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Abstract: Comprehensive investigations were conducted on numerical methods for simulating high—
pressure water jet in air impacting on a flat plate. The primary focus was on the influence of numerical
methods on the impact pressure exerted on the flat plate. Taking into account the principal
characteristics of high—pressure water jets in air, the Eulerian multiphase model was selected as the
foundational approach for simulating multiphase flows. Firstly, two turbulence treatment methods
were investigated, revealing that the mixture turbulence model method yields superior results
compared to the per—phase turbulence model method. Subsequently, the effects of turbulence models
on the impact pressure were examined. Two two—equation turbulence models (the realizable k—¢
model and the SST k-w model), widely employed in engineering, and a four-equation turbulence
model (the SST k~w-¢p—a model) were comparatively analyzed. It was observed that the SST k-w—¢—
a model yields more accurate results in the vicinity of the stagnation point. The influences of the inlet
boundary condition were also explored. It was determined that the inlet turbulence condition derived
from a hydraulic diameter-based empirical formula, as provided in the commercial CFD software
ANSYS Fluent, is unsuitable for numerical simulations of high—pressure water jets in air.
Subsequently, the influence of bubble diameters in the secondary phase (air) was scrutinized. Results
indicated that as the bubble diameter diminishes, the impact pressure likewise decreases. However,
once the bubble diameter reaches a certain size, it exerts almost no effect on the impact pressure.
Finally, it was also verified that surface tension has no effect on the impact pressure of high-pressure
water jets in air when the nozzle exit is not so far from the flat plate.

Keywords: numerical simulation; high—pressure; water jet; turbulence model; impact pressure

1. Introduction

High—pressure water jets have been successfully applied in various fields such as rock
breaking[1], coal mining[2], vessel cleaning[3], machining and cutting[4], among others. In these
engineering applications, the primary advantage lies in the high impacting pressure generated by
high-pressure water jets on target objects, without inducing adverse factors such as high
temperature, sparks, dust, and fragment splashing. Gaining an understanding of the characteristics
of high—pressure water jets in air can facilitate their more effective utilization.

Leu et al. [5] conducted an analysis of the anatomy of high—pressure water jets in air, dividing
the entire jet into three distinct regions: the initial (potential core), main (water droplet), and final
(diffused droplet) regions. Jiang et al. [6] captured the entire structure of the high-pressure water jet
flow instantaneously using a high-speed camera. They analyzed the overall morphology and velocity
characteristics, subsequently reclassifying the flow structure from the conventional three regions into
five regions: the potential core region, stripped droplet region, primary shear region, secondary shear
region, and diffused droplet region. The principal characteristic of high—pressure water jets in air is

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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that, under the strong action of shear stress at the interface, the flow structure gradually transforms
from a continuous jet to a discrete flow dominated by droplets. During this process, due to
momentum exchange between water and air, the water is decelerated while the air is accelerated.
Rajaratnam et al. [7] investigated the flow field of very high velocity water jets in air using LDA (Laser
Doppler Anemometry). They found that the velocity at the centerline of the jet remains
approximately constant at Uo (inlet velocity) within an axial distance from the nozzle of about 100D
(where D is the nozzle diameter), and then decreases continuously to about 0.25Uo at an axial distance
of 2500D. Rajaratnam et al. [8] also measured the water distribution along the axis of high-velocity
jets. Their measurements revealed that the water concentration on the axis of the jet decreased rapidly
with the axial distance, falling to about 5% at 100D and 2% at 200D. It is evident that, due to the
significantly lower density of air compared to water, a high degree of air entrainment into the jet will
dramatically reduce the jet's kinetic energy, despite the air having the same velocity as the water
phase. Furthermore, the impact pressure on the plate, which results from the transformation of the
jet's kinetic energy, will inevitably decrease significantly. From an application perspective, the
pressure distribution on the plate is the most critical aspect. Therefore, greater attention should be
directed towards scenarios where the nozzle is not too far from the targets.

