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PART I: PLAN OF TEST

by

D.A. Hill

ABSTRACT

“‘Previous determinations of drag coefficients for both steady
and unsteady flow are reviewed for all reported experiments at critical
and supercritical Reynolds numbers. The unsolved problems remaining
from earlier DRES work were found to be: end effects, dust drag loading,
the discrepancies between steady and unsteady flow drag forces, and the
need for a further data analysis. A new analysis is also presented for
the drag coefficient as a function of flow Mach number and cylinder
length-diameter ratio.

A plan of test is presented for drag force measurements on
cylinders during Event DICE THROW, a 628-ton AN/FQO explosion held in
October 1976. The objectives of this experiment were to provide drag
force support data for the lattice mast and all antennas in Event DICE
THROW, and to extend the table of data for drag coefficients to diameters
up to 18 inches. The free-flight measurement technique, using both

cameras and velocity transducers for data sources, was employed on seven
cylinders at 20, 10 and 7 psi overpressure levels. The expected motion
of each cylinder was calculated, based on the predicted value for the
drag coefficient. Finally, suggestions for the data analysis and for
further research in this area are discussed. _

(V)
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Part I: Plan of Test

by

D.A. Hill

1. INTRODUCTION

Event DICE THROW was a large blast trial conducted on October 6,
1976 at the White Sands Missile Range, New Mexico, U.S.A. The explosive
charge was 628 tons of an ammonium nitrate-fuel oil mixture (AN/FO) at
ground level, considered similar in explosive energy yield to previous
500-ton TNT explosions (PRAIRIE FLAT, DIAL PACK and MIXED COMPANY). DRES
was requested by the Canadian Forces (Appendix A) to design and carry
out an experiment on further measurements of unsteady-flow drag forces on
cylinders. The plan of test for this experiment is described separately
as Part I of this report because the author was relocated at Defence
Recearch Establishment Ottawa prior to the DICE THROW event. The execution
and analysis of the experiment were carried out by other DRES workers.
These aspects of the experiment are described by Dr. A.W. Gibb in Part II
of the report.
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2. REVIEW OF UNSTEADY DRAG FORCES ON CYLINDERS

2.1 General Introduction

When a fluid flows in a given direction towards and around
an object, the force on the object in the flow direction is defined
as the "drag force" and any force in a perpendicular direction is de-
fined as "1ift". The classic text in the area of drag is Hoerner's
book (19%8), "Fluid-Dynamic Drag", which summarizes virtually all of
the work prior to that date. The drag forces are further divided into
skin friction drag, due to tangential stresses in the fluid, and form
or pressure drag, due to normal stresses. From dimensional analysis
(Owczarek, 1968) the drag force can be shown to be given by Cp (30U2)A
where A is the cross-sectional area of the object presented perpendi-
cularly to the flow, U is the fluid speed, p the fluid density and CD
the dimensionless drag coefficient. It can also be shown (Owczarek,
1968) that for a set of objects of the same shape and orientation but
arbitrary size, CD = CD(M,R,y) where M and R are the Mach and Reynolds
numbers for the flow and y is the specific heat ratio of the gas. Note

that surface roughness on the object effectively changes the “shape"
and therefore the CD value. The form drag force can be computed by
knowing the pressure on each paint on the surface of the object and
summing up the component forces. This technique has been used to cal-
culate the drag force on a cylinder by Bishop and Rowe (1967). As

the flow speed increases so that R becomes >RC(RC, critical Reynolds
number, = (3-5) x 10°) the drag coefficient changes from 1.2 to 0.3
(Owczarek, 1968). This can be explained by the change in the pres-
sure distribution around the cylinder (Gowen and Perkins, 1953, figure
5) as the flow pattern becomes turbulent. For discussions of the
relationship between the laminar and turbulent boundary layers and the
von Karman vortex street, see Hoerner (1958), Owczarek (1968) or
Martin et al. (1965):

The main difference in drag force between the flow behind
a shock front and that in a wind tunnel is in the early stage of the

UNCLASSIFIED
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flow as the shock front diffracts around the object. Shadowgraphs

and drawings showing this process are given by Martin et al. (1965 and
1967) and by Mellsen and Naylor (1969). The effect of diffraction on
the drag force during the first few milliseconds of flow is sketched by
Wolkovitch (1968, figure 4). The net impulse imparted to a cylinder by
this diffraction phase has been fitted empirically in figure 3.1 of Long

et al. (1975), a result used to estimate the motion of the cylinders for
DICE THROW.

2.2 Previous DRES Work

Experiments similar to the present one have been carried out in
previous large scale blast trials. Those in which the free-flight measure-
ment method’ was used include PRAIRIE FLAT (Mellsen, 1969a), DIAL PACK
(Mellsen, 1971) and MIXED COMPANY (Mellsen, 1974). The results for the
circular and square cross-section cylinders tested in those experiments
are presented in Table 1. In each case the flow started at supercritical
Reynolds number, R>Rc (Rc = (3-5) x 10%) and usually progressed to subcriti-
cal values. In each case average drag coefficients were reported, even
though large changes in CD are known to occur in steady flow over this
Reynolds number range. In addition, for overpressure levels above 12 psi
the compressibility effects due to M>Mc1 = (.48 are obscured by the use of
a single average drag coefficient. The use of average drag coefficients
to cover important changes in M and R values is less desirable than a more
detailed analysis.

2.3 Review of Unsolved Problems

The values of the drag coefficient are known to be a function
of the four variables: M, R, L/D and steady vs unsteady flow. For the

In the free-flight method, the cylinder is permitted to accelerate
through the air in response to the blast wave. Acceleration
(hence drag force) is derived as the slope of the measured
Velocity~-time history and curvature of the measured displacement-
time history of the cylinder.

UNCLASSIFIED
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regions of those variables of interest there exist no complete or com-
prehensive sets of data. The available limited data will be analysed
and presented below to indicate some of the scientific problems associated
with the present state of knowledge of drag forces on cylinders for the
flow conditions relevant to DICE THROW.

The measured CD values from finite length cylinders in DIAL
PACK (Mellsen, 1971) have been examined as a function of Mach number
(M) and compared to other values reported for infinite length cylinders
in Table 2. Although the data are rough, one can estimate the aver-
age value of the ratio

CD(M, finite L/D, unsteady flow)

CD(M,oo L/D, steady flow)

n(M) =

The average values of n' = 0.65 + 0.18 for M>MCl and n' = 1.9 + 0.35 for
M<MCl will be used later. The importance of MC1 to the CD value is
shown in Figure 1, where CD(M) is plotted for different D/L and R
values. The dramatic change in the value of CD at M=Mc1 is due to a
change in the flow pattern around the cylinder resulting from the local
flow speed becoming supersonic at the top and bottom of the cylinder

cross-section.

Figure 2 presents the same data replotted as CD(D/L) for
different (M, R) values. It can be seen that for M<Mcl and R<RC the
classical results show that L/D ratio in the range of 5-20 gives a CD
figure appreciably different from CD(L/D = ),

The above results are summarized in Table 3. Different
regions of Mach and Reynolds numbers are marked off by the critical
values of M_ = 0.48, M_ = 0.9 and R_ = (3-5) x 10°. Only the regions
labelled I-III are of interest to the present experiment but the re-

sults for the other regions are presented for completeness and for com-
parison purposes.

Using the above analysis as a reference point it was con-
cluded that there remain several important unsolved problems from

UNCLASSIFIED
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previous DRES work. These are:

2.3.1 End effects. The effect of using finite length cylinders
has not been taken into account. The previous use of side plates near
to and parallel to the cylinder end is of no help as the end plate
must make complete contact with the cylinder to avoid the end effects.

The severity of the effect is estimated by the values of n"
calculated in Table 3 (n" = 1 implies end effects are negligible) where
n" = 1.5 (Region I) and n" = 0.65 (Region III). These rough figures
serve to indicate that end effects must be investigated more carefully.

2.3.2 Unsteady vs steady flow. In previous reports (Naylor and Mellsen,
1973; Mellsen, 1969b) it was concluded that the steady-flow values for C
agreed reasonably well with the unsteady-flow results. The ratio ¢ of

D

Table 3 indicates the difference in the two values for finite length
cylinders (¢ = 1 implies that CD (steady) = CD (unsteady)). The values ¢
= 1.2 + 0.3 (Region III) and ¢ = 1.9 + 0.5 (Region I) are estimated from
the data available. It is evident that more measurements with reduced
end effects and further analysis are required for this problem, particu-
larly for Region I.

