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SUMMARY 

variables.  affecting the excitation  of  a'  propelle'r 
frequency  of  twice  propeller  speed were investigated 

u s i n g  a conventional: propeller  with  solid aluminum-alloy blades oper-' 
a t ing in the w a k e  of a wing. The drag  of  the wing was made adjustable. 
through a w i d e  range  by the use  of  35-percent-chord flaps  of the s p l i t ,  
the double sp l i t ,  and  the  aerodynamically  balanced  types. The spacing 
between the   f lap   t ra i l ing  edge. and  the propeller plane was made adjustable 
t o  investigate  the  effects of wake w i d t h  and intensity.  I 

I 
The vibratory stress was directly  proportional to the  free-stream ' , 

veloci ty   for  a fixed  value  of  the wing  drag  coefficient and varied 
l inear ly  w i t h  the wing drag  coefficient  for a fixed free-stream velocity. 
The magnitude' of.these  Vibratory -stresses w a s  dependent up& the  blade 
damping and the probable  mutual  interference  beh+een the wing and the 
propeller-blade f l o w  fields. When the  vibratory stresses w e r e  reduced 
by  the  resonant  amplification  factor  (for an assumed single degree of 
freedom) t o  equivalent n0nresonas-t stresses,  these nonresonkk stresses 
were found t o  Fncrease with  reduced  spacing  for a given wing configuration 
and airspeed. . .  

I 

- 

INT~ODUCTION 
I 

I 

Propeller  installations of the  pusher  type  promise al leviat ion of 
the wing-fluw-disturbance problem inherent  in  the  conventional  tractor- I 

instal la t ion.  The pusher installation  introduce's  other problems : the 
most prominent  and  undesirable i s  that of propeller  vibrations  resulting 
from the  blade  passage  through  the'  variable-velocity  flow field in  the 
wake of the wing. A blade  encounters this f l o w  f i e l d  twice  per  revolution. - 
Resonance occurs,  therefore, when the n a t u r a l  frequency of the rotat ing 
blades is equal t o  twice  the  frequency.of  rotation. Should the  aero- 
dymiic  forces on the blades ar i s ing  from the wing  wake be of. sufficient . ! 

b 
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: magnitude, the blades may operate under conditions of excessive stress, 
par t icular ly  i f  resonance  occurs. Blade failures have occurred under 
serkice  conditions w i t h  airplanes employing propellers behind control 
surfaces. 

A series of  pusher-propeller  vibration tests was conducted previously 
~ in the Langley 16-foot  high-speed  tunnel  (reference 1) and an analysis 

of the data together w i t h  considerations of wLng-wake excitation of a . 
propeller blade has been  presented in reference. 2.. Based on an equation 
derived *om simple  blade-element  theory,  the  principal  conclusions of 
this analysis were that the  intensity of the  wake-excited  periodic 
forces  acting on the blade of a pusher  propeller  varie.s  directly w i t h  
air density, airspeed, propeller  rotational sped, and drag of the body 
producing the wake.  The limited amount of data then available appeared 
t o  bear  out the conclusions. 

Because of.  the limited amount of data then  available and the desir- 
a b i l i t y  of  obtaining a bet ter  check on' the theory,  an  additional program 
wa8 in i t ia ted  at-the Langley 1 6 - f ~ t  high-speed  tunnel. The program 
was intended t o  cover a wide range  of w i n g  drag coefficients and t o  
establish the comparative effect  upon blade s t resses  of wake intensi ty  
-and wake width  for the same drag coefficient. Also, t o  provide for 
better design  of  propellers  for  pusher  installations, a s tudy  *as planned 
t o  evaluate  the magnitude of the constants  of the equations derived in  
reference 2 for  the  vibratory  exciting  force using the results of--the 
t e s t  program. The propeller assembly was chosen t o  correspond, as  nearly 

' 8 s  possible, t0 .a  conyentional  installation  using an electric.hub so that ' 

blade f l ex ib i l i t y  and blade.  retention would be duplicated. 

The symbols and definitions used in the present paper are as follows: 

8. value  of  rotational  correction  factor, 
1.7 herein . .  

