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Summary

The experimental performance of 10 transonic fan
rotors was used to correlate losses caused by
midchord part-span dampers during off-design
operation between 50 and 100 percent of design
speed. The design tip speed for the rotors used varied
from 419 to 425 meters per second, and the design
pressure ratio varied from 1.6 to 2.0. The loss
atiributable to the damper and the region influenced
along the blade height were correlated with relevant
aerodynamic and geometric parameters. The losses at
the design point were estimated by using a previously
reported correlation as a base. The off-design losses
were thus correlated with the variation in blade
suction-surface incidence at the damper location. A
check with the independent data showed that the
prediction of damper losses and region of influence
was fair to good for most of the off-design data
examined.

Introduction

Modern fan-jet aircraft engines require high-
pressure-ratio, high-bypass-ratio fans of short axial
length to minimize both weight and internal and
external nacelle drag. This requirement often leads to
high-aspect-ratio, transonic blading that necessitates
the use of one or more part-span dampers for
structural integrity. Figure 1 shows the part-span-
damper geometry and typical damper profiles. The
use of dampers leads to the need to predict and
control their effect on the flow through the rotor.
This effect consists of a localized region of additional
loss downstream of the rotor, as illustrated in
figure 2.

One method of accounting for the damper loss, in
design, has been to increase the average overall blade
loss to account for the expected decrease in
performance. However, this technique does not
consider the large temperature and pressure gradients
in the region of the damper. Furthermore the
blockage and losses associated with the damper can
cause flow shifts toward the end-wall regions that
may affect performance. Finally the stator blading is
often strongly affected, particularly in the region
directly behind the damper, by the maldistribution of
flow from the rotor. Consequently it would be
beneficial to be able to predict the losses due to the

dampers and their regions of influence; then the
effects on the localized and overall performance
could be calculated and minimized if possible.
Reference 1 describes a method of estimating these
effects at the design point. The purpose of the
present work is to extend the method so that an
estimate of damper loss and region influenced can be
made for off-design conditions.

Section B-B: Damper profiles used in correlation

Figure 1. - Geometry of part-span dampers.
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Figure 2. - Radial variation of total-pressure-loss coeffi-
cient for rotor with part-span damper.

In reference 2, Esgar and Sandercock show that
performance over the blade height can be predicted if
the total-pressure-loss distribution is known in the
damper region. They took the measured values of
energy addition and loss from several transonic
rotors with dampers and used these data to calculate
the variation of outlet velocity, flow angle, and
pressure over the blade span. However, the pressure-
loss distribution in the damper region is not generally
known before experimental data are obtained. The
data from rotors with part-span dampers are
examined and correlated herein with selected
aerodynamic and geometric parameters to give a
method of predicting the localized damper-loss
distribution for all normal operating conditions. This
can then be added to the estimated loss without a
damper to calculate rotor performance.

Factors Affecting Damper Losses

The losses through transonic rotors caused by part-
span dampers can be attributed to several
aerodynamic and geometric factors: Mach number,
damper angle of attack, maximum damper thickness
and aerodynamic chord, damper leading- and
trailing-edge thicknesses, blade span in relation to
damper geometry, and blade geometry at the damper
location.

In reference 3, Benser, et al., describe experiments
done on shock-wave visualization by laser hologram
in the damper region of a high-tip-speed, transonic
fan rotor. Figure 3 shows the interpreted shock
system for this rotor at design speed and near-design

pressure ratio. There is the expected blade leading-
edge passage shock, but there are also two shock
waves that have been caused by the damper. The first
shock starts from the damper leading edge at the
blade suction surface and wraps around the damper
at an angle to the damper leading edge, and the
second comes from the junction of adjacent
dampers. Both shocks propagate toward the tip. (It is
assumed that a similar propagation of the shocks
occurs toward the hub.) Figure 2 illustrates that the
loss caused by the damper occurs not in a sharp spike
but with a maximum loss at the shroud location and a
gradual decrease of loss on either side. The radial
propagation of shock waves from the damper,
decreasing in intensity with distance, is the probable
cause of this difference, as the damper wake could be
expected to be relatively small and there would be
little mixing measured by a probe placed immediately
downstream of the rotor. The strength of the leading-
edge damper shock is a function of the Mach number
at the damper leading edge, the leading-edge
thickness, and the deflection angle (if the damper
operates at a nonzero angle of attack). The second
shroud shock appears to be caused by the ill fit of the
damper bearing surfaces. Therefore the strength of
this shock depends on the damper surface Mach
number and the radial position of the dampers with
respect to each other.

The magnitude of the profile or wake loss is a
function of the angle of attack of the damper with
respect to the stream surface intersecting the leading
edge, the relative thickness of the trailing edge, and
(as indicated in ref. 1) the pressure gradients caused
by the local blade-to-blade circulation. (This last
effect is taken into account by the parameter ¢/a.)

It is clear that the flow in the damper region is
highly complex and three dimensional. An analytical
or numerical solution of this flow field would require
the ability to calculate in three dimensions and would
include the effects of viscosity. Presently this is not
practical. Therefore an experimental correlation
considering the relevant physical parameters must be
used to predict losses in the region of the part-span
damper.