2.3.3 Dust. The presence of dust in the flow behind the blast wave,
especially after about 50 ms of flow, has usually been noted on previous
camera data. This causes an unknown amount of additional drag loading,

due to a larger effective density for the "fluid" flowing past the cylinder.
Since dust would not be present for masts and antennas at sea, the dust
drag loading should be measured and subtracted. An attempt would be made
to condition the soil in front of the cylinders for reducing dust. Note
that n' = 1.9 + 0.4 for Region I could be an indication of dust loading

as well as the problem of end effects and of steady vs unsteady flow.

2.3.4 Complete data analysis. No realistic error estimates have been

put on the CD values at each point in the flow, nor on the averaged values.
Without these, subsequent blast loading predictions lose precision. The
differences in the measured camera and transducer data (up to 30% either
way) have not been explained, nor has it been shown whether or not they
are within the measurement error for each technique.

UNCLASSIFIED
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3. SELECTION OF PROJECT OBJECTIVES

After consideration of the needs of the Canadian Forces,
and of the state of our basic knowledge of drag forces on cylinders
from blast waves, the following goals were selected for the DICE THROW
drag project. The abbreviated titles such as "support” and "table"
are intended for use in Tables 4 and 5.

(i) Support
Provide drag force data in support of experiments on the

lattice mast, the VHF/UHF Polemast antenna and the whip antenna, i.e.,
test cylinders with diameters similar to the antenna diameters.

(ii) Table

Extend the current table of data of unsteady flow drag coef-
ficients to larger cylinder diameters, for effectively infinite length
cylinders. This is for both future potential applications and scien-
tific interest, and applies both to the diffraction phase loading and
to the pressure drag forces.

(ii1) End Effects

Measure the differences between finite length and effectively
infinite length cylinders both for this project and for correlation to,
and possible correction of, previous DRES work.

(iv) Dust

Estimate the extra drag force due to dust for the purpose of
subtracting it from the total measured drag force.

(v) Unsteady Flow versus Steady Flow

Obtain more data from all of the cylinders for comparison
of the steady flow and unsteady flow values of the drag coefficient at
the Mach and Reynolds numbers used.

(vi) Diffraction

Collect data for a contribution to the scientific study of

UNCLASSIFIED
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diffraction for effectively infinite length cylinders in Regions I and

IIT of Table 3.
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4. THE EXPERIMENTAL DESIGN

4.1 Selection of Cylinders

From considerations of both goals and practical limitations,
the methods and measurements described below were selected.

The free-flight method was used again because it had proven
successful on previous trials.

Since the blast trial is a one-shot experiment with a mini-
mum of equipment proofing beforehand, as few changes as possible were
made to the method. Only those changes necessary for correcting pre-
vious problems or for meeting a new cylinder diameter requirement were
carried out.

The problem of end effects has been discussed. One of the
solutions considered was to add a hemisphere to each end of a finite
length cylinder. Since the CD value for a hemisphere is well known,
the idea would be to subtract off the "known" end effect and deduce
the drag force per unit length on the effectively infinite Tength
cylinder in the middle. However, the drag coefficient of the sum of
the parts is unlikely to equal the sum of the drag coefficients of the
parts, because the flow patterns of a hemisphere and a cylinder do not
join smoothly, i.e., the cylinder-flow vortices have no counterpart in
the flow pattern around the hemisphere.

An alternate solution to the problem of end effects is to
attach thin perpendicular end plates to the finite length cylinder.
The truncated flow patterns here would be closer to the ideal effec-
tively-infinite length, especially during the diffraction phase of
the loading. This design also more closely approximates a finite-
length cylinder joined at each end to other perpendicular members,
with or without gusset plates. By changing the end plate thickness
(causing negligible additional drag forces) one can adjust the total
cylinder weight and hence the cylinder range of motion to permit
optimum measurement with tne velocity transducers.

UNCLASSIFIED
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One disadvantage of the end plates is that in a sidewise
blast-force anomaly such as occurred at the 25 psi level in MIXED COM-
PANY (Mellsen, 1974) the force strikes the end plates at a glancing angle
causing diagonal, possibly oscillatory, motion of the whole cylinder.
There could also be a problem if a turbulent boundary layer flow is set

up over the end plate, causing excessive end piate drag. The worst case
is estimated below to be a 10% effect.

From examination of shadowgraphs of the vortex shedding process,
(Naylor and Mellsen, 1973, figures 10B and C) an end plate extension of
1.5 diameters at the end of the cylinder appears desirable. However, to
1imit the problems of end plate drag and vibration an extension of only
1 diameter was chosen.

The final selection of cylinder diameters, end plate diameters
and overpressure levels is shown in Table 4. The same length-diameter
ratio (L/D) was chosen for cylinder numbers 1, 3, 4 and 5 so that the
effects of end plates and Mach number regions for fixed L/D could be
studied. The value of L/D = 5 was chosen to keep the length of the
largest cylinders at a reasonable value, 7.5 ft. The known end effects
are not appreciably changed when the L/D ratio is changed from 5 to 10
(Hoerner, 1958, Section 3, figure 28). Table 5 lists the ways in which
each cylinder contributed to the goals of the project.

By restricting cylinder diameters to three values, more overlap
in the measurements was possible. The 9.5 in. diameter was included to
support the VHF/UHF antenna project, as there were no DRES drag measure-
ments of a similar diameter at 10 psi.

For the smaller diameter, a value of 3.5 in. was chosen as being
equivalent to the larger diameter vertical members to be used in the test
lattice mast, and as a reasonable value to use for correlation with the
whip antenna, which is tapered from 2.5 in. to 5.5 in.

For drag data in support of the structures projects, the drag
information must cover the first quarter period of the fundamental mode of
oscillation of the related structure. From previous DRES work and new
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estimates, this period was estimated to be about 70 ms or less for the
VHF/UHF antenna, < 50 ms for the lattice mast (25 - 30 ms previously
(Long and Laidlaw, 1973)) and < 100 ms for the 18 in. cylinder (86 ms
for the DIAL PACK TACAN mast (Coffey, 1971)).

For completing the table of data, the basic scaling para-
meters for fluid dynamic drag are known to be M and R. But for a series
of near-identical equivalent charge-weight explosions such as we have
in the 500-ton series, then the psi level and diameter are an equivalent
pair of variables. These relationships are shown in Figure 3 where our
selection of cylinders is also marked.

This figure shows the regions below and above the critical
M value of 0.48 and the critical R value of 5 x 10°. Each straight
line through the origin represents the range of M and R values traversed
by one cylinder after the explosion. The straight lines through the
origin make the simplifying assumption that M « R, that is, they assume
that the speed of sound, viscosity and density changes involved in the
shock wave approximately cancel out. This is an over-simplification but
is sufficient for the purposes of this drawing.

Each straight line through the origin represents a different
diameter and the latter are recorded on the drawing in inches. A1l the
other ranges of M and R covered in literature available to us are also
recorded for R > 5 x 10° or R > 1 x 10° and M > 0.48. The legend ex-
plains the meaning of the curves, and the reference letters A-J are the
same references as listed in Table 3.

The paths to be taken by our seven cylinders, as well as the
starting position for each cylinder, are also marked.

4.2 Selection of Instrumentation

A1l cylinders were instrumented with a velocity transducer at
each end, and were photographed with a high-speed camera (framing rate
of order 1000 frames/second). The transducers on each end were cali-
brated and recorded separately.
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The overlap between cameras and transducers was felt to be
necessary because experience has shown that either recording device may
fail when subjected to the violent air blast loading from the explosion.
The position where each cylinder first strikes the ground was marked
and measured as a further fail-safe measurement. This one measurement
gives the total impulse received by the cylinder from the blast if negli-
gible 1ift is assumed.

A second reason for the dual recording system is that each
technique gives secondary information unique to itself. That is:

(i) velocity transducers
- record from each cylinder end for angle of yaw,
- measure degree of cylinder vibration, and
frequency of vibration.

(i1) cameras

- record if a cylinder end falls off the mount due to
ground shock, as it did for one cylinder about 100
ms before time of arrival for MIXED COMPANY,

- indicate through image obscuration the presence of
dust in the blast wave,

- observe any flying debris hitting the cylinders,

- permit vertical and horizontal motions and rotational
motion about cylinder axes to be measured,

- record time of arrival of shock (red ribbon flutter).

The vertical component of motion could be measured in order to
check for possible 1ift due to non-horizontal blast flow direction and/or
a choking effect due to the flow between a large cylinder and the ground.

4.3 Predicted Motion of Cylinders

As each cylinder was a model for a particular structural member
(whether represented in DICE THROW or not), it was necessary that the
duration of recorded motion for each cylinder be not less than the first
quarter period of the fundamental mode of oscillation of the particular
structure. Each cylinder was designed with a mass large enough to cause
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the predicted motion to fall within the desired distance of travel
over the desired time interval.

The CD values chosen for these calculations and the detailed
calculations themselves are given in Appendix B.

