JAST, Vol. 5, No. 1, pp 23-33
(© Iranian Aerospace Society, March 2008

English symbols:

Numerical Simulation of Partial
Cavitation over Axisymmetric Bodies:

VOF Method vs. Potential Flow Theory

I. Rashidi!, H. Moin?, Mohammad P. Fard® and Mahmoud P. Fard*

A computational study of partial cavitation over azisymmetric bodies is
presented using two numerical methods. The first method is based on the VOF
technique where transient 2D Navier-Stokes equations are solved along with
an equation to track the cavity interface. Next, the steady boundary element
method (BEM) based on potential flow theory is presented. The results of the
two methods for a disk cavitator are compared with each other and with those
of the available experiments and analytical relations. The two methods are then
used to predict the partial cavity over an axisymmetric body consisting of o disk
cavitator followed by a conical section and ending in a cylindrical shape. The
effects of various parameters such as cone length, cone angle, cavitator radius
and cylinder diameter are investigated. The results show that as the cone length
increases, the cavity region covers a larger portion of the body. Reducing the
cone angle increases both the length and diameter of the cavity region. For an
azisymmetric body with a larger radius the cavity detachment is more likely to
occur.
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NOMENCLATURE S Arclength along a mer d an
t T me (s)
v Veloc ty vector (m/s)
by Body force act ng on the flu d per un t
T Component of ax symmetr ¢

volume (N/m?)

coord nates

G Potent al funct on
7l Grav tational accelerat on (m/s?) Greek symbols:
n Normal vector 10 Total veloc ty potent al
P Pressure (Pa) @ D sturbance veloc ty potent al
q Volume flow rate (m?/s) H V scos ty (Kg/m.s)
r omponent of ax symmetr ¢ 9 Poppet angle (degrees)
coord nates P Dens ty (Kg/m?)
S Mass transfer s nk term o Cav tat on number
D add ,D .ofM ., rdows U w. of Subscripts:

Ms ad, M s hd r .

M Grd ,D .ofM ., rdows U v of b Body

Ms ad, Mshd r ¢ Cav ty nterface

Ass s rof ssor, D . of " rdows D Drag force

U . of Msh d, s d, r I / L d

frd@ . .. qu

Ass s rof ssor, D . of . rdows v Vapor

U .ofMs ad Mshd r 0 detachment point of the cav ty
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s Amb ent

INTRODUCTION
The cav tation phenomenon s known as lqud va-
por zat on that occurs whenever the 1qu d pressure
falls below its vapor pressure. Ths phenomenon s
categor zed w th a nond mens onal parameter called
cav tat on number, wh ch s defined as:

P, -P,
V3

(1)

g =

where P, s the vapor pressure, p the liqu d dens ty, and
P, V. are the amb ent pressure and nflow veloc ty,
respect vely. The cav tat on reg mes are classified nto
nc p ent-, shear-, cloud-, part al- and super-cav tat on
depend ng on the cav tat on number [1]. The cav tat on
occurs around ax symmetr ¢ bod es at po nts where the
local pressure drops to the env ronment vapor pressure.
Any sudden change n the body shape may cause a
pressure r se or fall and, therefore, may be an ncep-
t on pont for cavtat on. Although super-cav tat on
decreases drag forces extensively, when maneuver ng
of the veh cle s necessary, part al cav tat on s more
preferable [2]. Also, part al cav t es are w dely used n
vent lated systems [2, 3].

Dur ng the last decades, numerous stud es have
been performed n cav tat on us ng var ous methods
[1]. Cav tat on models based on the Nav er-Stokes
equat ons emerged n early 1990’s. These models are
d v ded nto two man categor es: nterface track ng
method and homogeneous equl br um flow [1, 4]. In
nterface track ng method, a constant pressure (vapor
pressure) s assumed for the cav ty regon and a wake
model s used to predct the shape of the cavty
n adapt ve grds. In the second category, used n
th s study, the dens ty field s est mated by var ous
models from wh ch the method based on s ngle-flu d
model ng has been shown to be more accurate [1]. In
th s approach, an advect on equat on for liqud (or
vapor) volume [raction s solved and the densty s
computed accord ng to the volume fract on of the two
phases. Ths approach has been w dely appled to
s mulate cav tat on. The select on of an appropr ate
mags transfer model and an algor thm for advect on
equat on are the ma n ssues. Yuan et.al. [5] suggested
a cav tat on model based on Rayle gh relat on. S nghal
et.al. [6], Merkle et.al. [7] and Kunz et.al. [8] have used
d flerent mass transfer models based on sem -analyt cal
equat ons. A well-known method to solve the advect on
of a free-surface such as a cav ty nterface s the VOF
techn que. Froben us and Schllng [9] as well as
W esche [10] used this techn que to s mulate cav tat on
over hydrofols and pump impellers. A revew of
the reported 1 terature reveals that VOF method can
accurately capture cav ty shape and character st cs. In