.. - - 

B number of blade8 

b . blade  chord, feet  

C1,C2,C3 constants  of  exciting-force  equation . .  I 

c . wing chord, feet  4 

c z  ' 
section lift coefficient 

I * 
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power coefficient ' 

thrust   coefficient 

propeller diameter (10.0 ft) 

. .  

blade section maximum thiclmess,, feet , . .  

advance r a t i o  (v /~D> .* . . . .  

order of propeller excitation frequency, .2 herein. . 

lift, pounds 

. .  

propeller blade vibratory  exciting  force, .pounds 

bending moment, foot -pounds . .  - .  

difference ,between two rotat ional  speeds at  which stress is  
,. 0.707 o f .  magnitude at resonance, rpm .. . 

. .  

prope'ller-  rotational speed, r p s  

power absorbed by propeller,, foot-pounds. per second 

propeller. tip radius (3.0 f t )  
. .  . .  

propeller  tbrust, pounds 

Free-stream  'airspeed,  feet per second 
1 . -  - 

, _  

blade angle, degrees 

I 
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air density,  slugs  per  cubic foo- 

stress, pounds per  square  foot 
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Dynamometer and  win&.- These propeller  tests were designed t o  
u t i l i ze  the NACA 2000-horsepower propeller dynamometer as the test  
vehicle. A complete description of t h i s  dynamometer and the method of 
meaeuring propeller  forces may be found in reference 3 ,  A five-foot - - 

installed  in  front of the dynamometer and a t  thrust-axis   level   ( f igs .  1 
and 2) . Prov2sion was  made for  the  - installation  of '   single  spli t ,  double 
s p l i k ,  and  aerodynamically  balanced  flaps,  each of which had a chord  of 
21  inches. .The f laps  extended from each  tunnel-end-plate to  the  surface 
of  the  26-inch-diameter fa i r ing which served t o  house the  propeller hub, 

was obtained  with  the  single- and  double-split  flaps by the use  of wedges 
between the upper and.lmer  surfaces.  The balanced f lap  was clamped a t  
angles from OO ' t o  200. . NO flap nose  gap sea l  was  provided for  the t 

balanced f l ap  except  for  the 20° deflected  flap  position, for which 
deflection it was noted that there was intermittent flow  through  the 
s lo t  8s indicated by alternate  increase and decrease  of  the  drag measured 
by wake survey. The gap w a s  therefore  sealed' on the upper surface  for 
a l l  20° deflection tests with  propeller-operating. 

. . chord,  l5-foot  span.wing,  with  an NACA 66,-012 airfoi l   sect ion was 

, strain-gage  wiring, and slig--ring  device. A wide range of f lap angles 

Tb.e wing and fa i r ing  t o  the  propeller  spinner was  maintained in a 
freely  floating  condition  with  respect  to  the  tunnel wall at  .a l l  times, 
restrained only by the tunnel  balance  system which measured the  forces 
on the model ihdepenaent of the  propeller  forces. So that the  effect  
of  leakage  through  the  tunnel w a l l  would be a negligibly small factor, 
the wing w a s  mounted on 5-foot-diameter  end plates  integral   with  the 
tunnel  balance  frame. (See f ig .  1.) These end plates minimized any 
tendency fo r  changes in  end-plate tare- or for  influencing wing drag. 

- 

In  order to.  maintain  the  drag  coefficient  of  the 'w ing  at-  0' flap 
angle  essentially  constant regardless *of surface  conditions, a t ransi t ion 
s t r i p  1 - inch wide ' composed of 0 .Oll-inch carborundum part ic les  was 
attached  to  the wing "at  the-  23-percent-chord  location. As the wing was 
operated  only a t  Oo angle.'of  attack and the  leading edge was quite smooth, - 
it was assumed the  transit ion would not have occurred a t   l eas t   un t - i l   the  
quarter-chord  point  haa'been  reached. . 

2 . .  . . . .  

. .  . - .  
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Survey d e  .- The  wake survey rake coneisted of a bank of 50 t o t a l  
pressure.  tubes aSd nine , s t a t i c  tube6 . As the w i n g  was 0perated.od.y a t  
Oo angle of attack,  the  rake was maintained at a l l  times. in a ver t ica l  . 

position. I 

Propeller .- The lO..O-foot-diameter pltopeller  used in   these  tes ts '  . 
employed a standard  threeGay  electric hub. Because of the  procedure 
used in  running these tests;, it was necessary t o  have the blade  angles I 

continually ad justable. 
r 

. . The'blades were Curtiss . so l id  aluminum;.alloy blades  desimated 
109392 and have the  characterist ics shown in  figure 3.  The ac t iv i ty  
factor was 120 per blade. The blades were chosen t0 have a resonant 
frequency  for  excitation at  twice  the  propeller speed ( 2 N )  w i t h i n  the 
ro t a t iona l   sged  range of the dynamometer. The static  'natural  frequency 
in first bending mode flatwise was 27.0 cycles.  per-second w i t h  the hub - 
fixed. If the centrifugal  correction  factor  for the first bending mode 
is assumed to, be 1.7 (reference 4) the resonance  prediction  curve  for 
this mode is  that shown in figure 4. Resonance should  occur a t  the 
intersection of the 2N and natural  frequency curves a t  1060 rpm. Actually 
resonance  occurred a t  about 1000 r p m  which indicated slight changes in 
ei ther  the centrifugal  correction  factor o r  the. s ta t ic   na tura l  frequency 
or  both. 

