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ABSTRACT

A method of ecorrecting the statie pressure distribubtion in
the working section of a supersonic wind tumnel with flexible nozzle
walls is investigated, in order to account for the discrepancy be-
tween the thecoretical nozzle wall shape and the actual wall shape
due to its elasgbtic properties.

The methed of correction is described and an example for an
existing wind tumnel is esrried out. It is shown that the method of

2

correction iz not successful due to the inadequate accuracy of the
data from physical measuremenbts and due to the nature of the equations
which must be solvede While the former difficulty could possibly be
avoided, the latter is comsidered to be inherent in the method.
Suggestions and eriticisms are offered and some results of the

investigation regarding correction of the actual wind tunnel static

pressure distribvutions are mentioned.
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LIST OF SYMBOLS

th adjustment point

Displacement of the 1
Modulus of elasticity of flexible plate

Moment of inertis of flexible plate crosse-section about its
neutral axis

Chord length between two adjacent adjustment points

Mach number

Free stream static pressure

Free stream total pressure

Bending moment

Nozzle longitudinal coordinate

Nozzle longitudinel coordinate at upstream end of first
influence region, Figure 3

Nozzle transverse (vertiecal) cocordinate

Angle at nth adjustment point bebween chord lines from the
(n = 1)and (n + 1) adjustment points

Slope of chord between 2™ anq (n +'1)th adjustment points
Ratio of specific heats = 1,4

Nozzle wall slope (radisns)

Desired nozzle wall slope correction

Slope chenge at point x due to displacement of the ith

Jack
Effective slope influence curve at X, for unit displecement

of i sack



w

ow

LIST OF SYMBOLS (conbinued)

Refers to first upstream intersection with nozzle wall of
e Mach wave from & point on the tunnel axis in the working
section, Figure 3

Refers to second upstream intersection with nozzle wall of
a Mach wave from a point on the tumnel axis in the working
section, Pigure 3

Refers to third upstream intersection with nozzle wall of
e Mach wave from a point on the tunnel axis in the working

section, Pigure 3



I. IRTRCDUCTION

The problem of obteining a uniform fleow distribution in the
working section of & wind tumnel, whether subsonic or superscnic,
is alweys & primery design consideration.

The innovabtion of supersenic wind tunnels with flexible nozzle
walls to allow variation of flow Mach number at the working sectien
has presented an additlional hindrance in obtaining satisfactory flow
distribution. The difficulty arises from the elastic properties of
the plates Whiéh form the flezible walls of the nozzle.

In general, to obbain the desired uniformity of flow in a supere
sonic tunnel, the nozzle shape can be determined by any one of several
accepted methods, (Ref. 1) based on perfect fluid theory. Then a
boundary layer correction is applied in order to account for the real
fluid effects. The flexible walls of the nozzle are then adjusted by
means of their supports to correspond to the desired shape. If irregu-
larities in the experimentally measured flow distribution are found,
there are two possible sources of error. Veriations mey be due to errors
ir the aerodynamic assumptions invelved in the shaps computation or due
to the fact that the flexible plate does not assume the desired contour
although it is supported at a finite number of points exactly on the
contour. Since much study hes already been applied to the aercdynsmic

problems involved, the purpose of this paper will be to investigate the
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The flexinle plate will exachtly assumne
3 o A 3 ° 1 _r = -
shape only if, {1, the aerodynanic shape is such thatl its curvature

is identical to thet which the plate will agsume dus to its elasbic

s rd Y ooe = Y "
supports. Condition {2/ is obviocusly impossible and with the presend

<

in addition, the discrepancles between desired shape and achtual

s

elastic shape are accenbuabted by the fast that the nozzle is often too
short to allow a conbiauocus curvature disbribution along the plate in

£ du

tial desisn Some of the reasons for short nozzles ars:
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oy
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sl
l. To prevent excessive boundary layer growbh

2o Space reguirements

e Structural requirements on the bunnel frame

4, Heonomles

For these reasons it would appesr thet a method of minimizing the

L

errors due to plabe elastic oproperties would be useful. The problem is
then to debermine the best sebbings for the plate supports in order thed
the variation of desirsd {from actual plate shape will be a minimm over

the critieal porbtion of the nozzla.

