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ABSTRACT 

Results are given showing the experimental effect of propeller-blade warp 
on open-water performance, cavitation performance, unsteady lield-point pres¬ 
sures. and unsteady propeller loading for a series of warped propellers. Blade 
warp is defined as the angular displacement at the midchord point of the 
blade section from the blade reference line in the plane of rotation. 

Open-water results indicate that at the design thrust-loading coefficient 
and shaft horsepower the warped propellers are as much as 4.5 percent less 
than the design rpm. Cavitation results show a widening of the 
cavitation-free bucket with increasing w^p; however, there is some crossover 
in the inception of back cavitation and t.p-vortex cavitation. Field-point 
pressures and the unsteady propeller forces and moments have been found 
to decrease with increasing warp to reductions previously achieved with 
blade skew. 

ADMINISTRATIVE INFORMATION 

Hie work reported herein was authorized and funded by the in-house independent 

research program of the Naval Ship Research and Development Center under Task Area 

Z-R023 01 01. Work Unit 1-1544-214 (544-214 before I January 1071). 

INTRODUCTION 

Various categories of propeller-blade distortions are being evaluated by the Naval Ship 

Research and Development Center to determine their effect in reducing propeller cavitation 

as well as unsteady propeller pressures and bearing forces and moments. One kind of blade 

distortion, skew.1 can provide significant decreases in propeller force and moment fluctua¬ 

tions.2 decreases in propeller-induced pressures.3,4 and delays in the inception of propeller- 

blade cavitation.5,6 

’('umminp. R. A. ct ‘ Iliphly Skewed Propellm." Transaction of Society of Naval Architects and Marine Kngineers, 
Vol. NO (1972). A complete lislmp of references is given on pages 79 and NO. 

Mfoswell. R. J and M. L. Miller. "Tnsleady Propeller loading Measurement. Correlation with Theorv, and Parametric 
Study." NSR1X Report 2625 (Oct I96N). 

'iVnny. S. B . “Comparisons of I sperimcntally Determined and Theoretically Predicted Pressures in the Vicinity of a 
Marine Propeller." NSRÜC Report 2.149 (May 1967). 

4Teel, S. S. and S. B. Denny, "field Point Pressures in the Vicinity of a Series of Skewed Marine Propellers." NSRDC 
Report J27N (Aug 1970). 

5IX-nny. S. B.. “Cavitation and Open-Water Performance of a Series of Propellers Designed by I ilting-Surtace Methods, 
\SRIK Report 2N7N (Sep I96N). 

6Boswell. R. J.. “Design. C avitation Performance and Open-Water Performance of a Series of Research Skewed 
Propellers." NSRDC Report 3559 (Mar 1971). 
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Propeller-blade skew is defined as the displacement at the midchord point of the blade 

section from the blade reference line along the pitch helix. Generally, the value ol the angular 

displacement in the projected view at the tip of the blade is used as a measure of the skew. 

The resulting axial displacement of the blade sections is sometimes referred to as skew-induced 

rake. 
I he benefits of skew described previously cannot always be obtained lor existing ships 

inasmuch as the axial displacement of the blades associated with skew may cause clearance 

problems in an existing propeller aperture. In addition, the stress in propellers with large 

amounts of skew may be larger than those in unskewed propellers.7-1*-9 Hence, other lorms 

of blade distortion should be evaluated. Warp, the angular displacement of the blade sections 

in the plane of rotation without axial displacement, may exhibit the advantages of skew with¬ 

out the aforementioned disadvantages, l igure I shows various types of blade distortion. I Ins 

project was undertaken to determine if the aforementioned benefits of blade skew were also 

associated with blade warp. 
In this report, the effect of blade warp on open-water performance, cavitation perlonn- 

ance. the propeller-induced pressure field, and fluctuations of propeller force and moment is 

evaluated for a series of warped propellers. 
More specifically, the open-water and cavitation performance of two warped propellers 

<J<>° and 72°» will be compared with the open-water and cavitation performance ol two 

skewed propellers (V and 72°). The designations shown in Table I. which directly indicate 

whether the propeller is warped or skewed, will be used instead of model numbers in referring 

to the propellers. 
For the propeller-induced pressures, a series of warped propellers (0°, -<b°, and 72° blade 

warp) is evaluated. Total fluctuating pressures are measured on a flat plate adjacent to a 

model propeller operating in the 24-inch water tunnel. The amplitude and phase of the blade- 

freouency portions of the measured induced pressures are determined for operation in uniform 

flow at two propeller-tip clearances and n nonuniform flow at one propeller-tip clearance. 

Finally the results of the effect of »ropeller-blade warp on the unsteady forces and 

moments acting on a propeller operating in nommiform flow are presented. The warped- 

propeller results are compared to those of an existing series of skewed propellers, evaluated 

previously. 

7B.,swell, R. !.. “Static Stress Measurements on a llitl.b Skewed Propeller B'ade." NSRIH Report 3247 (Dec 1%9>. 

**Boswell R J et al., “t xperimcnlal Measurements of Static Stresses In a Series of Research Skewed Propellers with 

and without I orward Rake.” NSRIH Report 3S04 (in preparation). 

9Ma. J. 11.. "Stress Analysis of Complex Ship Components by Numerical Procedure Using Curved f inite l lements, 

NSRDC Report 4057 (Jul 1973). 
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Tlie warped propellers were derived from the skewed propellers mentioned previously 

hy removing the skew-induced rake while other characteristics were unchanged. It is known 

that si h a change will affect pitch and camber: however, methods to compute these 

effects were not available at the time, and it was not clear in any event whether 

the effects would be significant. Methods1'1,11 for the design of warped propellers have 

become available, however, since these propellers were evaluated, and the methods have been 

used to calculate the pitch and camber which should be used on such propellers. The results 

indicate that the camber is too high, particularly near the root, for the propellers reported 

herein and that the pitch is also somewhat high. These results are generally substantiated by 

the results of the open-water and cavitation characteristics of these propellers. The lack ot 

proper pitch and camber corrections will also have a measurable effect on the field-point 

pressures inasmuch as the radial distribution of loading is not the same for similarly warped 

and skewed propellers at the same value of thrust coefficient. This fact should be kept in 

mind by the reader when comparing the field point pressure results for the warped propellers 

with those for the skewed propellers. 

PROPELLER CHARACTERISTICS 

The warped propeller series consists of a parent propeller (Propeller 43K1 ) with no warp 

or skew and two propellers (Propellers 44l)7 and 44d8) with 36° and 72° ot blade warp 

derived from Propellers 4382 and 4383. 36° and 72° skew, respectively. Table 2 presents 

the geometry of these skewed and warped propellers, and Figures 2 and 3 present their 

photograph and blade outline. Propellers 4381.4382, and 4383 were the skewed propeller 

series evaluated by Teel and IXmny4 and Boswell.6 

Propellers 4382 and 4383 were designed using the lifting-surface procedure of Cheng12 

together with the thickness corrections of Kerwin and Leopold.11 All parameters, except 

skew (and pitch and camber corrections due to skew), were held constant for Propellers 4382 

and 4383. 

