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ABSTRACT

This is the Final Report, describing all the tasks accomplished in Phases
A and B of Contract No. N00600-76-C-0790, including a listing of the
computer program developed under the present contract and manual

describing input and output data.

In order to incorporate the three-dimensional effect and cascade effect
into the performance prediction of the supercavitating propellers, a two-
dimensional supercavitating (2-D s/c) cascade theory and a lifting line
theory were combined. The force coefficients obtained from the 2-D

s/c cascade theory will account for the cascade effect whereas the three-
dimensionality is incorporated in terms of effective flow incidence angles

at each selected spanwise location of the blade for the 2-D program.

An inherent difficulty in applying the 2~-D s/c cascade theory to three-
dimensional flows arises due to the existence of the choking condition
but was overcome by correcting the effective upstream velocities de-
pending on the cavity thickness. Mathematical formulation combining
the 2-D s/c cascade theory and a lifting line theory is described. The
method proposed for the cavity thickness correction is explained, fol-

lowed by numerical procedures to solve the problem,

Numerical results made with the 2-D s/c cascade program for a s/c ¢ -« '

NSRDC Model 3770 propeller geometry have shown a most significant

cavitating cascade effect. These results seem to explain very well the
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discrepancy existing between previous experimental data and design data.
The propeller characteristics such as thrust, torque coefficients and
efficiency have teen calculated and compared with experimental data,
having provided a good correlation over a supercavitating range of speed

coefficient, J.

However, for J's beyond the above range, the present results quickly
deviate from the experimental data because a part of the propeller near
the hub is at partially cavitated condition to which the present theory is

not applicable.
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NOMENCLATURE

g-coordinates in two-dimensional cascade problem
scale factor of cascade mapping function

chord length of blade

power coefficient (=P/%0Va3rrR2)
thrust coefficient (=T/-§-0Va2 TTRZ)
spacing between two blades
propeller diameter (= 2R)
number of blades

normalized circulation (= I‘/ZTTRVa)

induction factors for the axial and tangential induced
velocities . and w,

t
speed coefficient (VaT\'/UJR =)
propeller rotational speed

static pressures at upstream uniform flow and inside
the cavity

power
torque

radial position from the propeller axis
propeller hub radius

propeller ra lius

arc length on the blade measured from the cavity
separation point

solidity (= c/d)
total wetted arc length of the blade

thrust

viii




I3 U = velocity at upstream infinity with downwash correction
(but not including cavity correction) (= Ve+ Vc)

= velocity at downstream infinity

U
19 = geometric mean velocity

8
=

4 v = relative velocity to the blade (=((w r)2 + Vaz)z)
Va = advance speed (axial flow speed)
V. = induced velocity due to the cavity thickness effect
2 Ve = effective velocity including induced velocities
(={(we -wp)? + (wy+ VR - V)
» W, W = induced velocities in the axial and tangential directions,
i respectively
X = normalized radial position (=r/R)
3 a, = deflected flow angle referred to the nose-tail line
o = induced flow angle
¢, = effective incidence angle
» q,g = geometric incidence angle
Ces = geometric mean flow angle
3 = pitch angle (= t:a.n-1 Va/wr = ta.n-l J /™)
3 8 = pitch angle including downwash effect (= tan‘l(wa-k Va)/(wr-wt) §
B = local slope of blade
Y = geometric stagger angle
L T = circulation
8 = stagger angle in potential plane (= c.e+y)
¢ = transform potential plane
L n = propeller efficiency (= CT/Cp)




Lo IR TL B

advance coefficient (= Va/mR)

real axis of the {-plane
density of fluid

local cavitation number (=(pl- pc)/%ovez)

angular velocity of propeller
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2. INTRODUCTION

The development of a prediction method for supercavitating propeller
performance at off-design conditions is a difficult task due to an additional
complexity of the cavity flow to that of three-dimensional propeller con-

figurations.

Unlike the conventional propellers used at relatively low ship speeds,
supercavitating propellers are expected to have strong cascade effects.
The existence of blade cavities causes blocking or choking effects on the
flow passages as the extent of cavity becomes large both in length and
thickness, Some propeller designers already pointed out the importance

of the cascade effect in s/c propeller design in their earlier papers such

as [1] *.