@)

To demonstrate the correction method desceribed in Section II, the

et Propulsion Laboratory, Califorunias

[
[

12" Supersonic Wind Tumel of the

Techmology, was used as a model. As a mebber of fack, it



was in an effort to opbtimize the experimentally measured stabtic pressure
distribublons of this facility, and those of a fubure more elaborate
installation, that the present invesbigabion was undertaken.

The 12" tunnel is capable of conbtinuocus operation for Mach numbers
in the range of 1.2 to 3.0. Above a Mach number of 2.2, the working
section dimensions are 9" x 12" because of the limits imposed by the
present compressor plant. Since static pressure distribubions at the
higher Mach numbers were found to be less regular then those at lower
Hech numbers, the nozzle contour for Mach number 2,537 wes chosen for the
investigation. The coordinates for this nozzle are presented in Table I,

The nozzle sidewalls are 12" apart, flat and parallel, with the top

)

and botbom wall conbours formed from flexible stesl plates. The pertinent

s
9

lates are showm in Figure 1, Fa

features of the flexible noszzle

e

0y W s

is 12" wide and i/4" thick with twelve jack comnections avallable for posi-

rdinate and slope at slLation x = 0 are

adjusbable. Due to the limitabtions imposed by the plate strengbh, aero-
dynamic considerabions, and the tunnel frame dimensions, the basic nozzle

shape was composed of a circular arc segment through the throat to the
s o ()

maximum expansion angls, s straight line segment, and the remainder of the
curve to the working sechbion was an analytic shape designed to sonvert

el flows To this basic shape,

foudl

a supersonic sourcs flow into a uniform paral
e non=analytic boundery layer correction was added between the throat and

s @

the working seetion, (Ref. 2); thus, removing the possibility of expressing



this portion of the nozzle with simple mathematical expressions. It
is obvious that this shape has sharp discontinuities of curvature in
the vicinity of the inflection point which cannot be reproduced by the

flexible plate with its continuous moment distribution.



II, THEORY OF NOZZLE SHAPE CORRECTIONS

If & uniform elastic plate is supportsd at a finite number of
points situated on a given contour, the elastic shape which the plate
will essume can be computed by a relaxation method; in this case the
Herdy-Cross method. The slope distribution is of principle interest
because flow disturbances originate essentially from chenges in the
wall slope.

Due to the fact that local static pressure disturbances are directly
proportional to local wall slope, the comparison of theoretical design
wall slope and actual elastic wall slope, (cf. Figure 2) gives a measure
of the pressure disturbances which can arise due to elastic effects.
Although the difference for the J.P,L. 12" Supersonic Wind Tunnel appears
very small in Figure 2, the constant of proportionality is such that
errors in the static pressure distribution in the working section of
several percent are caused, This is a large amount when it is considered
that variations from the mean pressure level of + 0.25% or less were
desired for this precision tunnel.

Assuming 2 two-dimensional flow, conditions at each point on the
test section axis are influenced by the nozzle wall slope at points lying
on the upstrean extension of the Mach wave, from the original point, and
its reflections extended back to the nozzle throat as shown in Figure 3.

Since each point on the test section axis is influenced directly by e



point in the "first influence region®, Figure 3, it is reasonable to
attempt correction of the static pressure distribution by changes in
this region. The displacement of any jack in this region (or any
other ) will cause deflections to occur all along the length of the
plate. This slope-=change pattern can be computed for each jack by
elastic theory proéedure and will be referred to as the slope-influence
curve. Such curves for the support points of interest in the J.P.L. 12"
Supersonic Wind Tumnel are shown in Figure 4. Any corrections to the
slope, which are desired to alter the static pressure distribution on
the working section axis, must be obtained from linear combinations of
these influence curves. The problem becomes that of determining the
slope correction in the first influence region which will arise due
to the plate elasticity, and then to determine the best combination
of influence curves to obtain this correction, (cfe Refe 3)e

A symmetric slope change of +A on the top and bottom walls (i.e.

both moved out) will result in a static pressure change of

Af__2rMZ2
4 Jmry

without changing the flow inclination on the tumnel axis, Therefore,
for a pressure error Ap(x) on the axis, the slope correction on the

wall at xw becames



A@w)=%z L (1)

