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Abstract: Valves are key components of the safety of fluid transportation systems because of induced disturbance and cavitation
damage in them. In this study, a 2D model of a cryogenic globe valve with liquid nitrogen (LN,) as working fluid was
established by Fluent, and thermal effects were specially considered in the simulation. The validity of the LN, cavitation model
was verified by the experimental data of hydrofoil LN, cavitation from earlier studies by NASA. Cavitation characteristics of
LN, in the cryogenic globe valve under three typical working conditions were investigated. The average pressure and pressure
pulse at different positions of the wall were further studied to reveal cavitation risks from fatigue and vibration. Results show
that with similar valve structure and openings, the pressure pulsation frequencies of LN, are lower than those of water, and the
shape and location of the cavitation clouds also show significant differences. For LN, cavitation, an extended period of valve
opening at 66% should be avoided since its pressure pulse peak is the largest compared to openings of 33% and 100%, and
reaches 5%107 Pa. The opening of 33% should also be monitored because of the large torque caused by the pressure difference
between the two sides of the valve baffles. To prevent resonance, a critical state for the valve opening and the connecting pipe
length is proposed. These predictions of cryogenic cavitation in the globe valve are helpful for the safe and reliable operation of
cryogenic fluid transport systems.
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1 Introduction

Fluid transportation system reliability is highly
affected by flow stability since unsteady flow may lead
to leakage in the pipeline and, in serious cases, even
result in major system failure and safety incidents
(Miwa et al., 2015). Valves are the key components
affecting pipeline system safety due to their frequent
change of operating mode and the induced disturbance
to the flows. Especially, cavitation has a strong impact
on the valve body, causing noise, vibration, and damage,
and even affecting the normal operation of other compo-
nents in the pipeline system (Chern et al., 2013; Zhu
et al., 2019). Therefore, research on valve cavitation
is of great importance for pipeline system operation.
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Recent studies of valve cavitation have indicated
concerns. Saito et al. (2007) simulated the cavitation
flow of the pump hydrofoil and cage-type valve with
the 2D unsteady Navier-Stokes model of water. The
cavitation features were provided. The sharp and high
amplitude pressure pulses caused by bubble generation
and collapse were captured. Amirante et al. (2014)
performed experiments to estimate the effect of cavi-
tation on the performance curves of a proportional
valve with liquid oil. A 3D model was established to
analyze the characteristics of cavitation that could not
be experimentally evaluated. The low-pressure chamber
and specifically the metering section, were the places
where vapor cavitation occurred. Tabrizi et al. (2014)
compared the flow patterns under several opening
angles of a ball valve of water by computational fluid
dynamics (CFD) simulation. It was found that the
cavitation regions were located in the recirculation
area with low-pressure of the ball valve. The cavitation
index was calculated and the critical conditions for
cavitation inception were revealed. Valdes et al. (2014)
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conducted experiments on cavitation in a ball check
valve with a typical brake liquid. The results were in
good agreement with simulation. The flow coefficient
was further deduced as a function of the Reynolds
number and the cavitation number.

Considering the effects of structural parameters
and boundary conditions on cavitation, the CFD simu-
lation of water in a globe valve by Jin et al. (2018)
showed that large bending radius, deviation distance,
arc curvature, and small inlet velocity could limit the
intensity of cavitation. Another research of Jin et al.
(2020), with a sleeve regulating valve, investigated in
detail the effects of valve core shapes on cavitation
flows and found that cavitation intensities of ellipsoid
and cylinder valve cores were greater than those of
circular and truncated cone valve cores. The CFD
simulation by Gholami et al. (2015) showed that the
increase of the camber angle of the vanes to more
than 70° could significantly reduce cavitation intensity,
but would also cause a reduction in flow coefficient
and increase in the cost of energy use.

For valve shape optimization, Palau-Salvador et al.
(2008) numerically optimized the valve geometry by
simplifying the piston geometry, the piston path and
steps in the downstream chamber of the piston control
valve with water as working fluid. The simulation
results of a 40-A three-way reversing globe valve by
Lee et al. (2016) showed that the cavitation effect of
water could be reduced when both the waist length
and the tail length were increased. The optimal size of
the bottom plug was 6.50 mm for waist length and
6.69 mm for tail length, under which the percentage
of cavitation could be minimized to 27%. Ko and
Song (2015) proposed that the ratio of the narrowest
gap area to the inlet area should be increased and the
narrow gap length should be reduced to minimize oil
cavitation in the solenoid valve. The optimal geometry
design presented a maximum vapor volume fraction
reduction from 0.740 to 0.051.

For cavitation and vibration, Kumagai et al. (2016)
carried out a series of high-speed visualization experi-
ments with oil. It was revealed that the vibration of
the poppet valve was caused by the fluctuation of
cavitation bubbles and the behavior of the annular
vortex. A visualization experiment conducted by
Yi et al. (2015), with valve housing fabricated in
Perspex, indicated that the decrease of flow coeffi-
cient and fluid viscosity caused by oil cavitation will

result in a reduced vibration frequency. It was also
observed that the poppet vibration led to a dramatic
increase of cavitation noise, because the vibration
caused a quick and violent collapse of the numerous
cavities developed in the throttling region.