The internal structure of each cylinder was designed to be
more rigid against transverse vibrations than previous designs, and
to have sufficiently strong walls to withstand collapse when hit with
the full initial force of the shock front (see below).

The estimates are conservative by 20% in the CD values used
and by 20% in the desired recording time. This 40% safety factor was
felt to be sufficient to protect against likely errars in CD values and
against the possibility of an unexpectedly strong shock front from the
628-ton AN/FO charge.

bt i

4.4 Mechanical Design of Cylinders

The overall arrangement of cylinders and supporting eguipment
is illustrated in Figure 4, the assembly photo. Most of the equipment
is similar to that described in the DIAL PACK report (Mellsen, 1971)
with a few changes as described below. The outside diagonal support
plates were designed to minimize the possibility of side-plate vibrations
and yet keep cross bars out of the centre flow region between the
cylinder and the ground. In fact, there will be a certain amount of
flow choking in that region. The worst case is for the 18 in. diameter
cylinders centred 6 ft. off the ground which leave a separation gap of
only 63 ins. or 3.5 diameters between the cylinder and the ground.
Assuming a flat solid ground surface and a vertical original shock front,
the method of flow images can be used along with previous DRES "soli-
dity-effect" measurements to estimate the size of the ground interference
effect on the CD value. The flow pattern between the idealized flat
solid ground and the cylinder 3.5 diameters above it is regarded as
identical to the flow pattern between two isolated cylinders of 7 diameter
separation. Approximate DRES data (Long and Laidlaw, 1973, Table 2.1)
for a related experiment indicate that the effect for this separation is
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likely not more than 10%. The flow will, however, produce a small Tlift
force on the cylinder which will be detected through the camera measure-
ments of the vertical motion of the cylinder. Another reason for the

VT Y TV oy SRR A 6

5-6 ft. height of the cylinders above ground.is to reduce the dust drag
loading.

The camera marker plate served the dual purpose of providing
an upper scale marked off in inches to record the cylinder position, and
a lower scale to provide black/white contrast for possible use in esti-
mating relative dust density as a function of time. The camera marker
plate and the support plates were 9 in. from the cylinder so as not to
impede the flow of air around the end of the cylinder. Because of this,

the camera lens was adjusted to have both the scale and the cylinder in

focus at the same time, and a constant geometrical scale factor was {
applied to the position measurements to relate them to true cylinder 3§
motion. !

The cylinders were connected to the velocity transducers by a
system modified from MIXED COMPANY. The connecting rod was longer to re-
duce the error in the horizontal speed measurement due to the approximately
2 in. drop in height under the force of gravity which occurs in the first
100 ms of flight. The flexible aluminum segment of the connector reduced i
the chance of broken magnets resulting from yaw in the cylinder motion. :
For the same reason, the gimbal mounts were farther from their support
plates than in previous trials.

The internal structure of one of the cylinders is depicted in
Figure 5. The internal support discs and the 1 in. rod through the centre
were to strengthen the structure against the transverse vibrations
observed to interfere with the velocity measurements on all previous
similar trials. They also provide strength against the possible collapse s
of the front cylinder wall when hit by the full force of the initial i
shock front. Pertinent design calculations are contained in Appendix C.
As some transverse oscillation of these cylinders was expected, the funda-
mental vibration frequency of each cylinder with its end plates was
measured prior to the trial. There is some evidence that in certain pre-
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vious blast trials the observed oscillations grow and diminish in a
way that may be analogous to beats between the fundamental oscillations
and the forcing function of the frequency of vortex shedding which is
related to the Strouhal number.

4.5 The Associated Dust Density Experiment

The drag loading from dust has been estimated to be as high
as 20% of the total force by Naylor and Mellsen (1973) but, since it
has never been measured accurately, it may be larger. Consequently,
the ground for 100 ft in front of the cylinders was treated to
minimize the presence of dust, and one or two simple passive dust
collectors were installed at each overpressure level. It was
hoped that they would provide an estimate of the total mass of dust
in the shock wave and the particle size distribution.
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5.  DATA ANALYSIS

5.1 Error Analysis

The data analyses of both velocity transducer and camera data
were similar to those employed for data from the MIXED COMPANY Event
(Mellsen, 1974). However, in previous analyses, there has never been a
discussion of the errors in the CD values calculated for a given cylinder
at each point in time. In the DICE THROW analysis, the effect of noise
and fluctuations in the raw data was reflected in a quoted error in the
CD values for each method. This permitted a realistic appraisal of the
consistency of results from camera and transducer data.
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6. SUGGESTIONS FOR FURTHER RESEARCH

Many factors are known to affect the CD values, but not
all have yet been investigated. In most cases, it would take too
H many experiments to map out a set of data of limited importance. Con-
sequently, the following effects were not examined in DICE THROW:

(a) Turbulence

The degree of turbulence behind the shock front is
known to be important, especially for multiply-reflected
waves.

(b) Surface Roughness

The effect of varying degrees of cylinder surface rough-
ness has been shown to be important in wind tunnel work.
Despite the fact that real masts will have rough surfaces due
to ice covering and general weathering, this is considered to
be too complex a problem for the current program. The masts
and antennas tested were aerodynamically "smooth"; for that

e AN A 5 A AN A+

reason, smooth cylinders were used in the aerodynamic drag
experiment.

(c) Shading and Solidity

"Shading" and "solidity" are two interference effects on
the mast structure. "Shading" refers to mutual interference
effects of two or more members in a plane parallel to the flow
direction; "solidity" is a similar effect for members in a
plane perpendicular to the flow direction. There exist some
simple DRES results of limited generality but it is recognized
that more data are needed.
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PART II: TEST RESULTS AND ANALYSIS

by

A.W.M. Gibb

ABSTRACT

Results are presented from an experiment to measure aero-
dynamic drag on circular cylinders under unsteady flow conditions in
a long duration free-field blast wave during Event DICE THROW. These
results provided drag loading information required for analysis of the
structural response tests on Canadian Navy masts and antennae also
conducted during Event DICE THROW. Seven cylinders, distributed at
nominal 20, 10 and 7 psi peak overpressure locations and spanning
three different diameters (3.5, 9.5 and 18 inches), were studied. The
18-inch diameter cylinder at 20 psi with 48-inch diameter end plates
was partially destroyed by a sidewise blast pressure anomaly travel-

ling from east to west. No useful data were obtained for this cylinder,
but the remaining six cylinders yielded valid data. A free-flight method,
developed in earlier trials (PRAIRIE FLAT, DIAL PACK, MIXED COMPANY), was
employed to measure time-dependent drag pressures. For every cylinder,
one velocity transducer was attached to each end of the central shaft

to record cylinder velocity vs time, while a high-speed camera recorded
displacement vs time. Cylinder acceleration, and hence drag pressure,
was obtained from the slope and curvature, respectively, of these curves.
Generally good agreement was obtained between results derived from camera
and transducer data. Dynamic pressure (needed to extract drag coeffi-
cients) was calculated, assuming a Friedlander-type overpressure decay,
from ground-level gauge measurements of overpressure-time histories at

the 20, 10 and 7 psi peak overpressure locations. Some cylinders were
fitted with extended end plates to reduce end effects. Comparison of re-
sults for cylinders with and without extended end plates indicated the
presence of substantial end effects at critical and supercritical Reynolds
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ABSTRACT (Con't)

numbers. Dust samples were collected at each cylinder location on
vertical aluminum channels filled with grease. These samples, com-
bined with camera records, suggest that dust loading was insignifi-
cant at the initial cylinder positions 5 or 6 feet above ground.
Measured drag coefficients for Mach number <0.4 were in agreement with
steady-state values for Reynolds numbers in the range (4 - 30) x 10%,
but were lower than steady-state values in the range (30 - 40) x 10°.

(V)
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PART II: TEST RESULTS AND ANALYSIS

by

A.W.M. Gibb

1. INTRODUCTION

Event DICE THROW, a free-field blast trial employing a 628-ton
Ammonium Nitrate/Fuel 0il1 explosive charge, took place on October 6, 1976
at White Sands Missile Range, New Mexico. One of the Canadian projects,
the measurement of aerodynamic drag on right circular cylinders, using
the free-flight method, is the subject of this report. The project was
undertaken at the request of Director Maritime Facilities and Resources
to provide blast-loading information for the lattice mast (Laidlaw, 1977),
pole mast (Price and Coffey, 1977) and whip antennae (Price, 1977) which
underwent structural response testing during this trial.

This project was a continuation of research begun in Operation
PRAIRIE FLAT (Mellsen, 1969a) and continued in Events DIAL PACK (Mellsen,
1971 and Naylor, 1973) and MIXED COMPANY (Mellsen, 1974). The choice of
cylinder diameter, peak overpressure location, and cylinder design for
Event DICE THROW are discussed in detail in the Plan of Test which com-
prises the first part of this report. A brief summary only will be pre-
sented here for the sake of continuity.