Design-Point Loss Correlation

A correlation for the estimation of part-span
damper losses at design point is reported in refer-
ence 1. This correlation is based on part-span damper
losses and on blade-element, design-point
aerodynamic and geometric data from 21 transonic,
axial-flow research rotors that varied greatly in tip
speed and loading. The maximum design-point,
total-pressure losses attributable to the damper were
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Figure 3. - Rotor blade model with shock system at design speed and near-design pressure ratio.

correlated with the following parameters (symbols
defined in appendix A):

(1) The shock loss coefficient wg for the blade
passage containing the damper, which is the total-
pressure-loss coefficient associated with a normal
shock of strength M (calculated by the method of
ref. 4)

(2) A blade aerodynamic loading parameter, the
camber divided by the solidity ¢/¢ at the damper
spanwise location

(3) The leading- and trailing-edge damper radii
normalized by the mean span and damper chord,
respectively, r,/h and r,/cq4

The tightest data correlation was obtained from
the combination of parameters given by

Spsd,m = 500(’—”15 )as + 8( ZL; )(o.om + g) (0

where this relation applies to values of r, and r,
greater than zero (i.e., if r; and ry, approach zero,
wpsd,m approaches zero, which is physically

unrealistic). This equation has been changed from
that presented in reference 1 by the addition of the
constant 0.001 to the term /o, which makes the
form of the correlation more physically realistic.

Examining the data from the research rotors
revealed that the spanwise region influenced by the
damper extended over 10 to 15 times the damper
maximum thickness, with the damper located near
the midpoint of this region. For this correlation a
value of 12.5 times the normalized damper thickness
was chosen to estimate the spanwise region of
influence:

x t 2
5—12.5(5) @

The variation of loss in the damper region of
influence can be approximated by a modified normal
distribution given by the equation

wdr + @dr,m ~ a,o)[e-Z(Zd/x)z - e-2(x/2d)‘°°] +wo 3)



TABLE I. - DATA FOR OFF-DESIGN CORRELATION OF PART-SPAN DAMPER

Rotor Symbola Rotor Rotor ~ Damper Location of ' Leading- and trailing-edge Part-span- |Mean Mach ' Blade Blade : Reference ‘;fer- |
used in design design ! profile | part-span part-span~-damper radius | damper , number at  camber solidity ‘ 100-percent- | ence
figures | tip speed, pressure type damper, normalized with respect to- | maximum ! part-span- |, angle at at part- | speed blade
Tto 17 m/sec ratio {from percent of Y thickness damper |part-span- span- suction-

fig. 1) | span from Mea‘f‘ Span l Part-span- normalized location damper damper surface
tip at height, | damper with respect (at design | location, location, incidence
trailing r/h | chord, to mean span speed), @, o at damper
| i edge r/ cq height, M rad location,
!
! : t/h 123)100'
| ‘ | | |
H B % i | - 1 L
NASA 6 Q 419 1.65 B " 48 ’ 0.0023 0.0259 0.0172 1.37 0.192 1.66 1.5 5
NASA 8 0 423 1.80 1 50 \ .0259 .0170 1.36 .226 1.86 1 ;6
NASA 11 o 425 , 1.60 [ 55 ’ : .0223 .0184 1.33 .116 1.69 2.1 ; 7
NASA 12 \V4 423 1.80 | 50 ! .0199 .0189 1.36 .222 2.16 | .3 i 8
NASA 14 q 423 1.80 50 .0180 | .0191 1.34 .257 1.65 6 [ 9
NASA 16 N} 425 1.60 55 .0209 | .0183 1.27 . 140 .71 | 9 t10
NASA 18 o 422 2.00 55 .0262 .0190 1.35 | .426 2.21 .8 11
NASA 19 o) 423 1.60 60 .0204 .0187 1.34 .159 1.73 1.1 ()
NASA 20 < 423 1.60 60 V .0192 .0180 1.29 .123 1.76 1.3 12
NASA 21 a 425 1.61 49 .0021 .0216 .0187 1.41 .290 1.67 .1 13
AiResearch D 489 1.51 D 30 .0015 .0072 .0192 b~1. 51 .072 1.69 ~-.2 14
GE v 427 1.64 B 43 .0029 .0215 .0185 b~1. 37 .122 1.60 -.45 15
P&W A [} 442 1.79 o] 40 .0047 .0160 .0234 b~1. 30 .280 1.51 .27 16

2ynpublished NASA data.
blVI estimated from data in reference.




Off-Design Correlation for Losses
due to Part-Span Dampers

Data Sources, Interpretation, and Accuracy

The large body of experimental data availdable at
the NASA Lewis Research Center was used to
correlate off-design, part-span-damper losses. The
data from 10 NASA research rotors representing
different performance levels were selected as the
basis of the correlation. All these rotors used the
NASA type B damper (fig. 1) as the type A caused
very high losses. The design information for these
rotors is given in references 5 to 13, with pertinent
information summarized in table I.

