
GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 30332 

August 6, 1964 

GeoFge C~ Mar shall Space Flight Center 
National Aeronautics and Space Administration 
Huntsville, Alabama (35812) 

Attention~ Mr. James W. Fletcher 
Contracting Officer 

Subject ~ 

Gen lemen ~ 

Monthly Progress Letter 1, Project A-792 
~uPanel Flutter Aerodynamics" 
Contract No. NASS-11396 
Covering the Period from June 25 to July 31, 1964 

n this ~eport period a search for design criteria for the super= 
sonic flutt er of flat panels was started. Most of the information 
gather ed so far concerns theoretical predictions on panel flutter con­
figur ations with aspect ratios between l and ~. The majority of re.,. 
cent publications on panel flutter were found to be classified and 
consequently not accessible under the terms of the present contract" 
Appropriate s t eps to upgrade the security level of the contract to 
confidential on a need-to~know basis have been takeno 

On July 17, 1964, a project meeting was held at the Aerospace En= 
gineering Department of Georgia Tech. Those present were 

for NASA 

for Georgia Tech 

Dr. M~ F~ Platzer 

Dr. Ew F~ E~ Zeydel 
Prof. J . J~ Harper 
Dr o R. , B •. Gray 

It was dec i ded at the meeting that a) the panel flutter aerodynamic 
for ces of long and slender panels (aspect ratios from 1/10 to l/60) are 
of particular interest, in view of the panel configurations on the Sat­
ur n; b) a meeting with Mr. G3 Rainey, of the NASA Langley Research Cen­
te , should be s cheduled for the near future. 

Because of the interest in panel configurations with "very" low 
aspect ratios it is suggested to change some of the ideas of the origi ­
nal y proposed research programs. Instead of pursuing the design of a 
model based on the forced oscillation technique it seems more profita­
ble now to i vestigate the design of a model of the steady wavy wall 
type in o der to obtain the desired aerodyna.rnic information. However, 
to determine the wave length versus aspect ratio of the models to be 
t ested it is necessary to extend present aerodynamic theories and panel 
f utter calculations. 
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The emphasis on "very" low aspect ratio panels relieves somewhat 
the complexity of the intended boundary layer studies, since these the­
ories have predominantly been developed for wavy wall configurations. 
It is noted, however, that the solutions obtained are valid for two­
dimensional configurations while the slender panel configuration is 
distinctly three-dimensional. 

In the present project period an analysis of the aerodynamic 
forces for a "very" slender sinusoidally shaped wall in supersonic flow 
has been started o So far the flow has been considered non-viscous. 

In the following project period it is contemplated to continue 
these analyses and to incorporate the results in a flutter analysis for 
slender flat panels. The literature research will be continued as soon 
as the classified reports become available. 

A meeting with Mr. G. Rainey at the NASA Langley Research Center 
i.s scheduled for August ll, 1964. 

EFEZ ~ jjr 

Respectfully submitted, 

E. F. E. Zeydel 
Project Director 



GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 30332 

September ll, 1964 

George c. Ma~shall Space Flight Center 
National Aeronautics and Space Administration 
HUi.'l"csville, Alabama 35812 

Attenti.on : Mr. James W. Fletcher 
Contracting Officer 

Subject: 

Gea t;lemen : 

Monthly Progress Letter 2, Project A-792 
"Panel Flutter Aerodynamics 11 

Contract No. NASB-11396 
Covering the Period from August 1 to August 31, 1964 

I.n tilis project period, a study has been conducted to incorporate the aerod.ynanrl.c 
forces for a very slender, infinite chord, flat panel into a flutter analysis of a very 
slender rectangular panel. The main object_ive of the analysis is to determine the wave 
.l,.eiJ.gtb. a.l'l.d pressure distribution at the flutter speed and to utilize this infonnation 
for the design of a test model. 

~ne usual method for solving the flutter problem for a flat rectangular panel con­
figaration is to introduce an orthogonal set of deflection functions, which .satisfy the 
structural boundary conditions and to utilize a Ritz-Galerkin procedure- to obtain t ?-1e 
flut/cer vectors and ·fl.utter frequencies. This method is, however, not attractiYe for ;rec·~ 
tangular panels with small aspect ratio, .since a large number of modeshapes must be ~tro~ 

d""'.ced wh:l.ch will result :in considerable computational effort. 

It is therefore proposed . to assume that the panel is .infinite in chord, and to uti. ... 
l:i.ze the m,ethod outlined by MilEts*. Some modification of the method is necessary, be~ 
cause the aerodynamic forces are enly available for sinusoidal mode shapes. It is hoped., 
hm~¥eYer, tha·t these difficulties can be overcome in the near future~ 

During this report period, a meeting was held at the NASA, Langley Research CenteE­
on. Au~~st 11, 1964. Those present were: 

for NASA 

for Ga. Tech .. 

Mr. G. Rainey 
Dr. M.F. Platzer 
Mr. Hess 

Dr. E. F. E. Zeydel 

*John W. Miles: ,-"On the Aerod:ynam.ic Instability of Thin Panels". Journal of Aero. 
-Sci ences, Vol. 23, 1956, PP• 771-780. 
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At the meeting, the forced oscillation panel flutter tests conducted by Mr. Hess 
were discussed in detail. The difficulties experienced with these tests confirmed the 
belief that tbe model to pursue the evaluation of aerodynamic forces and boundary layer 
effects should be of the steady wavy wall type. 

In the next project period the flutter analysis of an infinite chord, slender pan­
el will be continued. 

RespectfUlly submitted. 

~ 

E. F. E. Zeydel 

EFEZ:clb 



GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 30332 

October 13, 1964 

George C. Marshall Space Flight Center 
National Aeronautics and Space Administration 
Huntsvill e, .Alabama (35812) 

Attention~ ~tr. James W. Fletcher 
Contracting Officer 

Subject~ 

Gentlemen~ 

Monthly Progress Letter 3, .Project A-792 
uPanel Flutter Aerodynamics 11 

Contract No. NASB-11396 
Covering the Period from September 1 to September 30, 1964 

In this project period, the flutter analysis for very slender, flat 
panels has been continued. In the monthly progress letter No. 2, it was 
proposed~ for simplicity, to incorporate in the analysis an expression 
for the aerodynamic forces, which was derived on the assumption that the 
panel chord was infinite. It was found, however, that this aerodynamic 
theory is too restrictive because of its failure to describe the forces 
when the flutter mode shape grows exponentially in the positive x di­
rection. It thus seems, that also in the very slender panel configura­
tion the exact linearized three-dimensional theory must be applied in 
the low supersonic region if the panel has a finite chord length. 

A new method has been derived to solve the flutter equations with­
out the use of the cumbersome Ritz-Galerkin procedure. The method bas­
ically consists of taking the Laplace transform in the x direction and 
satisfying boundary conditions at the trailing edge of the panel after 
the inverse Laplace has been taken. The method has not been worked out 
in detail, but it is expected that this can be completed in the next 
project period. 

During this report period a meeting was held at the AFSC, Wright­
Patterson Air Force Base, Dayton, Ohio, on October 2, 1964. Those pres-
ent were: 

for NASA Dr. M. F. Platzer 
for AFSC Dr. w. Je Anderson 
for Georgia Tech Dr. E. F. E. Zeydel 

At the meeting the evaluation of aerodynamic pressure distributions of 
cylindrical wavy wall configuration conducted by Dr. Anderson were dis­
cussed in detail. Anderson's test indicates that a careful evaluation 
of wave height versus wave lengths is necessary in order to avoid seri­
ous complications due to shock waves, flow separation and non-linearity. 

In the next project period the flutter analysis of a finite chord, 
slender panel will be continued. An investigation of aerodynamic pres-
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su.re distributions on two-dimensional wavy wall configurations will be 
made using the Prandtl-Meyer theory and Van Dyke second order theory to 
determine the most satisfactory wave height/wave length ratio for test­
ing. In order to determine the reQuired number of full waves of the 
model~ aerodynamic pressure distributions on finite, three-dimensional 
wavy walls will be calculated. 

Respectfully submitted, 

~ 

E. F. E. Zeydel 
Project Director 

EFEZ :jjr 



GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 30332 

November 11, 1964 

George C. Marshall Space Flight Center 
National Aeronautics and Space Administration 
Huntsville, Alabama (35812) 

Attention: Mr. James W. Fletcher 
Contracting Officer 

Subject: Monthly Progress Letter 4, Project A-792 
"Panel Flutter Aerodynamics" 
Contract No. NASS-11396 
Covering the Period from October 1 to October 31, 1964 

Gentlemen: 

In this project period the Prandtl-Meyer theory was used to calculate 
the pressure distribution on two-dimensional wavy wall configurations. The 
results are presented in a plot of non-dimensional pressure versus Mach 
number for various values of half amplitude to wave-length ratio, E /1 . 
Since it is desired to design _the model with small enough Ejl ratios to 
circumvent non-linear effects in the pressure distribution, the ratio of 
the second order term to the first order term in the Prandtl-Meyer series 
expansion is also given on the plot. The results are encouraging from an 
experimental point of view. Accepting a 5% error in peak pressures due to 
non-linear effects, pressures of sufficient magnitude can be generated for 
measuring with available pressure sensing devices in the region 1.25 <M ~ 

1.6 with Ejl 'V 4 x lo-3 . These results should, however, be verif'ied 
experimentally before a decision is made on the E/1 value for the wavy 
wall models. 

" :,_ NumE2.rical results have also been obtained for the pressure difference 
on two-dimensional wavy walls utilizing three-dimensional aerodynamic 
theory. Comparing the results with piston theory, it was found that little 
difference between the exact and piston theory exists, when the spanwise 
wave length is at least twice the chordwise wave length. 

During this report period, a meeting was held at the NASA, Ames Re­
search Center, on November 2-5, 1964. Those present were 

very 

for NASA Dr. M. F. Platzer 
Dr. D. Graham 
Mr. P. Gaspers 

for Ga. Tech. Dr. E. F. E. Zeydel 

The minutes of this meeting will be published by NASA. 

During the next progress report period, the panel ~~~dnii~, is o~ ' 
slender panels using Laplace Transform techniques 1'-ril.J_ be colit · ue.d.~ 

/ f-/D 19 (.(;) BY ...... 
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A pilot check on this method is presently being performed by comparing re­
sults with those published by Houbolt.* 

In addition, some inquiries as to the cost and time of manufacturing 
wavy wall models with appropriate instrumentation will be made. 

EFEZ:clb 

Respectfully submitted, 

E. F. E. Zeydel 
Project Director 

* John C. Houbolt, "A Study of Several Aerothermoelastic Problems of Air= 
craft Structures in High-Speed Flight", Mitteilungen aus dem Institut fur 
Flugzeug statik und Leichtbau anrider ETH. No 5, 1958. 



GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 30332 

December 10, 1964 

George C. Marsha.ll Space Flight Center 
National Aeronautics and Space Administration 
Huntsville, Alabama 35812 

Attention: Mr. James W. Fletcher 
Contracting Officer 

Subject: 

Gentlemen: 

Monthly Progress Letter 5, Project A-792 
"Panel Flutter Aerodynamics 11 

Contract No. NASB-11396 
Covering the Period from November 1 to November 30, 1964 

In this project period the panel flutter analysis for very slender panels 
us:ing Laplace transform teclmiques._ was completed and the resulting equations 
are presen~ly being programmed on the Burroughrs 5000 computer for numerical 
data. In order to obtain the inverse Laplace transform of the equations for 
,deflection_, it becomes necessary to determine the roots of a 20th order poly­
nomial with real coefficients. It is the intent to use double precision for 
the evaluation of these roots to maintain accuracy. The resulting equation for 
the deflection contains a finite integral which kernel is composed of the pro­
duct of a circular function and a Bessel function of zero the order with dif­
ferent argument. A suitable approximation for this integral seems not avail­
able and standard numerical techniques will be utilized for its evaluationo 

The ultimate goal of the analysis is to obtain flutter boundaries for 
primed edged panels with aspect ratios between 1 and 1 The critical 
boundaries will be given in the 10 ~ 

T ¥ ' ffs r(l ~ Y2)] 
1/3 

plane so that no restriction to panel material or altitude is introduced. 