Seven cylinders of circular cross-section were employed. Their
basic properties are summarized in Table 7. Two of the diameters em-
ployed, 3.5 in. and 9.5 in., were chosen because they correspond closely
to the diameters of the main structural members of the related structures
(3.5 in. - whip antenna and lattice mast; 9.5 in. - pole mast). The
third diameter, 18 in., was included to support future mast designs. The
cylinders were located at the same peak overpressure levels as their
related structures (3.5 in. diameter at 10 psi, 9.5 in. diameter at
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7 psi). An additional 3.5 in. diameter cylinder was located at 20 psi
peak overpressure. The major unresolved problem chosen for study in
this test was the influence of end effects for finite-length cylinders
on the measured drag coefficient. With this goal in mind, the cylinders
of a given diameter were grouped in pairs. In each pair, one cylinder
had end plates with the same diameter as the cylinder diameter; the
second cylinder had end plates with a diameter which was 3 times the
cylinder diameter. The purpose of the extended end plates was to eli-
minate end effects by cutting off the air flow around the ends of the
cylinder.

The methods of data recording were the same as those deve-
loped and used in previous trials employing the free-flight method.
Velocity transducers were used on all test cylinders to record cylinder
velocity as a function of time. In addition, a high-speed camera,
operating at approximately 1000 frames/second, was stationed at each
cylinder location to record cylinder displacement as a function of
time. The slope of the velocity-time curve and the curvature of the
displacement-time curve provided independent measurements of cylinder
acceleration, and hence drag force, as a function of time. The camera
records also provided secondary infcrmaticn on possible complicating
factors such as cylinder rotation and the presence of solids (both
fine dust or massive particles) in the blast wave.

A11 of the measurements reported herein refer to the drag
phase of loading on the cylinder. No measurements of loading during
the initial shock diffraction phase are reported.
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2.  APPARATUS

2.1 Test Cylinders and Mounts

A typical test set-up is shown in Figure 4.

Figure 6 indicates the relative position of each cylinder with
respect to Ground Zero.

At each location, support for the cylinders was provided by two
vertical rectangular plates made of 0.25 inch steel, with their bottom
edges fastened firmly to a concrete base. Additional rigidity for these
plates was provided by triangular support in the form of two one inch
diameter steel bars welded to the outside of the support plates at an
angle of 30 degrees approximately 5 feet above ground level. The lower
ends of these bars were set into the concrete base. This arrangement
provided a more rigid support than the arrangement used in previous trials
(horizontal parallel bars connecting the inner surfaces of the support
plates).

The design of the test cylinders is discussed extensively in the
Plan of Test and the cylinder properties are summarized in Table 9. The
construction of a typical cylinder is illustrated in Figure 5. Briefly,
each was a right circular cylinder with a solid centre shaft of 0.75 or
1.0 inch diameter which extended 14 inches beyond each end of the cylinder.
Flats were cut in the shaft nine inches from each end of the cylinder, and
the cylinder was suspended between the support plates with the flats resting
on the tops of the support plates. The purpose of the flats was to pre-
vent the cylinders from rolling off the supports under the influence of
small gusts of wind prior to the shot. The coefficient of sliding friction
between support plate and cylinder shaft was minimized by application of
silicone grease to the top of the support plate.

A A LN S0 53

There is one additional feature of the cylinder design which was
added at an advanced date and was not discussed in the Plan of Test. In
an attempt to dampen shaft vibrations by providing better mechanical coup-

1ing between the central shaft and the shell of each cylinder, O-ring grooves

UNCLASSIFIED




/24 UNCLASSIFIED

were cut in the outer edges of the interior support discs (Figure 5)
and 3/16 or 1/4 inch diameter 0-rings were inserted. This addition
helped to fill in any small gaps between the inner surface of the
cylindrical shell and the cuter edges of the interior support discs.

As well, an additional plywood support disc was placed 4 inches in

from each end of the cylinder. Wood was used because of its low den-
sity; the intention was to provide extra support for the shaft close ‘
to the cylinder end without seriously affecting uniformity of mass
distribution along the cylinder length. The additional support close
to the cylinder end was provided in an attempt to increase the vib-
ration frequency of the end of the cylinder shaft; this was felt to be
necessary because calculations had shown that the fundamental vibration
frequency of the solid centre shaft could be low enough to complicate
analysis of the velocity transducer data.

i 2.2 Velocity Transducers

2.2.1 General. The velocity transducers for measuring cylinder velo-
city directly as a function of time consisted of seven pairs of Hew-
lett-Packard Sanborn 7LV9 transducers. On a given cylinder, two trans-
ducers were used, one coupled by a mechanical linkage to each end of

the cylinder shaft. The transducer signals were recorded separately,
on a tape recorder with nominal DC to 4KHz recording bandwidth. This
provided two independent measurements of velocity for each cylinder.
A close-up view prior to the shot showing the transducer coil in its
gimbal mount, and the mechanical linkage which couples the magnet in-

side the coil to the end of the cylinder shaft, is presented in Figure
T

2.2.2 Principle of operation. The transducers consist of two toroidal

hollow-core wire-wound coils in series, along the common core of which
travels a permanent magnet. The magnet is mechanically coupled to the
object whose velocity is to be measured. When the object moves, pulling
the magnet through the coils, the flux lines of the magnet cut the

coils and induce a voltage in them which is proportional to the magnet

i
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velocity. The two-coil design gives rise to two regions of equal length
over which the transducer velocity response is uniform, separated by a
short region of highly non-uniform response. Over the second working
length, however, the sensitivity is reduced by a factor of two and the
polarity reversed with respect to the first working length. A typical
constant-velocity trace would have the following shape:

ey
Aot /o

The useful working lengths are denoted by the symbol L. This
diagram explains why the velocity traces from the cylinders shown in
Figures 15 to 25 are in two segments with a gap between: only data col--
lected in the working lengths, L, are usable.

The Sanborn 7LV9 transducers used in this trial had two nominal
working lengths, each 9 inches. The overall recording length of approxi-
mately 20 inches was sufficient to permit between 80 and 200 milliseconds
of cylinder motion to be recorded.

2.2.3. Velocity calibration. The electro-mechanical calibration method,
which employed a Kistler standard accelerometer and shake table, has been
described in a previous report (Mellsen, 1971, Appendix A). The cali-
bration error was estimated to be + 3%. In addition, careful inspection
of transducer traces indicated possible variations of + 2% in the uni-
formity of response over any working length. An overall uncertainty of

+ 5% in the velocity calibration was assumed when analyzing the data.
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2.3 Cameras

Photosonic framing cameras, operating at nominal speeds of
1000 frames/second, were set on camera posts at each cylinder location
to record displacement of the cylinders as a function of time. A camera
set on its mounting post can be seen in Figure 8. Relevant information
on the cameras and their locations is given in Table 10.

The cameras provided internal timing marks which were pro-
jected onto the film at 10 millisecond intervals to permit the framing
rate to be established and the constancy of the framing rate over the
recording interval to be checked. The timing mark generators functioned
on all cameras. To indicate the time of arrival of the shock front in
the film frame, a red ribbon was glued to the back edge of the support
plate. Horizontal distance calibration was provided by a photomarker
plate with a 12-inch scale marked off in inches. Both of these aids can
be seen clearly in Figure 7.

Approximately one week before shot day, Test Command moved
the shot time forward from 1300 hours to 0800 hours. This change pro-
vided potentially serious problems for the camera recording system. The
angle and position of the sun at 0800 hours were such that it shone
almost directly into the camera lenses. The cylinder ends to be photo-
graphed were in shadow, and the high background 1ight level caused ex-
tremely poor image contrast. To improve contrast, reflector panels were
constructed of sheets of aluminum foil taped to a 4 ft x 4 ft sheet of
plywood backing. One panel was bolted to each camera post, and each
was oriented to reflect sunlight onto the cylinder end to be photo-
graphed. One such panel is visible in Figure 8. These hastily-
constructed reflectors provided sufficient reflected light to permit
pictures of acceptable contrast to be recorded at shot time by all
cameras. However, a slightly denser cloud cover at shot time could
have ruined the camera experiment entirely.

Such a significant change in shot time was unexpected on the
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basis of DRES experience on previous trials. It should be recognized,
however, that a decision to change the shot time is possible on any
future trials. In view of the DICE THROW experience, the following sug-
gestions are made to minimize the risk to the camera records in future
trials:

(1) The most serious problem would arise near sunrise or sunset.
Before choosing which end of the cylinder is to be photographed, informa-
tion should be obtained on the predicted position of the sun at sunrise
and sunset on shot day. Al1l else being equal, the cylinder end to be
photographed should be chosen according to the camera orientation which
promises least interference from a rising or setting sun.