this study, a mod fied VOF techn que based on Youngs’
PLIC algor thm [11] s comb ned with a mass transfer
model of Kunz et.al. [8] to s mulate cav tat on.

A dfferent type of model used by many re-
searchers for studying cav tat on s Boundary Element
Method (BEM). Early research based on th s techn que
n part al-cav tat on flows was performed by Varghese,
et.al. [2], but they used BEM to solve potent al flow
for arb trary bod es after Hess and Sm th [12]. Non-
1 near BEM method was developed for cav tat ng flows
around hydrofo ls by Uhlman [13, 14], and K nnas and
F ne [15, 16]. They d str buted sources and normal
d poles along the sol d body-cavty nterface. The
unknown values of these sources and d poles were de-
term ned by mposing the dynam c cond t on on an as-
sumed cavity boundary. The k nemat ¢ boundary con-
d t on was then used to update the cav ty shape. Be-
gnnng n 1994, two numer cal hydrodynam cs models
were developed for ax symmetr ¢ supercav tat ng h gh-
speed bod es: a slender-body theory model (Varghese
et.al. [17]) and a BEM method (Kirschner et.al. [18];
Uhlman et.al. [19]). The results of both the slender-
body theory and the BEM method have been shown to
compare well w th other numer cal and exper mental
results. These models can pred ct the shape and
length of cavty, accurately. The BEM method was
employed to exam ne supercav tat ng flows past d sk as
well as cone and s gma-shaped cav tators, where good
agreements w th exper mental and analyt cal results
have been reported [20].

In this paper, part al cav tat on for water flows
over ax symmetr ¢ bod es s stud ed us ng two general
types of models ment oned above. For the VOF
method, a mod fied Young’s PLIC algor thm s used to
advect the nterface between the two phases (cav ty).
For the BEM method, sources and normal d poles
are d str buted along the body-cav ty surface. The
unknown values of the source and d pole strengths
are then obta ned us ng the m xed Fredholm ntegral
equat on that results from the appl cat on of Green'’s
third dentity.

NUMERICAL METHODS
The two methods of VOF and BEM are brefly dis-
cussed n ths section. The VOF method s based on
the solut on of the full Nav er-Stokes equat ons along
w th an equat on for the advect on of cav ty nterface.
The BEM method, however, s based on the concept
of potent al flow theory. For the VOF method, the
flu d flow s assumed to be Newton an and lam nar. In
this study, the ma n focus s on Supercav tat on, where
the cav ty closes n the 1qu d. For th s phenomenon,
turbulence effects are not mportant. Exper mental
stud es also show that the effects of turbulence are
ma nly n the cav ty closure regon and n the shear
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flow outs de the cavty [1]. Turbulence ntensty s
ncreased at the end of the cav ty where the reentrant
jet s formed; th s reg on, therefore, s turbulent. The
flow nsde the cavty, however, s lam nar. As a
result, flow turbulence ma nly affects the trans ent
behav or of partial cavtat on and the incept on of
cav tat on. In study ng the steady behav or of ax sym-
metr ¢ supercav ties that closes ns de the l qu d reg on
rather than on a sol d wall, the turbulence s only a
second order effect that w1l not change the numer cal
solut on n general. A man festat on of th s po nt s the
good agreement that w1l be shown later n th s paper
between the results of the numer cal model w th those
of the exper ments.

Volume-of-Fluid Method (VOF)

In th s method, the advect on of the cav ty nterface s
simulated based on the Volume-of-Flu d (VOF) tech-
n que along w th a cav tat on model for mass transfer
between the two phases of | qu d and vapor.