A similar effect was also found important even for subcavitating propel-
lers: the paper by Kerwin and Leopold [2] showed that large incidence
angle corrections are necessary due to blade thickness effect even if the
thickness is small, The correction becomes particularly significant as
the thickness ratio to the blade spacing becomes high, i.e., near the
hub., This is considered to be exactly the same blocking effect as that
for the cavity flow., It is now evident that the cascade effect of blocking
effect must be correctly incorporated into the performance prediction

of s/c propellers.,

*
Number in brackets designates Reference at end of paper
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Although linearized s/c cascade theories in [3] have long existed, such

theories are unable to accurately predict hydrodynamic characteristics
of these highly nonlinear s/c cascade flows. It was not until just re-
cently that a fully nonlinear 2-D s/c cascade theory [4] was developed,
greatly facilitating the calculation of these cascade effects and providing

a powerful engineering tool.

The method of solving the present problem is a combination of the 2-D
s/c cascade theory with a lifting line theory. The procedure to be used
is stated as follows. Specifying all physical and geometric conditions of
the s/c propeller, 2-D solutions at several radial or spanwise locations
of blades will be obtained. A difficult question however arises as to what
effective flow incidence angles, , must be used for the 2-D analysis.
The downwash effect in propeller flows are usually so strong that the
geometric flow incidence angles, ag (see Figure 1 for definition and also
Table C2 for actual values of c,g for the 3770 supercavitating propeller),

are completely different from the effective incidence angles, Qe

The present propeller problem is very much similar to that of a single
airfoil of finite span for which an integral equation of a lifting line theory
must be solved. The result determines I', the distribution of circulation,
or equivalently lift over the blade span so as to provide a right amount

of downwash effect everywhere for generating the above circulation, T.
The evaluation of the downwash angle, L in this case is most simply
made by a propeller lifting line theory but in a somewhat complicated

form, The effective angle of flow incidence, Qs is then obtained by




subtracting % from ag. Applying this o to the lift curves calculated by
the 2-D s/c theory, we can determine the circulation distribution, even-
tually ending up with an integral equation for - with the span location as

a variable.

A different type of difficulty arises when applying a two-dimensional flow
approach to a three-dimensional flow, although this type of approach has
been well adopted for subcavitating propeller design. Contrary to

the supercavitating propeller problem, the same method for subcavitating
propellers creates no serious problems in determining the forces at any
blade location for any given effective incidence angle, Qg» since the lift and
drag forces used for subcavitating propellers are continuous function of
Qe However, in the present problem, due to the choking condition the
force curves obtained by the 2-D s/c cascade theory are discontinued
right at that point (see Figures 7(a) to (f) for choking conditions on the
lift curves). The physical meaning of this is explained as follows. The
cavity length and thickness increase as the incidence angle increases,
and finally the cavity extends to downstream infinity with a maximum
cavity thickness., This blocks or chokes the flow path of cascade. It
therefore becomes impossible to increase the total mass flow going

through a cascade beyond that point at the choking condition.

This type of 2-D choking condition never occurs in the three-dimensional
(3-D) flow configuration even if the flow cavitates and locally chokes.

Consider a cascade of blades having finite span length. The 3-D cascade




can have a similar choking condition locally, but the amount of flow we
can push from the upstream infinity with any incidence angle is unlimited
since any mass flow in excess of that going through the cascade can go
around the corners of cascade in the direction of span. Thus, the
'effective' flow velocity going through the propeller remains almost
constant at each blade radial position. The terminal values depend on
the cavity thickness but not depend on the upstream velocity. As long

as the cascade span is finite this phenomenon holds true. However, once
the span extends to infinity, going back to a totally two-dimensional con-

figuration, the inherent problem mentioned above arises.

As a first step for resolving the present difficult situation, we use a
simple, intuitive method with the above physical picture of 3-D cavity

flow in mind. The upstream velocity is corrected at each spanwise lo-
cation by distributing line sources in cascade configuration whose strengths
are determined based on the cavity thickness. The effective velocity
obtained with this method is always smaller than that of the original flow
so that the cavitation number to be used for the 2-D analysis becomes
larger thus being able to avoid the choking condition. It must be pointed
out that the correction here is not on the incidence angle as downwash
correction but on the upstream velocity or equivalently the cavitation

number.

