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SUMMARY

One of the possible propulsive systems for a future energy efficient air-
plane is a high tip speed turboprop. When the turboprop airplane is at
cruise, the combination of the airplane forward speed and the propeller rota-
tional speed results in supersonic helical velocities over the outer portions
of the propeller blades. As a result of these supersonic blade sections and
their associated shock waves, these propellers may create a cabin noise prob-
lem for the airplane. To model this propeller noise, the pressure ratio
across the shock at the propeller tip was calculated and compared with noise
data from three propellers. At helical tip Mach numbers over 1.0, using only
the tip shock wave, the model gave a fairly good prediction of the noise for a
straight bladed propeller and for a propeller swept for aerodynamic purposes.
However for another propeller, which was highly swept and designed to have
noise cancellations from the inboard propeller sections, the shock strength
from the tip overpredicted the noise. In general the good agreement indicates
that shock theory is a viable method for predicting the noise from these
supersonic propellers but that the shock strengths from all the blade sections
need to be properly included.

INTRODUCTION

One of the possible propulsive systems for a future energy efficient air-
plane is a high tip speed turboprop. When the turboprop airplane is at
cruise, the combination of the airplane forward speed and the propeller rota-
tional speed results in supersonic helical velocities over the outer portions
of the propeller blades. As a result of these supersonic blade sections and
their associated shock waves, these propellers may create a cabin noise prob-
lem for the airplane.

The noise from three model propellers of this type was obtained by testing
in the NASA Lewis 8-by-6 Foot Wind Tunnel and was reported in references 1 and
2. A photograph of the three individual blades is shown in figure 1(a) and a
photograph of one of the eight-bladed propellers is shown in figure 1(b). The
three propellers have been designated SR-2, SR-1M and SR-3. The SR-2 blade is
similar to a conventional straight propeller blade but with a long chord and a
relatively low thickness-to-chord ratio at the tip. The SR-1M blade has some
sweep built into the outboard area. This sweep was primarily aerodynamic for
the purpose of reducing losses. The mid-chord tip sweep, when measured on the
helix formed by the advancing blade, is 23 . The SR-3 blade was an attempt to
incorporate sweep both for aerodynamics and noise control. The mid-chord tip
sweep of this blade was 34°. A comparative listing of the three propellers is
found in table I.
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A number of theoretical noise prediction models have been developed for
these types of propellers. Some of these can be found in references 3 to 7.
These theories are based upon linear acoustic theory and utilize the Ffowcs
Williams-Hawkings equation of reference 8. One of these theories, that of
Farassat, was used to predict the noise of the three tested propellers in
reference 9 and a simplified model prediction based on a fly-over shock wave
correlation was presented in reference 10. The trends of the theory with
helical tip Mach number, Mht, are not the same as the data for Mach numbers
over 1.0. This is shown in figure 2, taken from reference 9, which has the
predictions and data for the three propellers. As can be observed from this
figure, the predictions for the three propellers increase for helical tip Mach
numbers over 1.0 while the data level off. The leveling off of the noise of
supersonic helical tip speed propellers was also shown in reference 11. The
difference between data and theory has also been observed for helicopter noise
as indicated in figure 14 of reference 12, where the rotor data levels off but
the Tlinear theory noise predictions continue to increase with Mach number.
These noise prediction models, based upon linear acoustic theory, apparently
do not accurately model the noise in the region where shock waves are formed.
Therefore an evaluation of shock wave behavior is undertaken in this report.
The intent is to investigate the shock wave behavior with increasing Mach num-
ber and to relate this to the measured propeller noise.

