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This study investigates the unsteady dynamics and inherent instabilities of a cavitating
propeller operating in a water tunnel. First, the steady characteristics of the cavitating
propeller such as the thrust coefficient are obtained by applying continuity and momentum
equations to a simple one-dimensional flow tube model. The effects of the tunnel walls as
well as those of the propeller operating conditions (advance ratio and cavitation number)
are explored. Then the transfer matrix of the cavitating propeller (considered to be the
most appropriate way to describe the dynamics of propeller) is obtained by combining the
simple stream tube model with the conventional cavity model using the quasi-static cavi-
tation compliance and mass flow gain factor representation. Finally, the surge instability
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1 Introduction to model the dynamics of the cavitating propeller, and calculations
: : . are made for several cases with assumed cavitation characteristics.
In devices such as pumps, turbines, and mavine propellers, C‘?{'ally, we examine the stability of these cavitating flows by cou-

tation has many adverse effects including material erosion an : ;
performance degradation. In addition, it can give rise to instabift: "9 the propeller model with the dynamics of the water tunnel.

ties that do not occur in single phase flow. For example, high-
speed turbopumps often suffer from severe shaft vibrations dueato . A . :
cavitation instabilities such as cavitation surge and rotating cavi- Outline of the One-dimensional Flow Tube Analysis
tation. With ship’s propellers, the fluctuating cavity volume due to 2.1 Formulation of the Problem. Consider the one-
the interaction between the propeller and the wake of ship hull cgiimensional flow through a cavitating propeller in a water tunnel
be a significant source of noise and even severe structural vibga- shown in Fig. 1. The propelldcross-sectional area,) is
tion of the ship. The large body of work on propeller-hull interiocated on the centerline of the tunnel whose cross-sectional area
actions has been summarized by Weitendaif is A. We consider a stream tube containing the propeller whose
Recently, a surge instability, which had not been previouslyolumetric flow rate is denoted bg. For simplicity, it will be
reported, was observed by Duttweiler and Brenfizhin their  assumed that the flow is uniformly distributed across the propeller
experimental work on a cavitating propeller operated in a watgfream tube and is one-dimensional. Friction and mixing losses
tunnel. The phenomenon seems to be Similar to the We”-kno%tween the inner and outer flows are neg|ected' The low-
cavitation surge in pumpgBrennen[3]). This suggests that the frequency unsteady characteristics of the cavitating propeller will
dynamics of a cavitating propeller are system-dependent, wherggsanalyzed under the assumption that the flow can be represented
many investigators have implicitly assumed that propellers in WBy a series of quasi-static states.
ter tunnels have dynamic characteristics similar to those operatin@Referring to the propeller stream tube, the incoming and outgo-
in open conditions. In the past, studies of the cavitation dynamigfy volumetric flow rates are different due to the rate of change of
of pumps developed the concept of a transfer matrix, which chafe cavity volumedV,/dt, whereV, is the total cavity volume

acterizes the relationship between the fluctuating pressure ajiflthe propeller blades. The continuity relation yields
mass flow rate at inlet and outléBrennen and Acost@4]). In

determining the elements of transfer matrix, two important param- — 0 ga

eters were introduced, namely the cavitation compliance and the Uy —Up 8p=— _wde @)
mass flow gain factor. The cavitation compliance models the ef-

fective compressibility of a cavitating flow. The mass flow gain N * da

factor represents the response of the cavity volume to incoming Uza— Uy ap:J- de (2
mass flow rate variations. Later, this modeling of cavitating 0

pumps led to the important conclusion that cavitation surge and ufa,—usa,=dV,/dt 3)
rotating cavitation of pumps are caused by a positive mass flow pTP TR R

gain factor (Brennen[5] and Tsujimoto et al{6]). The above usa,+Uy(A—ay) —u;A=dV, /dt 4

background suggests that it is qseful to use th_e transfer m.at\%ereu and U denote velocities in the inner and outer flovas
\?vg%??ﬁgr:gl iizczg)istgeth?zng:ﬁisqgfe ?ch;/g%'rggtﬁerogzﬁg&ng%notes cross-sectional area of the inner tube, and the subscripts 1,
these flows. In the present study, we construct a one-dimensiog@?ndp’ respectively, denote quantities far upstream, far down-

f eam, and at the propeller. Superscriptand —, respectively,
flow tube model that includes the effects of the tunnel walls Fenote the outlet from and the inlet to the propeller. It has been

