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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

INVESTIGATION OF BLADE FAILURES IN A J34; ELEVEN-STAGE
AXTAL-FLOW COMPRESSOR
By Howard F. Calvert, André J. Meyer, Jr.
and C. Robert Morse

A vibration survey was conducted during normal operation of a pro-

turbojet engine. After a serious third-stage vibration was detected, a
systematic investigation was ¢onducted to study and eliminate the vibra-
tion with various engine component configurations. Curves preésented
herein show the effect of these variations of engine component geometry
on the vibration amplitude and engine performance.

The source of excitation was determined to be an aerodynamic phe-
nomenon possibly related to stall. A new inlet-guide=vane assembly with
a 4-percent increase in inlet area eliminated the critical third-stage
vibration and increased the engine thrust 4 percent.

INTRODUCTION

The Bureau of Aeronautics, Department of the Navy, reported blade
failures in a production eleven-stage axial-flow compressor in a turbojet
engine; therefore, the NACA Lewis laboratory conducted a fundamental
research program to determine the general cause of blade failures in
axial-flow compressors. The failures were primarily in the third rotor
stage and usually occurred at a speed slightly below the normal cruising
speed; some occurred after a few hours of operation, others after long
periods. However, only a few of the total number of engines produced
gave trouble, the majority completing useful lives without blade failures.
The same model turbojet engine in which failures had been reported was
used for this investigation.

The investigation consisted in instrumenting the compressor rotor
blading with resistance-wire strain gages and operating the complete !
engine under normal operating conditions. After the critical third-stage :
vibration was detected, a systematic investigation was conducted to
determine its source and find a means of correcting the condition.
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2 CONFIDENTIAL NACA RM E52I16

Data showing the effeet of changing the angle of incidence of blades
in the second stators, the inlet guide vanes, and the third-stage rotor
blades on the vibration and engine performance are reported herein.

APPARATUS AND PROCEDURE

Commercial resistance=wire strain gages were ceménted to the rotating
compressor blades of a production J34 turbojet engine, and the lead wires
were brought through the rotor and c¢onnected to a 19-ring slip<ring
assembly as described in references 1 to 3. The instrumented blades were
grouped in two axial lihes approximately 1800 apart. Two slip-ring assem-
blies were used. One unit was wired t6 transmit simultaneously strain-
gage signals from one blade in each stagée of the compressor except in
stage three, where the signals from two blades were transmitted. The
second unit was wired to transmit signals from twelve blades in the first
three stages. A 12-channel recording oscillograph was used to record
permanently the strain-gage signals and a timing trace which indicated
each revolution of the compressor. From these records the frequeney,
excitation order, and stress amplitude of the vibrations; the phase rela-
tion between vibrating blades; and the rotational speed at which the
vibrations occurred could readily be determined.

The engine was operated throughout the normal speed range of 5000 to
12,500 rpm in order to observe all blade vibrations present. The investi-
gatlon was conducted with the turbéjet engine opérating in two different
test cells. First, the engine was operated in a turbojet altitude cham-
ber (fig. 1) where the air supply and exhaust were connected to the labo-
ratory systems. Second, the engine was operated in a sea-level test stand
where the air supply was taken from the surrounding atmoesphere and
exhausted through a muffler to the atmosphere. All engine parts were
fabricated by the engine manufacturer and sent to the Lewls laboratory.

Altitude Test Chamber

In the altitude test chamber the strain-gage installation included
three instrumented blades in each stage except the first and third stages,
which had four and five gages, respectively. During the first operation
of this investigation, a serious third-stage vibration was observed
around 9000 rpm. All the research thereafter was concentrated on obtain-
ing an understanding of and a means of eliminating this vibration. The
procedures used in investigating this vibration are discussed in the
following paragraphs. -

Accessory cace removal. - Frequently vibrations are mechanically
excited. A possible source of excitation of blade vibration is the acces-
sory drive. Therefore, the accessory drive was removed from the engine,
and the engine was windmilled; the laboratory combustion air and altitude
exhaust were used. '
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Accessory case installed. - The accessory drive was again assembled
to the engine, which was operated under power up to 10,500 rpm, at which
point the fuel supply was shut off. As the engine speed decreased through
the critical speed range, the strain-gage signals were observed. If the
source of vibration were mechanical excitation from the acecessory drive
gearbox, the vibration should be present with or without combustion.

Combustion c¢yeling. - Combustion ¢ycling could be another source of
excitation. Strain gages were mounted on the combustion-chamber housing
and the engine operated throughout the eritical speed range.

Hot-wire anemometer:. - A hot-wire anemométer was installed in the
compres.

‘stators just ahead of the third stage. The fluctuation of
air veloeity at some frequency with a relation to the frequeney of the
blade vibration would be another definite source of excitation.

Torsional rotor vibrations. - In any assembly of mechanical eguip-

ment composed of two or more massés connected by shafting such as the
compressor and the turbine of a turbojet engine, there is always a possi-
bility of torsional vibration between the sections. A torsiograph was
installed at the front of the compressor to detect any torsional vibration
present in this assembly.

Inlet valve. = A special valve assembly (fig. 2) was fabricated to
control the air flow to one~half of the compressor inlet from approximately
zéero to full flow., This valve simulated possible uneven air-flow con-
ditions of the two-duct inlet-air supply system used in many aircraft and
was used to determine the effect of flow pattern on vibration.

Inlet duct. - The section of inlet ducting containing the special
valve was fabricated in two parts (fig. 2). The top half of the duct and
the special valve were removed, and the engine was operated throughout the
critical speed range. With the duct open the engine was receiving its
air from the test cell. This procedure was carried out to determine the
effect of the laboratory inlet piping on the vibration.

Sea=Level Test Stand

The engine was also operated in a sea-level-type test stand. New
instrumentation was installed on the compressor blading, with two instru-
mented blades on all except the first, second, and third stages, which had
three, three, and six instrumented blades, respectively. The same slip-
ring assemblies were used as in the first lnvestigation. Air to the com-
pressor was drawn from the surrounding atmosphere, and the exhaust was
discharged through an open muffler to the atmosphere.

CONFIDENTTAL
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Again the serious third-stage vibration was detected and an investi-
gation was conducted as discussed in the following paragraphs.

