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was considered the area of greatest uncertainty. Pressure measurements were .
recorded on the front, roof, and rear sections of the reg&gpg1e and at specified
intervals around the upper half of the cylindrical mode1~g>ﬂhditiona1 measure-
ments-were taken On a simulated_ground plane 1g‘fr0ﬁfﬁ6fa oth_structures.» The

Yeffect of a horizontal roof extension on both structures was also invesglgated.d>;¢r-;4
The experimental data were used to prudee-a~descr%pt%en~d?¥fﬁ9 phenomenoTogy

associated with high-pressure shock diffraction and Sh‘eyaluat¢on—eﬁ{6hrréht L5allinte
simplified prediction techniques fThe prediction techniques evaluated were
those Erei%gigd inpthe Air Force Manual for-Design and Analysis of Hardened

' T02y—> The prediction techniques for rectangular struc-

§TE;§65?:T tural loads were fairly reliab]e:\.Hgygxg¥ﬁ‘§yggg§§ions for additional improve-
ments in the techniques were presented. e evaluations indicate thatSynsatis-
factory techniques exist for determining pointwise structural loads on the
cylindrical model and for determining ground surface loads in front of an above-
| lground obstruction % During the investigation, the upper half of the cylindrical
modeT was considered to be an arch structure. It is recommended that future
efforts consider parametric investigations using reliable current computer codes
as a data base for improving the simplified prediction techniques.
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PREFACE

The experimental testing described-within this report was conducted by the
Civil Engineering Research Facility<{CERF) operated by the University of New
Mexico under contract_i,,zxgi-mﬁ!ad, Work Order 4.01C. This testing was
performed by Mr. Robert 0. ClarK with the assistance of Mr. Wayne McMurtry.
Mr. Clark also provided information used in this report to describe the instru-
mentation and testing procedures. Mr. Douglas Seemann, formerly of the Air
Force Weapons Laboratory, was responsible for the conversion of digital data
to final engineering units and the resulting data plots. Captain Jerry S.
Doughty of the Air Force Weapons Laboratory was the Laboratory Project Officer
from March 1973 until April 1975. Dr. Maynard A. Plamondon was the Laboratory
Project Ufficer from mpril 1975 until December 1975,
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SECTION I
INTRODUCTION

1. BACKGROUND

Two basic criteria must be satisfied to provide accurate design or analysis
of structures. First, the applied loading conditions on the structure must be
defined and, secon-., structural behavior models must be available which adequate-
1y simulate the structure's response under the applied loading conditions. The
calculations involved can range anywhere from simple hand solutions to complex
computer codes. The required complexity of the loading function will depend
upon the degree of refinement attempted in analyzing the structure.

For an aboveground structure subjected to airblast loading, the external
boundary conditions arc composed of (a) the airblast induced pressures acting
on the exposed face; of the structure and (b) the foundation reactions resulting
from these pressure loadings and the motions of the structure.

These airblast loadings have generally been determined by one of the follow-
ing methods.

a. Extension of experimental data derived from high explosive tests and
shock tube and wind tunnel experiments.

b. Theoretical calculations based on ideal gases.

c. Large hydrodynamic codes employing theory and experimental data as the
basis of their behavior models.

Since most experiments have been conducted at incident overpressures less than
50 psi and only a few tests above 100 psi, the use of empirical methods without
verification becomes questionable at higher pressures; extrapolation can be
misleading and ideal gas behavior may no longer apply.

2. OBJECTIVE

The primary objective of this investigation was to determine the adequacy of
current techniques for predicting airblast Toadings on exposed aboveground
structures subjected to high incident overpressures. To satisfy this objective,
experimental data were collected to evaluate and refine current simplified tech-
niques and complex mathematical models. Because the initial®diffraction loading

oy
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phase was considered the area of greatest uncertainty, this investigation was
directed at the early time loading of simple structural shapes. Two basic
shapes, a rectangular block and a cylinder, were subjected to nominal 100 and
300 psi incident overpressure levels. Pressure measurements were recorded on
the front, roof, and rear section of the rectangle and at specified intervals
around the upper front and rear of the cylinder. Additional measurements were
taken on a simulated ground plane in front of both structures. The effect of a
horizontal roof extension on both structures was also investigated.

The experimental data were used to provide both a description of the
phenomenology associated with high pressure shock diffraction and an evaluation
of current simplified prediction techniques specified by The Air Force Manual
for the Design and Analysis of Hardened Structures. An evaluation of a more
complex aralytic technique for predicting airblast diffraction is reported in
reference 1 and employs the data collected under'this effort.

3. APPROACH

The experimental phase consisted of testing basic two dimensional structural
shapes in a 13-inch diameter high-pressure shock tube. The time duration of
interest and height and depth of the test structures were such that the effects
of the thirc dimension are not inherent in the test presented. The shock tube
used in this investigation was a combustible gas driven tube located at the
Civil Engi ‘ering Research Facility, Kirtland AFB, New Mexico. Nominal 100 and
300 psi st shock pulses were used as incident loading conditions on the test
structures shown in figure 1. Representative waveforms of each loading are
shown in figure 2. Figures 1.(a) and 1.(b) show the basic rectangular and
cylindrical structures and also indicate the central gage locations for mea-
suring pressure. The supports for both structures were designed such that each
structure could be rotated between tests allowing measurements at all locations
around the structures. Figures 1.{c) and 1.(d) show the wedges used to slice
the incident shock wave and provide a surface for measuring reflected shocks
propagating from the faces of the structures. The orientation view of tnese
figures is such that the shock propagation direction is down and parallel to
the plane of the figure. Two gage locations were chosen on the left faces of
the wedges. These gages were on a line parallel to the direction of shock
propagation and intersecting the stagnation point on the structure faces.
Because the gages lie along a plane of symmetry with respect to the shock front
and structure face, the test setup may be viewed as measurements along a ground