\évr?alllr:st:r?;/tlitéisir?crllut(?i?lgp;ﬁgetl:\%slt::g:ég?n S;lrjggr tgeesiggﬁ%eﬂ?#sumed that the velocities in the inner and the outer flows are the
effects of tunnel walls. Then, the transfer matrix approach is us§ me far upstream. The right-hand sides of E#jsand (2) rep-

sent the volume change of the stream tube upstream and down-
stream of the propeller; later these will be ignored for simplicity.
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Fig. 1 Propeller being operated at the center of axis
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where the last term of the right-hand side is the inertia effect in théhere the last term is the inertance in the stream tube. Applying

control volume. Bernoulli's equation between the outlet of the propeller and far
Now, we calculate the thrust forde produced by the propeller downstream, we obtain

in three ways. First, applying the momentum theorem to a control

volume containing all the tunnel flow, we obtain 1

—5p(Ug* vt

&ud
——ax
ot

a
2 +2°P
ux+ug —a2

1 )
Pou= P2+§P
pUA+ P A+F=pU3(A—ay,)+ pusa,+ P,A+dM/dt. 0
1 1 1 a
_ o2 o +2, = ot 2( P _
Py+ 2pU2 2pu,D + 2p(U-|— u, cotpg) (a2 1)

The last term in the right-hand side is rate of the change of the
momentum in the control volume, represented by

dM _ d [~ U(A d © 9u
a9t Pa ﬂc[ua+ (A—a)]dx +p . de.
d * * Then the thrust forc& follows as
BT [ua+U(A—a)—u;Aldx+ u;Adx
o - F=(Pour— pin)ap+P(u;2_u;2)ap
= i w%dx+A . u,dx 1 2_ )2 + o[ @
Pat o dt e =5p (u3—U3)+(Ur—u, cotB) a_2_1 a,
» d2V, » duy 1 dv, = g(u—U)
= —° —— — o(ut+uT) —= - =7
pfo at2 dx+pAf,x at 9 5 P(Up TUp) +pa”f_x @
which yields For the purpose of the general discussion, we have considered
1 dv all possible unsteady effects in the above formulation, namely the
F==p(u;—U)A(2uy+Uy—Up) + p(Up+ Uy) —— effects of volume change of the stream tubes in Efjsand(2),
2 dt the inertia effects upstream and downstream of the propeller in

* a(u;—U) = g2y Egs.(5), (6), and(8), and the inertia gf‘fect in the propeller ir] Eq.
ij l—dx+pJ —Sdx|. (6) (7) as well as the effects of the cavity volume chamgg /dt in

—o ot o dt Egs. (3) and (4). To evaluate many of these terms, we need to

. . know the shape of the stream tube, which is beyond the scope of
Second, we obtain the total pressure difference across the propgk present one-dimensional stream tube analysis. Consequently,
ler from the Euler head, some compromises are needed in order to proceed. First we ne-
glect the stream tube volume changes in E@s.and(2) on the
_— basis that these cancel and thus produce no net perturbation within
sing dt the water tunnel. We note, however, that this superficial argument

where 3 andc, respectively, denote the discharge flow angle arf#ay n_eed further examination. Second, we neglect th_e inertance
the chord length of the blade. The last term in this equation ref'Ms in Eqs(5), (6), and(8) on the basis that past experience has

resents the inertia effect of the fluid in the blade passage. Since gyggested that we can consider these contributions to be lumped
static pressure differengg,,— p;, is given by into the other inertance contributions in the tunnel circuit. Again

this may need additional examination in the future. In summary,

+

: oy
Ap'=pUv,=pUr(Ur—u, cotp)—

+

1 2 4o c dup we choose to examine only the unsteady effects associated with
Pour™ Pin=5 p(UT—Up cof’ ﬁ)—Pm TS dV./dt in Egs.(3) and(4).
Summarizing, we note that the eight equati¢hsthrough(8)
and the thrust force can be computed as contain eight unknown&J,, U, u;, U, , @i, 8, F, andP,

assuming that the propeller operating parameigrsP,, u;, the
discharge flow angleps, and the rate of change of the cavity
1 dv a.c du’ volume, dV,/dt, are given. Information on the discharge flow
=5 p(Ui—uy?cof B)a,+p(uy +uy) S P angle 8 especially for cavitating conditions will be discussed in
2 dt "sing dt the following subsection. The rate of change of the cavity volume,
(7) dV./dt, will be modeled in Section 2.3.