'^Kerwin, J K., "Computer Techniques for Propeller lilaile Section Design." Presented at Second LIPS Propeller 
Symposium. Drunen, Netherlands (May 197.1). 

"pien. P. (., Discussion of Paper, ‘Highly Skewed Propellers." by Cumming. R. A. et al., t ransactions of Society of 
Naval Architects and Marine T.nginecrs, Vol. 80 (1972). 

12Chcng, H. M., “Hydtodynamic Aspect of Propeller Design Based on Lifting-Surface Theory. Part II Arbitrary Chordwnc 
load Distribution." David Taylor Model Basin Report 1803 (Jun 1965). 

^Kerwin. J. T. and R. Leopold, “Propeller-Incidence Correction Due to Blade rtiickness," Journal of Ship Research. 
Vol. 7. No. 2 (Oct 1963). 
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As mentioned previously. Propeller 44‘)7 (4(>° warp) and Propeller 44l)X (72° warp) 

were derived from Propellers 44X2 and 44X4. respectively, by re mo vint! the skew-induced 

rake while all other characteristics were unchanged. The absence of rake in Propellers 4<>\V 

and 72W may be clearly seen in Figures 4a through 41. 

EXPERIMENTAL PROCEDURE 

OPEN-WATER PERFORMANCE 

Open-water performance of the two warped and two skewed model propellers in two 

quadrants was measured in the Center deepwater basin. Instruments in the propeller boat 

included a gravity dynamometer for the forward quadrants and a transmission dynamometer 

for the backing quadrants. The forward quadrants for the warped propellers were run at 

7.X rps and at a speed of advance VA . ranging from 4 to 10 feet per second, resulting in a 

range of Reynolds number Rn from b.l x 10' to ().0 x 105. The backing quadrants were 

run at 8.44 rps and at VA ranging from 4.0 to 0.5 feet per second, resulting in a range 

of R from b.4 x 105 to 7.4 x 10s. The rps and speed of advance for the forward and n 
backing quadrants were measured to within ±0.01 rps and ±0.001 feet per second, respectively. 

CAVITATION PERFORMANCE 

The ca'dation performance of Propellers 4(>S. 4()W. 72S. and 72W was measured in the 

24-inch variable pressure water tunnel at the Center in uniform How. using the open-jet test 

section and a downstream shaft driven by a I 50-horsepower dynamometer. At the design 

thrust coefficient, the measurement of dynamometer thrust was within ±0.h percent of the 

design thrust. 

Fach propeller was evaluated over a range of advance coefficients J and cavitation 

numbers o. For each advance coefficient, the tunnel water speed was calibrated by setting 

thrust and rps based on the open-water experiment for the propeller. The tunnel water velo¬ 

city was measured, using a pitot tube and a mercury-filled manometer. The nose of the pitot 

tube was located in the propeller plane approximately 9 inches from the axis of the propeller. 

In general, the maximum difference between the thrust-identity, open-water velocity and the 

measured tunnel water velocity was ±4 percent The thrust-identity, open-water velocity was 

used in all calculations. 

At each advance coefficient, the cavitation experiments were conducted by starting from 

a noncavitating condition and reducing the tunnel pressure (and thus o) until cavitation appear¬ 

ed and/or until the cavitation pattern changed significantly. The cavitation patterns at these 

pressures were photographed and sketched, anil the propeller thrust and torque were recorded. 

The cavitation experiments for all propellers were run at n = 14 to 20 rps and VA = 7 to 

4 



26 lect per second, i.e., R 
n 

with a Van Slyke apparatus, 

pressure. 

* 1.09 * I0b to 1.77 * 106. The total air content, as measured 

was maintained at 25 to 30 percent of saturation at atmospheric 

FIELD POINT PRESSURES 

Experiments were run in a closed-jet test section of the previously described water 

tunnel with propellers fitted on the downstream shaft. A flat plate was mounted parallel to 

the propeller axis; the plate contained five pressure transducers, located on a line nearest and 

parallel to the propeller axis. Recorded pressure amplitudes from the transducers were meas¬ 

ured to within ±0.01 pounds per square inch. Flat-plate dimensions, transducer locations, and 

placement m the water tunnel are shown in Table 3 and Figure 5. A plane through the hub 

midlength and perpendicular to the shaft axis was used as a reference plane for the presenta¬ 

tion of data. This plane intersected tire Hat plate at x/R = 0.06 upstream of transducer 4. 

The plate was positioned at two propeller-tip clearances, 10 and 30 percent of the propeller 
radius. 

Advance coetiicients tor the experiments were determined by setting a thrust identity 

with the open-water results. Nonuniform How was generated by use of a wake screen.14 and 

the advance coefficients were then based on a mean thrust coefficient. Thrust coefficients 

established during the experiments on all propellers were K, = 0.0. 0.1,0.214 (Design K = 

0.214), 0.300, and 0.375. Table 4 indicates the KT 1 relations in open water for the 

three propellers. Shaft revolutions were maintained at 14.0 rps for all conditions so that all 

loading conditions could be obtained without overloading the drive motor of the 10-horsepowe 

dynamometer. At design KT, thrust was measured to within ±0.6 percent of the design 
thrust. 

In nonuniform-flow experiments with the 4-cycle wake screen, the effect of each 

distinct flow region on induced pressures was investigated. Limited availability of the 24-inch 

water tunnel due to scheduling allowed for only position 3 of the 5-cyc'e wake to be evalu¬ 

ated lor its effect on the induced pressures. Figure 6 presents the diagrams of the wake 

screens. The positions designated on the diagrams are those directly upstream of and in line 

with the five pressure transducers. Figure 7 presents the harmonic content of the wakes 

generated by the 4- and 5-cycle wake screens. 

McCurthy. I. It.. "A Method o! Wake Prediction in Waler Tunnel," David Taylor Model Basin Report I7K5 (Oct l%.U 



UNSTEADY PROPELLER LOADING 

The warped-propeller series was evaluated in noiuinilorin flow in the 24-ineh water 

tunnel to determine the effect of warp on unsteady loading. Hie six-component propeller 

dynamometer and the procedures described in Reference 2 were used. Since the propellers 

had five blades, a five-cycle wake screen was used to excite blade-frequency thrust and torque 

fluctuations: a four-cycle screen was used to excite blade-frequency side torces and bending 

moments.1 s Wake screens are shown m I'igure <>. 