The above research on valve cavitation has greatly
improved the design and operation of valves in pipe-
line systems. However, these studies have mainly
focused on the working fluids of water, oil, and other
normal temperature liquids; cryogenic liquids were
seldom involved. Liquid oxygen (LO,), liquid nitrogen
(LN,), liquid hydrogen (LH,), and other cryogenic
liquids are significant in modern industry and in
medical and aerospace fields (Steckelmacher, 1994;
Zhang et al., 2014). Drastic vibration in the pipelines
of these cryogenic fluids has become a significant
safety risk for transportation systems.

Because of the great differences in physical prop-
erties and working conditions of cryogenic liquids and
normal temperature liquids, cryogenic cavitation implies
more complex mechanisms. The investigation of the
cavitation in a convergent-divergent nozzle with both
experimental and numerical methods by Giorgi et al.
(2010) showed great differences in pressure amplitude
and frequency between LN, and water. Under the usual
working temperatures of LN, (77 K) and water (293 K),
the saturated vapor pressure of LN, (97 152 Pa) is
much larger than that of water (2333 Pa). Therefore,
LN, is more likely to cavitate when throttling occurs.
The liquid-gas density ratios of LN, and water are
175 and 58 151, respectively, which means much more
LN, is needed than water to produce the same volume
of gas. Moreover, the thermal conductivity, special
heat capacity, and surface tension of LN, are quite
different from those of water, which leads to a differ-
ent temperature drop, bubble collapse, and instanta-
neous pressures of the cavitation characteristics. These
discrepancies will be specifically explained in this
research.

Although some research on cryogenic cavitation
has been carried out and simple structures such as
nozzles (Xue et al., 2019; Chen et al., 2021), hydro-
foils (Zhu et al., 2016; Li et al., 2020; Xu et al.,
2020), and pipes (Ishimoto and Kamijo, 2004; Lei
et al., 2018; Yu et al., 2019) are involved, specific
discussions about cryogenic valves are rather few and
have only appeared in the last two years (Pinho et al.,
2019; Lin et al., 2021). However, the influence of



thermal effects on valve cavitation has not been consid-
ered in valve cavitation simulations. Therefore, it is
necessary to investigate the cryogenic valve cavita-
tion with a thermal model, which illuminates cavita-
tion induced instability problems in cryogenic liquid
transportation systems.

In present study, the cavitation induced in the
cryogenic globe valve was investigated by CFD simu-
lation with a thermal effect involved, taking the com-
mon cryogenic fluid LN, as the working fluid. The
cavitation characteristics of LN, under different open-
ings were studied. The pulse pressure and average
pressure on the valve wall were analyzed for their
cavitation impact under different openings. The natural
frequencies of the valve with different lengths of the
connecting pipes were further investigated and com-
pared with the fluid pulsation frequencies to prevent
vibration resonance.

2 Numerical model
2.1 Geometry and mesh model

The short-shaft cryogenic globe valve is the most
commonly used component in a cryogenic liquid
transportation system. Fig. 1 shows a sketch diagram
of a typical cryogenic globe valve (Jin et al., 2018). It
shows the valve upstream part, the valve body (valve
baffle, valve stem, valve seat, valve throat, valve core,
and valve chamber), and the valve downstream part.
A 2D valve physical model was established and the
throttle cavitation effect of the valve throat and the
subsequent flow development of the gas-liquid two-
phase fluid are specially investigated. In order to make
the calculation results more realistic, the computational
domain includes the valve upstream and downstream
connecting pipes to a length of 10D (pipe diameter D=
50 mm). H is the displacement of the valve core, which
also stands for the valve opening. Other parameters
are the valve length L=230 mm, arc radius R =80 mm,
R,=80 mm, and the thickness of the valve core T =
10 mm. The structure and partial enlargement of the
model are as shown in Fig. 2, and the grids of the
boundary layer near the wall are refined. Besides, due
to the irregular and sharp shape of the valve baffle
which leads to a low-quality mesh, simplifying the
baffle size has little effect on the fluid flow direction
of the mainstream fluid and basically does not affect
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the intensity of cavitation. The baffle size is thus
simplified as a thin wall in the model.

Valve stem

Valve chamber

| |
I Valve baffle I | Valve core I
|
| Valve upstream I Valve body : Valve :
| | I downstream |

Fig. 1 Schematic structure of the cryogenic globe valve

10D

Fig. 2 Two-dimensional model of the cryogenic globe valve

2.2 Governing equations

Cavitation would cause the local temperature drop
in the liquid, which will in return affect the cavitation
development. Compared with the previous simula-
tions of valves, thermal effect was considered in this
study, that is, the energy equation was added to the
simulation for temperature calculation. The mass
continuity, and momentum and energy equations are
given below (Comini and Del Giudice, 1985):
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In the above equations, p, u, u, 6, 4, t, P, E, T,
and R represented the density, velocity, viscosity, stress
term, thermal conductivity, time, pressure, energy,
temperature, and mass transfer rate per unit volume,
respectively. x,, x, and x, denote the coordinate axes.
A 18 the effective thermal conductivity. The subscripts
m and t represent mixture and turbulence, respectively.