This relation will be useful in later comparisonse However, in the
present case the slope correction is not based on observed pressure
irregularities but on the desired slope correction A ¢ determined
from Figure 2 and plotted in Figure 5. It must be remembered that the
pressure change through a Mach wave retains the same sign upon reflec-
tion from a wall., Therefore, the slope change at the second influence
point Xy is equivalent to a slope change of the same sign and magnitude
at X, in its effect on the pressure distribution on the working section
axise

Therefore, the actual wall slope corrections which can be obtained

within the first influence region are

A G;ﬂu) = ;g: e, ’\; (%)

,
whers ;\i (xw) is the effective influence curve at R for unit displace-
ment of iR adjustment point or jack and a; is the actual displacement of

that pointe Therefore,

/\:6““’) =)‘z ) + /\4'(43,,)7"/\‘; (ft/a”)f--— (2)



and Xy, Xy Xows ©obce, denote the location of upstream intersections
of the Mach wave from the point x on the working section axis with the
nozzle walls on the first, second, etc., reflections. /\i (x) is the
geometrical slope change at x due to displacement of the ith jacks

Suppose /\ c (xw), the desired slope correction, has been determined
as in Figure 5 from the plate elastic properties. Let £(x) be the differ=-

ence between, A o (xw) and A (x,), the actual obtainable correction,

/(44) = A (%) —A@w)

The best correction will be obtained if the average of f'(:::)2 over
the first influence region is a minimun. It is possible to solve for the

influence coefficients B by minimizing the function R, where

#o
(A~ = oy N )]

To obtain the optimum influence coefficients &8ss set the derivative
of R with respect to 8y (the motion of the ik th adjustment point) equal

to zero and solve for &) 28 follows; differentiating R with respect to a,,

£ - & /D= T anm] 4



or

%i - gz}ﬂjc@")‘—z Abin) 2y Ajn) + {‘E . A ("‘«J} t] %

However, the only terms which contribute are

92 = 2NN ) + 2N S 2 i)}

To prove that this quantity furnishes 2 minimum when equated to
zero, take the second derivative of R with respect to 8y and show that

it is positive., Therefore,

‘gf‘f": = & ’\:r(“'u')’\/:ﬂw)

=2 [ Mead]

: R . s . Py
Obviously v iz always positive regardless of the sign of Xk (xw),

aak
so the condition, @R =0, furnishes a minimm end

day

’\c 6-"») ’\A/— 6"‘0) = /\.(' @w) ; <, /\: (’”w)

Integrate from x =0 to x = X, and the condition for a, becomes
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s ‘
Ae @) Nl (%) v = / J;@)‘Z 2, ,\",@w)dh (3)

The summation is extended over the number, m, of adjustment points

used in the correction. There will be n simultaneous equations for n

different values of k. These n simultaneous equations may then be

solved for the n values of a; necessary for the optimum adjustment.
This method is straight forward but involves a great deal of labor

in compubation if more than a few adjustment points are considered.
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ITI, COMPUTATIONAL PROCCEDURE

Although the correction method described in Section II is simple

in theory, it involves & rather intricete computational procedure.

This procedure will be described in some detail here for the special

case of the Mach number 2.537 nozzle contour of the 12" Supersonic

Wind Tunnel et the Jet Propulsion Iaboratory, California Institute of

Technologye.

Six adjustments will be considered; five involve plate

ordinate adjustments and one involves changing the wall slope at

Station O, Figure 1. It was felt that these six adjustments would be

sufficient in view of the amount of computational labor involved.

The correction will be discussed in a step-wise fashion with repre-

sentative tables and curves included. The procedure is as follows:

I.

2

Se

4.

Compute actual moment distribution in the flexible plate
by the relaxation method described in the Appendix.
Integrate the function.é% graphically or numerically +to
obtain a curve of the actual elastic plate slope, Figure 2.
Measure graphically on & very large scale curve the slopes
of the theoretical design contour and plot as in Figure 2.
In this step a scale of 10 em. on the graph to 1 inch on
the actual nozzle is recommended.