Instrumentation.- The propeller blade s t resses  were measured w i t h  
w i r e  strain gages, the gage being shown in figure 5. Blade A 
carried  a  , radial  w i r e  s t r a in  the  blade camber face at  the 
0.75-radius  station  as well placed in supplementary 
wirs at angles of Oo, 45', shank.' A roset te  gage. (RA) 
was also  attached  to  the camber face of this blade a t  the 0.55 radius 

blade B was attached a straight gage at the 0.55 radlus 
in order that   the phasing of the  vibratory  stresses  of 
B might be compared. The-purpose of the   instal la t ion of 

the roset te  on b l a d e A  was t o  enable  the  .determination of the  direction 
as  w e l l  as nhgnitude of the principal   s t ress .  Some doubt had  been  expressed 
tha t  the principal  stresses were rad ia l  even on the so l id  metal blades. 

I 

The schematic  wiring  diaG&n of the strain-gage ins ta l la t ion   for  
me'esurement of propeller  stresses is given in  figure 6 .  Except for  the 
sknk gages only one gage,.or one  arm of a bridge, was Installed on the 
blade, w h k h  necessitated the use of a dummy arm or  fixed  resistance, 
fo r  a  second arm. These fixed  resistances were located as ne-ar as  
possible t o  the active arms, a t   t h e  blade shank. The remaining two arms 
of the  bridges were &TO dunrmy gages  which were common t o  all, including 
the  paired shank gages. The combination of the low output  voltage of the 
gages and the low sens i t iv i ty  of the  oscillogreph  elements  necessitated 
the use of amplifiers between the  bridges and oscillograph. At l eks t  

I . .  

.- . I 
I 
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t w q  caliblations were taken  on.each  amplifier-oscillograph  channel  used 
in  each  run. The l a t t e r  procedure  necessitated the use of  the  oscillator 
and millivoltmeter shown in   the diagram;. the ham calibrating  voltage 
was applied a t  a known frequency which closely approximated that obtained 

. at resonance for  these- tests. A simple,   ratio of known applied  calibration 
voltage,  comparative magnitude  .of calibration -cord, and operating 
stress  record magnitudes gave the  value of the  bridge  output  voltage,  or 
the streds equivalent. 

’ The auxiliary  oscillograph  enabled  observatlon of the  functioning 
of the   s t ra in  gages  and slip  rings  as  well  as  providing a check on the 
total  (vibratory  plus  steady)  blade  stresses  during  operation. 

TESTS 

Profile-drag  surveys. - The p ro f i l ed rag  surveys were made i n  the 
absence  of  the  propeller’with tk. wake survey  rake  piaced  behind  the 
wing a t  a spanwise position  representing  the 0.7 radius (42411.) stat-ion c 

on the blade, because it seeiwa  -reasonable t o  assume, as had been assumed 
- in  reference 2, that  ‘the  0;T-radius  blade  station was a representative 

station, and  because the w i n g  producing  the  exciting  force was of  constant 
chord  spanning  the  tunnel je t .  Wake surveys were made i n  a ver t ica l  
plane 42 inches to   the   l e f t   o fmidspan   a t  downstream distances  corresponding 
to’ a spacing‘ of the  plane  of.rot&ion of the  propeller  .center  line; 9, 
18, and 30 inches (15, 30, and 50 percent  of the wing chord, respectively) 
behind  the t r a i l i ng  edge of  the w i n g  a t  zero flap  angle. The range o f  
flap angles  and  velocity used with .each  of the  three flap types  during 
the  survey  runs is  shown in  table I. 

.. 

. - 

i .  