2
% ,and &
the latent heat of evaporation and sensible heat,
respectively. The first term on the right-hand side of
Eq. (3) represents the energy transfer due to conduction.

In previous studies, the realizable k-& model, in
which the flow features include strong streamline
curvature, vortices, and rotation, has shown substantial
improvements over the standard k-¢ model (Rodio
et al., 2012; Lei et al., 2018). So the realizable k-¢
model is applied.

The flow was simulated with a two-phase model.
Vapor phase dispersion is considered homogeneous in
the liquid phase, thus the Mixture model was adopted
to solve the problem (Jiang et al., 2012). For homoge-

In Eq. (3), E=h,,— p£ +

m

and /_, represent

lat

neous phase model, p,=apt ap, u,= pi(al P+

avpvuv), w.=autau, and at+a=1. a is the phase
volume fraction, and subscripts 1 and v mean liquid
and gas phases, respectively.

In the cavitation model, the following two-phase
continuity equations were used to derive the expres-
sion of the mass transfer rate per unit volume R:

For liquid phase:

%[(1_0(‘,) p]+V-[(1-a) pun] =—R: (6)

For vapor phase:

%(avpv) +V- (e, pou,) =R; (7
For mixture:
d

5 PtV (i) =0, ®)

and
pa=a.p.t (1-a.) p. ©)

So the relationship between p,, and «, is derived:
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The Schnerr-Sauer cavitation model (Zhu, 2018)
was applied to calculate o, which is related to the
bubble number density 7,

45
ny3
o= ——>", (11
45
1+ ”bg r;
where 7, is the radius of the bubble.
The expression of R in general form is:
_ pvpl dav
= d (12)

Combine Egs. (11) and (12), R is expressed as

pvp]

o av(l —av)i%

R= .
r, dt

(13)

The simplified Rayleigh-Plesset equation is used
to account for the time evolution rate of r, as follows
(Plesset and Prosperetti, 2003):

di’b . 2 abS{P_Ploc}
& —51gn(P—PIOC) 3 o , (14)
where P, is the local saturated pressure.

Then R is finally obtained as

— PP 3 2 (P_Pl"“)
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The value of n, is set as 10° according to Zhu
et al. (2015), where the simulation results were much
consistent with the experimental data with n, of 10°.

The final equations for the mass transfer of phase
change are as follows:
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where R, and R, account for the mass transfer source
terms connected to the growth and collapse of the
vapor bubbles, respectively.

2.3 Numerical methodology

The ANSYS Fluent 18.0 was used for the model
simulation. The velocity inlet, pressure outlet, and
no-slip adiabatic wall were set as the boundary condi-
tions. LN, is usually transported with pressurized to
0.2 MPa and subcooled to 77 K in practical transpor-
tation. Therefore, the inlet velocity was set as 5 m/s
and the outlet pressure was 0.2 MPa of this model.
The initial temperatures of the LN, and wall were set
as 77 K. Besides, physical properties of nitrogen are
listed in Table 1. Density, constant-pressure specific
heat, and local saturated vapor pressure of LN, and
vapor nitrogen (VN,) were specified as the function
of temperature. Other physical properties such as the
viscosity and thermal conductivity, since their values
change little under our working conditions, were set
as constants at the condition of 77 K, 0.2 MPa. All
the physical data were calculated from Refprop 9.0
developed by National Institute of Standards and
Technology (NIST), USA. Pressure-implicit with split-
ting of operators (PISO) algorithm was adopted to
solve the pressure-velocity coupling problem. The time
step was set as 107 s, meeting the convergence require-
ments of the model at each time step.

2.4 Model verification and grid independence

Since there is no experimental data on cavitation
in a cryogenic globe valve, the reliability of the LN,
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cavitation model was verified by its application in the
hydrofoil of Hord (1973). The geometry and grid
model of this hydrofoil are shown in Fig. 3. The tem-
perature monitoring points are marked in red accord-
ing to the experiment. The 290 C group in Hord
(1973)’s experiment was chosen as the working con-
dition with temperature of 83 K, velocity inlet of
23.9 m/s, pressure outlet, and adiabatic boundary.
The calculated pressures and temperatures on the hy-
drofoil surface were compared with the experimental
data in Table 2. The maximum deviations of tempera-
ture and pressure are 0.71% and 6.37%, respectively.
The simulation results match the experimental data
well, and show the validity of the LN, cavitation model
and its further applicability in the globe valve case.

The grid independence verification of the globe
valve model was also carried out with an average
grid size/total grid number of 1 mm/175879, 0.8 mm/
246288, and 0.5 mm/563764, respectively. With the
center of the valve as the origin of the coordinates,
monitoring surfaces are set at the valve inlet (s1, x=
—115 mm), outlet (s2, x=115 mm), and the downstream
pipe (s3—s7, x=200, 300, 400, 500, and 600 mm).
Fig. 4 shows the average pressure of each moni-
tored surface under different grids. It is clear that
the face-averaged pressures of different positions
of grid-246288 and grid-563764 are close to each
other, thus the grid-246288 model is acceptable for
the further study.