F=(Pou— pin)ap+P(U;2_ U,;Z)ap

Third, the pressurep;, and p,,; may be related to the upstream 2.2 Discharge Flow Angle. To quantify the discharge flow
and downstream conditions using Bernoulli's equation: angleB, we resort to an empirical model for the deviation angle,
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(the difference between the discharge blade aggland the dis- C-=F/LpU2a
charge flow angled), which takes into account the fact that the T 2P
deviation will be increased by the presence of cavities on the

propeller blades. .Specifically, we adopt the following empiricqhhereqs is the propeller flow coefficientalso used in describing
model for the deviation angle: pump flows. As shown later, if we decrease the incoming velocity
=0 for A>\g, u;, the inner flow tube expands far upstream and its cross-
sectional area, reaches that of the tunné, at a certain value of
_, Up N u; . When the incoming velocity is smaller than this value, &).
Bz—tan U, 1=5—) for A>he (9  no longer applies. In such cases, the steady solution is obtained by
_ o settinga; =A andU,=0, and eliminating Eq(4), because it be-
where we have introduced the parameler o/2a, where o comes identical to the combination of Eqs)—(3).
=2(Pin— pv)/pU$ is the operating cavitation number of the pro-
peller anda:,Bl—tan‘l(up/uT) is the incidence angle on the pro-
peller blades. The argument for this single parameter represe
tion, 8(\), is that classical linear theorfulin [7] and Brennen
[8]) shows that the cavity length to chord ratio is a function onl

of N\ and consequently the expected deviation should similarl
q y p Y ump, because all the flow from upstream proceeds through the

a function of\. Though nonlinear and three-dimensional effect! i | i leak flow for simolicitand th
may generate departures from this simple functional dependerﬂ@pe er(assuming no tip lea age flow for simp icjtpn there
ho outer flow. For the cases witwWa,=2 and 10, a critical

. X th this simplification in thi i _ o
ngJ?g)rg;;gp;gg:’;a;tigto proceed with this simplification in ¢ Igdvance ratiqapproximately 0.58 and 0.12 fé¥/a,=2 and 10,

Equation(9) has the properties that, if the cavity is smallis respectively exists at which the cross-sectional area of stream

large, the flow discharges from the propeller parallel to the blad&‘.b_e far upstreana, equals to that of th? duoh. l_3e|ow the
At the other extreme, when the cavity is very long—60), the critical advance ratio, the propeller works like an axial flow pump

propeller performance will be degraded and the flow turning angféth all fluid flowing through the propeller. The resuits féra,

through the propeller diminishehere may be a certain small =10 have been found to adequately represent the open condition

at which the propeller breaks down but this detail is neglected fg%/aﬁ:zlo) eX(f:ept at very IdO.W advagc? ratiﬁs, where the analysis
simplicity) The critical value,\.,, below which the deviation P'€aKS dOWnN Tor réasons discussed eisewnere.

begins, could be determined theoretically or empirically. This Ffilguresz(faf.)—.(c)‘]preserét tﬂe thrust coefficiefleT, the prope(lj—
study will use a typical value ofg,— 1. er flow coefficientJ,, and the cross-sectional areas/a, an

a,/a, plotted against the advance raflp. For A/a,=2 and 10,

2.3 Cavity Volume Change. We assume that the cavity vol- as the advance ratio decreases, the flow coefficient decreases
umeV(Pin ,u’;) is a function of the inlet pressugg, and inflow gradually and the thrust cogffi_cient increases gradually. This i§
velocity u, . Then, the rate of change of the cavity volume can p@ecause, as the advance ratio is decreased, the propeller is taking
expressed as fluid from a wider upstream stream tube. The variations of the

thrust coefficient and the flow coefficient are more gradual than
dVv. dpi, du,; those for A/a,=1. However, below the critical advance ratio
ar KW’ dt (10)  where the propeller works like an axial flow pump, the flow co-
efficient rapidly decreases and the thrust coefficient rapidly in-
whereK=—dV./dp;, andM = —dV./du, are, respectively, the creases, and these variations are more significant thaA/
cavitation compliance and the mass flow gain fa¢Brennen and =1. The decrease in the flow coefficient is related directly to the
Acosta[4]). These important parameters are nondimensionalizedvance ratio, so that the slope of the flow coefficient in Fig) 2
as follows: gets steeper as the duct gets wider.
2 Given these steady operating characteristics, it is valuable to