(2) In the case that back-lighting by the sun or Tow light
intensity prove to be a problem, a contingency plan to provide sources
of artificial light at each camera location should be seriously considered.
Such a light source must be capable of providing 1ight of sustained in-
tensity for a period of approximately 200 milliseconds from the time of
shock arrival at any location. Candidates for consideration would be
(i) flares, (ii) flash lamps, or (iii) spotlights, possibly used in con-
junction with parabolic or planar reflectors. Integrity of the light
source under blast Toading is an important factor to be considered. In
view of the fact that the test area is cleared of personnel approximately
two hours before shot time, another factor for consideration is the
ability to activate the light source by remote control close to shot time.

2.4 Dust Collectors

Since it was known that dust entrained in the blast wave could
significantly alter the measured drag pressure, it was felt to be impor-
tant to obtain some indication of the contribution of dust loading. A
series of simple passive dust collectors consisting of 7-foot high verti-
cal aluminum channels filled with grease were located at strategic points
on the layout (Figure 14). The results of this experiment are the subject

of a separate report (Naylor, 1977).

4 The ground surrounding the Canadian projects was treated with a
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sprayed-on oil-based coating approximately 1/8 inch thick. Camera re-
cords and dust collectors confirmed that the coating was highly effective
in suppressing dust. The extent of the treated ground can be clearly
seen in Figure 9.

Production of a relatively dust-free blast wave was desirable
in order to relate experimental conditions as closely as possible to
real-life conditions encountered by Navy materiel.
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3.  DATA ANALYSIS

3.1 General

The goal of the analysis was to obtain the aerodynamic drag
coefficient as a function of time, CD(t). CD is defined by the equation:

Po(t) = Cy(t) qlt) (1)

where PD is drag pressure
CD is drag coefficient
qQ is dynamic pressure
and the time-dependence of each quantity is noted explicitly.

A power series in time was fitted to the velocity-time data,
v(t), and displacement-time data, x(t), as described in Sections 3.2 and
3.3. The best-fit polynomials to the velocity-time and displacement-time
data are recorded in Tables 13 and 14 respectively.

Drag pressure is related to the slope of v(t) and curvature of
x(t), through the relations:

dlt) .o, (LX) L 5y (2)
dt dt2
and Pp(t) = %-a(t) (3)

where x is cylinder displacement
v is cylinder velocity
a is cylinder acceleration
m is cylinder mass
A is frontal area of cylinder
t is elasped time after arrival of shock front at cylinder.

For the purposes of this experiment, dynamic pressure, q(t), was
replaced in Equation (1) by the closely-related quantity impact pressure,
qI(t). The derivation of qI(t) from measured free-field overpressure-time
histories, and the reason for replacing q(t) with qI(t), are elaborated
in Sections 3.4 and 3.5.
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3.2 Velocity Transducer Data

3.2.1 Conversion from analog to digital velocity-time signal. The

analog signals recorded on magnetic tape during the trial were digi-
tized after the trial at a digitizing rate of 16 KHz using an analog-

E to-digital converter. Up to 100 msec of smooth baseline (unaffected

by ground shock) was retained on either side of the signal. A straight
line was fitted to the baseline data. After subtracting the baseline,
and accurately determining the crossover point at which the transducer

signal changed polarity, the second half of the transducer signal was
multiplied by -2 (see Section 2.2.2). Using a digitized 1 volt reference
signal of approximately 1 second duration recorded just before the
transducer signal, the calibration values in ft/sec/volt (which had been
measured in the laboratory at DRES prior to the trial) were applied to
the digitized signal to produce a final velocity-time signal. The
starting point of the signal, determined by inspection of the digitized
data, was taken as zero time in the subsequent analysis. The uncertainty
in this zero position is 0.25 msec. The first 3 msec of data were
omitted to exclude from the fit the initial diffraction phase which can
last for as long as 1.5 msec.

After establishing by visual inspection that digital smoothing
of the transducer signals would not suppress any significant features
in the data, a smoothing was performed by averaging each consecutive
interval of 8 points. At the time that the curve fitting was performed,
the interval between data points was 0.5 msec.

A method of checking the velocity calibration for each trans-
ducer is described in Appendix D and the results of this investigation
are recorded in Table 11.

The characteristic transducer response time (approximately
2 msec) was not fast enough to follow the abrupt change in velocity
occurring during the initial diffraction phase of shock loading on the
cylinder, which lasts for about 1 millisecond. There was, therefore,
little point to analyzing velocity-time data during the initial re-
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covery time of the transducer. For this reason, only data from 3 msec
onward were retained for analysis. No analysis of the diffraction phase
of shock loading was attempted.

3.2.2 Philosophy of curve-fitting. The reasons for choosing a power series
in time (polynomial regression method) to fit the velocity-time data are
thoroughly discussed in Appendix E.

A least squares criterion was applied to determine the best fit
to the velocity data. Al1l data points were weighted equally. The data
were fitted by a power series of increasing order up to N=6 (7 coeffi-
cients). It was necessary to have some criteria for determining which
order of polynomial provided the best fit to the data.

3.2.3 Factors affecting choice of best-fit function.

(a) From the theory of least squares fitting (Appendix E, Part
I1), it was clear that the addition of a higher order term to the fitting
function provided an extra degree of freedom and automatically ensured
that a smaller root mean square deviation was obtained. However, if the
improvement in the RMS deviation was small, the uncertainties in the fit-
ting coefficients themselves actually increased because the effect of
adding an extra degree of freedom more than offset the small improvement
in the RMS deviation. In this case, since acceleration was a function
of these coefficients, the uncertainty in acceleration (and hence drag
pressure) increased as the order of the fit increased. To minimize this
effect, the lowest order fit which satisfied the conditions set forth in
jtems (b) and (c) below was chosen as the best fit.

(b) The drag pressure-time curve was derived directly from the
first derivative of the curve fitted to the velocity-time data. As the
order of the fitting polynomial was increased, in general the shape of
the derived drag pressure-time curve changed. However, if the scatter in
the velocity-time data was not too large, a point was quickly reached for
which addition of the next higher order term in the fitting function did
not significantly change the shape of the derived drag pressure-time
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curve (i.e., fitting procedure had produced a stable first derivative).
One could then claim with some confidence that adding the next higher
order term produced no significant new information on the shape of the
drag pressure-time curve. In other words, if a fit of order N and a
fit of order N+1 produced essentially the same shape for PD(t), the fit
of order N was chosen as the one which contained all of the available
information on the shape of PD(t).

(c) While the overall shape of the drag pressure-time curve
cannot be known with certainty, two characteristics of the curve are
known, based on the shape of the dynamic pressure curve: (1) initially,
the slope is negative; (2) at large times, when the dynamic pressure
approaches zero asymptotically, the drag pressure approaches zero asymp-
totically.

When one performs a least squares fit to the velocity data
with a power series, however, there are no special constraints to
guarantee that the drag pressure derived from the best-fit polynomial
will have these two characteristics. When the scatter in the velocity
data is small, the data themselves provide sufficient constraint to
ensure that the curve for drag pressure derived from the fit will have
these characteristics. However, if the scatter in the velocity data is
sufficiently large, the derived drag pressure may fail to exhibit either
one or both of these characteristics. When this occurs, it is necessary
to exercise judgment to rule out such a fit on the grounds that it is
not physically reasonable. This is particularly true for cases in which
the derived drag pressure drops to zero and becomes nejative before the
end of the fitting region is reached.

Since one is relying entirely upon the data themselves to
constrain the fitting function to have the proper behaviour at late
times, it would seem to be important for the transducer time record to
extend up to the point where the slope of the velocity-time curve is
approximately zero (i.e., where the dynamic pressure is negligible com-
pared to its initial value). While this was the case for all of the
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transducer data collected in Event DICE THROW (except for a couple of

truncated signals caused by broken magnets, etc.), it was not always the
case in previous trials, where transducers with shorter working lengths

were used.

In summary, before a fitted function was accepted as an accurate
description of the variation of drag pressure with time, three conditions
had to be satisfied:

(1) reasonable limits on uncertainty (low order of polynomial),

(2) stable first derivative, and

(3) correct physical behaviour at early times (when dynamic
pressure is large) and at later times (when drag pressure
is decreasing to zero asymptotically).

If the fitting function failed to meet these criteria for a
particular data set, then all high order fits were rejected as unsuitable
and a linear fit to drag pressure was chosen as the best-fit function.
Since the dynamic pressure curve is non-linear, it is clear (Equation 1)
that a linear fit cannot, in general, represent the detailed shape of
PD(t). It is, however, useful in showing the trend of PD(t) and can be
considered as a coarse averaging function. For data sets which fit PD(t)
with a linear function, it should be noted that the detailed shape of
the derived CD(t) curve is not significant. Only CD values averaged
over 25 msec intervals were accepted as meaningful in these cases.

