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Abstract  The characteristics of a cavitation water tunnel test setup and the experiments of
cavitation around different models are given in this paper. Models of test are formed from
combination of head and variable length afterbody. The experiments are performed initially with the
smooth head and then with the roughened head. Cavitation initiates both in the wake and after the
head. If the nose of models is roughened then cavitation initiates at the lower cavitation numbers. The
cavitation inception is a function of the model geometry, nose condition and upstream flow
characteristics. During the measuring process of drag force from non-cavitating flow regions to
supercavitation case, only the tunnel pressure is reduced continuously. All measurements are
performed at several Reynolds numbers. After cavitation inception in the wake, drag force increases
continuously and fast. When cavitation initiates at the end of head, the mentioned force is maximum
value and then decreases gradually. Supercavity is specified and compared with wedge case. The
choking flow case is investigated around the models completely.

Keywords Cavitation Inception Regions, Cavitation Number, Drag Force, Choking Flow,
Roughened Head, Supercavity Shape, Boundary Layer Thickness
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1. INTRODUCTION

It is difficult to give a unique and complete
definition of cavitation. If at the constant
temperature, the pressure of the liquid is reduced
by static or dynamics means, vapor-filled bubbles,
or cavities becomes visible and grow. Cavitation
can occur by controlling the minimum absolute
pressure. Various types of cavitation around the
body can be found. They may include bubble
cavitation, sheet cavitation, cloud cavitation, and
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various forms of vortex cavitation. A sheet of
bubbles or supercavitation can be used to reduce
drag of moving objects in liquids [1]. Various
types of experiments have been performed about
the cavitation inception, its effects on drag force,
supercavitation and choking flow [2]. The effects
of roughness on cavitation phases and choking flow
have not been truly understood. Many experiments
about cavitation inception and supercavitation
around the smooth sphere and cylinder have been
performed [3]. When cavitation occurs, a given
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flow field around model is considerably modified,
because the lowest pressure in the flow is nearly
limited to vapor pressure. Cavitation is also a non-
steady phenomenon. When cavitation occurs, the
steady flow over a hydrofoil results in a highly
dynamics form of sheet cavitation [4,5]. In the
wake of a two-dimensional wedge, three kinds of
cavitation vortices have been observed [6]. In a
growing bubble where the jet has a finite length
inside it, the vorticity flux on the cavity surface
establishes a new surface both to feed the cavity
growth itself, and then to feed the jet. The
measured drag force in a closed tunnel must be
corrected, because flow is completely bounded in
the test section [7]. Partial cavity instability is due
to the development of re-entrant jet [8]. The
structure of cavitation, its phases and its effects on
drag force can not be investigated by numerical
methods [9]. Relating model and full scale
prototype in cavitation inception of hydrofoil, two
parts are effective. The Reynolds effect on lift and
the combined effect of boundary layer and surface
tension on cavity equilibrium have been discussed
[10]. Stutz [11] investigated the influence of
roughness on the flow structure of sheet cavitation.
He estimated the generated vapor rate which was
required for holding the cavitation. Experiments
showed that the polymer materials delay the
cavitation inception of tip vortex [12]. They have
influence on the dynamics of unsteady cavitation
and it causes to increase the vibration frequency
and decrease the cavity length [13]. It is possible to
investigate the internal structure and dynamics of
sheet cavitation such as fluctuation and shedding
of cloud cavitation [14].

In this paper, the test method for the cases of
wedges with afterbody, using Sharif university of
technology's high speed cavitation are presented,
and then the cavitation inception, its location,
supercavity shape, choking conditions and the
effects of cavitation on the drag force are studied.
The flow regimes vary from non-cavitation flow,
inception, to choking condition.

2. EXPRIMENTAL SETUP
2.1. Cavitation Tunnel A high speed cavitation

tunnel has been designed and constructed for
conducting the experiments. In construction of the
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Sharif tunnel, seven diffusers, with divergent angles
ranging from 3° to 10° and different length, were
utilized. The mentioned tunnel is shown in
Figures 1 and 2. The four sides of the test section
are provided with clear Plexiglas windows for
photographic and observational purposes. The test
section and settling chamber are connected to each
other with a high contraction ratio nozzle. The
basic information of flow characteristics and
working section sizes of mentioned tunnel are
explained as follows:

Maximum velocity in test section: 5m/s
Maximum pressure of tunnel: atm
Test section: 84 cmx15cmx*10 cm
Contraction ratio of nozzle: 17.3

Figure 1. Sharif uiniversity high speed cavitation tunnel.
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Figure 2. The schematic presentation of sharif university high
speed cavitation tunnel.
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2.2. Equipments and Instruments