Take difference between theoretical and actual slope curves

to obtain )\c (x,), the desired correction, Figure 5.



Be

6o

7o

8e

%

10.

12

Compute influence curves for unit displacement of the
adjustment points. (These have been previously camputed
for the two J.P.L. supersonic tunnels and the method
will not be discussed here since it is in accord with
normal elastic theory). These curves are plotted on
Figure 4.

Compute curves of Mech wave upstream well intersection
and reflection points by the method of characteristics
for the theoretical nozzle contour with boundary layer
correction. Data from thé characteristics plot are shown
in a more readily useable form in Figure 6.

Write equation (3) out in detail for easy visualization
of the computational steps involved., Table II presents
the six expanded equations which will be used to solve
for the optimum displacements of the adjustment points.
Compute necessary quantities /\'i (x,) to place in the
equations of Table II from equation (2) and the curves of
Figures 4 and 6.

Perform multiplications indicated by the equations, Table
11,

Perform the integrations indicated by Table II, either
graphically or by Simpson's rule. A comparison of the

two methods, as shown by Figures 7 through 9, proves



11.

12.

13,

15
either to be of satisfactory accuracy for the representa=
tive cases chosen.
Set=up the six linear simultaneous equations, Table II,
with numerical values. Numerical examples are shown in
Table I1I,
Solve these equations for the aji's. This is very tedious
in the case of six simultaneocus equations and solution by
autamatic computing machines such as International Business
Machines or the Consolidated Engineering Company's linesr
simultaneous equation camputer is recommended. In the
present case IBM equipment was used.
Compute the slope correction curves which can actually be
obtained and compare with the desired slope correction )\C,
The comparison obtained in the present example is shown
in Figure 10 for two independent computations by the method

described.
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IV, COMPARISON WITH A SECOND CORRECTION TECHNIQUE

The results of Section III have shown that the method of correc=-
tion which has been described is unsuccessful due to excessive scabter
in the correction data obtained. The probable reasons for this condi=-
tion are discussed in Section V and are found to be arithmetic. However,
it is of value to consider the results that this method oi correction
would have produced if successful and to compare them with the results
produced by another correction method,

This second method is one which has actually been used on the J.P.L.
12" Supersonic Wind Tunnel with some success. Briefly it consists of a
short cut method by which the amount of labor involved in the method
previously described, and hereafter referred to as Method 1, is reduced.
In addition, Method 2 undertakes the correction of flow deviations due
to effects other than elastic. By Method 2 no attempt is made to obitain
the best average correction but instead an attempt is made to correct
the experimentally measured pressure distribution at a finite number of
points. By using n adjustment points, the value of static pressure at
n + 1 points can be brought into agreement at an undetermined level.

The absolute value of this level is unimportant since if the pressure
distribution can be made to be satisfactory, the flow Mach number can
easily be determined. Then by interpolaeting between adjustment point

settings for various successfully corrected pressure distributions, any
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desired flow Mach number can be obtained with reasonable assurance
that the accompanying pressure distribution will be satisfactory.

The result of applying Method 2, using four adjustment poimts,
is shown on Figure 11 as compered to the original experimentally
measured static pressure distribution and the results of correction
by Method 1 if it had been successful, It may be seen that in the
region between x = 0 and x = =13, the first experimentally measured
curve has been brought into gocd agreement at an average level of Mach
2.576 by correction Method 2. However, the region between x = 0 and
x = +9 has not been improved apprecisbly. It can be shown from the
curves of Mach wave reflection points, Figure 6, that this region
corresponds closely to the region of inflection of the nozzle walls

It is alsc evident thet the correction of plete elestiec properties
by Method 1, if successful, improves the region from x = =2 to x = 49
to an almost constent value elthough no improvement is shown in the
region x = =2 to x = =13,

These comparisons show that the plate elastic properties are respon-
sible for the irregulerities in pressure distribution produced in the
neighborhood of the inflection point (i.e. x =0 to x = 19), Irregular-
ities downstream of x = 0 are apparently due to the aerodynsmic design
and are most likely involved in the boundary layer correction which was
arbitrarily chosen with the exception of two computed points, one at the

nozzle throat and the other at the nozzle exit, The boundary layer
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correction was applied in this fashion because insufficient theory
and experimental date existed to warrant a more exact computation.