3.2.4 Effect of non-random fluctuations in velocity-time data. As was
the case in all previous trials, non-random fluctuations were evident in
all transducer signals. These could be subdivided into two categories:
(1) pure (damped) sinusoidal oscillations; (2) irregular fluctuations.

(1) Pure Sinusoidal Oscillations. Large single-frequency
oscillations were observed in the velocity-time spectra from transducers
attached to cylinders 3, 4 and 5. By inspection of the corresponding
camera records, it was established that they were oscillations of the
solid centre shaft of the cylinder to which the transducers were attached.
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The fact that the amplitudes of oscillation were larger in general
than those observed in velocity-time traces from previous trials may
be attributed to two factors: (1) the centre rod in this trial was
continuous and of order 5 to 8 feet in length (cf. the short - approxi-

mately 1 foot long - end rods of previous trials); (2) the absolute
length of rod protruding beyond the cylinder end was 14 inches for DICE
THROW, compared to only 6 inches for previous trials. Each of the
above factors (1) and (2) would tend to favour a higher initial dis-
placement for the end of the centre rod relative to the cylinder axis.

An attempt was made to remave the prominent single-frequency
component by performing a Fourier transform of the velocity-time spec-
trum, subtracting the unwanted component, and reconstructing the filtered
velocity-time function by performing an inverse Fourier transform. Due
to the short length of the v(t) spectrum, the presence of gaps at the
beginning and in the middle of the spectrum, and the fact that the
oscillation was damped, it proved impossible to apply a sufficiently
precise frequency filter which would remove the oscillatory component
without simultaneously distorting the shape of the main velocity-time
signal.

The next approach employed was an attempt to fit the velocity-
time spectrum with a function of the form:

v(t) = vi(t) + vy(t) (4)

where
vi(t) = a; + apt + ast?; vyo(t) = aqe'a5tsin(2na6t + a7).(5)

This function, which includes an explicit sinusoidal term, contained
seven fitting parameters (a;- - - - a;). A least squares best-fit
criterion was adopted, and the best-fit function was found by a para-
meter search method. Because the computer time consumed increases
rapidly with the number of parameters using this method, it proved
necessary to 1imit the polynomial part of the fitting function to
second order in order to keep the overall number of parameters manage-
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able. While it was recognized that a second order polynomial was not
of sufficiently high order to describe adequately the v(t) trace, the
results of this fit were still of interest because the model function
attempted to take into account the damped sinusoidal oscillation. It
was useful to compare the best-fit coefficients a;, a,, a; obtained
using this function with the best-fit coefficients obtained by linear
least squares fitting procedure using a second order power series only
(described in Appendix E). The results of the two procedures are sum-
marized in Table 12. They indicate that, at least for a second order
polynomial fit to velocity, the two methods give similar answers for
the polynomial describing the velocity-time curve. In fitting the velo-
city-time records with a polynomial of order higher than 2, the implicit
assumption is made that any oscillations about the mean velocity are
sufficiently rapid that they do not seriously affect the choice of best-
fit polynomial. The results in Table 12 lend some credence to this
assumption.

(2) Irregular Fluctations. For cylinders 2, 6 and 7, irregular
fluctuations were superimposed on the sinusoidal oscillations. The fluc-
tuations were most likely caused by friction between the moving magnet
and the surrounding coil housing. This type of fluctuation is the most
problematic because it is neither completely random nor periodic. It is
impossible to assess accurately the uncertainty in the fitted function
attributable to the irregular nature of these fluctuations. No attempt
was made to do so, and in the error analysis it was assumed that the
fluctuations were random. Because the fluctuations are rapid compared to
the slope of the v(t) curve, this is not a bad assumption. There is no
a priori means of knowing if this is the case, however; it must be assumed.

3.3 Camera Data

3.3.1 Use of film reader. Developed films from the high-speed cameras
were analyzed with the aid of a precision film reader. Timing marks pro-
jected onto the film at 10 millisecond intervals were used to establish
the framing rate. A horizontal distance scale in each film frame was pro-
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vided by a photomarker plate attached to the support plate nearest
the camera and marked off over a 12 inch interval in alternate black-
and-white 1-inch wide bands. The zero of coordinates was defined for
each film frame to be the junction of the photomarker plate with the
vertical back edge of the support plate.

For those cameras with 50 mm focal length lenses (Table 10),
non-linearity across the field of view could be neglected. For those
cameras with 13 mm lenses, a correction had to be applied. It would
be an advantage in future trials to use cameras with focal lengths
longer than 13 mm to minimize the importance of this correction.

The measuring position on the cylinder was defined by the
junction of alternate black and white sectors painted onto the end
plates. Because the end plate is 9 inches farther from the camera
than the photomarker plate, a simple geometrical correction had to be
applied to the measured position coordinates. It was also necessary
to apply a correction to account for motion of the camera and mounting
post under blast loading. This correction was necessitated by a i
shift in the optic axis of the camera with respect to the object being
photographed. Since no cross-hairs were present on the camera lens
to define the optic axis, a reference point on the edge of the film
frame was used to keep track of the camera motion. The accuracy of
position measurement was estimated to be + 0.04 inches before any cor-
rections were applied.

3.3.2 Philosophy of curve-fitting. The same considerations which
governed the fitting of the velocity-time data discussed in Section 3.2
applied to the fitting of the displacement-time record from the high-
speed cameras, except that one was interested in the second, rather

than first, derivative, and the record was continuous. In addition,
the ability to observe the cylinder end, rather than the end of the
cylinder shaft, meant that the osciliations of the cylinder shaft, so
prominent in the velocity transducer data, were absent in the camera
data.
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3.4 Free-Field Overpressure Measurements

Side-on pressure gauges mounted at ground level were used to
record overpressure-time histories at strategic points on the Canadian
layout. These measurements are the subject of a related Suffield Tech-
nical Paper (Winfield, 1977). Four side-on pressure gauges were located
in the vicinity of the 20 psi overpressure position, six gauges in the
vicinity of the 10 psi overpressure position, and four gauges in the
vicinity of the 7 psi overpressure position.

Each overpressure-time curve was assumed to follow the empi-
rical Friedlander decay formula:

p(t) = pF (6)
where -kE—
t b
F = (] "t e
+
with Py = peak overpressure (psi)
L duration of positive overpressure phase
k = Friedlander decay constant (empirically determined).

The positive duration, t , was determined by visual inspection
of the digitized pressure-time records.

The overpressure impulse, I, defined by:
ty
I =I p(t) dt (7)

0

was obtained by numerical integration of the area under the measured
pressure-time record fromt = o to t = t,. Integration of Equation 6
fromt = o tot = t_ leads to the equation:

B BT st (8)
Pots k k?

The function on the right is an unique function of the decay
constant k only. This function was plotted and the value of k determined
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I
'p°t+
using experimental values of I, Po and t, determined directly from the
measured pressure-time records. Once the parameters I, Po® t, and k

were determined for each gauge at a given nominal peak overpressure

graphically for each pressure gauge by calculating the ratio

location, a best value was determined for each parameter by averaging
the results from all the gauges at that peak overpressure location.
The scatter in the values of the parameters about the mean value was
used to provide an estimate of the uncertainty in each parameter. The
results of this procedure are summarized in Table 15.

3.5 Impact Pressure Calculations

The dynamic pressure q and impact pressure qq were assumed
to decay as F2 (Glasstone, 1957), i.e.,

q(t) = q.F? (9)
q;(t) = qpF? (10)

where the peak dynamic pressure, 99> is determined from the Rankine-
Hugoniot relations at the shock front to be (Glasstone, 1957):

2
0 2 ‘po + 7pa$
and the peak impact pressure is determined to be (Kinney, 1962):
S (12)
q = q
" . 2.8(po+ pa)
where
po = peak overpressure
Py = ambient pressure.

It has been the practice in recent years at our Establish-
ment to define drag coefficient in terms of impact pressure, rather
than dynamic pressure (see Equation 1), because drag force for com-
pressible fluids is directly related to impact, rather than dynamic,
pressure. This practice has been continued in this part of the pre-
sent report. The ratios of impact pressure to dynamic pressure at the
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20.1, 9.7 and 6.7 psi peak overpressure locations were 1.103, 1.039,
1.022, respectively, based on Equations 9, 10, 11 and 12.

In calculating impact pressure for a given peak overpressure
location, the average values of the parameters from all of the pressure
gauges at that overpressure location, as listed in Table 15, were used.

To obtain an estimate of the uncertainty in impact pressure at that loca-
tion, impact pressure-time curves were calculated using the values of Py

t, and k determined for each gauge. At 10 msec intervals, the RMS deviation
of these curves from the "average" curve was calculated. This RMS deviation,
expressed as a percentage, is plotted as a function of time for each peak
overpressure location in Figure 32.