I 
I 
I 

Wing-force data. - Concurrently  with  the wake-survey measurements, the 
drag  characteristics  of  the  wing-fairing +ssembly w e r e  obtained  with  the 
tunnel  scale  system. The model construction and arrangement-permitted 
the  drag of the  wing-fairing  assembly t o  be checked with  Propeller 
operating. . However, ‘It-was necessary to- .dpply several  corrections  to 
the measured drag  force-s. ” . ’ - 

I -  .. 

... . . . .. 

The major correction  applied was resu l t  o f  the pressure  f ie ld   in  
the wake of  the  wing-fairing  assembly.. This pressure was transmitted 
inside  the  fairing ahead  of the  propeller  spinner, and the  difference 
between this  internal  pressure and the free’-stream static  pressure 
produced a force measurement:-on the  drag  scales. .The difference in 
pressure was measured and the  necessary-correct-ions  to  account-  for  this 
pressure  force were applied  to a l l  the-  drag-coefficient data presented. 

- ,  

e 
Although the.  foregoing  correction was a variable..  with  flap’  type * 

ani   f lap   wgle ,  the other  corrections  app1itXwq-e  constants. These . 
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include. skin  f r i c t ion  on the fa i r ing  which yie'lded  a drag coefficient 
r re la ted   to  wing area of 0.002, t&re drag of  the end plates  alone which 

yielded. a drag coefficient  based .on w i n g  area of. 0.001 and a buoyancy 
correction which was negligible. Only the drag caused by interference 
between *he flap arid fa i r ing &d betyeen,  the  flap @nd end plates,  could 
not be evaluated. I t ' i s  believed that the  interference between the  f lap 
and fairing  consti tutes a part of the propeller  exciting  force in 
addition  to  the normal wing whke. 

Propeller  operating re~ime for   vibrat ion  tes ts . -  The propeller 
operating  conditions were selected from considerations of the  require- 
ments o f the   v ib ra t ion  tests a s  indicated in the  equation  derived in 
reference 2.- This equation gives. the magnitude .of the propeller-blade 
vfbratory  &citing  force AI, as, follows: 

7 

The terms Cl and C2., are  based only on geometric  chiiracteristics of 
the blades: 

. .  - .  
9 

" 
- I  . .  

t 

B, . (b /D)O D, and m are  constants for aqy given  set of blades. 
- The term , C3 ' is based on the  velocity change in  the wake of the wing 

effective in producing'  the  vibratory  exciting  force. A t  a l l   p o s i t i v e  
values of thrust coefficient, the magaitude of the  blade  vibratory 
exciting  force would be rediced"by the value of  the second  term, in 
brackets, of- equation (1). For the purposes of  simplifying the present 
tes t s ,  therefore, the.majority o f  the runs were conducted a t  zero parer 
which was the  best means of seeting a  value of CT very close t o  zero. 
With.the aecond term of the. expression  zero,  the  equatioq for the 
vibrahry  excit ing  ,force -reduces t o  . ' . 

. I 

I 

It can'be  seen f rom equation (4) that tes t ing  would be further  simplifled 
by maintaining  constant  velocity. A velocity of 150 miles per .hour vas 

f 

. . .. . 1.. 

1 

.! 

I 

I 
I 
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chosen because a t th i s   ve loc i ty   the   dee i red  range  of rotational speed 
could be encompassed a t  zero power within  the  controllable  blade-angle 
range  of  the  propeller. Ekcept for  the tizsts a t  0.O flap-angle  for 
which the  velocity was varied from 120 t o  350 miles per hour, t he   t e s t  
program ( table  I) was res t r ic ted   to  150 miles  per  hour. Records  were 
obtained  at-  sufficiently small intervals of rotational speeds  over  the 
range '*om 400 t o  about 1350 rpm to. define  the..  propeller  vibratory 
-response curve. 

Sufficient aerodynamic propeller  data were taken  during the t e s t s  
to  insure that  the propeller was operating  within  reasonable limits of 
the  required  value  of  constant power coefficient. 

RESULTS APID DISCUSSION 

Wing Drag Data " .- " 

Wing drag  coefficient as defined  by  faired  values of the  force 
measurements are ut i l ized in the presentation of the  vibratory stre.ss 
resul ts  in the  present  paper. The force .geesurements are used  because 
110 valid  picture  of  the wing drag  could be obtained from the wake survey 
a t  only  one .spanwise station. The variation o f  wake width  with  flap 
angle, the  variation of force..drag  coefficient w i t h  flap  angle, and tb 
variation of wake width w i t h  force  drag  coefficient  are shown in   f i g -  
ures 7, 8, and.9 in order t o  provide some idea of the  quantities  obtalned 
with  each  configuration . 