1. Vacuum pressure gauge containing

glycerin, calibrated, and measuring

the average back pressure

Manometer (calibrated)

Pressure gauge (0-5 atm) (calibrated)

Pressure gauge (0-2 atm) (calibrated)

Dynamometer measuring the drag force

(of order 0-200 Newton's) (calibrated)

5. General equipments for measuring the
angles and dimensions.

HLw
—_

2.2.1. Models  The brass models were formed
from combination of head and body. The head and
the afterbody were wedge and rectangular cubic
form, respectively (Figure 3). There was a chamfer
1.5 mm at the nose of 30" and 60° models. But the tip
of 15° model was rounded. The body had a thickness
1.5 cm and different length (2.3cm<I<5cm). There
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Figure 3. Test models, (a) 60° model, (b) 30° model and (¢)
15° model (all dimensions are mm).
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was a complete overlap at the bases of wedge and
body. The 15° and 30° models were tested at the
smooth and the rough conditions. The nose of
these models was roughened by sandpaper and/or
chips. All models were installed to the plate of
measuring drag force dynamometer by two bolts.
The blockage ratio of models is 0.1, and their
maximum drag force value does not exceed 200
Newtons. For measuring the wake pressure of
models, two holes have been provided. They have
been located at the symmetrical planes. A three
way joint has been installed to the hole at the
symmetrical horizontal plane and two pressure
gauges have been connected such that one of
them is a vacuum gauge. A valve for opening
and closing the circuit of each pressure gauge
was installed.

2.3. Cavitation Inception  The models were
installed to the test section, individually. The
imprisoned air in the tunnel circuit was released
and drained into atmosphere. The cavitation
inception test was performed by continuous
reduction of cavitation number. In non-cavitating
flow, cavitation is initiated by continuous reduction
of tunnel pressure or continuous increase of the
velocity or by changing both parameters. The
cavitation inception location and its cavitation
number at the smooth and the rough conditions
were specified and calculated, respectively. That
1s, when the small bubbles were observed, or the
noise of their collapse was heard, and the drag
force of model at the constant Reynolds number
has changed, then the cavitation inception region,
the velocity and the pressure at the exit of nozzle
were specified and recorded, respectively.

The body length of 60° model was varied until
cavitation was observed in the wake and the end of
head, simultaneously. In this case, o; = 2.44 and
l, = 4.7 cm (Figure4). If the upstream conditions
remain constant and the 30° model is installed to
the flat plate of dynamometer, then it is observed
when 1, = 3.2 cm, cavitation occurs in the wake
(0=2.44). As the length of cavitating region at the
back of model reaches to 1.5 cm, cavitation
initiates at the end of head (Figure 5). When
cavitation occurs in the wake of 15° model, o;=2.02.
But the above phenomena initiates at the end of
15° head later with respect to the 30° model. At the
other tests, the forward section of the 30° model was
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(a)

(b)

Figure 4. (a) Cavitation inception in the wake and the end of head and (b) partial cavitation (6 = 60°).

(a)

Figure 5. (a) Cavitation in the wake and (b) a little after inception at the end of head (smooth model, 6 = 30°).

roughened by sandpaper and chip individually, and
the nose of 15° model was roughened only by chip.
When the 30° model is roughened by sandpaper,
cavitation initiates in the wake and at o; = 2.05
(Figure 6.1a,b), but at the chip roughened case,
o; = 1.92 (Figure 6.2a,b). Cavitation occurs in the
wake of the 15° roughened model and at o; = 1.31.

3. CAVITATION INCEPTION ANALYSIS

The experiment showed that it is not possible to
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(b)

specify the cavitation inception location and its
cavitation number by measuring the pressure
around the model. Many experiments have been
performed in high speed cavitation tunnel. They
showed that the vapor pressure of water does not
depend only on the temperature and also minimum
pressure value around the model and percent of
dissolved gases are very important, but they are not
measurable. That is, the measured pressure around
the model in wind tunnel surely is not acceptable
for cavitation inception test. One of the very
complicated phases during the study and research
of the cavitation phenomena is inception phase.
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(2)

(b)

Figure 6.1. The cavitation inception, (a) in the wake and (b) at the end of head
(Roughened model, 6 = 30°, roughened by sandpaper).

(a)

(b)

Figure 6.2. The cavitation inception, (a) in the wake and (b) at the end of head
(Roughened model, 6 = 30°, roughened by chip).