Hie velocity field due to tiie wake screen can be expressed as 

where V[ (r.Ot - local longitudinal inflow velocity to the propeller plane 

 n = Fourier coefficient of the nth harmonic of the longitudinal wake 
velocity 

0 = angular coordinate about shaft axis, positive clockwise looking upstream 
(0=0 for vertical upward) 

0|1W = phase angle of the nth harmonic of the wake. 

The volume mean velocity over the propeller plane is 

V, VM 

where VVM = volume mean velocity into the propeller disk 

R = radius of the propeller 

rh = radius of the hub. 

Figure 7 shows the phase angles and nondimensionali/ed amplitudes of the principal harmonic 

components of the two wakes. The phase angles are relative to the radial line directed verti¬ 

cally upward from the propeller axis. Other harmonic components were present; however, 

they were small and not significant to the results of the experiments since only the fifth 

harmonic of the five-cycle wake and the fourth and sixth harmonics of the four-cycle wake 

contributed to the blade-frequency results reported. 

tladlcr, J. B. jiuI H. M. Oiciqc. "Analysis of I \|H'rinicnlal Wake Dala in Way ol Propeller llano of Single anil twin- 
Screw Ship Models,” Transactions of Society of Naval Architects ami Marine I njnneors, Vol 7.1 il%5). 



f igure 8 defines the three forces and three moments acting on the propeller. Note that 

what is called horizontal bending moment is not a horizontal moment vector but a moment 

produced by a horizontal force. 

The propellers were evaluated at a constant rotational velocity N of 14 revolutions per 

second. By changing the water speed, the mean-thrust coefficient K| was varied from zero 

to nearly twice the design K. ot 0.214. This resulted in a Reynolds lumber R of at 
"o.7 

least 10 tor all conditions. Since the mean tunnel speed could not be measured directly, a 

thrust identity was used to determine the advance coefficients. It was assumed that the 

advance coefficient was the same as that which would have resulted in the same thrust 

coefficient in an open-water experiment. 

DATA ANALYSIS 

FIELD-POINT PRESSURES 

Pressure measured at each transducer was ( I ) recorded on magnetic tape to be later 

digitized and analyzed, and (2) digitized and analyzed online by an analog digital converter 

and an Interdata Model 4 Minicomputer, l igure l) shows the instrumentation. The magnetic 

tape pressure results, which were digitized using the XDS-010 system and were then analyzed 

using a CDC (>700 digital computer, showed excellent agreement with the pressure results 

obtained from the online data analysis system. 

l or the magnetic tape, the records of at least 200 revolutions at each condition were 

digitized and averaged, and the average waveform data were then entered into a harmonic 

analysis program. For the data that were digitized online, the records of at least 800 revolu¬ 

tions were digitized, averaged, and stored in the memory system of the Interdata Model 4 

Minicomputer. The average waveform data were then entered into a harmonic analysis 

program. 

Although the number of revolutions for data collection differed for the two methods 

ot data analyses, no significant difference in the induced pressure results was apparent. 

In general, the blade-frequency harmonic was the most significant for all the experimental 

results. The two times blade-frequency harmonic was usually 10 to 20 percent of the blade- 

frequency harmonic, and the three times blade-frequency harmonic was usually 5 to 15 percent 

of the blade-frequency harmonic. 

File total pressure at each transducer consists of a periodic time-dependent fluctuation p 

about a mean value p and can be represented by a Fourier series as: 

t 

OO 

P = ao/2+ £ |an) cos m0 + bm sin m<M (3) 
m - I 

7 
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s 

where p = a /2 

p = £ |a eos m(> + h|n siti m0| 

m - I 

By letting 

a.../C'„, =eos7m ami hm/Cn) = sin 7 

where (m = laj + Ivl'1 

Equation (I) then heeomes 

p = a0/2 + I Cni (am ICm eos m0 + b,n /Cni sin m0l 
m = 1 

or 

P = a0/2 + £ Cm eos (m0 7m » 
m = 1 

(4) 

where 7m = tan 1 (bm/am) 

Thus, the unsteady pressure at each transducer is defined as the total pressure less the 

mean pressure 

P = P - P = L ( m cos ,n^ 7n,] 
(5) 

m = l 

If Z is the number of blades of the propeller then the amplitude ol the blade-frequency pres¬ 

sure fluctuation is given by,Cz. and the phase angle of that harmonic is given by 7Z: thus 

pz = Cz cos [ /.O 7/) <b) 

The maximum blade-frequency signal occurs when 7<¡> 7Z * 0. Therelore, the phase angle 

for which pz is a maximum is defined to be 

0, = 7z/Z (7) 
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[he amplitude of the blade-frequency harmonic has the dimensions of pressure and is 

nondimensionalized as follows 

Kpz = CllpN2D2 (8) 

It should be noted that the phase angle result of Kerwin1’ is for the angle at which the 

pressure coefficient is a maximum and. according to Kerwin, is defined to be 

(l>) 

If Equation ?. is used to represent the propeller-induced pressure p. then Equation (6) 

becomes 

C p “o/2 

oo 

L 
il -i 

cos (m^ - 7 (10) 

If all terms are neglected, except those of blade frequency, then Equation (7) becomes 

I -Cz cos <Z0 - 7Z )| (ID 

The maximum positive value of the blade-frequency pressure coefficient occurs when 

Z0 - 7Z = ir- Therefore, when 0 = (jt + 7Z )/Z. the phase angle for which Cp is a maximum 

is equal to 0r = (vr + 77 )/Z or. using the results of Equation (4) 

0r =7t/Z + 07 (12) 
p 4 

where 0Z represents the phase angle of maximum induced pressure amplitude relative to the 

blade-reference line. Thus, the maximum pressure-coefficient amplitude and the maximum 

induced-pressure amplitude are out of phase by rr/Z. 

9 



UNSTEADY PROPELLER LOADING 

I lie signals Iroin Hie six-component balance along with phase-reference pulses were 

recorded on magnetic tape lor digital computer analysis. I he balance was designed so that 

me transverse-force and bending-moment sensois would rotate with the propeller. These 

sensors were used to measure force and moment along a pair of orthogonal axes. Hence, 

transverse-force and bending-moment vectors rotating with the propeller were measured. A 

propeller position {0p = 0) is detined as that at which the rotating axis coincides with the 

(fixed) horizontal and vertical axes; then 

'V 'V 'V % "X/ 

M, =Mv;M2 = M„ ; F, = Fv ; F, = F,, (13) 

% 'V 'V % 

where M,. M2. F,. and F2 are forces and moments with respect to the rotating axes. The 

angle 0p is the propeller angular position about the shaft axis positive clockwise looking 

upstream, 0p = 0 tor vertical upward. At any 0p, the forces and moments with respect to 

the fixed axes are 

Mv = M, cos 0p + M2 sin 0p 

M„ = -M, sin 0p + M, ccs 0p 

Fv = F, cos 0p - F, sin 0p 

( !4) 

Fh = Fl sin Öp + F2 cos °p 

For the computer analysis, the tape record was digitized at SO points per revolution. 

