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In this paper, a two-phase flowmodel and the improved thermal cavitation model
are used to study the flow characteristics and the evolution of vorticity force for
liquid nitrogen cavitation flow. The results are validated against the experimental
data from NASA, which shows that the flow re-attachment occurs in the area
where the boundary vorticity flux begins to decrease from its positive value.
Alternatively, the flow separation occurs near the area with low boundary vorticity
fluxes. Besides, the boundary vorticity flux changes typically from negative to
positive around the cavity. The development of the cavity affects the surrounding
vortex structure, which leads to the evolution of vorticity force and the
fluctuations of lateral force and drag force. The results show that the drag
force is magnified by the cavitation, and it first decreases and then increases in
a typical cycle of cavity evolution. The negative resistance unit is mainly produced
in the front of the cavity, and the positive resistance unit is also made in the rear of
the cavity. When the attached cavity is shed, the positive drag elements decrease,
and the drag force drops to its minimum.When the attached cavity is growing, the
positive resistance elements behind the cavity increase, making the resistance
force gradually increase. For the lateral force, the existence of the cavity produces
lift elements pointing out of the surface outside the cavity, and the unsymmetrical
distribution of the cavity leads to the fluctuation of the lateral force.
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1 Introduction

Cavitation is a sudden phenomenon. When the local static pressure is lower than the
saturated vapor pressure, the liquid evaporates and produces bubbles (Li et al., 2018).
Cavitation involves complex flow phenomena, such as phase transition, multi-scale
turbulence and compressibility, which may lead to vibration, noise and performance
degradation in the fluid (Joseph, 1995; Li X et al., 2021). Cavitation flow is usually
predicted as a phenomenon without considering the changes in liquid temperature and
physical properties (Xu et al.,2022; Chen et al., 2023). However, the physical and
thermodynamic properties of thermo-sensitive fluids would significantly change when
cavitation occurs, affecting the cavitation characteristics and invalidating the constant
temperature assumption. In recent decades, due to the wide application of thermal fluids
in industrial applications, this phenomenon has attracted extensive research attention
(Merouani et al., 2016; Abderrezzak and Huang, 2016; Li et al.,2023). For example,
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liquid hydrogen and oxygen are commonly used to fuel space launch
vehicles. However, these fuels are prone to cavitation in the
turbopump of space engines (Smirnov et al., 2014; Zhao et al.,
2016), which directly affects the thrust level of the rocket engine and
the success of the rocket launch. Since the cavitation of thermo-
sensitive fluids is often accompanied by strong energy conversion
and mass transfer (Long et al., 2017; Zhang BC et al., 2020), it is
necessary to understand the flow characteristics and potential
mechanisms.

A series of experiments on cryogenic cavitation were performed
to explore its characteristics. For instance, Kikuta et al. (2008)
studied the thermodynamic effects of cavitation performance and
cavitation instability in the inducer by comparing the cavitation flow
of thermal fluid and cold water. Franc et al. (2001) experimentally
studied the cavitation flow of freon R114 in the inducer at three
temperatures. They found that the length of the cavity near the inlet
blade of the inducer decreased with the increase of the reference
temperature. Kelly and Segal (2015) studied the cavitation flow of
fluorone around the NACA 0015 hydrofoil under different free flow
conditions, and observed the transition from classical cavitation to
thermal cavitation at 318 k. Cervone et al. (2006) found that the
length of the water chamber in the NACA 0015 hydrofoil is
positively correlated with temperature. Šarc et al. (2017) found
that the cavity size of water becomes larger at 313 k than at
273 K and 343 K. Zhang et al. (2018), Zhang et al. (2019)
optimized and used the Zwart-Gerber-Belamri (ZGB) model to
simulate the thermal cavitation flow on 2D and 3D hydrofoils.
They found that when the temperature in the cavity decreased by
1 K–3 K, the thermal effect inhibited the growth of the cavity.
Therefore, temperature fluctuation should be considered in
thermal cavitation flow. Visualization experiments on cryogenic
cavitation were also performed. For instance, Gopalan and Katz
(2000) focused on the cavity structure of lamellar cavitation at
different free flow temperatures. They found that a slight increase
in temperature would slightly increase the size of the lamellar
cavitation, which in turn significantly affects turbulence and
kinetic energy in the closed region.