In this report, we present a mathematical formulation which combines
the 2-D s/c cascade theory with a lifting line theory and a method for

correcting the cavity choking effect, followed by numerical procedures

-y
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to solve the problem. Computed 2-D s/c cascade results for a chosen
NSRDC Model 3770 propeller geometry are then presented, showing a
remarkable cascade effect. With these 2-D s/c force coefficients used,
the propeller performance was calculated and compared with the ex-

perimental data [5] .

The results correlaie well in the supercavitating regions but quickly

deviate as the speed coefficient, J, becomes larger due to the appear-
an-~e of partial cavitation near the hub. This discrepancy is naturally
. expected since the present theory is only applicable to the fully super-

cavitating propellers.

SV

r Originally, the present work had been planned to incorporate the results
of the above computations into a lifting surface theory (see Reference [6]
for the detailed procedure of this method). However, it has been found

that the present method combining the 2-D s/c cascade theory, lifting

lire theory and cavity thickness correction provides accurate results
correlating well with existing experimental data. We describe several
theoretical backgrounds why the method accounts for all supercavitating

propeller characteristics as follows;

i) By having used the results of 2-D s/c
cascade theory, we have accounted for
a most important effect of super-

cavitating propeller flows, i,e. the

existence of the cavity in cascade




ii)

iii)

geometry. The forces on the s/c cascade

used as the basis for propeller calculations
corrected by a lifting line theory are found
to be much smaller than those of a single
foil due to the influence of the low pressure
region of the cavity on the pressure side
of an adjacent blade. In addition, the
blocking effect due to the cavity has also
been incorporated in terms of a cavitation

number correction,

The finite aspect ratio correction to s/c pro-
peller blades is usually smaller than that on
fully wetted propeller blades (see [8] ) and

also limited by the choking condition, There-
fore the lifting line theory used above is con-
sidered fairly accurate as this has been proven

by a good correlation with experimental data.

Although a lifting surface theory will give all
boundary value corrections including both the
wetted portion of the blade and cavity stream-
lines as mentioned in [6] , no information
about the correction for upstream flow velocity
is obtained by the present method, it has been

proven that a correction for cavitation number

e




iv)

is a most important feature in applying a
2-D s/c cascade theory to calculations of

the propeller performance.

For those cases in which the cavitation number,
o, is close to that of the choking condition, the
2-D s/c cascade theory itself fails to converge
in the numerical iterative procedure as

will be explained later. For such ¢'s, the 2-D
theory may not provide a convergent solution for

new boundary values set by a lifting surface theory.

In the present approach, however, this difficulty
is overcome by an interpolation scheme as

will be seen later.

Consequently, we believe that the present approach
accurately accounts for all the hydrodynamic
effects of supercavitating propellers which a lift-
ing surface theory will provide and furthermore
that the former is superior to the latter from

the viewpoints of simplicity in concept and

economy in computation.




2. MATHEMATICAL FORMULATIONS

A two-dimensional supercavitating cascade hydrodynamic problem has
recently been solved by using the hodograph variables to satisfy the exact
boundary conditions. In this method the blade and cascade geometry,

the upstream flow conditions and the cavitation number are specified.

A system of five nonlinear functional equations involving five unknown
solution parameters was formulated and solved numerically using a func-
tional iterative method combined with Newton’s method. The details of

‘

the theory and numerical method are described in [4] .

In order to incorporate the two-dimensional (2-D) cascade theory into

the analysis of supercavitating (s/c) propellers, the effective angle of
incidence, a, (see Figure 1), must be determined. The geometric flow
incidence o,g, which is determined by the propeller blade pitch, rotational
speed y, and axial flow speed Va.’ is typically much larger than Qg due to
the strong downwash effects generated by the propeller helical vortex
sheets, For example, in some cases of s/c propellers, the downwash
angle Q; = :x,g - a, can be as high as ten degrees although the effective
angle of incidence is only four degrees. It has become clear that neglect-
ing the downwash in two-dimensional cascade calculations can result in

a solution far from the actual propeller flow situation. One of the ideas
in capturing the three-dimensional effect is to incorporate vortex sin-

gularities into a lifting line theory.

