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Abstract
For waterjet systems operating in marine ships, cavitation is a phenomenon that
often occurs. The presence of vapor in the flow affects the performance of the pump and
as the cavity grows the pump efficiency drastically reduces to a level where the pump
cannot operate normally. Due to this influence on the pump performance it is of main
interest to be able to predict the behavior of the cavitation process. At Johns Hopkins
University and the Naval Surface Warfare Center Carderock Division (NSWCCD),
researchers have designed, fabricated, and tested an axial flow waterjet pump (AXWJ-2).
Measurements of the total head rise and shaft torque on flow through the pump have been
taken at a range of flow conditions through cavitation breakdown. The aim of this thesis
is to compare and analyze the results of the AXWJ-2 experiment with a numerical
cavitation model. The numerical model applies a Reynolds-Averaged Navier Stokes
method. The flow solver uses a locally homogeneous multiphase approach coupled with
a liquid-vapor mass transfer model. Numerical solutions appear to accurately capture the
integrated performance at all conditions. Results start to deviate at low tunnel pressures
due to choking cavitation since the experiment includes decreasing flow rates while the
CFD keeps a steady flow rate. Choking is seen to occur due to saturation of low pressure
at the exit of the rotor passageway.
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Chapter

1

Introduction and Literature Review
1.1

Cavitation

L

iquids can enter a process of nucleation in which the liquid can be
changed into vapor bubbles by some thermodynamic process. Phase
change from a liquid state into a vapor can occur in one of two ways.

Figure 1.1 shows both of these processes on a typical phase diagram. Under a constant
temperature and decrease in pressure, the nucleation process is termed cavitation (process
A to B in Figure 1.1). Under a constant pressure and increase in temperature, the liquid is
said to boil (process A to C in Figure 1.1) [1][2].

Figure 1.1 Typical phase diagram showing two processes from a liquid state to vapor bubbles

For most turbomachinery and flow problems, cavitation is of particular interest.
Cavitation is a phenomenon that occurs due to the rapid decrease in local pressure in a
liquid that causes the liquid to phase change into a vapor [3]. In marine propulsors, liquid
is passed through a rotor-stator assembly in which the flow is locally accelerated.
Although the overall process of the rotor is diffusion, there is a local low static pressure
region that occurs as the flow is turned across the suction side of the rotor. At the point
in which the local pressure drops below the vapor pressure (p ≤ pv), vapor bubbles appear
and cavitation begins. The flow is characterized by a certain nondimensional parameter,
that is assessed no matter if the flow is cavitating or not. This parameter is defined as the
cavitation number and it characterizes the level of cavitation [1]. It is defined by
Equation (1.1) below.

(1.1)
The lower the value of the cavitation number, the higher the likelihood that
cavitation will occur. This can be seen by observing the components of the equation that
would make for a lesser value of the cavitation number. The free stream pressure could
be low in that it does not take too much acceleration of the liquid in order for the pressure
to be decreased to the vapor pressure. The vapor pressure could be larger, so that the
threshold of cavitation occurs earlier, again allowing for less acceleration of the liquid to
be required for cavitation. A large free stream velocity will cause a larger region of low
static pressure as the flow is turned across the suction side of the rotor. All these factors
contribute to cavitation in the system. The point at which cavitation first appears is called
cavitation inception and that point is denoted by the cavitation number σi [1]. The
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cavitation number cannot be considered a scaling parameter for non-cavitating flow and
only becomes a similarity parameter at cavitation inception.
The reason we are so interested in cavitation is that it arises when a liquid is
exposed to high velocities as we observe in devices such as turbomachinery and
hydraulic constructions. When the local velocity is increased within a rotor, as is in all
marine propulsors, there may be areas where the pressure drops below the vaporization
pressure and cavitation is developed. If these cavitating areas grow, the vapor/liquid
structures can affect the performance of a pump significantly [4]. As the vapor reaches a
higher pressure region, the cavity collapses and implodes on its self. Bubbles formed
from cavitation begin to burst and create several small disturbances, a phenomenon
strongly connected to noise and vibration [1][5]. The disturbances can be picked up by
passive sonar thus causing stealth issues for submarines and torpedoes [3]. Another issue
is the small shock waves created by each bubble bursting [6]. Although small, they can
cause severe damage to surfaces and significantly reduce the life time of the system.
Figure 1.2 shows cavitation damage caused to the propeller blades of a personal
watercraft. The biggest concern with cavitation is reduction in performance, particularly
with thrust and torque breakdown. It can cause vibration and loss of efficiency [4].
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Figure 1.2 Cavitation damage on the propeller of a personal watercraft. Concentrated damage on the outer edge of
the propeller where the speed of the blade is fastest [7]

1.2

Cavitation Types

A

s the density of the cavitation increases in the system, large-scale
cavitation structures begin to develop. These structures can be
divided into two major categories; attached cavitation and

convected cavitation [1]. The description of these categories is straightforward.
Attached cavitation is when part of the cavitation structure is attached to a surface as is
seen with sheet cavitation, tip vortex cavitation, and supercavitation. Convected
cavitation is a cavitation that is carried by a convecting flow as is seen with bubble
cavitation and cloud cavitation [1].
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1.2.1

Bubble Cavitation

Around the point where cavitation inception occurs, the flow barely reaches a
pressure drop below the vapor pressure. This causes the beginning of cavitation and
bubbles begin to form. These bubbles are carried by the convecting flow and it passes
through pressure gradients. These pressure gradients cause the bubbles to grow and
collapse [1][8]. This can be observed in Figure 1.3 below.

Figure 1.3 Bubble cavitation on the surface hydrofoil at zero incidence angle [1]

1.2.2

Vortex Cavitation

In many turbomachinery cases, where high Reynolds numbers are encountered,
there are several regions of concentrated vorticity. The core of these vortex structures
usually has a significantly lower pressure than the surrounding flow [1]. Tip vortices, as
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those found on marine propulsors, have this low pressure core characteristic. Cavitation
develops in these tip vortex cores and create a rather stable structure, such that the
structure can stay intact well downstream of the blades [1]. This can be observed as a
helix traveling downstream as can be seen in Figure 1.4 below.

Figure 1.4 Tip vortex cavitation on a propeller [9]

1.2.3

Sheet Cavitation

As the flow quickens or the incidence angle increases, regions of separated flow
develop on the suction side of blades or hydrofoils. These regions become filled with
vapor. Usually the volume of this cavity does not vary much and thus does not cause
much noise or vibration [8]. As long as the flow conditions stay constant, the cavity will
stay attached to the solid body. This form of cavitation can be considered to be a
relatively steady form of cavitation [1]. This can be seen in Figure 1.5 below.
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Figure 1.5 Sheet cavitation on the surface of a hydrofoil [10]

1.2.4

Supercavitation

Supercavitation is a particular form of sheet cavitation [1]. This occurs when the
vapor filled cavity becomes long compared to the body dimensions of the solid surface
[11]. Depending on the application, this phenomenon can have a good effect on the
dynamics of the system. So much so that this phenomenon is sometimes artificially
triggered using blunt bodies and even injecting gas into the flow [12]. As an example, a
moving body’s drag can be drastically decreased within the vaporous cavity.
Applications of this can be seen in high performance boat racing and most recently there
has been an increased interest for military purposes. Figure 1.6 shows a depiction of what
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a torpedo using this technology may look like. Figure 1.7 shows an underwater body
embodied within supercavitating conditions.

Figure 1.6 Depiction of an underwater missile with supercavitation [13]

Figure 1.7 Underwater Express. High speed underwater craft using supercavitation technology [14]
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1.2.5

Cloud Cavitation

With changing flow conditions, such as disturbances caused by rotor-stator
interactions, sheet cavitation collapses and a cloud of cavitation is shed into the
convecting flow. The cloud travels downstream until it collapses. The collapse of the
cloud causes large noise and vibration [3]. With periodic disturbances, the formation and
collapse of a cloud of cavitation can be observed with temporal periodicity. Clouds that
are shed usually have a rotating motion as they travel downstream [1]. Figure 1.8
demonstrates a cloud travelling downstream after being shed from a collapsing sheet
cavity.

Figure 1.8 Cloud shed from sheet cavity travels downstream on hydrofoil [15]
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1.3

Modeling of Cavitation

D

evelopment of tools for computing and predicting the complex
flow structures within turbomachines requires an experimental
database for validation and comparison. Facilities have been

created for the purpose of gathering accurate measurements for this sole reason. Recent
studies have shown that researchers are able to accurately predict torque and thrust
breakdown on unducted propellers using multiphase models [4]. Cavity shape has also
been predicted more accurately using overset gridding [16].
The fundamental basis to most fluid flows is the Navier-Stokes equations. There
are many simplifying assumptions used for these equations, one being the RANS method.
The RANS equations (Reynolds-Averaged Navier-Stokes equations) are time averaged
equations of motion that represents fluid flow. In this approach, quantities are
decomposed into two parts. The first is the mean value of the quantity by means of time
averaging. The second is the fluctuating quantity.

1.4

Water Jets

W

ater jets are marine systems that create a jet of water for
propulsion through the means of a ducted pump or centrifugal
pump [17]. This thesis is concerned with an axial flow

waterjet. The waterjet has a shroud around the rotor and stator. This reduces the
cavitation encountered at the blade tips, as well as the radiated noise [17].