3 Results and discussion

3.1 Field distributions of unsteady LN, cavitation
in the globe valve

It is observed that the flow fields are basically
unchanged in the upstream connecting pipe, the valve
upstream and the downstream connecting pipe near
the pressure outlet, so these parts are not included in

Table 1 Physical properties of LN, in simulation

Description

Physical property

Liquid nitrogen Vapor nitrogen

Density (kg/m’)

Specific heat (J/(kg-K))

Thermal conductivity (W/(m-K))

Viscosity (kg/(m-s))

Correlation of saturation pressure and temperature

p=1161.8-4.5437T
¢,=2381.44-24.93T+0.1868T*
1=0.145 81

1,=1.635x10"*

P .=2885580-84442 4T+626T°

p,=107.847-3.1684T+0.02371 7"
¢,=2251.93-36.677T+0.2855T°
1,=7.1458x10’
11,=5.416x10°°
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Fig. 3 Schematic structure (a) and local grid (b) of the
hydrofoil. References to color refer to the online version of
this figure

the following analysis and the area ranging from x=
—-50 mm to x=300 mm is the main focus of the follow-
ing discussion for its significant flow and phase change.

Cavitation distribution is characterized in this
paper by vapor volume fraction distribution. Fig. 5
shows the vapor volume fraction variations under
each opening. It is found that the vapor volume frac-
tion changes periodically under each opening, with
periods of about 132, 35, and 7 ms, for the respective
openings. The vapor volume fraction under the 33%
opening is much higher than those of the other two
openings with a vapor volume fraction amplitude of
about 0.035, while the amplitude for 100% opening is
very small at about 1.5%107.

Figs. 6—8 show the typical cavitation distribu-
tions in the cryogenic globe valve of LN, in a certain
period with different openings, where ¢ stands for the
initial moment of a certain cavitation period under
each opening. As shown in Fig. 6, the vapor occupies
a large area and has a high volume fraction under the
33% opening condition, indicating that LN, cavitates
more readily in the globe valve under that opening. It
is observed that the valve chamber is covered with the
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Fig. 4 Grid independence for the cryogenic globe valve model
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Fig. 5 Vapor volume fraction under various openings of 33%,
66%, and 100%

cavitation cloud during the whole period, with the
highest vapor volume fraction above 0.9. It is sup-
posed that since the valve opening is rather small at
this time, the throttling effect of the fluid passing
through the valve throat is strong enough to generate
a large amount of nitrogen gas. It is worth noting that

Table 2 Validation results for the numerical model of the hydrofoil compared to experimental results

Temperature (K)

Pressure (Pa)

Position Experiment (Hord, 1973) Simulation Deviation Position Experiment (Hord, 1973) Simulation Deviation
Tl 81.13 80.95 -0.22% Pl 166200 155698 -6.32%
T2 81.53 81.68 0.18% P2 169000 164310 =-2.77%
T3 82.02 82.60 0.71% P3 177100 177819 0.41%
T4 82.83 83.25 0.51% P4 346600 368680 6.37%
TS 82.89 83.19 0.36% P5 383800 369310 -3.78%




J Zhejiang Univ-Sci A (Appl Phys & Eng) 2022 23(2):101-117 | 107

R I

2x10° ™

0.1 0.2 0.3

(e)

U]

Fig. 6 Vapor volume fraction distributions in one period under 33% opening (1 stands for pure gas): (a) #; (b) #+32 ms; (c)

t+43 ms; (d) #+70 ms; (e) +118 ms; (f) #+133 ms
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Fig. 7 Vapor volume fraction distributions in one period under 66% opening (1 stands for pure gas): (a) #; (b) t+7 ms; (¢)

t+16 ms; (d) 20 ms; (e) #+28 ms; (f) 31 ms

the bubbles generated from the valve throat moving
downstream make cavitation clouds at the valve
downstream, i.e. the cavitation clouds downstream
are generated by the throttling effect of the left and
right valve throats and are not generated at the valve
downstream. It is also observed that at the beginning
time ¢ of a certain period (Fig. 6a), the downstream
pipe contains a low vapor volume fraction, and small
bubbles continue to merge and collapse. This state
lasts for about 32 ms, and then a larger cavitation
cloud forms in the downstream pipe and the merger
of the bubbles is still in progress (Fig. 6b). This down-
stream cavitation cloud keeps growing and when
the time reaches +43 ms (Fig. 6¢), this cavitation

cloud covers over 70% of the downstream valve area.
After that, a much more stable state appears when the
cavitation cloud core is deposited at the bottom of the
pipe and the cavitation cloud shape is maintained until
t+70 ms (Fig. 6d). The cavitation cloud area is the
maximum at that time for the whole cycle; it includes
the valve chamber and the area of the right baffle to
the middle of the downstream pipe. The large down-
stream cavitation cloud then begins to divide into small
ones again and merges with the small bubbles continu-
ally formed through the right valve throat (Fig. 6e). At
the end of this period, the area of the cavitation
cloud in the downstream pipe further reduces until it
finally returns to the state of time ¢ and completes a
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Fig. 8 Vapor volume fraction distributions in a period under 100% opening (1 stands for pure gas): (a) #; (b) #+1 ms; (c)

t+2 ms; (d) #+5 ms; (e) +6 ms; (f) ++7 ms

cavitation period. In a cavitation period of about
133 ms (7.5 Hz), the large cavitation cloud lasts for
the longest time, which is about 86 ms (from #32 ms
to 118 ms). The development time and collapse
time are about 32 ms (from ¢ to 32 ms) and 15 ms
(from #+118 ms to #+133 ms), respectively. It should
be noted that the cavitation clouds keep merging and
collapsing during the whole period, which can pro-
duce large pressure oscillations inside the system.

