and Water2
at ambient temperature). The discharge coefficient
and the pressure loss coefficient with the same pres-
sure at the outlet section are focused on, with the
following conclusions:

1. Compared with water, the cryogenic fluids
have wider stable Reynolds number ranges, which
are beneficial for the flow rate measurement. The
lower limits of the Reynolds number of the stable
region, which may be determined mainly by the ge-
ometry of the perforated plate, are relatively close
for the five fluids investigated, i.e., in the range of
5.77x10* to 9.87x10*. However, the upper limits of
the Reynolds number related to the cavitation are
much higher for the cryogenic fluids. From the
viewpoint of flow rate measurement, the cavitation
region should be avoided due to the decrease in the
discharge coefficient and the increase in the pressure
loss coefficient caused by the cavitation.

2. In the simulation, the saturated vapor pres-
sures P, of diverse fluids are all almost equal to the
atmosphere pressures because the temperatures of
the fluids are set at the normal boiling point tempera-
tures. Consequently, the occurrence of cavitation is
directly related to the pressure drop at the perforated
plates, which is determined by the product of the

density and the squared kinematic viscosity, i.e., pvz,
of the working fluid for a given perforated plate ge-
ometry and a fixed Reynolds number. The much
higher upper limits of Reynolds number for the cry-
ogenic fluids can be attributed to the smaller pv’
compared with water.
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