In the next project period, the programming of the flutter equations will 
be continued and a preliminary evaluation of the design and instrumentation of 
the wavy wall model will be made. 

EFEZ:clb 

Respectfully submitted, 
r. 

E. F. E. Zeydel 
Project Director 



GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 30332 

January 13, 1965 

George c. Marshall Space Flight Center 
National Aeronautics and Space Administration 
Huntsville, Alabama 35812 

Attent ion: 

Subject: 

Gentlemen: 

Mr. James W. Fletcher 
Contracting Officer 

Monthly Progress Letter 6, Project A-792 
uPanel Flutter Aerodynamics" 
C0ntract No. NASB-11396 
Covering the Period from December l to December 30, 1964 

In this project period, the programming of the panel flutter equations on the 
Burrough's B-5000 computer has been continued. So far, only parts of the program 
have been completed. It is expected, in view of the length of the program, that 
programming and debugging of the flutter equations can be completed within the next 
six weeks. 

The drawings and specifications of the 2 x 2 ft. Transonic Tunnel at Ames have 
been received and Mr. Lee Knight of the Engineering Experiment Station at Georgia 
Tech has been assigned to the design of the probe mechanism. A detailed description 
of the proposed probe mechanism is given in a proposal to be submitted to the Mar­
shall Space Flight Center by Georgia Tech in the near future. For expediency, the 
descripti.on is not repeated here. It is the intentioiJ. to have the probe designed in 
sufficient detail by March 1965 that a project meeting with the personnel of the 
Ames Research Center can be scheduled to discuss the requirements of the design for 
compatibility of its components with the tunnel facilities and its instrumentation. 

On December 23, 1964, a meeting was held at Marshall and it was decided: 

l) To alleviate the tolerence of the wavy wall model surfaces from .001 
inch to .002 inch, because ~f manufacturing difficulties. Should, as 
a consequence of this, the results of the pilot test be unsatisfactary, 
an effort will be made at that time to improve the t0lerence. 

2) To conduct the flutter test of the probe at Ames rather than at Marshall, 
because the cross-section and length of the Marshall tunnel facilities 
appear to be too small to obtain the desired information without costly 
modification of the probe supporting structure. 

In the next project period, the programming of the flutter equations will be 
continu~d, and an investigation of the effects of a turbulent boundary layer started. 

EFEZ:clb 

Respectfully submitted, 
J\ 

J!J. !'. J!J. LJeya.e.L 

Project Director 

REV IE 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 30332 

February 12, 1965 

George C. Marshall Space Flight Center 
National Aeronautics and Space Administration 
Huntsville, Alabama 35812 

Attention: Mr. James W. Fletcher 
Contracting Officer 

Subject: 

Gentlemen: 

Monthly Progress Letter 7, Project A-792 
"Panel Flutter Aerodynamics" 
Contract No. NASS-11396 
Covering the Period from January l to January 31, 1965 

In this project period the programming of the panel flutter equations has 
been completed up to the solution of the flutter determinant itself. Parts of 
the analysis have also been programmed on the Burrough's 220 computer to obtain 
an independent check of the computer results. So far, this part of the project 
is on schedule, and it is anticipated to finish the programming within the next 
two weeks. 

An attempt has also been made to remove the restriction in the aerodynamics 
that the panel in the spanwise direction has a sinusoidal modeshape going to 
infinity. Using Fourier Series techniques, the resulting equations seem too 
complex for practical use and rapid convergence does not seem indicated. As an 
alternate approach, Fourier transform techniques are presently being applied, 
and it is hoped that a more attractive result can be obtained for slender panel 
configurations. 

A report on "The Flutter of Very Low Aspect Ratio Panels" by Dr. Earl H. 
Dowell has been received and is presently being studied. The report treats the 
infinite chord case. The representation of the aerodynamic forces is somewhat 
unconventional and an attempt is made to prove or disprove its validity with 
respect to other derived theories. 

The design of the probe mechanism is continuing in a proper fashion and it 
is anticipated that the detailed design will be completed by the middle of March. 

In the next project period, the computer program for the flutter solutions 
will be completed and it is anticipated that initial flutter results can be 
obtained. 

EFEZ:sb 

E. F. E. Zeydel 
Project Director 



GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 30332 

March 12, 1965 

George C. lVIarshall Space Flight Center 
National Aeronautics and Space Administration 
Huntsville, Alabama 35812 

Attention: Mr , James W. Fletcher 
Contracting Officer 

Subject: Monthly Progress Letter 8, Project A-792 
"Panel Flutter Aerodynamics" 
Contract No. NAS8-11396 
Covering the Period from February 1 to February 28, 1965 

Gentlemen: 

In this project period some difficulties with the computer program of 
the panel flutter equations have been experienced. As has been mentioned in 
progress report letter 5, it is necessary to determine the roots of a 20th order 
polynomial with real coefficients or the roots of a lOth order polynomial with 
complex coefficients to obtain the inverse Laplace transform of the deflection 
fnnction. The available routine for calculating the roots of polynomials, however, 
failed to iterate probably because of the large magnitude of the coefficients of the 
polynomials. It thus was necessary to program another routine, which has been 
based on the "Muller" method. This routine has recently been completed and is 
successful. The delay caused by these difficulties is not expected to effect the 
program appreciably. 

The design of the probe mechanism progressed satisfactorily. At present 
a study of the frequency spectrum of the probe is made which will be followed by 
a modest flutter analysis to characterize its behavior in the tunnel. It seems that 
the blocking area criteria can reasonably be met in the neighborhood of the probe 
ltself. Steps have also been taken to minimize abrupt variation of cross sectional 
a rea in the lengthwise direction of the probe. 

It was shown that the expressions for aerodynamic forces of Dr. Dowell 
can readily be obtained from the exact linearized three dimensional potential flow 
equations if the solution is of the form of a traveling sinusoidal wave and the span­
wise mode shape is represented in Fourier integral form for the finite span case . 
Since the results for large aspect ratio panels indicate the importance of standing 
wave solutions in the low supersonic region it is desirable to extend Dowell's 
traveling wave results for the infinite chord case tq the standing wave curve . 
It is intended to perform such an analysis nnder the present program if time permits . 

In the next project period the flutter analysis and design of the probe mech­
anism will be continued. 

REVI EW 
PATENT .. :!!. .. :~!_ __ 19 __ ~ BY ..... ~ 
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EFEZ/c 

Respectfully submitte,B, 

E. F. -c-zeydel 
Project Director 



GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 30332 

April 14, 1965 

George C. Marshall Space Flight Center 
National Aeronautics and Space Administration 
Huntsville, Alabama 35812 

Attention: PR-EC/Mr. H. Graham 

Subject: Monthly Progress Letter 9, Project A-792 
"Panel Flutter Aerodynamics" 
Contract No. NAS8-11396 
Covering the Period from March 1 to March 31, 1965 

Gentlemen: 

In this project period major effort has been devoted to the design of the 
probe mechanism. The main form of the probe has been specified and an initial 
estimation of its frequency spectrum has been made. Only the frequencies for the 
fully extended position of the probe have been calculated. The first bending 
frequencies of the sting, inboard wing support and outboard wing support are in 
the order of 12, 30, and 100 cps, respectively. The first torsion frequencies are 
1,000, 800, and 2,500 cps, respectively. 

Using the information above and NACA Report 846, an estimation of the flutter 
speed was made for the inboard and outboard wing supports. The analyses show that 
the inboard and outboard wings should be conservatively free of flutter provided 
that the elastic axis is ahead of the midchord position and the e.g. locations of 
the wing sections are ahead of the elastic axis. It is intended to design these 
supports so that the elastic axis is at 40 per cent chord and the e.g. location 
slightly before that. 

There is also a possibility of bending torsion flutter of the sting itself in 
conjunction with the wing supports. An analysis is presently under way to investi­
gate this case. 

At present the main concern as regards the probe design is the excitation of 
the probe by tunnel turbulence. It seems that the first bending frequency of the 
sting (12 cps) is rather low in view of this problem and the incorporation of stiffeners 
for the sting is being considered. 

The panel flutter analysis is somewhat hampered at this time because of an un­
expected increase in workload of the computer personnel involved. It is anticipated 
that the first flutter results will become available dMring the next project period. 

In the next project period the flutter analysis anddesign of the probe will 
be continued. 

R E ~i IS ·vv 
Respectfully submitted, 

PJ\TENT .......... ~ .......... 19 ......... BY ................... f. - ~ 

EFEZ/sb FORMAT ./'!..:::/..'/.. .... lg,,£ Bv .. ::f.:J.f.. .. ~:. F. E. Zeydel, Project Director 



GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 30332 

May 13, 1965 

George C. Marshall Space Flight Center 
National Aeronautics and Space Administration 
Huntsville, Alabama 35812 

Attention: PR- EC/Mr. H. Grlli1am 

Subject: Monthly Progress Letter 10, Proj ect A-792 
"Panel Flutter Ae rodynamic s" 
Contract No. NASS-11396 
Covering the Period from April l to April 30, 1965 

Gentlemen: 

In this project period, the foll owi ng progre ss has been made on the 
design of the probe mechanism. 

Preliminary design of the entire system has been accomplished. Final 
design of the vertical and horizontal moveable struts has been done. These 
members were chosen as first fabrication items since it is believed that they 
constitute the most difficult and time-consuming portion of the machining work. 
These members will be constructed of type 17-4 preciptation hardenable stainless 
steel and silver soldered and hardened in the same process. 

Reduction ratios are being selected for the drive screws and potentiometers 
in order to maintain as nearly as possible the 0.1 inch/ second probe travel 
rate suggested by Ames personnel. 

It has also been decided to prevent flutter of the inboard and outboard 
wing supports by proper mass balancing procedures rather than by placing the . 
elastic axis ahead of the mid-chord position because of manufacturing diffi­
culties. The large spread between bending and torsional frequencies of these 
struts seems sufficient to prevent flutter. 

As a start for estimating the effects of tunnel excitation, the static 
deflection of the probe tip due to uniform loading on the wing surfaces has 
been calculated. The analysis shows that the major contribution of tip 
deflection stems from deformation of the inboard wing section rather than 
deformation of the 60-inch long sting support. The response characteristics 
of the probe due to sinusoidal excitation at the wing supports must be deter­
mined next in order to evaluate the effect of tunnel turbulence. 

The computer program for estimating panel flutter of very slender panels 
has been debugged and at present a comparison is made with previously derived 
results for aspect ratios of l and l/4. If the comparison is favorable, the 
cases for aspect ratios of l / 10, l / 30, and l/60 will be attempted. 
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It is anticipated to complete the final design work on the probe during 
the next reporting period and to start with the fabrication of the moveable 
struts. The panel flutter analysis and the supporting analysis for the 
design of the probe will be continued. 

EFEZ/sb 

Resnectfullv submitted, 

E. F. E. Zeydel 
Project Director 



GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA, GEORGIA 30332 

June 14, 1965 

George C. Marshall Space Flight Center 
National Aeronautics and Space Administration 
Huntsville, Alabama 35812 

Attention: PR-EC/Mr. H. Graham 

Subject ~ Monthly Progress Letter 11, Project A-792 
11 Panel Flutter Aerodynamics" 
Contract No. NASB-11396 
Covering the Period from May 1 to May 31, 1965 

Gentlemen: 

In this report period the majority of the time was spent on the flutter 
analysis of very slender panels. 

Some difficulty with the computer program is still being · experienced since 
no satisfactory comparison with previously derived results for a'spect ratios 
of 1 and 1/4 have been obtained. A complete check on all parts of the 
computer program is presently being made to find the cause of discrepancy. 

It is hoped that in the next project period these difficulties can 
be overcome and the analysis for the aspect ratio cases of 1/10, 1/30, 
and 1/60 can be started. 