Preceding page blank




With the geometry of cascade and propeller blades, w* and Va specified,

the 2-D cascade problem can be solved if Ge and effective upstream velocity,

; Ve, are assumed known at each radial station r since Ggr 8; and ¢ are

obtained:
Q; = a.g =&,
Bj=B8+tay
P1-P
O = 1 ]
2V,

Five equations in the 2-D problem are now rewritten :

f.  Re {W(Cl)} -cr.e=0 (Upstream flow angle condition)

£, 8 Im {’»(Cl) } +inU,=0 (Upstream flow velocity condition)

2 2
£3 2 €3G 0 (Dowmstream flow angle condition)
£4 a g(l)-S=0 (Scaling between the physical and

transform planes)

. = gs-d {sin(c.e + \)-Uzsin<c.2 + Y)} =0 (Continuity equation)

*See Nomenclature and also the Blade Definition Figure 1 for the
definition of each symbols.

10

(1)

(2)

(3)

(7)

(8)




where explicit expressions for Re w(gl) , Im w(gl) » 83 s(-1) and g5

are given in Appendix A (and also see 4 ). It is noted that in equations

‘(4) thru (8) a,e's simply replace @y in equations (7), (8), (9), (15) and (16)

in 4 . It must be mentioned that the upstream velocity, Ve’ used for

these 2-D calculations is different from the velocity simply composed of
the axial flow, Va’ and the rotational velocity, wr, as is shown in Figure
1. Due to the three-dimensional downwash effect and the cavity blocking

effect, Ve is given by a following equation:

<
1]

e Ul'vc (9)

&
g
®
"
®
a
"

1 [(wr - Wt)z L BN wa)z]a

WoeW, = propeller induced flow velocities in the axial and
tangential directions
Neg = retarding flow velocity due to the cavity blocking effect.

Before describing the methods of determining wa; W,

look at how to obtain the circulation, I', from the above two-dimensional

and Vc’ first

calculations, which will be used in a lifting-line theory. Taking the
control volume designated by ABCD shown in Figure 2, the differences
in potential between the points A and D, and B and C are calculated

respectively by

ACDDA = Vedsin(y + c,e\

AcpCB = U2 dsin (y + az) ’




thus the net change of the potential in this control volume, that is,

I(x), is given by

T(x)

Aepa - 8%cp

Vodsin(y+a,) - U, dsin (v + a,) (10)
where x = r/R.

This formula holds both for the finite and infinite cavity cascade flows,
but for the former case a simpler form is obtained by using a con-
tinuity equation between the upstream and downstream flows, i.e.

g I d cos (y + a,e) = U2 d cos (y + qz);

sin(a, - @)
cos(y + a,)

, for finite cavity flows, ({11)

Tix) = Ve d

T(x) calculated in Equation (10) or (ll1) connects the 2-D results with

a three-dimensional lifting-iine theory to find the propeller induced

velocities.

The induced velocities in the axial and tangential directions W and

Wy, for the case where the blades extend from the hub at r = ry to the

Y R T R R TR e T T S

E - tip r= R, are obtained (see [‘7] for deté.iled derivations) from:

1

¥a 1| do(x) _1 . '
VE' o -2-[ dx}" X-x! "a('ai)dx’ (12)
a

*h

%
;i
i
f
E




1
; j :l%gﬂ‘;‘-}; it(ﬁi)dx' (13)
;A *n

v .2
"
N

where G(x) is a normalized circulation:

G(x) = (14)

L)
2TTRV

a
and

% =1 /R. (15)

i, and i, are the induction factors obtained by Lerb (7] and detailed ex-
pr'essions are found in Appendix B, It must be mentioned that for s/c
propellers the propeller loading ié expected to be moderate to heavy,
thus the downwash effects (12 ) and (13 ) must be evaluated b.y taking
into account the deflection of the vortex sheet location behind the bound
vorticies. Lerb [7] showed from a discussion of energy balance be-
tween the propeller disk and the ultimate wake that the location of vor-
tex sheets should be on a helical surface having an angle Bi (instead of
8) , which is a function of r, In the present calculations of Wy and w9,

we use Bi to evaluate i'a. and it‘ The downwash angle < is then obtained

from the following equation to an accuracy of first order in Bi:
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It has now come to a point of how we incorporate the choking or cavity
thickness effect into the problem, which relates to determining Vc in

- Figure 1, The physical picture of the choking phenomena in the 2-D and
3-D flows has already been discussed in the Introduction of this report.
A rigorous treatment of this type of problem will require an enormous
effort involving complicated mathematics, although it must be done some
time in the near future. Meanwhile, we use a somewhat more intuitive
method as a first step to avoid an inherent difficulty in applying the

results of 2-D s/c cascade flow to the propeller problem.

