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ABRSTHACT

Normal- and axial-force starting and stopping loads were measured on eight axisymmelric
models 1n a perforated-wall test section, blowdown wind tunnel at nominal Muach numbers of 2,
2.5, and 3. These transient normal-force data correlate fairly well with data from five other
supersonic tunnels, for a variety of model shapes, when the total model planform area and the
stagnat'on pressure at tunne! start are used to nondimensionalize the loads, An empirical raethod
for predicting normal-force starting loads 1s developed,
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NOMENCLATURE

model axial force during steady supersontc flow, lhas
2

test section crosg-sectional area, (n,
balanve axial=force design loading, lhs

% a 2
tatal ryector apen arca (see Figure 5), i,
maximum model axtal force during tunnel stare, ths
madel axial force during tunnel start or stop, 1bs
damping factor (Kquation 5), dimensionless
maximum axial-force coeffiotent during tunnel start, :\m;’q N

L]

axial-force coefficient during steady supersonte flow, A/gs
maximum measured normal=force coofficient during tunnel start or stop, \rr t i'“"-'
computed maximum normal-farce coefficiont during tunpel start (Fquations b oo 4)

normal=force coefficient at ¢ 10 degrees duriey steady supersont flow, N ).’I'tﬁt

1t

computed maximam normal-force coefficrent durng tonnel start (normal shock method, T quation 2)

reference or forebhody model diameter, mehes

maximum model diameter, inches

model-balance natural froquency in axdal direction, «ps

forcing frequency (test section pressure osctllation), o ps

model-balance natural frequency normal to model in pitch plane, « pr

sting natural frequency normal to model in ptteh plane, s

model fineness ratio in calibers, 7/d

maodel length, inches

balance pitching moment (about balande conter) design loading, ta, - lhe

Mach number

model measured normal force during start or stop, Ihx

vomputed maximum normal force during tunnel start (normal-shook method, Equation 2),
computed muximum norral force during tunnel stert (Fguutions § oand @), Ihe

balance normal-force design loading, lba

T

=¥




N - maximum normal force during tunnel stert or stop, ibs

- normal force with model at @ = 10 degrees during steady supersonic flow, Ibs
R - stagnation pressure, paia

P - stagnation pressure at tunnel start, psis

q - dynamic pressure during cioady-state operetion, pel

R dynamic pressure at tunnel start, pei

R.M, - relative lond magnification factor

-] - model cross-sectional area (based on d), h.'

8 - maximum model cross-sectional area (baned on i.}. in. ’

6. - model exposed lifting surtace ares (prejected with fins in + position, in, )
8 = total model planform area, in, ’

B - exponent defined by Equation 4a
] - amplitude of oscillation, degrees
¥ - ratio of specific heats



SUMMARY

Comparison of normal-force starting load data measured on 13 model shapes in 6 supersonic wind tun-
nels indicate fair correlation when the model planform area (rather than lifting surface area) and the stagna -
tion pressure at tunnel start are used to nondimensionalize the loads, The data (ndicate that the normal -forve
starting loads are a function of the ratio of model lifting surface area to total planform area, An empirical
modification of the "normal-shock" method is developed; this method approximates the maximum normal-
forve starting loads measured at several supersonic wind tunnels,

A limited amount of axial- and normal-force starting and stopping load data were oblained in the Sandia
1~ by l-foot intermittent, trisonic wind tunnel. Eight axisymmetric models were tested at 20ro angle of ot~
tack at nominal Mach numbers of 2, 2,5, and 3, The maximum axial- and normal-forve starting loads were
higher than the stopping loads. The maximum axial-force starting load at M - 3 was upproximately 3-1/12
times the steady running load at o = 0 degreen, The maximum normal-force starting load at M~ 3 and
a = 0 degrees was approximately 5 times the steady running load at @ = 10 degrees. The models oscillated
at the system natural frequencies during the starting and stopping transients, Measurements of test section
pressure transients during tunnel start indicated symmetrical starts at M - 2 and fore amt aft osacillation of
the shock system at M = 2, 5and M = 3,
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COMPILATION AND CORRELATION OF MODEL STARTING LOADK
FROM SEVERAL SUPERSONIC WIND TUNNELXS