VOF Algorithm
The govern ng equat ons for the 2D/ax symmet ¢ n-
compressible flu d flow are:

V.V =0 (2)
AV o oo 1o 1o 1=
—+V.(VV):——VP+—V.F+— y+d  (3)
ot p p p

where V is the veloc ty vector, P nd cates the pressure,
Fy s body force act ng on flud, § s the accelerat on
due to gravty and 7 represents Newton an v scous
stress tensor. In VOF, the phase change boundary s
simulated by a scalar field f, whose value s equal to
zero n the vapor phase and one n thelqu d. When a
cell s part ally filled w th 1 qu d, f has a value between
zero and one. The dscont nuty n f s propagat ng
through the computat onal doma n accord ng to:

af _ of
dt ot
where S s the cav tat on mass transfer s nk term. Th s
equat on w th d fferent mass transfer models can be
used to s mulate many phys cal phenomena such as
cav tat on, vaporizat on, and condensat on. The H rt-
N chols [21] and Youngs-PLIC [11] methods are w dely
used for the advect on of the volume fract on f n Eq. 4.
Although the H rt-N chols has been used n most cav ty
simulat ons, n th s study a more accurate method of
Youngs s employed. To beg n the advect on us ng Eq.
4, an ntermed ate value of f s ntroduced as:

f=fr—stV.(vVem (5)

+VNf=5 (4)

and “d vergence correct on” completes the scheme:

Ftt = 4 6tV V)™ + 6t(S™) (6)

av tat on over Ax symmetr ¢ Bod es 25

Th s scheme n t ates the d str but on of f for veloc ty
and pressure calculat ons n each t me step. Because
a sngle set of equat ons s solved for both phases,
m xture propert es are used as:

p=fp,+ (1= flpw
p=fu,+ (1= fu, (7)

where subscr pts [ and v denote the 1 qu d and vapor,
respectively. Two-step t me project on method s
employed for the solut on of momentum equat ons.
F rst an ntermed ate veloc ty s calculated based on the
terms related to advect on, v scos ty and body forces:

—‘7” e ]. = ]. —
=—VVV)"+ =V.7+§"+—F) 8
5 V(VV) +anT+g +pn b (8)

=

Cont nuum Surface Force (CSF) method [22] s used to
treat the surface tens on n nterfac al cells as a body
force. Pressure field s obta ned by Po sson equat on
as:

V. (161%1) _ VY (9)

F nally, the pressure field s used to compute the new
t me veloc t es:

A R
- —_-yprt! 10)
ot P (

An Incomplete Cholesky Conjugate Grad ent De-
composit on (I CG) solver s employed for solv ng Eq.
9. Hav ng calculated the new t me level pressures, the
veloc t es are updated us ng Eq. 9.

F gure 1 shows the boundary cond t ons used n
the VOF method. The " n flow” and "out flow”
boundary condit ons are mathemat cally wr tten as:
(VV)si =0, (Vp).i =0 and (Vf).n =0, whereas "n”
refers to the normal vector of the boundary. For the
ax s of symmetry, no grad ent cond t ons and free-sl p
boundary cond t ons are mplemented.

Cawvitation Model
Several cav tat on mass transfer models can be used to
replace S n Eq. 4. Among the more recommended

axis of symmetry

out flow in flow
no gradient boundary
Figure 1. h Bon aycon ons s n VOFsim a-

ons
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models we have the Raylegh equaton and sem -
analyt cal schemes [1]. Many sem -analyt cal schemes
are based on the mod fied Rayle gh theory or a mass-
momentum interact on model around the cavity nter-
face [23]. In current study, the sem -analyt cal model
of Kunz s used to treat S n Eq. 4:

ﬁ+‘7§f: Odestpl m n(-Pl_vaO)f Oprod(]-_f)f2

ot (1/2p,VZ)p, oo Pt
(11)

where Cgese = 9 x 10° and Cproq = 3 x 10* are

numer cal-exper mental we ght ng coeffic ents.  The
flow character st ¢ t me, to,, s defined as the rat o of
the max mum sol d-body d ameter to the ma n flow
veloc ty. The second term n the r ght hand sde
of Eq. 11 s for the condensat on that occurs near
the cav ty closure regon. Ths phenomenon causes
small vapor structures to detach from the end of the
cav ty. The Kunz model assumes a moderate rate of
constant condensat on; therefore, t reconstructs the
cav ty reg on more accurately than the other models
1, 23].

Boundary Element Method (BEM)
Th s sect on expla ns the BEM cav tat on model based
on the potent al flow theory.