During the inception test, drag force has been
measured very carefully, and the location of
cavitation inception has been specified visually. In
fact, cavitation initiates earlier, but it is not
observable even with modern special tools. In this
test, Reynolds number was defined on the basis of
the length and the thickness of model, individually
(6x10°<Re;<1.8x10° and 1.5x10*<Rey<2.7x10°).
The experiment showed that cavitation occurs
at two regions around the models: in the wake and
at the downstream end of head. Roughening the
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leading section of 15° and 30° heads, only the
cavitation inception will delay. At the end of head,
the boundary layer separates and a region with
constant pressure will be established. The
boundary layer may be reattached to the body of
model. The separation region length of the 60°
model after the point (A) is larger with respect to
the other models. In the 60° case, when the length
of body becomes larger than 4.7 cm, cavitation
first initiates at the end of head, and o; = 2.44, but
if the above length becomes smaller than 4.7 cm,
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the mentioned phenomena first occurs in the wake
and o;> 2.44. If the angle of nose becomes 30° and
cavitation first begins at the end of head, then the
length of body is long and cavitation number will
be small (6;=2.01).

The cavitation occurrence at two mentioned
regions is due to separation. The cavitation type in
the wake and end of head will be vortex and sheet
cavitation, respectively. At the end of 60° head, the
boundary layer is thin. Therefore, the angular
velocity of vortex core at (A) will be high. That is,
cavitation occurs at the mentioned location with
respect to smaller angles earlier (at (A): Gje0-~2.44>
Gi;30y=2.01). The boundary layer thickness at the
trailing edge of model depends on the upstream
flow velocity, the angle of head, the leading
section condition (smooth or rough), its thickness,
the length of body, and viscosity of fluid. If the
angle of nose increases, the mentioned thickness
will decrease. The core radius of back vortices will
become small, and consequently the angular
velocity of core becomes high. Therefore, if the
upstream flow conditions are identical and the
cavitation initiates in the wake, we have: 15 = 4.7
cm and lse) = 3.2 cm. If cavitation with the
cavitation number of 2.44 occurs in the wake of
15° model, then the length of its body must be
smaller than 2.3 cm (at 6; = 2.02: 155y = 2.3 cm).
The vorticity at the trailing edge of model is
transformed to the vortex strength. The vorticity
flux is equal to:

2
ngdy)% = (1)

If n vortices are formed from vorticity flux per unit
time, then the strength of each vortex will be:

=—o
2n

2

The core of vortex rotates as a solid body. Its
rotation rate is:

. 3)

If the core radius becomes small, the value of its
centrifugal force and the pressure difference
between enter and p, will be large. For p, = cte, p.
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becomes very small and therefore cavitation may
occur at the large cavitation number. Because the
core is viscous, thus its radius will relate to the
boundary layer thickness at the trailing edge of
body; that is

2
o(a)zo(d) > o=

4)
2nn82

Consequently, if the boundary layer thickness
becomes smaller, then the angular velocity of
vortex core will increase. At the constant back
pressure coefficient, the wake tendency for
cavitation inception increases and it occurs at the
large cavitation number. By roughening the nose of
30° model, the boundary layer of head is
transformed to the transition phase or turbulent,
and its thickness at the trailing edge of model
increases, pp-p. Will be small; consequently, p. is
larger than smooth case. If the roughening action is
performed by chip, the boundary layer may be
completely became turbulent and dchip > Osand paper-
Therefore, in general state for the mentioned
models, we have:

Gi = f (ealz_cpb7n9U16) (5)

o(ci) = —cpy, + 2(%)2 (6)

4. CAVITATION EFFECT ON THE MODEL
DRAG FORCE

To investigate the cavitation effect on drag force,
the models were installed by a flat plate to the
dynamometer with zero attack angles. Before
measuring the above force, the dynamometer was
calibrated carefully. For measuring the drag force
of the fairing plate, the model is fastened to the
opposite wall and measuring the drag registered
under conditions identical to those of the main
experiments. Subtracting this drag from the total
drag, the drag of model is obtained. At the non-
cavitating flow, the drag force coefficient of 30°
smooth model was nearly 0.69. But after a partial
cavitation, the drag force value became maximum,
Cd = 0.85. When supercavitation was occurred, the
drag force coefficient has reached to 0.49. The
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drag force coefficient of the roughened model by
sandpaper with angle 30° at the non-cavitating case
was equal to Cy4 = 0.61. Experiment shows that at
the supercavitating flow, this force will be
minimum value: C4 = 0.55 (Table 1).