Introduction

During the starting of a supersonic tunnel, the air flow must be accelerated from subsonic to supersonic
in the test section, The ldeal model of the starting process for inviscid flow consists of formation of a pormal
shock at the nozzle throat (as the tunnel stagnhation pressure ‘s increased) and the steady travel of the normel
shock down the nozzle wcross the model and 1. the diffuser, The actual starting process (s characterized by
random, viscous-induced flow separation in the nozzle, resulting in the unsteady passage of oblique and/or
normal shock waves over the model, The unstoady longitudinal and lateral oncillation of the waves result in
large local flow inclinations at the model, These flow inclinations, coupled with the pressure change across
the waves, result in excessive model loads during the starting process, A somewhat similar phenomenon

occurs during the stopping process, as the test section flow breaks down from supersonic to subsond,

Wind-tunnel operators have been aware of this starting load phenomenon for many years, Some of the
earlier supersonic tunnel: were intermittent, vacuum-indraft factilitios, Since the magnitude of the starting
loads is proportional to the starting density, excessive model loads were not encountered (n the (ndraft facili-
ties. During the last severul ycars (with the placing In operation of several lurge, atmospheric-exhaust,
blowdown supersonic tunnelsl':!) the starting load problem has been investigated more thoroughly because of
the damage to internal strain guge balunces, models, etc, Unfortunately, however, the rosults of monst of

these studies are not available in the open literature,

(.iorcnw'itz1 indicated that a hangar {(mounted in the model support sector, into which the model {a retracted
and clamped during periods of transient flow) has been developed for model protection at the 7-foot trisonie
tunnel at North American, Srhz"t.'lbm-2 reported that proximity plates (which are retracted into the top and
bottom test section walls during steady flow conditions) support the mode! during the starting and stopping of
the Boeing 4-foot supersonic tunnel., These extensive model-protection measures lndicate the severity of the

transient loading problem for atmospheric-exhaust supersonic wind tunnels,

The testing capability of the Sandia 1-foot trisonic blowdown tunnel was extendod to M « ¥ in April 1060,
Force tests of axisymmetric models (bodies of revolution with flared efterbodies or low-aspect ratio fins)
resulted in model or balance damage, Available analytical methods (“normal-shock" and Winter and Hrmn‘l
were not suitable for predicting transient loads on these axisymmetrie shapes, since these methods were de-
veloped for winged (lifting) vehicles, Hence, a limited experimental (nvestigation to measure the transfent
normal and axial forces on eight typical models was undertaken, Four configurations were tested at Mach

number 2, two at Mach number 2,5, and seven at Mach number 3,

The purpose of this report is to correlate the available starting load data from other supersonic tunnels
with the present results and to develop an empirical method for predicting normal-forco starting losds for &

variety of model shapes,




General

An excellent description of the
sequence for stmospheric-dincharge dowr
number of starting mmmmwbﬂq oeing 4
Mach nunheu up to 4; howaver, mumm' und

at @ = 0 degrers at Mach numbers of 1,5 to 2,76 hi‘“’ 19
These data were presented as the ratio of starting or stopping ioads nﬂ-ﬂ Mdt* Im
and @ - 0 degrees for normal forces and axial forces, respestively,

Kinsolving and Juckson® investigated the effect of starting density, model m-mnm M, yew),
and support-system frequency on the peak starting loads of an AGARD Model B in a 12-inch mm at
Mach numbers of 2,0, 3,0, and 4.5, These authors concluded that there waas nc ammu
moasured peak joads with either support-system frequency or model attitude; however, the puk loads in-
creased directly an the starting density and the "normal=shock" prediction(Equation 1) approximated the maxi-
mum normal-force loads except at Mach number 2,

tiar‘owltz-l investigated the effect of the ratio of exposed projected lifting surface area to total model pro-
jectod area on the normal=force starting load at Mach numbers of 2,0, 2,5, and 3,0 in the North American
7-foot trisonic tunnel, Models of area ratios of 0 (body of revolution), 0,18, 0.42, 0.55, and 1,0 (wing alone)
wore tested, The North American data showed a linear increase in normal-force starting loads with area

ratio,

The results of several starting load studies have been reported at informul Supersonic Tunnel Associa-
tion meetings; however, these data are not available in the open literature,

(1] 2 1] *
NormalsShock Nethods.