In order to represent the cavity thickness, a row of source singularities
of strength m are placed with a distance d in a uniform flow, the veloc-
ity of which is U1 with a stagger angle, v + Qs 28 depicted in Figure 3.

The velocity potential of the flow is given by

W=U, Z o Hyta,) . mln{sinh (I'—dz— )}, (17)

thus the velocity potential is obtained:

AW “1v+
SX-ue Uy+a,) o 2 Jtanh (m2/d). (18)

As x + +=, the x - component of the velocity changes by + mm/d, respec-
tively. If we know the thickness of the cavity, d- e, the strength of source,

m, is calculated by using the continuity equation
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e ' U1 cos(y+c.e) - U2 cos(y+c,2)(1 -e) .

{Ul cos(y+ a.e\ - _trg_‘r}d___ {Uzcos(y+az) + —rgﬂ-}(d- de)

mm (19)

d 2 -e

It means that although the mass flow, U, cos (v + a.e)- d per blade

from the upstream infinity ,comes into the cascade, the amount of mm

is rejected to go through the blade passage due to the existence of cavity.
The rejected mass flow, mm, should go normal to the paper plane, in
reality, in the radial direction of the propeller, Therefore V  is cal-
culated from (19) by taking the component in the U, direction;

_ mm 1
Ve="q Tes(vray (20)

The effective upstream flow velocity to be used in the 2-D analysis is

now obtained

Vo =gy =V
e 1 c

cos (y+a,) } 1

{U1+U2 cos(y+a,) 2-e (21)

where e is a function qf g and Gg’ obtained from the results of the Z;D
computations. Strictly speaking, the present method is only valid for

the infinite cavity flow cases in which the cavity is fully developed. However,
even for the finite cavity cases it is considered that the same cavity

blockage evaluation holds true by taking the cavity thickness at the end




points of cavity as e in Equations (19) and (21),

It must be noted here that the correction of the upstream velocity by (21)
changes the cavitation number, g, for which e is obtained at Qe It needs
an iterative scheme to satisfy the relationship in Equation (21) by starting
with e for G(Ul) and a, as an inijtial step and then finding a new e for a
new c(Ve) where Ve is just obtained from (21). It has been found in the

actual computations that the convergence of the iteration is rather fast.

The problem to be solved is now fully defined. With the propeller geome-
try, Va and w specified, one can determine a circulation distribution,
I'(x), in such a way that the free vortex sheets associated with the I" dis-
tribution generate a correct amount of downwash velocity to have a
sectional blade lift equal to pU_I' where U_ is the geometric mean velocity

of the upstream and downstream velocities (see Figure 4).

It is immediately seen that the problem is completely nonlinear inéluding
integral equations and thus cannot be solved explicitly., Two numerical
iterative methods are proposed to solve this type of situation and both

procedures used here will be explained in the following section.
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3. NUMERICAL PROCEDURES

. Two numerical methods for solving the above nonlinear integral equations

are proposed and have been tested in actual computations for their con-
vergence. The first method is what is called a substitutional iterative
method and the second one is Newton's iterative method similar to that

used in the problem of three-dimensional supercavitating hydrofoils [8] .

3.1 Substitutional Iterative Method

This method exactly follows the stepé of the mathematical formulation,

the flow chart being shown in Figure 5.

Assuming the effective incidence angles c.in) (x), n=0, at each spanwise
location one can find downwash angles c.i(.n) (x) and a cavitation number
o(x) from equations (1) and (3). The solutions of the two-dimensional
s/c cascade problem provide Qs the deflected flow angle at down-
stream infinity. In actual computations it is convenient to establish a
functional relationship of a, as a function of ae_and ¢ at each blade sec-
tion, Since %, is a smooth function of c'e and g, the 2-D calculations
for several values of @ and g's will be sufficient to represent o, by
functionally establishiag the results at discrete points. By doing this
one can save a considerable amount of computer time since the 2-D
computations are the most time consuming part of the calculation. If
this relation is not established at the beginning of the computation pro-

cedure, the 2-D program must be run for each iterative loop. This can

L7




be seen in the flow chart, Figure 5, where the returned loop will now

go back to the 2-D calculation box instead of the az-box. In some cases
in which the stagger angle and blade solidity are large, the 2-D s/c

cascade program becomes numerically unstable as was reported in [4] .
This problem, however, is overcome if the 2-D features are completely

calculated at the initial stage of the numerical procedure.