£
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i (a) Rectangular Structure
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(b) Cylindrical Structure

e

Figure 1. Test Structures
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(e) Rectangle with Roof Extension

{f) Cylinder with Roof Extension

Figure 1. Test Structures (Continued)
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Figure 2. Representative Incident Overpressure Waveforms
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plane which intersects the midpoints of the structure face. Figures 1.(e) and
1.(f) show the roof extensions attached to the rectangle and cylinder. These
were tested to determine whether the pressure Toading on the front and top
surfaces would be independent of the downstream extensions. In addition to
the on-structure pressure measurements, measurements of incident pressure were
made during each test for control purposes. Additional details concerning the
test structures and gage locations are provided in figures 3 and 4.

After conversion to engineering units, the experimental data were evaluated
to produce details associated with the shock diffraction process--details con-
sisting primarily of reflected pressures, relief times to stagnation pressure,
and vortex action on the top and rear of the structures. Once the basic
phenomenology was described, the data were compared to predictions based on
techniques specified in the available Titerature. These comparisons were then
used to evaluate the validity of the prediction techniques.
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SECTION II
TEST DESCRIPTION

1. SHOCK TUBE

A general description of the 13-in. high-pressure shock tube is shown in
figure 5. Also depicted in this figure are the locations of the pressure gages
uscd to monitor the incident pressure during each test and the velocity count
and oscilloscope start triggers. The combustible gas for all tests consisted
of one part oxygen to two parts hydrogen. The 15-ft. long combustion chamber
is sufficient to produce a constant or step function shockwave for approximately
400 microseconds at the test station located 65 feet away.

2. TEST PREPARATION

After sealing both ends of the shock tube expansion chamber with thin
aluminum sheeting, the hydrogen and oxygen gases were fed into the chamber and
allowed to mix for a minimum time of 1 hour. Prior to this time the test
structures had been instrumented and positioned in the test section. The test
section was then sealed by closing the access ports. The instrumentation
recording systems were given a final check and ambient measurements of tempera-
ture and pressure were made. Firing of the explosive gas mixture was accom-
plished by spark plugs equally spaced along the top and bottom lengths of the
combustion chamber. The oscilloscopes used to record the transducer signals
were automatically activated by the trigger gages located upstream from the
test structures. These procedures were repeated for each test.

ISFT ot §5FT-

COMBUSTION EXPANSION CHAMBER —yT TN e
CHAMBER nF' OCITY COUNT | b SCOPE START

f— )

/ SIIYDE ON_PRESSURE GAUGE
FITIRIIIITETN

faw]. = sz
. J - S~ 45 - .
szj‘e i e 7777777774 ’4177—7;;—’ /*v 27

6% 1 11IN ACCESS PORT '\ 'MODEL SUPPORT
"SIDE ON PRESSURE GAUGE

Figure 5. Thirteen-inch High-Pressure Shock Tube
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3. TEST STRUCTURES

The test structures used in this investigation are shown in figure 1. The
3 x 3 x 12 in. rectangular structure was instrumented with pressure transducers
located on the upper half of one face as shown in figure 3. It was necessary
to space these gages along the third dimension (width) in order to reduce the
vertical spacing between gages. For the short time durations of interest and
the dimensions of the shock tube and test structures, the variations in pressure
at each gage location will be independent of the third dimension. Further,
symmetry considerations require the measurement of pressure only on one-half of
the vertical face of the test structure. Measurements were conducted on the
roof and rear faces by rotating the test structure in the manner suggested by
figure 6. However, pressure measurements were made only at two upper locations
on the rear face of the model since the proximity of the Tower Tocations

ed . .
_tions and flow disturbance.

SN e s s W e D

=

IHOCHK
DIRECTION

A. FRONT FACE 3, ROOF - FRONT WALF C. ROOF - REAR NALF 0. REAR

Figure 6. Rectangular Structure Rotation Sequence

The 3-in. diameter by 12-in. length cylindrical structure was instrumented
with three gages at 10 degree intervals as shown in figure 4. Again, the third
dimension was used to allow closer angular spacing of the gages. The cylindri-
cal structure was designed such that the central 4 inch section could be
rotated, thus providing complete pressure measurement capability around the
structure. Naturally, numerous tests were necessary to provide complete data
acquisition around both structures.

-
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Symmetry considerations allow the top half of the cylindrical structure to
be viewed as an arch lying on a planar surface when boundary layer effects are

neglected. For this reason, the cylindrical structure will be referred to as
an arch throughout the remainder of this report.

A1l test structures were supported across the center of the shock tube by
a backup plate which was bolted to either side of the shock tube wall. This
plate also served tc conduct the gage cables from the test structure to the cut-
side of the shock tube. The support spacers shown in figures 3 and 4 were
replaced with the roof extensions when these tests were conducted.