This method assumes that during the transient starting process it is possible (for brief perieds) to have
supersonle flow established over the top surface of a wing and a normal shock standing at the leading edge on
the bottom surface, Subsonic flow is assumed to exist behind the shock on the lower wing surface, This con-
dition would result in a low pressure on the upper surface and a high pressure on the lower surface, If the
wing is assumed Lo be an infinite aspect ratio, thin flat plate at zero angle of attack (with the pressures con-
stant over the wing surfaces), then the normal force can be expressed as:

2
x . 2Y(M™ - 1)
N Pta L( ; ) ( el Mz)__x_ (1)
Y+1 1 -5 ¥-1
N 2
or C,~¥ R w av(M_-1) (2)

ta 5L (v+1) (e 252 M’)?}':‘i

“This method, to the best of the author's knowledge, was first proposed by D, H, Ross, Naval Super-
sanic Laboratory, MIT, in 1956,
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This approximate method hes been used by several wind-tunnel operators as a guide for comparisen of
starting load data and/or for calculating loads for design purposes. However, the above equations cannot be
used for estimating the starting loads on a flure-stabilized body of revolution, since the lifing sirface ares
(S,) is zero. Hence, for more genera! application of this method, it is propnsed that the total model plan-
for‘m area (ST). rather than the lifting surface area ISL). be used to define the normal-force coefficient. Thia
approach would allow a more meaningful compurison of the starting load data {rom a variety of model shapes;
therefore, the normal-shock method referred to hereafter in this report is defined as:

.. arm’-n P
Ne P,_S - i
T (el
Test Equipment
Wind Tunnel 1

A sketch, showing the general arrangement of the Sandia trisonic wind tunnel, (s presented (n Figure 1.
The tunnel is an intermittent, atmospheric-exhaust, blowdown type with a 1= by 1 -foot perforaisd-wall test
section, Dry air at 300 psl is stored in two 2600400!“ tanks; heat storage materian (0in cans) (n the tanks
minimize the temperature drop of the air during a 20- to 30-second run. The mans flown vary from ap

proximately 30 to 100 pounds per second.
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Figure 1, Sandia 1-Foot Trisone Wind Tunnel 1




The alr-regulating system consists of a positive shutoff werge-gate valve, a quick-opening (0.4 second)
hutterfly valve and a control valve. The electrically operated gate valve provides personnel safety during
model changes, The pneumatically operated butterfly valve is used to start (and stop) the tunnel with tha
control valve pre-poeitioned to the control point to minimize the starting transient. The stem motion of the
double-port control valve is nctuated by a pneumatic, piston-type operator., The Taylor pneum-tc, pressure-
control system maintaine the settling chamber pressure to within approximately one-fourth to one-half per-

cent of the set point during a run, The tunnel is operated at total pressures of 15 to 75 psia,

A series of screens In the wide-angle diffuser and settling chamber provide a uniform velocity distribu-

tion and relatively low turbulence level in the settling chamber,

Interchangeable nozzle hlock assemblies (sonic and nominal M = 1,6, 2,0, 2,5, and 3,0) are used with
the perforated-wall test sectlon (Figure 2). Test section Mach numbers from 0,5 to 1,35 can be generated
with the sonle nozzle blocks, The porosity of the walls is 6 percent, with the holes inclined 60 degrees from
the nortnal, The top and bottom perforated walls can be converged or diverged 60 minutes, TFour manually
adjuatable ¢jector flaps (located at tunnel station 37) provide the pumping action to pull air through the per-
forated walls; this ejector flow re-enters in the diffuser section. The plenum bypass line i8 used to provide

ndditional plenum pumping for obtaining Mach numbers of 1.1 to 1.35 with the sonic blocke.