These values were averaged for 200 revolutions and were scaled to obtain 80 points at 4.5° 

intervals ot an average cycle. The values for the six channels were then multiplied by a ft by 

ft calibration matrix to obtain values ol thrust and side torces in pounds and tori|Ue and 

bending moment in foot-pounds. 

Another computer operation resolved the rotating side-force and bending-moment 

vectors into vertical and horizontal components. The amplitudes of the first 20 harmonic 

components were then computed along with the phase angle relative to the propeller position 

at which the single-tooth pulse was generated. The position at which the single-tooth pulse 

was generated occurred at the vertical upward position of the midchord of the root section 

of the propeller blade. 

10 
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On-the*spot readings of the amplitude and phase of the dominant harmonic component 

ot each signal were also made. In addition, the waveforms of the signals were recorded 
photographically from an oscilloscope. 

Concurrent with this investigation, the field-,»int pressures were measured on a flat 

plate near the propellers. The same conditions and phase-reference pulses were used, and the 

data were recorded on the same magnetic tape. Additional pressure measurements were made 

with several different angles between the wake screen and the pressure measuring 
position as well as with uniform flow. 

A periodic loading can be expressed as 

L = a0/2 + £ (Am sin m0p + Bm cos mO | 
m = 1 (15) 

where L = a /2 O ' 

L= £ [Am sin mfl + Bm cos mfl ) 
m = I H 

By letting 

Am /( m - cos 0 and Bm /C = sin <f> 

where C = |Am2 + B 21* m ^ m m J 

f 

I 

Equation (15) becomes 

or 

L = a0/2 + £ Cm [ Am /Cm sin mö + Bm /Cm cos m0n ] 
m = 1 

L~a0/2+ £ Cm sin (m0p+0mL) 
m * 1 

where 0mL »tan-' (Bm/Am) 

(lb) 

II 



Thus lhe unsteady thrust may be expressed as 

T = T T = Z T» «"'Op +<W 
in - I 

(17) 

where Tm is the amplitude of the mtli harmonie of the unsteady thrust, and 0|nT is the 

phase angle of the mth liarmonie of the unsteady thrust. 

Similarly the equations for unsteady torque, side force, and bending moment, are 

Q = Q-Q= Z 0,,, sintmOp +0mQ) (IS) 
m * l 

OO 

F = F - F = £ Fm sin (mOp + 0in, ) (1^) 
in = 1 

% - 00 % 
M = M - M = £ Mm sin (mOp + 0mM ) (20) 

m = I 

r\j r\j 

where Qin. Fm. Mm are the amplitudes of the mth harmonic of the unsteady torque, side 

forces, and bending moments, and 0niy. 0,,,\ . 0mV, are the phase angles of the mth harmonic 

of the unsteady torque, side force, and bending moment. 

EXPERIMENTAL RESULTS 

OPEN-WATER PERFORMANCE 

Figures 10 and 11 present the forward and backing open-water propulsion characteristics, 

respectively, of Propellers 3(>S and 72S and Propellers 36W and 72W. 

The open-water data of Propellers 36S and 72S presented in Figures 10 and 11 differ 

slightly from those of Reference b. The open-water experiments of these propellers were 

repeated inasmuch as a more accurate comparison could be made when the propeller results 

were compared from the same experimental setup. 

The forward open-water thrust and torque coefficients of Propellers 36W and 72W were, 

in general, greater than those of Propellers 36S and 72S. respectively. The open-water torque 

coefficient for Propeller 72W was greater than that of Propeller 3(>W for all forward advance 

coefficients, and the forward open-water thrust coefficients for Propellers 36W and 72W were 

approximately equal for advance coefficients less than 0.7. However, the thrust coefficient of 



Propeller 72W was greater than that ot Propeller 36W tor advance coefficients greater than 

0.7. 

Table 3 presents a comparison of the four propellers at the design condition. In all 

instances, the skewed propellers perform nearer to design than do the warped propellers. 

Table 5 shows that Propellers 36S, 72S, 36W. and 72W operate within 1,1, 2.5, and 4.5 

percent of design rpm, respectively, while absorbing design shaft horsepower. Table 5 

also shows that the propellers operate within 1 percent of the design forward velocity when 

absorbing the design shaft horsepower. It must be mentioned that the data presented in 

Table 5 are based on open-water results. No propulsion experiments were conducted. 

Figure 11 presents the backing open-water performance of the four propellers. The 

backing open-water thrust and torque coefficients of Propellers 36W and 72W are, in general, 

less negative than those ot Propellers 36S and 72S, respectively The backing open-water 

thrust and torque coefficients ot 72W are lower in absolute value than those of Propeller 36W 

tor all advance coefficients tested. Table 6 shows the effect of skew and warp on speed at 

constant power and constant thrust-loading coefficient. Table 6 was computed by entering 

the backing open-water curves at a constant thrust-loading coefficient. CTh = 8K, /»rJ2. 

At the corresponding advance coefficient J. the power coefficient Cp = |27rNQ/< l/2)p Vv? A0 I 

I6Kq/J3 was obtained from the open-water curves. Constant power, P,, = 27tNQ/550, and 

diameter were specified; therefore, the speed of advance for each propeller was 

" I Fjj/t 1/2 ) pC p A() 11/3. The data show that the backing speed decreased with increasing 

skew and warp, and the amount of reduction was insensitive to the thrust-loading coefficient 

in the region from CTh = 0.2 to CTh = 1.6. The backing speeds with 36° and 72° skew and 

36° and 72° warp were approximately 1.5. 7. 6. and 8 percent less, respectively, than the 

backing speed with zero skew or warp. 

CAVITATION PERFORMANCE 

Figure 4, Figures 12 through 22. and Table 7 show the cavitation-inception results of 

Propellers 36S, 36W, 72S. and 72W. Sketches and photographs of the cavitation at selected 

advance coefficients and cavitation numbers are given in Figures 4a through 4f. For Figures 

12 through 20. a curve marked with one radius means that the propeller was cavitating from 

that radius to the tip. Curves showing the inception of a separate inner cavity are marked 

with the radial extent of the inner cavity. This occurs only on Propeller 72S. In general, 

sheet cavitation on the back (suction side) started near the tip and proceeded to lower radii 

with decreasing cavitation number. On the face, initial sheet cavitation extended from an 

inner radius to approximately 0.95 propeller radius. As the pressure was lowered, the inner 

part of the cavity extended to a larger radius. When the outer end of the cavity extended 

13 



sliglitlv beyond r/R = I .ü. and a tip vortex occurred, lace vortex cavitation inception was 

said to ocuir. Visual tip-vortex inception on the back of a propeller blade occurred when 

the tip-vortex cavity appeared to attach itself to the propeller blade near the tip with the 

length of the tip-vortex cavity extending downstream parallel to the leading edge but not 

adhering to it. For the propellers evaluated, inception does not occur simultaneously on all 

blades for the same cavitation number: therefore, the curves of Figures 12 through 22 represent 

cavitation inception on at least three of the five propeller blades unless otherwise noted. 