4. INSTRUMENTATION

Model ST4 and ST4A pressure transducers manufactured by Susquehanna Instru-
ments were used to measure incident, stagnation, and on-structure pressure
loadings. These gages differ only in that the ST4 gage is designed for a
threaded receptacle whereas the ST4A is not (see figure 7). The manufacturer's
specifications for these gages are presented in appendix A. These gages are
l miniature piezoelectric bar type pressure transducers which have been found to
i be suitable gages for high pressure shock tube experimentation. The ST4 and
I ST4A gages have a high frequency response with Tow acceleration sensitivity and
, Tow cross-axis sensitivity.

At the higher 300 psi test level the gages had to be protected against the
1 temperatures associated with the high reflected pressures and gas combustion
i products. This protection was provided by a layer of Scotch electrical tape
covered with a thin layer of silicone lubricant as an ablative material.

Initial data recording of these gages was accomplished with Kistler charge
amplifiers, Models 503 and 568, and Tektronix 555 oscilloscopes using 1A6 f
preamplifiers and recorded on Polaroid film. ]

| Calibration of the preéSure transducers was accomplished with the use of a
@: specially modified hydraulic dead weight tester. This device was capable of
providing step pulses of fixed magnitude. Each gage was calibrated at various
pressure 1eve1s.and sensitivity settings. The resulting calibration curves
were used to convert the Polaroid recordings of oscilloscope traces to final

e

'] engineering units. Periodic recalibration was performed during the testing
: phase to detect any changes in gage response characteristics. If and when :
detected, the new calibration curve was used. g

18 1
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(b) Side View

Figure 7. ST4 and ST4A Pressure Transducers
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5. TEST SEQUENCE

A complete 1ist of all tests conducted during this investigation is provided
in appendix B. Included in this 1ist are the ambient pressures and temperatures
recorded prior to each test. In general, the test sequence ~onsisted of
(1) preliminary tests with no structure present to determine the correct amounts
N | and mixture for the explosive gas which would yield 100 and 300 psi incider.l
ZE pressures at the test section and (2) tests conducted with a fully instrumented
structure in the test section. With the use of a stagnation probe mounted in
the center of the test section, the first group of tests also provided informa-
tion on reflected and stagnation pressures on the face of the proke at varying
incident pressure ‘levels. The stagnation probe was in the shape of a frustum
of a right cone. The tip of the frustum had a diameter only slightly larger
! than the pressure transducer mounted there (see figure 7).

20
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SECTION III

r
BUEETRa— - gy

DATA REDUCTION

Thorough interpretation of test data often requires an understanding of how
the raw experimental data were treated during conversion to final computer

g, T —— S

produced plots. This section presents a general description of the process
used to convert the raw data to engineering units.

T T R

1. OPTICAL - TO - DIGITAL CONVERSION

A11 gage response data, including calibrations, were initially recorded as
oscilloscope traces on Polaroid film. These traces were then reduced from op-
tical form to digital data with a Universal Telereader in the following manner.
The oscilloscope traces were electronically converted to digital records as
;f l E the operator of this device manually followed each trace with moveable cross-
T hairs. The output from this device in counts goes to ar X and Y accumulator

’ [ which then transfers the data to a summary card punch. A calibration for each
trace was obtained by recording the X and Y coordinates of diagonal points
on an indicated 4 x 4 -cm grid on the Polaroid. During all optical reduction,
a 10 power magnification was used resulting in a resolution of approximately
400 counts/cm where the data traces were confined to a minimum 5 x 10 -cm grid
area. The resulting punched card cutput was then stored on magnetic tape in
card image format.

e i

4 ! 2. DIGITAL - TO - ENGINEERINGS UNITS CONVERSION

Before the test data could be converted to standard engineering units of
pressure and time, it was necessary to generate calibration values for each
pressure transducer. This was accomplished by converting the digital analog
of the calibration oscilloscope traces to units of time and deflection based
on the oscilloscope grid scale and the prescribed time scale tor each calibra-
tion. A typical time duration for each calibration pulse was four seconds.
Each pressure time curve was then numerically integrated. The value of this
integral just prior to pressure relief was then divided by the time duration
| to provide an averace deflection or amplitude. The deflection values thus

generated and the known calibration pressure levels were then used to provide

pressure versus deflection calibration curves for each transducer. All data
conversion, integration, and plotting were performed by a computer.

et TR I
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After the calibration curves were generated, it was then possible to con-

! vert the test data from digital format to units ot pressure and time. The com-
puter program developed for this data reduction first converted the digital

} | data to deflection versus time coordinates and then used the linear segmented

] ] calibration curves to convert to units of pressur~ versus time.

! The label appearing on each individual data plot is used to identify the
} ' plot according to the designation system described by figure 8. The exception
i to this system is the identifying label used for the stagnation probe tests.
The following system was used for these tests:

1 - STAG. PROBE - INC * 296

| . 3
' 1 - STAG. PROBE - FF * 297 i
' where the "1" represents the test number, INC represents an incident pressure f
’ l measurement, FF represents a measurement on the probe tip, and the last char- ;
‘ i acters represent the measurement number. ’

! i 3. COMPOSITE DATA CONSTRUCTION

Ea SR Sl LR Sk SRR - s s i s Rt

| When two or more measurements were made at similar locations and under
similar conditions, composite data records were constructed by averaging the
similar measurements. Similar measurements were averaged only when there were
3 no major discrepancies in waveform or magnitude between measurements. The

3 composite record identification system used for these traces is the same as

a9 for the individual measurements with the exception that all measurement

; { numbers used to generate the composite are listed.
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SECTION IV
EXPERIMENTAL DATA

1. INTRODUCTION

The objective of this section is to provide characteristic descriptions of
the test data in a condensed format. The stagnation probe data are presented
primarily as reflection factors and drag coefficients as functions of incident
overpressure level. Test data from the simple structural shapes are shown in
the form of pressure variations as a function of time and position. Local
reflection factors and drag coefficients are also presented. The data from the
extended model tests are provided as overlays on the pressure-time hfstories
recorded at similar locations on the basic structural shapes without extensions.
And, finally, the simulated ground plane test data are presented as reflected
wave attenuation curves.