The induced velocity, Vc, due to the existence of cavity and thus the
effective flow velocity, Ve’ are obtained by a small iterative procedure
in Equation (21). The sectional circulation distribution T(x) is then ob-
tained by Equation (10) or (11), thereby enabling us to calculate Was Wi
and ai(n+1)(x). The values of ai(o)(x) first assumed are now checked to

determiine that they are corrected. If not, with a new ai(n+1)(x) and

c,.(n+1)

i » we proceed to the next iteration until a convergent solution is

(n)

, starting with an assumed value

(n)

o})tained. In each iteration, B;
\ai(o) =8+ c.i(o)/,must be calculated and a new value of B; must be used
in calculations of Ve and W It must also be noted that the cavitation
number o based on V is used for the first iteration but o based on Ve

is used from the second iteration on.,

If the test for the convergence of solution parameters, for example, Qs
is pa ,sed, we proceed to calculate the propeller characteristics such

as thrust, power coefficients and efficiency.

When the method was applied to the present problem, we found that con-

(o)

verged solutions were obtained only if assumed starting values of e

1£




were close to the actual solutions. It is for this reason that a second
method using Newton's technique is proposed for seeking a better

' convergence.

3.2 Newton's Iterative Method

We incorporate Newton's method into the nonlinear integral equations
for improving the convergence of iteration. This requires a new arrange-

ment of the problem in order to identify the solution parameters.

From Equations (16), (B-16) and (B-17),

k
1
£ =tan (agm) - o.e(x)) (EJi ‘T= L G " (m(x))) (22)

m=1

k
o I, moanal s} -
: ms=

and from Equations (14) and (B-11),

k
T(x,a_(x),0.)
_2: : e e’ _
g =m=1 G, sinmo (x) - TR Va = 0 . (23)

Choosing discrete control points in the radial direction of the blade for
which the computations will be made, say x= 0.4 to 0.9 by 0.1 increment,
we have six independeﬁt equations in (22) so that the same number of
Gk's are chosen for the solution parameters, in this case k=6, S_ince
all other quantities in equations (22) and (23) are known except for

a e(x)'s, they are naturally chosen as another six solution parameters,
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called @,. We now have 2k solution parameters for a system of

nonlinea: integral equations having an order of 2k,

Rewriting these equations and parameters symbolically by

l(i(n)) (_(n+ 1) _ E(n)) P E(i(n)) (24)
where J is a Jacobian matrix whose component is given by
d= aFi/axj. (25)
In the present case each component of .=I. is either analytically or numer-
ically calculated;
Oy L %5 . a
= |\ tan (8 (x;) - g ){ - 1% (@020} /(1-x)
(26)

- ih (P /(1-xy) 1i=1~6, j= 16




|

o

of.
. il 2 Plaia e L
aaek-— -A(xi) bik/cos (ag(xi)'aek)'l- 1 6'
j=17~12, k=j-6 (27)
oF; % . . . . -
3= | 3G =m{“"“k’}‘ iy e e e i
o8y S g 2
= e Tl 6., 0 iz T 12,
Scxe" ZTTRVa aa.ez k’ “ek’“e
j=T1~12, k=i-6, £ =2]j-6 (29)

where all partial derivatives are analytically calculated except for T

for which a finite difference method is used.