Mathematical Formulation

The potent al flow model presented here s based on
Green’s thrd dent ty formulat on [15]. Apply ng th s
formulat on to the ax symmetr ¢ d sturbance veloc ty
potent al, ¢, results in:

27r99(r,x)://{g—zG(x,r;§,R)
s

9G (z,7;¢, R)

el =,

}Rdcp ds (12)
where n s the normal vector drected outward from

the sol d-body surface and the cav ty nterface, s s

A
<____é:____> <___x___€-->/.(x,r)

7

1
1
]
'
|
!
\"4

A A

sources ring

Figure 2. o ¢ n nacy n ca coo ina

the arclength along a mer d an, and x and r are the
components of the ax symmetr ¢ coord nate system.
G(x,7m;6,R) s the potential funct on related to the
flud sources dstrbuted along a rng of radus R
located on the axis at = ( (see F gure 1). The
potent al funct on is defined as:

+7
G(x,r;é)R)Z/ do
7 \/(x — &) 4+ 72 + R? — 2rRcos(¢)
= RJY(A,B) (13)
where
A=r’+ R* 4+ (2 —¢)*
B=2rR (14)
and
J)(A,B) = 4 K (k)
tymE T A+ B

, 2B
T A+B

(15)

Equat on 13 states that the potent al flow on
any surface can be shown by means of a seres of
r ng-d str but on of sources and d poles. For ths
purpose, a ser es of source r ngs s d str buted on the
1 qu d/cav ty nterface, and a ser es of d poles r ngs on
the sol d-body/cavity nterface (F gure 1). The total
and d sturbance potent als are related by:

b=zt (16)

where all quant t es are made d mens onless w th re-
spect to p, Uy and d. The boundary cond t ons are
k nemat ¢ cond t on on the sol d-body surface. Both
the knemat ¢ and dynam ¢ cond t ons are on the
lqud/cavty nterface. These cond t ons are mathe-
mat cally formulated as:

17

a—i =0 on Sb U SC (17)
9o

% =+v1+o on SC (18)

where S; and S, are the areas of the sol d-body surface
and the 1 qud/cav ty nterface, respect vely. These
boundary cond t ons are equal to:

2 _

5, = ~In on S, U S, (19)
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and
Iy
E:\/l—ko—xs on S, (20)

where n and s are un t vectors normal and tangent to
the sol d-body/cav ty boundary, respect vely. The last
boundary cond t on may be ntegrated to y eld:

v=po+V1+to(s—s9)—(zr—zy) ons, (21)

where g, s the potent al at the detachment po nt of
the cav ty on the sol d body.

Governing Integral Equation

Plac ng the unknowns on the left-hand s de and the
knowns on the r ght-hand s de, Green’s th rd dent ty
S wr tten as:

27T99+// —dS // —GdS =
// ——GdS — // —dS (22)

on the wetted port on of the sol d-body/cav ty bound-
ary and on the 1 qu d/cavity nterface:

// Tas - // g"oads // 9% Gas
—2%@—4/@‘2—5&? (23)

Implement ng the above boundary cond t ons, Eq. (22)
can be wr tten as:

2w+// ——dS — // 92 Gas

+¢0//—d5+\/1+—0 // s = s0) —dS
—//andS+//($—$o)%dS (24)
Sy Se

on the sol d body, and Eq. (22

// —dS — // GdS + g 27r+//—d5

} becomes:

+V1i+o 27r(5—50)+//(5—50)g—GdS
S,

—//InGdS+ 27r(x—xo)+//(x—xo)%d5
S5 o

(25)

on the 1 qu d/cav ty nterface.

In add t on to these equat ons, an aux 1 ary cond -
t on s requ red for wh ch we mpose the cond t on that
the net source strength be equal to the flux through
the jet, wh ch may be expressed as:

/ / 9% 45 = / / 2dS (26)

RESULTS AND DISCUSSION

The two methods descr bed above were used to inves-
t gate var ous effects assoc ated w th an ax symmetr ¢
body cons st ng of a d sk cav tator followed by a con cal
sect on and endng n a cylndrcal shape (F gure
4). The geometry parameters shown n F gure 4 are
nond mens on-al zed based on the cav tator d ameter.