Data were sought from NASA-sponsored
industrial research for fan rotors with dampers to use
as an independent check on the correlation. A search
revealed three rotors with some loss definition in the
damper region considered herein. One was the first-
stage rotor used in the holographic studies mentioned
earlier and designed and tested by AiResearch (ref.
14), the second was a single-stage General Electric
research fan (ref. 15), and the third was the first-
stage rotor from a Pratt & Whitney two-stage,
transonic fan (ref. 16). The shapes of the dampers
from these three rotors (types D, B, and C,
respectively) are shown in figure 1. Pertinent rotor
and damper data are given in table I.

The damper loss region was well defined in the
NASA tests by five data points taken in the
immediate vicinity of the damper, approximately
one-half of a chord length downstream. Figure 4
shows a typical radial variation of total-pressure-loss
coefficient for a NASA research rotor and
demonstrates how the maximum damper loss
coefficient wpgy,, and region of influence were
estimated by {Zliring the radial distribution of the loss
coefficient across the damper region as if the damper
were not present. It can be seen that the lack of a data
point in the region from 60 to 80 percent of span
could introduce some error into the estimate of
damper maximum loss and region of influence. If at
80 percent of span the loss coefficient were near the
design value (~0.055), the estimate of maximum
damper loss coefficient would be in error by ~0.01.
This is typical of most of the data; that is, the
estimates of maximum loss coefficient due to the
damper were accurate to approximately =+0.01.
Likewise the closest that the damper region of
influence can be determined is +5 percent of span
(i.e., x/h to £0.05).

For the previously reported design correlations
(ref. 1) it was possible to estimate the part-span-
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— — Estimated variation of loss without damper

12
H
S AN
§ < Region of influence
< 16
(2]
3
& /
o 08— ~~<Z -
= — ST T~ — - -
A et e T T R
0 1
Tip 20 4 60 80 Hub
Radial location, percent of span from tip at
trailing edge

Figure 4. - Radial variation of totai-pressure-loss coefficient for
NASA rotor 16 at design speed and maximum efficiency.

damper loss by using the data outside the region
influenced along with the radial variation of design
values. For the off-design case the estimated
variation of loss outside the part-span-damper region
of influence is much more dependent on the
experimental data. To determine the reliability of this
technique for off-design use, the radial loss
variations of two sets of rotors, similar except for
damper size, were compared for various operating
conditions. Figure § shows the radial loss
distributions for NASA rotor 3 (ref. 17) and rotor 3,
mod-1 (ref. 18) at 100 and 70 percent of design speed.
Three data points on each speed line are plotted for
both rotors: near choke, midrange, and near stall.
For all conditions the loss variation outside the
region influenced by the damper shows the same
trends and very nearly the same level, irrespective of
damper size. Figure 6 gives the radial loss variation
for rotor 1 of the NASA two-stage fan for two speeds
at maximum efficiency (refs. 19 to 21). (Rotor 1 was
tested with large and small dampers and also without
dampers in a low-aspect-ratio configuration.) Again
the variation and level of loss are similar, although
for the ‘“‘no damper”’ rotor the aspect ratio was lower
than for the large or small damper blading. These
figures indicate that for normal operation the loss
variation outside the damper region is not changed
significantly by the presence of the damper and that
the level of loss is similar. Therefore it should be
possible to deduce the approximate radial variation
of loss across the blade height in the absence of a
damper by using the method illustrated in figure 4.
This then was the procedure used to estimate the
maximum loss due to the part-span dampers
wpsd,mand the radial extent of influence x/h for the
rotors used in the correlation.



A O Rotor 3 [ < Rotor 3; reading 501
reading 533 A Rotor 3, mod-1; reading 80

A Rotor 3,
mod-1; —

reading 67

.2
.1 2
0 I [ | L
(a-1) Near choke. {b-1) Near choke.
.4 —
r < Rotor 3; reading 532 < Rotor 3; reading 504
A Rotor 3, mod-1; reading 20 A Rotor 3, mod-1; reading 60

Total-pressure-loss coefficient, w

(a-2) Midrange. (b-2) Midrange.
4 < Rotor 3; reading 551 < Rotor 3;
A Rotor 3, mod-1; reading 68 reading 538
% A Rotor 3,
\ mod-1;
reading 43

S R I T U (R A N A Y B
Tip 20 40 60 80 Hub  Tip 2 40 60 &0 Hub
Radial location, percent of span from tip at trailing edge

{a-3) Near stall. (b-3) Near stall.
{a) 100 Percent of design speed. (b} 70 Percent of design speed.