Figures 12 through 14 present the cavitation results of Propellers 3bW and 72W. It can 

be seen in Figure 14 that a widening of the cavitation-free bucket occurs with increasing 

warp. However, some crossover in the inception of back-sheet and tip-vortex cavitation 

occurred for the warped propellers so that at the design thrust-loading coetlieient. back- 

sheet cavitation was delayed most on Propeller 3bW. For the warped propellers, inception ol 

tiie tip-vortex cavitation occurred on each blade at nearly the same radius, x = 0.1>. Back 

bubble cavitation on Propeller 72W occurred at higher cavitation numbers than for Propeller 

36W for all advance coefficients tested as shown in Figure 15. Back bubble on the warped 

propellers generally started midchord of the propeller blade near the root (0.2 < x < 0.4) 

and proceeded to 100 percent chord and larger radii with decreasing cavitation number. 

Cavitation results of Propellers 36S and 72S are presented in Figures lb through 18 with 

comparison of back bubble-inception results presented in Figure 15. In Figure 18. it can be 

seen that a widening of the cavitation-free bucket occurs with increasing skew, similar to the 

result obtained for increasing warp. A crossover, similar to that of the warped propellers, in 

the inception of back-sheet and tip-vortex cavitation occurred for the skewed propellers: thus, 

at the design thrust-loading coefficient, sheet cavitation was delayed most on Propeller 3bS. 

Tip vortex-cavitation inception occurred at x = O.d lor Propeller 36S and at the blade tip 

(x = 1.0) for Propeller 72S. Figure 15 shows that back bubble-cavitation inception occurred 

on Propeller 72S at slightly lower cavitation numbers than Propeller 3bS for advance coeffi¬ 

cients greater than 0.85; however, the values for advance coefficients were similar at less than 

0.85. Table 7 gives results of back bubble-cavitation inception for the skewed and warped 

propellers. 

For Propellers 72S and 72W. another type of cavitation called back-trailing edge 

occurred; see Figure 13. This type of cavitation occurred near the root of the trailing edge 

of the back of the propeller blade and had the appearance ol sheet rather than bubble 

cavitation. 

Differences in the cavitation-inception characteristics ol the skewed and warped propellers 

are presented in Figures 19 through 22. It is known that the method used to design the 

warped propellers will affect the radial load distribution. Thus, some of the unurenees in the 

cavitation inception characteristics due to blade warp, especially back bubble-cavitation 

inception, may be due to using an inadequate design method lor the warped propellers. 

14 
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Comparison of Propellers 3(>S and 3<iW at a given advance condition showed that back- 

sheet and vortex cavitation occurred at a Higher cavitation number tor Propeller 3<>S. while 

lace-sheet and lace-vortex cavitation occurred at approximately the same cavitation number 

lor a given advance condition lor both Propellers 3(,S and 3(,W. Comparison of Propellers 

72S and 72W showed that cavitation results similar to those lor Propellers 3(,S and 72S as 

reported by Boswell6 differed slightly from the results presented herein. However, trends 

associated with increasing skew are the same. The differences in the present cavitation results, 

of Propellers 3(,S and 72S and of Boswell could have been caused by the following: 

• Use of different open-water results to calculate the speed ol advance VA, thus, 

changing the inception cavitation number. 
• Changes in propeller-blade surface. A number of experiments have been conducted 

on Propellers 3(,S and 72S. and the surface finish of the blades was not as good as that lor 

the blades of Propellers 3(,W and 72W. 
• Unknown and unrecorded changes in the water that may have altered the cavitation 

number for inception. 
• Experimental technique that may have differed between experimenters, for example. 

pressures may have been decreased at ditterent rates. 

• Cavitation results that depended ultimately on the subjective evaluation ol the 

observer-experimenter. For this experiment, it was found that for each propeller evaluated, 

the inception of a particular type of cavitation did not occur on all blades at the same cavita¬ 

tion number. Also, the radial and chordwise extent of cavitation on each propeller blade was 

not identical for the same cavitation number. Thus, it was necessary to average the cavitation 

number for a particular type of cavitation pattern. When a particular cavitation pattern 

appeared on at least three of the five propeller blades, that type of cavitation was said to 

occur. This observation is subject to personal interpretation. 

FIELD-POINT PRESSURES 

Uniform Flow-Design Advance Coefficient 

Total blade-frequency-induced pressure amplitudes and phases were measured on a flat 

plate with the propeller operating at design thrust coefficient (Kr = 0.214). Only the 0 

blade-warp results could be compared with theoretical results since no theory existed for 

determining induced pressures of warped propellers at the time. Blade-frequency results of 

pressure amplitude and phase for the unwarped parent propeller (Model 4381 ) agreed well with 

Kerwin theoretical predictions and experimental results of Denny and Teel.4 

Figures 23 and 2(, compare experimental results and theoretical predictions for 0° blade 

warp for propeller-tip clea.ance of 10- and 30-percent radius, respectively. Figures 24 and 27 

present the experimental results of the propellers with 3(,° blade warp at propeller tip 
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clearances of 10 ami 30 percent, respectively, while Figures 25 and 28 present experimental 

results for 72° blade warp. The experimental results have been connected by curves for visual 

clarity and are not. in general, intended to depict trends in the axial pressure distribution. 

The pressure amplitudes are presented in the lorm ol nondimensionalized blade-!ret|uency 

coefficients as shown in F.quation (8). The plots show amplitude and phase versus axial 

distance from the propeller plane with the x/R = 0 position designating the propeller-relerence 

plane. Phase 0/ is defined as the angular difference between the circumferential location ol 

the maximum blade-frequency pressure and a relerence line extending Irom the hub center 

through the blade-hub sections midchord and lying in the propeller reference plane. 

Figures 23 through 28 present 0. at which C is maximum (minimum p> Figures 23 

and 20 show that the measured blade-frequency pressure amplitudes and phases agree very 

well with the Kerwin theory. Uniform flow-phase angle results indicate that in the propeller 

plane, the minimum induced blade-1 requency pressure occurs at the instant the blade tip 

passes the pressure transducer. 