EFEZ/sb 

Respectfully submitted~ 

E. F. E. Zeydei 
Project Director 



GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 30332 

July 13, 1965 

George C. Marshall Space Flight Center 
National Aeronautics and Space Administration 
Huntsville, Alabama 35812 

Attention: PR-EC/Mr. H. Graham 

Subject: Monthly Progress Letter 12, Project A-792 
"Panel Flutter Aerodynamics" 
Contract No. NASB-11396 
Covering the Period from June 1 to June 30, 1965 

Gentlemen: 

In this report period all parts of the computer program for the flutter 
analysis of low aspect ratio panels have been checked. It was found that 
errors in computation were present in the integration of the aerodynamic 
integrals and also in the monitoring of certain coefficients. This check has 
also been used to modify the scaling of the elements of the flutter determinant 
in order to keep the magnitude of the determinant in proper bounds to prevent 
overflow. The checking has taken more time than anticipated, but it is hoped 
that the results will be available shortly. 

Further research on the aerodynamic pressure distribution on oscillating 
walls indicated that for the infinitely long steady wavy wall the pressure 
distribution can either be in or out of phase with the wave form in the chord­
wise direction, depending on the wave length in the spanwise direction. A more 
careful examination of Dowell's results is presently underway, because this 
result does not seem to be indicated in his development. The phenomenon i s 
interesting since these pressure distributions will be measured during the 
tests on the three-dimensional wavy wall models. 

In the next project period the flutter analysis will be continued. 

EFEZ/sb 

Respectfully submitted, 

E. F. E. Zeydel 
Project Director 

R E VIEW 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ENGINEERING EXPERIMENT STATION 

ATLANTA. GEORGIA 30332 

August 17, 1965 --

George C. Marshall Space Flight Center 
National Aeronautics and Space Administration 
Huntsville, Alabama 35812 

Attention: PR-EC/Mr. H. Graham 

Subject: Monthly Progress Letter 13, Project A-792 
"Panel Flutter Aerodynamics" 
Contract No. NASB-11396 
Covering the Period from July 1 to July 31, 1965 

Gentlemen: 

In this report period the first results of the re-programmed computer 
program for the flutter analysis of the low aspect ratio panels have been ob­
tained. These results indicate that there are still a few errors remaining in 
the program which require debugging. The flutter program and its inherent 
difficulties based on the Laplace transform technique has become larger than 
intended in the original proposal. It seems, in view of the remaining time, 
necessary to do the majority of the cases of interest for missile design during 
the course of the recently awarded research contract, which is a natural 
extension of this flutter work. It is therefore proposed at this time to 
concentrate on the case for aluminum panels at sea level as far as numerical 
results are concerned. 

Work on the aerodynamic pressure distribution on a steady and oscillating 
wavy wall of infinite extent with sinusoidal wave forms in the chordwise and 
spanwise direction has been continued using the Ackeret type steady wavy wall 
solution. These solutions give a clearer pic·ture of the various cases in which 
the potential flow solution separates for sub- and supersonic flow conditions. 
The applicability of these solutions to the panel flutter problem of finite 
panels is not known at this time. However, it will be of interest to compare 
these estimates of aerodynamic pressure distribution with the Ames test results 
to evaluate its practical validity. These developments will be reported upon 
in the final report. 

In the remaining project period, work on the flutter program will be 
continued and the results of the program will be reported upon in the final 
report. 

Respectfully submitted, 
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ABSTRACT 

A new method for predicting in low supersonic flow the flutter 
boundaries for a very low aspect ratio rectangular flat panel is 
presented. The method is based on linearized, three-dimensional potential 
flow theory and small deflection plate theory. Only the simply supported 
edge condition has been considered, although other edge conditions can 
be treated in a similar manner. 

An analysis for the determination of the model parameters of a 
stationary wavy wall wind tunnel model is given. 

The design of a boundary layer probe to obtain adequate experimental 
information for the description of the velocity distribution and the pressure 
distribution within a turbulent boundary layer of variable thickness is 
also presented. The probe is sting supported and capable of traversing the 
boundary layer in three mutually perpendicular directions. 
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I. INTRODUCTION 

In the devel opment of des i gn criter i a to prevent the flutter of flat 
panels , panel geometr i e s with very l ow a spect ratios are of particular 
i nteres t in view of the panel configur ations on the Sa t urn vehicle. For 
such geometries , very little information, either theoretical or experi­
mental, is available particularl y in t he l ow supersonic region. The lack 
of adequate design criter ia neces s ita t es the development of new theories 
to supplement present information and to i de the proper design of experi­
ment al models . 

In th i s report, a new method for predicti ng the flutter boundaries 
for a very low a spec t r a t io flat pane l in low super s onic f l ow i s presented. 
The method is based on l inear i zed , thr ee-dimens ional potential flow theory 
and small deflection plat e t he ry . In t he analysis Laplace transform 
techniqu es are employed, which c i rcumvent t h e need for i ntroducing a large 
number of deformation f unctions such a s i n t he Rit z-Galerkin method. Only 
the simply supported edge conditi on has been c onsidered , alt hough other 
edge condit ions can be treated in a similar manner . 

Stationary wavy wall type models wi t h wave length comparable to the 
wave length of typical panel flutt e r modeshape s have been s elected as the 
most suitable for gather i ng initial experimental information on the effects 
of a t urbulent boundary layer on the pressure dis t ribution of a flat oscil­
lating panel in lmv supersonic flow. Of particular importanc e for the 
design of the models is the s election of a suitable amplitude to wave-length 
ratio. An analys i s per t a ining to this problem is given. 

To investigate t h e e ffec ts of a t urbu lent boundary layer of variable 
thickness over the wavy wall model, a boundary layer probe extending from 
the sting s upport and capable of traversing the boundary layer in three 
mutually p er pendicular directi ons was designed. Cons ideration was given 
to a pr obe design which allows accurate measurements of both total and 
static pressures in order to obtai n adequate exper imental information for 
a description of the vel ocity distribut ion and the pres sure vari ation 
within the boundary layer. This instrumentat i on togeth er with that of 
the wavy wall models , which supply the pres sur e distribution on the surface, 
should provide sufficient information for a comparison with available 
aerodynamic theories. The probe design and instrumentation are presented 
in this report. 

II. P_A:NEL FLUTTER SURVEY 

.A brief literature search was conduc ted to c ol l ect information on 
design cri teria and available aerodynami c theories for the supersonic 
flutter of flat panels. The most r ecent inf ormati on pertai ning to this 



* problem is given in [1] - [14]. The reports specifically oriented 
towards design criteria are [3 ] , [9], and [11] . The reports concerning 
new methods of analysis are [1], [2], [8], [10], [13 ] , and [14]. Attempts 
to account for the effects of a turbulent boundary layer are given in [l] 
and [12]. In [4]- [7], a comparison between theory and experiment is 
made. 

The only report dealing directly with the prob lem of particular 
interest here, the very low aspect ratio case, i s that of Dowell [13]. 
Dowell mRkes the assumption that the panel has an infinite chord and 
treats the problem by means of the traveling wave s olut i on of Miles [10]. 
He also postulates that for a panel wh ose length is long compared to the 
cr i t ical wave length (fini te chord panel ) , hi s model shoul d adequately 
describe, a t least asymtotically, the true flutter boundary. 

Theoretical and experimental r esult s i ndi cate , h owever , that the 
assumption of a flutter modeshape in t he f orm of a traveling wave is 
not realistic for the finite chord p ane l even when t h e aspect ratio is 
very small. The flutter modeshapes usually found are incr easing in 
amplitude towards the trailing edge of the panel . Th i s certainly holds 
true for aspect ratios down to l/10 [2]. Si nce th is behavior is partly 
due to the reflection of the wave at the trailing edge (which the traveling 
wave solution neglects), there is no rea s on to expect that similar results 
will rrot be characteristic for aspect ratios of l/60 . 

The most disturbing characteristic of the traveling wave solution 
is that flutter is predicted when the relative ve l ocity between the forward 
velocity and wave velocity is subsonic. This i s , of course, in direct 
contradiction to the more conventional panel flutter analysis, where the 
relative velocity must be supersonic in order t o obtain flutter. In the 
ensuing section a method for solving the very low aspect ratio case ha s, 
therefore, been derived by extending the conventi onal supersonic panel 
flutter analysis. 

III. THEORETICAL CONSIDERATI ONS 

A. Equations of Motion 

Consider the uniform rectangular panel of finite chord, a , and finite 
span, 2b , shovm in Fig. l, exposed to supersonic flow on the side z > 0 • 
From small deflection plate theory, the equation of motion for the panel 
is [8,9] 

0 (l) 

* Numbers in brackets refer to the bibliogr aphy. 
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In Eq. (1), w is the transverse displacement in the z-direction, 
D the plate bending stiffness , p the material density, h the plat~ 
thickness and p the aerodynami~ pressure of the air flow at the sid~ 

u 
z > 0 • 

It is convenient to introduce dimensionless variables x' , y' , etc. , 
by writing 

x := bx' 

w -- bw' 

y = by' 

2 
pU p ' 

u 

where p is the air density and U is the forward velocity. 

(2) 

Dropping the primes in the ensuing discussion, Eq. (1) in dimension­
less form becomes 

0 (3) 

The panel boundaries in dimens ionless form are at 

X = 0 x = 2s 

and 
y - ~ 1 (4) 

where s = a/2b 

Since the motion at flutter is harmonic, we let 

(X Y ·t) = w-(x,y) e j wt 
w ' ' 

( ) - ( ) jwt p x,y,t = p x,y e u u (5) 

Substitution in (3) gives 

-
+ 2W2 2 + w-4y + Rk

2w + Sp 0 w4x x, y u 
(6) 

p hb4w2 

R 
s 

Dk
2 

where 

s = pU2b3 
D 

(7) 

and 
k 

wb =u-
3 



The parameters R and S can be written in terms of the more 
conventional pane l flutt er parameter s 

and 

wh ere 

Sinc e 

-rp s 
~ = -

p 

h 
b 

E modulus of elasticity 

v Poi sson 's r at i o 

D 
2 12(1-v ) 

there fo llows from (7) and (8), 

and 

s 
3 

24 .£._ 
~ 3 

(8) 

(9) 

In order to account for the effect s of s t ructural damping , the first 
three terms on the left-hand side of (6) are multiplied by (1 + jg) and 
the equation of motion becomes 

- 2w - 2- s:P 0 w4x + + w4y + Rk w + 
2x,2y u 

(10) 

where 
R R - l+jg 

§ s 
== l+jg (11) 

The panel flutter probl em cons ist s of finding for specifi c values of 
Mach number, M , structural damping, g , and i nverse aspect ratio, s = a/2b 
the particular combination of the parameters ~ and 6 which s atisfies 
(lO),together with (8), (9), (11), and the boundary conditions of the panel 
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configuration . The magni tude of this problem has led to t h e introdu i on 
of a vari ety of simplifying as slrmpti on mainly in the derivati on of t e 
aerodynamic pr e ssure dis t ribution. As a consequence, t h e majority of 
desi gn crit eria developed are r estricted t o ei ther speci fi c exter nal ~low 

conditi ons or assumed panel flutter behavi or such as the traveling wavP. 
soluti ons . 

Of part i cul ar i nterest in thi s report i s the slender panel confj gura. t i on 
wi t h finite chor d lengt h and inverse aspect ratio in the order of 10 to 
60. The confi~1rat i on i s exposed t o low supersoni c flow, which nece s s i t ate s 
t he us e of linear i zed , three- dimensional aerodynami c t heory . 

An appl icati on of the Ri t z-Galerkin method, whereby a suitable set of 
orthogonal de f lection func tions satisfying the boundary condit i ons ar e 
int roduced, seems unj ustified s i nce it is to be expect ed that a large 
amount of gener alized coordinates will be necessary for a sati s f ac tory 
solut i on with inverse aspect r at i os in the order of 10 to 60 . In addi tion , 
the large amount of generali zed coordinates will also lead to di f ficult i es 
in comp1t ati on t o maint ain accuracy . 