Various exhaust nozzles. = The compressor pressure ratio was varied
by installing Tixed-area exhaust nozzles with areas of 187, 176, 168,
and 150 square inches. After each nozzle had been installed, the engine
was operated throughout the critical speed range in order to determine
its effect on the vibration.

and after the third stage to determine whether there was a pressure rise
across the third stage at all times and thus detect any stalling in this
stage in the critical speed range.

Measuring probes. = An NACA probe actuator was installed on the com-
pressor housing over the third stator row, so that various measuring
probes could be inserted 1/4 inch from the trailing edge of the third-
stage rotor blades. A hot-wire anemometer and & thermocouple rake were
installed in the actuator to make a radiel survey of the air-flow charac-
teristies throughout the eritical speed range.

Stator blades. - Twisting or changing the angle of incidence of stator
or rotor blades is a common standard means of attempting to solve such
air-flow problems as compressor stall. A series of second-stage stators
were fabricated by the engine manufacturer with various angles of inci-
dence (fig. 3). These angles are shown in table I.

Inlet guide vanes. - A nev inlet-guide-vane assembly (fig. 4) was
fabricated by the manufacturer with a decreased angle of incidence of the
vanes, which resulted in & 4-percent increase in the inlet flow area. This
new inlet was operated with all the second-stage stators listed in table I.

Rotor blades. - Two new sets of third-stage rotor blades were installed
and operated with the standard inlet guide vanes and second-stage stators,
The new rotor blades had increases in the angle of incidence of 6° and 12°.

All these various configurations were installed in the engine and
operated throughout the normal speed range, and their effect on the third-

stage vibration was determined.

RESULTS AND DISCUSSION

During the initial part of this investigation a serious first-bending-
mode blade vibration in the third stage of the compressor was observed and
recorded. A maximum vibratory stress of +42,000 pounds per square inch was
measured in the altitude chamber. The order of this vibration corresponded
to 2.63 cycles per revolution and occurred at 9250 rpm; however, this

CONFIDENTIAL

28S2




3]

e}

18]

N
P

e S —— g o o it S0 e 7 s Wk ira e T Gt © v e e e e o e el

NACA RM E52I16 CONFIDENTIAL 5

order number eliminates such exciting forces as caused by the four struts
of the front bearing support and other evenly spaced obstructions. The
engine rotational speed at which failures had been known to occur,

9300 rpm, correlates with the speed at which this unusually high-amplitude
vibration was observed.

Early in the investigation certain interesting characteristics of
this vibration were noted. Close examination of the record showed that
as the engine speed was gradually increased or decreased through the
critical speed range, all the instrumented blades in the first thrée
stages were vibrating at the same fredquency. Furthermore; all these
blades were bending in phase. As a result of the spread im the natural
frequencies of the instrumented blades, the peak vibrations were recorded
over a speed range of 600 rpm; however, each blade reached its peak ampli-
tude when the product of the rotor speed in revolutions per second and
vibration order équalled theée natural freguency of the blade. The maximum
vibratory stress was recorded in the third stage.

Accegsegﬁquse rémoval. - Using the complete capacity of the labora-
tory combustion air and exhaust systems, the operators were unable to
windmill the engine through the critical speed range to determine whether
the vibration was present without the accessory drive case.

Accessory case installed. - The accessory drive case was assémbled
in the engine. The vibration was present throughout the critical speed
range as the engine was accelerated or decelerated with combustion main-
tained. The engine was accelerated up to 10,500 rpm and the fuel supply
shut off. As the engine speed decreased through the critical speed range
no vibration was present, which indicated that the source of this exci-
tation was aerodynamic. If the source were mechanical, the vibration
would be present with or without combustion. Without combustion the com-
pressor pressure ratio is a minimum at any engine speed. Many investi-
gators (see reference 1) have reported a reduction in vibratory stress
with a reduction in pressure ratio as indicated with this investigation.

Combustion cycling. - The engine wasg operated throughout the critical
speed range and the strain-gage signals on the combustion chamber were
observed. No combustor vibration was present with characteristics for
exciting the blade vibration.

Hot-wire anemometers. - With the hot-wire anemometer installed, the
Jjet engine was operated throughout the critical speed range. The air
velocity could be fluctuating at a frequency equal to or at some multiple
of the vibration frequency; however, no velocity flucﬁgatlons with such
a frequency were observed.

Torsional rotor vibrations. - As the engine w»l operated throughout
the critical speed range, the torsiograph signals’were carefully examined
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for any vibration; nowever, no torsional vibration was present which was
capable of exciting the compressor blading.

Inlet valve. - With the inlet valve at various positions from open
to fully closed, the engine was accelerated and decelerated throughout
the normel speed range. The strain-gage signals were closely observed,
but the position of the inlet valve did not affect the third-stage=
vibration amplitude nor introduce any new vibration.
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! The valve position had a decided effect on engine performance., Fig-
i ure 5 presents curves of the compressor effic¢iency, pressure ratio, and

§ corrected air flow, and corrected engine thrust Plotted against corrected
! engine speed. Operating with the closed valve reduced the corrected
engine thrust approximatéely 9 percent. Such & loss in thrust would be
serious; however, for the jet-engine installation with the twin=inlet=
duct system the airplane could have one duct damaged or filled with for-
eign material during a flight with little or no effect on the ability of
the airplane to return to its base.

Inlet duct. = When the engine was operated with the top half of the
moved, the critical third-stage vibration was completely

inlet

ellmlnated. The top half of the inlet was again installed and the engine
operated. Again the critical third-stage vibration was present. These
results indicate that the inlet ducting system could be either causing
or aggravating this vibration.

Sea-Level Test Stand

The jet engine operating in the altitudé chamber indicated that the
excitation force was aerodynamic. Operation with a closed inlet system
produced extremely high vibration, whereas operation with an open system
completely eliminated the vibration. Therefore, new strain gages were
applied to the compressor for installation in the jet engine, and the
engine was installed in a sea-level test stand. Here the air supply and
exhaust wére completely independent of any external system.