Liquid nitrogen is one of the most commonly applied thermo-
sensitive fluids whose cavitation has been widely investigated. Holl
et al. (1975) studied the variation of temperature and pressure in the
cavitation region around ogive bodies with different diameters and
established a connection between cavitation number and
thermodynamic effects. Chen et al. (2017), Chen et al. (2019a),
Chen et al. (2019b) studied the unsteady dynamic evolution of
cavitating flow of liquid nitrogen at different temperatures and free
flow rates, revealing the transient characteristics in the flow. De
Giorgi et al. (2020) investigated cavitating flows of water, liquid
hydrogen, and nitrogen on hydrofoils numerically using Eulerian
homogeneous mixture approach. Thermal effects have been
introduced by means of the activation of energy equation and
latent heat source terms plus convective heat source term. Ohira
et al. (2012) studied the instability of supercooled fluid nitrogen
cavitation flow at different temperatures. They found that when the
liquid temperature decreased, the cavitation model changed from a
continuous model to an intermittent model. In addition, the
oscillation pressure of the continuous model is much smaller
than that of intermittent model. Shi and Wang (2020) used the
improved Merkle cavitation model and the filter-based turbulence

model to numerically analyze the influencing factors of the thermal
effect produced by the cavitation flow of liquid nitrogen and
hydrogen. Niiyama et al. (2012) studied the thermal effect of
liquid nitrogen hollow flow and confirmed that such product
inhibited the development of cavitation. However, the cavitation
characteristics in thermosensitive fluids deserve further study.

The whole cavity evolution is accompanied by the change of
eddy current, especially for thermal fluid. The purpose of this study
is to establish the relationship between force evolution, flow
separation, cavity growth, shedding and collapse (including
corresponding connections through vortices).The flow separation
in the cavitating flow field is influenced by cavity development and
exacerbates flow instability. In addition, the flow separation due to
cavitation is significantly influenced by vortices. Chen J et al. (2017)
found that the cavity oscillates under the influence of the
surrounding vortex flow field. Wang et al. (2019) theoretically
studied the instability of non-Newtonian liquid jets with
cavitating bubbles and found that the compressibility of the
liquid led to flow instability. Li LM et al. (2021) studied the tip
leakage cavitation flow and found that the cavitation characteristics
were affected by the tip leakage vortex and the tip separation vortex.
Kumar et al. (2018) simulated the separated flow in the laminar
boundary layer, studied the flow separation mechanism, and
proposed a separation model of steady-state flow.

Cavitation would cause force fluctuations in devices. Hsu and
Chen, (2020) found that the amplitude of lift and drag increased
along the standard slit in the cylinder. Zhu et al. (2015b) studied the
cavitation flow of liquid hydrogen on ogive using the compressible
Schnerr-Sauer cavitation model. In addition, they calculated the
unsteady evolution of steam content, temperature and pressure
fields in the cavity, and extended the schnerr Sauer model to
simulate cavitation in cryogenic fluids (Zhu et al., 2015a). Keller
(2001) experimentally studied the lift and drag coefficients under
different cavitation numbers by testing other objects. Their
experimental results show that lift is closely related to cavitation.
Liu et al. (2020) studied the lift and drag fluctuations caused by the
vortex structure caused by the evolution of the cavity on the
hydrofoil. Seif et al. (2009) proposed a non-constant algorithm to
simulate the cavitation problem in practical engineering
applications, and determined the time-varying characteristics of
the resistance coefficient during cavitation. They found that a
certain degree of cavitation changed the mechanical properties
and energy distribution, so the lift and resistance of the rotating
body head fluctuated within a specific range. Ehara et al. (2019)
conducted experimental research on lift and drag, and found that lift
and drag move reasonably with the development of cavitation. Jafari
and Rad, (2009) simulated the cavitation flow on the cylinder surface
and observed the relationship between the cavitation number and
lift and drag. De Giorgi et al. (2019) studied the relationship between
lift and drag and three cavitation States, namely, cavitation, cloud
cavitation and super cavitation. Shen et al. (2020) studied the
relationship between hydrofoil surface lift resistance and cavity
development. They found that with the increased cavitation
number, the time average lift and drag coefficients first increased
and then decreased. In addition, the downward trend of the drag
coefficient is greater than that of the lift coefficient.