A comparison of l igures 23 through 25 and 2b through 28 indicates a large decrease ol 

blade-frequency pressure amplitude with increased clearance Irom the blade tip. The increase 

in clearance from 10 to 30 percent of the propeller radius reduced the maximum pressures 

bO to 70 percent for the three propellers. The measured pressure coefficient at the radius 

tip clearance of 10 percent shows a decrease for increasing blade warp 

Uniform Flow—Range of Advance Coefficients 

Figures 2l) and 30 show the measured blade-frequency amplitudes for the propellers 

with 3b° and 72° of blade warp, respectively, operating at K, of 0.375. 0.300. 0.214. 0.100. 

and 0.0 at 10- and 30-percent R tip clearance. 

Figure 31 shows the measured blade-frequency pressure amplitudes for all the propellers 

of the warped series at 10-percent R tip clearance and at K , = 0.375. 0.214. 0.100. and 0.0. 

For the various uniform Hows, the induced pressures showed similar trends in that the 

maximum values of the induced field pressures were greater at low advance coellicients 

(higiih loaded conditions) and were lessened at high advance coellicients (lightly loaded 

conditions). 

The effect of blade warp was such that at the higher blade loadings, increasing blade 

warp reduced the blade-frequency pressures; however, as the loading decreased to zero the 

3()° warped propeller induced higher blade-rate pressures downstream than either the 0 or 

72° warped propellers. This effect could be attributed to a change in the loading distribution 

at tire low-loading, off-design conditions where the contributions of thickness and loading 

might combine in such a way as to result in a maximum blade-lrequency pressure lor 3b 

lb 

warp. 



Nonuniform Flow 

Figure 32 compares the results of indu ceil pressure measurements on a Hat plate for 

Propellers 4381 (0° warp). 4497 (3(>° warp), anil 4498 (72° warp) run at design thrust 

coefficient (k, = 0.214) for each distinct position of the 4-cycle wake screen (reler to I ig- 

ure (> for wake position) and at 10-percent K tip clearance. Position 4 produced the largest 

values of blade-frequency-induced pressures, followed in magnitudes by values ootained at 

Positions I. 3. and 2 in tiiat order. Position 4 corresponded to the region ol heaviest 

propeller-blade loading since the inflow velocity was the least through that region of the 

screen. Position 2 was the region of highest inflow velocity and the propeller-blade loading 

was least in that region. The other positions were combinations of the high and low inflow 

regions, and values of blade-frequency-induced pressures were between those obtained at 

Positions 4 and 2. Except for the M° propeller at Position 2. the nonuniform-flow results 

showed reductions in blade-frequency pressures with increasing blade warp, a trend also 

observed in the uniform-flow results. 

Figures 33 and 34 present the values of blade-frequency pressures, measured on the flat 

plate for the propellers with 0°. 36°. and 72° blade warp, operating in nonuniform flow 

created by the 4- and 5-cycle wake screens at 10-percent R tip clearance and at several 

advance conditions. Results are given for measurements obtained while the 5-cycle wake 

screen was in Position 3, and the 4-cycle wake screen was in Position 4. 

Tlie nonuniform-flow results of Figure 33 (5-cycle wake. Position 3) show reductions 

in blade-frequency pressures with increasing blade warp. However, results from Figure 33 also 

indicate that for the 36° and 72° warped propellers, the induced pressures upstream of the 

propeller plane decrease with decreasing liirust coefficient; whereas, the downstream induced 

pressures increase with decreasing thrust coefficient. Only marginal reductions of the blade- 

frequency-induced pressures were noted for the various loading conditions for the 0° warped 

propeller, operating in the 5-cycle wake at Position 3. 

The nonuniform-flow results of Figure 34 (4-cycle wake. Position 4) show reductions in 

blade-frequency pressures with increasing blade warp and decreasing mean thrust coellicient 

(increasing advance coefficient). 

Comparison of Skew and Warp 

Results of the blade-frequency pressure amplitude obtained by Teel and IX*nn> 1 lor a 

skewed-propeller series were compared with blade-frequency pressure amplitude results of a 

series of warned propellers. Figures 35 through 38 present the comparison of blade-frequency 

pressure amplitudes for 3b° and 72° skewed propellers and 3b° and 12" warped propellers 

operating in uniform and nonuniform flow. 
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Results show a greater reduction of propeller-induced pressures with increasing blade 

warp than with equal amounts of blade skew. This may be due to the different load distribu¬ 

tion on the warped and skewed propellers as mentioned in the introduction. It should be 

noticed that the maximum blade-frequency pressure is not displaced downstream for increas¬ 

ing blade warp as with increasing blade skew. 

UNSTEADY PROPELLER LOADING 

The unsteady loading results for a series of warped propellers are presented in Figures 

39 and 4b. Figures 39 and 40 show the amplitudes of the blade-frequency harmonics of 

the unsteady thrust and torque relative to the steady values at the design thrust coefficient. 

The results are shown as a function of K,. instead of J = VX/NI). because the operating 

advance coefficient varied for the warped propellers due to differences in their open-water 

characteristics. The increase in blade-frequency thrust and torque coefficients with decreasing 

mean thrust coefficient was due to the increased fluctuations in flow angle. 

A phase angle 4>L will now be defined as 

^ = (^l - VZ (21) 

where <Fl = geometric angle by which the blade rate-propeller loading leads the same 
frequency component of the longitudinal velocity 

0ZW = phase angle of the blade-rate harmonic of wake velocity at r/R = 0.7 

0Z1 = phase angle of the blade-rate harmonic of the propeller loading 

Z = order of the blade-rate harmonic. 

The 5-cycle wake screen was rotated so tiiat the phase angle of tbc blade frequency 

component of the longitudinal velocity at r/R = 0.7 was 0° with respect to the vertical upward 

position. This was done to obtain the «1», directly from the unsteady loading measurements, 

that is. 

^t “ * ^/.1. ^/ w ^ 

since 

¿ZW = 0 

then 

\ - ^7.17Z 
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where u positive angle «!• denotes the angle by which the hi, ^. .• 
le i.iwn,, ,- h y mut the blade frequency-propeller loading 

t TOX",: no ^01 ^ «k, ,rei.„ was ne„J; °-7 ,hc 
I he phase angles <!>' and <|> ' in Fiunre di „ r . 

nils sis,, convention is nsed because hll , 0Í "U‘ ^ 

very narrow unwar,wd blade are 180“ °f "mK' a"d Ioniuc for a 
Titus 01 PhaS*' """ «''oci,y lluc,nations in the wake. 

“V = l<Jr + 0ZT)-0zw)/z 

V = l(,r + 0zg)- 0zw|/Z 

(22) 

(23) 

itures 4. and 43. Their directions are defined in Figure 8. 
tlie phase angles ¢, and fb of th»» hi-«i,v »v, ... 
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with tlie warped-propeller experimental results, except the bending moments. It is recom¬ 

mended that present unsteady loading theory be extended to include the effect of rake on 

unsteady loading. 