Iterative numerical procedures for this case shown in Figure 6 are very
similar to those of the first method shown in Figure 5. Our experience
in using this Newton's method for the present problem indicated rather
slow but steady convergences for almost all cases. It has also been
found that the method is much less sensitive to the initial starting values

of solution parameters.
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4. CALCULATIONS OF THRUST, TORQUE COEFFICIENTS AND
EFFICIENCY

' In the cascade flow the lift force acting on the blades is known to be

normal to a geometric mean angle a_ (see References [4] and [9]) which

is depicted in Figure 4:

' 1) 1
@, = cos {ﬁ:(ve cosa, + U, cos c.z)} (30)

where .
sl 2 2 3
U.- Z{Ve +Uz +2VeUzcos(ae-a2)}

or 2
19) v U U 1
s _3il2 _2 _2 2
V— = "(V ){I'F(v ) + 2 v cos (ae'az)} » (31)
a a e e

¥ is taken to be unity in the 2-D calculations and from Figure 1

Ve/ Va is calculated from

U vV +V W,

1 e e - t 1

- =~V = ézots -7 )—_-COSB. A (32)
a a a i

Thus, a sectional thrust is obtained:
dT = g{pU.I' cos (Bi+ % - a._) ~ (Dg+ Dy) sin(B;+ a.e'- Gy ) } dr

where D, and D; are pressure drag on the cavitating blade parallel to

the direction of U, and friction drag on the propeller blade;

2
D,=Cpy: 20Uy

Preceding page blank




R
T = gf{o U.I"cos(ai+a.e-a._)- (Dg, + Dy) sin(si+a,e-a.)}dr'

T
h ) :
= g 21'rR2 o Vazi{v—: (x') G(x') cos (Bi +'a,e - a') (33)

2
1 c(x') U‘ : !
- = % v (CD'+Cf)sm(Bi+ae-qb)}dx :

The thrust coefficient CT is obtained by normalization:

- A U, (x') e 5
C. = = gf { X') cos ( G (oo Q’)
T %pV TR Va. 4 i
s *h
g gt pU et
-+ 5 - (Cpe + Cp) * (34)
a

Similarly the power coefficient Cp is calculated as:
dP = ry dF dr

= rmg{pUal" sin (Bi+ - c,“) + (D + Df) cos (Bi+ - %)} dr

or
3 2 Ua(x’)
P=g2mR™ o V fx'{ 7 G(x') sin (ei+a.e-a.°> (35)
a % a3
g ot ey A
+Tﬁ cR 7 (CD¢+Cf) cos(si+ae-a’)}dx'
- a
and P %J}';U,(x') SHth o (e & ))
(i e x x') sin (8. + a_ -
P %pva R " Va M e
h
1 c(x') Uo 2
a

cos(3;+a, - c..)} dx'
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where

It must be emphasized that U_ is calculated as a nondimensional number

in the 2-D cascade theory problem, referring it to Ve, However, U_ in
Equations (33) to (36), need to be absolute values. They must be multiplied
by Ve in these calculations. Similarly, I’ calculated in the 2-D problem

by equation (10) must use 'd' which has a dimension since again in 2-D
calculations d is normalized by the chord length c. The propeller ef-
ficiency m is finally calculated as:

C
n=e= . (37)
P

Another definition of thrust and torque coefficients, using symbols KT

and KQ ,is given by

K = T/pn°D* (38)

2.5
K, = Q/pn“D”, (39)

thus the relations between these numbers and CT and Cp are obtained

2
_nJ
Ko = =g Cop (40)
3 ,
KQ=-1-6-C (41)

(42)
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An alternative way to obtain these coefficients is that instead of using '
and D., we can directly use cL and CD which are normal and parallel
. to the direction of the upstream velocity, Ve. CT and Cp are now ex-

pressed by the following formulae:

1 2
' V(x") . ) : ;
CT zfsol(x ) —g— X {CLcos Bi-CDsmBi-Cfsmsg}dx

% =

1 2
2 G bostl Y sl susve +C dx'
C T |s° (x') v, x 1, Sin8; pcosB;tCcos Bg
L

where sol(x') is a solidity of the blade at x.
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5. NUMERICAL RESULTS OF THE TWO-DIMENSIONAL SUPER-
CAVITATING CASCADE

As shown in the flow charts of Figures 4 and 5 the first step in the numerical
procedure of the present method is the calculation of the two-dimensional

hydrodynamic characteristics of supercavitating cascade.