More specific information in the form of individual pressure-time histories
are presented in appendix C for all measurements conducted during this effort.
Appendix C also contains composite pressure-time histories constructed from
similar measurements. These composites were used in the following data pre-
sentation when possible.

2. STAGNATION PROBE TESTS

As stated earlier, preliminary tests were conducted using varying amounts
and ratios of oxygen and hydrogen. The objective of these tests was to identify
the correct gas mixtures which would yield the desired 100 and 300 psi incident
pressure levels. Table 1 provides a tabulation of incident pressures and re-
sulting reflected and stagnation pressures measured during these tests. In-
cluded in this tabulation are the shock front velocities which were measured
with trigger gages located upstream from the shock tube test section. A com-
parison of the measured incident pressures and incident pressures derived
theoretically from the measured shock front velocities is also provided in
table 1. This comparison demonstrafes reasonable agreement between the two
quantities and indicates that within this range of pressures, free stream shock
characteristics do not vary significantly from ideal behavior. In fact the
primary source of variation may easily be attributed to experimental errors in
measuring pressure and shock velocity.

24

L ol i 2 A it g P e

e 2 Sl B - — X




|
:
i
s
|

TS i L]

IR P

AFWL-TR-75-290

Table 1

STAGNATION PROBE MEASUREME:TS

INCIDENT

4; REFLECTED STAGNATION SHOCK FRONT CeLEULgTED
PRESSURE PRESSURE PRESSURE VELOCITY PRESSURE

(psi) (psi) (psi) (fps) (psi)

94 450 230 | 3144 o |

95 465 237 3164 9

100 510 275 3175 95

104 570 310 -

104 585 280 3156 9
104 650 375 3220 99

106 530 290 3169 95

107 675 350 3214 98

110 650 350 3223 99

13 650 350 3227 99

135 745 390 3759 138
153 950 550 3929 154
158 920 460 3935 152

161 980 465 3967 154
224 1590 925 4638 220
300 2140 1250 5273 287
330 2350 1400 R

*Quantity Not Measured.

25

y P s e i i
T Tt R it ) Py ey - W T -




AFWL-TR-75-290

The data collected during these tests can be used to determine reflection
factors and drag coefficients for a range of incident pressure levels. The

values would be applicable to frontal loads on a disc shaped plane oriented
normal to the direction of shock propagation. The reflection factors may be
calculated simply as follows:

{ where

RF

Reflection Factor

PRO = Reflected Pressure

PSO = Incident Overpressure

|
l ! The drag coefficients require a knowledge of the density (p) and flow velocity
‘ (u) behind the shock front. Neither of these quantities were measured in the
l experiments. However, p and u may be calculated from the measured incident
pressures and ambient shock tube conditions as follows:
|
" u-= 5PSO Co 172
E | 7P0 L(i + 6Pso/7P0) /
| ey 7+ 6P /P,
o7+ Pso/Po

where

(34
[}

Ambient Speed of Sound

Ambient Density of Unshocked Gas

i®]
n

The above relationships are for an ideal gas with constant specific heats. How-
ever, within the range of pressures investigated there is negligible difference
in flow velocity when air is considered an ideal gas or a nonideal gas (refer-
ence 2) and the variation in density of the shocked gas amounts to less than

10 percent at 300 psi under ideal and nonideal considerations.
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With values ¢f o and u determined as above, the dynamic pressure may be
§ calculated as qo = 1/2 pu®. The difference between measured quasi-steady
pressure and incident overpressure is commonly defined as drag pressure. For
: i the stagnation probe tests, this quasi-steady Pressure is the same as the
: stagnation pressure. The experimental drag coefficients were then determined
as the ratio between drag pressure and dynamic pressure.

l Reflection factors and drag coefficients determined from the preceding
‘ E relationships are presented in table 2, Figure 9 shows reflection factors as

£ a function of incident overpressure level and figure 10 displays similar infor-
mation for drag coefficients. Both sets of data are weighted heavily by the
larger number of Jower pressure level measurements. Figure 9 shows the expect-
ed increase in reflection factors with increasing overpressure level while
figure 10 shows a smaller increase in drag coefficients. A disturbing observa-

tion is the relatively larger scatter in data shown in figure 10 when compared
to the reflection factor data of figure 9.

s s bl SEb TR o ———

‘, 8.0~

REFLECTION FACTOR

| o
{ | 5. OF o

4.0 ! l
9

| ] )
0 140 190 240 290 340

INCIDENT OVERPRESSURE (psi)

£
!
)
;
!