SHOCK WAVE
Shock Wave Formation

In order to investigate the shock related noise from this type of pro-
peller blade, it is necessary to have a qualitative understanding of the
formation of the shocks. A discussion of the process can be found in refer-
ence 13, pp. 289-291, and the following is primarily a paraphrasing of this
discussion. The discussion concerns the flow around a thin airfoil, at a
small angle of attack, in a transonic stream. The figures of reference 13 are
redrawn here as figure 3. Figure 3, part (a) is for a free-stream Mach num-
ber, My, of 0.75, part (b) is for My = 0.81, (c) for 0.89, (d) for 0.98
and (e) for 1.4.

In part (a), My = 0.75, where the flow around this thin airfoil is sub-
sonic, no shock waves are formed. However, as the free-stream Mach number is
increased to 0.81, figure b, local velocities over the blade surface become
supersonic. As the flow past the upper surface of the blade decelerates from
the high local flow velocities a shock is formed. Initially this is a normal
shock and is slightly detached from the surface. As the free-stream Mach num-
ber is increased, as in part (c), the upper shock moves back on the surface,
becoming oblique, and a shock wave is formed on the bottom surface. In part
(d), Mg = 0.98, the oblique shocks have both moved to the trailing edge of
the blade. Finally, when the free-stream Mach number is at 1.4, part (e),

a bow shock is formed in front of the airfoil. The free-stream Mach number at
which a shock appears on the surface of the blade, as in part (b), is a func-
tion of the airfoil shape and the angle of attack (high angles of attack and
thicker airfoils with large camber cause the shocks to form at Tower free-
stream Mach numbers).



The intent in the following sections is to use this formation model as a
guide in determining the behavior of the pressure ratio across the shock as a
function of Mach number. Then the shock wave behavior is used as a model for
comparison with the noise behavior of supersonic helical tip speed propellers.

Shock Wave Pressure Ratio

In order to provide insight into the noise of supersonic helical tip speed
propellers, the pressure ratio across a two-dimensional blade shock wave will
be investigated. The intent here is to investigate the variation of the pres-
sure rise across the shock as Mach number is increased. At the lower Mach
numbers the initially formed shocks are assumed to abide by the normal shock
relations. The normal shock pressure ratios as a function of incoming Mach
number, M;, have been previously tabulated in reference 14 and table II of
this report repeats a portion of reference 14. As the Mach number over the
blade increases, the shocks become oblique. The oblique shock pressure ratic
will then be used at the lowest Mach number where an oblique solution is
available and at all higher Mach numbers. The following two equations for a
two-dimensional oblique shock will be used to solve for the pressure ratio
across the shock. These two equations are from reference 13 and are equations
7.84 and 7.85 in that reference.

(v + LN
cot & = tan e > -1 (1)
Z(Mlsin e - l)
P2 27M§Sin29 - (y-1)
EI 5 R (2)

In these equations y 1is the ratio of specific heats, M; is the Mach
number upstream of the shock, P is the pressure upstream of the shock,
Po is the pressure dowstream of the shock, & 1is the deflection angle and
e is the shock wave angle. These can be seen in the sketch of figure 4.

The method of solution of these equations is to choose the incoming Mach
number of interest, Mj, and using the deflection angle ¢, solve equation
(1) for the shock wave angle e. Two solutions for e are possible, the weak
and strong shock wave angles. For our solutions, the weak shock angle, the
lesser of the two angles, will be used. This angle is then substituted into
equation (2) to obtain the pressure ratio across the shock, P2/Pj. This
oblique shock solution would then be used for all of the Mach numbers where an
oblique shock is possible and the normal shock pressure ratios would be used
at the lower supersonic Mach numbers.

For an example, the case with a one-half of a degree deflection angle, s,
is presented. An oblique-solution exists, for & = 1/2 , down to a Mach num-
ber of approximately 1.04. Below this Mach number the normal shock pressure
ratios from table II are used. This results in the curve of figure 5.