For the 30° smooth model, after cavitation
initiates, drag force increases. This is due to high
pressure drag. When cavitation grows at the end of
head, the skin drag will decrease gradually. Unlike
to the cylinder test, when reducing the cavitation
number, the wake cavitation only develops toward
downstream and it does not move forward. Also
this behavior takes place for cavitation at the end
of the head. Figure 7 shows the drag coefficient of
30° smooth model with respect to cavitation
number. If the leading section of the mentioned
model is roughened by sandpaper, then the tip
shape will change. Although, the boundary layer is
at the transition or turbulent phase, but the drag
force of non-cavitating flow has been reduced

(Cd=0.69—Cd=0.65). When the supercavitation
case occurs, the drag force is minimum value at two
conditions (Figure 8). Since the skin drag force of
roughened head is more than the smooth head,
therefore, Cd (rough) > Cd (smooth). For the 15°
model, the problem in non-cavitating flow and after
cavitation inception is different completely with 30°
model, because there is a rounded tip instead of
chamfer. When nose of it is roughened, the drag
force in the non-cavitating flow is more than the
smooth case (Cd (rough) = 0.72 and Cd (smooth) =
0.62). Consequently, the roughening action in this
case causes that the boundary layer becomes
turbulent. When a partial cavitation occurs in the
wake, the drag force will increase. At supercavitation
phase, the drag force of roughened model is larger
than the smooth case (Figures 9 and 10):

Cd (rough) = 0.54 and Cd (smooth) = 0.43. Because
the boundary layers of the smooth and the roughened
head are laminar and turbulent, respectively.

Table 1. Drag force coefficient of models.

Model Nose Condition Non-Cavitating Inception at the End Supercavitation
Flow of Nose
30° Smooth Ca=0.69 Ca=0.85 Ca=0.49
30° Roughened by Sandpaper Cy=0.65 C4=0.75 Cy=0.55
15° Smooth Cq=0.62 Ca=0.68 Ca=0.43
15° Roughened by Chip Cy=0.72 Cq=0.77 Cy=0.54
1 ‘ ‘
7Y S L IS A I
Y e AR S
=} ! I I
Coud AR R I N [
S e
0 l l l ; ;
0.0 0.5 10 15 2.0 2.5 3.0

Figure 7. The drag force coefficient of model with respect to cavitation number (6 = 30° and smooth model).
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Figure 8. The drag force coefficient of model with respect to
cavitation number (6 = 30° and roughened model).
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Figure 9. The drag force coefficient of model with respect to
cavitation number (6 = 15° and smooth model).
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Figure 10. The drag force coefficient of model with respect to
cavitation number (0 = 15° and roughened model).
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5. SHAPE OF SUPERCAVITY

The experiment shows when there is no afterbody,
the supercavity will be wide. At the attachment point
of bubble to the wedge, the slope of bubble is nearly
equal to tan™(6/2). The maximum velocity of water
occurs on the interface. At this point, the direction of
velocity is horizontal and after it, the slope of tangent
line becomes negative. At the closure region, its
value is (-0). The pressure gradient normal to the
interface is inward; therefore, the cavity bubble curve
is closed (Figure 11). In fact, due to the surface
tension, the slope of tangent line at the attachment
point will be larger than tan"(6/2). Experiment
shows that for the circular cylinder with diameter
1.5 cm, the slope of tangent line at such a point is
0.45. When there is afterbody, the magnitude of
supercavity width will be small, because of the two
following reasons (Figures 12 and 13):

o The liquid mass at the end of head for
cavitation formation is much less than the
liquid mass in the back of wedge.

o The boundary layer separation of body
occurs at the horizontal edge, but when there
is not afterbody, the separation takes place at
the inclined edge.

The direction of velocity on the interface within
the afterbody section is nearly horizontal, and it
seems that the cavity is closed at the back earlier
(Figure 14).

The maximum velocity of free stream at the
supercavitation case depends on the angle of
head, body length and the smoothness or roughness
of leading section for 6 = 60°, U, = 17 m/s, and
0 = 15° with the roughened nose case, we have
Upax= 19 m/s.

6. CHOKING DESCRIPTION AND ANALYSIS
OF MODELS TEST

Test of flow for different models with identical
thickness and geometry has been done. Choking
only becomes relevant in supercavitation tests in
cavitation tunnel with enclosed test section. When
the flow is surrounded by the test section walls, the
boundary layer growth in the flow direction causes
the favorable pressure gradient.
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Figure 12. (a) Sheet cavity on the afterbody and (b) supercavitation around the 60° model.

(a) (b)

Figure 13. Supercavitation: (a) around the 30° smooth model and (b) around the 30° roughened model.
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Figure 14. Supercavitation around the 30° model.