Figure 9. Stagnation Probe Tests Reflection Factors
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Table 2
»{ e STAGNATION PROBE REFLECTION FACTORS AND DRAG COEFFICIENTS
3 INCIDENT REFLECTION DRAG
PRESSURE FACTOR COEFFICIENT
(psi) (RF) (Cd)
9 4.79 1.12
t 95 4.89 1.16
i 100 5.1 1.32
f 104 5.48 1.46
= 104 5.63 1.25
! 104 6.25 1.93
| 106 5.00 1.27
. 07 6.31 1.66
| 10 5.91 1.57
1 13 5.75 1.49
135 5.52 1.25
153 6.21 1.66
158 5,82 1.20
161 6.09 1.17
| 224 7.10 1.76
| f 300 7.13 1.66
[ E 330 7.12 1.66
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DRAG COEFFICIENT

1 | 1
190 240 290

INCIDENT OVERPRESSURE (psi)

Figure 10. Stagnation Probe Tests Drag Coefficients

3. STRUCTURAL MODEL TESTS

The experimental data gathered during the structural model tests are pre-
sented in three separate subsections. These subsections consist of the basic
structural shapes, the extended roof models, and the models with wedge exten-
sions (ground planes). Each of these subsections is further divided into the
data associated with the arch and data associated with the rectangle.

a. Basic Structural Shapes
(1) Simple Arch

General descriptions of pressure loading around the arch structure
at nominal 100 and 300 psi incident pressure levels are presented in figures 11
and 12. These figures show the pressure distributions at 12.5 usec intervals
between 0 and 400 usec for the 100 psi level and between 0 and 300 usec for the
300 psi level. Inspection of these figures provides a description of the basic
phenomena associated with shock diffraction. First, envelopment of the

29

) S L
[ b B e
g, S S

IS ST - TR P O




PRELTERT (M)

-
S
=3

PRESSURE (PSt)

AFWL-TR-

75-290

12,5 §€C
——— T3S
———— a1 5uE

i
i
]

i
I N NP U I SR |

-100

1] i m 1ar £ 1] L
INETH ( RERMLER

87,5 uSEC
—— 100,04 5EC
———— 112.5u8EC

l.lnl.llli_l.lnl.l

ELL

PRESSURE (PS))

-100

60 100
THETA (DEGNEES)

120 1o 150 100

102,54 SEC
o I
———— i

T adtag. ey

| SR B N N WA WU SR

Figure 11.

L] 100 120 140 100 100
THETA (OEGREES)

100 Psi Overpressure

o A s ' = et v
o S0uSEL
§ — 31'5/‘55[,‘
T o
i
= e
E
8
&
g
1]
o Ll g
n 1] " 1] LI B T T T TR

im—
*. ——— msopsee
f - e 0 AR
ey = ———— iLAp ki
= 00 -
]
i F
-
PR
i B |
ST S WFI RPUN BN IR S SR N B
20 a0 50 00 100 120 140 180 80
THETA (OEGHEES)
4900
200.0 ueec
—— 22,5 psec
------- !.H';IIH.
300
= oo
£
u
-
w ok
"
: »
of
] S e PR S P B B

60

Load Distribution

30

80 100 120
THETA (DEGREES)

140 160

- Arch Structure




AFWL-TR 75-290

400
!_ —— B75 pasc s00 7 ————— 275 pusec
——— 250’"“ — e 2875 usec
T e ~ 2625 puaac = = D00 e
& 300k 400
g 200)- =
o
W -
=
2 2
I @
£ 8
&
=
100i | T T I B B |
0 20 40 80 B0 100 120 140 60 180
THETA  (OEGREES) THETA | DEGREES)H
:
£
N 500
Lo —_— 325 asec B ————— 350 e
T ——— 325 usec T e e 362 5 usec
T e == 337.5 usec = — = = 375 usec
4pn - 400 —
3
&
3
' @
v
W
g
-
0 o490 EQ B3 100 B0 MQ WO 80 0 20 40 60 BC 100 20 140 160 180
T TA | DEGREES] THETA (DEGREES)
3 W
B — 3875 e
e 400 ueec
(1] =
4 2 500
; d
: [ 3
=2
i (23
& o0
a.
0
\]
o | e O] Y | al L
“ o a0 mﬁlwi#ﬁlm 60 0
] THETA  (OEGREES)
&
j ®
! Figure 11. 100 Psi Overpressure Load Distribution -
] Arch Structure (Continued)
b J ‘
, 31
§ g ol
] Wt v R "M"'??“N [ ;

i L )




AFWL-TR-75-290

12,5 8€C
o 05 0 $EC
——r—— 37 5pE

s
LS

5
W ik, "1y AT A PO |

1] [ 1] 166 120 1] L1 "
THETA (OEGREES)

1.5 860
e — (00,0 8¢
—— ISR AEE

Figure 12.