Figure 5. - Radial loss distributions for NASA rotor 3 (large dampers) and NASA rotor 3, mod-1 (small
dampers) for various operating conditions,

Flow-Angle Considerations could postulate off-design loss similar to that of the

. L classical, single-airfoil drag coefficient relation
If the flow through a rotor in the damper region is

modeled as a wing-body combination, the most
important single geometric factor affecting off- Cn ~ a2
. . p~a“+Cp,
design performance is the angle of attack of the flow ’
with respect to the damper. This is of course a
simplistic assumption, as the flow through a rotor is The equivalent expression for damper loss is
not axisymmetric but three dimensional. Even so, a
mean damper angle of attack would be an important _ -
performance parameter. If this were available, we Wpsd,m ~a? + @Wpsd,m
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Figure 6. - Radial loss distribution for rotor 1 of NASA
two-stage fan with large, small, and no part-span
dampers operating near maximum efficiency at 100
and 80 percent of design speed.

where a,;';d, m is the minimum and/or reference value.
However, the available data have been taken and
reduced in such a way that a damper angle of attack
is not available. Therefore a substitute must be found
that indirectly relates to it. Examining the rotor data
shows that at any given rotational speed, damper loss
and region of influence go through a minimum as the
rotor is throttled from choke to stall. This can be
seen in figure 7, where this variation is plotted as a
function of equivalent weight flow for NASA rotor
18 (ref. 11).

This figure suggests a relation similar to those just
described if damper angle of attack varies directly
with weight flow. This should be true for any fixed
speed for, as the throttle is closed, the blade
incidence increases and thus loads up the rotor and
causes some radial shift of streamlines. So equivalent
weight flow might be used as a correlation
parameter. However, a more direct geometric
indicator of blade-section loading at supersonic
Mach numbers, and therefore damper performance,
would be blade incidence and particularly blade
suction-surface incidence ig; atgthe damper location.

Figure 8 shows the damper performance of four
rotors plotted as a function of blade suction-surface
incidence at the damper location for 100 percent of
design speed. (Fig. 8 shows blade suction-surface
incidences computed from continuity streamlines and
therefore their magnitudes may differ somewhat
from those computed from design streamlines, as
tabulated in most NASA reports, if there is a
significant difference in meridional flow angle.) A
parabolic relation is evident. Since blade suction-
surface incidence is a readily computed geometric
parameter, it was used to indirectly correlate damper
performance.

Reference Values

Figure 8 shows large differences in damper
performance for different rotors. However, if all
damper performance variation with blade suction-
surface incidence at the damper location was made
relative to a minimum or reference value, there could
be some basis of correlation. This was done for five
of the rotors from table I (rotors 8, 11, 14, 18, and
21) that had a wide range of loading. A composite
plot of these rotor data, reduced relative to the
reference, is given in figure 9, where

Aigg =g — i; 1G]
Aapsd,m =‘-—"psd,m - Z{;;f«:d,m (5)
and
X X\ *
am=(3)-(%) ©)
Rotating Open symbols denote ‘*_’psd, m
speed, Solid symbols denote x/h
. .5 percentof
g8 design
EZ2 4 70
= ° c 50
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Figure 7. - Performance of part-span damper as function
of equivalent mass flow for NASA rotor 18,
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Figure 8. - Performance of part-span damper as function of blade suction-
surface incidence at damper location for four NASA rotors.

where the asterisk denotes the minimum and/or
reference value; that is, ";sd,m and (x/h)* are
minimum and reference values but i is only a
reference value at minimum loss and in the region of
influence. The differences in loss Awpsq,m and region
of influence A(x/h) were divided by the aerodynamic
loading parameter ¢/c before correlation with Aig
since a highly loaded rotor will tend to show off-
design rotor performance deterioration before one
that is lightly loaded. Furthermore the data were also
correlated with shock loss wg as well as with the
loading parameter ¢/o. No significant difference was
found between this correlation and that shown in
figure 9, the data scatter and variation for both
relations being virtually the same. Relations of the
form

Aw psd,m
/

— i )2
oo =0.02(Aig)

)

and

A(x/h)
/o

=0.06(Aig )2 8)

correlate most of the data within or near the
tolerance band and follow the limits of the data
reasonably well. Therefore, if relationships could be
developed to give i¥, wMam, and (x/hA)* over a
range of speeds, damper performance could be
estimated for any normal operating condition.
(Normal operating condition here is taken to mean
speeds between 50 and 100 percent of design.) A plot
of the variation with rotor speed of

(1) The difference in blade suction-surface
incidence at minimum part-span-damper loss