In thermal cavitation flow, the evolution of the cavity leads to the
change of flow state. Flow separation and reattachment also occur
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frequently. At the same time, the development of cavity is
inseparable from the evolution of the force. In the current work,
we focus on analyzing of flow separation and detail change to reveal
the detailed interaction between cavitation and flow characteristics.
The improved ZGB cavitation model is realized and combined with
the uniform mixing model to simulate the cavitation flow of liquid
nitrogen around the oval structure. This paper first introduces the
numerical model and its verification, then analyzes the transient
flow field caused by cavitation, the influence of cavitation on flow
separation, and the evolution of force with the development of
cavitation. Finally, some conclusions are given. The conclusions
obtained can provide theoretical support for the internal flow of
cryogenic cavitation.

2 Thermo-sensitive cavitating flow
model

Base on the ZGB cavitation model, the thermodynamic benefits
are considered for correction.

2.1 Governing equations

Both the gas and liquid phases are considered homogeneous
mixtures during the simulation, and the governing equations are
formulated as

zρm
zt

+ z

zxj
ρmuj( ) � 0 (1)

z
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ρmCpmT( ) + z

zxj
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where u and p are the velocity and pressure, x and the subscripts, i, ϳ,
and k represent the axes, μm and μt are the dynamic and turbulent
viscosities of the mixture, λm and λt denote thermal conductivity and
turbulent thermal conductivity, Τ denotes temperature, Cpm and L
denote specific and latent heat, _m is the mass transfer source term, a
is the volume fraction, and δij is a Kronecker Symbol.
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where RB = 1 × 10−6 m is the bubble diameter, αnuc = 5 × 10−4 is the
volume fraction of the nucleation point, Kl is the thermal
conductivity of the liquid, Cl is the specific heat capacity, hb is

the convective heat transfer coefficient, C0 is the empirical
coefficient, and C0hb is the recommended as 1W/(m2K).

Since the saturation vapor pressure of liquid nitrogen pv (T)
varies with temperature, a polynomial fit is used to represent the
saturation vapor pressure:

pv T( ) � ∑4
i�−1

aiT
i (7)

where

a−1 � 7.9627702861 × 109; a0 � −4.7960049172 × 108

a1 � 1.1544023560 × 107; a2 � −1.3860791270 × 105

a3 � 8.2752103303 × 102; a4 � −1.9511544848 × 100

The temperature field in cavitating flows, usually has thermal
effects, is mainly determined by the heat transfer between the gas
and liquid phases. Therefore, the results of compressibility and
viscous dissipation in the energy equation are not considered for
the time being. The density, dynamic viscosity, and enthalpy are
calculated as

ρm � ρvαv + 1 − αv( )ρl (8)
μm � αvμv + 1 − αv( )μl (9)

hm � ρlhl 1 − αv( ) + ρvhvαv
ρm

, hl � ClT, hv � CvT + Lev (10)

where Τ is the temperature of the liquid nitrogen, Cl and Cv

represent the liquid and vapor heat capacities.

2.2 Model validation and mesh
independency

The turbulence model SST k- ω is used in this paper. Numerical
results are obtained by simulating the cavitating flow of liquid
nitrogen in an axisymmetric body with a radius of 0.357 inches.
The experimental values were obtained from Hord (1973), who
performed sub-scale experiments on the cavitating flow of thermo-
sensitive liquids with funding from NASA. The main body consists
of a cylinder with a quarter-circular radius bend and is placed inside
a transparent plastic tube. Five pressure and temperature sensors are
arranged on the upper and lower surfaces of the ogive. Strictly follow
the experimental conditions to confirm the accuracy of the
numerical method.