ﬁ —— VelaR = pPUT2 Ve = pREQ? = i p_Qz consider the quasi-static response to low frequency fluctuations of
2 do a,R dp, 27R 27 R the incoming flow velocityu, . For illustrative purposes, we com-

are the case oA/a,=2 with that for a pump A/a,=1). Con-
*_ _ —ﬁVC/aPR - _ i ﬁ_v‘"' - & — i M gider first the case vr\)/hen the advance raE[)io isplgrggr thezn the critical
duy /Uy aR gu, 7R’ 7R? advance ratio. As the upstream flow velocity varies, the flow rate
. . through the propeller varies less whawha,=2 than whenA/a
where() is the rotational frequency of the propeller, akd and =1 (Fig. 2(b)). However, when the advaFr)\ce ratio is smallerpthan

i ; : . ;
Mh are n(f)lndlmens;onal valuzsbof [t)he ca\lllltatlonch(;)mpllanlce a’ﬁqe critical value, this trend is reversed. If the propeller were cavi-
the mass flow gain factor used by Duttweiler and Brenf@nin a0 “these results would suggest that, at larger advance ratios,

this study, the values dt andM are estimated using free streamye mass flow gain factor will be smaller féva,=2 than that for
line theory(Otsuka et al[9] and Watanabe et gl10]). Ala,=1, whereas at smaller advance ratios, the mass flow gain
factor will be larger forA/a,=2. This is important since the mass

3 Steady Calculation flow gain factor is responsible for cavitation instabilities of turbo-
machinery and a large mass flow gain factor implies a more un-
stable system.

The surge instability of a cavitating propeller, reported by Dut-
; . .~ _tweiler and Brennerj2], is an example of cavitation instability
dlsqharge flow anglep, are specified. For th‘? purposes of IIIus'caused by a positive mass flow gain factor. They examined two
traélon, W? chgose to present rr1esults Ifor typltc)al blade angfjgs, different configurations of the propeller, one in which the propel-
‘1” fﬁ of 25 eg._More(_)ver,I the results "."rﬁ est presented usig;q operated in front of a support fairing, and the other in which
the following nondlr_n_ensmna parameters; the advance fa the propeller is operated downstream of that fairing, and observed
propeller f.IOW coefﬂuentlp and a thrust coefficient of the propel-a violent surge instability only for the latter case. The explanation
ler Cr defined as follows: for this difference is unknown, but one explanation might be as

2
0=

3.1 Noncavitating Results. Results for the noncavitating
se(no deviation angleare shown in Fig. 2. Various values of
the cross-sectional area ratid/a,, were selected in order to
xamine the effect of the presence of the tunnel walls. The case
ith A/a,=1 corresponds closely to that of a typical axial flow

In this section, we discuss the steady flow solutions of Efs.
to (8) by eliminating the unsteady terms. Then, Ed3—(10) can
be solved provided the operating conditians P, Ut and the

J;=mu, /U follows. The presence of the fairing can be considered to be the
blockage, so that the effective flow path upstream of the propeller
Jp=md=muy/Us is smaller for the case with the propeller operated downstream of
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Fig. 2 Steady characteristics of noncavitating propeller with the constant exit flow
angle of B=25deg. The propeller is located at the center of the duct with cross-
sectional areas of A/a,=1, 2, and 10.

the fairing. Figure o) indicates that the critical value of the 3.2 The Case With Cavitation. Figures 3a) and (b)
advance ratio is larger when the propeller is operated in the naresent the thrust coefficie@; and the flow coefficiend, plot-
rower duct. So, as the advance ratio decreases, the propeller caattlagainst the advance raflp for various cavitation numbers.
readily shift into operation as a pump. The result would be that tiecall that in this model the presence of the cavitation affects the
mass flow gain factor is larger for the propeller operated dowresults only by altering the exit flow anglg&q. (9)). Figure 4

stream of the fairing. shows the thrust coefficie; plotted against the cavitation num-
1 1.5
Non-cavitating

-
: ; i
- - U
c - 1 F
% Non-cavitating §
& 3]
[)]
g %% % =0.01

0.1 Q
77" > 05
2 z "
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[ =0.01 ———————\ o
0 0 05 1 15 4] 05 1 1.5
Advance ratio, J, Advance ratio, J,
(a) Thrust coefficient, C;, (b) Propeller flow coefficient, J,

Fig. 3 Effect of cavitation number on thrust coefficient C and propeller flow coeffi-

cient Jp. The presence of cavitation is taken into account through the deviation angle
of the flow exiting from the propeller  [A/a,=2].
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ventional transfer function methodology, we linearize the
problem. For example, the upstream flow velocity is expressed by

U;=u; + R Ty exp(jwt)].