0 L 1] 100 120 140 180 180

TNETA (BERSEES)

PEEIIEE (FD0G

50,0 pSEC
— 62,586
———— 7,0 SEC

L1 100 120
THETA (BEGNEES)

—_— 250t
- — — IJ'I.S#“C
——— 150, 0pSEC

"W m i
TRETA (SESAEES)

300 Psi Overpressure Load Distribution - Arch Structure

32




AFWL-TR-75-290

PHESSURE | F51]

————— 8L 5pSEC

s e 1750 pSEC
——— 815 psEC

i

,f“ /\*

B W T

Lo 1 o o ko A /-

L b 1] L1 e 120 140 160 i
THETA (BEGREES)

2375 pusec
250 usec
——— — 262.5 upsuc

I [N N

100 120 140 160 180
THETA  (DEGREES)

PRESSIRE (PEI)

200 psec

— e 225 pseC

3] 100 120
THETA | DEGRELS |

275 psec
— w287 5 us0C
— — = = 300 usec

80 100 120 140
THETA (DEGREES)

Figure 12. 300 Psi Overpressure Load Distribution -
Arch Structure (Continued)




e RN T

AFWL-TR-75-290

1 ! structure by the incident shock wave is seen to result in subsequently higher
g pressures on the upstream face from reflection behavior. As time progresses, 4
' the reflected pressure levels are eventually reduced to a quasi-steady Tevel

by rarefaction waves. The resulting pressures on the windward face are then

composed of the combined action of overpressure and a positive dynamic pressure

effect (drag loading). Both the reflected pressure levels and the later quasi-

steady pressure levels are seen to decrease at higher angles of incidence.

i The rear face locations show that the initial pressure levels are
generally lower than the incident overpres' ire. This decrease results from the
| expansioﬁ“of_the incident pressure wave into the rear region of the structure.
After the initﬁé?wpqssage, the pressure levels continue to be less than the
incident overpressuré]“-However, the reduction is now caused by the action of
vortices which follow the initial wave and are generated as the shocked gas flow
2 deflects around the crown of the étruc;ure. These vortices generate extremely
: i complex, dynamic loading behavior during the first half of the diffraction pro-
cess, but eventually form somewhat stable hign and.low pressure regions on the
l rear face. The loading throughout this period of time is composed of the shock
i wave overpressure and again a dynamic pressure effect However, in this situa-
tion the dynamic pressure results in a negative drag e. 2ct due tc the direction
' of the flow field which is additionally disturbed by the localized vortices.
The "valleys" displayed on the curves suggest the location and number of vor-
tices acting at any one time. In the later stages of the diffraction process s
the number and magnitude of these vortices tend to stabilize, but not disappear.
A comparison between the 100 psi and 300 psi data indicates that the lower pres-
sure Tevel is subject to a larger number of localized vortices than the higher g
pressure level. '

Tables 3 and 4 provide a 1ist of initial peak pressures, steady
state pressures, and time lapses between initial peak load and the steady state

load. Also included in these tables are the measured incident pressures, mea- :
sured shock front velocities, and incident pressures calculated from the shock B
| front velocities. Again, the latter quantities are provided as a measurement
check. Since each test on the arch structure included three different on-struc- '
§ ture measurements (different locations), the measured shock front velocity and -
calculated incident pressure are listed only once for each group of measurements
common to any one test.
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Table 3

ARCH STRUCTURE MEASUREMENTS-100 PSI OVERPRESSURE

~ TNITIAL | STEADY SAOCK | CALCULATED |
INCIDENT PEAK STATE TIME FRONT INCIDENT
POSITION | PRESSURE | PRESSURE | PRESSURE | LAPSE VELOCITY PRESSURE
(DEGREES) (PSI) (PSI) (PS1) (usec) (FPS) (rsl)
0 109 525 300 320 3217 99
109 607 323 320 3224 99
109 500 320 320
10 109 550 305 320
109 555 310 320 3213 99
109 630 341 320
20 109 467 295 310
109 560 313 300
30 109 438 285 330
110 440 260 300 3196 99
40 110 485 260 300
50 110 304 198 310 3190 98
110 310 199 290
60 105 240 175 290 3238 700
105 155 100 270
70 110 131 90 245
110 163 80 260 *
112 153 90 280 3206 98
108 105 70 240 3221 99
80 110 130 60 220
L 110 125 75 175
108 80 40 140
90 110 67 40 180 )
110 88 60 185 32¢0 99
110 105 70 160
100 105 87 80 285
110 80 90 305
— 110 110 45 50 260
720 110 52 70 145 3199 98
125 — 108 34 50 215 3197 93
730 110 35 90 235
135 108 25 40 215
140 110 50 50 255
150 108 300 30 245
160 108 37 60 235 3194 97
170 108 50 60 215 3208 98
103 20 75 155
108 20 75 155
103 20 55 140
180 108 35 35 100
* Quantity Not Measured
35
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Table 4

ARCH STRUCTURE MEASUREMENTS-300 PSI OVERPRESSURE

INTTIAC STEADY SHOCK CACCULATED
INCIDENT PEAK STATE TIME FRONT INCIDENT
POSITION | PRESSURE | PRESSURE | PRESSURE | LAPSE | VELOCITY | PRESSURE
(DEGREES) (PSI, (PSI) (PSI) (usec) (FPS; (PSI)
0 319 2100 1250 220 5525 | 31y
303 1740 T050 220 6006+ . 376.7
10 319 1950 1125 170
319 1825 1300 200
20 280+ 2150 T050 220 *
i 303 1750 1000 220
E 30 284+ 1670 275 190
303 1620 825 200
| " 7847 T395 760 T70
315 1575 800 120 *
50 315 T480 750 T20
60 315 830 650 85
70 305 500 395 90 *
311 690 355 85 5618 329
330 360 310 10 *
80 305 345 345 0
293 355 355 0
%0 330 3725 340 0
293 290 200 7
| 00 330 250 250 0
110 | 300 225 250 162 5115 269
120 300 125 125 160
125 333 125 260 125
135 333 100 300 175 ¥
140 283 T00 200 165 5005 257
145 333 37 200 160
150 283 43 100 T30
340 40 200 120 5495 315 ;
170 293 150 250 130 * .
340 90 225 100 :
180 350 250 225 T07 1
293 100 125 110 ;
+ Questionable Measurement
* Not Recorded L
1
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On the upstream face of the simple arch structure (locations less
than 90 degrees), the initial peak pressure values in tables 3 and 4 may be
interpreted as reflected pressure levels. At values greater than 90 degrees,
the same column of values represent the pressure levels of the initial wave
passage which has been reduced below the upstream incident overpressure level
because of the expansion of the incident shock as it deflects around the rear