Experiment is a commonly employed method for investigating the characteristics of high—
pressure water jets. Leach et al. [9] investigated the overall characteristics of high—pressure water jets
using short-exposure optical photography and X-ray photography. They also measured the
distribution of impact pressure on a flat plate and analyzed it theoretically. In their experiments, the
distance from the nozzle exit to the flat plate was 76D. Additionally, the effect of nozzle shape was
also examined in detail. Guha et al. [10] conducted experimental studies on the pressure distribution
on a flat plate (with the distance from the nozzle exit to the flat plate being 43D) for the purpose of
designing an efficient cleaning system. They measured the pressure distributions and found that the
pressure along the radial direction can be expressed by a Gaussian distribution. Moreover, the
stagnation pressure on the flat plate decreases linearly with axial distance.

Numerical simulation is another widely used method by many researchers to investigate the
characteristics of high—pressure water jets. Liu et al. [11] employed the multiphase volume of fluid
(VOF) method in conjunction with the standard k—¢ turbulence model to simulate the dynamic
characteristics of an abrasive jet from a very fine nozzle. Guha et al. [10,12] conducted a simulation
for high—pressure water jet flow using the Eulerian multiphase model in combination with the
standard k-¢ turbulence model and standard wall functions. By introducing a novel model for mass
and momentum transfer, they achieved favorable results compared to the experimental findings of
Leachetal. [9]. Liu et al. [13] comparatively investigated the impingement capability of high—pressure
submerged and non-submerged water jets using the renormalization group (RNG) k-¢ turbulence
model. They found that the velocity in the submerged water jet is significantly lower than that in the
non-submerged water jet at the same nozzle pressure.

The flow of high—pressure water jets in air is complex. Numerical simulation involves multiple
challenging issues, including the establishment of multiphase flow models, the selection of
turbulence models, and the handling of turbulence in multiphase flows, among others. To the best of
the authors' knowledge, there has been no specialized study on the details of numerical methods in
numerical studies concerning high—pressure water jets. This work focuses on the impact pressure on
a flat plate and comprehensively investigates the numerical methods for simulating high—pressure
water jets in air. The model formulation and implementation are briefly described in the subsequent
section. Subsequently, the results are presented and discussed. Some conclusions are presented in the
final section.

2. Model Formulation and Implementation

The high—pressure water jet in air is a typical gas-liquid multiphase flow. There are three
conventional models that can be used for the numerical simulation of gas-liquid multiphase flows:
the volume of fluid (VOF) model, the mixture model, and the Eulerian multiphase model.
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The VOF model is suitable for problems where the gas and liquid phases do not penetrate each
other and have clear interfaces. Conversely, the mixture model is appropriate for flows in which the
gas and liquid mix well. Evidently, the problem of a high—pressure water jet in air impacting on a flat
plate does not fall into these two categories. The Eulerian multiphase model can solve complex
multiphase flows and is a suitable choice for the problems we need to address in this work. When
the Eulerian multiphase model is applied to isothermal, incompressible, viscous, and turbulent two-
phase flows, its governing equations consist of the continuity equations, the momentum equations,
and the turbulence transport equations.

The Eulerian multiphase model used in the ANSYS Fluent CFD package is constructed based on
the following assumptions:

1. All phases share a single pressure.

2. The continuity equations and the momentum equations are solved for each phase.

3. The turbulence model can be applied to the mixture or for each phase.

For the flow of high—pressure water jets in air, there is no mass exchange among the phases.
Large velocities result in high Reynolds number (Re) and Weber number (We), rendering the effects
of surface tension and wall lubrication insignificant and thus negligible. Moreover, due to the
relatively small distance from the nozzle exit to the target, the gravitational force is also excluded.

Based on the aforementioned assumptions and simplifications, the governing equations can be
written as follows.

2.1. Continuity Equations

For phase g, the continuity equation takes

d 5
a(aqpq) + V- (agpqavy) = 0 1

where ag,pq, U,, are the volume fraction, density and velocity of phase g, respectively.