The correction of Method 2 is useful because it attempts correc=
tion of all sources of flow irregularities and embodies & minimum of
computational effort. It must be epplied however after experimental
data have been obtained and is not suitable for the correction of the
irregularities of flow due to wall elastic properties. Method 1 is
desirable (if it could be mede practical) because it allows correction
for the plate elastic properties before test data is available. It
could also be utilized in the fashion of Method 2 to make a correction
to experimentally measured data so that all sources of pressure irregu=
larity could be improveds Method 1 is undesirable because the amount
of labor involved in computation is apprecisble if a large number of
adjustment points is considered. For instance, if the number of adjuste-
ment points is increased from six to eight the amount of work involved

in obtaining & solution is approximately doubled.
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V. DISCUSSION OF RESULIS

A, General
A& method for the correction of flow irregulerities due to the
elastic properties of flexible nozzle walls has been presented. It
has been shown that the method is unsuccessful when applied in the
specific case of the Jet Propulsion Leborestory 12" Supersonic Wind
Tunnel. In view of the scatter on both sides of the desired result,
Figure 10, there are two possible reasons that the method fails;
l. The date from physical measurements such as the graphe-
ical (or approximete) in’cegra't';ion of the integrals,
Table 11, are not sufficiently accurate.
2. The solution of these linear simultaneous equations,
Table II, is not possible with sufficient ac:cursv.c:y~
because multiples and differences of large numbers are
involved.
The difficulty described in (1) above could be circumvented if the
boundary layer correction applied to the nozzle was made an analytie
function. Even though the validity of the boundary layer correction
would not be improved, it would allow the entire computational procedure
to be approsched on an analytic basis with a consequent increase in
accuracy of camputation. The difficulty mentioned in (2) presents a

more imposing problem since in the present case IBM computation to 10
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significant figures was used in an attempt to secure sufficient accuracy
in this portion of the solution. Howeﬁer, multiplication of the original
matrix by the inverse matrix of the solution showed appreciasble errors to
be present in the IBM computation. An encouraging note is seen in Figure
10 where the date from the second set of computations &re obviously much
better then those of the first independent computation. This fact might
indicate that the difficulty (1) is predominent and that the difficulty
(2) may not be too serious. Difficulty (2,) could be checked by having
independent computations of the same matrix, Table III, carried out by
IBM in order to compere the difference in slope correction, )\c, which
is obtained, If the IBM computing error was proven to cause a substantial
portion of the discrepancy, there still remains the possibility that an
average of meny IBM computations would give useable results since the
IBM errors are non=-systematic.

In view of the results discussed in Section V and shown in Figure 11,
it appears that this method of correction would be a useful tool in
flexible nozzle design if it were perfected. Whether or not the labor
involved in the computation is warrented by the results which are theore-
tically obtainable is a question which must be weighed for the case at
hand. It is believed, however, that further investigation into the possi~
bility of perfecting the method is desirable.

An important result of the investigation is that care should be taken

to design flexible nozzles to heve as neerly continuous curvature (or
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moment distribution) as possible. The deviation from desired noszzle
wall shape and actual wall shape due to the flexible plate elastic
properties can eatsily be excessive, The continuous curvature criterion
was previcusly recognized as importent from an aerodynamic stendpoint
and becomes increasingly important in the light of the present study.
It is suggested that a fruitful field for further research would
be the aserodynamic design of flexible wall nozzles having & continuous
curvature compatible with that required by the flexible plate, i.e.,
aerodynamic design to suit the required elastic conditions. It is
possible that some peframeters such as the nozzle length to working
section height ratio, the nozzle throat location or the plate character-
istics will control the selection of a compatible design compromise.