After substituting similar expressions for all the unknowns, Egs.
(1)—(8) are then divided into steady and unsteady parts and lin-
earized under the assumption of small fluctuations. The unsteady
parts of the equations consist of linear equations for the unsteady
components, the eight unknowhsk,, u,, ug, Uy , a1, @, F,

and P, as well as the quantitiesi;, P,, B, anddV,./dt. The
unsteady component @ is obtained by the linearized version of
Eq. (9), which diminishes for larger values of. The rate of the
change of cavity volumeV,/dt is given by Eq.(10).

0 0.1 The total mass flow rate and static pressure downst ream of the

propeller are defined downstream of the mixing of the flows in the
inner and outer stream tubes. The mass flow rate and pressure
after the mixingm, andP;, are obtained by applying continuity
and momentum conservation as follows:

Cavitation number

Fig. 4 Thrust coefficient C; versus cavitation number o for
various advance ratios J,. The effects of cavitation are taken
into account through the deviation angle of the exit flow.

mMy=p[Uza;+Us(A—az)]=pusA

P,A+ pusa,+ pU5(A—a,) = P,A+ puj?A.

Tll
T21

T12
T22

ber ¢ for various advance ratiak, . Note that the deterioration of
the thrust coefficient as a result of cavitation is well simulated by
introducing the deviation angle due to the presence of cavitatiblsing these equations, we can relate the downstream fluctuations
modeled by Eq(9). to the inlet fluctuations using the conventional transfer matrix

Note also that the flow coefficient has a steeper slope agaiftennen[3]):
the advance ratio for smaller cavitation numbers as shown in Fig. T T
3(b). This is because, as the cavitation number is decreased, the { pz] { pl]
thrust coefficient decreases because of the losses through the de- m, my
viation angle associated with the presence of cavitation on the T
propeller blades. Then the flow rate through the propeller mu&pere p° and m are total pressure and mass flow rate,
decrease to compensate for the decreased thrust. The steeper SRERECtively.
of the flow coefficient against t_he advance _re_ltio means that they 1 Example Calculations. Figure 5 presents a typical cal-
flow rate through the propeller is more sensitive to the upstreajjation of the transfer matrix for an advance ratiaJgf 1.0 and
flow variation and the mass flow gain factor is larger becauseggct cross-sectional areas Afa,=1, 2 and 10. For illustrative
small advance ratio change makes a large propeller flow rgi§ynoses, values of the compliance and mass flow gain factor
change. This will tend to promote a surge instability. (K*/27,M*) of (0.1,1.0 are selected since these values are typi-

. . cal of those obtained by previous researchg8s5]. The change

4 Quasi-Steady Analysis of the exit flow angleg )i/spneglected for simplicity, assuming

In this section, we analyze the low-frequency unsteady charac<. Note thatT,, takes a similar value for all cases while there
teristics of the cavitating propeller. The system of equations coare large differences in the other elements of transfer matrix. If we
sists of nonlinear equations. However, in order to utilize the corensider the case with no discharge mass flow fluctuations, the
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Fig. 5 Calculated transfer matrices of the cavitating propeller for an advance ratio, J;=1.0, and (K*/2#,M*)=(0.1,1.0) and for
various values of A/a,=1(0 @), 2(A A), and 10(CJ M), where open and closed symbols denote real and imaginary parts of
matrix elements, respectively. The change of the exit flow angle of B is neglected.
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Fig. 6 Calculated transfer matrices of the cavitating propeller with Ala,=2 and an advance ratio, J;=1.0, for the various

cavitation numbers o=»(O @), 0.05(A A), and 0.01 (C] W), where open and closed symbols denote real and imaginary parts of
matrix elements, respectively