Figure 1 shows the structure used in the numerical simulation.
The boundary condition without a sliding wall is imposed on the
oval surface (Liu et al. (2021)). The conditions of numerical
simulation are set according to the experiment to ensure the
reliability of the simulation results.

In the present study, The RMS residual is reduced to 10–4, and
20 iterations are selected in each time step to balance computing
resources and accuracy. The simulation of unsteady thermal
cavitation flow begins with the results of steady-state cavitation
flow. In the simulation process, the time-dependent governing
equations are discretized in the space and time domains. The
diffusion term is solved by the second-order central difference
scheme. The time-dependent second-order implicit algorithm is
used for the transient term.
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The computational domain of numerical simulation is
discretized by structural hexahedral mesh. The mesh close to the
wall is refined to improve the quality of the whole mesh and ensure
the simulation accuracy. The conditions for the numerical
simulation are obtained from Hord’s experiments (Hord, 1973),
and the details are given in Table 1. The mesh independence analysis
is performed in Figure 2, and it can be seen that the calculation
results are relatively consistent for all three meshes. Therefore, mesh
2 (4403880 nodes and 4505476 elements) is adopted in the following
calculations due to the limitation of computational resources.
Figure 3 shows some details of mesh 2. The mesh is refined near
the head and wall to ensure the accuracy of the calculation.

The accuracy of numerical simulation is validated using the
pressure and temperature distributions for the two conditions.
Figure 4 shows the comparison between simulation and
experimental data (hord, 1973), which agrees well with

experimental data. Therefore, the simulation is reliable. In
addition, there are temperature and pressure drop at the large
curvature of the head. Then it gradually stabilized with the flow
of liquid nitrogen and the development of the cavity.

In Figure 4, we can see that the low temperature and pressure
areas are located around the cavitation area near the head, which is
due to the sudden change of the leading edge of the oval structure,
resulting in a large amount of vaporization. Meanwhile, the
development of the cavity will also change the flow field. Once
cavitation occurs, reentrant jets, flow separation and reattachment
will frequently occur around the cavity. Such complex and variable
flow phenomena will in turn affect the growth and shedding of
cavities. Therefore, the following sections will analyze the interaction
between cavitation development and flow field, as well as the impact
on the temperature field and pressure field. By comparing between
the two conditions, the cavitation number of condition 322 E is a bit

FIGURE 1
Computational domain and boundary conditions.

TABLE 1 Conditions for simulation.

Case Inlet temperature T∞/K Inlet velocity u∞/m · s−1 Cavitation number σ∞ Re/106

312 D 83.06 23.5 0.46 9

322 E 88.56 26.8 0.44 12
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smaller, indicating stronger cavitation, and thus the temperature
drop is more significant.

3 Results and discussion

3.1 Unsteady cavitation features

To further analyze the flow field characteristics in the process of
cavity development, the cavitation shedding cycle under 312 days
condition is used to explain. The temperature and pressure
distribution during the different periods of cavitation are shown
in Figure 5. At the beginning of cavitation, the generation of
cavitation will lead to changes in temperature and pressure. The
low temperature and low-pressure area are mainly in the cavity. As

the cavities gradually cover the surface, a few shedding cavities
appear in the flow channel. It is caused by the unstable shedding of
cavities. The low temperature and pressure areas are mainly in the
head, which is consistent with Figure 4.

In temperature-sensitive cavitating flow, the pressure and
temperature in the cavity are lower than those in other regions,
resulting in a more severe cavitation phase transition. When the
cavity is steadily covered by the surface, the re-entrant jet caused by
the cavity development will have a better chance to enter the interior
of the cavity. The free fluid flowed easily into the cavity as described
by (Sun et al., 2019), because the liquid/vapor density ratio of liquid
nitrogen under low temperatures would generate large cavity
bubbles according to the conservation of mass
(4πr3/3 � Vv � Vlρl/ρv). Therefore, increasing the temperature of
the free fluid would gradually reduce the bubbles inside the cavity by
lowering the density ratio. The reduction of bubbles would also
accelerate their movement, which in turn would accelerate the cavity
collapse. Therefore, in the thermo-sensitive cavitating flow, the
vapor usually concentrates at the center of the vortex.