The impact pressure curves used in the data analysis are plotted
in Figure 31.

3.6 Calculation of Mach and Reynolds Numbers

Free stream Mach and Reynolds numbers were calculated using
standard definitions. Fluid velocity was assumed to decay as:

u = ufF (13)
where
F is defined in Equation 6,
and u, was derived in terms of Po and Pa from the Rankine-Hugoniot
relations across the shock front.
The temperature of the flow behind the shock front was approxi-
mated by the isentropic relation. The kinematic velocity was described
by a power series in temperature, where the coefficients of the series were
obtained by fitting a power series to values of kinematic viscosity for air

at specific temperatures.

Details of these calculations are given in a previous report
(Mel1sen, 1974).
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4.  RESULTS
4.1 General

A qualitative summary of results is presented in Table 27.
Cylinder 1 failed to undergo free flight and suffered severe damage due
to a blast anomaly which moved up the east side of the Canadian sector.
The anomaly is discussed in Section 4.10. Post-shot views of the
cylinder and the east and west support plates are presented in Figures
10, 11 and 12 respectively. Figure 13 presents a post-shot view of
cylinder 5, showing the lateral displacement caused by a lateral pres-
sure component associated with the blast anomaly. Figure 14 is a
post-shot view of one of the 7-foot high greasy stake dust collectors. B
The height of the dust cloud is indicated by the change in reflectivity

of the greased surface at a height of 3 to 3.5 feet.

Figures 15 through 25 present results of fits to velocity
transducer data and camera data for cylinders 2 through 7 (except for
cylinder 2 where only transducer data are available). Figures 26
through 30 and Tables 16 through 26 present derived drag pressures and
drag coefficients for cylinders 3 through 7 from both camera and trans-
ducer data. A qualitative summary of results for each cylinder, with
qualifying remarks, is presented in Table 27. A summary of best values
for the measured drag coefficients is presented in Table 28.

4.2 Velocity Transducer Data

The data from east and west ends on a given cylinder were
analyzed separately. The best-fit curve is drawn through the velocity-
time data as a solid line. The dotted lines in the figures represeht
+ one root mean square (RMS) deviation in the scatter of data about the *
best-fit curve. It was assumed for purposes of error analysis, and in
the absence of better information, that the RMS deviation had a constant
value at all points on the curve. The acceleration curve is the first
derivative of the best-fit velocity function. The dotted lines on the
acceleration-, drag pressure-, and drag coefficient-time curves, however,
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represent + three standard deviations (99% confidence interval).

Power series with terms up to the fourth power in time (5 para-
meters) were fitted to the velocity data for cylinders 3, 4, 6 and 7.
Velocity data for cylinders 2 and 5 were fitted by power series with
terms up to the second power in time (3 parameters).

4.3 High-Speed Camera Data

Cameras recorded the motion of the west cylinder ends only. In

the figures, the best-fit power series curve is drawn as a solid line
through the displacement-time data. Dotted lines representing + one RMS
deviation are also drawn, but are not evident on most drawings because the
deviation is so small. On the velocity-, acceleration-, drag pressure-,
and drag coefficient-time curves, however, the dotted lines represent =
three RMS deviations about the best-fit curve (99% confidence interval).
Displacement data for cylinders 3, 4, 5 and 6 were fit by a power series
with terms up to the fifth power in time (6 parameters). Displacement data
for cylinder 7 were fit by a power series with terms up to the third power
in time (4 parameters).

4.4 Drag Coefficient vs Reynolds Number - Before Corrections
(Figure 36)

For a given record, the drag pressure-time curve was divided by
the appropriate impact pressure-time curve (Figure 31) to obtain drag coef-
ficient as a function of time, CD(t). The CD(t) curves are plotted in
Figures 26 through 30 for each cylinder. Dotted lines represent + three

standard deviations of uncertainty.

In Figure 36, the resultant CD(t) curves are plotted as a function ‘
of Reynolds number for all cylinders for which the free stream Mach number |
is less than the critical value Mc = 0.48. For this Mach number range, the :
dependence of CD upon Mach number is slight.

In Figure 36, data which required a linear fit to drag pressure
have not been included because a linear fit was felt to provide no de-
tailed information on the shape of the drag pressure-time curve (see Sec-
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tion 3.2). The CD(t) values are presented as bands of uncertainty for
three reasons:

(1) To permit a visual comparison of the relative accuracies
of the velocity transducer and high-speed camera techniques.

(2) To emphasize that, for a given data record, the uncertainty
in the derived drag coefficients is not constant across the record. The
uncertainty is least near the middle of each record.

(3) To show the measure of agreement between drag coefficients
obtained using the velocity transducer and those obtained using the high-
speed camera technique.

In this figure, and in the plots of CD(t) in Figure 26 through
30, no uncertainty in the calculated impact pressure has been included.
This has been done so that the ratio of drag coefficients with and without
extended end plates could be formed directly to assess the importance of
end effects. In such a ratio impact pressure cancels out, so the un-
certainties in Figures 26 through 30 and Figure 36 are the appropriate
ones to use for assessing end effects.

Included for completeness in Figure 36 is a solid curve re-
presenting drag coefficients measured in a wind tunnel under steady-
state flow conditions (Delaney and Sorensen, 1953; Gowen and Perkins,
1953). The extension of the steady-state results to higher Reynolds
numbers (Roshko, 1961) is represented by the dotted portion of the curve.

4.5 End Effects (Figure 37)

The flow of air over the ends of finite-length cylinders can
produce a measured drag coefficient which is different from the value
that would be measured for an infinitely-long cylinder. Since the main
structural members of the Canadian Navy masts and antennae tested in
DICE THROW either had relatively large length/diameter (L/D) ratios or
were attached at either end to other members, drag coefficients for
infinite-length cylinders were the appropriate input to structural res-
ponse calculations for these structures.
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In the present experiment, thin extended end plates were attached
to the ends of some cylinders (Figures 4 and 5) to prevent air flow around
the ends of the cylinders, thereby eliminating end effects.

There was, of course, a contribution to the overall drag on the
cylinder due to drag on the end plates themselves. However, because the
end plates had bevelled knife edges, and the air flow was expected to be
nearly parallel to the faces of the end plates, the main contribution to
end plate drag was skin friction drag, for which the maximum drag coef-
ficient, according to Hoerner (1958), is 0.008. Using this value for Cp,
the fractional contribution by the end plates to the overall measured
cylinder drag pressure was assumed to be given by:

(CDA)end plate

(CDA)end plate i (CDA)cylinder
where

A is the total exposed surface area of the two
end plates

is the frontal area of the cylinder

end plate

Acylinder

(cy)
(C

i

end plate 0600

D)cylinder = measured value from experiment.

These calculated contributions from the end plates to the measured
drag coefficient (approximately 10% for cylinder 7, 7% for cylinder 5, and
less than 1% for cylinder 2) were then subtracted from the measured coef-
ficients to produce a set of corrected coefficients appropriate to in-
finite-length cylinders. It is these corrected coefficients which are
plotted in Figure 38.

Since the experiment included pairs of identical cylinders with
and without extended end plates, at the same peak overpressure locations, it
was possible to measure end effects directly by forming the ratio

CD (with extended end plates, corrected for end plate drag)

Co (without extended end plates)
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These ratios were formed, using drag coefficients averaged
over 25 msec intervals, for cylinders 6 and 7 (velocity transducer
data) and cylinders 4 and 5 (camera data). The results are plotted
in Figure 34 as a function of elapsed time after shock arrival.

For cylinders 6 and 7, with an L/D ratio of 17, the first
two points in Figure 37 covering 50 msec of motion correspond to Rey-
nolds numbers (9-5) x 10°, i.e., just above the critical Reynolds number
range (5-3) x 10°. For these points, the Cp ratio lies below 1. A
slight tendency for the ratio to decrease with time after shock arrival
is noted. All points are consistent with the weighted average value of
0.78.

For cylinders 4 and 5, which have an L/D ratio of 5, all of
the data points correspond to Reynolds numbers in the supercritical
range (16-9) x 10°. Initial values of the Cp ratio are substantially
greater than 1 and are not consistent with unity within error. More-
over, the ratio increases markedly for later times. The average vaiue
for the first 50 msec of motion is 1.43 while for the second 50 msec ;
of motion it is 1.95. The average value for the first 100 msec of
motion is 1.58, but not all of the data points agree with this value
within error.