10

Rotor blades do work on and add angular momentum to the flow, while the stator
blades diffuse the flow and exchange the angular momentum for pressure rise. Figure 1.9
uses velocity triangles to illustrate how the ideal rotor-stator system affects the flow.
“uri” is the absolute velocity at the rotor inlet and “ωr” is the tangential velocity of the
rotor blades. Vectorially subtracting the tangential velocity of the rotor from the inlet
velocity, the relative velocity coming into the rotor inlet is obtained (“vri”). This relative
velocity enters the rotor and exits with relative velocity “vre.” Since the stator blades are
not rotating, the tangential velocity of the rotor is vectorially added to “vre” to obtain the
absolute velocity at the rotor exit (“ure”). It can be seen from the velocity triangles, the
magnitude of the absolute velocity increases across the rotor. The absolute velocity, “ure,”
enters the stator and exits with absolute velocity “use.” Ideally the absolute velocity at the
stator exit has no tangential component, thus the stator serves the purpose of eliminating
the swirl from the flow and turning the flow axially for maximum axial thrust. This also
eliminates the torque on the hull [17]. To eliminate standing waves caused by rotorstator interactions, the number of blades in the rotor and stator are typically oddnumbered and different prime numbers [17]. Figure 1.10 shows the rear view of a typical
ducted propulsor on a torpedo.
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Figure 1.9 Velocity triangles to illustrate basic effects of the blade rows on the flow [18]

A ducted propulsor has several advantages over standard open propeller systems
when the application deals with high-speed or shallow-draft operations. Ducted
propulsors are highly power dense so that a smaller unit can be used at a higher rotational
speed [19]. This allows for the system to be smaller and more compact. The ducted
pump allows for protection from the rotor. In applications for water sports such as jet
skis, this becomes of great safety importance around swimmers and other aquatic life. It
also allows for improved shallow-water operation since only the inlet to the duct has to
be submerged in water. In applications such as torpedoes and submarines, noise is of
great importance for stealth. The shroud reduces the noise which results in a lower sonar
signature [19].
A ducted propulsor is not without its disadvantages. One of the most significant
disadvantages is its weight. Other disadvantages are that it is more expensive, complex,
and can be less efficient than a standard open propeller system at low speeds. In order for
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the ducted propulsor to produce good efficiency, the clearance between the blade tips and
the shroud are required to be very small [19].
One of the greatest advantages that ducted propulsors have is with their higher
resistance to cavitation. There are two main reasons for this. There is a higher attainable
pressure at the shroud so that there is a larger margin between local static and vapor
pressure [19]. Also, both the rotor and stator diffuse the flow thus operating at a higher
pressure [1]. As a consequence, this allows for faster rotational speeds of the rotor. As
mentioned before, the shroud also reduces the amount of blade-tip cavitation. With
applications requiring higher and higher speeds, cavitation becomes a significant problem
even for the ducted propulsor. Thus cavitation still is a large topic of research, to design
more efficient and faster water jets.

13

Figure 1.10 Rear view of a Mark 50 torpedo showing the pump-jet engine [17]

1.5

Literature Review

T

here is much literature on the use of multiphase cavitation modeling
and on different experiments that can be used to validate solutions
from computational models. A select few papers were chosen to

support this thesis and provide background for the modeling used. A brief description of
why each paper was chosen is given.
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“Cavitation in the Tip Region of the Rotor Blades Within a Waterjet Pump” by
Wu et al. [20] describes the experiments for which this thesis is modeling. “Multi-phase
CFD Analysis of Natural and Ventilated Cavitation About Submerged Bodies” by Kunz
et al. [21] demonstrates the ability to successfully model multiphase cavitation.
“Propeller Cavitation Breakdown Analysis” by Lindau et al. [4] and “Computation of
Cavitating Flow through Marine Propulsors” by Lindau et al. [16] both demonstrate the
ability to successfully model propellers in cavitating flow with the latter incorporating the
use of overset gridding. "Overset Grid Technology Development at NASA Ames
Research Center" by Chan [31] describes what overset gridding is and its development
over time. “SUGGAR: A General Capability for Moving Body Overset Grid Assembly”
by Noack [28] and "DiRTlib: A Library to Add an Overset Capability to Your Flow
Solver" by Noack [29] describe SUGGAR and DiRTlib which are essential to building
overset grids. Lastly, “Cavitation in ﬂow through a micro-oriﬁce inside a silicon
microchannel” by Mishra et al. [39] tests a micro-orifice into several stages of cavitation,
including choking cavitation.

1.5.1

“Cavitation in the Tip Region of the Rotor Blades Within a Waterjet Pump”
by Wu et al. [20]

Experimental data is needed for validation for proper development of tools for
computing and predicting the complex flow structures within turbomachinery. Most
Navy waterjet turbo-pump applications are expected to operate near atmospheric
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pressure. Thus cavitation may be a concern. An experiment was conducted at the
turbomachinery facility at Johns Hopkins University to test recent upgrades to the
facility. The upgrades were designed to enable measurements of performance, as well as
flow structure, turbulence and cavitation within a waterjet pump. The initial tests of the
waterjet in water focused on observations on occurrence of cavitation in the vicinity of
the tip gap. The axial flow waterjet pump was made of an acrylic that has the same index
of refraction as the working fluid. Allowing the indices of refraction to be equal creates
an almost unobstructed field of view within the blade passages. This allows for the use
of particle image velocimetry (PIV) to obtain optical measurements within the blade
passages. There is minimal reflection from boundaries which allows for near wall
measurements to be taken as well.
The motor has an associated precision speed-controller with a feedback control
system that maintains a specified constant speed to within 1%. The flow rate and
pressure drop in the facility are controlled by an adjustable valve. The mean pressure in
the facility is controlled using a small tank that is filled with a combination of liquid and
nitrogen. To measure performance and operation conditions within the test facility
several tools are equipped; an acoustic time of travel flowmeter (0.5% accurate), a
differential pressure transducer (capable to connect to several points in the loop), a
tachometer for measuring rpm, and a torque meter.
Preliminary results for the waterjet pump included the capture of cavitation in the
tip gap region. A sequence of images is used to demonstrate the behavior of the
cavitation. Near the leading edge, Figure 1.11 demonstrates that cavitation inception
occurs on the pressure side of the tip corner. From the image, it is speculated that the
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interaction between the blade and shroud generates a corner vortex. The pressure side tip
corner cavitation generates a stream of bubbles that extend down to about the mid chord
section of the pressure side. Figure 1.12 shows trapped bubbles on the pressure side
which suggests there is a vortex structure keeping them there. Furthermore, there seems
to be very little flow across the tip gap from pressure side to suction side.

Figure 1.11 Cavitation inception near the pressure side of the leading edge of the tip gap region [20]
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Figure 1.12 Bubble trapped at the pressure side tip corner [20]

As the tip leakage vortex (TLV) begins to roll up near the mid chord, the first
image of Figure 1.13 shows that the trapped bubbles transport from the pressure side to
the suction side via the tip leakage. The crossing bubbles are then seen in the second
image of Figure 1.13 to be entrained into the developing vortex. Figure 1.14 shows that
the TLV detaches from the suction side and travels towards the pressure side of the
neighboring blade. At about mid passage, the TLV seems to break up and burst into a
cloud of bubbles. These bubbles are entrained by the tip leakage flow of the neighboring
blade and then by the TLV of the neighboring blade. As tunnel pressure is lowered, the
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tip leakage flow increases along with the amount of cavitation. Figure 1.15 demonstrates
that at a low cavitation number, sheet cavitation covers a substantial fraction of the tip
gap.

Figure 1.13 Bubbles crossing the tip gap and entrained into the TLV [20]
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Figure 1.14 Burst of TLV providing bubble nuclei for the TLV of the following blade [20]
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Figure 1.15 Sheet cavitation inside the tip clearance at low cavitation number [20]

1.5.2

“Multi-phase CFD Analysis of Natural and Ventilated Cavitation About
Submerged Bodies” by Kunz et al. [21]

UNCLE-M, a computational fluid dynamics “code,” is applied in this paper to
model the flow about submerged bodies subject to both natural and ventilated cavitation.
Described here is a three-dimensional, multiphase Reynolds-averaged, Navier-Stokes
(RANS) solver that is multi-block and parallel. The algorithm is also implicit, dual-time
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and pre-conditioned. The model solves separate continuity equations for each species
(liquid, vapor, and non-condensable gas in this paper). This allows it to take into account
the mixture dynamics influenced by each species. Mixture momentum and turbulence
closure equations are also solved. Mass transfer models are used to capture the mass
exchange between the liquid and vapor. The mass transfer rate of liquid to vapor is
modeled similarly to the one used by Merkle et al. [22]. The mass transfer rate from
vapor to liquid is a simplified version of the Ginzburg-Landau potential [23]. The
complete mixture equations include both physical time derivatives and pseudo-time
derivatives. The physical time derivatives are required for transient computations. The
pseudo-time derivatives are used for pre-conditioning of the system and are defined by
the parameter β, which provides favorable convergence characteristics for both steady
state and transient computations.
Rouse et al. [24] performed experiments of natural cavitation about several
axisymmetric head-form configurations. Each configuration had cylindrical after-bodies
with a flow aligned axis and different head-form or cavitator shapes. Three of these
configurations were modeled; hemispherical cavitator (0.5 caliber ogive), blunt cavitator
(0.0 caliber ogive) and conical cavitator (22.5° cone half-angle). For the hemispherical
and conical cavitator shapes, three different grid sizes were used (65x17, 129x33 and
257x65). Pressure predictions show that the medium and fine grids had very small
differences and a trend of more accurate results can be seen with finer grid size. In
comparison to the experimental data [24], for the hemispherical cavitator, pressure
distribution was well captured for the range of cavitation numbers. For the conical
cavitator, the calculations seem to underpredict the length of the cavity formed at all
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cavitation numbers, but qualitatively retain the correct trends. The blunt cavitator had
good quantitative agreement at low cavitation numbers, but encountered significant
discrepancies as the cavitation number lowered. This was concluded to be due to the
turbulence model used, which has been reported to have difficulties dealing with such a
flow. For high cavitation numbers, steady state solutions were obtained, but for low
cavitation number cases where pseudo-time stepping failed to converge, transient
simulations were performed. For the transient solutions, mean values were obtained
using the sufficiently long transient record. The experimental data and computational
data seem to correlate well.