Figure 2, Tunnel Test and Nozzle Rections with Plerum Door Retracted



1
iy
£

A vertical-strut mechanism allows pitching sting-mounted models from minus T-degree to plie 13- “
degree angle of attack at a rate of 1,2 degrees per second, A choke assembly, consisting of a remiotely transs
latable center body, ia mounted in a cylindrical section downstream of the pitching strut, The primary fone -
tion of the choke is to vary Mach numher sutsonically by choke-area changes; however, this assembly «'se
provides supersaonic diffusion when testing at the higher Mach numbers. A f-degree conical subsoni: diffuser
is downstream of the choke assembly, A detailed description of the transonic tunnei, as originally built, is
given by Davis and Peterloae and by Tolbeﬁ". '

Typical test-section centerline Mach number distributiona ave presented in Figure 3,
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Figure 3, Typical Centerline Mach Sumber IDistribytions
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Models

are presented in Table I, Configurations 4, 6,
tion; i,e., one set i
below centerline in the vertical plane.

Seven of

Configu 1'_:11_:'.::!1

o~ R S N

L |

the eight models tasted are presented in Figure 4, and pertinent model dimensions and areas

d, in.

1.100
1,100
1.550
1,375
1.055
1,125
1.1256
0,868

1.625
1,622
1.550
1.444
1.650
1.125
1,125
0.468

Figure 4.

Model Dimensions

£, in,

4,178
4.178
13.07
4,070
5,962
3,785
4.815
6,831

Model Configurations

TABLE I

FR S, in, SL,in. ST.iu.z
3.80 0,95 0 4,28
3.80 0,95 0 4.63
8.8 1.90 4,20 19.3
2,96 1.49 0.60 6.18
5,65 0,88 0 6.02
3.36 0,99 1,29 5,50
4,28 0.99 0,52 5,27
7.87 0.59 1.60 7.18

S

and 7 were tested with the cruciform fins in the plus (+) posi-
n the vertical plane, The three-finned configurations, 3 and 8, were tested with one fin

LIST

0,22
0,10

0.23
0.10
0,22



Balance and Sting Configurations

Two three-component strain gage balance-support sting configurations were wied, A tunnel inatallation }:.‘-"_
of the SC-3C-3 balance (used with configurations 1, 2, 4, 5, 8, and 7) is shown in Figure 8, Configuretions 3
and 8 were tested with the SC-3C=5 balance shown in Figure 8,

The design specificationa of the balancus sre:

Balance Dia, , in, Na, tbe Ad, 1be d, i, -Ibe Design Stress, pot
SC-3C-3 0.15 120 28 170 2,000
8C=3C-5 0,58 as 4 130 40,000

Figure 5. SC-3C-3 Balance-Sting Installation in Tunnel



Figure 6, 'SC-3C~5 Balance and Support Sting

Measurements of both axial and normal force were made, with the moment gages wired so that normal
forces were measured directly, The natural frejuencies of the model-balance configurations are listed in

Table II,

TABLE II

Wind-off Natural Freqvency and Damping of Sting-Balance-Model Cénfigurations

Bendiaovatian Balance P cycles/sec L cycles/sec f o cycles/sec . b

1 5C=3C=-3 1200 89 970 0,038
2 SC=-3C=-3 1160 90 880 0,044
3 SC-3C-5 540 31 700 0.047
4 8C-3C-3 470 47 710 0.014
] SC-3C-3 790 76 940 0.020
6 SC=3C-3 620 ’ 58 970 0.019
7 SC=-3C-3 570 56 940 0,015
[} SC=3C-5 890 66 800 --

Instrumentation

The balance strain guge outpiits were recorded on a direct-writing Visicorder oscillograph (using 3.3-kc
galvanometers) coupled to a 20-ke CEC carrier amplifier, This combination provided a flat frequency re-
sponse up to approximately 1600 cycles per second, The Visicorder was operated at a raper speed of 25
Inches per second, The settling chamber pressure (transient and steady-state) was measured with a 100-psia
strain gage transducer; the output was recorded on a self-balancing 1-second (full-scale response time) strip
chart recorder, The stagnation pressure transient signal lagged behind the oscillograph traces; however,

this lag did not appreciably affect the accuracy of the measurements,

Typical normal- and axial-force oscillograph traces of starting and stopping are presented in Figure 7.