- 
L 

Vibratory  Stresses 

' The gage designated BA 'K&S located at w h a t  was estimated from a 
preliminary  shaking.to be the point of maximum blade  vibratory stress for  
the f i r a t  bending mode. A comparison of the  stresses from the RA gage 
with the stresses at the  other gage locations  indicated that the  stresses 
at RA were actually  greatest, and since a complete blade stress dis- 
t r ibut ion w-as not needed to  -arrive  at-the  conclusions  of  the  present . . 

paper, only  these maximum measured stress  data are presented. 

In order t o  compare the .ex?jerimental results  with  theory, it was  
necessary t o  determine the 2N component of the  recorded stress values 
by k a k n i c  analysis. The 2N analyzed cornpoilent- of  the  recorded atresses 
is  shown for a typical response  curve in  figure 10. Because the  desired 
comparisons fqr . th i s  paper are obtsihed  for a resonant  condition,  the 
assumption is  made that .the. niaximum 2N analyzed s t ress  ia the maximum 
that occurs a t  resonance,  although it is re.alized that-there w i l l  be a 
result ing  scatter of the  data.presented becauae  of the  inabi l i ty   to  



points &Se enough t o  determine-  resonance  precisely. 
I .  A l l  stress  values.-presented  thkrefore  are  the maximum 2N stress components 

determined  from-harmonic  analysis of the  recorded stress values  for  the 
RA gage. 

. .  

For the solid aluminum-alloy blades tested;  the  princ5pal stresses. 
computed f m m  the  rosette gage were radial .  The s t ra ight  gage SB 
which was  mounted on another  blade a t   t h e  same radial stat ion  as   the 
rosette EA indicated  approximately  the same s t r e s s  level and a phase 
difference  equal  to  the 1200 &gular  difference between the respectLv& 
blades. The shank gages ver i f ied that _resonance occurred in the first 
flatwise bendihg mode. It shoizld be noted  that whereas the  resonant 
2N propeller  stress  data  in  previously  published literature are  largely 

. for  the edgewlse mode, the  stress  dat&reported  herein  are  for  the flat- - 

' wise  bending mode. The difference may be explained by a consideration 
of the blade  natural  frequencies Fn the  flatwise and  edgewise modes and , 

the relationship of these fkequencies-to  the  operating  range of the t e s t  
vehicle. 

Effect of blade  angle on resonant  frequency. - Neither .the bench . tes ts  
t o  determine the  s t a t i c   na tu ra l  frequency  nor  previously  published  data 

I had indicated  conclusively t&t blade angle has any  effect on the reeonant - 
,frequency. It seemed reasonable that the Fndivi.dUa1 hub barrels might - 

be.weaker (that. is, the  blade would have less ' res t ra in t  and a lower 
s n a t u r a l  frequency) when- the  blade was vibrating in & bendfng mode perpen- 

* dicular t o  the-plane of the hub. Such a condition w o u l d  mean that the 
resonant f'reque'ncy f o r  fla-t;wise  bending wouid .increase with increasing 
blade  angle. In t he   p re sen t t e s t s  the maxlrmun deviation found i n  the 

' resonant-  frequency  for  five  separate rum i n  which the blade angle was 
changed  in'5O increments f rom 200 t o  400 at- the,0.75.radius   s ta t ion w a s  

-on the  average  resonant speed of PO00 rpa. 
. 18 rpm or  1.8 percept. . T h e r e  was no consistent '   effect  o f  blade  angle 

. .  . 
. Effect of power on peak s t ress  .- Although it w&s ,pot  anticipated 

that  there would  be any change in the r e s o k t  'frequency a t  various 
powers, some change i n  peak stress at' resongat frequency might,  be expected. 
The blade angle  could not be maintained  constant foy these rynssas they 
were-made a t  ,constapt  'tunnel  velocity, but  'Grying rotat ional  speeds. 
merefore  the runs 'were .made in a m e r  similar t o  that adopted- for: . . ' 

detgrmining the  response  cu,rves; A t  two different  values o f  constant 
tunnel  velocity the rotat ional  speed w-a6 varied through as wide a range 

- as possible  wlthin  the limits of 400 and 1350 and 'data. were taken . . - 
&..each rpm f o r  the ffve value% of pqwer coefficient, C p  of 0, 0.05, 
q.10, 0.15, And 0.20'. Iaasmuch a s  it had alreadr  been.  established that 
blade  angle- had n o .  e f fect  on resonant. speed;  thrin for  the sesonimt  speed 

t- 
& . .  - .  