The engine was started and operated throughout the critical speed
range with the eritical third-stage vibration once again present, which
indicated that the piping system of the turbojet altitude chamber was
not the source of excitation. However, the vibratory stress amplitude

- the flrst setup. That is, the vibratory stress measured was
+22,000 pounds per square inch at the sea-level test stand and +42,000
at the jet-engine altitude chamber.
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Various exhaust nozzles. - The effect of exhaust-nozzle area on the
third-stage blade vibration is presented in figure 6. As the nozzle area
was reduced and the pressure ratio increased, the vibratory stress
increased. This same effect was observed and reporteéd in reference 1.
The 168-squaré=inch nozzle was the standard for the investigation.

Pregsure-risé test. - The thirdsstage static-pressure rise at eyuiva-
lent engine speeds from 7500 to 12,000 rpm is shown in figure 7. A con=
stant rate of pressure rise with éngine speed was observed at all speeds
except in the eritical speed range from 8500 to 9500 rpm. Here the pres-
sure remained approximately constant for about 1000 rpm, which indicated
that the third stage was probably in a partially stalled condition.

2552

Temperature and hot-wire measuring probes. - Data from the témpera=
ture survey of the air out of the third stage are plotted in figure 8.
At all speeds the température increased uniformly from the base %o the
tip of the blade except from 1 to 2 inches from the hub at 9000 rpm.
This 10° rise and ‘the consistently high temperature at thé blade tip indi-
cate that stalling possibly exists around the lower part of the blade at
9000 rpm and at the tip throughout theé complete critical speed range.

A hot-wire anemometer was installed in the probe actuator and the
engine again operated throughout thé critical speed range. The hot-wire
anemometer, an instrument capsble of measuring fast velocity changes, was
inserted into the air stream to determine whether the air from the third
stage was fluctuating at some frequency related to the frequency of the
blade vibration. The hot-wire anemometer was used in reference 4 to
detect a stall phenomenon referred to as rotating stall, which has been

. known to excite blade vibration; however, data obtained from this anemom-
eter were insufficient to indicate rotating stall. The hot wire detected
the wakes from the rotating blades, and velocity fluectuations not at wake

- frequency near the rotor tip.

Stator blades. - An investigation of the effect of the angle of
incidence of the stator vanes irmediately preceding the third stage of
the compressor was conducted in a sea-level test stand; the results are
shown in figure 9. The vibratory stress levels noted on this plot are f
i averages of numerous data points of the maximum amplitude obtainable in i

‘ the critical speed range for each stator angle. The number of stator '
assemblies tested for each angle, the resulting average stress, and the
percentage of the stress produced by the standard vanes are presented
in table I.

Installation of the stator with vanes closed 3° reduced the vibratory
stress to less than half and would possibly bring the vibration below the
danger point. A change, however, to 9° greater angle of incidence would
assuredly eliminate all third-stage vibration failure of this compressor
design in the critical speed range. However, with the 9°-closed
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configuration there was a 3—-percent loss in engine thrust at military

take off.

The complete speed range (to 12,500 rpm) was investigated with vanes
of each angle to determine vibratory effects as well as engine performance.
No new vibration of significant amplitude was introduced by any of the
new angles. The effect on over=-all engine performance is illustrated in
figures 10 and 11. Although a total change of 18° (6° open to 12° closed)
was investigated, very little change in engine performance was detected.

Inlet guide vanes. - It was decided to investigate the effect of
opening the compressor-inlet flow area to increase the weight flow and .
engine thrust. The manufacturer supplied new inlet guide vanes (fig. 4)
with an increase in flow area of approximately 4 percent. The vaneés
werée installed in the engine and the éngine operated throughout the com-
plete speed range. The operatlon with the new inlet guide vanes and
standard second-stage stators indicated that the serious third-stage
vibrations had been eliminated and no new vibration introduced. A cheeck
of the engine thrust at military take=off showed that the change in inlet
guide vanes had increased the thrust approximately 4 percent, or an
increase of 7% percent over the operation with the 9°=closed stators.

Rotor blades. - The effeet of twisting the third-stage blades on
the third-stage vibration was considered. The manufacturer fabricated
two sets of third-stage rotor blades with increased angle of incidence
and supplied them to the laboratory. These blades had increased angles
of incidence of 6° and 12°. The blades were installed in the compressor
and the engine operated throughout the complete speed range. Three of
the 25 blades were not replaced, since their removal would damage the
strain-gage instrumentation for the stage. However; three of the twisted
blades had strain-gages applied to their surface and were an active part
of the 1nstrumentatlon. Compressor operation showed that the 60 tw1sted

reductlon of approx1mately 66 percent over the standard blades. The
12° twisted blades eliminated the third-stage vibration completely, but
introduced a first-stage vibration of 12,150 pounds per square inch at
military take-off. Without further researCh, twisting the third-stage

rotor blades is not a satisfactory means of eliminating the third-stage
vibration.

SUMMARY OF RESULTS

4 From the analysis of oscillograph records and engine data, the follow-
ing results were obtained:
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1. The source of excitation for the serious third-stage vibration
was aerodynamic.

2. Inlet ducting can affect engine vibration.

3. Of the stator vane assemblies tested with varied angles of inci-
dence, the installation with vanes closed 9° produced the lowest vibra-
tion amplitude of the third-stage rotor blades, but with a Sl-percent
loss in engine thrust at military take-off. a

4. A change of 18° in second-stage stators had little effect on
over-all engine performance..

5. The inletsguide=vané assembly with an increasée of 4 percent in
the inlet flow area eliminated the thlrd-stage vibration and increased
the thrust 4 percent.

6. Twisting the third-stage rotor blades was not a satisfactory
means of eliminating the third-stage vibration.

7. The 120 twisted thirds=stage blades introduced a new first-stage
vibration at military take-off conditioms.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio
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TABLE I - SUMMARY OF VIBRATORY STRESS WITH
VARIOUS STATOR ASSEMBLIES
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Figure 8. - Third-stage radial temperature survey.

CONFIDENTIAL




e T NP - P

20 CONFIDENTIAL NACA RM ES52I16

™
\T‘

|
i
i

AT At e st ot e it D

l_l

»
|
i
il
|

|

|

14 - - = S -
|
(8
i
12 ~ BN W" = : ’\ SIS S S
T
20 i R — -

Vibratory stress, + psi

0 | | N S I B A A e S N U
; -80 Qo 30 82 go 120
Open Standard : Closed
' Second-stage vane assembly

Figure 9. - Effect of second-stage vane-assembly angle of incldence on
third-stage vibration.