3.2 Characteristics of flow separation

In Figure 6, four moments in a cavitation shedding cycle are
shown at the 312 D operating condition. In the figure, the growth
and shedding of cavities severely disturb the flow state. In Figure 6A,
the flow state at A is disturbed. Around the shedding cavity, the flow
state is constantly being altered. At the rear, significant re-
attachment can be seen where the cavities are shedding. In
Figures 6A, B, flow separation and re-attachment around the
cavity frequently occur. In Figure 6B, the re-entrant jet, flow
separation and re-attachment phenomena occur frequently
around the cavity. Such complex and variable flow phenomena
will in turn affect the growth and shedding of cavities. Thus the
development of the cavity leads to a change in the flow state, which
in turn destabilizes the cavity and accelerates the cavity shedding
Figure 6D.

The development of the cavity will affect the flow state, and then
affect the falling off and growth of the cavity. The BVF can be used to
describe the flow state, so the BVF needs to be introduced to
investigate the interaction between flow and cavity. This section
uses the 312 D operating condition as an example. Without
considering compressibility, the root of all vortex generation and
diffusion is boundary vorticity flux (BVF), which is the core theory
of boundary vorticity dynamics. The BVF proposed by Lighthill,
(1963) consists of the following components:

σ � σα + σP + στ (11)
σα � �n× �αB (12)

σ∏ � 1
ρm

�n×Δ∏,∏ � p − λ + 2μ( )ϑ (13)
στ � υ �n×∇( ) × �ω (14)

where σα, σP, and στ represent the BVF induced by wall acceleration
a, the normal stress ∏ of the tangential gradient, and the BVF
caused by the boundary vortex (shear stress).

Besides BVF, vorticity lines are also used to study flow
separation from cavitation effects (Liu et al., 2021). According to

FIGURE 2
Mesh independence verification.

FIGURE 3
Mesh details of the computational domain.
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the boundary vortex dynamics theory, the flow separation is
manifested by the formation of a shear layer and the separation
of fluid from the wall. The vortex dynamics is particularly critical in
the separation zone, which connects the attached boundary layer
and the separated shear layer, and exhibits the same properties as
both layers. Generally, in the flow separation region, the vorticity
line has a highly pronounced bend and high curvature. The peak of
the BVF is usually found in this region.

In temperature-sensitive cavitation flow, the evolution of
cavitation is closely related to the change of flow state. Figures 7,
8 illustrate the vortex structure around the cavity and the variation of
BVF during a cavitation shedding cycle. Figure 9 shows the change
in the vorticity line.

In Figures 7, 8, it can be seen that the BVF varies significantly at
the large curvature of the head. A rapid increase in BVF indicates
that the flow state has changed dramatically. Then, at 1/8 T the shed
cavities are randomly distributed on the surface. Therefore, the flow
state becomes irregular and the BVF fluctuates (Figure 8A). It shows
that the change in flow state at this point is mainly influenced by the
shedding cavity. As the cavity shed, a stable area of peak BVF is
created around it and the BVF changes significantly at this point

(Figure 8B). A negative peak in the BVF and a significant bend in the
vorticity line (Figure 9B) indicate that flow separation occurs at this
point (Figure 6A). Also, when the cavity is shedding, the values of
BVF increase rapidly from negative to positive. It shows that the flow
separation and re-attachment around the cavity occur at the same
time. In Figure 9, it can be noticed that the large curvature vorticity
lines often appear with large values of the BVF. Combined with
Figure 7, it can be seen that the changes in vortex structure caused by
the shedding cavity can also lead to the appearance of large curvature
vorticity lines. Therefore, the difference in fluid state is mainly
influenced by the cavity in the cavitating flow.