o* » .
Aig =i~ (1;)100



X\ * X\ * X\ *
Rotor A(,‘,) =(7,> “(;)100
0 8
[a] 11
N 14
o 18 is shown in figure 10 for the NASA rotors of table I.
a 2 Subscript 100 denotes the minimum value at 100
Open symbols denote 100% of design speed; percent of design speed, which according reference 1
left-solid symbols denote 90%; right-solid correlates well with the design point.
;%)’,',mes denote 70%; solid symbols denote Figure 10 shows that there is a general increase of
minimum-loss blade suction-surface incidence with a
Bssd m decrease of rotational speed below design. It was
<—£/0—’> =0-02(Ai55)2 N observed from the data that a constant-throttle (or
1.2 —Expected ) / area) operating line through the design point falls
k] -7 accuracy iy
£ 1.0 W of data /
g ) /
§ E Rotor
E g‘s e ¢
B8ig1s o 8
82 [a) 11
= v 12
g q 14
3 Q16
5 O 18
o 19
< 20
a 2a
> / 50~Percent-speed data are
- \ / from unpublished NASA
% \ A/h) ’ / | sources
g 24\ \\ olo 0.06(Aisg)” ~ J "0 40 _~Mean variation
@ \ / f= 3
g 3 lE 3 ar
3 / s2c¢s 0 S
= / 5ESs
- = EEETS
53 s L6 SEZE 4
8
g
c [ 10 —
Z .8 = qg’ € Expected accuracy of data
@ S E
T 388 &
5 SefE B === ——-F ="
) ) f
= £ o
0 2 l SEE N I B
-8 -6 -4 -2 0 2 4 6 8
Difference in suction-surface incidence, Aigg
Figure 9. - Off-design performance of part-span damper c5 & '293_ o
as function of difference in blade suction-surface in- = § . 2% e
cidence at design location for five NASA rotors. (See SEcS8= ol T LT T T T I T T
table 1 for rotor details. ) s5=x I © S _%__9
) 2E=4 a
- I N N
. . . . E
(2) The difference in minimum part-span-damper -2
. . 50 60 70 80 90 100
loss coefficient Rotating speed, percent of design

Figure 10. - Differences in minimum-loss
= % T - * blade suction-surface incidence, minimum
Awpsd,m = @psd,m = (@psd,m) 100 part-span-damper loss coefficient, and min-
imum region of influence as function of
speed for 10 NASA transonic rotors. (See
(3) The difference in minimum region of influence table I for rotor details. )



near the midrange point of most rotors at any speed
between 100 and 50 percent of design. (See appendix
B for a discussion of operating line.) Furthermore the
point at which the loss due to the damper is a
minimum also occurs near the midrange point for
most rotors. Therefore, if the blade suction-surface
incidence at minimum loss i for any operating
speed is the same or near that associated with an
operating line through the design point, it would be
possible to estimate the variation of igf with rotor
speed. Consequently i% for the 10 NASA rotors of
table I was correlated with the blade suction-surface
incidence at the damper location predicted by the
intersection of a constant-area operating line with
100, 90, 70, and 50 percent speed lines for those
rotors. The results are plotted in figure 11 and
indicate that, with the exception of three points (out
of 31), all the data correlate within the expected
accuracy (which is given by NASA for angle
measurements as =19, refs. 5 to 13 and 17 to 21).
Therefore the blade suction-surface incidence, at the
damper location, that exists at the intersection of a
constant-area operating line through the design point
and any normal speed line should serve as a
reasonable estimate of minimum-damper-loss, blade
suction-surface incidence i%.

Figure 10 indicates that the minimum-loss
coefficient and region of influence are relatively
constant between 100 and 50 percent of design speed
(although there is significant scatter in the region-of-
influence data):

@ped,m = Constant

( ;’—C ) * =Constant ®

It would be expected that the minimum-loss
coefficient would decrease with rotational speed
since shock losses associated with the damper (fig. 3)
will diminish greatly as speed drops off. However,
the minimum-loss coefficient and region of influence
remain approximately the same as speed decreases, as
is shown in figure 10. The most likely explanation for
this behavior is variation of the damper angle of
attack. As discussed in reference 1, for the NASA
rotors the part-span damper was placed along a
design streamline, and therefore at design point the
damper angle of attack can be expected to be at or
very near zero. As the speed is decreased the pressure
and density ratios across the rotor fall below design
and cause a mismatch between the annulus area and
the flow. This results in a streamline shift that
changes damper angle of attack from its minimum-
loss value. This change is reflected by the increase of
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Figure 11. - Correlation of blade suction-surface inci-
dence at damper location calculated from operating
line with minimum-damper-loss blade suction-
surface incidence at damper location estimated from
experiment for 10 NASA transonic rotors. (See
table I for rotor details. )
minimum-loss, blade suction-surface incidence.

Changing the damper angle of attack will increase the
part-span-damper reference loss coefficient a’;sdm
and the region of influence (x/h)*. The data of
figure 10 indicate that, for the rotors used in this
correlation, the increase in damper profile loss
approximately balances the decrease in shock loss as
rotor speed is lowered.

The proposed correlation uses blade suction-
surface incidence at the damper location as the off-
design geometric loading parameter. This parameter
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(c) Rotor 1 of NASA two-stage fan with large, small, and no part-span dampers operating near
maximum efficiency.,

Figure 12. - Radial variation of blade suction-surface incidence for different NASA rotors and
rotational speeds. (See table I for rotor details. )
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will have to be calculated in the absence of
experimental data (i.e., for the design and analysis of
a new rotor). Therefore it is important to determine
the effect that the presence and size of the dampers
have on the blade suction-surface incidence in the
vicinity of the damper. A plot of blade suction-
surface incidence with spanwise location is shown in
figure 12 for the same rotors and operating points as
in figures 5 and 6. The variation of incidence for
variously sized dampers is shown to be small, with
the greatest change occurring for the first rotor of the
two-stage fan (fig. 12(c)) at 100 percent of design
speed. This difference can be attributed in part to the
decreased mass flow at design speed for the large
damper rotor (ref. 19).