The t raveling wave solutions of Mi l es [10] and Dowell [13] are in­
t erest i ng , but t hey r equi re tbe assumption that the panel chord is i nfini te 
so t hat no proper account of t he re f lections of t be leading and trailing 
dge on t he pane l motion can be gi ven. In addition, in the traveli ng wave 

s olut i ons the flutter modeshape in the chordwise direction i s specified 
at the ons et of the analysis and t h e validity of this assumpt ion can , 
t herefore, only be verified by an analysis of a more gener al nature or by 
experimentati on. 

It is expected , h owever, that the proper representation of the 
def lections in t he chordwise direct· on i s more i mportant than thos e in 
t he spanwi s e dir ecti on since the direct i on of f l ow is in t h e chordwise 
direction . Si mi l ar t o the pr ocedure in [9] , s implification has , there f ore , 
been obtai ned by introduc ing a specific spanwise def lection f unction in 
the ensu i ng analy sis . 

Ret urni ng t o t he solut i on of Eq . (10), let 

-w A<Ii (x ) 'f (y) (12 ) 

An appropr i ate choice for the spanwise defl ection funct ion, 'f(y ) , is 
the modeshape associated with the lowest natural f requency of a beam with 
span y = 2 . For simply supported side edges, 'f(y ) becomes 

'f(y) = cos ¥ y lYI < 1 

'i'(y ) 0 (13) 
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Subst itut i on of (12) and (13) i n (10 ) yields 

(14) 

Now, t ake the Lap lace transfor m with r e spect t o x . This gives , with 
t he defin i tions 

L[ <P (x ) ] ili*(p ) 

L(p ) = p * (p ) u u 

and the application of the simply supported boundary condi t i on at 
X = 0 [ili(O) = ili 11 (0 ) = 0] , 

+ Sp * u 
0 

In (16), t h e primes denote different iati on with respect to x . 

(15) 

(16) 

The Lap lace trans form and oth er approximat i ons of the aerodynamic 
pressure distribut i on for panel flut t er ana lys i s will be de f ined i n t he 
next section. 

B. Aerodynamic Pre ssure Distri buti on 

l) The Laplace transform of the aerodynami c pr e ssures. Since the 
region between Mach l and ]2 is of parti cul ar i nt eres t, t he aerodynamic 
pressures are obtained f r om linearized, three-dimensional aerodynami c 
theory. 

The governing equation t o be sati sfied by the veloc ity potent ial , ~ , 
is 

where M is the freestream Mach number and 
infinity. 

The boundary condition on ~ is 

c 
co 

(17) 

is t he speed of s ound at 

(18) 
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The pressure at the upper surface in terms of ~ is given by 

P = -p(~t + u~ ) (19) 
U X 

For convenience, we introduce again the dimensionless parameters of 
(2) and also 

~ = bUcp' 

and drop the primes in the ensuing discussion. 

and 

Since the motion at flutter is harmonic, let again 

When 

w(x,y,t) 

cp(x,y,t) 

p (x,y,t) 
u 

w(x,y) 
jwt 

e 

- ( ) jwt cp x,y e 

- ( ) jwt p x,y e 
u 

w(x,y) = A~(x) cos ry _oo < Y < -f-CO 

(20) 

(21) 

(22) 

1,;re find from the analysis of Luke and St. John [14] that for supersonic 
flow the velocity potential satisfying (17) and (18) and the aerodynamic 
pressures can be written in the dimensionless forms 

-cp cos ry IX (jk~ + ~ ) G(x-s) ds 
0 X 

_co < Y < -f-CO (23) 

and - -(jkco + ("!) ) Pu , X (24) 

where 
= ,.jM2-l 8 

-
G(x) -jwx J (fx) e 

0 

w kif 
82 

r2 k2 if 2 
+E._ 

~ 82 
(25) 
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Taking the Laplace transform with respect to x , yields, since 
cP(O) = ~(0) = O, 

co* - - A 
~ cos ry (p + jk) ~* G* 

and 
p * u 

-(p+ jk) cp* 

Now, the Laplace transform of G {see Eq. (25) and [15] pp. 236 
(34)} is 

- 2 _2 l/2 
G* = [(p + jw) + 1~] 

(?6) 

(27) 

(28) 

Combining (26), (27), and (28), the Laplace transform of the aerodynamic 
pressures corresponding to (22) becomes 

(p+jk)2 ~* 
- 2 _2 l/2 

[ (p+jw) + i~] 

(29) 

In order to obtain the Laplace transform of the aerodynamic pressures 
corresponding to the deflection functions 

w = Aii)(x) 'f(y) 

where 'f(y) is given by (13), we represent 'f(y) in Fourier cosine 
integral form, 

cos r cos ry dr 

(n2/4)-r2 
_oo < Y < +a> 

(30) 

(31) 

Using (22), (29), and (31), the Laplace transform of the aerodynamic 
pressures corresponding to (30) becomes 

cos r cos ry dr 
(32) 

2 2 2 _2 l/2 
[(n /4)-r ][(p+jw) + i~] 

Because of the appearance of the Laplace transform variable p in 
the kernel of the integral, the expression (32) becomes rather unattractive 
for use in a panel flutter analysis. To study the flutter characteristics 
of very slender panels, the assumption has, therefore, been made that the 
pressure distribution at flutter can, with adequate accuracy, be described 
by using the approximation (29) for deflection functions of the form (30). 

8 



2) The aerodynamic pressures for wavy walls. The aerodynamic 
pressures on stationary or traveling wavy walls of infinite extent in 
the chord- and spanwise direction can be derived from the well-known 
Ackeret solution [16]. 

Let the stationary wavy wall boundary be given by 

w ( i:>cx ) Re Ae cos ry 

The linearized equation for the velocity potential in a flow of Mach 
number M1, above the wall is [see Eq. (17)] 

2 
(1-Ml )cpxx + CD + co yy zz 0 

(33) 

(34) 

For flow to the right (i.e., in the positive x-direction), the boundary 
condition is 

ct'z\z=O Uw 
X 

= M1c w 
oo X 

and the pressure perturbation at the wall is 

For flow to the left, the boundary condition is 

and the pressure perturbation at the wall is 

Let 

CD= Re[eiA_x cos ry h(z)] 

To satisfy (3~-), h(z) should satisfy 

(35) 

(36) 

(37) 

(38) 

(39) 

9 

. ' ~ 



h zz 
2 2 2 

- [A (1-Ml ) + r ] h = 0 

The general solution is 

where 
+ 

CY = -

O'Z 
h = Be 

The solution splits into cases 

Case a: 

or 

and 

Case b: 

or 

1/2 

(40) 

(41) 

(42) 

(43) 

(44) 

F M_ < (1 + r2/,2) or ._
1 

1\. , the solution of (40) which is finite at 
infinity glves 

ry e (45) 

and from (35), for flow to the right 

(46) 

while from (37), for flow to the left 

(47) 

1 A I [ ( 1-Ml 
2 

) 

10 



Using (36) and (38), there follows that for flow to the right or left 

iAX 
e 

2 l/2 
For M1 > (1 + r 2) , the solution of (40) which satisfies the 

A 
condition that there be no incoming disturbances from infinity yields 

2 l/2 . 

- [(Nf-1)- ~2] z} 
cp = Re 

for flow to the right, and 

cp = Re 

for flow to the left. 

Using (35) and (37), 

M1c
00
A 

c - - -r--2---2~]~1~/r-::-2 

L ('\ -1 ) - ~ 2 

for flow to the left or right. 

The pressure perturbation, from (36), is 

iA A 
2 2 l/2 

[ (M -l) - E._ l 
l A 2J 

for flow to the right, while from (38), 

iAX e 

cos ry 

(48) 

(49) 

(50) 

(51) 

(52) 

ll 



iA A iAX 
------------~-~ e cos r 

[ 
2 2]1/2 (M -1) - E._ 

1 A2 

(53) 

for flow to the left. 

The aerodynamic pressures on a traveling wavy wall can readily be 
derived from the solution of the stationary wavy wall. Let the wavy wall 
boundary be given by 

(54) 

and the flow velocity above the wall in the positive x-direction be given 
by U = Me . Clearly, (54) represents a traveling wave moving in the 
negative x~direction with velocity w/A . 

Since the relative velocity between the flow and the wave is 

U + ~ = c (M + ~) 
A 00 AC 

00 

the pressures on the traveling wave can be obtained from (48), (52), and 
(53) by substituting 

Defining 

M1 = M + ~ 
AC 

00 

e = jl + r2 
I 2 

A 

(55) 

(56) 

we find that the aerodynamic pressures on the traveling wavy wall (33) 
become 

(57) 

where 

~ > e 

IAI ~2A 
= - -( _2 ___ 2'-, 1--'!/~2 

e - M1 ) 

iA MI2A 
- - --------~~~ 

( 
2 2) 1/2 

M1 - e 

~ < -e (58) 
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The interesting case for the determination of panel flutter c1laract.er­
istics is the aerodynamic pressure distribution corresponding to a travelinr: 
wave which travels in the positive x-direction since waves traveling j_n 
the negative x-direction cannot be realized practically. 

We, therefore, define the wavy wall boundary by 

( -iAX eiwt) w = Re Ae cos ry 

where A and r are considered positive. 

The relative velocity between the flow and the wave has the Mach 
number 

w = M - rc 
co 

which in the most practical cases may also be considered positive. 

(59) 

(60) 

Following the derivation above, the aerodynamic pressures of practical 
importance corresponding to (59) are given by 

(61) 

where 
-iA 

2)1/2 
- € 

~ > € 

and 

(62) 

Note that since M
1 

as well as € are taken to be positive, only two 
cases remain. Also, when the relative velocity is subsonic, ~ < 1 , 
so that ~ is always smaller than € • When the relative velocity is 
supersonic, however, ~ > 1 and ~ can be either greater or smaller 
than € depending on tfie ratio r/A . It will be seen that this is of 
considerable importance when a more general spanwise variation of the 
traveling wave is assumed. 

13 



We introduce, as before, dimensionless variables by writing 

x = bx' y =by' 

w = bw' Pu = pifp ' u 

A bA' k = wb/U 

A = _! A' 1 r =- r' b b (63) 

and drop the primes in the following discussion. 

The aerodynamic pressures in dimensionless form corresponding to 

( 
-iAx iwt) w = Re Ae cos ry e (64) 

then yields 

[ ( ) -iAx iwt] p u -- Re _ Q M, A , k, r e cos ry e (65) 

where 

Q(M,A.,k,r) 
n(1- ~)

2 

A 
- - _[_( __ k_)_2 __ ( ___ 2)_]_1~/.,....2 

Nf 1 - I - 1 + : 2 

(66) 

The aerodynamic pressures corresponding to the wave 

(67) 

where 

'±'(y) TT = cos 2 y <1 

- 0 IY\ > 1 (68) 
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can be obtained from (64) and (65) by applying (31). 

There follows, if ~ 1 - ~) < 1 , 

P = Re u 

A(1 - ~
2 

cos r cos ry dr 

while , if M(' 1 - I) > 1 , 

P = Re 
u 

where 

iA(1 - ~
2 

cos r cos ry dr 

[ 2( k)2 ( 2)]1/2( 2 2) 
M 1 - \ - 1 + ~2 £-- - r 

-A I~ [(l 2) -2( k)2]1/2( 2 2) 
+ ~2 - 10 1 -I £--- r 

[ ( k)2 ]1/2 
y=t...ri-1-I -1 

-iA.x 
e 

-iA.x e 

(6g) 

The expression (69) corresponds with those of Dowell in [13]. The 
separation of the integral in two parts as in (70) has not been performed 
in [13]. 