Fig. 7 shows nitrogen cavitation distribution under
a valve opening of 66%. The cavitation period is
about 31 ms (32.3 Hz), much shorter than the result
of 33% opening. Moreover, the maximum vapor
volume fraction appears at the downstream bubble
core with a value of about 0.5. The bubbles in the
downstream pipe continue to merge and rupture and
cannot form the same large cavitation cloud as that in
the 33% opening due to a much lower vapor volume
fraction. As shown in Fig. 7a at time ¢, cavitation
clouds can be observed above the left valve throat and
in the middle of the downstream pipe. Then bubbles
are continually formed and cavitation clouds divide,
making the vapor area much bigger, as shown in
Fig. 7b. When the time reaches t+16 ms (Fig. 7¢),
the cavitation cloud core forms on the upper surface of
the valve core, and there are many small cavitation
clouds in the downstream pipe resulting from the
original cavitation cloud division. These small cavita-
tion clouds in the downstream pipe further merge,
increasing the vapor volume fraction (Fig. 7d). The

cavitation clouds formed in the valve chamber and
downstream, keep dividing until time #31 ms (Fig. 7f).
The cavitation distribution in the valve chamber is then
basically the same as that at the time ¢, completing a
cavitation period. The development time, mainte-
nance time, and collapse time of the cavitation clouds
in the valve chamber under this opening are about
7,21, and 3 ms (¢ to t++7 ms, ++7 ms to t+28 ms, and
t+28 ms to 31 ms), respectively. It is worth noting
that the cavitation clouds downstream are also gener-
ated from the valve throats under this opening.

When the valve opening reaches 100%, the cavita-
tion phenomenon is very weak, with the maximum
vapor volume fraction less than 0.1 as shown in Fig. 8.
The cavitation characteristics are mainly reflected in
the periodic expansion, shrinkage, and collapse of a
small cavitation cloud above the left baffle. The cavita-
tion period is about 7 ms (142.8 Hz) under this open-
ing, which is significantly smaller than those of open-
ings 33% and opening 66%. Owing to the small degree
of supercooling of LN, in this model, cavitation would
still exist even at full opening, while water cavitation
does not usually happen at large openings because of
its larger supercooling degree at ambient temperature.

As shown in Figs. 6—8, the developing location,
the size, and the period of the nitrogen cavitation clouds
are totally different under different openings. The extent
of valve opening significantly influences the cavita-
tion intensity, which reflects on the local temperature,
hydrostatic pressure and fluid flow state. Fig. 9 shows
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Fig. 9 Temperature distributions (a) and pressure distributions (b) at the maximum vapor volume fraction under each opening

the temperature and pressure distributions of the maxi-
mum vapor volume fraction condition under each
opening. Local temperature drops and pressure drops
at the cavitation clouds are observed with the largest
temperature drop being about 5 K under the opening
of 33%. The reason is that that fluid pressure reduces
significantly after the valve throat, leading to the
vaporization of the liquid nitrogen. Due to the latent
heat of vaporization, this vaporization process absorbs
much heat from the surrounding liquid, resulting in a
local temperature drop. In addition, compared to the
normal temperature fluids, the lower thermal conduc-
tivity of cryogenic liquids will prolong the local temper-
ature drop.

Furthermore, the fluid flow drives the bubbles to
move along, causing the cavitation clouds to merge
and to separate. Fig. 10 shows the vapor volume frac-
tion and streamline distribution under the conditions
of Figs. 6b and 6e; the shape of the cavitation clouds
at these two moments is relatively similar. As shown
in Fig. 10a, the cavitation cloud core in the downstream
pipe overlaps with the vortex core, so the cavitation
cloud is maintained for a long time. However, the
cavitation cloud core and the vortex core separate
obviously in Fig. 10b, so the cavitation cloud splits into
small cavitation clouds. In this process, the cavitation

cloud in the valve chamber is also affected by the
main flow, for its core moves from the upper surface
of the valve core to its left surface. It can be inferred
that the surface of the valve core, the baffle, and the
downstream pipe are all susceptible of exfoliation by
formation and disappearance of bubbles. In addition,
due to the large difference in pressure between the
two sides of the valve baffles, as shown in Fig. 9b, the
resulting torque can easily cause fracture at the bottom
of the baffles—especially under the 33% opening.