propeller operated in a wider dugfor exampleA/a,=10) might obtained by those investigations are shown in Fig. 7 for typical
be the most stable because of the large negative impedance walkues for the solidity(1.0), the stagger angled=25.0 deg) and
the small imaginary part of ,, and the large imaginary part of the number of bladeszZ(=5). Because Otsuka et al. and Wa-
Ty tanabe et al. examine only two-dimensional flows around foils,
Figure 6 shows the transfer matrix for an advance ratid;of the cavity size per blade is treated as a cross-sectionaMaga
=1.0, a duct cross-sectional areaffa,=2 and various cavita- (not a volumé and the scaling a8.=ZyRV, /2 is used as a best
tion numbers. The values oK('/27,M*) are again set to be estimate. Note thatk*/27,M*) are functions of the parameter
(0.1,1.0 for all cases. Head deterioration due to the presence Pk /24, wherec is cavitation number at inlet to the propeller.

cavitation is implicitly included through the assumed changes in Now. rather than use the fixed valueskof and M* . we cal-

the deviation angle. All elements are affected by the head detegate the transfer function using the above relations between
rioration, but the stability does not seem to be significantl

: ; X %’K*/zw,M*) and\ = o/2«. Results are shown in Figs. 8 and 9
changed. The Imaginary parts of balthy andT,, are increased by for Ala,=2 and 10, respectively. Three cases with different up-
the head deterioration. G o .

stream cavitation numbets,,=0.15, 0.20, and 0.5 are examined.
4.2 Coupling With Streamline Theory. Otsuka et al[9] The advance ratid, is 1.0, which is larger than the critical value.
and Watanabe et gl10] have obtained the cavitation complianceNote that, only for the case with,=0.15, is the parametex
and mass flow gain factor of cavitating cascades by a free streame /2« less than unity and therefore only in this case is there head
line theory. Here, we utilize their results in order to assess appieterioration with increasing deviation angle. The cavitation com-
priately values ofK*/27 and M*. The values of K*/27,M*)  plianceK* /27 varies from 0.018 to 0.172 fok/a,=2 and from

1 1
S M
1)
S 5 o1}
- °
2 c
> 0.5+ o
g8~ & K*12r
3 *
o X 001}
L
n
L 1 L L I I L n n i I n 1 I I L n
%% 5 10 000 5 10
ol2a ol2a
(a) Steady cavity length (b) Quasi-static cavitation compliance

and mass flow gain factor
Fig. 7 Steady cavity length and the quasi-static cavitation compliance and mass

flow gain factor plotted against  o/2« obtained by a free streamline theory  (Watanabe
et al. [10]). [solidity =1.0, stagger angle B=25.0 deg, Z,=5].
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Fig. 8 Calculated transfer matrices of the cavitating propeller with Alap,=2 and an advance ratio, J;=1.0, for the various

cavitation numbers ¢ ,,=0.15(O @), 0.20(A A), and 0.50(CJ W), where open and closed symbols denote real and imaginary parts
of matrix elements, respectively. The values of cavitation compliance and mass flow gain factor are obtained from Fig. 7.

0.009 to 0.143 fo\/a,=10. The mass flow gain factdl™ var- The advance ratid, is also an important parameter, because
ies from 0.231 to 0.831 foA/a,=2 and from 0.140 to 0.777 for there is a critical value which separates normal operation from
Ala,=10. These values are slightly smaller for the case withump-like operation. It would be interesting to compare the trans-
Ala,=10. This is because, as shown in Figb2,(the flow coef- fer matrices for normal and pump-like operations, but unfortu-
ficient is slightly larger for the case with/a,= 10, and this re- nately the free streamline theory is only applicable to high flow
sults in a smaller incidence angle. rates and high advance ratios.

From Figs. 8 and 9, it is seen th&}, takes similar values for . o . )
all the cavitation numbers, while the other elements of the transfer4-3  Facility and Cavitation Dynamics. We now consider
matrix are much affected by the presence of cavitation. Note tHig dynamics of the whole system of the water tunnel, taking the
the elementd;;— 1, Ty, andT,,— 1 are much smaller for the caseexperimental arrangement used by Duttweiler and Bref2gas
with A/a,=10, whereas the elemefiy, is the same order for an example. Figure 10 shows the schematic of the facility and
both cases. This implies that the propeller witha,,= 10 is more ~cavitation dynamics used by Duttweiler and Brennen. The facility
stable since the imaginary part @, is smaller; in other words dynamics are characterized tiy the complianceC,[ =405], of