1.5.3

“Propeller Cavitation Breakdown Analysis” by Lindau et al. [4]

Lindau et al. [4] have applied a three-dimensional, multiphase Reynoldsaveraged, Navier-Stokes (RANS) solver, UNCLE-M, to an unducted propeller. This
unducted propeller was designated P4381. The thrust breakdown performance of P4381
was documented by Boswell et al. [25][26]. The discretization and integration methods
were described in Kunz et al. [21].
Three computation domains were used to solve the mixture RANS equations: two
H-type grids (coarse and nominal resolutions) and an O-type grid. The O-type grid was
the finest grid with 1,516,560 control volumes. The nominal grid had 1,258,320 control
volumes, while the coarse grid contained only 157,290 control volumes. Comparison
between the three grids clearly showed that the finer grid better predicted the torque and
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thrust of the single phase flow. It is evident that when compared to the measurements
from Boswell et al. [25], the computed results have a trend towards the experimental
results as the resolution of the grid increased. However, the trend of the breakdown
thrust was captured well by all three grid resolutions. Although, the thrust values were
different for each grid, the point at which the thrust breakdown began to occur was
predicted by all three grids around the same cavitation number. Throughout the
remainder of the study the author used the nominal H-type grid to produce all the plots.
To accommodate the use of wall functions, attention was given to appropriate
spatial discretization. At points near the wall, the grids were set up to have a
dimensionless wall spacing of 50 < y+ < 300. The flow considered was steady-state, thus
only one blade passage was considered with an azimuthal periodicity boundary condition.
In order to conduct the study, a single phase solution was first obtained for a given
advanced ratio. Then a large cavitation number was chosen and with the single phase
solution as the initial condition, a new converged solution for the large cavitation number
was obtained. From there, converged solutions were obtained with successively lower
cavitation numbers. This process was continued in attempt to reproduce numerically the
measurements needed to complete the map presented by Boswell [25].
The authors presented solutions in the form of torque and thrust coefficient versus
advance ratio (parameterized by cavitation number) and cavitation number
(parameterized by advanced ratio), plots of computed blade pressure loading distribution
at different radii parameterized by cavitation number, and predicted cavity shapes. For
validation purposes, torque and thrust were compared to the experimental results supplied
by Boswell et al. [25]. For cases at design or higher blade loading, the computation
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results seemed to agree with the experimental data. For flow coefficients greater than
design, data matching for torque and thrust were poor. At the highly loaded condition
(advance ratio of 0.7 and cavitation number of 3.5), the cavity size of Boswell’s sketch
[25] was roughly of the same magnitude as the predicted computational results, though
the shape outlined differed somewhat. It was concluded by the author that the tip vortex
could not accurately be captured by the resolution of the grid used.

1.5.4

“Computation of Cavitating Flow through Marine Propulsors” by Lindau et
al. [16]

The authors used a three-dimensional, multiphase RANS computational tool to
obtain both steady and unsteady propeller flow computations. A similar approach to
obtaining steady and unsteady cavitating flow results was presented earlier by both Kunz
et al. [27] and Lindau et al. [4]. Of great importance in this computation over previous
computations is the use of overset gridding to model the propellers. Overset was enabled
using SUGGAR and DiRTlib [28][29].
Model results for two separate open propellers and one ducted pumpjet were
presented in the paper. One of the open propellers and the ducted pumpjet were
computationally driven into cavitation thrust breakdown. The second open propeller was
run into both steady and unsteady operating conditions.
Lindau et al. [4] presented results for an open propeller, the P4381, including
cavitation breakdown thrust and torque results that successfully captured the
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experimental data, but missed the precise vaporous cavity shape. It was suggested that
the lack of agreement in cavity shape was due to grid resolution. In an attempt to refine
the region of interest overset gridding was used. Using overset gridding, data leading up
to thrust breakdown and to the onset of breakdown agree well with the experimental data.
In-breakdown torque and thrust are approximately 20% lower compared to the
experimental data. Figure 1.16 demonstrates the propeller surface, colored by pressure,
and cavity shape at a cavitation number of 3.5 and advance ratio of 0.7. This is compared
to the sketch of the cavity shape from Boswell [25].

Figure 1.16 a) Propeller surface, colored by pressure, and cavity indicated by gray isosurface of vapor volume
fraction (αν=0.5) [16]. b) Sketch of cavity at condition from part a (J=0.7, σ=3.5) [25].

The second open propeller, the Wageningen type, four bladed propeller, INSEAN
E779A [30], was tested under both steady and unsteady conditions. Steady, periodic,
cavitating and single phase computations are presented for the uniform inlet boundary
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condition. Unsteady results are shown to represent a nonuniform wake-dominated flow
field since this is a typical operating condition for surface ships. Experimental data for
the torque and thrust for the E779A were presented by Pereira et al. [30] and are used for
comparison with the computational results from this paper. While obtaining the single
phase computations, it was found that the thrust and torque results were too high in
comparison to the experimental data. A corrected advance ratio was used that was 3%
lower than the reported advance ratio which produced results that nearly matched the
experimental data. This suggests that there might have been improperly modeled
elements. This corrected advance ratio was also used for the cavitating flow computation
which also gave good results. Agreement between the experimental cavity shape at the
proper advance ratio and the computational cavity shape at the corrected advance ratio is
evident. The unsteady computational results for the E779A were presented at an advance
ratio of 0.9 and three separate conditions (one single phase and two cavitating). At the
moment that this paper was written, only the mean results for these conditions were
available for comparison, but the unsteady results seemed to match the mean values of
the experimental data.
The experimental data was used for comparison with the single phase and
cavitating flow computations from a single rotor blade passage model. The model used a
body force and blockage terms to represent the stator row that was acquired using an
iterative method. The inflow had a slug profile and the outlet pressure profile maintained
a radial distribution. A single advance ratio was used (J = 0.492) and the cavitation
number was changed to create a map of the thrust and torque. This gave results that
showed that as cavitation increased in the system, torque dropped off from the single
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phase results, though torque did not drop off monotonically. From the experimental data,
the water jet head rise at this advance ratio was 4.1m while the computed head rise was
3.97m. This is only a difference of about 1%, thus showing good results.

1.5.5

"Overset Grid Technology Development at NASA Ames Research Center"
by Chan [31]

Many complex aerospace configurations are routinely simulated using structured
overset grids. Overset gridding has been enabled through the development in both
algorithm and software on grid generation, flow solution computation, and postprocessing. Computational efficiency is taken advantage of locally by using a structured
grid to model different parts of the geometry. These structured grids are then overlapped
so that the overlapping regions can communicate data between each other, thus allowing
for modeling of a complex geometry. Some of the benefits involved with overset
gridding are significantly better grid quality and the ability to allow local modification to
the geometry without need to regenerate the entire grid system.
In the overlapping region there are grid points that are not used and become
“blanked” points. Accumulation of these blanked points creates “holes” in the grids.
Points adjacent to the holes and located on the boundaries without a flow solver boundary
condition are referred to as “fringe” points and receive their data from the interpolation of
the flow variables from the overlapping grid. This paper describes different
advancements at the NASA Ames Research Center that have made overset gridding
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possible. These advancements include data format and visualization software, surface
grid generation, near-body volume grid generation, domain connectivity, and forces and
moments computation.
Original applications of overset grids included multiple bodies where each single
body had a simple geometry. With more computing power, the ability to model more
complex bodies grew and thus the need for efficient means to generate surface grids on
complex bodies had to be devised. One of the first efforts devised to generate complex
surface grids was to add simple appendages to a simple body by means of a collar grid at
the intersection region. The collar grid concept was introduced by Steger and
implemented by Parks et al. [32]. The collar grid is created placing a surface grid on
each body independently, then combining and cutting holes on the grids past the
intersection points.
Near-body volume grid generation is usually generated by a marching scheme.
Steger and Chaussee [33] pioneered a hyperbolic volume grid generation scheme. Steger
and Rizk [34] extended the method into three dimensions. With this method, a system of
three hyperbolic partial differential equations, based on two orthogonality conditions and
one cell volume constraint, is solved by marching from the surface grid. This method
provides excellent orthogonality and grid clustering control, as well as being fast. The
hyperbolic method is one to two orders of magnitude faster than elliptical methods.
However, the downfall with this method is the outer boundary. An approximate distance
to the outer boundary can be specified, but this has no control over the shape. Though
this serves as a problem with standard gridding methods, the scheme will work perfectly
fine with overset gridding where overlap between neighboring grids is allowed.
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The domain connectivity step involved hole cutting and the search and storage of
interpolation stencils for the fringe points. Since overset gridding development began
there have been several schemes to handle domain connectivity yet there is currently no
approach or software that fulfills all the requirements of full automation, robustness, and
speed. The PEGASUS project [35] was the first attempt to build a more general software
tool to handle domain connectivity. Early versions of the tool used an expensive
inside/outside test algorithm to create the hole points. This process was very labor
intensive in which the user had to specify many things. Over the years, PEGASUS was
upgraded several times, finally resulting in version 5 which automated hole cutting was
made possible using uniform Cartesian maps [36]. There are still issues with the tool in
which occasional robustness issues at component junctions with fairings can occur and
the memory requirement can become significant with geometries with a large range of
feature sizes.
Since surface grids are allowed to overlap in the use of overset gridding,
integration of constant and linear functions becomes a troublesome issue. Since the main
purpose of performing simulations on aerospace vehicles is usually to obtain
aerodynamic loads on the vehicle such as forces and moments, this issue becomes a great
concern. Zipper grids [37] were developed to accurately take into account the
overlapping quadrilateral cells of the surface grid. This scheme blanks out the
quadrilaterals that overlap and the resulting gaps are filled with the zipper grids which are
simply a single layer of triangles. Integration is then performed on the new nonoverlapping surface grid. This method has been proven to be more accurate than other
schemes based on weighted panels. FO-MOCO [38] is software that incorporates the
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zipper method that performs well for most applications but has some weaknesses. The
software encounters deterioration of the robustness of the zipper grid creation when grid
resolutions are vastly different in the overlapped regions. Also, the computation time
rapidly increases as the number of grids and grid points increases.