Figure 5 is interesting in that it shows some of the general trends of the
data of figure 2. The level increases with Mach number initially and then
after peaking, approaches a constant value. This is similar in general to the
data curve shape. It is interesting to note that some peaking does occur in
the data of figure 2 (particularly for SR-3) even though the curves through
the data were not drawn with this peak. The generally favorable shape com-
parison between the data and the shock wave pressure ratio seems to reinforce
the position that the noise can be modeled by shock wave theory. This leads
to an actual theory-data comparison for the propeller models which will be
undertaken in the next section.

PROPELLER COMPARISONS

In order to more accurately compare the shock wave trends with the pro-
peller data a more detailed prediction is undertaken. The majority of the
noise from the propellers is assumed to come from the outermost blade section
and since the shock equations are two dimensional, only this outermost airfoil
section is modeled.

SR-2 Comparison

The SR-2 propeller is a straight bladed propeller with approximately a
2 percent thick airfoil at the tip. This leads to a deflection angle of ap-
proximately 1° and this is chosen for &. It should be noted here that the
thicker the blade is for the same chord, the larger the deflection angle would
be and hence the stronger the shocks, i.e., blades with larger percent thick-
nesses make more noise. When the calculations were performed, the curves
shown in figure 6 were the result. Part (a) is a plot of Pp/P7 versus Mj.

The overall sound pressure level was calculated as follows,

0ASPL = 20 log (—p———Pz s Pl) - 20 log (A‘L) (3)
shock at , 10 ref 10 Pref
b Tade

where Ppef = 2x10-5 N/M2 and P1 was taken as atmospheric pressure.

This results in the curve shown in figure 6(b). As can be observed, this
curve is different in both the ordinate and abscissa from the SR-2 data of
figure 2. The shift in the Mach number is the result of M;, the local Mach
number, being greater than the free-stream Mach number, M,, as was previous-
ly indicated in the Shock Wave Formation Section.

As was shown in reference 12, the "delocalization" of the shock appears to
occur at a free-stream Mach number of about 0.9 for the helicopter blades
tested and which is assumed to apply to the propeller blades under study,
i.e., a local Mach number, M1, of 1.0 occurs at a helical tip Mach number of
0.9. Applying this assumption allows the curve to be shifted as shown in fig-
ure 7. As can be seen in this figure, the level predicted for the shock wave



pressure rise at the surface of the blade is still higher than the blade pas-
sage tone measured on the wind tunnel wall but the Mach number variations of
the curves now have a number of similarities. The data and theory curves both
seem to rise in the same helical tip Mach number region (0.9 to 0.95) and they
both reach an asymptotic value at helical tip Mach numbers over about 1.0.

This comparison of the shock strength from a single blade with the mea-
sured fundamental tone noise of the propeller is sufficiently interesting to
merit further corrections to the theoretical result to make it more nearly
apply to the experimental situation. The corrections involve accounting for
the time duration between shocks as it affects the average signal strength,
allowing for attenuations of the signal with distance, and accounting for the
presence of the tunnel walls.

The correction for the time duration was used previously in references 10
and 15 and is

\1/2
OASPL = OASPL +20 ]og10 (T—) (4)
rms at shock at \
blade blade

where
D
T = ‘B‘V?’ (5)
T M_C (6)
htao’

D 1is the propeller diameter, B is the number of blades, Vi 1is the
propeller tip speed, C is the blade chord, M, is the helical tip Mach
number and a, is the speed of sound.

From reference 15, the distance correction for a shock was based on 20
times the log of the distance to the three quarters power. It will then be
assumed here that for the near field translation of the shock to the tunnel
walls, that the correction should be

Pwa]]

X
= 15 log
Phlade 10 b

(7)

where h is assumed to be the length of a line drawn from the microphone
to its point of tangency on the propeller circumference and X is a normal-
izing dimension for the blade section. For the purposes of our two dimen-
sional model X is chosen as the airfoil chord, C.

In addition, the tunnel walls have the effect of doubling the incident
pressure, which amounts to a 6-dB noise addition.