In Figure 46 the warped-propeller results are compared with the skewed-propeller 

results of Reference 16. In general, warped and skewed propellers show comparable reduction 

with increasing warp and skew. However, it should be noted that the unsteady thrust and side 

forces of the 36° warped propeller are greater than those of the 36° skewed propeller. 

SUMMARY 

A modification of the basic lifting-surface programs has been developed by Kerwin to 

compute the necessary pitch and camber corrections for skewed propellers with arbitrary 

rake.6 The modified program derived by Kerwin accounts for the effect of radial induced 

velocities for propellers whose surface normal has a component in the radial direction; whereas, 

the lifting-surface program used in the design of the skewed-propeller series6 does not. The 

Kiiwin results show that the camber in the vicinity of the root needs to be significantly 

reduced with increasing forward rake. Thus, Propellers 36W and 72W apparently have too 

much camber near the blade root. The pitch is also predicted to be somewhat high. This 

result is consistent with the present cavitation results since inception of back-bubble cavitation 

of the 72° warped propeller is seen to occur much earlier than for the 72° skewed propeller 

(with the proper pitch and camber corrections), particularly at the root. Because of the 

excessive camber at the root of the warped propellers, the loading at the tip is reduced, 

which is consistent with the later onset of back tip-vortex cavitation for the warped propellers. 

The earlier onset of face cavitation at the outer radii, except 72W at 0.7R, Figure 14a. is also 

consistent with this reasoning. 

OPEN-WATER AND CAVITATION PERFORMANCE 

Analysis of the open-water data shows that incorporation of forward rake in highly 

skewed propellers sufficient to place the blade centerline in a single plane will change the 

propulsive performance of the propeller if appropriate pitch and camber corrections are not 

made. Rational techniques for such corrections have been developed by Kerwin10 and Píen.11 

The change in the thrust and torque coefficients of the warped propellers were such that 

the 36° and 72° warped propellers were estimated to be 2.5 and 4.5 percent, respectively, 

lower than design rpm at design power. The corresponding skewed propellers were both 

within I percent of design rpm. All propellers were estimated to produce within 1.5 per¬ 

cent of the design speed at the design power. 

A widening of the cavitation-free region occurs for both increasing warp and increasing 

skew. 

20 



Back bubble-cavitation inception occurs at higher cavitation numbers for increasing 

warp; however, this may be due to neglecting the effect of rake in the design of the warped 

propellers. 

A crossover in the inception of back-sheet and tip-vortex cavitation occurred for the 

warped propellers so that at design thrust-loading coefficient, sheet cavitation at the design 

advance coefficient was delayed most on Propeller 3(>W. A similar crossover occurred for the 

skewed propellers, i.e.. sheet cavitation was delayed most on Propeller 3bS. 

Although, the cavitation results of Propellers 36S and 72S reported by Boswell6 differed 

Iront the present results, it was confirmed that the cavitation bucket became wider for 

increasing skew. 

FIELD-POINT PRESSURES 

Induced pressures were measured on a Hat plate near warped propellers. There were 

essentially no harmonics in the pressure signal of comparable si/e to the blade-frequency 

harmonic, l-xperimental results of Propeller 43X1.0° blade warp, from the uniform-flow 

experiments at the advance coefficient of propeller design compared very well in phase and 

amplitude to the Kerwin predictions of blade-frequency pressure. 

Significant decreases in measured amplitude of blade-frequency pressure were found to 

occur for increasing values of blade warp. 

Results of blade-frequency phase angle indicate that the minimum blade-frequency pres¬ 

sure in the propeller plane occurs at the instant the propeller blade tip passes the pressure 

transducer. 

A sizable decay of the blade-frequency-induced pressure was apparent at a 30-percent, 

propeller radius tip clearance, compared to the 10-percent clearance when the propeller was 

operating at the same advance coefficient. 

Results of nonuniform-flow experiments indicated that a change of the wake region in 

line with the pressure transducers had essentially the same effect on the maximum blade- 

frequency pressure amplitudes as changing the loading by changing the advance coefficient 

in uniform flow. 

In general, results of both uniform and nonuniform flows showed that the maximum 

blade-frequency-induced pressures increased with an increase in blade loading. 

UNSTEADY PROPELLER LOADING 

The investigation has shown that blade warp has considerable effect in reducing the 

blade-frequency forces and moments acting on a propeller in nonuniform How. For the 

propellers evaluated, warp equal to the blade spacing reduced the blade frequency thrust and 

torque to about 25 percent of that of an unwarped propeller, the blade-frequency bending 



moment to 35 percent, and the blade-frequency side force to 15 percent. However, unsteady 

thrust and side forces for the 36° warped propellers were greater than those of the 36° 

skewed propeller. 

CONCLUSIONS 

Tiie following conclusions have been drawn from the present study. 

1. A propeller design procedure similar to that of Kerwin or Fien must be used to 

properly design warped propellers. 

2. The cavitation-free bucket becomes wider with increasing warp. 

3. In general, it appears that if warped propellers are designed using the now available 

pitch and camber corrections, there will be little difference in either the propulsive or cavita¬ 

tion performance of skewed and warped propellers. 

4. The radial load distributions of the warped and skewed propellers are apparently 

different for the same value of thrust coefficient, Kp. This lact should be kept in mind when 

comparing the field-point pressure results for the warped propellers wit’.i those ol the skewed 

propellers. 
5. Depending on propeller placement on a ship, sufticient propeller-blade warp could 

be beneficial in reducing hull vibration created by the induced pressure fluctuations. 

6. The induced pressures were found to decrease with increasing propeller-tip 

clearance. 
7. For a given propeller-loading condition, phase angle results indicate that the angular 

position of minimum blade-frequency pressure is a function ol warp angle. 

8. A slightly greater reduction of propeller-induced pressures result with increasing 

blade warp as compared with increasing blade skew. 

9. Xo more accurately determine trends in the axial pressure distribution at ott-design 

conditions, more pressure transducers are required. 

10. In general, for increasing warp, the results of warped-propeller unsteady loading 

showed comparable reduction as did increasing skew lor skewed propellers. 
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VIEWS LOOKING FORWARD VIEWS LOOKING TO PORT 

UNDISTORTED PROPI- LLER-Blaiie sections arc centered on straight 

RAKED PROPELLI R-Blade sections arc displaced in axial direction and need not be linear such as shown above (positive 

rake is toward stern). 

3. WARPED PROPI EEER-Angular displacement of blade sections in plane of rotation (positive warp is opposite to direction 

of rotation) 

4. SKEWED PROPELLI R-Blade mid-chord points are displaced along a pitch helix which passes through a straight radial 

line in the propeller plane!combination of rake and warp). 