From practical view point, when the flow rate
reaches to maximum value, at the test section near
the entrance of diffuser, a white colored condition
with length of about 8-10 cm appears, and the
walls of attached bubble become parallel to the
walls of test section, choking in cavitation tunnel
will happen. For any geometry with any size,
choking causes that the cavitation numbers set is
bounded from upstream side.

By increasing the tunnel pressure, the choking
velocity will rise. The choking cavitation number
is a function of model geometry, its thickness, and
the test section width. The tested models have
thickness 1.5 cm. In the circular cylinder case, the
maximum velocity takes place on the cavity
boundary, but for the other models it occurs near
the leading edge of attached bubble.

In high speed cavitation tunnel, a gate valve
with a diameter of 25 cm is used to regulate the
flow rate. Pressure at the nozzle entrance is
increased by three ways. The tunnel water is
connected to the city water by a small valve. By
opening this valve gradually, the tunnel pressure
increases continuously. In addition to, if the
fractional opening of gate valve increases, the
pressure gauge at the nozzle entrance shows that
pressure increment will occur. After the gate valve,
there is a diffuser with AR = 2.8. Pressure increases
due to reduction of flow losses and the action of
diffuser. In cavitation and choking investigation,
the flow pressure at the inlet of test section and
the boundary layer growth along the walls are
important.

Table 2 shows the values of dimensionless
velocity and pressure, U* and p*, at the entrance of
test section. When p* = 0.77, even though the gate
valve has not been opened completely, but choking
has occurred around the model.

Again, the fractional opening of this valve was
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increased, and the difference in mercury column of
manometer was recorded quickly. No difference in
the column mercury was observed. That is, the
flow velocity has remained constant, but the
pressure gauge at the nozzle entrance has showed
pressure increase. This is due to decrease in flow
losses. In this case, the pressure increases due to
diffuser is zero; because no increase in flow
velocity has occurred yet. Pressure increase causes
choking elimination. Due to choking elimination in
above velocity, flow rate starts to increase until in
p =0.75, choking occurs in another velocity. Current
pressure in nozzle entrance is equal to old pressure
plus increase in pressure due to: decrease in flow
losses and rise of velocity in diffuser. When the
gate valve is completely opened, p° = 0.85. From
p =0.77 to 0.85, the cavitation number practically
did not vary. Figures 15 to 19 show that the choking
numbers are the asymptotic of the curve.

7. CONCLUSIONS

At any head angle, there is a length for body that
cavitation initiates in the wake and at the end of
head, simultaneously. Roughening the nose of
models does not change the location and
arrangement of cavitation inception, but it delays
the cavitation. That is, when the boundary layer of
head is turbulent, the thickness of both boundary
layers was increased and the rotating rate of the
vortices core was reduced. The measured drag
force at the constant Reynolds number shows that
boundary layer is in the transition phase or
turbulent. Downstream of the head, the thickness
of the supercavity bubble decreases and a thin
sheet of bubble cover the surfaces of afterbody.
This causes the decrease of skin friction drag.

1JE Transactions B: Applications
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Figure 19. The cavity length with respect to cavitation

Figure 16. The cavity length with respect to cavitation number

0.27 and roughened nose by chip).

number 6 (0 = 15°, Gpock

0.32 and roughened nose by sandpaper).

30 > Ochock ~
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force increases continuously and fast. When
cavitation initiates at the end of the head, this force
is maximum value and then decreases gradually.
The trailing momentum wake of the downstream
field causes the displacement of the outer streamlines.
This outward displacement of mentioned streamlines
is proportional to the drag force. If the nose of
model is roughened by chip, cavitation occurs
much later. Therefore, the boundary layer at the
constant Reynolds number was thicker. The
afterbody causes choking flow to occur later and
the cavity bubble to close earlier. At any cavitation
numbers, the leading edge of fully developed
cavity is limited to the end of head.

8. NOMENCLATURE

A The area of the head base

AR Aspect ratio of diffuser

A The radius of core

B The length of head base

Coo The back pressure coefficient = (py-
P.)/0.5pU”

Cq The drag force coefficient = Dnet/O.SpU2

Dyet Net drag force of model

Iy The length of afterbody
The vortex shedding frequency

p Mass density of water

Pes Pressure at the exit of nozzle

Pe The sum of gases and vapor Pressures
of supercavity

o Vapor pressure

Prmax Maximum absolute static pressure at
the exit of nozzle

p* P/Prmax

t The thickness of head or afterbody

U Reference velocity

Unax Maximum velocity at the exit of nozzle

U* U/U pax

c Cavitation number = (p,.-py)/0.5pU?

) Boundary layer thickness

O; Cavitation inception number

r The strength of vortex

0 The angle of head
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10.

11.

12.

13.

14.

Angular velocity
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