2.2. Momentum Equations

The momentum equation for phase g can be written as
a - - > = = n =
a(aqpqvq) + V- (aqpqVqVq) = —aqVP +V - Tq+ Fraq + szlqu )

where P is the pressure, ﬁtd,q is the turbulent dispersion force, and ﬁpq is an interaction force
between phase p and g. T, represents the stress—strain tensor of phase g and can be written as

_ o 2 -
7o = agig (Vi + 73]) + aq (A =58 )75y T 3)

in which p, and 4, are the shear and bulk viscosity of phase 4.
The interaction force between phase p and g is simply modeled as

¥,) (4)

here K,,represents the interphase exchange coefficient of momentum. For gas-liquid flow, it

Rpq = pq(ﬁp -

can be modeled as the general form:

ot

rq — 6'l'p dpAi (5)

where p, and d,, are the density and diameter of the bubbles or droplets of the secondary
phase, p. A; is the interfacial area. fis the drag function. 7, is the particulate relaxation time, which
is defined as

_ Prd;

™ = o (6)
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Many definitions for the drag function are adopted by different researchers. In this work, the
Schiller and Naumann model is used. In this model, the drag function is

CpRe
= 7
F=2 @
where Cp and Re are drag coefficient and relative Reynolds number, respectively. They are
defined as
Cr = {24(1 + 0.15Re%%87) /Re Re <1000 ®)
P 0.44 Re > 1000
and
U, — Uy|d
Re = Pal¥a — Tp|dp )

Hq

Several methods have been provided for calculating the interfacial area. In this work, the
symmetric model is selected. The interfacial area is calculated as
_ 6a,a,

A; P

(10)
D

2.3. Turbulence Dispersion Force

The turbulent dispersion force can be treated as an interfacial momentum force in the phase
momentum equations (ﬁm,q in Eqn. 2). Alternatively, its effect can be modeled by introducing a
turbulent diffusion term into the phase continuity equations. The continuity equation for phase g can
be written as

a -

a(aqpq) +V- (aqpqvq) = V(quaq) (11)
Where the turbulent dispersion term V(y,Va,) must satisfy the constraint of
n
D Ve =1 (12)
q=1
The diffusion coefficient is estimated from the turbulent viscosity as

_Hea

=g (13)

In this work, the adjustable parameter g, =1.0.

2.4. Turbulence Models

In ANSYS Fluent, three methods are available for the treatment of turbulence within the Eulerian
multiphase model: the mixture turbulence model method, the dispersed turbulence model method,
and the per-phase turbulence model method.

In the mixture turbulence model method, different substances are treated as a single mixture,
and turbulence quantities—such as turbulence kinetic energy, turbulence energy dissipation rate,
and specific dissipation rate—are computed based on this mixture.

The density, molecular viscosity, and velocity vectors of the mixture are determined using the
following equations:

N

Pm = Z aipi (14)

q=1
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N
Hm = Z ail; (15)
q=1
N_ o0
l_],m — Zq—l iPiVi (16)

Pm

For turbulence models, by substituting all quantities of single—phase flow with those of the
mixture, the calculation methods and corresponding constants for each term in the turbulent
transport equations for multiphase flow are completely consistent with those of single-phase flow.
For instance, the turbulent transport equations for the SST k-w—¢@—-a turbulence model are presented
below. This turbulence model, an elliptic blending-based model previously developed by the author,
has demonstrated a strong capability in simulating jet heat transfer.

dpnk, 0 ) 9 [u ok
glt =+ a_xL (,0 mui,mkm) = Grm — PmfuB km@m + e [(Tm + Jk.ut,m) a_x?]n] (17)
0pmw,, 0 _ W 5 0 |/im dw,,
ot + a_xl (p mui,mwm) - f(uYK Gk,m — pmPwm + CD,m + a_xl (7 + o-auut,m) a_x] (18)
9P m® 4] %
T —— (,0 mui,m(pm) = (1 - agl)pmfwall,m + arz:lpmfhom,m - _mGk,m +
at - ox K
(19)
20 khem OPm Ok 0 (M_m ‘o ) 0P,
km ax] axj axi 2 (p.ut,m ax}
1-a, 0 <6am)
0= +— 20
L%n ax]' ax}' ( )

More details about the SST k-w—@-a turbulence model can be referred to Yang et al. [14].

Regarding the realizable k—¢ turbulence model and the SST k-w turbulence model, as they have
already been described in detail elsewhere, they will not be elaborated upon here. Interested readers
can refer to the ANSYS Fluent help documentation for further information.

The dispersed turbulence model method is applicable when there is clearly one primary
continuous phase and the rest are dispersed, dilute secondary phases. In the flow of high—pressure
water jets in air, this situation is clearly not met.