The dimensionless pressure distribution in supersonic flow corresponding 
to the stationary wavy wall, 

w = A sin A.x ~(y) (71) 

follows directly from (70) by substituting, M > 1 and k 0 , thus 
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cos r cos ry dr 
cos AX 

( 
2 2)( 2 2 2) l/2 

H--r AS -r 

cos r cos ry dr (72) 
(rl 2)( 2 2 2)1/2 
4 -r r -AS 

where 

s = J~ - 1 

The aerodynamic pressures in subsonic flow, M < 1 , corresponding 
to (71) are obtained from (69), 

co 
p = -AA 2 J cos r cos ry dr 

U 0 (n2 2)( 2 2 2)172 
4-r r -t...S 

sin AX (73) 

The expressions (72) and (73) can be used for estimating the pressure 
distribution away from the leading edge on the three-dimensional wavy wall 
models to be tested at the National Aeronautics and Space Administration, 
Ames Research Center. 

IV. SOLUTION OF PANEL FLUTTER EQUATIONS 

TT 
cos 2 y = 0 (74) 
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Consequently, 

(75) 

where 

Al(p) = p2- 2(¥)2 

2 2 

A2 ( p ) = ( p 2 - v-) - Rk 2 

[ 
- 2 2]1/2 

A4(p) = (p + iw) + r (76) 

To obtain the inverse Laplace transform of ~* , we write (75) in 
the more convenient form 

where 

and 

We assume that 
so that [see (75)] 

(77) 

Bl (p) = AlA2A4 
2 

B2 (p) -AlA3A4 
2 

B3(p) = A2A4 
2 

B4 (p) -A3A4 
2 

C(p) = A22A42 - A 2 
3 

(78) 

C(p) has ten distinct complex roots, p ,(r = 1,2, ... 10), 
r 
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and 

Thus, 

p X 
r 

e 

10 X 

I 
B4 (p ) p (x-s ) . -

r J e r e -ltDS J (rs) ds + -c-:-' .,...(p_r_) o o 
r=l 

(80) 

(81) 

To satisfy boundary conditions at the trailing edge of the panel, 
we will also need iQ 

11 (x) • Although this quantity can readily be obtained 
by differentiating (81), a more convenient form is obtained by writing 

Let 

Using (76), there follows 

- 2 +Rk 

(A5 - A3A4-l) ip ' ( 0) + A6<Q "I ( 0) 
( !P II ) * = ____;;~__.;:::---..,....-----

A2 + A A -l 
3 4 

(82) 

(83) 

(84) 
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and thus 

(B5 + B6A4-l)q;'(O) + (B7 + B8A4-l)q;"' (0) 
(~II)* = -:__------~-;...__------c (85) 

where 

B8 (p) (86) 

and finally, 

(87) 

where 
10 10 r p (x-S) .-- L B5(pr) p X L B6(pr) 

D
3

(x) - c i (p ) 
e r + 

c' (p ) 
e r e-JWSJ

0
(fs) ds 

r=l r r=l r 0 
(88) 

and 

10 10 
( P (x-S) .-- L B7(pr) p X I Bs(P l 

D
4

(x) e r + r , e r e- J OJ; J (r~ ) ds - c' (p ) c' (p ) 0 0 
r=l r r=l r 

(89) 

The flutter condition is obtained by satisfying the boundary conditions 
at the trailing edge of the panel. For the simply supported trailing edge, 
we must have 

w = w" = 0 at x = 2s (90) 

or 

~(2s) = ~"(2s) = 0 (91) 
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The flutter condition follows from (81), (87), and (91), 

( q~~ ) 

The solution consists of a trail-and-error procedure. To satisfy 
(92), ~ and k are chosen to be free parameters. For given values of 
M , g , 6 , and s , ~ and k are varied until both ER and E

1 
are 

zero. The procedure is then repeated for different s . Flutter boundaries 
in the ~ - s plane can thus be obtained for specific values of M , g , 
and o . 

Although not presented here, the clamped leading and trailing edge 
condition can be treated similarly. 

To facilitate numerical evaluation, the expressions (79)-(81) and 
(87)-(92) have been written in a slightly different form. Since it is 
the objective of this program to obtain flutter boundaries for small aspect 
ratio panels (s >> 1) , the terms eprX in the Eqs. (79), (80), (88), 
and (89) become large when Re(p ) is positive and large. This could 
cause overflow in the computer. rTo circumvent this difficulty, we order 
the roots, p , with respect to their real parts in the following way. 

r 

and let 

Next, let 

P(x) 

and 

Since 

(94) 

(95) 

e
(pr-y)x Jx -(p +iw)s 

= e r J (IS) ds 
0 0 

p s -( ) 
e r e-iw x-s J [f(x-s)J ds 

0 

(97) 
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D1 (x)-D4 (x) are given by the following expression, 

10 B ( ) ( ) i ) ) x 
= \ 2n-l Pr e Pr-y x + \' B2n(pr e (pr-y x J e-(pr+iw)sJ (f'F') 

nn (x) L c' (p ) L c' (p ) o o r'ls 
r=l r r=l r 

10 ( ) X 

I~ B2n pr e-yx J p S -( ) e r e-iw x-s J [r(x-~)] d~ + c f (p ) 0 ';l ';l 

r=i+l r 0 
n = 1,2,3,4 

(98) 

Note that in (98) the upper limit of the exponential terms is 1. 

The flutter condition becomes 

(99) 

V. NUMERICAL RESULTS AND DISCUSSION 

During the course of this research program an attempt has been made 
to obtain numerical results for the very low aspect ratio cases. The 
complexity of the flutter equations and the limited amount of time avail­
able has prevented the completion of these efforts. 

At present, it is believed that the debugging of the computer program 
for the Burrough's B-5500 has been completed. To gain confidence in the 
program, a comparison with previously derived results [2] for M = 1.35 , 
g = .01 , 6 = 22.738 , and s = ~ (aspect ratio = 4) has been made. 
This comparison indicated a discrepency of 30 per cent in ~ , although 
similar ~-k diagrams as previously derived were obtained. Initially, 
it was thought that further debugging in the computer program was necessary. 
However, the sensitivity of the panel flutter boundary to small changes in 
the low supersonic region and the application of a more precise method of 
analysis could also hB.ve caused the discrepency. It has, therefore, been 
concluded that a more extensive verification of results is required. Since 
such a verification is beyond the scope of the present project, it is 
proposed to continue this work under Contract NAS8-20100 titled, "Experimental 
Research on Panel Flutter Aerodynamics." 
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VI. MODEL AND BOUNDARY LA"Y'ER PROBE DESIGN 

Stationary wavy wall type models wi~h wave length comparable to the wave 
length of typical panel flutter modeshapes have been selected as the most 
suitable for gathering initial experimental information on the effects of a 
turbulent boundary layer on a flat oscillating panel in low supersonic flow. 

The determination of model parameters and the design of a boundary 
layer probe are given in the next sections. 

Ao Determination of Wavy Wall Model Parameters 

It is desired to estimate the wave parameter € / t (see fig·Jre) for a 
stationary wavs wall model which will exhibit measurable pressure differences 
referenced to free stream with deviations of the order of five per cent or 
less from linear aerodynamic theory. T"ne dependence of the pressure difference 
and its deviation on the wave parameter is explicitly defined for two­
dimer..sional supersonic flow by the following extension of linearized theory. 

Ass·wming the panel model is defined by a sinusoidal wave with amplitude 
€ and wave length t , 

the equation for the wall is given by 

x2 = € sin (~TT xJ (100) 

with local slope 

!':.9(x1 ) 
dx2 2TT€ 

cos (~TT xJ (101) =-- = --:r dxl 
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Now, using the characteristic relation for isentropic waves [17], 

~a ~ J(~~~ tan -
1 

{) [ f+f (li-1) J } -tan -
1 

[Jul-1) J + canst (102) 

·and the isentropic flow relation 

(103) 

One may eliminate M and expand (p - p ) in terms of M and ~e , 
00 00 

where M and p are the free-stream Mach number and pressure, 
00 00 

respectively, y is the ratio of specific heats, and ~e is the turning 
angle of the local flow from the free-stream direction. The resulting 
series expansion of the dimensionless pressure difference is 

p-poo 

1 M 2 
2YP 00 00 

(104) 

with ~e positive when measured counterclockwise from the free-stream 
flow direction. The coefficients are given as: 

cl 
2 = 

j( M
00

2 - 1) 

(M2-2)2+ M4 oo Yoo 
c2 = 

2( Moo 2 - 1) 2 

M 4 2 2 
00 [~ (M 2 _ 5 + 7y- 2y) c3 = 

(M
00

2 _ 1)7/2 00 2(y + 1) 

4 3 2 -4y + 28y + lly - 8y - 3 J 
+ 24(y + 1) 

(105) 
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The linear or first order approximation of is defined then as 

( 6P) = 1 M 2c (6e) p 2Y 00 1 
00 1 

(106) 

and the second order approximation as 

(107) 

The deviation of the second order approximation from the first is defined 
by 

e (108) 

so that 

(109) 

It follows from the definition of the local slope that 

corresponding to 
given as 

For air (y 
linear theory 

t o, 2 ,t, .... 

(110) 

The maximum deviation is then 

(111) 

1.4) the maximum pressure difference according to the 

(112) 

and the maximum deviation \e I are computed for values of Mach number max 
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in the low supersonic range and values of the wave parameter, 

The results, which are shown in Fig. 2, indicate that at M = 1.35 (the 
Mach number critical from a panel flutter point of view) the wave parameter 
e/t should be approximately 5 X lo-3 for a five per cent deviation in 
pressure from linear theory. The corresponding values of \(~p/p )1 1 

co max 
are of the order of 0.10 which should be adequate for accurate measure-
ment. 

B. Probe Design 

1) Mechanism. The following discussion concerns the design of a 
probe (Fig. 3) for the two-foot transonic wind tunnel at the National 
Aeronautics and Space Administration, Ames Research Center, to measure 
the pressure distributions along wavy-wall models. The probe is capable 
of moving in three mutual ly perpendicular directions with the two movements 
parallel to the model manually controlled, and the movement perpendicular 
to the model automatically controlled by a computer which is presently in 
use at Ames. The desired maxim1nn cross-sectional area of the probe is 1.5 
per cent of the test section cross-sectional area. However, because of 
problems in the structural integrity of the probe mechanism, it was necessary 
to increase this figure to 1.525 per cent. An area chart appears as Fig. 4. 

The general configuration of the probe mechanism is dictated by tunnel, 
aerodynamic, and mechanical design considerations. To meet tunnel and 
aerodynamic requirements, all tubular sections are terminated in cones 
and all other sections in wedges with maximum included angles of 16 degrees. 
Since the cross-sectional area is limited and the strength of the probe 
can only be increased either by increasing the cross-sectional area or by 
increasing the chord lengths of the aerodynamic surfaces (which results in 
higher lift) a compromise with respect to the safety factors for yield 
and ultimate stress had to be made. A stress analysis of the entire mecha­
nism appears in a subsequent section of this report. 

Extreme fabrication difficulties are presented in machining longi­
tudinal holes in the solid wedge struts and in machining wedge shapes to 
slide inside other wedge shapes. Each of the wedge sections will, therefore, 
be fabricated in two sections and joined after machining with silver braze 
alloy Easy-Flo 45. To obtain maximum strength and obvivate corrosion 
difficulties the material chosen for these sections was 17-4 PH stainless 
steel. Since the hardening temperature for this material is 1150°F, and 
the braze alloy chosen has a flow temperature of 1125°F, the hardening and 
JOlnlng processes can be combined. Complete drawings of the probe mechanism 
will be furnished under NASA Contract No. NASB-20100. 

All movements of the probe are accomplished by means of D.C. motors, 
with suitable gear reductions, located in open-loop electrical control 
circuits. The magnitude of motion of any of the three probe movements is 
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controlled by the duration of an elect rical pul se to the drive motor. 
Thus, no means are available for moving the probe to a predetermined 
position. However, each drive unit is attached to a potentiometer which 
accurately reflects the position of the probe at any point within the 
range of travel of the probe. 