. .  . .. 
. .  .~ 

. .  
- \  

c 

L . .  - 
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of 1000 rpm a t  constant  tunneL  speed,  the change in power  would be I 

proportional  to  the change i n  the power coefficient. Power coefficient 
was the  cri terion used  because of the  ease  of its determination  and 
control  during  the tes t .  

* I  

A scatter  of peak stress  values  of  about- 10 percent w a s  found which, 
however, could  not. be resolved  into  any  specific  trend. It was concluded, 
therefore,  that-"there was no effect  on the peak resonantrstresses caused 
by  a  variation  in  the  propeller power, for  the  range  investigated. 

As a consequence of  the k o  preliminary  investigations  described 
above, which were made with  the  propeller 30 percent  -of  the wing chgrd 
behind  the  zero  angle  flap,  the  remaining  and  principal  parts of the 
investigation-were conducted a t .  zero power (and  there was no attempt made I 
to  record  the  blade  angle). 

I 

- 8  

Effect  of"ve1ocity and drag on resonant  stress.- Elementary theory 
(reference 2) indicates that the  ' intensity of the  wake-excited  periodic 
forces  causing  the  vibratory stresses in .the blades  should be proportional 
t o  -air density,  to  airspeed,  to  propeller  rotational speed, anCto  the 
drag  of  the body producing the wake. For a  fixed  value  of  drag  coefficient 
( f l a p   a t  0' angle)  and,  spacing,  the  vibratory stress varies  directly 
with  airspeed  (fig. 11). This effect  may be expected from equation (4)  
because  resonance always occurred a t   essent ia l ly   the  same value of 
rotat ionalspeed.  Two separate  lines  define  the  variatlon  of-stress  with 
velocity in figure 11, one for  the 0.50-chord  spacing and one fo r  both 
the 0.15- and  0.30-chord spacings,  the latter having  about  &ice  the 
slope  of the former. The relation  derived in reference 2 is for  the 
Incompressible  case, and it is not-  expect& that the-   l inear i ty  would be 
maintained above the  relatively low velocities  investigated.  Stresses 
higher  than  those  predicted by an  extrapolation of the  l inear  fairing 
should  be  encountered a t  higher  velocities  because  of  the  increased 
lift-curve slope with Mach  number un t i l  a porti0.n of the  outer  blade 
sections  has  reached  the  section lift force-break Mach number. At even 
higher  velocities, above the  section lift force-break k c h  number, lower 
stresses  than  predicted by l inear  extrapolation may be encountered. 

Figure 12 shows the effect ( a t  a  velocity  of-150 mph) of the  drag 
coefficient of the wake-producing body  upon vibratory  stress.  Here again 
the  l inear  variation o.f stress with  drag  coefficient  predicted by theory 
is verified by the  experimental  results. For the 0 .l5- and  0.30-chord 
spac.ings the  stress  variation  with wing drag  coefficient i s  about  the 
same as for  the 0.30-chord  spacing  but  the stress magnitudes are greater 
over  the  entire  range by about 1200 ps i .  

A n  explanation  of  the  coincidence  of  the stress values  for  the 0.15- 
and  0.30-chord spacings is -found by a study  oe' the  relative amount-s of 
damping present  for the three  spacings. The streeses  presented, because 
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they  are  resonant  atressea,  are  affected  considerably by the mount of 
damping in the  system. The damping factors, or  ra t ios  o f  the  actual 
damping t o  c r i t i c a l  damping, 'have  been  evalGated by the following method. 
It may be s h m  that the  value of the damping factor may be obtained 
.from the  spread of the  response  curve a t  0.707 of the  resonant curve 
amplitude. (See reference' 5 .  ) For a rotating  propeller blade with 
small damping the relationship  takes  the form: 