When the attached cavity appears at the head of the structure, a
reentrant jet will be generated and enter the cavity, as shown in
Figures 6B, C. Colliding with the incident flow, the flow state inside
the cavity will be changed. However, as shown in Figure 8, the
change in BVF is not significant at this time (Figures 8C–F). This is
because the change in internal flow state being suppressed by the
attached cavity. It can be seen in Figure 9 that in the area with an
additional cavity, there is only a tiny curvature vorticity line. This
indicates that the flow in the cavity is relatively stable. At the same
time, in the tail of the cavity, with the development of the additional

FIGURE 4
Comparison of pressure and temperature results between experiment and simulation.
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cavity and the emergence of the falling cavity, the vortex structure
will change. At this time, the BVF value rapidly increases from
negative to positive. At 4/8Tref, a typical U-shaped vortex structure

is formed. This shows that the reentrant jet is not only produced at
the end of the cavity, but also the flow state becomes turbulent with
the change of the flow direction. So reentry, flow separation and

FIGURE 5
Changes in cavity, temperature and pressure in a cavitation shedding cycle.
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reattachment phenomena will occur frequently around the cavity.
And this complex and variable flow phenomenon will in turn affect
the growth and shedding of cavities.

When the shedding of the attached cavity starts, the flow state
gradually changes around the head of the structure. In Figures
7G, H, the values of BVF change rapidly around the shedding
cavity. We can find that the BVF around the shedding cavity
decreases quickly from positive to negative values, while large
curvature vorticity lines appear (Figure 9H). This indicates that
significant flow separation occurs at the front of the opening and
flow the reattachment occurs at the rear. Therefore, the
combination of BVF and vorticity line can well reveal and
predict the flow state.

In summary, the development of the cavity seriously affects the
flow state. The production of the reentrant jets is the main reason for
the complexity of the flow state in the additional cavity. The
production of the reentry jet also accelerates the falling off of the
cavity. Cavity shedding causes the BVF value to increase from
negative to positive. Combined with the changes in BVF and
vorticity line, they can predict the phenomena of flow separation
and reattachment.

3.3 Characteristics of vorticity force
evolution

This section will analyze the variation of lateral force and
drag during cavity development. Lee et al. (2012) examined the

fluid to finite wing up lateral force and drag, and found that the
forces applied on the wing surface can be classified into surface
and volume forces. The equations for lateral force and drag
forces are

FL � −∫
V
�]× �ω · ∇ϕLdV + 1

Re
∫

S
�n× �ω · ∇ϕL + j( )dA (15)

FD � −∫
V
�]× �ω · ∇ϕDdV + 1

Re
∫

S
�n× �ω · ∇ϕD + i( )dA (16)

where �n× �ω · (∇ϕD + i/j)/Re is the hydrofoil surface force element
created by surface vorticity, − �]× �ω · ∇ϕ is the volume element caused
by vorticity in the flow, ϕ Is the velocity potential function, and n is
the normal vector inward from the hydrofoil surface. According to
the force element theory, the surface velocity potential function of
the hydrofoil meets the conditions − �n · ∇ϕ � �n · e at the hydrofoil
surface. The numerical results also show that the lateral force and
resistance components caused by surface vorticity are significantly
smaller than those caused by flow vorticity. Zhang K et al. (2020)
also confirmed this conclusion. Therefore, the study of hydrofoil
surface force elements only analyzes the distribution of volume lift
and drag.

The forces and the moments on the arbitrarily shaped objects
can be expressed as integrals of the BVF, for arbitrary wall surface
zB, the combined force F � Fs + Fl is calculated as

Fs � −∫
zB

ρx ×
1
2
σ∏ + στ( )ds (17a)

FIGURE 6
Cavity development and velocity streamlines.
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Fl � ∮
C
x ×

1
2
∏ dx + μω × dx( ) (17b)

The x is the position vector and establishes the relationship
between BVF and force.

In the case of large Reynolds numbers, στ is much smaller than
σ∏ and can usually be ignored. Ignoring the small contribution of
surface friction to the combined force, then at this point its lateral
force FL and drag FD can be simply expressed by BVF as

FL � ∮
C
ρxσpds (18a)

FD � −∮
C
ρyσpds (18b)

Because the oval surface changes little in the X direction, the
influence of BVF in the force element can be concentrated on the
resistance. This can better explain the changes of force elements in
the process of cavity development.