The final corrected sound pressure on the tunnel walls is given by

AP T*\M/2 C
OASPL = 20 log)q | p—) * 20 Tlog (T—) + 15 log ¢ * 6. (8)

rms at ref
tunnel
wall

In reference 10, it was noted that the data are almost completely domi-
nated by the blade passage tone so this overall sound pressure level is com-
pared to the maximum blade passage tone noise on the tunnel wall in figure 8.

The two-dimensional shock theory shows the same trends as the data, as was
mentioned before. At helical tip Mach numbers over about 1.0 the comparison
in both trend and level is very good with the shock theory slightly under
estimating the data. The underprediction is what would be expected since only
the outer portion of the blade was included in the calculation. In the region
from Myt = 0.92 to Mpt = 1.0, the shock theory overpredicts the data.

This is the transition range between the normal and oblique shock regimes and
it may be that this range is not handled correctly in this shock wave
formulation.

Swept Blade Comparisons

The previous comparison was for a blade with a straight Teading edge,
SR-2. The following compares the two dimensional shock theory predictions
with data for two blades with swept leading edges. The first blade, SR-1M,
was swept for aerodynamic purposes to reduce losses. The second blade, SR-3,
was swept both for aerodynamics and acoustics. The intent of the acoustic
sweep was to provide some cancellation of noise by proper phasing of the noise
coming from various sections of the blade.

Figure 9 compares the predictions of the two-dimensional shock wave theory
with the noise data from the two propellers. Figure 9(a) is for SR-1M and
9(b) for SR-3. (The theory predictions include the same Mach number shift as
was used for SR-2.) As can be observed from the data curves on these figures,
and as was noted previously in references 2 and 10, the sweep built into SR-1M
and SR-3 serves to delay the formation of shocks to a higher helical tip Mach
number. It was observed in reference 10 that these shifts amounted to 0.06 M
for SR-1M and 0.11 M for SR-3. If the predicted curves for the two propellers
are shifted by these amounts, the curves of figure 10 result. Figure 10(a) is
for SR-1M and here the shift has brought the data and theory more closely into
alignment with the final noise levels beyond M = 1.1 being in fairly close
agreement. In figure 10(b), SR-3, the shift has brought the Mach number
dependence of the curves more closely into agreement. It even appears that
the slight peak in the data occurs at the same Mach number, 1.07, as the large
theory peak. However, the levels predicted by the shock theory are higher
than the data at the higher Mach numbers.

The difference between measured and predicted levels for SR-3 at the higher
Mach numbers is probably the difference between the two dimensional theory
representation and the expected three dimensional design performance of SR-3,



which was designed to have the sound from different spanwise sections cancel
each other. It appears that this concept was successful since SR-3 is some
6-dB quieter than SR-2 at the design point. However, the two-dimensional
shock representation used here was only for the outermost section of the blade
and shocks from the inboard sections and any possible cancellations therefrom
were not included.

It appears that, in order to accurately predict the noise from propellers
like SR-3 using shock theory, the contributions from all of the sections of
the blade will have to be considered. In other words a three dimensional
model will have to be constructed. This would hopefully provide a more accu-
rate prediction for the SR-3 propeller and possibly decrease the theory at the
lower Mach numbers to be more in line with the small peaks observed in the
data. The inclusion of the shocks from all of the supersonic blade sections
is a more difficult task than this initial undertaking since it requires
determining both the shock pressures and the timing of the shock arrivals.

It may be possible to do this by sectioning the blade hub to tip and properly
adding the contributions from each section. In any case some three dimen-
sional shock wave representation is the recommended direction for future work
in this area.

CONCLUDING REMARKS

Since it appears that Tinear acoustic theory does not accurately predict
the noise of propellers operating at supersonic helical tip speeds, a two-
dimensional model based on shock wave theory was investigated. This model,
which was based on the pressure difference across a shock wave, showed many of
the same trends with increasing Mach number as did the existing propeller
data, particularly the leveling off of the noise with increasing propeller tip
Mach number.