The probe is capable of a total of 60 inches of travel in the direction 
·Of the tunnel axis . This travel is accomplished in ten discrete, six-inch 
intervals. Within each six-inch interval, the probe motion is accomplished 
by an open-loop, direct-current dri ve motor and position potentiometer 
as discussed above. Vertical and horizontal motion, with respect to the 
tunnel axi s, is limited t o three inches, again accomplished by open-loop, 
direct-current motors and posit i on potentiometers. 

a) Outboard strut and motor pod . Fig. 5 presents a sketch of the 
outboard strut and motor pod. The mot or pod has been s ectioned to show 
the drive and potentiometer assembly as we l l a s the pressure transducer 
location. The drive sys tem for t h e moveable portion of the outboard 
struts consists of a .015 hor sepower, 16 , 000 r pm, 28-volt D.C. motor and 
gear train which drives, through a worm gear, a 5-40 screw which, in turn, 
drives the strut. The motor reduct i on ratio through the worm gear is 
20:1. Thus, for one complete turn of the motor the strut moves 
1/20 X 40 = 0.00125 inches. Since the maximum speed of the motor is 
16 ,000 rpm, the maximum t r anslational speed of the moveable strut will 
be 0.33 inches/second. However, since the motor requires a finite time 
to come up to speed, the actual transl at i onal velocity of the strut will 
depend on the duration of the energizing pulse. It is anticipated that 
the average translational velocity for shor t pulses will probably be 
0.1 inches/second, which should be c ompatible with the system presently 
in use at Ames. 

The position indicator is a 1000 ohm, 10-turn potentiometer manu­
factured by the Spectral Electronics Corporation of San Gabriel, California. 
The potentiometer is geared to the mot or through a 306:1 reduction; there­
fore, for 0.001-inch translational movement of the strut, the potentiometer 
turns through 0.94 degrees or 0.277 ohms. The resolution of the potentio­
meter is 0.052 per cent or 0. 52 ohms; thus , the position of the probe in 
the direction perpendicul ar to the model can be measured at best to ~0.002 
inches. Since the total movement of the s trut is three inches, the potentio­
meter turns through 9.4 turns or 940 ohms for maximum extension. 

The transducer has been located in the forward end of the motor pod 
to reduce the length of the pressure tubing. From this point, it is 
necessary to carry only the transducer wiring and the reference pressure 
tube through the mechanism to the recorder. Also, since both static and 
total pressure probes will be used, it becomes necessary that the trans­
ducer be so installed as to facilit at e easy removal and replacement. As 
shown in Fig. 5, this can be accompli shed by removing the threaded cone 
tip, breaking the wiring and pres sure connections, and removing the trans­
ducer. The pressure-sens i tive face of the transducer is sealed from all 
except the probe pressure by a ga sketed cup held in place by an adjustable 
screw located in the cone tip. 
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Bot h the moveab le and t he f i xed port i ons of t he st rut are diamond 
shaped. The moveab l e strut is closely fi t t ed to the bottom side of the 
internal diamond of the f ixed strut . The t op side of the moveable strut 
is keyed by means of a 1/ 16 i nch square key into t he fixed strut to prevent 
binding under aerodynami c drag loads. The f i xed s t r ut is j oined to the 
mot or pod by means of a s i lver alloy braze j oint on bot h s i des of the pod. 

b) I nboard strut and mot or pod. Fig. 6 present s a sectional sketch 
of the i nboard strut and motor pod . As shown, the mot or pod is the 
terminal port ion of the cylindrical st ing of the mechanism. The maximum 
travel of t he moveable portion of t he strut i s the s ame as for the out­
board strut, thr ee inches . The drive train is s imilar except that the 
mot or-to- strut screw r eduction is 40:1, the motor to potent iometer reduction 
is 400:1, and t he strut i s driven by an 8-32 screw. Thu s , for 0.001-inch 
slider movement, the position potentiometer t urns t hrough 1 . 152 degrees or 
0.319 ohms . Since t he pot ent iometer resolution is the same as for the 
outboar d strut, the position of the probe in this direction can be deter­
mined to be at best ±0.00163 inches. 

The st r ut is s i mi l ar i n const ruction t o t he outboard s t r ut except that 
for addi t ional strength the thickness is i ncreas ed and a r ectangular section 
is added between t he leading and trailing wedges. Friction reduction is 
obtained by mat ing 1/16 inch X 0.950 inch sur f aces on the top and bottom 
of the moveable st r ut t o machined grooves in the ins ide of the fixed strut. 
Axial holes are provided in the moveable s t r ut for the neces sar y wires and 
reference pr essure tubes . The free end of t he moveable s trut is attached 
to the outboar d s t rut motor pod by means of a s i l ver al loy braze joint re­
inf or ced with f our 1/16 i nch pins. The fixed s t rut is mounted in the motor 
pod in the same manner as t he outboard strut. 

c ) Axial motion act uator . Motion of t he outboar d s t r ut -motor pod 
and inboard str ut-motor -pod assembly in the axial dir ection of the tunnel 
i s accomplished by t wo means. Nine discrete steps of s i x inches each of 
the entire sting- strut as sembly are poss i ble for rough positioning. For 
fine positioning in any s i x-inch int erval, motion of the strut-motor-pod 
as s embl y is accomplished by driving this assembly wi th a D.C. motor through 
a 100: 1 gear reducti on by means of a 1/16 inch ball screw. A reducer has 
been pl aced between the motor and the potenti ometer wit h a r educt ion ratio 
of 1092.37:1. Since the ball screw lead i s 0 . 062 inches/turn and the 
potent iometer r esolut ion is 0.052 per cent, posit ioning accuracy can 
possibly be !.0035 inches. Radial motion of the assembl y i s prevented by 
1 inch x 1/4 inch keys mat ed to t he inboard strut motor pod h ous ing and 
the s ting . 

The discret e steps of t he unit are accompli shed by driving the entire 
sting-st rut ass embly, again by means of a D.C. motor and ball screws, 
through t he sting suppor t cylinder shown in Fig . 3. The interval s are 
controlled by f ixing a micro-switch to the sting t ube and locat i ng circuit 
breakers at prec i se six-inch i ntervals . I n order t o drive the unit over 
the circuit br eakers , a parallel switch i s avail able which , Wh en c l osed, 
furni shes power to the drive motor until t he mai n circuit again closes. A 
schematic of t he electri cal circuitry appears in Fig. 7· The st ing-strut 
assembly i s supported in the sti ng-support tube by means of 12 r ollers 
fixed to t h e sting support and rolling grooves mach ined i nt o the outer 
surface of t he sting t ube as shown in the figure. 
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2) Structural i nt egri ty. 

a) Aerodynamic loads . I t i s a s sumed f or the purpose of calculating 
aerodynamic loads that the boundar y l ayer probe support structure will be 
subjected to a dynami c pressure of 1800 ps f in the low supersonic Mach 
number r ange . Esti mat es are given f or the lift and drag distribution on 
the component part s of t he struct ure, which f or this purpose is considered 
to be made up of t he following parts illustrated i n Fig. 8. 

Part Name c , chord t, span t, t hickness 

0-1 Outboard s ection of 1.556" 5. 212" 0 . 219 " 
outboard wing 

1- 2 Inboard sect i on of 2 .75" 6 • 00 II 0. 372 " 
out board wing 

2- 3 Pod 16.00" (DIA = 1. 75 ") 

3- 4 Out board sect ion of 2 . 40" 3.125 " 0 . 246" 
i nb oard wing 

4-5 Inboard section of 4.00" 6.21" 0 .500" 
inboard wing 

Further , for predict i on of the aerodynamic coeffici ent , t he wing 
sect i ons are as sumed to be symmetrical diamond airfoi ls wi t h total apex 
angles of 16° and thickness rati os of 0 .125. 

Gr iffith [18 ] present s drag results obtained f rom theory and experi­
ment for a 15° wedge wit h st raight aft er body obtained i n a shock tunnel 
and wind tunnel r e sult s f or a 14 . 4° diamond due to Liepmann and Bryson [19]. 
These r e sults t ogether with those of similar wedge sections wit h varying 
thicknes s r atios, indicate t h at a value f or the wing sect ion drag coefficient 
may be chosen conser vatively as 

Guderley and Yoshihara [20 ] present results f or t he slope of the 
lift curve f or t hin symmetrical diamond sections. Li kewise, Vincenti, 
Dugan, and Phelps [21] plot results of t heory and experiment for a thin, 
doubly symmetric wedge of approxi mately eigh t per cent t h icknes s . From 
t hes e r e sults, it i s concluded that a fai r approximation t o t h e l ift curve 
slope f or t he wing sect ions is given by 
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Whi l e the drag load on t h e pod has been de emed insignificant in the 
stress analysis, i ts order of magnitude i s of interest for loading deflection 
calculations. The results of Drougge [22] indicate that a reasonable value 
for this drag may be given by 

0.2 

based on frontal area. 

other aerodynamic coefficients are deemed of small effect or are 
inconsequential in a stress analysis of the boundary layer probe support. 

Based upon the preceding aerodynamic coeffi cients, the loadings 
imposed on the component part s of t he prob e support are computed as follows: 

Wing sections: 

dr ag : 

where a 
111ax 

lift: 

where 

D = CD~ax 12 
( c " ) #I f t . 

wD = ~2 #/in. of span 

1800 #/ft. 2 

= 5 

de a 
1 1nax ( " ) a #/ 

1 = dO' 1:2 c 57. 3 ft . 

iilL = ~2 #/in. of span 

= 1800 # / f t. 2 
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The load distributions thu s produc ed are tabulated in the following 
table. 

Part 

0-1 

1-2 

3-4 

4-5 

Pod drag : 

where 

and 

wD' drag load 

1.75 #/in. 

3.09 #/in. 

2.70 #/in. 

4.50 #/in. 

D 

0.2 

1800 #/ft. 2 

2 0.0167 ft. 

D = 6.01 # 

w1 , lift load 

5.09 #/in. 

8.99 #/in. 

7.85 #/in. 

13.33 #/in. 

b) Stress analysis and test. The aerodynamic loads section tabulates 
load distributions for the boundary l ayer probe support subjected to a 
dynamic pressure of 1800 psf and a thr ee degree angle-of-attack for both 
inboard and outboard struts. 

The distributions were found to be as f ollows : 
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Part Name WD' drag load WT~ lift load 
l.J 

0-l Outboard section. of 1.75 #/inn 5o09 #/in. 
outboard strut 

1~2 Inboard section of 3.09 #/in. 8.99 #/in. 
outboard strut 

2-3 Pod 6.01 # 
3=4 Outboard section of 2.70 #/in~ 7.85 #/in. 

inboard strut 

4-5 Inboard section of 4. 50 #' fi n . 13.33 #/in. 
inboard strut 

Tr~ese loadings are shown o:n the boundary layer probe support in Fig o 8. 

Free-body diagrams of the sections of the boundary layer probe support 
are as follows: 

Section ( 0-1). 

w.,.(0-1 ) - 5.09 #/in. 
L 

f26,53# 

~ 23.77 in-# 
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Section ( 1 - 2 )~ 

1 

390 ,14 in-# 

W (1-2) = 8.99 #/ino 1 

w (1=2) = 3.09 #/in . 
D 

' 80. 47 # 

t3 . ll b -# 
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~ 

VJD ::;: 6o0l # 

~1# 
-wD -

uJ 
uJ 

0. 93'75 ~~ 

~ .. in-# 
~5~ 

4 in-# 160o0 

390.14 in-# 

465.58 in-# 

(f) 
(1) 
() 
c-t-
1-'' g 
,;--. 

N 

' uJ 
'--"' 

-- ----- ---€) 21.66 # 390·14 in-# 

80 .4'7 # 



Sectior: (3-4) o 

/80.47 # 

/ 
160.04 in-# 

Section (4-5). 

6.21" 

76.56 in=# 

t 24.53 # 

I 
913.27 in-# 

80.47 # 
~ 271.70 in-# 

160.04 in-# 

194.96 in-# 

1 80.47 

465.5~ ~n-~ ~ 
33.67 # 

~.04 in-# 

24o53 # 

t 80.47 j 

42.11 # L-- / 
-- --;;;.--- ~-.. - .~ 

/ 503.91 i · -~ 

160.~-# 16 6 0 # ~---b+~---:;1'- 7 . 5 ln-

wD(4-5) = 4.50 #/in. 