B. As Applied to the Jet Propulsion laboratory 12" Supersonic Wind Tunnel.

Several specific conclusions were arrived at concerning the JoP.L.
12" Supersonic Wind Tumnel, although they were supplemental to the purpose
of the investigation. Since the work was initiated primerily for the
benefit of the J.P.L. facilities, it is appropriate to include these
results here.

l. In the M = 2,537 nozz2le shape which was considered, the boundary
layer correction which was incorporsted was probably responsible for the
hump in the original pressure distribution curves between x = =2 and
x = =13, The valley from x = =2 to x = 19 was probably due to the plate

elastic properties and is not easily corrected by Method 2 which has been
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used thus far in the correction of nozzle shapes for this facility,

2, A& revised boundary layer correction might be estimated fram
the fact thet the theoretical correction which could be chargeable to
the plate elastic properties does not change the shape of the pressure
distribution curve appreciably between x = =2 and x = =10. Therefore,
this irregularity lies in the aerodynamic design and most probably is
due to the boundary layer assumptions (since this subject is least
understood in supersonic flow). This revised boundery layer corrsction
would be useful in the design of the J.P.L. 20" Supersonic Wind Tunnel
which is being constructed. It should allow a better pressure distribu-
tion to be obtained initially and thus improve the convergence of the flow
correction procedure.

3. The correction produced by Method 2 should be satisfactory at
M = 2,537 in the region which a model normally occupies (i.e., x = =2 to
x = =14) but may be less effective when the Mach number is such that the
inflection point of the flexible plates influences this region.

4. A possible means of avoiding the entire difficulty due to the
elastic effects of the plate would be to arrenge the upstream hinge
points of the flexible plates so that they are closer to the tunnel axis.
This would allow redesign of the nozzle shapes to avoid discontinuous
curvetwes and would decrease the discrepancies due to elastic effects.
It is believed that this procedure might be physically possible without

great expense, although considerable time and labor would be required to
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redesign the nozzle shapes and to recalibrate the tumnel.
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APPENDIX

The exact shape which the flexible plate will assume is statically
indeterminate and must be compubed by a relaxation method, essentially
the Hardy~Cross method, (cf. Ref. 4 and 5), Puckebtt has demonstrated
the application of this method to the problem at hand in Ref. 6.

The flexible plate can be forced into an arbitrary initial shape
which is known by the application of & given moment at each of the
Jjoints. If the initially chosen shape is reasonably close to the final
true shape, a series of adjustments of the assumed moment distribution
will eliminate the external moments and result in the correct free
shapee.

In order to start with a reasonable initial moment distribution,
the plate is assumed broken at every joint in such a way that the slope
is continuous at the joint. Let the angle between the chords of two

adjacent segments at joint n be Ae, as in Figure a.

(n+4)

flexible plate

Figure a
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A reasonable initial shape will be produced if each segment is
bent so that it makes an angle f.:ﬂ with its own chord at the nJCh joint.
This shape can be attained by applying & moment Tn' at the left end of
segment (n, n + 1) and & moment T,y at the right end of segment (n,

n + 1), From the simple elastic beam theory for a simply supported

besm with loads as shown in Figure b,

_ j .t z Corr)  (orer) (4;-3 2)
/A“m?w/ 'Z/hf/ ¢ )
= T !
s
£
Figure b

A

the angle “n is produced by T, and Tn"'l as follows

A 7:;-//4&‘«*/ o Irnos /4-,45»/
e FET 6 EX

and angle A% 3¢
2

4 R = 7o vr ///’54’#/ 4 7;,//4’1,",/
g FEZ 6£r
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. . ] °
Solving for Tn and Tn+1 gives

/ol | LAKn— ARy (1)
7:»#/ = EL R p, — L, (2)
£r /é:»,-4~iv

If the ordinates of the joints are given as shown in Figure ¢ and if

the slope of a chord (n, n + 1) is Can, nti®

A\ VY

Figure ¢

the angles between the chords are obtained from



and

Gr AR, - GyBonsy = G Gy (3)

and therefore,

i
)

1
1

M-/IM
Py ™ Py
Bquations (1), (2), and (3) are sufficient to deform all the
segments into the desired initial shape which is taken to be the com-
puted aerodynamic shape for the nozzle. However, the joints at either
end of the plate are slightly different since they are effectively canti=-
£

levered. By the same procedure as previously used the moments To and

Tl become
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We now have the moment distribution necessary to force the plate into
the computed aerodynamic shape at the jack points,