face. The pressure-time waveforms became increasingly complex on the downstream
face of the test structure and quite often failed to stabilize into what might
be identified as a true steady state pressure level. For this reason some of
the indicated steady state pressures listed in tables 3 and 4”af'éﬁg1es of
incidence greater than 90 degrees represent average pressure levels over a late
E time interval.

i The dynamic nature of the structural loading requires that the
{ time lapse between the initial loading and the development of steady state
loading becomes an important parameter in the description of the diffraction
process. The time lapse values specified in tables ‘3 and 4 represent one of
| two things depending on the location of the measurement. In general, for

e

o

locations on the front face of the structure, the time lapse values indicate

, the time required to reduce the initial peak reflected pressure to the steady
state level by the action of rarefaction waves. At higher angles of incidence
the time lapse values represent an approximate time required for the lower
initial peak pressure to rise to the average steady state level. The time
lapses represent the combined effect of the expansion process of the upstream
incident overpressure into the rear region of the structure and th: stabiliza-
tion of vortex behavior on the rear face.

Initial peak pressure ratios and drag coefficients were determined
from the data in tables 3 and 4 and are presented in tables 5 and 6. The
initial peak pressure ratios are defined as the peak initial pressure measure-
ments divided by the incident overpressure common to that measurement. The drag
coefficients were determined in the same manner as described earlier for the
stagnation probe tests. The pre§Sure ratios for values of theta less than 90

! degrees represent reflection factors. Pressure ratios and drag coefficicnts are
shown graphically in figures 13 and 14 as functions of theta. Evident in figure
13 are the two regions containing the extreme angles for Mach reflection. The
angle of 1ncidence at which the two possible angles of reflection based on
: theory are equal is termed the extreme angle. Mach reflection occurs when the
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Table 5

ARCH STRUCTURE PRESSURE RATIOS AND DRAG COEFFICIENTS-100 PSI OVERPRESSURE

INCIDENT DRAG

THETA PRESSURE INITIAL PEAK COEFFICIENT
(DEGREES) (PSI) PRESSURE RATIO (Cd)
2d
.42
.40
.30
.33
.54
.24
.35
A7
.98

.98
.57
.58

.49
.03
.13
.20
.16
.26
.33
.23
.46
.46
.33
.26
.18
8

.39
.26
.38
13
.46
.46

109
109
109
109
109
109
109
109
109
110

110
110
110

105
105
110
110
112
108
110
110
108
110
110
110

: B
.57
.68
.05
.09
146
.28
.14
.02
.00

.41
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Table 6

ARCH STRUCTURE PRESSURE RATIOS AND DRAG COEFFICIENTS-300 PSI OVERPRESSURE

THETA
(DEGREES)

INCIDENT
PRESSURE
(PSI)

INITIAL PEAK
PRESSURE RATIO

DRAG
COEFFICIENT
(Cd)

0

319

6.58

—

=51

10

303
319
319

74
72
11

.29
.59
.30

20

284*
303

Sy
/8

42
.20

30

284*
303

88*
35

.10*
.90

40

284*
315

91*

.89*
.80

50

315

60

315

70

304
311

80

330
305
293

olo o oo oo o | oo —— 44—

90
100

330
293
330

110

300

120

300
300

1 1)1 [ ]
OO0 OO

125

333

135

333

140

283

145

333

150

283

170

340
293
340

180

340

293

5.
5.
6.
7.
5.
5.
5.
4,
5
4
2
1
2
]
1
1
0.
0.
0
0
0
0
0
0
0
0
0
0
0
0
0
0

* Questionable

Data
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Figure 13. Initial Peak Pressure Ratios - Arch Structure
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Figure 14. Drag Coefficients - Arch Structure
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angle of incidence is slightly greater than the extreme angle. The 100 psi data
indicate an angular region located near the 40 degree location while the 300
psi Tevel shows a slightly greater angular position. This higher position is
3 to be expected based on theoretical values of the extreme angle which tend to

increase at higher shock strengths. However, this theoretical increase is small
compared to the change indicated in figure 13. The larger change may be attrib-
uted to a combination of two factors. First and most important, the theoretical
values are determined for a planar surface intersecting the shock path and
second, any variations arising from experimental error may tend to exaggerate

, the difference.

The drag coefficients shown in figure 14 indicate little pressure
level dependency at angles of incidence less than 60 degrees. At larger angles
of incidence the effects of pressure level seem more pronounced with slightly
higher values of drag coefficients indicated for the 300 psi Tevel. The data
at larger angles of incidence also indicate diffarent variations of drag coef-

| ficients with theta between the two pressure levels. The difference results
" from the number and locations of the vortices acting on the rear surface for
l the 100 psi tests and the 300 psi tests.