CONFIDENTIAL

et et W




|

21

; *29uUapToOUT JO
, seTSue A[quosse-sues 3RRLS-PUODIS SNOTIBA U3TM J0882adwod 95B3S~USASTS JO SOTISTJI030BIRYD SOUBWAOJIS - *QT 2andtd .
*MOTJ JITZ 3usTeAIndd (®)
wd.x .Im>z “paads sugl3us juarraTnblg
c0T X8°CT 0°ectT 2 11 701 ] 9°6 8”8 0°8 c L
] ~— ] T I T T T 1T 1 1 ] ] A N | 1] 22
i 7 { ) i i i | )
« ] 11 ] 1 | B ) |
N j | ) ! j j i d . i Tl W
! I T ) ! T I I i ]
1 ] {1 R | | , W _ d
ﬁ — Tt 1 T |
| I | | C S !
, r ] : , - T ¥ | | _ , o
v j - | , 1 A :
¢ ; , : | ] | [ { i | ; . ; ,
. ! i ) R | | i s ] _ i ,Wu .
; m T W , W =T M * ﬂ, o :
i i ! ' | d i X ! i = .
h by | [ j | W | W - W 5 M”
ﬂ, T k [ 1 1 b [5 f o T ] t ) ! | , [
M E , ! | 1 | | | ! : ! W m T m
: ; +— T : T : — 1 — ,_ —t w ' 8g <t a
, m | I ! ! B w | _ , 8 m
: i ; b ] ] ] ! i i | i : ! | : o
: ; T T ; T , ] i i [ i [ [ [ f [ i
5 Q ] | I it 1 i ] | | ) [ [ ) - ! ) (w3
: W O i | | | i i | i ' | : i ] ] = [&]
§ ) — , t— , {- - , , - , ” : ] "
o | T 13 | B | | & i
i : i | | ! i | O | , s , A . ; | , = C
; [ [ 7 1 T 1 T 1~ 171 R ,,. eﬂ Y
P j | R N T S R S I A S | | | S W “
| T T T T T | | O | -y :
m ' ﬂ | S = W I : M | g
! : , ! ! M T LS | ! T : T , A , , =
| ! ,_ : , | ! > 1 ! ] S| , | ! [ : ~
b , ] i ﬁ ! | | , i 8 , : | - | : @
; . : , - - T - - r = i : o
j { ] o | 1 | } Bl I | g i PasoTd ST (w) | | i , | o
! | IR T b | i ! 1t { , PasoTy 6 Ji, H i : i ,
_ Y N N S B —]  peo 9y |
= ” BEEEEEREEREEERE | | pasOT) € O | |
bY | I DG A S N TR S B S S A - (pxepuess) 0 o —1 ¥ .
b | IR | wedo 5 O |
2 , —t—t— t—t——— — (3sp) —
m | ] , ) 1 1 i { \ g pouspToUT Jo aT3uy | ; : W i
i [ i . ¥ | ! i+ it | [ 1 ¥ N ! \ : i
3
=




{ 2552

52116

*20uUapTOUT JO SoTBuB

=
_ < Arquosse-auer 99e4S-pUODSS SNOTIBA UFTM JOES9adWod aBe18-usASTd JO S0T3ETJI390BABYD S0UBWIOIISd °papntouod - °0OT san3te
i mm «LouaoryJo asta-sanjesadwsy 073eABTIRY ()
i =
. wda .h?z ‘posds ourdus gusTeATnbd
. moﬁxm_.ma;. ) 02l ) 211 01 976 8°8e 0°8 c'L
{i % ” [ R T T I I , , i
[ ) 1 I T | _ W w | s
! ; - . ; ; ; | d | i . : o
' m i ! j ﬂ | T m , T m W ” ®
| | ; i i A _W I T | : A ," ne
— — — Tt - | - 28 .
i | , I ; M, | M, i : , W | : e
H ) 1 | | 1 ] A | : i ' d ” : nllngd
i ! : . ] , ; ,, | , . 80
, RN 1T T 1 T 1 | | 23
, ' _ i | | W | f A I ‘ , Juv S .
: ] 5 : A : y s - .. - y [ . (=} !
| 5 ) i I 1 1 1 -1 | | | O =8
M i L | W | | - @b | W w | ®
! : I 1 1 ] T | VT | w “ , 3 m
: , “ | Al .m _HH” 0 ) , A © m A | : i I g | M ,, g ' M o m
> m w | 1o B , i ] | 54 e
. WM ! ! i i b , { 1 ! 1 : 1 | : i A =
! 38 1 W O O T | 1 — ° B
! _ °© | ! 1| (N | | | | 8
, , o —T T S , -t —— 06 “
; ; , P { P | N ” :
WM _ | | u I i | ) | ] m“ 1 I | | 1 ! !
P | T T r T TV T 1T 7T | T 1 o
m ! p - “ i ,, 1 | i “ ” g i ﬁ i i kS , , 1 ” 3 i
J i I I N " — T 1 1 171 , 1 ,,
; ! : M : pasoTd 21 M j | | S w . , | ” : :
A. j N - P3soT) 6 ) | - | L j n : , | | w ” o
| T DOEOTD 9 : oo b : W , A m
L p3sOTY € | , | L] | _ ,
[} (paepuess) 0 M 1 _ _ M 1 ,, M
; L uad( 9 . 1 | oL M : ,
1 (8=p) — T T T — T T T T I 1 |
] {  |eousprout o sT3uy | S N T T I N N NN S S R S S S N N A A