The accuracy in the measurement of peak loads is approximately +10 percent.

16
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T Proce

A summary of tho tests conducted is presented in Table III, mmmdwm
with identical tunnel operating conditions—varies in & random tashion, a statistical w is required,
The lack of available wind-tunnel iest time, plus the need to test several coafigurations, severely limited the
number of runs that could be made under similar test conditions, Hence, it is possible that the maximum
transient loads (especially normal-force) that might be encountered for these configurations have not been
determined,

The test procedure consisted of (1) pre-positioning the control valve, (2) simultaneously starting the Visi-
corder and strip chart recorders and energlzing the quick-opening valve, and (8) manually operatinz the prea-
sure control system until the set point was reached, and then (4) switching over to the automatic operation of

the pressure control system,

The starting times varied from approximately 0,4 to 0,7 second at M = 2, 0,6 to 1,0 second at M = 2.5,
and 4.5 to 10 seconds at M = 3,0, The stopping times were approximately 0,25, 0,25, and 0,680 second at
Mach numbers of 2, 2,5, and 3, respectively, The tunnel started at nominal stagnation pressures of 26, 41,
and 55 psin at Mach numbers of 2, 2,5, and 3, respectively, The normal running stagnation pressures are 30,
46, and 70 peia at these Mach numhers. The long starting time at Mach 3 is a tunnel operating limitation,

The tunnel must be started slowly at M = 3 to avoid a stagnation pressure overshoot which would rupture the
82-pufa blowoff diaphragms (Figure 1),

TABLE III

Schedule of Runs

Configuration M =2 M= 2,5 M=3
1 2 12 2
2 2 2 2
3 2 - 2
4 - - 4
] - - 2
8 me == 4
7 -- -- 2
8 2 - -

Data Reduction

Maximum values of normal force (both positive and negative) and axial force during starting and stopping
wore measured from the oscillograph records, using previously determined calibration constants. The steady-
state axial loads were measured at three points on the oscillograph traces, The frequency of oscillation of the
normal and axial forces were measured from the oscillograph records at the maximum transient load condition
and during steady state. The starting and stopping times were estimated from the Visicorder traces.

The minimum stagnation pressure at which supersonic flow was established was determined for each
tunnel start, These pressures were measured from the strip chart records, using the starting times deter-
mined from the oscillograph records., Arithmetic averages of these starting pressures (26, 41, and 55 psia at

M = 2, 2,5, and 3, respectively) were used to calculate the normal-force coefficients,

18



Axial Loads

-nnm.-ammmmummmmmumuutmummg
is presented in Figure 8, Each block or bar represents the variation in the maximum transical loads for the
number of runs shown in Table Il mmr&umummuprhnhmhh. The
effect of model size and shape on the magnitude of the loads is relatively small, Note that the total apread of
atarﬂmloudaforcmﬂnnﬂonlltu-I.S(MM!IMH-HM?MNMWMM
test conditions where only 2 or 4 runs were made.
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Figure 8, Range of Maximum Measured Axial-Force Starting and Stopping lLoads
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The ratio of maximum starting loads to steady-state loads (at @ = 0 degrees) is presented as a function
of Mach numbor in Figure 9, The measured stendy-state loads were decressed by the ratio of q /q for this
load rati» comparison, The data indicate an increase of load ratio with Mach number; & maximum trunsient
axial force of approximately 3-1/2 times the steady-state axial force was cbserved at Mach 3,