To val date the models, the results of the two
methods are compared w th each other and w th those
of the ava lable exper ments n the lterature. Water
properties at 25°C are cons dered n th s study.

Model Validation

Although cavtaton s a complex two-phase phe-
nomenon, analyt cal solut ons of super-cav tat on be-
h nd s mple obstacles such as a d sk or a sphere are
ava lable. Re chardt analyt cal relat on [24] for super-
cav tat on beh nd ax symmetr ¢ cav tator s g ven by:

o + 0.008

lcavity,max _

27
dca’u’ity,lnax 0(170 + 0066) ( )
dcavityn.ax _ Cp 0-5 (28)
Dcavitator 0'(1 — 0.1320'0'5)

where lcqvity,mar and deqvity,mes are the maximum
length and d ameter of the cav ty, respect vely, and

Dipole & Source Rings

DipoleR’in}\ g '.} ‘.‘
Voc / [ : ‘\
Figure 3. pcaon f h su os ion of h f

iosandso cs ns
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Palset and Schaffer proposed the follow ng analyt-
cal equat on for the drag coeffic ent of a d sk cav tator
for cav tat on numbers less than 1.5 [25]:
Cp = Cp,(1+ o +0.028 ¢°) (29)
where Cp, s equal to 0.8053.

The cav tat on beh nd a d sk cav tator for several
cav tat on numbers s s mulated us ng both VOF and
BEM methods. The results of the two methods
are compared w th each other and w th those of the
analyt cal relat ons given by Eqs. 27, 28 and 29. F gure
5 compares the results of the two methods with those
of the ava lable exper ments [1] and Re chardt relat on
(Eq. 28). As understood from the figure, the results of
both models agree well w th those of the exper ments
and the theory for h gh cav tat on numbers (¢ > 0.15).
For lower cav tat on numbers, wh le the VOF method
pred ct ons are n good agreement wth Re chardt
relat on, the BEM method sl ghtly overpred cts the
exper mental measurements. The results from d fferent
methods and exper ments for d mens onless cav ty d -
ameter versus cav tat on number are shown n F gure 6.

The VOF method g ves a better pred ct on compared
to that of Re chardt relat on (the d fference be ng
less than 3.3%). The results of the BEM techn que,
however, are closer to those of the exper ments. The
compar son between the two methods, exper ments,
and Palset-Schafler equat on (Eq. 28) for the drag
coefficent s dsplayed n F gure 7. Whle the VOF
model well pred cts the exper mental results, the BEM
method underpred cts the measurements.

Partial Cavitation over an Axisymmetric Body
In ths sect on, we study the part al cav tat on over
the ax symmetr ¢ body under cons derat on (F gure 4).
The effects of var ous parameters (cone length, cone
angle, and cyl nder d ameter) on the shape of the cavity
for d flerent cav tat on numbers are nvest gated. The
results of VOF model for a base case s shown n F gure
8 for a cav tat on number of ¢ = 0.0698. For ths
case: R,=0.25, the cone angle s a=7.407° and the
cyl nder rad us s Rqy;= 0.9. In the VOI method, the
full Nav er-Stokes equat ons are solved; therefore, all
nformat on regarding the flow s obta ned. F gure 8
d splays the shape of the cav ty along w th flow velocity
and pressure d stribut ons. The veloc ty magn tude
s seen to be related to the phase of the flow, n
the vapor phase the veloc ty has a smaller magn tude.
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The reentrant jet at the cav ty closure reg on and the
backward flow w th n the cav ty s v s ble n the figure.
The pressure n the vapor phase s seen to be constant
and equal to that of the vapor pressure.

To invest gate the effects of d fferent geometr c
parameters, wh le one parameter is changed from that
of the base case, other parameters are held constant.
The results for each case are first presented us ng the
VOF method. Then, a quant tat ve compar son s
performed between the two methods of VOF and BEM.

Effect of Cone Length

To study the effect of cone length, the cone angle
at a=7.407° and the cyl nder d ameter at R.,;=0.9
were held constant. Then, by vary ng R, (T gure 4),
d flerent cone lengths (L.one) were produced. Three
d flerent values of R, were cons dered for th s study.
F gure 9 shows the results obtained from the VOF
method for two values of R, equal to 0.167 and 0.5.
For the base case shown n F gure 8 R, was equal
to 0.25. A compar son between I gure 8 and the two
mages of F gure 9 reveals that as the cone length s
ncreased, the cav ty reg on covers a larger space. The
case w th R.=0.5 needs extra attent on because n ths

case, the cone length s decreased to the extent that no
cav tator ex sts in front of the body any longer. As seen
n F gure 9, the results of both methods nd cate that
the cav ty length does not change s gn ficantly when the
R, s changed. The BEM method does not pred ct the
reentrant jet phenomenon; the method needs a more
soph st cated model for treat ng the closure reg on.