Damping, fraction of c r i t i c a l  = - 
" ~ ~ 

This  factor  includes all the. elements  producing damping of the blade 
vibrations, aerodynamic as   wel l   as  mechanical. A t  resonance  the 
amplification of th. stress is solely a function of this damping factor 
and f o r  a forced  vib,ration w i t h  a- single depee  of .freehm'with dampfng 
equals  one-half the inverse of fhe &unpin@; factor  a t  r e s o m c e .  The 
resonant  stresses may -therefore be corrected  to  unmapified  values  that  
are   direct ly  comparable. The damping factor  at the 0.30-chord  spacing 
was found to be about 70 percent of the factor for both the 0.15-. and 
0.50-chord spacings. The,resulting comparison of m g n i f i e d  s t r eas  
ra t io   ( re la ted  t o  . s t r e s s   a t   t he  0.20-chord  spacing) f o r  the  balanced 
f lap  configuration (see f ig .  13) indicates  an  increas,e in unnragnified. 
s t ress  w i t h  decreased  spacing for a given drag coefficient,  rather  than 
the  coincidence  of  resoliant s t r e s s  at  0.15- and.0.30-chord  spacings 
show-.ci in figures &1 .and 12. The cause of the  observed change in the 
response  curve t o t a l  damping factor w i t h  spacing is. bel ieved  to  be . 
aerodynamic. echan ica l  changes in blade  retention do not  @Bear t o  be 
a contributing  factor because  changes 5n spacing were accomplished by .  
movement of  th& independently mounted wing rather  than by movement of the 
dynamometer. 

. .  

. The reason for a stress '&crease w i t h  decreased epacing 'is' Rot ' 

predicted  by  simplified  theory. In the simple theory of reference 2, - 

there  is.considered t o  be no difference in stress  with  spacing at 
constant drag coefficient,  because the narrow intense v-elocitr defect , 

close t o  the wing  was expected t o  .provide the same excitation impulse a s  
a  broader, less  intense'  velocity  def,ect further dowmtream. me  factor  
which may have  caused th i s  augmentation of s t r e s s  w i t h  reduced. spacing ' 
is  that the - increased  proximity of the wfng w i t h  smaller spacings resulted 
in a mutual interference between the  wing.and  propeller blade pressure 
fie-, whfch caused a - f in i t e   r i s e  h stress level. Although th i s  factor 
m i g h t  seem t o  be ruled out  by the  fact  that a l l  the tests were conducted 
a t  zero power, a t  which condition the average thrust coefficient  over 
the blade was very nearly  zero, the actrial lift coefflc5ents. of the 
blade  sections  varied from negative to   posi t ive Fn each half cycle of 
rotation and appreciable  .interference might have occurred., Although 
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t h i s   e f f ec t  i s  possible, it cannot- be proven  because changes in  the 
energy o f  the wake ahead of  and  behind  the  propeUer would have had t o  
be measured. 

Theoretical  Considerations of Wake Excited Blade Stresses 

l . 1  

. 

In order t o   u t i l i z e . t h e  equationa  of  reference 2 for  predicting 
blade stresses, the factor C3 (see  equation (I)) must be evaluated. 
The influence upon C of the  following  parameters must-be determined: 
drag  coefficieqt  of  t2e wake produc- wing, stream  velocity, and wing- 
propeller  spacing. AII empirical  evaluation of c3  was  one of  the 

. , objectives of this investigation.  Attempts a t  an  evaluation were made 
conaidering Fn one case  the'experimental stress results and in 8. second 
case the axial-velocity-  field which the  blade  traverses  each  cycle 
( f ig .  14) . In the  process of analysis it was found that the system 
damping exerted  a major influence upon the results  (see  appendix). 
Because an explanation  of  the measured damping level  and of  the  effect 
of  spacing upon damping could  not be ascertained, it was not  considered 

' possible to ut i l ize   the  reaul ts  of the  empirical  ekluation  of . C 3  Eor 
predicting  the blade stresses  of any other  pusher  propeller  configuration. . 

In an e f fo r t   t o  determine whether the inadequacy .of the  approach of 
reference 2 to  predict  resonant  blade  stresses was caused  by  possible 
oversimplification of the aeroelastic problem, a th i rd  attempt a t  
computing blade stresses was made. This latter analysis  considered  the 
blade a s  an e l a s t i c  body subjected  to  periodic  gust-type  loads  exerted 
by the blade  passage  through an axial   veloci ty   f ie ld  such a8 I s  E h C m I  
i n  figure 14. Hawever, t h i s  approach,  which  included  the  aeroelastic 
effect-and which required no ini tZal  assumpt-ions about  the system 
damping level, gave no bet ter   resul ts   than the simple  analyses. A bet ter  
understanding of the mechaniam of blade  response t o  the very  short 
periodic  sharp-gust-type  load a t  the resonance  condition is  needed i n  
order t o   u t i l i ze   t h i s   ae roe la s t i c  method of  analysis. 

The need for more extensive  hawledge  of  the  effect of the  various 
aerodynamic  and s t ructural  parameters .upon blade  response and system 
damping deterred  the  use  of the data of this  investigation  for a 
theoretical  evaluation of resonant  wake-excited blade stresaes.  