The present data are compared with starting load data taken in the Ordnance Aerophysics Iabnruurys
10~ by 27.5-inch continuous tunnel (Figure 8), The OAL starting loads are considerably higher than the
present data, especially above a Mach number of 2,5, A possible explanation for this difference is that the
OAL models are low-drag shapes, whereas the Sandia models are basically high-drag shapes (Figure 4),
During the transient starting process, the percentage increase (above steady state) of wave or pressure drag
should be higher on the low-drag shapes, Hence, the validity of comparing axial-force data for different
model shapes on this basis appears questionable,

%9 symsoL sHaPE SOURCE
O —— g
(o) <__B:____| OAL, REF B
|4 =
BANDIA CONFIQURATIONS
A 1
&
2+ e
@
Y
b
ot ' ]
3 &
g
HE]
glE
4
4
24
[
o] T T U ]
10 1.3 20 23 30

MACH NUMBER

I"igure 9, Effect of Mach Number and Model Shape on the Ratio of Starting
to Steady-State Axial-Force Loads
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Normal Loads

The range of maximum measured normal forces for the eight configurations at the three test Mach num=~

bers is presented in Figure 10, The peak load (whether negative or positive) was determined for each run;
each block or bar in Figure 10 represents the variation in these peak loads for the numbor of runs shown in
Table Ill. Comparison of the positive versus the negative loads (not presented herein) indicated the rendom-

LS e et el

s Nl R ek

ness of the starting load phenomenon and that the tunnel flow is symmetrical; |, e, the range of negative loads

was approximately equal to the range of positive loads.

[]nm
f§ s

40~ 248
?
204
i
0
M+ 503
. 1
40 4
20+ [' .
[+] 1 T
1 2 3 4 L & ’ L]
COMFIGURAT 10N
Figure 10. Range of Maximum Measured Normal-Force Starting and Stopping Loads
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The ratio of starting loads (at @ = O degrees) to sieady running 1oads” (at « » 10 degrees) for four con-
uguuumupmmmrwonu-!\uﬁudmm. Dats on body alone, wing alene, and
wing=body % mlut‘mmtthrMOMwm ocontinuous funnel are compared with the pre-
sent data . - Figure 11, These normal-force data correlate fairly well,

SYMBOL SHAPE souRet
A - 4 DAL, REF. 5
8 B.= on, w3
0 (—:E:—ﬁ oAL, NEPR 8
@  CONFIGURATION | SANDIA
@  CONPIOURATION 2 SANDIA
@  cONPIOURATION ¢ SANDIA
@  CONFIGURATION 8 SANDIA

10+

* ClCon

.-

=

-]
:H.-

NORMAL FORCE
L 4

2
il.
B .
fi-
o | s v L] 1
] | 2 3 L] -]
MACH NUMBER

Figure 11, Effect of Mach Number and Model Shape on Ratio of Startihg to
Steady-State Normal-Force loads

a
The steady-state data for configurations 1, 2, 4, and 5 were obtained during previous three-component
force tests in this facility,
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Figure 12, The stopping loads for the OAL body-alone model are considerably higher (above Mach number )
than the Sandia and other OAL stopping load data,

A B., s

f

neF S
B CONFIGURATION | SANDIA
@  CONFIGURATION 2 SANDIA
@  CONFIGURATION 4 SANDIA
6- @ cowroumaTion 8 SANOIA
L
@
1 -
.
:
1Ay T T T T
0 i (K} 20 29 30 :

Figure 12, Effcct of Mach Number and Model Shape on Ratlo of Stopping
to Steady-State Normal-Forre lLoads



mmm-m-rmmdnmnmmu'wum W n (Equatic
tion of starting load data on the variety of models from bodies of revol (
the mathematical model for the normal-shock method (which unﬂh!b‘ m n“ aspect ratio,
ﬂﬁnmtpxmnumammmmmmm.boutswetmm‘wm Cross flow
would reduce the pressure difference (assumed normal shock below and attached shock above N model), re-
sulting in lower starting loads, mm,ﬂummattmmmmunhnMGSJ%
(lifting surface area t» total planform area); i,e., the cross flow would be maximum at §, /S, = 0,