OP=33%

Fig. 10 Vapor volume fraction distribution under 33%
opening at #+32 ms (a) and streamline distribution under
33% opening (b)
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3.2 Wall pressure analysis under various openings

One of the major damages caused by the periodic
growth, merge, and collapse of the cavitation bubbles
is the transient pressure oscillation in the pipe. The
rapid cycle of cavitation leads to a frequent pressure
pulse inside. The pressure pulse peak signifies an
instantaneous impact on the valve wall, which produces
instantaneous huge energy and greatly damages the
wall surface, causing wall fatigue and pits. The average
pressure refers to the average force on the wall during
long time operation, which can be used as a reference
for a stiffness and strength check of the material. These
two parameters are further investigated later. Monitor-
ing points are set along the wall of the valve and down-
stream pipe with the most dramatic change in flow
characteristics as observed from Figs. 6—8. Locations
of monitoring points are shown in Fig. 11, including
the bottom of the valve body (p1), the connection
part of the valve seat and the valve baffles (p2, p3),
the valve chambers (p4, p5), the valve downstream
(p6, p7), and the middle of the downstream pipes
(p8, p9). Transient pressures of different points over
a long periodic operation time are analyzed.

Fig. 12 shows the change of pressure at each
monitoring point under 33% opening. The small fig-
ures at the top right corner of p1 to p7 are the local,
enlarged pictures of pressures at time 0.5-0.8 s (black
lines). Comparing the pressures at each monitoring

AP v
\—p3 p6 p8
p2 1\ [} ]
\_‘?/ p7 p9
Cryog\zr:\l;globe Downstream connecting pipe

Fig. 11 Monitoring points along the wall surface of cryogenic
globe valve and downstream pipe

point (blue lines), the peak values of pressure pulse at
p8 and p9 are much larger than those of other moni-
toring points, and reach 7x10° Pa, and the pressure
pulse peaks appear more frequently. From the enlarged
figures of pl—p7 (black lines), it can be found that the
pressures of pl—p7 are also in a periodic pulsation
state with the same cycle time of about 130 ms, but
their amplitudes are about one order of magnitude
smaller than those of p8 and p9. That may be due to
the fact that the propagation velocity of a pressure wave
in the liquid-gas phase is much smaller than that in
the liquid phase (Spalding, 1971). According to Fig. 6,
a large volume of cavitation cloud is distributed in the
valve chamber and downstream pipe under this open-
ing, which covers points p2—p7. The pressure pulsation
of cavitation collapse propagates rapidly in the liquid
phase, generating frequent huge pressure pulses at p8
and p9. However, the pressure pulsation of cavitation
collapse is damped off by the cavitation clouds in
pl—p7, causing the pressure pulsations of pl—p7 to be
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Fig. 12 Pressures of monitoring points under 33% opening. References to color refer to the online version of this figure



much smaller than those of p8 and p9. Comparing the
pressure pulsation and average pressure of pl, p8, and
p9 which all locate in the liquid area, it is also shown
that even though pl bears the highest average pres-
sure of about 6.5x10° Pa during operation, the pressure
pulse peaks of p8 and p9 produced by cavitation
collapse are much larger than that average pressure of
pl. This indicates that the damage risk by cavitation
would be much greater than in high working pressure
bearing under liquid phase. Besides, the unilateral
force downstream from the intense high pressure
pulses of p8 and p9 may also cause vibration to the
pipeline.

In Watanabe et al. (2008)’s experimental study
on the control valve (a similar structure as the model
in this paper with twice the diameter), the pulsation
frequency of water was about 84.5 Hz with an opening
degree of 25% and inlet velocity 2.66 m/s. As stated
above, the pressure pulsation frequencies of LN, under
valve 33% opening are about 7.7 Hz, which is much
lower than that of water in valves. Surface tension plays
an important role in the expansion and shrinkage of
bubbles, by inhibiting their expansion process, and
the greater the surface tension of the liquid, the smaller
the maximum diameter that the bubble can reach, and
thus surface tension accelerates the bubble shrinkage
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process. It is noted that the surface tension of water is
nearly an order of magnitude larger than that of LN,
so the collapse period of liquid nitrogen is longer
and the pulsation frequency is smaller. Besides, as
discussed in Section 3.1, the cavitation process causes
a temperature drop and the slope of saturated vapor
pressure with temperature of LN, is about 10 000 Pa/K
while that of water is about 150 Pa/K near the normal
working temperature. This means that the cryogenic
cavitation causes a local temperature drop, which
in turn leads to the rapid drop of local saturated vapor
pressure and obviously suppresses the cavitation effect.
Therefore, the valve operation of LN, transportation
should be specifically considered according to its own
cavita-tion characteristics.

Fig. 13 shows the nitrogen pressure variations at
each monitoring point under 66% opening. They are
totally different from those 33% under opening. In
Fig. 13, a large pressure pulse peak happens at every
monitoring point. The appearance time and values of
the pressure pulse peaks at each monitoring point are
relatively close. An explanation is that all the monitoring
points are in the liquid region under this opening and
can spread the instantaneous pressure pulse rapidly,
thus making all the monitoring points show a pres-
sure pulse almost simultaneously and have relative
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Fig. 13 Monitoring points’ pressures under 66% opening