I 

SUMMARY OF RESULTS 

The results obtained from the data and the data analysis   my be 
summrized a s  follows: 

1. The vibratory stress was directly  proportional t o  the free- 
stream  velocity  for a. fixed value of the w i n g  drag  coefficient a t  a - 
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given  spacing. The magnitude of this stress 

-13 

m s  dependent- upon the 
blade damping and the  probable  mutual  interference between the wing a d  
the propeller blade flow ffelds  . 

2. A 1inear .var ia t ion of stress  with  drag  coefficient for  a ffxed 
velocitywas measured. The two closer-spacings (0.15-chord  and 0.30- 
chord) gave coincident values of stress a t  a given  drag  coefficient 
which’were higher than those obtained for a spacing 0.50 w-ing chord 
behind the wing t r a i l b g .  edge. These values  also were functions of 
blade damping and- probable mutual interference between the wFng and the 
propeller -blade flow f i e las .  

3 .  When the  Gibi tory  . s t resses  were reduced by the resonant ampI.3- 
f icat ion  factor   ( for  an assumed single  degree of freedom) to  equivalent 
nonresonant s t r e s ses these  nonresonant st resses  were found t o  increase 
with reduced  spacing f o r  a.given wing configuration. 

4. A n .  explanation of the effect  of wing  trailing-edge - propeller 
spacing upon d~mping is necessary  for a theoretical   evaluation of wake- 
excited resonant blade s t resses .  .) 

5.. There was no effect  of blade angle on resonant frequency. 

Langley Aeronautical  Laboratory 
. - National Advisory Committee for  Aeronautics 

. Langley Field, Va. ,. 
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APPENDIX 

EXFERlMENTAL DETEFWXATION O F  C 3  FACTOR 

I M  EXCITING FORCE EQUATION 

The-relations used t o  evaluate C 3  . f rom the experimental  stress 
resul ts  evolve from the  expression  given  in  reference 2 relating  the 

.change in  l i f t  over thepropel ler   b lade  to  the change in axial  velocity: 

N o m l l y  for these tests .the term containing  cz is small compared with 
the second  term and because the   t es t s  were conducted a t  zero  parer- 
coefficient - (small  negative lift coefficient  -for  the  propeller  blade 
sections), the- term containing C I  is considered t o  be negligible. (A 
calculation  of  the  mgnitude 05th neglected  term  for  the  conditions of-  - 
these tes t s   jus t i f ied  this .conclusion.) The vibratory  shear, then, t o  
any radial   s ta t ion x i s  given by: 

The vibratory moment-to x follows direct ly  as 

A first approximation to  the  vibratory stress u t i l i z ing  only the  aero- 
dynamic exciting moment is  then 

% =(%)k 
where Z i s  the  section modulus of the  blade  section a t  - x.  The Substi- 
tut ion of c3  = - - w i t h  the  further  stipulation as given in  refersnce 2 

that dL and dV can be considered  fingte- .wcremen$s (Implying dL = AG a 
and d V  = AV) yields an expression  for  determining  to a first  approximation 
the  factor C 3  from the  experimental  stresses: 

v 
. . . .  

L ,  - 



where M is  vibratory  str.ess. Because the level of  the w i n g  for  
' t h i h  investigation @om 1s t o  4 percent of c r i t i c a l  dmpfng i s  a 1 

variable, and  because  dgnping  probably will be a variable i n  all resonance 
, conditions w i t h  pusher ' ins ta l la t ions,  the unmagnified value o f  Gibratory 

stress must be used as M tn equatioa- (A5) . A small er ror  fn the 
determination of the damping factor  causes a greatly magnified error  in 
the value of C3 determined  by this method. Also application  of the 

derived  values for  C3 to the prediction of stresses i n  other  pusher 
fnstallations  requires  an  exact &owledge of the damping  level  and the 
effect  of  spacing upon the system.dElmping. 
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RIGIDLY TO TUNNEL  WALL 

TUNNEL  BALANGS FRAME 

\ Figure 1.- Configuration for vibration tests of pusher propellers in the 
Langley 16-foot high-speed tunnel. 
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Figure 2.- General view of t e a t  arrangemnt. 
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Flap deflection in degrees 

Figure 7.- Wake width as a function of flap deflection angle. 
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F igu re  8.- Farce drag coefficient as .a function of f lsp .deflection angle. 
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