Examination of starting load data from several sources, *>*® along with the present date, indicated
that, in general, the experimental data were considerably lower than normal-shock method predictior. (Equa-
tion 3) at Mach numbers up to approximately 2.5. An empirical modification of Equation 3 was derived in an
attempt to develop a method which would predict more reasonable loads at the lower Mach numbers and \+hich
would account for the area ratio sLlsT. This equation is

N 2 !
C C @ 2?(“ L1 1) {‘)

=
e (1'+1) (1+3—%—1 Mg) A7 -1

where

S
3 /M-1 "L
ﬂ_2(M')(0'9+°'15T)-1.DSM$3.0 o
SL
B=0,9+ 0,1 g 3.0< M <5,0. i
T

The range of normal-force starting load data from this investigation, along with data from BEDC3 on an
AGARD B model, are compared with the analytical methods (Equations 3 and 4) in Figure 13. The present
data include the range of maximum loads measured on 8 runs (4 configurations), 14 runs (2 configurations),
and 18 runs (7 configurations) at Mach numbers of 2, 2,5, and 3, respectively., The AEDC data represent
60, 198, and 36 runs at Mach numbers 2, 3, and 4.5 respectively, on one configuration. The agreement be-
tween these data is fair and the modifi::d normal~shock method (Equation 4) is in closer agreement with the
data than the normal-shock method (Equation 3).

The maximum normal-force starting loads (in coefficient form) from these tests, along with data from
five other sources, are compared with the analytical methods in Figure 14, With the exception of the one data
point {rom Reference 8, values of C Ne computed from Equation 4 appear to be reasonable approximations of
the maximum measured loads, The agreement between the measured values is fair, considering the different
model shapes, model sizes, and types of tunnels employed in obtaining these data,
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Figure 13. Range of Measured Normal-Force Starting Loads (comparison with
AEDC data and empirical method)
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Figure 14, Comparison of Experimental Data with Modified Normal-Shock Meothoda
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The same data are presented in a different manner in Figure 15; the experimental normal force coeffi-
cients are plotted versus values calculated from Equation 4, Most of the experimental data fall between the
line of perfect correlation” and the line C. /C,. = 1/2. A possible reason for the higher experimental data
point from Reference 8 is advanced in the next section, The reason for the low starting loads for configuration
3 (solid symbols in Figure 15) is unknown,

On the basis of the data correlations in Figures 14 and 15, Equation 4 will be used to compute the maxi-~
mum normal-force starting loads for the design of balances, models, etc. in the Sandia facilities.

0 SYMBOL SOURCE
[ ] SANDIA, CONF.3
(o] SANDIA, CONF. 1-2,4-8
A AEDC, REF. 3 o
8] uaC, REF. 3
o3 REF. 8
A NAA, REF. |
d@ NAA, REF. |
(1) BLOWDOWN TUNNEL
(2) CONTINUOUS TUNNEL
0.3+

0.2

Com (EXPERIMENTAL )

0.1+

1] T T L
o ol 0.z 03
Cu (EMPIRICAL), EQUATION 4

Figure 15, Correlation of Experimental Data with Modified Normal-Shock Method

W
The empirical modification (Equation 4) is, in general, conservative.
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Frequency and Damping Effects o

Wind-off and wind-on measurements of mode! oscillation frequencies in the axial and normal tvertieal)
directions indicated that the models oscillated at the natural frequencies during the starting and stopping =
transients, These natural frequencies are listed in Table Il There sre two discernible frequencies in the
normal direction; a high frequency due to sting bending is superimposed on the lower fraquency escillation of 3
the balance flexures.

The damping factor (b) was delermined from the wind-off oscillograph traces, using the following equa~

tiong:

2wb
in Bm - fn .m+1 -—.-I;-i 1))

-

where m is a given numbered cycle.