Figure 10 is selected from one cycle of the 322 E operating
condition and describes the detailed vortex structures. In

Figure 10A, it can be seen that in the middle stage of the cavity
development, more U-type structures appear on the surface, which
means that at this time, there is more cavity shedding to create
disturbances. During the cavity development, cavity shedding and a
fracture of structures are observed on the cloud cavities attached to
the cylinder surface, enhancing vorticity and the 3D nature of
velocity gradients in the corresponding regions. In the
instantaneous 2/8Tref, 4/8Tref, 6/8Tref, and 8/8Tref moments,
the multiscale nature of vorticity and its three-dimensional
structure become more obvious with the significant enhancement
of its intensity. The unstable vortex extends further into the wake,
and a small-scale cylindrical vortex appears in the spanwise vortex.
At this point, the wake becomes more complex. Therefore, in this
paper, we will focus on the cavity development caused by the change
of resistance and lateral force.

Figure 11 shows the variation of lateral forces on the ogive
surface for the two operating conditions. The points a - h are the
moments for further investigation in the following words in a
cavitation shedding cycle for a better understanding. In
Figure 11, the fluctuation of 322 E is higher compared to

FIGURE 7
Vortices, cavities and BVF distributions.
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312 D conditions. Figure 12 shows the change in drag for the two
states. The shift in drag can be seen to be cyclical, with the drag
first decreasing and then increasing during a cavitation shedding

cycle. The 322 E condition shows a larger drag value, and this is
due to the more significant cavity generated by the increased
temperature.

FIGURE 8
Changes in BVF.
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According to the above, the flow state on the ogive surface is
influenced by the development of the cavity. Combined with the
changes of lateral force and resistance operating conditions in
Figures 11, 12, it can be seen that under a series of conditions,
the lateral force changes less with the increase of temperature. In
contrast, the resistance increases with the rise in temperature.
Also, the asymmetry of cavity development can lead to
oscillations in the variation of lateral forces and drags.
Therefore it is necessary to analyze the changes in

lateral force and drags in connection with the cavitation
shedding cycle.

The change in vorticity force is explained by selecting a cycle in
the 322 E condition. In Figure 13A, the drag decreases and
increases as the cavity develops. The reason for this change can
be explained as follows: at the beginning of the stage, the falling
cavity leads to a reduction in resistance. With the progress of
cavitation, the falling cavity gradually collapses, and the generation
of the attached cavity leads to the increase of resistance. In the later

FIGURE 9
Vorticity line and BVF on the ogive surface.
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stages of cavitation, the attached cavity begins to shed, and the drag
decreases again as many negative drag elements are generated. The
lateral forces, on the other hand, fluctuate in the development of
the cavity due to the asymmetrical characteristics of the growth
and shedding of the cavity. In the next section, the cavity
development is divided into eight moments according to
Figure 13 to explain the detailed effects of cavity development
on drag and lateral forces.

Figures 14, 15 show the vorticity forces and the
corresponding BVF distributions at eight moments in a typical
cycle. In Figure 14, the positive lateral force elements point to the
y direction, and the negative lateral force elements point to the
reverse y direction, which means that the cavitation makes the

force elements point out of the surface around the cavity. As the
cavity and vapor cloud distributions are unsymmetrical, the
numbers of positive and negative lateral force elements are
different, which makes the lateral force fluctuate. As seen from
Figures 14G, H, the negative lateral force elements are more than
the positive lateral force elements, which makes the total lateral
force negative.

In Figure 15, negative resistance elements are generated in
front of the open cavity and around the additional cavity. In
contrast, positive resistance elements are concentrated behind
the cavity pointing in the y direction. Cavity development can
be divided into three stages: cavity falling off stage, different cavity
generation stage and additional cavity falling off stage. The cavity