1.5.6

“SUGGAR: A General Capability for Moving Body Overset Grid Assembly”
by Noack [28]

The Structured, Unstructured, and Generalized overset Grid AssembleR
(SUGGAR) code is a program that combines overlapping grids into an overset composite
grid for node and cell centered flow solvers. The use of overset grids is a mature
technology that has been in use for over twenty years. Overset grids are used as a means
of simplification for use with complex geometries, as well as the simulation of bodies in
relative motion with each other. Overlapping grids are coupled together by interpolating
solutions at appropriate locations. Points of the grids that lie outside the domain of
interest are termed “hole points” and points that surround these holes points are termed
“fringe points.” The fringe points become the new inter-grid boundary and require
boundary values which are provided by interpolation from the overlapping grid by means
of “donor points.”
Hole points are points that lie outside the domain of interest, such as those located
within a body or behind a plane of symmetry. The first phase of an overset grid assembly
process is the identification of holes and the surrounding fringe points. For unsteady,
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moving-body cases the hole-cutting process needs to be efficient since this process will
be repeated at every time step of the solution. SUGGAR has the means to use either an
octree or binary tree subdivision where a Cartesian box approximates the geometry.
Using this approximation usually leads to a hole larger than the actual geometry, but this
is justified since it is advisable to remove some excess overlap. The octree takes a
Cartesian box and homogeneously refines it equally in all directions to produce eight
smaller octants. This process is quick to generate, but can lead to excess refinement in
one or more directions in order to adequately refine the other directions. The binary tree
splits a Cartesian box in a single direction and leads to non-homogenous refinement when
appropriate. The binary tree can produce significant memory savings relative to the
octree in locations that align well with the Cartesian axis and a small penalty otherwise.
The next step in the process is the identification of the new inter-grid boundary
points or fringe points. SUGGAR provides two options for marking fringe points to
provide adequate support for higher order reconstructions used by different solvers. One
option examines the neighboring cells while the second option examines the nodes of the
cell. The node based option will create an assembly that requires more overlap than the
neighboring cell option. The Neighboring cell approach is suitable for the least squares
approach while the node based approach is suitable for the Taylor series approach.
Donor cells are the cells that the fringe cells will interpolate from and are the
means by which neighboring grids will interact. The donor search process is the final
step in the overset grid assembly process. A neighbor walk approach is used that requires
a starting initial cell. The approach iterates through neighboring cells until a cell
containing the fringe cell is located. The approach utilizes an octree process (different
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from the hole-cutting octree) that is refined to the solid boundaries and is filled with
candidates for good starting initial cells. The cell faces and their normal are used to
proceed in the neighbor walk. Cell faces that contain fringe points are stored. A donor
cell is located if a fringe point lies within or on the inside of all the faces of the cell.
Once all the donor cells are located a donor stencil is created. For a cell centered
assembly, the stencil will include the donor cell and its neighboring cells (those that share
the same cell face). Figure 1.17 shows an example of a donor stencil in two dimensions.
“F” is the fringe point and the middle blue square that contains the fringe point is the
donor cell. The other four blue squares are the neighboring cells that become the
additional donor members. The donor interpolations produced by SUGGAR are a set of
linear weights that multiply the values of the donor members in the donor stencil. The
weights are normalized so that the sum of the weights of the donor members adds up to
be one.
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Figure 1.17 Schematic of donor members for a cell-centered assembly (F = Fringe point) [28]

1.5.7

"DiRTlib: A Library to Add an Overset Capability to Your Flow Solver" by
Noack [29]

The Donor interpolation Receptor Transaction library (DiRTlib) is a solver
neutral library that simplifies the addition of an overset capability to a flow solver by
encapsulating the required operations. In order for a flow solver to be overset capable it
must be able to execute several operations to produce a composite solution on
overlapping grids. The flow solver must be able to obtain the domain connectivity
information for the composite grid system. This may require reading a file produced by
another program such as SUGGAR [28]. The solution from the donor cells and donor
members must be extracted and multiplied by interpolation weights to produce the values
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for the fringe cells (or receptor locations). These interpolated values must be transmitted
to the appropriate fringe cells. This may require parallel communication for distributed
memory parallel programs. Once transmitted, the interpolated values must be applied at
the fringe cells as a Dirichlet boundary value. Lastly, the system of equations being
solved need to be modified to meet the changes caused by the overset process. The out
points need to be decoupled from the solution since these points are outside the domain
of interest. At the fringe points, the system of equations must be changed from a regular
field point to a Dirichlet boundary condition.
A library that encapsulates the mentioned required operations, such as DiRTlib,
would have several benefits. DiRTlib will simplify the addition of an overset capability
to the flow solver by reducing the amount of code that must be written by the flow solver
developer. It will take significantly less time to interface with DiRTlib than to duplicate
the capability. DiRTlib is versatile and is able to be used with several flow solvers. Thus
any issues that may arise can be solved once and shared among all solvers using the
library. DiRTlib offers a low cost means of adding and maintaining overset capabilities
which allows overset capability in many solvers that could not develop a native
capability.
The utility of DiRTlib has been validated by several flow solvers that cover a
wide range of grid topology and formulations. The UNCLE-M code currently uses
DiRTlib. It is used to provide UNCLE-M with an overset grid capability for static and
moving body problems.
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1.5.8

“Cavitation in ﬂow through a micro-oriﬁce inside a silicon microchannel” by
Mishra et al. [39]

This paper experimentally investigates the different cavitating flow regimes of a
micro-orifice entrenched in a microchannel. The microchannel used was 100.2 µm wide
and the micro-orifice was 11.5 µm wide. A microchannel was chosen to be tested due to
the surge in the development of MEMS (micro-electro-mechanical systems) and
microfluidic systems in the past decade. The cavitation regimes were compared to the
regimes encountered by flows at the macroscale.
Fluid flow through an orifice is characterized by a large static pressure drop just
downstream of the orifice. This drop in pressure is caused by the abrupt reduction in the
flow area (the orifice). The drop in static pressure is accompanied by an increase in the
fluid velocity. The point at which static pressure is at a minimum and fluid velocity has
reached a maximum is termed the Vena Contracta. The Vena Contracta is considered the
throat of the microchannel. If the static pressure at the throat is reduced to a critical
pressure (at or below the vapor pressure), it promotes the growth of nuclei by diffusion of
dissolved gas into the available nuclei and cavitation begins to form.
By reducing the exit pressure of the microchannel, the volumetric flow rate can be
increased, but the static pressure at the throat is reduced. Figure 1.18 contains a plot of
the flow rate and the pressure difference between the inlet and exit of the microchannel.
As can be seen between points (A) and (B), the experimental data lines up well with the
theory. The regime between points (A) and (B) is the single-phase regime and no
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cavitation is present. The data suggests a quadratic trend between flow rate and pressure
drop, which is consistent at the macroscale. At point (B) cavitation inception has been
reached and thus the region between points (B) and (C) is the cavitating regime. The plot
shows that in this regime, any increase in the pressure difference (drop in exit pressure) is
met with little or no increase in flow rate.

Figure 1.18 Plot of volumetric flow rate versus pressure difference between the inlet and exit of the microchannel
[39]
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Once cavitation inception is reached, continuing to reduce the exit pressure
simply increases the intensity of the cavitation. The cavitation inception number
obtained from the present experiments is considerably lower in comparison to macroscale
studies. This suggests that there is a strong scale effect. Velocity and pressure effects
were tested at inception. The cavitation inception number was determined for different
velocities at the throat and the results are shown in Figure 1.19. It can be seen that the
cavitation inception number is unchanged due to different velocities which suggests
cavitation inception number is independent of any velocity scales. This is consistent with
similar macroscale results. Another experiment to determine the pressure effects was
conducted by setting an exit pressures and changing the inlet pressure to achieve the
desired pressure differences. The cavitation inception numbers were obtained for
different exit pressures and the results are shown in Figure 1.20. Again, it shows that the
cavitation inception number is unchanged which suggests cavitation inception number is
independent of any pressure scale effects. This again is consistent with similar
macroscale results.

38

Figure 1.19 Cavitation inception number versus different throat velocities [39]

Figure 1.20 Cavitation inception number versus different exit pressures [39]
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Even after cavitation inception has occurred, flow rate still continues to rise but
deviates from the theory (Figure 1.18). By continuing to increase the pressure difference,
the cavitation number is reduced and the cavitation intensity is increased. There is a
point where the cavitation gets too large and the flow becomes fully saturated. Once this
occurs, the pressure difference loses control over the flow rate. This predicament is
defined as choked cavitating flow. Choked flow occurs regardless of the inlet pressure
chosen as can be seen in Figure 1.21. Choking cavitating flows occur in the macroscale,
but at the microscale the transition from inception to choking condition is rapid. Some
macroscale experiments disclose a 59% increase in the flow rate past inception, while the
current experiment only allows for a 1-2% in the flow rate beyond inception.
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Figure 1.21 Normalized volumetric flow rate versus inverse of cavitation number at different microchannel inlet
pressures [39]

After choking occurs, further increase of the pressure difference causes the
vaporous cavity in the microchannel to increase in size. The flow now enters into the
supercavitating regime. Once supercavitation is established, it can affect any component
located large distances downstream of the orifice. This condition is dangerous and the
MEMS test device used in this experiment suffered severe damage after being tested for
several hours in this regime. After supercavitation has occurred, the experiment
continued into its second phase, where the exit pressure is raised until cavitation has
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disappeared. This is done to test the hysteresis of the flow. A plot of the volumetric flow
rate and the pressure difference for both phases of the experiment (phase-I decreases exit
pressure and phase-II increases exit pressure) is presented in Figure 1.22. For a given
pressure difference, the flow rate is smaller for phase-II than for phase-I which
consequently illustrates a significant flow hysteresis effect at the microscale. This effect
is due to the reluctance of the cavitation bubbles to disappear even at high cavitation
numbers. The local low pressure regions created in the flow are sustained and the exit
pressure must be sufficiently increased before the cavity collapses.
The desinent cavitation number is defined as the cavitation number at which all
cavitation bubbles are vanished as a result of raising the exit pressure. The desinent
cavitation number has been reported to be slightly larger than the cavitation inception
number in the macroscale. In the microscale, the difference between the desinent
cavitation number and the cavitation inception number is much larger suggesting a very
strong scale effect.
These scale effects are possibly influenced by stream nuclei dwell time and
surface tension forces, which are significant at such small scales. Also, surface nuclei
(which are less dominant than the stream nuclei at the macroscale) are expected to have
considerable influence at the microscale. Another possibility that was suggested was the
materials and fabrication of the micro-orifice. They are much different than the
macroscale counterparts and thus will create different effects. For instance, MEMS
devices use silicon which have a different surface topography and chemistry.
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Figure 1.22 Plot of volumetric flow rate versus pressure difference between the inlet and exit of the microchannel
for both phase-I and phase-II of experiment [39]
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Chapter

2

Theory

U

NCLE-M incorporates a two species formulation of the governing
fluid equations. The species are liquid and vapor. The system of
equations must account for all species in the system. In UNCLE-M

this is done through the conservation of mass which for the case of purely incompressible
phases may be converted to a conservation of volume fractions. Lindau et al. [4][16]
used the same physical model that will be described in this chapter. Details of this model
will now be presented including physical model, eigensystem formulation,
preconditioning, and numerical method.