These moments are in general not equal on either side of a joint,
e, T, # T’n'. Therefore a redistribution or relaxing of these moments
must be made in order to attain the final free elastic shape. Consider
8ll joints fixed except n. At this point T, # Tn’ so an exbernal moment
Tn’ - T, must be applied to counteract the inequality. If en external
moment AT 7‘ Tn' - T, is applied, a certain fraction F will act on segment
(n = 1, n) and the remainder upon segment (n, n + 1). The moment T, is
now replaced by Tp + FAT and the moment T," by Tn' - (1 = F)AT, The

fraction F can be shown to be

ffl\-’/) e

F — /&'-/J n
[m-/! »” - [0‘;45 $r
//’"'5 e ’4/ 24

Since the joints (n = 1) eand (n + 1) remained fixed during this
procedure of applying AT to joint n, additional moments are carried over

to points (n - 1) and (n +1). It can be shown that the application
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of + FAT to the right end of segment (n = 1, n) induces a moment - F%!
at the left end of the segment and similarly 2 moment + (1 = F)%? is
induced at the right end of segment (n, n *+1).

This process of releasing a joint and eliminating its unbalance can
now be applied to all joinbts in turn. When the process is complete, &
new moment distribution prevails which has smaller differences at the
joints then the previous set. These smaller unbalanced moments are then
redistributed in the same way and the process is continued until all
significant moment difference at the joints disappears. The moment
distribution then corresponds to that actually realized in the elastic
plate with no external maments applied.

The moment distribution (i.e., curvature) has been computed and by

integration the actual true slopes of the elastic plate may be obtained.
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TABIE I

Nozzle Coordinates M = 2,537, JeP.L. 12" Supersonic Wind Tunnel

X ¥

0 4.5000
1,510 4, 4809
20942 4,4461
4,312 4,4026
5,614 4,3483
6.868 4,2842
8,084 4,2113
9,258 4,1292

10.362 4,0414

11,409 309505

12,404 3,8558

13.360 « 7564

14,29 3,6489

15.172 3.5416

16,012 3.4300

16.813 3.3187

17,578 3.2044

23,484 2.2990

25,000 2.0863

27,500 1.8090

30,000 1.6236

32,500 1.5314

334727 1.5201 (throat )
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TABIE I1I

Numerical Simulteneous Equations for M = 2,537 Nozzle

JeP.L. 12" Supersonic Tunnel

Pirst Computation

6.54%98 = 0,447a. = 0,206e + 4,5228 + 3,977a =~ C,7568_ = L00257
o) 1 2 3 4 5
- + . + + . - 0, =
Ce 447&0 5.1019.1 1.0'.719.2 2e 8649.3 HeH98a. 4 0 013a5 01210
- 0.2058.0 - 1.0718.1 + 4.8129.2 - 6.5179.5 + 7.027&1.4 + 0.317&5 = 400650
4.5223.0 + 2.864a.1 - O.5].'?’a2 + 5.9‘77&5 + 7.7529.4 - 0.035&5 = 00447
+ R4 + [ 3 + & 04" + = *
5.977&0 5.5°8a1 7 027&2 7 7529.3 +25 418.4: 0.2689.5 02090
0.‘7559.o 0.013a1 + 0.3179.2 0.0359.5 0.2689.4 0.905&5 +CO0050:
Second Computation
L - - + + - =
Be 5419.0 0.4479.1 Ce 2229.2 4, 5219.3 36960a 4 O. 817&5 «00257
- - + + - =
0.447&0 + 5.094&1 1.069&2 2.8529.3 5.5979.4 0.0089.5 +01000
- 0,2228 = 1,069a, + 4,7868, = C,515a_+ 7,003a, + 0.,321a. = ,00450
° 1 2 3 4 5
4,521la + 2,852a4 - 0,515a + 5,963a_ + 7,748s, = 0.02%a,. = ,00453
o 1 2 3 4 5
+ =
3.9609.0 + 5.597&1 7.0039.2 + 7. '74:89.5 '*25.4459.4 + 0.505&5 +02090
o 00817& - °¢0083- + 0.321&. - 0.029& + 005053- + 00 8939. = 000003
o 1 2 3 4 5
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