It is intended that results of trial computation will be compared with
existing experimental data [5] and those being currently obtained at

David Taylor Naval Ship Research and Development Center (DWTNSRDC).
The geometry of a supercavitating propeller Model 3770 deéigned on

the basis of the method developed by DWTNSRDC [1} has therefore been
chosen. The profiles of the blades were designed based on a Tulin-
Burkart two-term camber with an additional camber to account for a
lifting surface correction [10] . Appendix C describes the equations of
the two-term camber with some representative coordinates and K, cor-
rection factors, including other hydrodynamic design and geometric pa-

rameters.

In order to cover a complete matrix of possible effective incidence
angles Qg and local cavitation numbers Oe with J in the 2-D computations,

the following procedure is used.

The design cavitation number of Model 3770, based on the ship speed
Va,is chosen to be 0,617, I’First of all, the local cavitation number Oy

2
based on V(= {(wz-)2 + Vaz} ) can be calculated at each radial location:
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=gy {1+(nx/J’)2}-1 : (45)

cv's calculated this way are listed in Table CZ2 of Appendix C.
Strictly speaking, however, the cavitation number to be used for 2-D
calculations must be based on the effective upstream flow velocity v,

so that

va : VC 3
e o B i e
1 e

where Va/Ul and vc/Ve are calculated from Equations (32) and (21),
respectively. As a matter of fact, these cre's have been used in the pres-

ent propeller computations.

From the flow angles B, blade setting angles Bg and speed coefficient
J, the geometric incidences angles c.g can be calculated to estimate
the initial values for Qg Since Bg is shown in the Table Cl of Appendix

C and 8 is calculated from:
8 = tan™ }(J/mx), (46)

°’g is easily obtained and is tabulated in Table C3.

28




It is seen from Table C3 that the maximum and minimum values of ag

are 21.11 degrees and 2,06 degrees at x=0.3, J=0.3 and x=0.9, J=0.7,
respectively. The range of cavitation number based on V in Table C2

is found to be 0.0069 to 0.2194. Based on these values it was decided

to calculate the 2-D s/c cascade characteristics at four different incidence
angles, 2, 3, 4 and 6 degrees with a cavitation number ranging from the
choking condition to about 0.08. For any other combination of an incidence
angle and ¢ which will arise in the iterative procedure, the 2-D flow
characteristics will be extrapolated or interpolated analytically. It is
noted that the maximum value of Co» i.e. 6 degrees does not seem

to cover a value of u,g of 21,11 degrees. However, the downwash effect
near the hub is so large that thé effective angle of attack will be near or
within 6 degrees. It is also obvious that no supercavitation occurs at

o= .2194,

Figures 7(a) thru 7(f) show the calculated lifts CL normal to the upstream
flow as functions of cavitation number 4 at normalized radius locations,
x=0.4, 0,5, 0.6, 0.7, 0.8 and 0.9. The 2-D calculations were left out
for the point at x= 0, 3 because the cavitation number is too large and the
solidity is too high to obtain convergent solutions in the 2-D computations.
In addition, the propeller performance can be accurately calculated without
the informaticn at that point by an interpolation scheme as will

be seen later.

Two different computer programs (see [4] ) were used, one for the chok-

ing condition at which the cavity extends downstream to infinity and the




ﬁ.

other for the finite cavity case. In these figures we see that a signifi-
cant cascade effect occurs in cavity flows, In Figure 7(a), for example,
where the solidity is small, 0,244, near the tip (at x=0,9) with a stag-
ger angle of 74 degrees, it is seen that the lift coefficient CL increases
as the incidence angle increases. This phenomenon is quite similar to

that observed in single lifting foil cases. It means that the solidity of

0.244 at this location with y= 74° is yet too small to see much of a cas-
cade effect and thus the flow is similar to that of a single foil except that
the choking phenomenon appears. However, at x= 0.8 where the solidity
becomes slightly larger, 0.365, with a stagger angle of 72.4 degrees,
the lift coefficient CL at Qe = 6° loses its value as o becomes small (see
Figure 7(b)), until finally its value becomes even smaller than that ob-
tained at q,e=4°, 3° and 2°, The reason why this occurs at smaller ¢'s
is obvious: the smaller the cavitation number, the longer and thicker

is the cavity (see Figures 10(a) thru 10(f)), so that the cavity boundary
with a low cavity pressure is close to the pressure side of the neighbor-
ing blade, causing a loss in lift, It is also seen that the cavitation number
Oq at which this change in CL occurs in Figures 7(a)-(f) checks quite
well with the value of e<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>