2.1

Physical Model

F

or the current work, only liquid and vapor phases, which exchange
mass, are modeled. Also, it is assumed that the entire flow field is
steady in a frame of reference rotating with the turbomachinery

blading, such that the physical model does not contain any temporal derivatives. The
density and viscosity of each constituent is taken as constant. The governing differential
system employed is cast in Cartesian tensor notation as:

(
(

( ̇

)
)

(

̇ )(

)

[

(

(2.2)

)]

[
(

(2.1)

)

]
(

)

)
̇

̇

(2.3)
(2.4)
(2.5)

Equation (2.1) represents conservation of mixture volume, Equation (2.2)
represents conservation of momentum for the mixture, and Equation (2.3) represents
conservation of the liquid volume fraction. Equation (2.4) is the algebraic relation for the
mixture density and Equation (2.5) is that for the mixture turbulent and molecular
viscosities. The last bracketed term in Equation (2.2) represents the Coriolis and
centrifugal effects as the problem is solved in the rotating reference frame (“ ”
represents the angular velocity). In the above equations, mixture quantities are denoted
by the subscript “m”, liquid quantities are denoted by the subscript “l” and vapor
quantities are denoted by the subscript “υ.” The quantities “αl” and “αυ” refer to the
liquid and vapor volume fractions, respectively. In Equation (2.5), “Cµ” is the PrandtlKolmogorov constant associated with the turbulent model, “k” is the turbulent kinetic
energy and “ε” is the turbulent dissipation rate.
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Since the flow is incompressible, there is a natural decoupling of the continuity
and momentum equations. Chorin [40] developed a “pseudo-compressibility” or
“artificial-compressibility” approach that would couple the continuity and momentum
equations and make the system of equations in (2.1) – (2.3) hyperbolic. Pseudo-temporal
derivatives (derivatives in respect to “τ”) are introduced into the system of equations,
along with the preconditioning parameter, “β.” By using this approach, the solution is
marched forward in pseudo-time until the solution reaches steady state and the pseudotemporal derivatives approach zero.
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2.2

Mass Transfer

T

he mixture flow is comprised of a liquid and vapor phase, which can
exchange mass. The transformation of liquid to vapor, “ ̇ ,” is
modeled as being proportional to the liquid volume fraction and the

amount by which the local pressure is below the vapor pressure. The model used in this
work was first presented in Kunz et al. [27], and is similar to that originally developed by
Merkle et al. [22]. The mass transfer models between the two phases are as follows:
[
̇

]
(2.6)

⁄
̇

(2.7)

(2.8)

In the above equations, “

” and “

” are both empirical constants, chosen as

presented in Equation (2.8). Both mass transfer rates are non-dimensionalized with
respect to a mean flow time scale, “
flow time scale, with “

.” Equation (2.8) shows how to obtain the mean

” representing the length scale associated with the cavitation

formation (e.g. hydrofoil chord length) in the convective direction and “
the free stream velocity.
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” representing

2.3

Turbulence Closure

A
(

standard two equation turbulence model is employed to provide
closure. The Coakley q-ω turbulence model goes as follows:

)

(

)

([
(

)

]

(

)

)
(2.9)
([
[

]

)
]( )

In Equation (2.9), “P” is the production of turbulent kinetic energy by the mean
velocity gradients,

is the Reynolds stress tensor, and “

” is the turbulent Prandlt

number for “q” and “ω.” Standard values for the empirical constants (

,

) are applied [41]. “q” is identified as a homogeneous turbulence mean
velocity scale and “ω” is the specific dissipation rate. In terms of turbulent kinetic
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energy, “k,” and dissipation rate, “ε,” both of these quantities are defined in the following
equation.
√
(2.10)

2.4

Preconditioning

A

n eigensystem that is independent of density ratio and volume
fractions is desired so that the performance of the algorithm is
commensurate with that of single-phase for a wide range of multi-

phase conditions. This task is accomplished by modifying the governing differential
system, Equations (2.1) – (2.3), by means of a preconditioner. Introducing generalized
coordinates, the governing differential system can be expressed as
̂

̂

̂

̂

(2.11)

Where the solution vector, flux, and source terms are written as

̂

[ ]
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(2.12)
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In the equations above, “J” is the coordinate transform Jacobian and “ ” is the
contravariant velocity in the
(
(

direction. These terms are defined as follows:
)
)

̂

̂

̂

(2.16)

Equation (2.12) represents the primitive solution variables, Equation (2.13)
represents the invisid flux, Equation (2.14) represents the viscous flux, and Equation
(2.15) represents the source terms. The preconditioning matrix, “
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,” takes the form

(

)
(2.17)

(
[
where

)

]

. The compatibility condition,

, is incorporated into

Equation (2.17).

2.5

Eigensystem

A

stiff matrix is one for which the ratio of the largest eigenvalue to its
smallest eigenvalue is large. A stiff matrix or matrix system is
typically difficult to invert or solve. Itterative methods on such

systems are typically divergent. A preconditioner is an applicable transformation that
conditions a given problem into a more suitable form. The successful preconditioner
ultimately creates a new system reducing the ratio of the largest eigenvalue to the
smallest eigenvalue while retaining the desired solution making the problem wellconditioned. The new system is then considered well-conditioned [42]. The matrix ̃ is
defined as follows
̃

(2.18)
̂
̂
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(2.19)

(

)
(

)

(2.20)
(

)

[

]

In the above equations, the matrix

is the flux Jacobian. Using Equations (2.17)

and (2.20), matrix ̃ can be computed straightforwardly. The eigenvalues and
eigenvectors of ̃ can be found by first considering the simplification of Equation (2.11)
into a single-phase system. Equation (2.21) shows the assumptions that need to be made
to reduce Equation (2.11) into Equation (2.22), the single-phase “pseudo-compressibility”
scheme.
(

̂

̂
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̇

̇

(2.21)
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̂

(
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̂

The flux Jacobian matrix,

, which is defined in Equation (2.22) can be written

in the form:

52

(

)
(

(2.23)

)
(

[

)]
and ̃ , they can be

By comparing both flux Jacobian matrix expressions for
conveniently rewritten together as [27]:

̃

[

]

[

]
(2.24)
[

]

Using the similarity transform, matrix ̃ can be diagonalized into:
̃

(2.25)

is a diagonal matrix and its elements are the eigenvalues of ̃ . The

Matrix

similarity transform matrices
and
represent the right and left eigenvectors of ̃ ,
respectively. Combining Equations (2.24) and (2.25), the equation can be rewritten in the
following form:

[

]

[

]
(2.26)
[

[

]
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][

[

]

]

This analysis demonstrates that the inviscid eigenvalues of the current multi-phase
system are the same as the eigenvalues for the single-phase pseudo-compressibility
system, but with the addition of two extra eigenvalues (two “ ”). The eigenvalues are as
follows:

(2.27)
[
√

]
(

)

Equation (2.26) demonstrates that for the multi-phase system shown above, a
complete set of linearly independent eigenvectors exists. “β2” must be chosen properly in
order for the matrix ̃ to be preconditioned suitably as was desired. The ratio of the
largest to smallest eigenvalue has a magnitude of one if β2 = 1. The value for β2 is
chosen larger than one due to stiffness around stagnation regions and other regions where
convective velocity is very small. Typically β2 is chosen to be 10

. Also to note that

the eigenvalues are independent of both density ratio and volume fraction as was desired
[27].
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2.6

Numerical Model

T

he baseline numerical method was evolved from the UNCLE code at
Mississippi State University [43]. UNCLE is based on a singlephase, pseudo-compressibility formulation. Flux difference splitting

is used for inviscid flux term discretization. An implicit procedure is implemented with
inviscid and viscous flux Jacobians approximated numerically. A block-symmetric
Gauss-Seidel iteration is used to solve the system of linearized equations.
UNCLE-M is the multi-phase version of the UNCLE code and it uses the same
underlying numerics. In addition, it incorporates two volume fraction transport
equations, mass transfer, non-diagonal preconditioning, flux limiting, dual-time-stepping,
and two-equation turbulence modeling.

2.7

Discretization

T

he governing equations are discretized using a cell-centered finite
volume approach for use with UNCLE-M. In vector form, the flux
derivatives can be evaluated as follows:
̂

(̂

̂

)

Flux difference splitting is used to determine the fluxes at the faces [44] as
follows:
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(2.28)
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By arithmetically averaging values of the Q vector from the nodes on either side
of the cell face, the cell face values of the ̂ matrix are obtained. The extrapolated
variables QR,i+1/2 and QL,i+1/2 are obtained using the following MUSCL procedure [45]:
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(2.30)
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Setting “φ” to zero in Equation (2.30) will give the discretization first order
accuracy. By setting “φ” to one and “K” to one-third, the discretization becomes third
order upwind biased.
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3

Results

C

omputational results have been obtained for an axial flow waterjet.
Test-rig experimental data has been documented over a range of
cavitating conditions [46]. The waterjet is computationally modeled

in a fashion approximately representative of the test rig. In typical test-rig efforts,
cavitation breakdown is captured by keeping rotational speed and flow rate as constant as
possible while the absolute tunnel pressure is altered. This allows for the parametric
effect of cavitation number on operation to be investigated. It should be noted that tunnel
conditions tended to break down during severe cavitation and typical test-rig flow rates
could not be kept constant as flow rate was allowed to drop. Thus as tunnel pressure was
lowered, the flow coefficient of the CFD and experiment diverged. The drop in flow rate
was caused by choking cavitation. However, as will be seen, the experimentally
observed initiation of breakdown and general flow features are still quite well captured
computationally. For the modeled cases, the flow is treated as fully turbulent. The
waterjet is modeled, at prescribed flow coefficients, from on-design to the cavitationdriven thrust breakdown condition.

3.1

Computing Resources

A

ll simulations were performed using the Department of Defense
High Performance Computing Modernization Program Office’s
(HPCMPO) computer named Harold, a 1344 compute node cluster

with 10,752 cores, 32 TB of memory, and a peak system performance of 120 Teraflops
[47]. As stated in Chapter 2 of this paper, UNCLE-M employs MPI for parallel
execution, which makes it very suitable for use on Harold. The simulations of the
AXWJ-2 were decomposed into 21 blocks and later into 56 blocks for lower wall clock
time. For 21 blocks, convergence was reached in a wall clock time around 37 hours and
for 56 blocks, convergence was reached in a wall clock time around 16.5 hours.