In the per—phase turbulence model method, a set of turbulence transport equations are solved
for each phase. When turbulence transfer among phases plays a dominant role, it is an appropriate
choice. For the flow of high—pressure water jets in air, the per—phase turbulence model method is
feasible. However, due to the complex construction and lengthy description of this method, it will
not be described in detail here. Those interested can refer to the help documentation of ANSYS Fluent.

2.5. Model implementation

The ANSYS Fluent CFD package was adopted as the computing platform. In the present work,
three turbulence models, namely the realizable k—¢ turbulence model, the SST k-w turbulence model,
and the SST k-w-¢@—a turbulence model, were used to simulate the high—pressure impinging water
jet flow. The realizable k—¢ model and the SST k~w model are embedded models within ANSYS Fluent
and can be directly utilized. The user—defined scalar (UDS) functionality of ANSYS Fluent was
employed to implement the SST k—w—@p-a model [14].

The governing equation system, which comprises the multiphase form of continuity equations,
momentum equations, and turbulence transportation equations, was solved using a pressure-based
coupled algorithm. The convection terms in the momentum equations and turbulence transportation
equations were discretized using the second—order upwind scheme. The gradients and derivatives
were evaluated using the least squares cell-based method.
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3. Results and Discussion

3.1. Computational Model

The problem of a high—pressure water jet issuing from a circular nozzle and flowing in air, which
vertically impinges on a flat plate, was simulated in the present work. The computational model was
constructed based on the experiment conducted by Leach et al. [9], which was used to verify the
numerical results. Considering the axisymmetric characteristics in both geometry and physics, the
problem was simplified to an axisymmetric model. The schematic view of the model geometry and
relevant boundary conditions is shown in Figure 1(a). Here, D = 1 mm represents the diameter of the
inlet, which is also the diameter of the circular nozzle. L = 76D denotes the distance from the inlet
(nozzle exit) to the flat plate. H = 25D indicates the lateral dimension of the computational region.

Numerous studies have demonstrated that the nozzle geometry significantly affects the jet flow
[2,9,15]. In this work, as a precursor, the water flow within the nozzle was simulated, and the flow
quantities at the nozzle outlet were extracted and applied to the inlet of the computational model.
The nozzle geometry and relevant boundary conditions are shown in Figure 1(b).

_____________ Outlet ... _.
Wall Impinging
h wall
(a) Axis 25D L
, Inlet
05D F AN
[
L | 76D
X o Origin of coordinate
10D
- ‘V/Vall Outlet
oy "ML e
; 6.5
N 40.50

L }xis FE

X5 Origin of coordinate

Figure 1. The schematic view of the model geometry and relevant boundary conditions.

Different wall treatment methods were employed for various turbulence models. Specifically,
for the SST k-w—p-a model, u;m =0, kyy =0, ¢, =0, a, =0, and wy,m = 3V, /(Boy?), were
applied. The automatic near-wall treatment method was employed for the SST k-w model [16]. For
the realizable k—¢ model, the enhanced wall treatment method was utilized. At the outlet, the static
pressure was set to zero.

The fluid materials consist of water and air. Their physical properties are listed in Table 1. We
have attempted different methods where either water or air was set as the primary phase separately,
and found that calculations often exhibited instability when air was used as the primary phase.
Consequently, in all subsequent simulations, water was selected as the primary phase.

Table 1. The physical properties of fluids.

Fluid Density (kg/m?) Viscosity [kg/(m-s)]
water 998 0.001
air 1.225 0.00001

The influences of various factors on the calculation results were investigated. For the
convenience of comparative analysis and explanation, a case was selected as a reference. The results
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of the reference case showed good agreement with the experimental results of Leach et al. [9]. The
relevant information of the reference case is listed in Table 2. In the subsequent analysis, unless
otherwise specified, when analyzing the influence of a single factor, the other factors remain
completely consistent with the reference case.

Table 2. The information of the reference case.

Turbulence treatment Mean inlet Bubble diameter of ..
Turbulence model . Inlet condition
Method velocity secondary phase
SST k-w—p-a Mixture 340 m/s 1.0e-5m From a nozzle

3.2. Effect of Turbulence Treatment Method

Two turbulence treatment methods, namely the mixture turbulence model method and the per—
phase turbulence model method, were investigated. It should be noted that the SST k-w turbulence
model was adopted here because it can be used directly without additional processing in the CFD
solver. Other related settings were identical to those of the reference case. The distributions of
pressure on the flat plate simulated by different methods are shown in Figure 2.