22




e e R . :
i
12}
o
‘ : *aouapIoul Jo seTdue ATqUSESE~duBA 9FRYS-PUOIIS BMOTJIBA UJTHM aupfua g3ofoqung JOo SOTJSTJISLORIBYD SOUBMIOFIS - °*TT 94n3T4
! *MOTJ ToWnJ quareaInbd (®)
H *
wda qlms.\z ‘pasds sutBua quaTBATNDH
; cOT x 8° 2T 0°2l 2 1T ) ¥° 0T 9°6 8'8 o}d:] m.m.
. i i T ) ] ] i T I 1 T T T ] i i T g i ’ T i i ] g
i B i | ; t : i | 1 " , i : ; g ! , w
VOVN (I | I N S NS I SN N S AN | S T
J , T 7 ; | R T JN T S I A R A A B
- W " i i i il | * A i) ‘ ] ) ! | i i \ . B i | ! |
1 T T T T T T T T T 17T 171717 V1T 1 et 1 i
. i | A T R N S I DO I I O N I I -] T
H , — 1 1 F | ] ] | | : |
M J ' O . j I f L Eo| , P
' b b i s j ! ) b ) : ! i d 9°1T ¢
: | m 1 ) . | ; T 1 , &
: IR IR W w ” L w 3
] H 4 = g . I A T 7 T v q B n N - =
I | i | I ! ! 1 [ I I i : ) © i .
i m , b d i ! I , W I : A i i ' b4 m
M E | ! ! J w | ; | o) i i | \ | o
! L 7 N g 7 b 1 T ] T I f i i a 1
M , Pl | D I P17 0 T SR D A T T B | g m
! ! ! , i i | [ I , ; | i , ! o,
| ” j ! ] | i ) ) ! | ) i i : ”, f : | i - m
. i 3 | ] | | 1 | ] " ‘ d i i \ d | | d ' !
f i : +— 14 + - —— ¢ R X
W 1T 1 i | 1 o IR bbb | 2 W .
o ; | . A | T A R N N | (&) :
, —t 1 —t—1— — —t—t— — = m
m | O I I o O I i | | | 2 .
' | i i j i ) , | . i , ) S B | i i d , i > v
o 7 7 p i ] ] ; U T , " - ” , - | .
W | . 1 | L L4 ﬂ | L
i 1 T T T R N T ] I | . = -
| N A | I S I S S N T I | W - ee
. ' 1 V10 1t 1 v ! POSOTD BT | S T
1 | J : i 1 i , i PISOID 6 : ” g : w
T T T @ &« | | I 1 pasoId 9 | L ,
p ] ] © N ! i P PISOTY € i A : :
17T T 1T T — (paepueys) o T T S T OO |
0 ! ! ! | _ ; w ,y 1 wadg 9 | M !
ﬂ“ i ! j 1 ] ! 1 1 ! ! (8ap) 1l ! ! b '
o 1] 1 4 4 | § { | [pousprous yo orsuy | “
2 . I TN I N I NN A I BN B 1
I e , | j H
3
<
=
- » . 1
2552




NACA RM ES52I16

CONFIDENTIAL

pasord
pasoTd
pIsoIn
POSOTY
(paepue3s) .

*30USPTOUT JO
goT8ue ATquesse-aura 98B1E-puoOss SNOTIBA YITM surdus 3afoquany Jo £0[48TJI330BIRYD sourwIoJasd ‘pepnrouc)d = °*IT danItd
*3snayy juarestndby (q)

wda ~m$\z ‘paads sutdus jusrealnby

NACA-Langley - 5-18-53 - 400

CONFIDENTIAL

GT ‘Q/4 ‘asnays jusTeanbd

odaq |

uado
(3Bep)

USPToUT JOo o13uy

24

i

o6




TVILNIAJIINOD

PR

’

(1340) uoiBuiysem ‘YOVYN 101) a[qeureIqo s3ido))
PAlBUWIT[d BaaE J2[uL Ul asEaIOUL aozad-p € Y L1q
-wasse aueA-3p(nd-jaful M3U YV [[eIS 0} paie[al £1q
-1ssod uouawouayd opweuipoIae ue aq 0} pAUWIIAP
sem UNTIBI[OXD JO 3DIn0f Y], ‘9durwiojrad autdua
pun apmynidre uor;eaqla ayy vo A1j3wodd yuauod
-wod aurdud Jo suofjerXea asaYl jo 199JJ9 ay) Jurmoys
pajunsaid aze seain) ‘suopjesndpuod juauodwood
2u{Fua SNOLIEA YIIA UOLIBIQLA dY} djeUTWI[d puk Apn)s

TVILNIQIINOD
N,
L IVNT

PoArE AR S AR

(1220) uoBusem 'y JVN Woj 3[qTUIeNqo <31dod
PIBUTWIT[I BIIE JI[ul U} asEaL.ul Juadzad-p © Yy £1q
-UIISSE JueA-IpInd-Jaful mau v "[TBIS 0) palelal Liq
-1ssod vouawouayd sjwreuipelaae ue aq 0} pAujuIaAP
Sem uo1e)IIxXa 0 avanos YL ‘IduewIojrad surdua
pue apnjijdure vofjeIqia 3y3 uo A139woa3 juauod

-wod autdua Jo suoyuIYeA 3say) JO 19333 3yl Suwmoys
pajuasaad age saain) -suorjeandiuod juauodwod
aurdud SNOJJIBA Y)IA UOTIRIGIA JY) djeuymit{d pue Apnis

Sem uoljelaqrs ageis-paTy} SNOJIIS B IYY "IUIFud

MO0[J- [ErXE 23v}5-Uara[a uopanpoad e 1o uonezado
rewrzou Suranp paionpuod Jem £3Aanz UOlIRIQIA V

{91125 WM VOVN) "qei
‘-gojoyd ‘-s13ew ‘dpz "£G61 ABW ‘3SJIOW Waqoy
‘D pue “sp ‘1343 “p 2IpUY ‘142A18D "d pIEmOH
"HOSSIHAWOD MOTI-TVIXY FOVIS-NIATTH
‘PEC V NI STUNTIVY 3AVTE 40 NOLLVOILLSIANI
‘$INBUOIOY 10 93 1ww0)) AJOSIADY TBUOTIEN
911269 WY VOVN

woldupyseny ‘YIVN Wolj ajGeureqo saided

SEM UOIJBJIOXS Jo ddanos ay), -douewriojrad aurdua
pue apnyt{due UOTIBIOIA 3Y) U0 A139W03T juauod

paiudsaad are sasin) ‘suoneandruo wauodwod

sem UOLBIGIA 33EIS-paiYy) SNOLIIS B 1AV "aurdud

MO0]J-Terxe 38v)s-uaaa(a uonjanpoid e jo uorjesado
rewaou SurInp pajonpuod sem AaaIns uoneIqia v

) N .