the effective mass flow gain factor is smaller. the overflow tank that allows control of the pressure within the
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Fig. 9 Calculated transfer matrices of the cavitating propeller with Ala,=10 and an advance ratio, J,=1.0, for the various

cavitation numbers ¢ ,,=0.15(O @), 0.20(A A), and 0.50(CJ W), where open and closed symbols denote real and imaginary parts
of matrix elements, respectively. The values of cavitation compliance and mass flow gain factor are obtained from Fig. 7.
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Fig. 12 Real part of the system impedance for various up-
stream cavitation numbers, o,. [J;=0.64. K* and M* are
evaluated from Fig. 7. ]

Fig. 10 Schematic of facility and cavitation dynamics

/=3 might indicate the existence of surge instability, but the
frequency is much higher than the value«wf()=0.2 observed in
facility and therefore has the only deliberate free surféitpthe the experiments of Duttweiler and Brenng2]. Moreover, if we
resistanceR.[=0.0295, and inertancel. [ =57.3], of the pipe compare the present result with the system impedance obtained by
connecting the tunnel with the overflow tarfli) the compliance, Duttweiler and Brennen, we find that the frequency obtained by
C,[=1970], associated with the expansion and contraction of tHBe present analysis is still much higher than the experimental
walls of the tunnel, andiv) the resistances}, [=0.0] andR,; Values and the peak is much shallower. The explanation for this
[=0.0], and inertanced, [ =0.953 andL [ =2.10], associated discrepancy is unknown, but the following may be pertinent. In
with the typical flow paths upstream and downstream of the cafhe pump cases, the elemeffits andT,,— 1 are purely imaginary
tating propeller. The parameters used by Duttweiler and Brenn@iien the cavitation compliance and mass flow gain factor consid-
[2] were normalized using the propeller radis,and the propel- €red are purely real. On the other hand, in the propeller cases,
ler rotation frequency), to obtain the values shown in the squar@nd T,;—1 are complex because of our one-dimensional flow
brackets after each symbol. tube model. Complex values @f,; and T,,—1 mean that the
The dynamics of the system can be characterized by considgystem responds as if we have complex values of the cavitation
ing the response of the system to a fluctuating mass flowffate, compliance and mass flow gain factor.
injected at some specific locatioa, in the systen(Fig. 10. We Figure 12 shows the real part of system impedance for the case
define a system impedancg, as follows: with three different cavitation numbers,,=0.25, 0.2, and 0.15.
T The frequency at the negative peak decreases as the cavitation
_ Pe number is decreased, but is still larger than the experimental value
- m_e of w/Q1=0.2. One possible explanation for the discrepancy is that
T . ) the model considers only the sheet cavitation on the blade surface.
wherep, is the total pressure fluctuation @t Note that, in gen- However, a large volume change in the tip cavity during a surge
eral, the impedancg is complex. _ ~ cycle was clearly observed in experiments by Duttweiler and
Using the present methodology coupled with the dynamics grennen [2]. It is important to note that the present one-
the water tunnel identified by Duttweiler and Brenni}, we dimensional stream tube model may lose validity at the lower
have calculated the system impedaider the case with advance advance ratios, where the flow around the propeller is very three-
ratio J;=0.64 and cavitation number,,=0.25. The real part of dimensional. However, because the surge instability is a system
Z'is plotted in Fig. 11 against the normalized frequenalf). In instability in which the large amount of fluid is accelerated one-
calculating the transfer matrix of propeller, we 8¢,,=3.16 and dimensionally by the volume change of cavities, the present
Zy=6 and the cavitation characteristich! (K) shown in Fig. 7 method is expected to be applicable even at those low advance
were used. The positive peak@t()=0.007 is largely due to the ratios provided we could evaluate the cavitation compliance and
impedance of overflow tank. The shallow negative peak arouge mass flow gain factor of all the cavitation including the tip
vortex cavities. The unsteady characteristics of tip vortex cavities
need further investigation.