3.2

Test-Rig Apparatus

A

n axial flow waterjet pump, the AXWJ-2, has been designed,
fabricated, and tested by researchers from Johns Hopkins
University and the Naval Surface Warfare Center Carderock

Division (NSWCCD). Measurements from the experiment on flow through the pump
have been taken at a range of flow conditions through cavitation breakdown [46]. The
cavitating flow through the AXWJ-2 has been computationally modeled in a fashion
approximately representative of the test rig of the actual experiment. The experiment
followed a scheme in which the rotational speed and flow rate were kept as close as
possible to specified values, while the absolute pressure of the tunnel was modified. By

58

doing so, the parametric effect of the cavitation number on the waterjet could be observed
while keeping all other operating conditions constant. Though the goal was to maintain
specified values, severe cavitation made these efforts impossible. At severe flow
cavitating conditions, the flow rate dropped. This topic will be covered in more detail in
the following sections. The computational model maintained a steady rotational speed
and flow rate which the experiment was not able to achieve. Tunnel pressure was
changed to achieve different cavitation numbers.
Figure 3.1 shows a visualization of the AXWJ-2 grid. Here the blade passage
periodic grids for the rotor and the stator are overlaid on top of each other and repeated in
annular direction for visual effect capturing the entire pump, rotor, stator, and annular
flow path.

Figure 3.1 Visualization of AXWJ-2 with stator and rotor grids overlaid on top of each other.
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3.3

Powering Iteration

T

his section will describe the powering iteration scheme. Three
separate grids are used for the powering iteration. They are shown in
Figures 3.2 through 3.4. Figure 3.2 shows a two-dimensional

axisymmetric through flow grid. Figure 3.3 shows a periodic three-dimensional grid for
a single rotor blade with 2.02 million cells. Figure 3.4 shows a periodic threedimensional grid for a single stator blade with 2.2 million cells.

Figure 3.2 2D axisymmetric through flow grid with regions depicting rotor and body force inputs. Locations labeled
are for H* calculation purposes.
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Figure 3.3 3D grid of single rotor blade. Consists of 2.02 million cells.

Figure 3.4 3D grid of single stator blade. Consists of 2.2 million cells.
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The first step of the powering iteration deals with the axisymmetric grid. A rotor
body force and a stator body force are input to the grid in the regions depicted in red in
Figure 3.2. For the initial run, no body forces have been calculated, thus these regions
are left with zero body force. A mass flow is set and the code is run until it is converged.
From this an inlet flow profile and outlet pressure profile is obtained.
The next step inputs the inlet flow profile into the rotor grid shown in Figure 3.3.
The stator body force is also used here. For the initial iteration, the stator body force is
zero and thus this is input in the rotor grid run. The code is run until it is converged.
From this a rotor body force is calculated.
The rotor body force obtained and the outlet pressure profile is next input into the
stator grid shown in Figure 3.4. The code is run until it is converged. From this a stator
body force is calculated. Lastly, the stator and rotor body forces are compared
respectfully to the initial body forces at the start of the iteration. This completes one
iteration of the powering iteration. The powering iteration process continues until the
body forces, inlet flow profile, and outlet pressure profile converge.

3.4

Computational Grid

C

avitation is only modeled through a single rotor blade passage using
periodic boundary conditions. The grid used for this model is the
same depicted in Figure 3.3. The stator section is modeled using

body forces and blockage terms added to the rotor grid. These were taken from the
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converged solutions of the powering iteration. Three flow rates were modeled into
cavitation breakdown. A non-dimensional flow rate, Q*, was used to specify each flow
rate and it is defined as follows.

(3.1)

“QJ” is the volumetric flow rate, “n” is the rotational speed (revolutions per
second), and “D” is the diameter. The three flow rates tested were Q* = 0.825, Q* =
0.765, and Q* = 0.744. For a given Q*, the cavitation number is lowered (tunnel
pressure is lowered) to achieve different flow conditions and eventually drive the flow
into cavitation breakdown. At each cavitation number, a non-dimensional cavitation
coefficient is obtained, N*. This coefficient is used to compare similar conditions of the
experimental and computational data. N* is defined in Equation (3.2).

(3.2)

The numerator is the difference between the total pressure at the inlet and the
vapor pressure of the flow. As the tunnel pressure is lowered (cavitation number
lowered), N* consequently is lowered as well. Though, as will be discussed later, for a
given Q*, there is a minimum N* that can be achieved. The main point of focus for
comparison was the measurements of the total head rise and shaft torque. The total head
rise and shaft torque measurements were converted into non-dimensional coefficients;
head coefficient (H*) and power coefficient (P*), respectively. These non-dimensional
coefficients are defined as follows.
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(3.3)

(3.4)

The numerator of H* is the difference between the total pressure at the outlet and
the total pressure at the inlet. In Equation (3.4), “Q” is the shaft torque.

3.5

Single-Phase Flow Results

I

n Figure 3.5, measurements from the experimental data and integrated
results from the computational data are compared. Both H* and P* values
are plotted versus several different Q* values. The H* values were

computed at different inlet and outlet locations. These locations (close proximity and
tunnel measurement locations) can be seen in the axisymmetric through flow grid of
Figure 3.6.
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Figure 3.5 P* and H* integrated results at different Q* compared to experimental data. H* was computed at
different locations and assumptions as labeled.

Figure 3.6 2D axisymmetric through flow grid with regions depicting rotor and body force inputs. Locations labeled
are for H* calculation purposes.
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The value of H* depends on the location where the inlet and outlet is designated.
The dotted green curve shows H* with the close proximity points and the solid blue curve
shows H* with the tunnel measurement locations. It can be seen that choosing different
inlet and outlet locations leads to a considerable difference in the head rise coefficient.
Although using the tunnel measurement locations gives a good estimate of the
experimental data, it still overestimates it. It was later discovered that the experiment
used a slug flow approximation. A slug flow approximation is one where the velocity
vector is constant from hub to tip. Using this assumption in the calculations yielded the
dotted red curve which agrees quite nicely with the experimental data.
The integrated P* values of the simulation can be seen by the solid blue curve. It
also agrees very well with the experimental data, designated by unfilled circles. These
results conclude that the single-phase behavior of the experiment is well captured by the
model. The single-phase solutions were used as the initiation into the multi-phase
simulations.

3.6

Multi-Phase Flow Results

I

n Figures 3.7 through 3.12 measurements from the experimental data and
integrated results from the computational data are compared. Figures 3.7,
3.9, and 3.11 contain N* versus P* for Q* = 0.744, Q* = 0.765 and Q* =

0.825, respectively. Figures 3.8, 3.10, and 3.12 contain N* versus H*/H*1-phase for Q* =
0.744, Q* = 0.765 and Q* = 0.825, respectively. In these plots, the head coefficient, H*,
is normalized by the single phase H*.
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Figure 3.7 P* integrated results at a constant Q*=0.744 into breakdown presented with experimental results of
similar conditions. Q* is constant for CFD but varies in the experimental data.

Figure 3.8 Normalized H*/H*1-phase integrated results at a constant Q*=0.744 into breakdown presented with
experimental results of similar conditions. Q* is constant for CFD but varies in the experimental data.
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Figure 3.9 P* integrated results at a constant Q*=0.765 into breakdown presented with experimental results of
similar conditions. Q* is constant for CFD but varies in the experimental data.

Figure 3.10 Normalized H*/H*1-phase integrated results at a constant Q*=0.765 into breakdown presented with
experimental results of similar conditions. Q* is constant for CFD but varies in the experimental data.
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Figure 3.11 P* integrated results at a constant Q*=0.825 into breakdown presented with experimental results of
similar conditions. Q* is constant for CFD but varies in the experimental data.

Figure 3.12 Normalized H*/H*1-phase integrated results at a constant Q*=0.825 into breakdown presented with
experimental results of similar conditions. Q* is constant for CFD but varies in the experimental data.
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The experimental results contain a range of flow coefficients as the mass flow
through the waterjet is dependent on the resistance and pumping power of the entirety of
the tunnel. Thus the experimental data contains dropping flow rates (Q*) as the tunnel
pressure is decreased (cavitation number is decreased) and the cavitating flow breaks
down. Comparing the data for power coefficient (P*), it is clear to see that performance
and the initial change in torque due to decreasing cavitation number is well captured by
the modeled results. For both Q* = 0.765 and Q* = 0.825 (Figures 3.9 and 3.11
respectively), the experimental trend of the torque increase and decrease in breakdown is
captured. There is a difference in the absolute peak in P* as the cavitation number is
lowered (tunnel pressure decreased), but the overall agreement is good considering the
differences in Q* as tunnel flow breaks down. For the lowest flow rate case, Q* = 0.744
(Figure 3.7), the agreement was somewhat more divergent. The peak of P* clearly
occurs at a lower N* value compared to the experimental data.
For all three flow coefficients (Q* = 0.744, Q* = 0.765 and Q* = 0.825), the nondimensional head rise (thrust) appears well captured even deep into cavitation breakdown
as the flow rates for the computational and experimental data diverge. The lowest flow
rate case (Q* = 0.744) seems to have the only significant deviation from the experimental
results. The experimental measurements have a slow decay of H* (thrust) as N*
decreases before there is a substantial plummet of the values. The computational
measurements portray the same drop-off of H* at the same location as the experiment
except there is a small rise beforehand.
Figures 3.13 through 3.17 contain photographs from Chesnakas et al. [46] and
images from the computational data in cavitating conditions. The photographs and
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images are presented together at similar conditions in a way meant to highlight cavitation
in the tip gap region. It can be seen that the comparison of the experiment and the
modeled cavitation across the tip gap including the leakage vortex influenced cavitation
appear to be in good agreement with one another.

Figure 3.13 Tip leakage cavitation pattern comparison. Experiment is at N*=1.931 and Q*=0.830 (left). Model
solution is at N*=1.638 and Q*=0.824 (right). Cavitation is illustrated with αν=0.5 isosurface, but for this solution
αν<0.5 thus no cavitation is shown [46].
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Figure 3.14 Tip leakage cavitation pattern comparison. Experiment is at N*=1.461 and Q*=0.832 (left). Model
solution is at N*=1.346 and Q*=0.824 (right). Cavitation is illustrated with αν=0.5 isosurface [46].