As a result of the general trend agreement a more detailed comparison was
undertaken for the straight bladed SR-2 propeller where the two-dimensional
theory modeled only the outboard blade section as the noise source. With an
estimated Mach number adjustment to account for the fact that the shock starts
on the blade before the free-stream Mach number is one and with the proper
conversion and translation of the pressure rise across the shock on the blade
into an estimate of the noise measured on the tunnel wall, the model gave a
good prediction for the measured blade passage noise of the propeller at
helical tip Mach numbers over 1.0. Below a helical tip Mach number of 1.0,
the shock theory had the same general trends as the data but the peak in the
theoretical noise curve was higher than the measured data. One possible
reason for this is that the contributions to the noise from other sections of
the blade, not included in the theory, may be acting to cancel some of the
noise calculated from the outboard section.

A comparison between the two-dimensional shock pressure rise and the noise
from two swept bladed propellers was also undertaken. The sweep of the blades
results in the delay of the start of the shock on the blades and when this was
included, the shock model fairly well predicted the supersonic helical tip
speed noise of one of the swept blades, SR-1IM. The trends with Mach number
were fairly well predicted for the other swept blade, SR-3, but the shock



model overpredicted the noise of this propeller at supersonic helical tip
speeds. The SR-3 propeller was designed to have noise cancellation from some
ot the inboard sections. Since the shocks from the inboard sections were not
included in this two-dimensional model, this may be the explanation for the
overprediction.

The generally good agreement between the two-dimensional shock theory and
the propeller data may be partially fortuitous but it indicates that shock
theory is a viable candidate to be used in place of the linearized acoustic
theory to more accurately predict the levels and trends of the noise from pro-
pellers operating at supersonic helical tip speeds. This model might also be
applicable for both helicopter blade passage tone noise and turbofan multiple
pure tone noise which appear to have the same dependence on Mach number (over
1.0) as does the propeller noise.

In this paper only the outboard section of the blade was modeled in the
two-dimensional shock noise theory. In order to more correctly model the
propeller noise, the recommended next step is to have some form of three-
dimensional model which includes the shocks from all the blade sections and
accounts for both their strengths and the timing of their arrival at the mea-
surement points.
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TABLE I. - COMPARISON OF PROPELLERS

4

SR-2 SR-1M SR-3
Design cruise tip speed, 244 (800) 244 (800) 244 (800)
m/sec (ft/sec)
Design_cruise pgwer loading 301 (37.5) 301 (37.5) 301 (37.5)
kW/m (shp/ft¢)
Number of blades 8 8 8
Tip sweep angle, mid chord, deg 0 23 34
Design efficiency, percent 77 79 81
Nominal diameter, D, cm (in.) 6Z.2 (24.5) 62.2 (24.5) 62.2 (24.5)

TABLE II. - NORMAL SHOCK PRESSURE RATIO

[y =1.4 (from ref. 14).]

M1 Po/P1
1.00 1.0000
1.01 1.0234
1.02 1.0471
1.03 1.0710
1.04 1.0952
1.05 1.1196
1.06 1.1442
1.07 1.1690
1.08 1.1941
1.09 1.2194
1.10 1.2450

10




SR-2 SR-IM SR-3

(a) INDIVIDUAL BLADES.

(b) PROPELLER SR-3 IN TUNNEL.
Figure 1, - Propeller blades.
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(c) SR-3 COMPARISON.

Figure 2. - Peak blade passage tone variation with helical
tip Mach number.
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Figure 7. - Shock pressure rise at blade compared with
maximum blade passage tone for SR-2 propeller on
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Figure 8. - RMS shock pressure compared with maximum
blade passage tone for SR-2, both on tunnel wall.
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Figure 10. - RMS shock pressure, shifted to account for sweep, com-
pared with maximum blade passage tone, both on tunnel wall.
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