FIGURE 10
Distribution of vorticity.
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falling off stage is shown in Figures 15A, B, in which the cavity falls
off. The negative resistance element appears in front of the falling
off cavity, which is significantly larger than the positive resistance
element, so the resistance decreases at this stage. Then, the shed
cavity collapses and the attached cavity grows (Figure 15C). At the
back of Figure 15C, the negative resistance element decreases with
the collapse of the falling cavity. In contrast, around the attached
cavity, the positive resistance element gradually increases, and the
resistance begins to increase. Then, in Figures 15D–F, the negative
resistance elements decrease with the development of the other
cavity, and more positive resistance elements appear at the end of
the additional cavity. It can be seen that the positive resistance
elements are more than the negative resistance elements, so the
resistance increases at this stage. In Figure 15C, since there is still a
falling cavity, the resistance rises slowly at this stage. In Figure 15F,
when only an attached cavity exists, the resistance increases
rapidly. In Figure 15H, the attached cavity begins to fall off,
producing negative resistance elements. At this time, the
negative resistance elements are more than the positive ones,
and the resistance starts to decrease.

In summary, the lateral force element points out of the surface
around the cavity under the effect of cavitation. As the distribution
of cavities and vapor clouds is asymmetrical, the amount of positive
and negative lateral forces are different, which leads to fluctuations

in lateral forces. The resistance decreases first and then increases
with the development of cavitation. Negative resistance units are
distributed in front of the open cavity and around the additional
cavity, while positive resistance units are distributed behind the
cavity.

4 Summary

The thermal cavitation model based on the ZGB model is used
to simulate the thermal cavitation flow of liquid nitrogen on the
oval surface. The BVF is used to study the flow separation under
the influence of cavitation, and force element analysis is used to
reveal the force evolution mechanism caused by cavitation
shedding. Through cavitation flow and mechanical analysis,
the internal flow mechanism of fluid machinery can be
revealed, which can provide theoretical guidance for the design
of fluid machinery. The main research results are summarized as
follows.

(1) The reentrant jet generated by cavity growth will enter the cavity
and collide with the incident flow to produce flow separation. At
this time, the reentrant jet in the cavity is the main reason for
flow separation. However, a stable cavity will inhibit the change

FIGURE 11
Periodic variation of ogive surface lateral force under two conditions.
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of flow state, and the change of flow state in the cavity will
accelerate the cavity falling off.

(2) The re-attachment usually occurs in the region where BVF
decreases rapidly from positive values to negative values, while
flow separation usually occurs where there are negative values.
And in vorticity force studies, it has been shown that the
distribution of drag usually shows the same trends as the
value of BVF.

(3) The force element method can provide the distribution of
force elements in the process of cavitation development, and
can well reveal the evolution mechanism of force in cavitation
flow. For lateral forces, the existence of cavities makes lift
force elements point out of the surface. The random cavity
shedding induced by the turbulence makes the distribution of
the vapor cloud asymmetrical, which leads to fluctuations in
the lateral force.

FIGURE 12
Periodic variation in ogive surface drag under the two conditions.

FIGURE 13
Lateral force-drag variation in cavity development and streamlines in the flow field.
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(4) In the process of cavitation development, negative resistance
units are produced at the front of the cavity, while positive
resistance units are made at the end of the cavity. In the early
stage of cavitation, the falling off of the attached cavity and the

appearance of a large number of negative resistance elements
lead to reduced resistance. With the gradual formation of the
attached cavity and the gradual increase of positive resistance
elements, the resistance will increase.

FIGURE 14
Evolution of lateral force element and BVF in a cavitation shedding cycle.

FIGURE 15
Evolution of drag force element and BVF in a cavitation shedding cycle.
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Nomenclature

C heat capacity

c velocity of sound

Cp pressure coefficient

hb convection heat transfer coefficient

k turbulent kinetic energy

K thermal conductivity

L latent heat

M mach number

p pressure

pv saturated vapor pressure

RB single spherical bubble radius

R constant

T temperature

V volume

u velocity

x subscripts

ρ density

μ dynamic viscosity

σ cavitation number

α volume fraction

ε turbulent eddy dissipation

λ thermal conductivity

ΔT temperature drop

_m+ condensation rate

_m− evaporation rate

Subscripts

c empirical coefficient

i, j,k directions of the cartesian coordinates

l liquid phase

tur turbulence

v vapor phase

∞ reference
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