The time lapse values shown in table 3 for the 100 psi arch tests show
! that the period of reflected pressure relief remains essentially constant for
angles of incidence between zero and 80 degrees. At 80 degrees and above, the
time required to achieve steady state conditions decieases with a rapid decrease
at 90 degrees. This location of decrease is to be expected because this is a
region of small reflections and since this region is closest to Tower firee
stream pressures, it is consequently closer to the origin of rarefaction waves.
On the rear of the arch structure the time lapse values indicate stabilization
] times for the vortices acting on the rear surfaces. Again, over a certain re-

gion the time lapse values are relatively constant; the region being between

; 90 and 160 degrees. Below this region a significant decrease is noted. For

the 300 psi data shown in table 4 the regions of essentially constant time lapse
are found between 0 and 60 degrees and between 100 and 170 degrees. The re-
maining areas are then affected by more rapid changes. The obvious difference
between the two sets of data shown in tables 3 and 4 is that time lapse values
are reduced at the 300 psi level.

(2) Simple Rectangle

In the same manner as the previnus subsection, general descriptions
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of pressure loading around the rectangular structure are presented in figures
15 and 16. These figures show pressure variations as a function of position

: for specified intervals in time. Somewhat different bezhavior characteristics
3 are evident in these figures than were found in figures 11 and 12 for the sim-
. , ple arch structure. However, the five basic components of the Toading phe-
nomena-ovarpressure, reflections, uniform drag effects, vortex behavior, and
rarefaction effects are still present.

The arrival of the incident shock wave results in high reflected

pressure~ un the front face of the structure which is oriented normal to the
i directio. of shock propagation. Unlike the arch structure, these reflected
i pressures are maintainaed for a finite period of time related to the location
of the measurement and its distance from the top edge of the structure face
which is the origin of rarefaction waves. Once these rarefaction waves arrive
at a given point the reflected pressures begin to dissipate, eventually arriving
at a quasi-steady pressure level composed of the overpressure and a positive
' drag compcnent.

On the top surface of the structure each Tocation is initially

1 loaded by the incident overpressure level, but at the leading edge of the sur-
9 face a vortex is generated which immediately begins to erode the overpressure.
' After a period of time the overpressure is completely eliminated, actually re-
sulting in a slightly negative pressure level near the lTeading edge. At posi-
tions Tocated farther downstream from the leading edge, the incident pressure
level is maintainea relatively constant for a period of time which increases
with distance from the leading edge. After this time the overpressure level is
reduced by a negative drag pressure. This observation of increasing time
period of constant overpressure with distance from the leading edge suggests
the propagation of some disturbance from the leading edge with a propagétion
velocity less than the incident wave speed. Since the constant overpressure

level is generally equal to the incident shock wave overpressure, an additional
suggestion is that the incident wave initially generates a uniform flow with a

T ST e AT,

velocity such that the structure surface realizes negligible drag effect. At
some later time the upstream disturbance arrives and alters the flow resulting
in a negative drag pressure. This disturbance may well be the expansion of the
vortex generated at the leading edge of the top surface. The accuracy of this
statement can be determined only by experimental optical techniques. The data
then indicate that once the disturbance arrives at a given point the pressure
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loading decreases to a relatively stable level.

The two measurements on the rear of the structure show that the

initial loading wave is significantly reduced beneath the incident overpressure

. level. This reduction again results from the filling process of the incident

l wave and from a strong vortex gererated at the top of the rear surface by the
deflection of the shocked gas around the corner. At later times the loading
increases abruptly as a result of reflections from the structure support plates.

; A similar effect would be seen for a structure lying on a flat surface or a
structure in free stream conditions. For the free stream condition, a reflec-

| tion would be generated when the incident waves from the top and bottom collide.
Even with the reflections, the rear surface measurements show a pressure level
less than the free stream overpressure as a result of the negative drag pres-
sure.

Provided in tables 7 and 8 are the measured peak initial pressures,
i steady state pressures, and time lapse values as functions of position and inci-
3 l dent pressure level. Calculated incident pressure levels derived from measured
shock front velocities are also shown. These tables include steady state pres-
' sure measurements for two rear face locations. However, caution should be used
since a stable pressure level was not clearly identified on the rear face loca-
tions, and further, the recorded data at later times in this area include re-
flected pressure effects from the structural model support plates.

k. The peak initial pressure values listed for front face gage loca-
cations are actually peak reflected pressure levels. All other locations indi-
cate initial wave passage over each gage location.

Tables 9 and 10 Tist the initial peak pressure ratios and drag
coefficients calculated from the measured data in tables 7 and 8. Average
values of these pressure ratios and drag coefficients are presented graphically

in figures 17 and 18 for each incident overpressure level. The increase in
pressure ratios on the front face gage locations (reflection factors) with

| incident overpressure level is seen in figure 17 while the top surface shows
the essentially undisturbed transit of the incident shock front. The rear

| face locations indicate little dependence on incident pressure level.

Figure 18 suggests that an increase in incident pressure level
within the range investigated results in a slightly lower drag coefficient.
The top and rear surfaces demonstrate a more pronounced effect with lower drag
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RECTANGULAR STRUCTURE MEASUREMENTS-100 PSI OVERPRESSURE

Table 7

TNITAL STEADY SHOCK CALCULATED
INCIDENT PEAK STATE TIME FRONT INCIDENT
PRESSURE [ PRESSURE | PRESSURE | LAPSE | VELOCITY PRESSURE
POSITION |  (PSI) (PSI) 639) (usec) (FPS) (PSI)
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