Application of Correlation

The correlation presented in figures 9 to 12 can be
used to estimate the off-design losses of part-span
dampers during the analysis of transonic rotors,
Once a rotor with a damper has been designed, an
off-design code computes a rotor performance map
for a constant damper loss and region of influence,
which are estimated from the design-point damper
correlation (ref. 1). Then a constant-area operating
line is calculated, and the blade suction-surface
incidence at minimum loss i is estimated. After this,
an estimate can be made of damper off-design loss
for each point of a new rotor performance map. This
process is repeated until convergence within an
acceptable tolerance occurs.

Equations (1) to (9) can be used with an off-design
computer code to predict rotor performance with the
following procedure:

(1) Estimate the design-point loss coefficient and
region of influence by using equations (1) and (2).

(2) Compute a rotor performance map by using a
constant damper loss, found in step 1.

(3) Determine i§ from an operating line—speed
line intersection.

(4) Determine g4, and (x/h)* from
equations (9).

(5) Choose an off-design speed and mass flow and
determine i at that point.

(6) Use Aig from equation (4) to calculate Awpsg, m
and A(x/h) from equations (7) and (8). Then the
solution of equations (5) and (6) gives an estimate of
Wpsd,m and x/h at the off-design point.

(7) Estimate the spanwise distribution of loss
coefficient from the point of maximum damper loss
by using equation (3).

(8) Repeat steps (2) to (7) until rotor off-design
performance converges within an acceptable
tolerance.
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The correlation represented by equations (1) to (9)
was used to estimate the off-design, part-span-
damper performance for one NASA rotor and for
the three rotors from NASA-sponsored industrial
research given in table I (which were not used to
make up the correlation). NASA rotor 6 was chosen
for comparison, as figure 11 shows that the i at 70
percent of design speed is the furthest from
correlation with that given by the operating
line—speed line intersection. The correlation was
applied to the 70 percent speed line of NASA rotor 6;
the results are shown in figure 13. The agreement
between correlation and experiment is reasonably

0 Experimental data
Estimated variation of loss
without damper
——— —— Calculated variation in
damper region

16 +—

ol 1| I | |

.24{7

Total-pressure-loss coefficient, w

.16 |—
.08 —
N | | | |
Tip 2 Q0 60 80 Hub
Radial location, percent of span from tip at
trailing edge

{c) Near stall; reading 43.

Figure 13. - Comparison between experimental and cal-
culated variation of rotor loss coefficient in region
influenced by part-span damper for NASA rotor 6 at
various operating conditions at 70 percent of design
speed.
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good and leads one to expect that the remainder of
the NASA rotors would give good agreement.
Figures 14 to 16 compare the radial variation of
loss predicted by the correlation with that measured
by experiment for the AiResearch, General Electric,
and Pratt & Whitney research fans, respectively. The
comparison was made for 100, 70, and 50 percent of
design speed except for the AiResearch fan, which
was not tested at 50 percent speed. Three points on

AR N T T I
= (a-1) Near maximum flow; reading 107.

L

2 .24~

8 /R

8 wi— |\

L

5 /

S 08 |-

i

=

(=2

I N Y N R I

{a-2) Near design point; reading 128,

I | |

OTip 2 40 60 &0 Hub

each speed line (near maximum flow, near the
operating point, and near stall) were used for
comparison. (The ‘‘near operating point’’ was that
data point that occurred nearest to the intersection of
the operating and speed lines.) In most instances the
agreement was fair to good—except for the Pratt &
Whitney rotor at part speed (fig. 16(b)). For this
rotor at 70 percent speed the agreement went from
fair near maximum flow to poor near stall. A reason

D Experimental data
Estimated variation of loss without damper
— — — Calculated variation in damper region

AN R I l

(b-1) Near maximum flow; reading 67.

I N B
{b-2) Near operating point; reading 69.

I I |

Tip 20 4 60 80 Hub

Radial location, percent of span from tip at trailing edge

(a-3) Near stall; reading 126.
{a) 100 Percent of design speed.

(b-3) Near stall; reading 71.
{b) 70 Percent of design speed.

Figure 14. - Comparison between experimental and calculated variation of rotor loss coefficient in
region influenced by part-span damper for AiResearch single-stage fan at various operating con-

ditions at two rotating speeds.
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{c-3) Near stall; reading 42,

{c) 50 Percent of design speed.

Figure 15. - Comparison between experimental and calculated variation of rotor Ios§ coefficien_t
in region Influenced by part-span damper for General Electric Task I rotor at various operating
conditions at three rotating speeds.
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Figure 17. - Comparison between experiment-
al and calculated variation of rotor loss
coefficient in region infiuenced by part-span
damper for Pratt & Whitney two-stage fan,
rotor 1, at various operating conditions at
70 percent of design speed with maximum

damper loss shifted 5 percent of span toward
hub.