112 | J Zhejiang Univ-Sci A (Appl Phys & Eng) 2022 23(2):101-117

pulse peak values. It is worth noting that the maxi-
mum peak value of the pressure pulse here is about
5x107 Pa, about 500 times standard atmospheric pres-
sure, which is also about an order of magnitude larger
than that of 33% opening. Combined with Fig. 14
which shows the vapor volume fraction distribution at
the moments before and after the relatively maximum
pressure pulse peaks (as circled in Fig. 13), it is found
that obvious bubble clouds are observed before the
peak of the pressure pulse, and then disappear after
that peak. The collapse of the cavitation clouds is
therefore suggested as the reason of the large pressure
pulse. Besides, the much bigger value of the pressure
pulse peak under 66% opening compare with that of
opening 33% may be explained in two ways. Firstly, a
large area of cavitation clouds is generated as shown
in Fig. 6 under 33% opening, which may cause the en-
ergy released by the collapse of bubbles to be damped
off by the surrounding bubble clouds. Secondly, the
cavitation period of 33% opening (133 ms) is much
larger than that in the 66% opening (31 ms), leading
to the energy released by the bubble rupture being
moderated. Therefore, it can be concluded that the
prolonged opening at around 66% should be avoided
because of its high risk of fatigue and pits caused by
the huge pressure pulse peaks during valve operation.
Besides, it is also found that, different from 33%
opening, the peak values of the pressure pulse at p8 and
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Fig. 14 Vapor volume fraction distribution before and after
the appearance of the relative maximum pressure pulse peaks

p9 are smaller than those at pl—p7 in Fig. 13. It is
supposed that the cavitation collapse occurs in the
region of the valve chamber and valve downstream near
the valve body under this condition, so part of the
energy has been damped off by the liquid when the
pressure pulse reaches p8 and p9, causing the peak
values of p8 and p9 to be smaller than those of other
points.

Fig. 15 shows the pressure variations under 100%
opening. The pressure pulsation is regular under 100%
opening, with the maximum pressure pulse peak of
about 1.5x10° Pa. Similar to the 66% opening, the
pressure change at each monitoring point is basically
the same, and p8 and p9 have smaller peak values
than those of other points. At the same time, the disap-
pearance of the bubbles is also observed before and
after the appearance of the maximum pressure pulse
peaks under this opening. In addition, because of the
extremely low vapor volume fraction, which means
the energy released is small when the bubbles burst,

2.0x10°

1.5x10°8

2.0x10° - r
I —p7

1.5%108 o

P (Pa)

1.0x10°

5.0x10°

0.0

t(s)

1 1 1 1 1
‘05 06 07 08 09 1005 06 07 08 09

1005 06 07 08 09 10

t(s) t(s)

Fig. 15 Pressures of monitoring points p1-p9 under 100% opening



the peak values of the pressure pulse are much smaller
under this opening. Besides, there are smaller and
more frequent pressure pulse peaks with values and
periods of approximately 2.5x10°-7.5x10° Pa and
6.7 ms. Combined with Figs. 13 and 14, it can be
summarized that the pressure pulse effect on the valve
body and connecting pipe is not only related to the
cavitation intensity, but also related to the distribu-
tions of gas and liquid.

The durations of the pressure peaks from devel-
opment to collapse under each opening were also
investigated. It is observed that the pressure peak
durations are the longest when the opening is 33%, at
about 20x10°° s, and some even reach 30x10° s. When
the valve opening reaches 66%, the pressure peak
durations maintain about 4x10°—6x10 s, while they
are about 6x10°—9x10° s for the valve opening of
100%. That may be the reason that the gas volume
fraction is the highest with the valve opening of 33%,
thus the external pressure of the cavitation clouds is
flattened by the gas, which weakens the collapse
process of the bubbles and extends the pressure peak
duration. The decrease of the pressure peak duration
under openings of 66% and 100% may be due to the
obvious decrease of the gas volume fraction and the
extrusion of the surrounding liquid. The pressure peak
duration of the maximum pressure peak under each
opening is shown in Fig. 16.

It is found that compared with the cavitation
period of each opening (7—133 ms), the pressure peak
collapse can be considered random and its duration as
instantaneous, and this is often studied for its instanta-
neous violent impact on the valve wall. For frequency
analysis, the main frequency of the fluid pulsation,
namely the cavitation period, is more important and
is often investigated to compare it with the natural
frequency of the valve system for avoiding vibration
resonance.

Fig. 17 shows the average pressure of each moni-
toring point under various openings. The average
pressure of pl under 33% opening is much higher
than that of the other monitoring points under all
openings, with a value of about 6.5x10° Pa. In addition,
the average pressure of pl is always greater than those
of the other monitoring points under each opening. It
is supposed that pl is located in the non-cavitation
region that does not experience the throttling and
energy dissipation for fluid flow, leading to a much
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Fig. 16 Pressure peak durations under valve openings of
33%, 66%, and 100%

higher hydrostatic pressure than those at the other
points. The change of the average pressure from p1 to
other points also shows that the smaller the opening is,
the greater the reduction of pressure potential energy
after throttling would be. The hydrostatic pressures of
the other points are about half of that at point p1 under
33% opening in Fig. 17, i.e. over 50% of the pressure
potential energy is converted into kinetic energy and
energy dissipation under this condition, which should
therefore be avoided in LN, practical transportation.
In addition, consistent with Fig. 9, the huge average
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pressure difference between pl and p7 also proves
that the bottoms of the baffles are prone to bending or
even breaking due to the torque resulting from under
33% opening.