(9153 WH YOVN) 'qel

“gojoyd ‘“'sidetp "dpz "gG61 AR "aSIOW Maqod
"D puE "ap ‘33831 P 2apuv ‘WIBaTED “J pIEMOH
"HOSSTHAINOD MOTI-TVIXV TDVIS-NIATTE

911263 WH VOVN Al 0} PI3INEUOD S2M UONEINISIAUT D[IEWIISAS B ‘PaII2Idp 911263 WY VOVN "Al 03 Paidnpuod Sem UOHIEIISIAUY IFITIIAISAS B ‘paId3Ap
13qoy D ‘esioW "HI sem UONIBIqIA 33E]S-pITU} SNOLIAS € I3)Y -auldua | Meqod ) ‘asio ui
ap tep aIpuy ‘zakew Tl 1afoqan} 9191dwod € jo j1ed € g€ pasamod J0ssa1dwod T pIpuy Jakol n 13foqin} 8321dwod € jo jred v se patamod J03831dwiod
‘d premoH ‘Wasrey I moyj-1erxe a9eis-uaaafa uoponpoad € Jo uoyjerado ' paEMOH raAted
(v'2'¢) siossazdwo) rewzon Supinp pajonpuod sem £aalIns uonjeaqra ¥ (b2 mv m._.Ommo..nEoU
pue ‘sued ‘ssaqadoig pue ‘sued ‘sryajpadoad
= 13014 pue uopjRIQIA '€ TVILNIAALINOD (911263 WY VOVN) ‘qe) - 193N1] PUT UOREIAA  7f TVILNIQIINOD
(2'9°¢) uoneIqip pue s-gojoyd ‘-sxdeip 'dpz €561 AEIN "ISIOW 319GQ0Y (2'9°¢) uoneaqiA pue
582113 -~ saosgaidwoy gz *7) PUE “f ‘2aK3 *f PIPUV ‘IIBA[ED "J PITMOH §83X}§ - srossaxduro) T
(1'1°9°€) mold “HOSSTUJNOD MOTd-"TVIXV FDVIS-NIATTI (1'1°9°¢) mold
~TERY - siossazdwo) 1 ‘PEL V NI STUNTIVA IAVTE 40 NOILVOLLSTANI “TERY - SI08Saidwo)
NOLLYMYOJINI ALRNDIS *8O1INBUOIIY 10} IANTW WO LI0S1APY TRUOIIEN NOILVWHOJNI ALNNJ3S
TVILNIAIINOD 9112ST WY VOVN TVILNIQIINOD
TVILNIAIINOD (1240) uoiBuiysem ‘YIyN wolj ajqeuseiqo sajdos TVILNIJIINOD (x340)
\s««)?// pPajeUIWI[d BIIE 19U UY asealour wadiad-p e yum A1q P Pa/LU{III{I BTV JDTUL UT ASLAIOUT JUddIad-p € Y A[q
. ..nll..u,Nz.l,,a. -utasse auea-apind-J1afuy Mau ¥V °[[e)s o) pajelal £1q e VIVNT ~UIISSE JUBA-IPINT-)3Ul A3U V [[BIS 0} parelal £iq
-1ssod uouawouayd dsrweudpolae ue aq o) vwcmEuSwv -7ssod voudwnuayd J1wvuAporae UR 2q O} PIUTLILIRP
sem UOLIE}OXI JO 32anos ayL ‘ddurwzojrad aurdua
pue apnjrduie uoyyeqia ay) uo £133woad juauod
-wod au1dua Jo suojeLIEA 3SAY) JO 193] ay) Juimoys -wod auI3ua JO SUOIIBLIEA 253Y) JO 12313 Y} Suumoys
paiu3dsaxd aie s3aIn) ‘suorjeandiuod jusuodwod
auiSua snolIeA Yiim UONIRIQIA 3Y} JJBUTWI[d pue Apn)s 9urBud SROLITA YIIM UOTTIGIA 3y} IIBUTWILID pue Apnis
911263 WY VIOVN "Al 0} pa1dNpuod SEM UOLNES1ISAAUT D1jeUIdISAS B ‘pajdalap 91126 WY VOVN Al €} p31ampLOd §72M UCHIES[ISIAUT J1JBWAISAS € ‘Pajdajep
., leqod °D “om._oz ‘o1 gem UONEIQIA 98B}S-pIIY) SNOLIAS B JaY aurdud Waqoy ') ‘esioW 'Ol
Iir fp atpuy ‘2akei ‘I 12foqan) aja1dwod € jo jaed € se pasamod s0ssaxdwion ap fp papuy ‘1340 I 13foqan) 93a1dwoad e Jjo Jed © se pazasmod Jossaidwod
) ..m PIBMOH ‘J13ATED ] MoYJ-1emxe ade)s-uaaald uojionpoad e jo uonjexado ‘Jd pIemol “la2a1RD) 1
-z «“v s10ssaxdwo)) rewaou SulInp pajonpucd sem £3AINS uOIjRIQIA Y (¥°2'%) saossazdwo)
pue ‘sueq ‘siayjadosg pue ‘sueg ‘siajodoid A d
© 1Sumid pur uoneaqip g TVILNIALINOD (91125 W VOVN) "q®) - JaNN1d pue UONEIQIA € TVILNIALINC D
(2:9°¢) uoHRIQIA pue “gejoyd ‘-siSerp "dpg "£G6I KB °25IOW 133qOY (2'9°¢) uonmiqrA pue
m.mu..:m - sJossaxdito)y g "D PUB Ip ‘I3KaIN [ 2IpUY ‘133ATR) d PIEMOH §S31)§ - sxossazdwo) g
:. 1°9°¢) Mol “HOSSTUAWOD MOTI-"TVIXV FOVIS-NIAZ T (t'r°9°e) mod
TEIXy - slossazdwop ‘Per V NI SHYNTIVA IAVTIE 40 NOILVOILSTANI “TeXV - stossaiduio) |