_
o

08 for this could be the manner in which the data were

taken. The radial variation of rotor loss for the
General Electric and Pratt & Whitney fans was
deduced from traverse and rake data taken behind
the stator. Therefore there could be some radial shift
of streamlines. In figure 17 the Pratt & Whitney
70-percent-speed-line data have been replotted with
the calculated loss region shifted 5 percent of the
span toward the hub. With this shift, the near-
maximum-flow and operating-point data agreed very
well with the prediction. However, the near-stall

.0
8T.ip 2 Q9 60 80  Hub
Radial location, percent of fan from
tip at trailing edge

(c-3) Near operating point on low-flow
side; reading 3-50-3,

{c) 50 Percent of design speed.

Figure 16. - Comparison between experimentai and calculated variation of rotor
foss coefficient in region influenced by part-span damper for Pratt & Whitney
two-stage fan, rotor 1, at various operating conditions at three rotating speeds.
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point continues to show poor agreement. If, for this
near-stall point, the experimental value of the
maximum-loss coefficient in the damper region is
estimated at 0.20 and the region of influence is
estimated at 0.27, the correlation overpredicts by
0.05 and 0.1, respectively. This can serve as an
indication of the maximum error expected from the
correlation.

Discussion

As reference 2 indicates, a good estimate of the
loss variation in the vicinity of the damper makes it
possible to accurately calculate blade row
performance over the span. Since the aerodynamic
and mechanical forces as well as the blade geometry
must be calculated before the required damper size is
known, the correlation for damper loss must be used
on an iterative basis. Iteration procedures for design
(indirect) or analysis (direct) methods can be
calibrated by using experimental data from rotors
with dampers, so long as the data through the
damper region are well defined. Furthermore a
correlation of this type could be used to aid in the
data reduction for fan stages where measurement
directly behind the rotor is not possible, because of
blade spacing, as was the case for the General
Electric and Pratt & Whitney data of figures 15
and 16.

The present correlation and that of reference 1
were calibrated with fan data taken when a damper
was added to the existing blade configuration; that is,
the blade shape and thickness were not changed to
take into account the additional blockage caused by
the presence of the damper. If the blade shape and
thickness were modified at the damper location by
some form of ‘‘area ruling,”” it is likely that losses
would not be so great as indicated herein. Therefore
the present correlation would probably be
conservative (or high) on predicted damper loss for
those fan blades where damper blockage had been
allowed for by area ruling. Along with area ruling the
chordwise location of the damper could strongly
affect the damper loss and region of influence. If the
damper were placed near the blade trailing edge
behind the main passage shock, the damper loss and
region of influence might be substantially reduced.
However, aeroelastic integrity might also be
compromised.

Knowledge of the spanwise flow variation behind
the damper makes it possible to minimize the impact
of the damper and its associated losses on
performance. It also allows trade-off studies to be
made between high-aspect-ratio rotors with dampers
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and lower-aspect-ratio rotors without dampers.
Finally an estimate of the extent and depth of the
damper wake as it propagates downstream through
the stator can be used with an off-design code to
estimate the local flow effects and to optimize stator
performance.

Concluding Remarks

A correlation is proposed that calculates the off-
design performance of part-span dampers. This
method is based on rotor performance where the
damper was located near the midchord and the blade
shape and thickness were not modified to take into
account the increase in blockage due to the damper.
The data from 10 NASA transonic, axial-flow
research rotors were used to formulate the
correlation. These rotors had design tip speeds that
varied from 419 to 425 meters per second and design
pressure ratios that varied from 1.6 to 2.0. The
maximum total-pressure losses attributable to the
damper and the region influenced were correlated in
the following manner for various operating
conditions between 50 and 100 percent of design
speed:

1. The maximum loss due to the damper and the
region influenced at the design point are calculated
by the method presented in reference 1 and these
values are used as reference quantities for all off-
design calculations.

2. The point of intersection of a constant-throttle
(or area) operating line with a speed line defines the
reference point where damper loss is a minimum.
From this point the blade suction-surface incidence
at the damper location is determined from
experimental data or an off-design analysis code.

3. The damper maximum loss wpsq, , and region of
influence x/h are calculated for any point on the
speed line by taking the difference in the blade
suction-surface incidence ig; at that point and the
reference incidence i and using it in the following
equations:

G psd,m = @k, m +0.02( §>(Aiss)2

= (%) » +0.06(£ )eainy)?

>R

where Al =ig —ig, the asterisk indicates minimum
and/or reference conditions, ¢ is camber angle, and o
is solidity.



This correlation was used to predict the off-design
damper performance of three NASA-sponsored
industrial research rotors that were not used to
formulate the correlation. These rotors varied in tip
speed, loading, and damper geometry and
placement. Comparison with experimental results
showed fair to good agreement for most of the data
examined.