These damping factors (for the decay of the lower frequency oscillation, ‘ul, are listed in Table 11,

An attempt was made to measure the forcing frequencies (pressure fluctuations) during the transisnt
starting and stopping in order tc ascertain whether conditions were such that the normal-force loads migh® be
magnified by the forcing frequencies. The test section static pressures were measured with a ?0-pald Statham
pressure transducer mounted on the perforated-wall test section at stations 10 and 24 (see Figure i), The
transducer output was monitored on a Visicorder in a manner similar to that described for balance sirain gage
output {see Instrumentation), Low-amplitude pressure oscillations in the approximate range of 100 to 1000
cycles per second were recorded at all three Mach numbers during start, stop, and steady - running «onditions;
these higher frequencies were not considered significant because of the low amplitudea. The approximate
values of forcing frequem:ies' are presented in Table IV,

TABLE 1V

Forcing Frequerncy Data

M rf, cycles/sec, during start rf, cycles/mec, during stop
2 3.2 3.2

2.5 3.2, 6, 96 3,2, 6, 40, 110

3 3.2, 11, 90, 120 3,2, 6, 10, 45, 100

The frequency of the tunnel organ piping was 3,2 « ;clen per second, Organ piping 18 the fore and aft
movement of waves (which originate as pressure pulses from control valve movement) botween the exhaust

stack and the terminal shock system (or the settling chambe: (f the flow {8 subsonic),

*
North Americanl reported forcirg frequencies (from tunnel pressure mesgurements) In the renge of % to
150 cycles per second.



A piot of relative me“m mmmmm
with various damping factors MfwaM.Wh&MMW is presented
in Figure 16, The frequency ratios measured in thess tests (from Tables II & IV) at each Mach number during
start and stop are plotted in Figure 16, along with a tabulation of the damping factors.
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Figure 16, Comparison of the Measured Frequency Ratios and Daniping Factors with
Ratios for a Forced-Vibration (with viscous damping) System
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have occurred at Mach numbers of 2.5 and 3,0, sirce the frequency ratics are in the resonsnce rengs sl the '&
damping factors are very small., However, the Mach number 2 data indicete =) fore and st cscilietion of the
starting shocks which occurred at the other Mach numbers, The symmetrical start (continuous movement of
a shock system down the tunnel) probably accounts for the lower normal-force loads measured by several tn-

vestigators (see Figure 14) than would be predicted by using normal-shock theory (Equation 3), Kinaslving
and Jackson® indicated that schlieren movies showed symmetrical starts in Tunnel E=1 at M » 2, «

The larger normal-force starting load at M = 2 (shown in Figures 14 and 13) from Reference § migh :«i
have been due to an unsymmetrical start and/or frequency ratios near resonance, ;

Conclusions

AT (S e

Analysls.d the transient axial- and normal-force data presented herein and comparison of these data
with analytical methods and other data indicate that:

1. In general, the axial- and normal -force starting loads were slightly higher than the stopping loads In
the Sandia 1-foot tunnel,

2. The maximum axial-force starting load at a * 0 degrees was approximately 3-1/2 times the steady -
state runmag load at @ = 0 degrees for M = 3 in this facility; the maximum normal-force starting load
at @ = 0 degrees was approximately 5 times the steady-state running load at @ = 10 degreea for M «

3. The models oscillated at the natural frequencies of the model-balance-sting system during the aceur-
rence of the peak transient loads in this facility; measurements of test section pressure tranaleids
indicated symmetrical starts at M * 2 and nonsymmetrical (fore and aft nacillation of tae s> wye-
tem) at M = 2,5and M = 3,

4. These maximum normal-force starting load data correlate fairly well with data from other tunnels
for a variety of model shapes when the coefficients are calculated on an equivalent baals, |,e,, uase

of total model planform area as the reference area,

5. The magnitude of the normal-force starting load sppears to be a function of 'il !!‘T {Iifing surfai»

area/planform area),

6. An empirical modification of the "normal-shock” method allows a degree of correlation of the asal-~
mum starting loads measured on a variety of model shapes al «ix supersonic wind tunnels,

_ '"Them- two forced vibration systems are somewhst dissimilar, since the forcing function pressure os -
cillations (Table IV) last only a few cycles and are not truly periodic compared with the harmonic shaling
force acting on the vibrating mass for the (deal system,
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