It was clearly observed that, in the region near the stagnation point, the mixture turbulence
model method over—predicts the pressure, whereas the per—phase turbulence model method under—
predicts it. Overall, the result of the mixture turbulence model method is slightly superior.
Additionally, considering the simplicity and ease of use of the method itself, the mixture turbulence
model method was chosen in this work to simulate the impinging flow of high—pressure water jets

in air.

(? O Leachetal.
Mixture

N - - - - Per-phase
o

Figure 2. Comparison of the effects of turbulence treatment methods.

3.3. Effect of Turbulence Models

In the flow of a high—pressure water jet in air, turbulence plays a crucial role. Accurately
calculating turbulence will determine the success or failure of the simulation. It is well known that
different turbulence models have their own advantages and applicable ranges. Finding and
examining turbulence models with good simulation results for high—pressure water impinging jet
flows is of great significance in engineering.

Three turbulence models were considered: the realizable k—¢ model, the SST k—w model, and the
SST k-w—¢p-a model. In the computations, except for the turbulence models, all other conditions were
identical to those of the reference case. The distributions of pressure on the flat plate simulated by
different turbulence models are shown in Figure 3. It was shown that the SST k-w—¢-a model yields
good stagnation pressure compared with the experimental results of Leach et al. [9]. Both the SST k-
w model and the realizable k—¢ model over—predict the pressure near the stagnation point. There is a
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slight difference between them. Specifically, near the stagnation point of the jet, the SST k~w model
exhibits faster pressure decay. In areas where the pressure is about to recover to ambient pressure,
the difference among the three turbulence models is small.

In most applications of high—pressure water jets, the pressure distribution near the stagnation
point plays the key role; therefore, the SST k-w—¢@-a model is worth recommending.

60F~ .
MRS (o] Leachetal.
s0f SST k-'@'GIA
A - - - SSTK'D
5 Realizable k-IA
1‘5\40 - !
[a [
2 30f
o N
20F
10
L J
% 05 1 A

r (mm)

Figure 3. Comparison of the effects of turbulence models on the pressure distribution.

3.4 Effect of Inlet Boundary Condition

It is known that inlet boundary conditions are crucial in numerical simulations. When using
turbulence models for simulation, if the real inlet turbulence conditions are unknown, a common
approach is to estimate them using some characteristic parameters. In practice, the turbulent kinetic
energy (k) is usually calculated from the turbulence intensity (I) as

3 2
k=5n (21)

where U is the mean velocity at the inlet.

There are two commonly used methods to estimate the turbulence specific dissipation rate (w).
One method is based on the hydraulic diameter (Hp) of the inlet, and the other is based on the ratio
of turbulent viscosity to molecular viscosity of the fluid (Vr). The estimation formulas for these two
methods are as follows:

vk
w=— (22)
0.07H,C,"
pk
A (23)

Here, C, =0.09.

We examined the influence of two different inlet conditions on the results. In Case 1, the
hydraulic diameter Hp =1 mm was used to calculate w, and in Case 2, the ratio of turbulent viscosity
to molecular viscosity of the fluid Vr = 10 was used to calculate w. Other quantities are the same in
these two cases. Specifically, the mean velocity U = 340 m/s, I = 0.05, ¢ = 0.6, @ = 1.0. All quantities
were assumed to be uniformly distributed at the inlet.

Figure 4 shows the computational results. As a comparison, the results of the reference case are
also included. It can be seen that inlet conditions have a significant influence on the calculation
results. Especially in Case 1, where the turbulence specific dissipation rate is given based on the
hydraulic diameter of the inlet, the impact pressure near the stagnation point is severely
underestimated. The result of Case 2 is slightly better, but there is a drawback: the value of the ratio
of turbulent viscosity to molecular viscosity of the fluid relies heavily on experience.
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Figure 4. Comparison of the effects of inlet boundary conditions on the pressure distribution.