Zz

10 Figure 13 shows the values of2« just upstream of the pro-

N 1k peller plotted in ther,,—J; plane obtained by the present steady

D 01k analysis. According to the linear theof¥1], cavitation instabili-

« 0.01 [ ties of a two-dimensional cascade are dependent only on the pa-
0.001E T rametero/2a. The instability boundary obtained by Duttweiler
0.001 ¢ and Brenneni2] is also plotted in the figure. We can see that the

— 001F value of o/2« is nearly constant along the instability boundary,

% 01k which means that the stability depends on the local condition at

o 1K the propeller inlet rather than the advance ratio or upstream cavi-

P S P B tation number.
0.001 0.01 0.1 1 10 100

Reduced frequency, o/Q

Fig. 11 Example of the system impedance, Z. Mass flow fluc-
tuation is imposed at point e in Fig. 10. Real part of the system
impedance is plotted against the various excited frequencies.
[J,=0.64, 0,,=0.25. K* and M* are evaluated from Fig. 7. ]
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5 Conclusion

This paper has evaluated the quasi-static transfer matrices for a
cavitating propeller operating in a water tunnel. Simple flow mod-
els based on a one-dimensional flow tube analysis are used. The
effects of the presence of cavitation, and of the blockage due to
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Fig. 13 The ratio of cavitation number to twice of incidence angle,
o, and Jy. The solid line represents

plotted for various upstream conditions

ol2a, is

the boundary of the onset of surge instability observed by Duttweiler and Bren-
nen [2], showing that the surge instability occurs in the region below this line.

the tunnel walls are examined. The former is modeled by the head L,,, Ly =

deterioration through the deviation of the exit flow, and the con-

ventional cavitation characteristics, the cavitation compliance and M*
the mass flow gain factor. These characteristics are estimated by a m
free streamline theory. P. P
It is found that the presence of the tunnel wall has a large effect L2
on the stability of propeller operation. In an open condition, thePin and pOl}‘
flow rate through the propeller is not very sensitive to the advance p
ratio. However, in the presence of the tunnel walls, the propeller Py

flow rate changes much more in response to the advance ratio q

change. This implies that, if there are flow rate fluctuations, the R
flow rate through the propeller varies more when there are tunnel

walls and this may result in unstable operation of the propeller.

When the advance ratio is the same, the flow rate through the p R =
propeller is smaller and the incidence angle is larger if the propel-

ler is operated in a tunnel with a smaller cross-sectional area. U
Large incidence angles can result in the flow instabilities and en- U
hance the occurrence of cavitation. Transfer matrices for the cavi- T
tating propeller are evaluated by assuming the flow is quasi-static. u
The transfer matrices show that the propeller operating in the T
narrower tunnel is much more unstable. If the propeller is oper- Ve

ated in a wider tunnel or in an open condition, the effects of a v
mass flow gain factor are reduced because the variation of the

propeller flow rate is smaller even when the total flow rate Z
changes substantially. o
Finally, we have tried to obtain the frequency of surge instabil- B
ity from the system impedance, but failed. One of the possible B., B
explanations for the discrepancy is that the model considers only ~*’ i
sheet cavitation on the blade surface. A large volume change in
the tip cavity during a surge cycle was also observed in experi- 7> Tup
ments and may well contribute to the discrepancy. Q
w

Nomenclature .
Superscripts

A = cross-sectional area of water tunnel —
a = cross-sectional area of inner stream tube _
Cot:» C; = compliance of overflow tank and water tunnel =
C; = thrust coefficient .- =
F = thrust force of propeller
J1, Jp = advance ratio and flow coefficient 12 =
K* = cavitation compliance e =
L. = innertance of the connecting duct between wa- 10
ter tunnel and overflow tank p =

Journal of Fluids Engineering

innertance of the duct upstream and down-
stream of the tunnel

= mass flow gain factor

R. =

mass flow rate

static pressure far upstream and downstream
static pressure at inlet and outlet of propeller
total pressure

vapor pressure

volumetric flow rate of the stream tube
propeller radius

resistance of the connecting duct between wa-
ter tunnel and overflow tank

resistance of the duct upstream and down-
stream of the tunnel

= axial velocity in the outer stream tube

rotational velocity of propeller

axial velocity component in inner stream tube
elements of transfer matrix

cavity volume on the propeller blade
tangential velocity component in inner stream
tube

= system impedance

incidence angle

discharge flow angle

inlet and outlet blade angles of propeller
parameter defined by/2a

cavitation numbers at propeller inlet and far
upstream

rotational frequency of propeller

angular frequency of fluctuations

= steady(mean components of variables
unsteady components of variables
variables just upstream and downstream of propeller

far upstream and downstream
at the point of excitation in the system shown in Fig.

at the propeller
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