In the above discussions, the average pressure
values are far less than the peak values of cavitation
pressure pulse. Nevertheless, it should be considered
in the stress design of globe valves under the flow of
LN,, especially for the largest average pressure values
of locations in upstream non-cavitation areas under
small valve opening, such as pl of 33% opening. Due
to the large difference in pressure between the two
sides of the valve baffles, the resulting torque can
easily cause a fracture at the bottom of the baffles.
Besides, vibration can be induced by local pressure
pulse in the pipeline under 33% opening for the
unilateral force between the upstream non-cavitation
area, the valve body, and the downstream intense high
pressure pulse area. Meanwhile, the pressure pulses
along the whole valve body under openings of 66%
are far greater than those under openings of 33% and
100%, and would cause a high risk of fatigue, and
pits during the flow of LN,. Therefore, the valve open-
ings of both 33% and 66% should be avoided for long
time operation. The operating conditions of LN, asso-
ciated with its cavitation characteristics under differ-
ent valve openings should be fully considered in prac-
tical valve operation.

3.3 Frequencies analysis

As mentioned above, besides fatigue and pits,
another risk caused by cavitation is induced vibration.
When the fluid pulsation frequency is close to the

valve’s natural frequency, vibration resonance will
occur and will result in serious vibration problems. It
should therefore be avoided (Xu et al., 2017). Fast
Fourier transform (FFT) analysis and modal analysis
with ANSYS Workbench software (Lawrence, 2012)
are applied to observe the fluid pulsation frequencies
and the valve system natural frequencies, respectively.
FFT is a fast algorithm of discrete Fourier transform
(DFT), which transforms data from the time domain
to the frequency domain. Here the fluid pulsation
frequencies were obtained by FFT analysis on the
transient pressures under different valve openings.
Modal analysis refers to the natural vibration charac-
teristics of the mechanical structure, including impor-
tant parameters of specific natural frequency, damping
ratio, and mode shape. Fig. 18 shows the mesh model
of the cryogenic glove valve with its connecting pipes.
Taking account of the actual application, the two ends
of the pipes were set to be fixed as the constraint
condition. Fig. 19 shows the first-order mode shape of
the model with connecting pipe length of 10D. Since
both ends of the connecting pipe are fixed, the largest
displacement appears at the valve body, which is about
12.4 mm.
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Fig. 18 Mesh of cryogenic glove valve and connecting pipe
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Fig. 19 First-order mode shape of cryogenic globe valve with
connecting pipe length of 10D

Furthermore, the natural frequencies of the globe
valve with different lengths of connecting pipes were
investigated and compared with the fluid pulsation
frequencies in Fig. 20. The fluid pulsation frequency
increases as the valve opening increases. When the
inner diameter and wall thickness of the connecting pipe
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are constant, the first-order natural frequency of the
valve system decreases with the increase in length of
the connecting pipes. When the valve opening reaches
74%, the fluid pulsation frequency is equal to the
natural frequency of the valve system with a connect-
ing pipe length of 26D. Resonance would occur under
this condition, which would seriously threaten the
safety of operation. The critical point can be used to
guide the design of the connecting pipe length.

4 Conclusions

The cavitation characteristics of LN, in the cryo-
genic globe valve and associated thermal effects were
studied by numerical simulation. The cycle evolution
of the cavitation clouds, pressure pulses, and vibration
response under different valve openings were investi-
gated. Results are summarized as follows:

1. The LN, cavitation in the globe valve presents
periodical characteristics with periods of 7 ms to
133 ms under different openings. With the increase of
the opening, the cavitation period and vapor volume
fraction decrease significantly, and the cavitation
location changes from the large area at the valve
chamber and downstream pipe to the left baftle. With
similar valve structure and openings below 33%, the
pressure pulsation frequencies of LN, (10-20 Hz) are
lower than those of water (84.5 Hz). Besides, the
shape and location of the cavitation clouds are differ-
ent. The valve operation of LN, flow should be specif-
ically considered for its own cavitation characteristics.
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2. The maximum pressure pulse peak does not
occur under the smallest valve opening of 33% with
the largest cavitation clouds but appears under the
middle opening of 66% with the maximum value
reaching 50 MPa, about an order of magnitude larger
than those of the 33% and 100% openings. Therefore,
in the flow of LN, through a globe valve, the longtime
opening around 66% should be avoided for its high
risk of fatigue and pits caused by high pressure pulse
peaks. Under an opening of 33%, the peak value and
frequency of the instantaneous pressure in the down-
stream liquid area are very much higher than those of
the upstream pipe and the valve body, and would
cause not only cavitation impact, but also pipeline
vibration. Furthermore, under a small opening, such
as 33%, a large pressure difference of about 0.55 MPa
will occur between the two sides of the valve baffles,
resulting in large torque and high risk of fracture—
especially at the bottom of the baffles.

3. The largest displacement of vibration appears
at the valve body with both ends of the connecting pipe
fixed. In addition, the values of the natural frequency
and the fluid pulsation frequency are equal with a
connecting pipe length of 26D and a valve opening of
74%. This critical point can be used to guide the
design of the connecting pipe length to avoid resonance.
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