Figure 3.15 Tip leakage cavitation pattern comparison. Experiment is at N*=1.192 and Q*=0.831 (left). Model
solution is at N*=1.199 and Q*=0.825 (right). Cavitation is illustrated with αν=0.5 isosurface [46].
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Figure 3.16 Tip leakage cavitation pattern comparison. Experiment is at N*=1.076 and Q*=0.834 (left). Model
solution is at N*=1.07 and Q*=0.824 (right). Cavitation is illustrated with αν=0.5 isosurface [46].

Figure 3.17 Tip leakage cavitation pattern comparison. Experiment is at N*=0.911 and Q*=0.757 (left). Model
solution is at N*=0.959 and Q*=0.765 (right). Cavitation is illustrated with αν=0.5 isosurface [46].
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3.7

Choking Cavitation

A

s can be seen from the torque breakdown plots, for a given
dimensionless flow rate Q* there is a certain minimum N*. At each
Q*, neither solutions nor test data contain results with N* lower

than this minimum value. The experimental data and the computational results obtained
make it evident that the only way to achieve a lower value of N* is by decreasing Q*.
The experimental data contains a range of flow coefficients that appear to drop as the
tunnel pressure is decreased. In Figures 3.7, 3.9, and 3.11 it can be seen that the
computational results and test data agree fairly well until the minimum N* is reached. At
this point, the computational results are run at constant Q*, and thus, cannot achieve a
lower N*, while the experimental data contains diminishing Q* with tunnel pressure.
Thus lower N* values are experimentally achieved. In Figure 3.18 it can be seen that the
minimum achievable N* is reduced with Q*. Table 3.1 shows the approximate minimum
N* based on CFD results for each Q* value used.
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Table 3.1 Summary of minimum N* for given Q* value.

Q*

N*

0.825

1.03

0.765

0.95

0.744

0.93

Figure 3.18 Comparing computation results of P* for Q*=0.744, Q*=0.765, and Q*=0.825. Lower N* values are
achieved as the dimensionless flow coefficient is reduced.
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It is suggested that this minimum exists because the flow reaches choking
cavitation. Choking cavitation occurs as vapor regions build up in the rotor blade
passageways, specifically on the suction side of the rotor. During testing at a given RPM,
as the tunnel pressure is dropped (cavitation number is lowered) and the flow rate
remains constant, vapor appears on the surface of the rotor suction side. This vaporous
region covers a larger amount of the surface as the tunnel pressure is lowered. To
understand the choking effect, consider that the vapor represents a blockage volume in
the blade-to-blade passage. Eventually, at a certain value of N* some vapor spans the
rotor suction surface contiguously from hub to tip and saturates the passageway at a
minimum area. It is at this point that choking of the flow occurs and the minimum N* is
reached. The blade-to-blade passageway of the rotor becomes a nozzle. Examination of
the CFD results reveals that a minimum representative passage area results in a venacontracta effect near the exit of the passageway. At that point the mean normal flow to
that area is critical. It may not be accelerated. Any acceleration would result in a mean
pressure less than vapor pressure vapor which is non-physical. Forcing more flow
through this “nozzle” would lower throat pressure as the flow speeds up in the smallest
area. But this cannot actually be achieved without increasing overall tunnel pressure. As
a consequence of the resulting lower pressure, more cavitation would form in the rotor
blade passage which would make this area even smaller. Thus, once this choking
condition is met, it is impossible to force a greater flow rate through the rotor without
raising the upstream total pressure.
Using the computational data at Q* = 0.825, the choking phenomenon described
above can be seen. The points that are considered to be in cavitation breakdown were
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used to show the development of the cavitation on the rotor as it reaches the minimum
N*. The points used are listed in Table 3.2. N*, P*, cavitation number (σ), and a
reference letter are given for each point. These points can be seen in Figure 3.19.

Table 3.2 Points used in analysis of choking condition from cavitation breakdown of Q* = 0.825 flow.

N*

P*

σ

Letter

1.1149

2.0986

1.625

a

1.0699

2.1584

1.500

b

1.0392

2.1776

1.250

c

1.0497

2.0017

1.150

d

Figure 3.19 demonstrates the development of the cavitation on the suction side as
the rotor enters cavitation breakdown with a αν = 0.5 isosurface. As the tunnel pressure is
lowered (from “a” to “d”), the isosurface is seen to grow in size, both along the chord and
span of the rotor. By the time point “c” is reached, it can be seen that the rotor has a
contiguous vapor cloud from hub to tip. Point “d” portrays a negligible difference in
vapor volume fraction from point “c.” This is consistent with cavitation choking. The
condition of point “c” has reached the minimum achievable N*. At point “d,” more
cavitation cannot form without reducing the mass flow rate which is contrarily held
constant. Therefore lower values of N* are not achievable and lowering σ results in
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divergent solutions. Physical solutions with lower cavitation number and the specified
mass flow are not achievable.

Figure 3.19 Q*=0.825 rotor suction side solutions colored by pressure on the surface. Cavitation is illustrated with
αν=0.5 isosurface. The plot demonstrates the points for each solution as labeled in Table 3.2.
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To get a better perspective of what is occurring in the rotor blade-to-blade
passageway, cross sectional cuts are considered. Figure 3.20 through Figure 3.24 portray
unwrapped surface plots of the passageway at constant radii. The surface plots portray
the vapor volume fractions inside the passageway. As can be seen at each radius, the
vapor cavity grows as cavitation breakdown is reached, until points “c” and “d” are
reached and the cavity has expanded to the exit. Figure 3.25 through Figure 3.29 contain
surface plots of vapor volume fraction at different chord length locations. These plots
portray a better picture of what is occurring as the flow travels within the passageway.
At 20%, 40% and 60% of the chord length, it can be seen that the vaporous cavity has
extended from hub to tip before the flow begins to choke. At 80% of the chord, it can be
seen that the vapor cavity does not extend from hub to tip until choking occurs. At the
exit of the passageway (100% of the chord) vapor is not present until choking occurs.
These surface plots suggest that choking cavitation occurs due to a vena-contracta formed
by vapor clouds towards the exit of the passageway.
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Figure 3.20 Unwrapped constant radius surface plot of vapor volume fraction at r/d = 0.265. Flow at Q* = 0.825.

Figure 3.21 Unwrapped constant radius surface plot of vapor volume fraction at r/d = 0.307. Flow at Q* = 0.825.

80

Figure 3.22 Unwrapped constant radius surface plot of vapor volume fraction at r/d = 0.349. Flow at Q* = 0.825.

Figure 3.23 Unwrapped constant radius surface plot of vapor volume fraction at r/d = 0.391. Flow at Q* = 0.825.
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Figure 3.24 Unwrapped constant radius surface plot of vapor volume fraction at r/d = 0.433. Flow at Q* = 0.825.

Figure 3.25 Constant x surface plot of vapor volume fraction at x/c = 0.2. Flow at Q* = 0.825.
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Figure 3.26 Constant x surface plot of vapor volume fraction at x/c = 0.4. Flow at Q* = 0.825.

Figure 3.27 Constant x surface plot of vapor volume fraction at x/c = 0.6. Flow at Q* = 0.825.
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Figure 3.28 Constant x surface plot of vapor volume fraction at x/c = 0.8. Flow at Q* = 0.825.

Figure 3.29 Constant x surface plot of vapor volume fraction at x/c = 1.0. Flow at Q* = 0.825.
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The cavitation coefficient based on the local pressure is defined as follows:

(3.5)

Another way to view this quantity is as a nondimensionalized pressure. In the
following color contour plots, scales are set from 0 to 1 to highlight the important
features in the rotor passageway. Note that at low values of “

” the flow is becoming

saturated. Refer to the blue colored region in the plots as “near-saturation.” Figure 3.30
through Figure 3.34 portray unwrapped surface plots of “

” within the rotor passageway

at different constant radii. It is clear that at each radius, “near-saturation” for this
cavitation coefficient spreads downstream as N* is lowered. When choking prevails, the
“near-saturation” region has reached the exit of the rotor passageway at each radius
location. To better view how the “near-saturation” region is spreading downstream,
Figure 3.35 through Figure 3.39 show surface plots of “

” at different chord length

locations. At 20% of the chord, the near saturation stretches from hub to tip of the
suction side. As N* is lowered, the near-saturation region grows and spreads towards the
pressure side of the rotor passageway. At the two low values of N* no more red is
visible. At 40% and 60% of the chord, the near-saturation region is small, but as N* is
lowered, it spreads from hub to tip. This occurs before the flow becomes choked. Once
the flow is choked, the near-saturation region gets larger and expands towards the
pressure side of the rotor. At 80% of the chord, at higher values of N* there is a large
red-colored (high

) region with glimpses of moderate regions. Once choking occurs,

there is a definite near-saturation region, and it stretches from hub to tip. At the exit
(100% of the chord), prior to choking the area is flooded with red (high
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). At choking,

several near saturation regions appear. As the cavitation number is driven lower, these
near-saturation regions combine and start to expand on the suction side of the rotor. This
again suggests that the choking condition is dominated by flow features towards the exit
of the rotor passageway. Simply put, choking cavitation flow occurs when the exit of the
rotor passageway becomes saturated. This makes sense since the hub gradually expands
radially from inlet to exit of the rotor passageway, making the exit the effective venacontracta. Further note that this discussion is irrespective of rotating reference frames
and work done on the fluid as static quantities are irrespective of reference frame
computation.

Figure 3.30 Unwrapped constant radius surface plot of σN at r/d = 0.265. Flow at Q* = 0.825.
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Figure 3.31 Unwrapped constant radius surface plot of σN at r/d = 0.307. Flow at Q* = 0.825.

Figure 3.32 Unwrapped constant radius surface plot of σN at r/d = 0.349. Flow at Q* = 0.825.
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Figure 3.33 Unwrapped constant radius surface plot of σN at r/d = 0.391. Flow at Q* = 0.825.

Figure 3.34 Unwrapped constant radius surface plot of σN at r/d = 0.433. Flow at Q* = 0.825.
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Figure 3.35 Constant x surface plot of σN at x/c = 0.2. Flow at Q* = 0.825.

Figure 3.36 Constant x surface plot of σN at x/c = 0.4. Flow at Q* = 0.825.
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Figure 3.37 Constant x surface plot of σN at x/c = 0.6. Flow at Q* = 0.825.