3.5. Effect of Bubble Diameter of the Secondary Phase

When a high—pressure water jet enters the air, under the strong action of shear force, the water
will form small water droplets near the interface between water and air. These small water droplets
further break down to form water mist [6]. The interaction between small water droplets and air is
an important factor in the exchange of momentum between the two phases. The diameter of water
droplets has a significant impact on the interfacial forces between the phases. In this work, air was
selected as the secondary phase, meaning we assumed the presence of air bubbles rather than water
droplets near the interface between water and air. From a numerical simulation perspective, this
approach is acceptable. Because the interaction between the two phases is ultimately introduced into
the momentum equation in the same way, i.e., as an interfacial force. Due to the lack of detailed
information on the size of air bubbles, we roughly assumed that the size of air bubbles is uniformly
distributed in the flow field.

The influence of different diameters of air bubbles on the computational results was
investigated, and the results are shown in Figure 5. As observed, when the diameter of the air bubble
is relatively large, the pressure near the stagnation point is relatively high. The pressure decreases as
the diameter of the air bubble decreases. When the diameter of the bubble decreases to a certain size
(such as 10 m), the pressure almost doesn’t change with the decreasing size of the bubble. The
diameter of 10° m yields good results compared to the experiment. It should be pointed out that
larger diameter bubbles were not simulated in the present work because the calculation becomes
unstable when the bubble diameter is larger.

QO Leachetal.
. 1
sof ——d,=7*10%m
H - - - -dy,=1*10%m
= 40F O - - -dp=1¥10°m
o r — -7
i - —e- -dy=1%10
= 30f P "
o f
20
10F
:\ TR T -
% 05 1 1. 2

r (mm)

Figure 5. Comparison of the effect of bubble diameter of the secondary phase on the pressure distribution.
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3.6. Effect of Surface Tension Force

In many problems involving different fluid interfaces, surface tension may have a significant
impact on the flow. However, in the problem of a high—pressure water jet in air impacting on a flat
plate with a short stand—off distance, due to the large velocity, the Weber number, We = pLU?/0, is
very large, meaning the surface tension force is very small relative to the inertial force, thus the effect
of surface tension can be neglected. To verify this assertion, two cases were considered. In the first
case, the influence of surface tension was taken into account during the numerical simulation (surface
tension coefficient ¢ = 0.072 N/m); in the second case, the influence of surface tension was not
considered (o = 0).

Figure 6 shows the comparison of the computational results. It can be seen that surface tension
has almost no effect on the impact pressure distribution of high—-pressure water jets.

O  Leachetal.
0=0.072 N/m
- -o--¢og=0

r (mm)

Figure 6. Comparison of the effect of surface tension on the pressure distribution.

4. Conclusions

Based on Eulerian multiphase flow model, the impact pressure of high—pressure water jet in air
impinging on a flat plate was numerically simulated. The methods of turbulence treatment, the effects
of different turbulence models, the effects of different inlet boundary conditions, the influence of the
bubble diameter of the secondary phase, and the unimportance of surface tension were thoroughly
investigated. The results led to the following conclusions:

(1) The mixture turbulence model method not only has simple governing equations and is easy
to use, but also can yield good results, making it suitable for simulating high—pressure water jets.

(2) Comparatively, the SST k—w—@p—a model yielded the best results. Both the realizable k—¢
model and the SST k—w model over—predicted the pressure near the stagnation point. The SST k-w
model exhibits faster pressure decay in the region near the jet's stagnation point.

(3) It is recommended to simulate the high—pressure water jet flow based on the inlet boundary
conditions given by the real nozzle flow. If the real condition is not known, it is acceptable to provide
the turbulence inlet boundary condition based on the empirical ratio of turbulent viscosity to
molecular viscosity.

(4) The bubble diameter of the secondary phase has an influence on the impact pressure of high—
pressure water jets. As the bubble diameter decreases, the impact pressure also decreases. However,
when the bubble diameter decreases to a certain size, it has almost no effect on the impact pressure.

(5) Surface tension has almost no effect on the impact pressure of high—pressure water jets.

The main focus of this work is to investigate several key factors that affect the numerical
simulation of high—-pressure water jets in air impinging on a flat plate. The obtained results can
provide guidance for the engineering application of numerical simulation of high—pressure water
jets.
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