Figure I - Various Types ot Propeller Blade Distortion 
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Figure 3 - Blade Outline of Parent Propeller and Propellers 3ftS, 3MV, 72S, and 72W 
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Figure 3 (Continued) 

Figure Jc Propeller 72S or 72W 
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UPSTREAM 

Figure 5 - Flat-Plate Dimensions and Placement in the Water Tunnel 
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POSITION 4 
HEAVY BLADE LOADING 

- POSITION 3 

POSITION 2 
LIGHT BLADE LOADING 

POSITION 1 

4-CYCLE WAKE SCREEN 

POSITION 4 
HEAVY BLADE LOADING 

POSITION 3 

_ POSITION 2 
LIGHT BLADE LOADING 

POSITION 1 

5-CYCLE WAKE SCREEN 

Figure 6 - Four- and Five-Cycle Wake Screens, Showing Distinct Regions of Flow 
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Figure 8 - Forces and Moments Acting on Propeller 
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Figure 21 - Comparison of Face Cavitation Inception on Propellers 36S. 
36W, 72S, and 72W 
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Figure 23 - Comparison of Predicted and Measured Blade-Frequency Pressure 
Amplitudes and Phases for Design Thrust Coefficients of 0.214, 0° Blade 

Warp, and 10-Percent Propeller Radius Tip Clearance 

Figure 24 Measured Blade-Frequency Pressure Amplitudes and Phases for 
IX'sign Thrust Coefficient of 0.214, 3(>° Blade Warp, and 

10-Percent Propeller Radius Tip Clearance 
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Figure 25 - Measured Blade-Frequency Pressure Amplitudes and Phases lor 
Design Thrust Coefficient of 0.214, 72° Blade Warp, and 

10-Percent Propeller Radius Tip Clearance 
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Figure 26 Comparison of Predicted and Measured Blade-Frequency Pressure 
Amplitudes and Phases for IX'sign Thrust Coefficient of 0.214, 0° Blade 

Warp, and 30-Percent Propeller Radius Tip Clearance 
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Figure 27 - Measured Blade-Frequency Pressure Amplitudes and Phases for 
Design Thrust Coefficient of 0.214, 36° Blade Warp, and 

30-Percent Propeller Radius Tip Clearance 
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0 PROPELLER 4381. 0 BLADE WARP 

Ô PROPELLER 449/, 3ü BLADE WARP 

□ PROPELLER 4498 /2 BLADE WARP i/R 1 1 

4 CYCLE WAKE 

POSITION 4 

4 CYCLE WAKE 

POSITION 3 

4 CYCLE WAKE 

POSITION 2 

4 CYCLE WAKE 

POSITION 1 

UPSTREAM DOWNSTREAM 

Figure 32 - Measured Blade-Frequency Pressure Amplitudes for the 0°, 3ft°, and 72° 
Warped Propellers at Mean-Tlirust Coefficients of 0.214. 10-Percent Propeller 

Radius Tip Clearance, and Four Distinct Positions of the 
4-Cycle Wake Screen 
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0 PROPELLER 4381. 0 BLADE WARP 

A PROPELLER 4497, 36° BLADE WARP 

□ PROPELLER 4498, 72° BLADE WARP r/R 11 

5 CYCLE WAKE 

POSITION 3 

5 CYCLE WAKE 

POSITION 3 

5 CYCLE WAKE 

POSITION 3 

Figure 33 - Measured Blade-Frequency Pressure Amplitudes for the 0°, 3(i°, and 72° 
Warped Propellers at Mean-Thrust Coefficient Values of 0.300. 0.214. and 

0.100 for Position 3 of the 5-Cycle Wake Screen, and 10-Percent 
Propeller Radius Tip Clearance 
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O PROPELLER 438). 0 BLADE WARP 

Ä PROPELLER 4497. 36 BLADE WARP 

□ PROPELLER 4498. 72 BLADE WARP 

4CYCIE WAKE 

POSITION 4 

4 CYCLE WAKE 

POSITION 4 

4 CYCLE WAKE 

POSITION 4 

Figure 34 Measured Blade-Frequency Pressure Amplitudes for the 0 . 3(> . and 7 
Warped Propellers at Mean-Thrust Coefficient Values of 0.300. 0.214. and 

0.100 for Position 4 of the 4-Cycle Wake Screen, and 10-Percent 
Propeller Radius Tip Clearance 
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Figure 35 - Measured Blade-Frequency Pressure Amplitudes for Skewed 
and Warped Propellers of 36° at Design Thrust Coefficient of 

0.214 and 10-Percent Propeller Radius Tip Clearance 

UPSTREAM 
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Figure 36 - Measured Blade-Frequency Pressure Amplitudes for Skewed 
and Warped Propellers of 72° at Design Thrust Coefficient of 

0.214 and 10-Percent Propeller Radius Tip Clearance 
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Figure 37 - Measured Blade-Frequency Pressure Amplitudes for Skewed 
and Warped Propellers of 72° at Mean-Thrust Coefficient of 

0.300, 10-Percent Propeller Radius Tip Clearance, 
and Position 4 of the 4-Cycle Wake Screen 
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Figure 38 - Measured Blade-Frequency Pressure Amplitudes for Skewed 
and Warped Propellers of 72° at Mean-Thrust Coefficient of 

0.300, 10-Percent Propeller Radius Tip Clearance, 
and Position 3 of the 5-Cycle Wake Screen 
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TABLK I PROPELLER DESK'.NATION 

Propeder Model 

Number 

Geometric 

Characteristic 

Propeller 

Designation 

4382 36° skew 36S 

4383 72 ’ skew 72S 

4497 36 warp 36W 

4498 72° warp 72W 
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TABLE 2 - GEOMETRY OF WARPED PROPELLER SERIES 
Numbcf o* BUtrs 
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0 03/0 
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PHDPEllER 4498 WARP /2 DEGREES 
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36 //0 

4b 453 
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I 19/6 
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0 040/ 

0 0385 

0 0 »42 

0 0281 
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TABLE 3 - AXIAL LOCATION OE PRESSURE 

TRANSDUCERS WITH RESPECT TO 

REFERENCE PLANE OE PROPELLER 

Transducer x/R 

1 

2 

3 

4 

5 

-0.93 

-0.60 

-0.27 

♦0.06 

♦0.40 

TABLE 4 - OPEN-WATER ADVANCE COEFFICIENTS Al THE IIIRUST 
COEFFICIENTS SELECTED FOR WATER TUNNEL EXPERIMENTS 

Propeller 

Number 

Propeller 

Blade Warp 

deg 

Thrust Coefficients 

0.00 I 0.100 0.214 1 0 300 1 0 375 

4381 0 

Advance Coefficients 

1 280 1.118 0.873 0688 0 538 

4497 36 1.300 1.145 0938 0/62 0 598 

4498 72 1 344 1.182 0 955 0./65 0 581 

76 77 
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