--(5) 



5005o32 in-# 

w 
\Jl 

Section (5-6), ( 6-7). 

7 

in-# 

# 

Maxo moment~ 

8766o75 in-# 

Reaction 

913Q27 in-# 

6 

107.31 # 

Max 0 moment ~ 
1356.00 in-# 

Intermediate 

5.61" 

in-# 

5 

Action 



The cross-sections of the various portions of the strut are very 
nearly symmetrical and for simplicity have been analyzed as though 
they were symmetrical. 

Stresses have been analyzed only in the minor directions, and 
therefore, the moments of inertia are needed in those directions ex­
clusively. Further, the only strut experiencing a torque is the inboard 
strut, and consequently, the torsional rigidities for its sections 
solely are required for analysis. 

The pertinent moments of inertia [23] are as follows: 

Section (0-1). 

X -- - - - X 

/ 
r --- -

where 

tl 0.219 in. dl 0.06250 in. 

hl = 0.778 in. d2 = 0.09375 in. 

d3 = 0.14063 in. 
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Section (1-2). 

where 

Section (3-4). 

t2 

where 

h1 = 0.7785" 

h2 = 1.3225" 

-r-T h3 

-=o-o 
~ 

c = 2.728" 

t1= 0.250" 

t2= 0.156" 

h1 

c 

t1 = 0.2200" 

t2 = 0.3716 11 

D 

--+- h2 

h = Oo950" 
1 

h
2 

= Oo889" 

h = 0- 281" 3 v 

t1 
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Section (4-5)o 

t 
2 

c 

I 1 h t 3 1 h t 3 1 [t2 ( 0 ')] 3 1 "h t 3 xx = 24 1 1 + 12 2 1 - 24 2 cot 5 50 t 2 - 12 3 2 

where 

Station 6. 

where 

C = 4.058 in. h1 = 1..7477 in . 

h2 = 0.5625 in .. 

h
3 

:::; Oo9500 in. 

Station 7. 

R6 = 1 .. 0625 in. r 6 = Oo9375 i~o R
7 

= 1..6875 in. ; r
7 

= 1.3125 in. 

a6 = 0.9029 rad b6 = Oo6676 rad a
7 

= Oo89644 rad ;b
7 

= 0.67424 rad 



Mansfield [24] solves for the torsional rigidities of diamond sections; 
his results are given as a plot of thickness to chord ratio, t/C , versus 
a torsional rigidity coefficient in Fig. 9. However, implementation of 
this reference requires some interpr etation concerning the geometry of the 
cross-sections of the inboard strut's components. The cross-sections are 
maximized and minimized as below into cylinders of double-wedge sections. 

0.2560"l. 
. y 

\ 
I 

:\ 

0.3402" 
, < 

Minimized 

2.7281! 

2.790" 

4.058" 

Maximized 0 ~ 5703" 
1 

l 
0.5000" 

The thickness to chord ratios are determi ned for the modified double 
wedge sections of both the outer and inner cyl i nders; the torsional 
rigidity coefficients are then obtained fr om Fig. 9 and are tabulated 
below. 

Diamond Assumed [t/C] Tor. Rigidity 
Section [ Gct 3]/12 

3-4 Outer Maximized 0.1304 0.959 

3-4 Minimized 0.0938 0.969 

4-5 Outer Maximized 0.1405 0.955 

4-5 Minimized 0.1232 0.965 

4-5 Inner Maximized 0.1219 0.966 

4-5 Minimized 0.0917 0.972 
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The average torsional rigidity coefficients become: 

for the outer double-wedge section of fixed section of the inboard strut 

0.955 + 0.965 = 0.960 
2 

for the inner double-wedge section of fixed section of the inboard strut 

0. 966 + 0 .972 
2 0.969 

for the outer double-wedge section of moveable sect i on of the i nboard strut 

0.959 + 0.969 
2 

0. 964 

The inner portion of the moveable s ect ion of the inboard strut consists 
of two rectangular cutout s and a circul ar cutout. These cutouts are re­
placed by one rectangular cutout as shown be low for the torsional analysis. 

Now, let 

where 

Q'l = 

Q'2 = 

Q'3 = 

0'4 = 

The equivalent 

0 ---o---o 
--- - --

0.960 

0.969 

0.964 

1.000 

J. 
l 

cl 

c2 

c3 

c4 

J 'of section 

3 c .t . 
l l 

Q'i --r2 

= 4.058 

= 2.790 

= 2.728 

0 . 950 

(3-4) is 

in. t l = 

in. t2 = 

in . t 3 = 

i n . t 4 

assumed to be 
J of the averaged outer double-wedge solid section minus 

0.500 in. 

0. 256 in. 

0.256 i n. 

0 .156 i n. 

t h e equivalent 
the equivalent 
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J of the assumed inner rectangular section , i.e., 

Similarly, for section (4-5), 

The section properties are then tabulated as f ollows: 

Section Moment of Inertia Equiva lent J 

0-1 0.000326 in. 4 

1-2 0.002483 i n. 4 

3-4 0.001609 in. 4 0.00338 in. 4 

4-5 0.012755 in. 4 0.03680 in. 4 

5-6 0.361910 in. 
4 0. 54061 in. 4 

6-7 3.853960 in. 4 6 .59080 in. 4 

With these section properties, t h e bending and torsional stresses 
are calculated using the equations 

and 

M t/2 
a= - -

I 
XX 

T t/2 
'T = --

J 

respectively, while the maximum stress is estimated by 

cr max 
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The material has the f oll owing properties: 

Station 1-5: St ainless St eel Type 17-4 PH Hardened to 33-35 Rockwell C 
Yiel d: 125, 000 psi 

Station 6-7: 

Ultimate: 145,000 ps i 

Stainles s Stee l Type 304 
Yield: 35 , 000 psi 
Ult imate: 85, 000 ps i 

A summary of pertineLt inf ormation and the safety factors for yield 
and ultimate stress at the various st at ions i s given in the next tables. 

Station c I 
.J 4 M T XX 

No. in . i n . 4 1n. i n. -# in . -# 

1 0 .1095 0.000326 69.14 
2 0.1858 0.002483 390 .14 

3 0.1250 0. 001609 0. 00388 465 .58 160.04 

4 0 .1250 0.001609 0.00388 503 .91 160.04 

5 0.2500 0.012755 0.0368 913.27 160.04 

6 1.0625 0. 36191 0. 54061 1366 .00 913 .27 

7 1.6875 3.85396 6. 5908 8766.75 913 .27 

Station (j 
(J ,.. max 

S . F. S. F. No. psi ps i psi y u 

1 23,223 23,223 5.382 6.244 
2 29,193 29,193 4 .281 4. 967 

3 36,170 5,919 37, 114 3.368 3.906 
4 39 ,148 5, 919 40, 023 3. 123 3.622 

5 17,893 1,087 18,532 6. 745 7.824 

6 4,010 1,795 8, 025 4. 361 10.592 

7 3,838 234 3,852 9.085 22 .065 

It is desir able to obt ain a safety f actor of 3.0 for yi eld and of 
5.0 f or ultimate stres s. I t i s seen t hat all s t a t i on s are satisfact ory 
with rege.rd to yield but that stat i ons 3 and 4 are below t h e desirable 
safety fact or for ultimat e str ess. 
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Since the l oading at all s t ations is a l inear funct ion of the dynamic 
pres sure and t he l oadings are zero for q = 0 , t he maximum dynamic pressure 
cor responding t o a sa f ety factor of 5 f or ult imat e stress at the critical 
station 4 becomes 

~ax = 3.~22 X 1800 = 1303 psf 

with all ai r f oi ls subj ected to a t hr ee degree angle-of- att ack . 

A facsimi le of the motor pod br azed joint at s t at ion 3 has been 
experimentally t ested wit h the f ollowing results. With t h e motor pod 
fixed, a ) a t ensile f orce of ~ 10,000 lbs . was required to pull the strut 
out of t he pod, and b) a bending moment of~ 2970 lbs .-in . at station 3 
was r equired to fai l t h e j oint. Since the maximum estimated moment i s 
465 .38 lb.- in . (see page 42), a safety f actor of~ 6.4 seems available. 

3) Static and total pressure sensors. A proper design of the 
geometry f or the static and total pressure sensors must t ake int o consider­
ation the physical characteristics of the flow wh i ch is t o be invest igated. 
The f low i n question i s t hat of a turbulent boundary layer of var iable 
thickness (1/2 t o 2-inch depth) on a wavy wall i n the low super s onic speed 
r ange. The wave amplit ude to boundary layer t h ickness ratio i s very small 
so that essentially the capabilit ies of t h e sensors must be the s ame as 
for conventional boundary layer survey instruments i n t his speed range . 
In any case , accurate measurements in the very near vici nity of the wall , 
part icularly t hose of st atic pressure , are not considered possible wit h a 
general -purpose survey instr ument due to wall interference effects whi ch 
are di f fi cult t o analyze and due t o misalignment of the probe wi th the f low 
in the case of t h e wavy wal l. 

I n the present case, the design reli es on available literature i n­
vestigating the possible caus es of inaccuracies of l ogical geometry probes 
for sensing static and t otal pr essures . While such probes are used 
extensively, no detailed invest igation has been f ound wh i ch deals with 
design f or optimum performance. 

Det ails of the select ed design of the stati c and tota l pressur e s ensors 
are shown in Fig. 10 and 11. Each sensor together with its s t iff ener and 
plastic support i s identical and i nterchangeabl e on the supporting s t r ut 
as shown in Fig. 10 except f or detai l s of i ts "sens i ng" end which are shown 
in Fig. 11. Insofar as measurement capabi liti es are concerned , t he pertinent 
dimensions are t he tube diamet ers, both of which are 0 . 030 i nches with 
unsupported lengt h s beyond the stiffeners of 1. 75 inches. The s t atic pressure 
probe consists of a 4o cone at i t s tip f ollowed by f our 0 .010 inch h ol es 
with 90° spacing around the tube, these holes bei ng located 15 diamet ers 
behind the cone shoulder . The t otal pressure probe is flattened at i ts t ip 
so as to present a tot al t hickness of 0.007 i nches with an inside opening 
0.003 i nches in height. None of these dimensions are deemed crit ical. 
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Evi dence t o support t h e conclusion that t hese probes will provide 
accurate result s in t he exper iment under cons i deration is given in the 
literature. Of primary i mportance is t he se l ecti on of the probe diameters; 
Wilson and Young [25] i ndicate that the aerodynamic int erference of pitot 
tubes of diameter s l es s than six per cent of the boundary layer thickness 
has negligible effect on turbulent boundary l ayer characteristics at a 
frees tream Mach number of 2. This resu l t, i f corr ect , allows use of the 
present probes in b oundary l ayers at leas t as thin as 1/2 i nch . 

The sensit ivity of t he pr obes t o errors induced by misalignment with 
t he flow have also been considered. Strack [ 26 ] f inds t hat carefully 
flattened tot al pr es sure probes that provi de a symmet r ical ly placed hole 
ar ea which i s a r easonable frac t ion of t he total f ront al area will yield 
errors of t he order of only one per cent at angles-of-attack as high as 
10° . Hasel and Colett i [27] indicate f rom f airly extens ive test s that at 
low supersonic Mach numbers a s t atic pressure probe, similar in design to 
the present probe, with ori fices located at least eight diameters beh ind 
the end of the nose section should provide f airly accurat e static pr es sure 
measurements at angles-of-attack of ±3° within an error of approximatel y 
three per cent. 

VII . CONCLUDING REMARKS 

The init i al result s of the analys i s for predi ct ing in low supersonic 
flow the flutter boundaries f or a very low aspect rat io panel are promi s ing 
and a more extensive verificat ion of results wit h previously derived i n­
f ormation i s r equi red. It is, therefore, recommended that th i s analys i s 
be cont inued under NASA Contract NAS8-20100 tit l ed "Experimental Research 
on Panel Flutter Aerodynamics." 