Figure 3.38 Constant x surface plot of σN at x/c = 0.8. Flow at Q* = 0.825.
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Figure 3.39 Constant x surface plot of σN at x/c = 1.0. Flow at Q* = 0.825.

A similar analysis of the transition into choking cavitation flow was carried out
for the other simulated volumetric flows; Q* = 0.744 and Q* = 0.765. For each Q*
value, four conditions (points) were considered in cavitation breakdown to illustrate the
transition into choked cavitation. Table 3.3 shows the points used from the Q* = 0.744
computational data and Table 3.4 shows those used for Q* = 0.765. The tables list N*,
P*, and the cavitation number (σ) for each corresponding point used. The first point is
considered to be entering cavitation breakdown. The second point is well into cavitation
breakdown. The last two points have transitioned to choked flow. These points can be
seen in the plots of P* versus N* for their respective Q* conditions. Figure 3.40 portrays
the plot for Q* = 0.744 and Figure 3.41 shows the plot for Q* = 0.765.
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Table 3.3 Points used in analysis of choking condition from cavitation breakdown of Q* = 0.744 flow.

N*

P*

σ

1.0466

2.1227

2.5

0.9354

2.2351

2.2

0.9300

2.2310

2.0

0.9262

2.1729

1.85

Table 3.4 Points used in analysis of choking condition from cavitation breakdown of Q* = 0.765 flow.

N*

P*

σ

1.0708

2.1127

2.25

0.9709

2.2254

2.0

0.9605

2.1897

1.7

0.9595

2.1650

1.55
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Figure 3.40 N* vs P* plot demonstrates points used in Table 3.3 using filled-in circles.

Figure 3.41 N* vs P* plot demonstrates points used in Table 3.4 using filled-in circles.
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Figures 3.42 through 3.51 contain surface plots at different constant x positions
for Q* = 0.744. Figures 3.52 through 3.61 contain these same surface plots but for the
Q* = 0.765 data. The surface plots for both Q* follow identical patterns at their
respective x/c locations. At 20% and 40% of the chord, the vapor cavity has an initial
span from tip to about mid-span. As N* is lowered, the cavity stretches towards the hub.
For 20% chord, the cavity reaches all the way to the hub. For 40% chord, it does not
quite get there, but the extent of the cavity stays constant throughout. For either case, the
maximum length of the cavity, span wise, occurs well before cavitation choking.
Viewing the same chord locations using the σN surface plots portrays the same result.
The near-saturation region expands from tip to hub as N* is lowered. In these surface
plots, it can be seen that for 40% chord, the near-saturation region is able to reach the
hub. At 60% chord, almost no vapor cavity is found at the highest N*, but quickly
develops from tip to about a quarter of the span from the hub. The final extent of the
cavity occurs before choking. At this chord length, glimpses of near-saturation region
can be seen at the tip and hub for the high N* case. At all other N* values, the nearsaturation region stretches the full length of the suction side of the rotor. For 80% chord,
no vapor is seen at the highest N* case and a small cavity is formed near the mid-span at
the second highest N* case. It is not until cavitation choking has developed that the
vaporous cavity has taken full form from hub to about three-quarters of the span. The
near-saturation regions follow the same trend as the development of the vapor cavity on
the rotor. The difference from before is that the low region does not fully extend from
hub to tip. The green-colored region extends from hub to just below the tip. At the exit
(100% chord), no vapor can be seen until the start of choking cavitation. Even then, the
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vapor is small and is concentrated near the hub. The σN surface plots illustrate a little
more detail but portray the same story. For Q* = 0.744, a small near-saturation region is
seen to be forming near the hub once cavitation choking occurs and then develops into a
definite near-saturation region concentrated near the hub. For Q* = 0.765, the definite
near-saturation region occurs right as cavitation choking occurs. This again suggests the
same conclusion as the data for Q* = 0.825. Transition into cavitation choking flow is
caused by what occurs near the exit of the rotor passageway. Some difference that can be
seen from the data for Q* = 0.825 is the extent of the near-saturation region and the vapor
cavity. For Q* = 0.744 and 0.765, the cavity is slow to develop on the rotor compared to
Q* = 0.825, but it extends much further into the rotor passageway.

Figure 3.42 Constant x surface plot of vapor volume fraction at x/c = 0.2. Flow at Q* = 0.744.
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Figure 3.43 Constant x surface plot of vapor volume fraction at x/c = 0.4. Flow at Q* = 0.744.

Figure 3.44 Constant x surface plot of vapor volume fraction at x/c = 0.6. Flow at Q* = 0.744.
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Figure 3.45 Constant x surface plot of vapor volume fraction at x/c = 0.8. Flow at Q* = 0.744.

Figure 3.46 Constant x surface plot of vapor volume fraction at x/c = 1.0. Flow at Q* = 0.744.
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Figure 3.47 Constant x surface plot of σN at x/c = 0.2. Flow at Q* = 0.744.

Figure 3.48 Constant x surface plot of σN at x/c = 0.4. Flow at Q* = 0.744.
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Figure 3.49 Constant x surface plot of σN at x/c = 0.6. Flow at Q* = 0.744.

Figure 3.50 Constant x surface plot of σN at x/c = 0.8. Flow at Q* = 0.744.
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Figure 3.51 Constant x surface plot of σN at x/c = 1.0. Flow at Q* = 0.744.

Figure 3.52 Constant x surface plot of vapor volume fraction at x/c = 0.2. Flow at Q* = 0.765.
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Figure 3.53 Constant x surface plot of vapor volume fraction at x/c = 0.4. Flow at Q* = 0.765.

Figure 3.54 Constant x surface plot of vapor volume fraction at x/c = 0.6. Flow at Q* = 0.765.
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Figure 3.55 Constant x surface plot of vapor volume fraction at x/c = 0.8. Flow at Q* = 0.765.

Figure 3.56 Constant x surface plot of vapor volume fraction at x/c = 1.0. Flow at Q* = 0.765.

102

Figure 3.57 Constant x surface plot of σN at x/c = 0.2. Flow at Q* = 0.765.

Figure 3.58 Constant x surface plot of σN at x/c = 0.4. Flow at Q* = 0.765.
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Figure 3.59 Constant x surface plot of σN at x/c = 0.6. Flow at Q* = 0.765.

Figure 3.60 Constant x surface plot of σN at x/c = 0.8. Flow at Q* = 0.765.
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Figure 3.61 Constant x surface plot of σN at x/c = 1.0. Flow at Q* = 0.765.
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Chapter

4

Conclusion and Future Work

A

n axial flow waterjet, AXWJ-2, has been modeled in tunnel test
configuration using the UNCLE-M multiphase flow solver to
predict pump performance. A two species (liquid and vapor)

formulation of the governing fluid equations was used which includes mass exchange
between each species. The flow was assumed to be steady with constant species density
and viscosity. The flow was modeled over a range of conditions including into cavitation
breakdown. Solutions appear to accurately capture the integrated performance at all
conditions. In addition the overall cavitation patterns, on rotor blade suction surface and
due to tip gap flows, were well captured at a range of cavitation conditions. As has been
previously shown for unducted propulsors (Lindau et al. [4]), it appears that the present
computational approach is useful and accurate when properly applied to the modeling of
blade cavitation patterns and cavitation driven thrust breakdown for axial flow waterjets.
The experimental results contain a range of flow coefficients (Q*) as the mass
flow through the propulsor is dependent on the resistance and pumping power of the
entirety of the tunnel. Thus the experimental data contains dropping flow rates as the
tunnel pressure is decreased (N* lowered) and the cavitating flow breaks down. The
computational results contain constant Q* values. Results between the experiment and

the computed solutions deviate at low tunnel pressures, but overall agreement is good
considering the difference in flow rates. Power (P*) drastically drops for the CFD results
and, for a given Q*, cannot be lowered below a certain N*. This is due to choking
cavitation. As cavitation fills the rotor blade-to-blade passageway a minimum
representative passage area results in a vena-contracta effect. Flow cannot be accelerated
across this minimum area which explains why the experimental data contains dropping
flow rates as this choking condition was met. The distance between the rotor blades
remain constant, but the hub gradually increases in radius from leading edge to trailing
edge of the rotor which makes the passageway area become smaller towards the exit of
the blade-to-blade passageway. Due to the complex flow path, the effective venacontracta minimum area is not precisely identified, but may be thought of as normal to
the flow and, due to the curvature of the rotor blade, appears to be somewhere between
80% of chord and the trailing edge.
The main area of future work comes in the construction of an overset grid with a
finer tip-gap mesh that includes a boundary layer mesh on the rotor surface. The greater
tip gap resolution should improve and provide better results.
There are several ways to improve on the model in this study and to achieve
results closer to the experimental data. A periodic blade passage flow was assumed in
this study to allow only one rotor blade to be modeled. During this effort, body forces
were used to model the rotor-stator interactions and blockage. These body forces are
circumferentially averaged and assume no cavitation in the stator. In fact they were
computed once for each flow coefficient using the single-phase powering-iteration and
were not modified as the rotor was driven into cavitation breakdown. As an
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improvement, a powering-iteration could be applied at different cavitation numbers that
contain cavitation in order to compute more accurate body forces and flow profiles
downstream as the model is driven into cavitation breakdown. These can be done for a
select amount of cavitation numbers to compare to the single-phase powering-iteration to
determine if such an effort is necessary. For future studies, efforts could be taken to
create a model for an unsteady simulation with all six rotor blades coupled to the eight
stator blades and include sufficient up and downstream tunnel sections to develop
reasonable inlet profile and outlet pressure distribution. Another less computationally
intensive option would be to use a periodic assumption on a single stator blade. Also, the
tunnel could be modeled by using an algebraic model of the pumping condition of the
tunnel. This type of effort could give the similar dropping flow rate condition that the
experiment faced. All of these options add several degrees of complexity to the model as
well as rapidly increasing computational costs. With computer performance increasing
year after year though, these options can be considered in the near future.
The work presented in this thesis outlines the computational methodology and
demonstrates the ability to accurately model cavitating flow and its integrated effects on
waterjet performance using a multiphase RANS CFD tool. RANS CFD is already a
validated method for predicting single-phase waterjet pump performance. The direction
of the future work is clear. With further pump cavitation efforts, RANS CFD can be
validated to routinely model cavitating waterjet flow to predict vaporous structures and
effects on performance.
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