NOLLYWHOJINI ALMMND3S
TYLLNIAIINOD

*SINNBUOIIY 10} 3aPTWIWO0)) AIOSIAPY [EUOTIEN
91123 WY VOVN

NOILVIHOJINI ALNINDIS
TVILNIAIINOD

‘pef V NI STHUNTIVA 3AVT19 4O NOILVOILSIAN
¢ DIJNBUOIAY J0] 33 )1WWO) AJOSIAPY TEUOIIEN

911Z¢3 INY VOVN




PP URSPE - st

< T S SRR SRR

"TVILNIAIANOD

R

NOLLVIRHOJINI 23180038
TVILNIAIINOD

TVILNIGIANOD

A NIVYN ™

NOLLVIIOJNI ALMNOIS
TVILNIdIINOD

uoyupysem ‘YOVN woaj ajqeureiqo sajdod

Juadaad p jsnayy aurdua
ay} paseaIou] pue uopeIquA a3eIs-pIry [EONII0 oy |

911263 WY VOVN “

TTVILNIAIANOD

N

'NOLLVINHOJNI ALTHNDAS
"IVLINIAIINOD

uodupysem ‘VOVN woaj ajqeureiqo sardod. |

‘uaoxad § Isnayy surdua
2Y) pasEaIdU] puB UoHIRIqIA dFe)S-pITY} TEDTINIO Ay

911263 WY VOVN

TVIINIATANOD

G

NOLLVNMOJNI LLIMNOTE
TVILNIJIINOD

uoBurysem ‘YOVN wosf ajqeureiqo sajdo)

. ‘uasJad p 18Ny} surBud
&Y} pOSEaIDU] e UOIEIqYA 3BeIS-PITY) TROTILIO BY)

91IZSd WY YOVN

uojBurysem ‘VOVN Wosj arqeureiqo satdod

. “uaozad p 1snay) ourdue
Yy} pOsEaIOU] pue UoKEIqrA AFEIS-PATY] TEDIHID oWy

91I26T WY VOVN




G

e B i

TVILNAJIENOD

LR

91126d WY VIVN

{(x340) unyBupysem ‘'VOVN woaj ajqeureiqo sardod
POTEUTIITIS ¥IIE JBUT U ISLIIDUT Juaosad-p & um AIq
-Wasse JueA-apINS-19TUY MAU V TEIS 0} parerdl A1q
-1ssed ucusurouayd syweudporoe Ue aq 6} paUIWIAISP
SEM UOIJEIIOND JO 90Ineg JY] -aouewzojxad aurdus
pue apnjyidure uoyFeIqIA 2y} uo A1jpuroas jusued
-wod aurdud Jo SUOIJELIBA 38 Jo 1935)d oY) Sutmoys
pojuasaad are saan) ‘suopEIndpued jusucdurod
auT3ua SNOTIBA YITA UGTIBIQIA JY) IJBUWI(S pue Apms

TTVILNIGIINOD

P

(xa40) uoBuysem ‘VOVN Wolf ajqeuteiqo sajdod
POIBUTWITIA BIIE JOUT UT ISBAIOUL uaozad-p € yum A1qQ
-uIoggE UBA-IPIN3-1aUT MAU Y [Te)8 0) pajelal A1q
-1ssod uouawouayd oyureudpoiae ue aq o} PoUTULIdIBP
Sem u0IyeNoxa Jo 9danoes ayL -aouwemxojxod auy3ud
pue apmyrjdure uopeIqia 8yj uo L1jomo0a8 juauod
-wi0D Su3ud JO SUOTIETIEA 983U} JO JOIJID Y} Summoys
pajuasaad are 83AIND -guopeandyuod jusuoduod
aur3ud SNOLIEA YA UOHEIGIA SY} SJEUTWITd puE Apnys
0} pajoNpuod SEM UOFIEBIB3AUY oeWaIsAs € ‘pajoalep

“Al 0} P9JONPUCD SeM UOLES[IBIAUT OIJRWIISAS B ‘pajoalap 91126d WY VOVN ‘Al |
weqoy *D. ‘esIOW Ml | Sem UOTJEAqA A3EIS-PAIY) SNOWOS € JoY -aufdus weqod D ‘asIoW O | gem UOTEIqIA 9FRIS-PITYY SNOLIAE B JOY “9UIFUd
ap “opaspuy ‘G9eW M |  jeloquny ajerduwion ® Jo jred € g patomed Josserduwiod ap fop papuy ‘39AeW I | jafoquny ajardwon € jo ed & se pasamod J08821dI0D
‘d premoH ‘WaATED I Mmop}-Terxe ageig-ucaate uopionpoad € jo uetjerade " presoH ‘WeAre) T | MojJ-Terxe age)s-uaaae uoponpod € Jo uopexado
(#°2'%) siossaadwme) [EULIoU SulInp Pajonpued Sem AOAINS UCHEIIA V (v'z'¥) siossaxdwo) : TewIou SupInp pajonpuod seM AsAIns UOHRI]IA V
pue ‘sued ‘siaqedoxd w pue ‘sued ‘sxofadoxd ,,