To see the effect of cone length more clearly, the
d mens onless cav ty length vs. cavtat on number for
d flerent cone lengths (by varying R.) are shown n
F gure 10, where the results of both the VOF and BEM
methods are shown. No exper mental or analyt cal
results were ava lable n ths case. However, to show
the d fference between supercav tat on beh nd a d sk
cav tator (no cyl nder) and part al cav tat on beh nd
the ax symmetric body under cons derat on, the results
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of supercav t aon beh nd a d sk are also d splayed n
F gure 10. Therefore, the VOF and BEM results n
the figure should not be compared w th exper mental
po nts and the analyt cal curve shown n the figure. As
seen from Figure 10, whle in the BEM method, the
cone length makes no d fference n the cav ty length,
the VOF method pred cts a smaller cav ty when the
cone length s decreased. As the cavty length s
related to the nverse of the cav tat on number, when
cav tat on number ncreases (i.e., less cav tat on) the
VOF and BEM results are near ng each other as seen
n Figure 10.

F gure 11 shows the d mens onless cav ty d ameter
versus cav tat on number for the same geometr ¢ var a-
t on d scussed above (R, s vary ng). As observed, the
d ameter of the part al-cav ty pred cted by the BEM
method does not change w th cone length; the results
of th s method 1 e n those of the Re chardt relat on for
supercav tation. The VOF method, however, pred cts a
smaller value for the cav ty diameter compared to that
of the BEM. When cav tat on number s decreased, the
results of the two methods approx mate each other.
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Effect of Cylinder Radius
The results of the VOF and BEM methods for the
shape of the cav ty for four d fferent R, (nond men-
s onal ¢yl nder rad ) are plotted n F gure 12. For the
case cons dered here, the cone angle o was 7.407°, R,
was 0.25 and L.y+Lcone = 40 (see F gure 4). The
cyl nder rad us was R.;=0.5, 0.7, 0.9, 1.1. As seen
from F gure 12, the cyl nder rad us has no s gn ficant
effect on cav ty length. The cav ty d ameter, however,
s decreased when the cyl nder has a larger rad us. The
cav ty detachment from the cyl nder s also expected to
occur n a cyl nder w th a smaller rad us.

The d mens onless cav tat on length vs. cav ta-
t on number for two d flerent cyl nder rad s plotted
n F gure 13. The results of the exper ments and theory
for supercav tat on beh nd a d sk cav tator w th rad us
Rasere (i.e. wth no cone and cyl nder body) are also
shown. For low cav tat on numbers, d screpanc es are
observed between the results of the two methods (VOF
and BEM). The two results, however, agree well when
cav tat on number ncreases (o > 0.2). It can be seen
from both methods that when R.,; s decreased, the
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shape of the cav ty approaches that of the supercav ty
beh nd a d sk cav tator.

The effect of cyl nder rad us of a constant cone
angle on the nondimens onal max mum cav ty d ameter
s dsplayed n F gure 14. Whle the results of the
BEM method follow those of the supercav tat on of Re-
chardt analyt cal relat on, the VOF method pred cts
a var at on of cavity d ameter as the cyl nder rad us s
changed. From the results of th s method, t appears
that the rat o of R.yi/Raisk $ an mportant parameter.
When R.,; ncreases, the effect of cav tator d ameter on
the cav ty s reduced.

Effect of Cone Angle

The last effect cons dered s that of the cone angle for
a cylnder wth Ley+Leone = 40 and L.one=5 where
R. was 0.25. Three cone angles of 4°, 6.3°, and 10.75°
were cons dered. F gure 15 d splays the results of the
VOF and BEM methods for these cases. Reduc ng the
cone angle ncreases both the length and d ameter of
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the cav ty regon. It should be ment oned that the
reason for the select on of a cav tat on number of nearly
0.09 for ths figure (and F gure 12) was because n
th s cond t on, the effects of geometr ¢ parameters and