The correlation should be useful in the design and
analysis of axial-flow fan and compressor rotors that
use part-span dampers for structural integrity. It
allows the local total-pressure-loss variation in the

region of the damper to be estimated for arbitrary
operating conditions between 50 and 100 percent of
design speed. Using this variation allows the local
and overall effects of the damper on the spanwise
distribution of pressure, temperature, velocity,
efficiency, and flow angle to be computed.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, February 4, 1980,
505-04.
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Appendix A

Symbols

area, cm? pressure correction factor, P/P,f
speed of sound, m/sec n stage adiabatic efficiency
drag coefficient 6 temperature correction factor,
part-span-damper chord, cm T/T,ef
blade chord, cm P density, kg/cm3
distance between spanwise location o solidity, ratio of blade chord to

of wpsd,m and end of damper spacing

region of influence, either toward @ camber angle, rad

hub or tip, cm @ total-pressure-loss coefficient,
mean blade span, cm [(Pé)id —Pi]/(Pi "Pl)
incidence angle to blade suction _ file 1 fici o

surface, angle between inlet air “p protile loss coethicient, w~ws

direction and line tangent to Wg shock loss coefficient, w—w),

blade suction surface at leading edge, Subscripts:

de )

& d damper
constants .
ar damper region
Mach number . . .
. dr,m maximum loss in damper region

mean inlet Mach number, average

of inlet Mach number ahead of blade h hub

and maximum suction-surface id ideal

Mach number calculated by method m location of maximum damper loss

of ref. 4 ) max maximum
total pressure, N/cm o estimated loss level in absence of a
static pressure, N/cm? part-span-damper
specific gas constant, 287.05 J/kg K psd,m  maximum additional loss due to
spanwise radius in meridional plane, part-span-damper (fig. 4)

cm ref NASA standard conditions
leading-edge, part-span-damper (Prer=10.133 N/cm?,

radius, cm T, =288.2 K)
trailing-edge, part-span-damper s normal shock

radius, cm ¢ tip
temperature, K 0 ambient conditions
part-span-damper maximum 1 stage inlet

thickness, cm 2 stage outlet
mass flow, ke/sec 3 nozzle exit plane
equivalent mass flow, kg/sec 100 100 percent of design speed
part-span-damper spanwise region Superscripts:

of influence, cm * minimum loss and/or reference

angle of attack, deg
ratio of specific heats

conditions
relative to blade row
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Appendix B

Operating Line

A constant-throttle (or area) operating line is
determined by the outlet area a fan ‘‘sees”
downstream. This is illustrated in figure 18. A fan
stage is moved along a fixed speed line by
“‘throttling”’ the flow, that is, changing the outlet or
nozzle area to increase or decrease the mass flow
through the machine. An operating line is determined
by fixing the throttle setting or nozzle area of a fan
and varying the rotational speed. If the operating
point falls within the fan’s operating range for that
speed, the pressure ratio will adjust itself to the outlet
area until choking occurs. Any point of a fan-
pressure-ratio-corrected mass flow performance map
can be used to define an operating line by finding all
operating points that fall on a constant-area line
through that point. An operating line might run
through a reference such as the design point, the
maximum-efficiency point, or a point with a
specified stall margin. Once the reference point
through which the operating line must pass is chosen,
a nozzle area must be found that corresponds to this
reference point. If expansion to ambient pressure is
used to size the nozzle and the pressure loss between
the fan outlet and the nozzle outlet is assumed to be
zero,

Now p=P/RT and a=~~yRT.

Substituting these relations into equation (B2) and
rearranging terms give

w(~o/6)

(Py/Py/NT2/Ty)(p3/p2)(@3/az)M3
(B3)

where

(y—bH/y
Qsz[(&) _l]
T 7 L\Py

and K is a constant that depends on the gas and the
system of units used,

K= l: v Tref/PrefJ
Vy/R

Nozzle area=A3 = =
T 03Vs  p3asMs (B
and W(\/@/ 8) is the equivalent weight flow (symbols
W defined in appendix A). Pressure loss between the fan
Az = e (B2) and the nozzle outlet can be taken into account by
p2(p3/p2)az(as/az)M3 multiplying the pressure ratio P,/P; by a loss factor.
1 Fan stage 2
- | 3
Flow C | d —
— |
T [ P3=Pgy

Figure 18, - Schematic of fan nozzle.




The operating line used in this report is one that
passes through the design point. From the design
pressure ratio, mass flow, and efficiency a nozzle
area is calculated for a zero pressure loss between the
fan and the nozzle outlet. After the nozzle area is
found, the operating line is determined by finding the
operating points on several speed lines that have
performance that matches the design-point nozzle
area; that is, the area calculated by using equation
(B3) is equal to the design-point nozzle area.
Constant-area operating lines were determined for all
the rotors used to make up figure 11 and those rotors
used to verify the correlation. An example of a
constant-area operating line through the design point
is given in figure 19 for NASA rotor 6. The nozzle
areas from the data points available seldom exactly
match those necessary to be on the operating line.
However, if sufficient data are taken along a speed
line, one data point will be close. In some instances
the operating line passes between two points, and the
intersection of the operating and speed lines must be
interpolated.
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Figure 19. - Overall performance for stage 6-1 (ref. 10).
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