~ J9WN1d PUE UOIRAQIA "€ | IVILNIALINOD (011263 WY VOVN) 98} - Jo3N(d pue uopeIqiA  ‘E | TVILNZALINOD (971263 WY VOVN) ‘a¥
(z'9°c) uorreIqIA pue | -gojoyd ‘-saferp 'dpg '§G6T ACN "98IOW 112qod (z'9°g) uowEIqIA pue <-gojoyd “siderp ‘dpz '£G61 LB "98IOW M8qOH
ssoxig - s10sseadwo) ‘7 ‘0 pue “If ‘IPA9IN "f PIPUV ‘WaATED 'd pIEMOH gsaxig - siossaadwod g | *0 puE ‘If ‘393N "L PIPUV ‘}OATED "d PIBMOH
(t'1°9°¢) mold M “HOSSHEAWNOD MOTI-TVIXV FOVIS-NIATTE (r-r-9°¢) moLd , “HOSSTUIWOD MOTI-"TVIXV FOVIS-NIAXTH
-TexXy - sxossaadwo) T | ‘pelP V NI SHUATVI FAVIE IO NOLLVOLLSIANI -TeV - sxossaldwo). ‘T ‘bof V NI STHATIVA 3av1d JO NOLLVOLLSHANI
NOILVIUOINI ALNNDIS M *SO1INBUOIIY IO} IIPTWWE) AI0STAPY TEUOTIEN NOLLVWHOANE ALINO3S *BO[NEUOIAY IO} SIFWUWOY AIOSTAPY TBUOHEN
TVILNIAIINOD m 911263 WY VOVN TVILNIA1INOD 9TIZ6d WY VOVN
TVILNIAIINOD (1940} uoIBUIYSEM ‘VOVN Woaj a]qeureIqo: 53140 TVILNIAIINOD | (19a0) uoySupysesm ‘VOVN Woaj ajqeureiqo saydoD
% POTEUTWIS BaIE Jaful uf aseaxour juadrad-p & yim A1q % | pejeupmyo oI J2TUF UF a8EAXIUY Juadled-§ € YA A1q
-WIISSe QUBA-IPTNI-1OIUT MAU Y [Te}S 0) pareIad A1q } W -wasse aueA-aping-1a[ul MU V °ITeIS. 0F pajetdd A1q
: -1ss0d uouswouayd srureufpoide ue aq 03 PIUIWLIIIBP : - -yssed uouawouayd opureudporae ue aq 0} pauIKIIdIAp
b SEM UOIJEITIOXS JO ananos ayJ, -douewaoc)rad aurdud u, SeM UOTJEIIOXD JO 32In0S 9y ‘dousumixojrad aufdua
pue apnyridure uorjelqla ayy uo Arjpwead jusued W, pue apnjrrdure uoryeaqIA Oy} U A139W093 Juauod
m -wo? Jurdus Jo SUGTJELIEA 3gay) Jo JO3JJd ayj Suimoys . -u100 aulBud JO SUCTIELIEA 38AY) JO 109JJa o) Juimous
i pajuasaad aJe soAIn) “suorjeIngdpued juauodwods pajuasald aae 83AIND ‘sUOHEINSYUCd Juauoduwrod
w AUTSUD SNOTIEBA YJIA UOIIBIQIA JY3 JJBUTWIId pue Apnis | aujfuo SNOLIBA YJIM UOHEIQTA S} djeuywi|e pue Apnis
91126d INY VOVN "Al | 0} pajONpUOD SEM UGTIES[ISAUY DTIRWIDISAS © ‘Pajdajep 9TIZ¢E WH VOVN Al | o3 pejonpuod sem uopedpsasuy ojeuIalsis e ‘payoslap
11aqoy D ‘esioW IH geMm uoTjeaqA 3381S-paTy) SNOLIIS B 13V ‘surdua 3reqoy ‘O ‘esioiN 'HI | Sem uopEIqIA aFe)s-pITuy SNOWIas B JayV ‘autduo
‘ap ‘tpaapuy ‘TakO I | jafoqany a3ardwied ® jo jaed e se pasamed J088a1dwaod ap ‘cppIpuy ‘eAON I | jafoqang a3adwod e Jo jred € se pasomod Jossaxduiod
“d pIemoy ‘ya9ated 1 moy- rerxe afels-usaald uoponpoad ® jo uorjeasdo ‘J premoy ‘uoAwd ‘I | MOpJ-Terxe aBe)s-uaaald uononpoexd e jo uoyexado
¥°2 _v.v szosgaadwoy. : FEW.I0U SuULINp PIONPUOD SEM KIAINS UCHRIGIA V (v°z'v) siessaadwe) TewWIou SurInp pajonpuod SEM AGAINS UOTIBIGIA V

pue ‘sueq ‘siappdoad { pue ‘sueg ‘sxafedoxd [ - -
- Z9)01d puU® UOTIBRIQIA 'E | TVILNIGLINOD (91Izcd WY VOVN) -q®) - zaynid pue uvopeaqiA ‘¢ | TVILNIALINOD Gﬁ%ﬁ WH VOVN) ‘qe}
{2°9°¢) uorRIqIA pue 1 “gojoyd “saderp ‘dpg "gS6l AN "9sI0W JAqOY (2'9°g) uoneIqLA pUE “-gojoyd ‘'saderp ‘dpg 'gG6T AeW "9SION Waqoy
ssal}g - s1ossaxdwo) g *0) pue ‘Ip ‘I3KOIN “f PIPUV ‘}I8ATRD 'J PIEMOH gsalg - srossardwo) °g ‘D pue "Ip ‘JoA3N. [ QIPUV ‘WBATED "4 PIEMOH
(1°'1°9°¢) morg "HOSSTEINOD MOTI-"TVIXV TOVILS-NIATTI (1’19 MA0Td “HOSSTHANOD MOTI-TVIXV TOVLS-NIATTI
-TeXy - s1ossaadwod -1 ‘per V NI SHHATNVL IAVId 40 NOLLVOILSTANI ey - muommo.aﬁ.oo, T ‘per V NI STHATVI 3av1d 40 NOILVOLLSIANI
NOLLVIRHOJNI XLRIND3AS ‘SOVINEUOISY J0] doPTWIe) AI0SIAPY [BUOTIEN NOLLVIMUOJNI LLMNOIS *SOHNEUOISY 10} SIPIWUWOYD AIOSIAPY TBUOTIEN
TTVLLNIdIANOD OTIZSH INY VOVN TVILNAAIINOD OTIZST WY VOVN




AVILNITIANOD uojdurysem ‘YO¥N woaj ajqeureiqo satdo) TVIINIdIINOD uoiBurysem ‘VOVN ulodj aiqeurexqo s31dod

H .
‘juaszad y enayy surdud

‘Juaaaad § Isnay) auiBuad )
* 3y} pasEaIOUY PUE UOTIRIQTA 3FBIS-DITY) TEOTILIO Y} ' Yy} paseaxouy pus uopeIqiA afeys-pang TeaRTI0 oYy P
H NOLLVIWNOJNI ALRNDHAS NOLLVIHOANI ALNINO3S S
; TVILNIdIINOD SIIZGHE WH VOVN | TVILNIAIINOD 91126d WH VOVN ‘ i
: ‘ - -
i g
w TYLLNZAIANOD uoyuryses ‘VOVN WoIj A[qEUrEIqo §91d0D TVILNGAIINOD uo)BurysEM ‘YOVN 10X} F[QUUINGO S0

.

. ‘Juddzad p Jgnayy supdud . yuedzad y yenayy aupBua
2y} pasLaIOUy pUE UONILIGIA 9FEIS-PITY) TEINTID ayy 2} PasTaIIU] pUe UOIBICIA a8€I8-PITR TEONIID Yy

NOLLVIRMOJNI ALNNOTS NOLLVIWHOZNI ALNUNOJS
"IVLINIAIINOD 9TIZSHE WY VOVN TVLLNAALINOD 911283 WU VOVN