The half amplitude to wave length ratio for the stationary two­
dimensional wavy wal l models should be approximat ely 5 X lo-3 at M = 1.35 
to avoid t he effect s of more l inearity i n the pressure distribut ion and 
thus c i rcumvent separation and shock waves . It is anticipated that this 
cr i teria can be somewhat relieved for the t hree-dimensional models. 

The s t res s analys i s of the boundary layer pr obe i ndicates a safety 
factor of 3.123 for yield and 3 . 622 f or ult imat e stress when all aero­
dynamic surface s are sub jected to a t hree degree angle-of-attack and the 
dynamic pres sure i s 1800 ps f. To obtain a safety f act or of five for ultimate 
stress , the dynamic pressur e should be reduced t o 1303 ps f . 

44 



REFERENCES 

l. Fung , Y. C., Some Recent Contri butions t o Panel Flut t er Re search, 
AIAA J ournal , Vol. 1, No. 4 , pp . 898-909, Apr i l , 1963. 

2. Cunningham, H. J ., Analysis of the Flutter of Flat Rectangular Panels 
on the Basis of Exact Three-Dimensional, Linearized Supers onic Potential 
Flow, AIAA Journal, Vol. 1, No. 8, pp . 1795-lBOl, August, 1963. 

3. Kordes, E. E. , Tuorilla, W. J. and Guy, 1. D. , Flutter Research on 
Skin Pane l s, NASA TN D-451, 1960. 

4. Lock , M. H. and Fung, Y. C., Comparative Experimental and Theoret i cal 
Studies of the Flutter of Flat Panels in a Low Supersonic Flow, 
AFOSR TN 670, GALCIT, California Institut e of Technology, May , 1961. 

5. Dowell , E. H. and Voss, H. M., Experimental and Theoretical Panel Flut ter 
Studi es with Mach Number Range of 1.0 to 5.0 (Unclassifi ed Title , 
Confidential Report), ASD-TDR-63-449, December, 1963. 

6. Ket ter, D. J. and Voss , H. M., Panel Flutter Analyses and Experiments 
i n t he Mach Number Range of 5.0 to 10.0 (Unclas sified Title, 
Confident i al Report) , FDL-TDR-64-6, March, 1964. 

7. Asher, G. W. and Brown, A. W., Experimental Studies of t he Unsteady 
Aerodynamics of Panels at or Near Flutter with a Fi nite Boundar y 
Layer , Mach Number 1 to 10, RTD-TDR-63-4268, December, 1964 . 

8. Zeydel, E. F. E. , Large Deflection Panel Flutt er, AFOSR Tech. Note 
1952 , J anuary , 1962. 

g. Zeydel, E. F. E. and Kobett, D. R., The Flutter of Flat Plates with 
Partial l y Cl amped Edges i n the Low Supersoni c Regi on, AIAA Journal, 
Vol . 3 , No. 1, pp. 17-22, January, 1965. 

10. Miles, J. W., On t he Aerodynami c Stability of Thin Panels, Journal of 
t he Aeronautical Sciences, Vol . 23, No. 8, pp. 771- 780 , August, 1956. 

11. Kobett , D. R. and Zeydel, E. F. E., Research on Pane l Flutt er, NASA TN 
D- 2227 , November, 1963. 

12. McClure , J. D. , On Perturbed Boundary Layer Fl ows, M.I. T. Fl uid Dynami c s 
Resear ch Laboratory , Report No. 62-2, Massachusett s Institute of 
Technology , June, 1962 . 

13 . Dowell, E. H., The Flutter .of Very Low Aspect Ratio Panels, AFOSR 64- 1723 , 
ASRL 112-2 , July~ 1964 . 

14. Luke, Y. L. and St . . J ohn, A. P. , Supersonic Panel Flutter, WADC Tech. 
Report 57- 252 , July, 1957. 

45 



REFERENCES (Concluded) 

15 . Erdel y i , A., et al , Tables of I ntegral Trans f orms, Vol . 1, McGraw­
Hill, 1954. 

16. Hedgepeth , John M., Budiansky, B. and Leonard, R. W., Analysi s of 
Flutter in Compressible Flow of a Panel on Many Supports, J ournal 
of the Aeronautical Sciences, Vol. 21, No . 7, p. 485, July, 1954. 

17. Shapiro, A. H. , The Dynamics and Thermodynamics of Compress ibl e Fluid 
Flow, Vol. I , p. 561, Ronald Press , 1953. 

18. Griff ith, W., Shock Tube Studies of Transonic Flow Over Wedge Profiles , 
J ournal of the Aeronautical Sciences , Vol. 19, No. 4, p. 249, 1952. 

19. Liepmann, H. W. and Bryson, A. E. , Jr., Transonic Flow Past Wedge 
Sections, Journal of the Aeronautical Sciences, Vol. 17, No. 12, 
p . 745 , 1950 . 

20. Guderley , G. and Yoshihara, H., Two-Dimensional Unsymmet ric Flow 
Patterns at Mach Number 1, Journal of the Aeronauti cal Sciences , 
Vol. 20, No. 11, p. 757, 1953. 

21 . Vincent i , W. F. , Dugan, D. W. and Phelps, E. R., An Exper iment al Study 
of the Lift and Pressure Distribution on a Double-Wedge Profi le at 
Mach Numbers Near Shock Attachment, NACA TN 3225, 1954 . 

22. Drougge, G., Some Measurements on Bodies of Revolut ion at Transoni c 
Speeds, 9th I nternational Congress of Applied Mechanics, 1956, 
Proceedings, Vol. 2. 

23. Miller, F. E. and Doeringsfeld, H. A., Mechanics of Mater i als, Inter ­
national Textbook Company, p. 455, 1955 . 

24. Mansfield, E. H., The Torsional Rigi di t y of Solid Cylinders of Doubl e ­
Wedge Sec ion, Reports and Memoranda No. 2g59, J anuary, 1954 . 

25. Wilson, R. E. and Young, E. C., Aerodynamic Interference of Pitot Tubes 
in a Turbulent Boundary Layer at Supersonic Speed, Applied Phys i cs 
Lab, J ohn Hopkins Universit y, Report CF-1351, 1949. 

26. Strack, s. 1. , Supersonic Pitot Tube Measurement s at an Angle of At tack , 
AI AA J ournal, Vol. 2 , No. 4, p . 778-779. 

27. Hasel, 1 . E. and Coletti, D. E., Investigation of Two Pitot-St atic Tubes 
at Supersonic Speeds, NACA RM 18102 , 1948. 

46 



z 

u Rigid Plate 

Panel 

a 

Rigid Plate 

Fig. 1. Panel Configuration 

47 



C\J 
0 
r-1 

30 
Wave Parameter e: / t 

Deviation 

25 

20 

15 

10 

/ I' / 
/ / / __.--(o% 

/// ' / .,,..,. 
I// / /,.-

/ eP' 

5 

__ - I 'lo 

0 -~------~------~--------------~--------._ ______ _ 
1.0 1.1 1.2 1a3 1.5 1.6 

Free Stream l'-1ach Number~ M
00 

Fig. 2. Pressure Difference and Deviation 

48 



Roller 

Axial Drive Motor & 
(Fine Positioning) 

Sting Suppo:rt 

Outboard 

Inboard Strut Motor 
Pod 

Fig. 3. Probe Mechanism 

Motor Pod 

Inboard Strut 



\Jl 
0 

(\j 
~ 

~ 
·rl 

I 
I 

ro 
Q) 

~ 
rl ro 
~ 
0 

·rl 
..p 
u 
Q) 

UJ 
! 

(.Q 
(/). 

0 
~ 
u 

120 

100 

80 

60 

40 

20 

0 2 

(6" axial motion only) ~ Retracted 

/ J ~~ Extended 

I ' " _.........:;;...________ 11 I '-, ,_ I ...... ___ _ ______ _._ ____ _J 

'.;;:: J 

4 6 8 10 12 14 16 20 22 24 26 28 30 32 

Distance from Probe Tip--in. 

Fig. 4. Cross-Sectional Area of Mechanism vs. Distance From Probe Tip 



Strut 

Transducer 

Outboard Strut 

Keyway & Seat 

Probe 

Fig. 50 Outboard Strut-Motor Pod Asserr1bly 

51 



\Jl 
[\.) 

Fig. 6. Inboard Strut-Motor Pod Assembly 

Keyways 



r--­
p t t• t o en lome er 

Supply 

3 0 VDC 

Ground 

p 
-, 

ower 

I 

I 
())_ I 

I 

Position Indic4tor 

~ 
- v 

Computer Reversing I 
Switch 

I (})__ 
Position Indicator I 

I 
~ 

I Computer Reversing 
Switch 

(])_ I 
I 

Position Indicator 

I 
.a-SL - v 

Computer Reversing I Switch 

I 
C/o 

'"' ~ 

"'\ 

Manual Override ~ Swftch 

.(). -

Manual Reversing Sw~tch 

( _r-
\,. L r"-

Horizontal Drive 
Motor 

.-
_{ ~ 
\ > ? 

Vertical Drive Motor 

( 
r-
~ 

~ ~ - ). 

Fine Adjustment Linear 
Drive Motor 

Micro Switches 

I 0 
Coarse Adjustment Linear Drive Motor 

I_·-- ---- __ _==::j==~============================~.~-----~' Pressure TransduceJ 

Control Console 

Fig. 7. Schematic of Electrical Circuitry of Sting-Strut Assembly 

53 



w~(4-5) = 13 a33 #/in. 
L 

w, (3-4) = 7~85 #/in. 
l.J 

= 8.99 #/in. 

-......... ..---u 

Fig. 8. Boundary Layer Probe Suppor-f::; :Soading. 

54 



1.00 ----........_ 

~ 
~ 

0.90 

mT +'C\J 
UM 
0 

~ 0.85 ?:, 

~ 
~ 

" ~ 
..j...) 

•rl 
rd 
•rl 
bD 

•rl 
p::; 

rl 
ro 
~ 0.80 0 

•rl 
(f.) 

f..! 
0 

E--1 

0.70 

0 0.05 0 . 1 0.15 Oo2 0.25 0.3 

t/C 

Fig . 9. Tors ional Rigidity Coefficient s Versus t/C Ratios [24] 



6.00 1_1 ________________________________ ~ 

I I !~Supporting Strut 
I I r ~--- · --- --- 2.50:_, _(_T_a_p_e_r_)_....-~-----1.75"---....; 
. o 778" 1

1 

1.so~;~~ r~. .:-1..---i ........ i---t-- / 
I ~ -.-- r----..,.-----_, 

I 

Plastic s~u.pport 

S~iffener 

Pitot --=~ 

#1-72 Flat Head Machine Screws 

Flat Head Machine Screw 

':lop View 

A 

I 
= 

End View 

Wire loop silver soldered 
to stiffener for 

Pitot Tu 

Section rrAAu 

See following plate 
for details of pitot 
tube ends. 

Pitot Tube 

Pitot tube to be silver 
soldered to st iffener. 

Plastic Support 

Supporting Strut 

Fig. 10. Static and ;Total Pressure Pitot Tube Supports 



1 '7;::: 11 
o I/ 

on 90° spacing around 45" 

. 0 0 665 !I 
4 - 0.010

11 

holes p 
tube l 

Stiffener ia. 

r-+-J===:;;:========~oc=====:c:::::::::=-: --=--__.~-4° -- tip to be solid z= and sharpened on 

0.030" Dia. Pitot Tube this angle 

Static Pressure I\1be End 

Stiffener 

1 '7<:::11 . ( / 

Tube flattened for 3 or 4 Dia. 

~------------~7/~ 
LOo030" 

1 
Dia. Pitot Tube 

:=:::Do 003 ~~ inside 

Wall honed to 0.002" top 
and bottom. All burrs 
removed. 

Total Pressure Tube End 

F'ig o ll. Total and Static Press"t1re 'Tube End 

57 