Due to the failure of cylinder 1, the 18-inch diameter
cylinder with extended end plates, it was not possible to measure
end effects directly using cylinders 1 and 3. In view of the large

" end effects observed for cylinders 4 and 5 in the supercritical

Reynolds number range with an L/D ratio of 5, it was felt that sub-
stantial end effects could also be expected for the 18-inch diameter
cylinder 3, whose motion spanned a somewhat higher Reynolds number range
and which also had an L/D ratio of 5. Since no direct information

was available for cylinder 3, the average end effect factor of 1.58
measured for cylinders 4 and 5 was applied to the camera data for
cylinder 3. These corrected data are plotted in Figure 38. It is
notable in this Figure that, even after substantial end effect cor-
rections, the two data points at highest Reynolds number (first 50 msec
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of motion) for the 18-inch diameter cylinder lie well below steady-state
values. To obtain agreement with the steady-state values, the measured
drag coefficients (before end effect corrections) would have to be mul-
tiplied by an approximate factor of 2. If, instead of an average end
effect factor, one employed the measured values for each 25 msec interval
recorded in Figure 37, the two points at highest Reynolds numbers in
Figure 38 would be depressed a further 10%, while the third point would
be elevated a further 20% to lie above the steady-state value.

4.6 Dust Loading

Both the greasy dust collectors described in Section 2.4 and the
high-speed camera records provided qualitative information on the amount
of dust entrained in the blast wave during the cylinder motion. Both dust
collectors (see 7-foot tall dust collector in Figure 14) and camera records
confirmed that a significant dust cloud existed only to a height of about
three feet above ground, and that relatively little dust existed at the
initial cylinder height 5 to 6 feet above ground. One would expect any
dust loading to increase the effective drag force on the cylinder, thereby
increasing the measured drag coefficient. The insignificance of dust
loading is supported by the fact that the measured drag coefficients in
Figure 38 were consistent with steady-state values over most of the range
of measurement. The oil-based coating sprayed onto the ground in the
Canadian sector proved highly effective in suppressing dust, as evidenced
by the relatively low dust levels in this trial compared to previous trials
in which dust clouds were observed to rise to a height of 7 to 8 feet
(Leech et al., 1973).

4.7 Drag Coefficient vs Reynolds Number - After Corrections
(Figure 38)

Figure 38 is a composite semi-log plot showing measured drag coef-

ficients for "infinitely long" smooth cylinders in unsteady flow conditions
for Reynolds numbers from (3 to 40) x 10°. For the 3.5-inch and 9.5-inch
diameter cylinders, data from cylinders with extended end plates were used,
after subtracting a correction for end plate drag. For the 18-inch dia-
meter cylinder without extended end plates, the average end effect factor
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of 1.58 measured for the 9.5-inch diameter cylinder was applied to the
results to convert them to values appropriate to a cylinder of infinite
length. The error bars on the data points in this Figure include the
uncertainties in impact pressure plotted in Figure 31. As in Figure
36, the solid line represents results from wind-tunnel experiments

in steady-state flow conditions (see Section 4.4). The extension

by other workers of these results to higher Reynolds numbers is re-
presented by the dashed portion of the curve.

4.8 Surface Roughness

A11 of the cylinders were sanded and polished, after deep
scratches were filled with body-filler compound, to ensure that all
surface imperfections were less than 1/1000 of the cylinder diameter
and that all scratches present were in the direction of air flow over
the cylinder. Under these conditions, according to Hoerner, the
cylinder could be considered aerodynamically smooth and the effect of
surface imperfections on the air flow would be negligible.

4.9 Drag Coefficients for Supercritical Mach Numbers - Cylinder 2

For cylinder 2 at 20.1 psi peak overpressure, the flow Mach
number fell from 0.63 to 0.50 during the first 20 msec of motion, and
0.50 to 0.38 during the next 20 msec of motion. During these intervals,

the Mach number was above M = 0.48, so a large drag coefficient

was expected. For cy1indercglt;§?; one transducer record provided useful
data and these data contained large irregular fluctuations on the main
signal. It was necessary to accept a linear fit to drag pressure to
obtain reasonable uncertainty limits; only average drag coefficients
over 20 msec intervals were accepted as meaningful (see Section 3.2.2).
The Targe scatter in results from pressure gauges adjacent to the cylin-
ders at the 20 psi peak overpressure location caused a correspondingly
large uncertainty in impact pressure, an uncertainty which reached 100%
after only 60 msec of cylinder motion (Figure 32). The net result was
that only average drag coefficients for 0-40 msec were obtained, and
these had large uncertainties associated with them. The results were:
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+

For 0-20 msec cDavge = 0.76 + 0.20.

For 20-40 msec cDavge = 0.98 + 0.21.

+

4.10 Blast Anomaly

High-speed camera records showed that the large end plates on
cylinder 1 distorted and separated from the main body of the cylinder
shortly after the cylinder left the support stand. Available evidence
suggests that a blast anomaly, in the form of a surface precursor jet
moving up the east side of the Canadian sector, was responsible for the
failure of cylinder 1. This anomaly produced a secondary pressure wave
which moved diagonally from east to west across the layout behind the

main shock front. The dust-raising precursor jet could be clearly seen
on overhead photographs of the charge just after detonation. The evidence
for the laterally-moving pressure wave follows:

(1) Small secondary pressure peaks were observed on pressure
records at the 20 and 10 psi peak overpressure locations. Correlation
of the time of arrival of these secondary pulses with the gauge positions
indicated that the pressure wave responsible was moving diagonally from
east to west.

(2) A1l cylinders which translated laterally did so from east
to west (Figure 13).

(3) The west support stand for cylinder 1 had been twisted to-
ward Ground Zero and the stand had been collapsed (Figure 11). The east
support stand was somewhat distorted but still upright (Figure 12). The
only explanation consistent with these and other minor pieces of evidence
is that the cylinder or cylinder end plates delivered a series of rapid
blows to each support plate. The fact that the west support plate col-
lapsed first suggested that it had received the first major blow from the
cylinder. This conclusion in turn implied that the cylinder initially had
to translate laterally from east to west. An east-west force would have
been required to produce this motion.
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5. DISCUSSION OF RESULTS

5.1 General

The principal information gained from the present experiment
is (1) the variation of drag coefficient in the range of critical and
supercritical Reynolds numbers under unsteady flow conditions of a
free-field blast wave, and (2) a measurement of end effects under these
same conditions for cylinders with length/diameter ratios of 5 and 17.

A11 of the measurements recorded in Figures 36, 37 and 38
are for Mach number less than the critical value (Mc = 0.48). For
M<MC, CD is primarily a function of Reynolds number. For M>Mc, CD de-
pends mainly upon Mach number. As M increases through Mc’ an abrupt
rise in CD from 0.3 to approximately 1.2 is observed. This is a result
of the fact that, for M = Mc’ flow becomes supersonic at some point on
the cylinder. The local shock wave which forms causes a buildup in
thickness of the boundary layer and a rapid movement of the separation
point forward on the cylinder with an attendant rapid rise in drag
coefficient.

The principal difference between measurements made in steady
and unsteady flow arises from the fact that the unsteady flow is pre-
ceded by a shock front which diffracts over the cylinder, sending re-
flections back and forth several times across the cylinder. It is possible
that passage of the shock front may "condition" the following air blast
flow to produce drag coefficients which are different from those one would
measure in the steady-flow conditions encountered in wind tunnel tests.

5.2 Variation of Drag Coefficient with Reynolds Number (Figure 38)

5.2.1 Cylinder with 3.5-inch diameter. The points for Reynolds number
in the range 5 x 10° to 8 x 10° are in good agreement with steady-state
values. The points between 3 x 10° and 5 x 10%, in the critical range,
fall well below steady-state values. This result might be attributable
to surface roughness, which tends to move the critical Reynolds region
toward Tower Reynolds numbers (Hoerner, 1958). However, as discussed
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in Section 4.8, precautions were taken to ensure that the cylinder sur-
face was aerodynamically smooth, so this explanation is an unlikely one.
It is more probable that the lack of agreement is caused by the simple
fact that the low order power series used to fit the data is not capable
of responding to the rapid change in CD which occurs in this range of
Reynolds number.

5.2.2 Cylinder with 9.5-inch diameter. Drag coefficients derived for
the 9.5-inch diameter cylinder for Reynolds numbers in the range 9 x 10°
to 17 x 10° are consistent with the steady-state values within error, but

tend to lie somewhat higher on average.

5.2.3 Cylinder with 18.0-inch diameter. The two CD values spanning the
first 50 msec of motion (R = 43 x 10° to 29 x 10°) lie well below steady-
state values. The Cp value for the 50-75 msec interval (R = 29 x 10° to
24 x 10°%) is slightly larger than the steady-state value, but consistent
with it within error.

It is possible that the discrepancy between steady and unsteady
CD values observed at highest Reynolds numbers is due to an inadequate end
effect correction over this range of Reynolds number. However, to obtain
agreement with steady-state values for all three points, it would be neces-
sary to apply an end effect correction which decreased with time after
shock arrival. This is contrary to the observed end effect variation for
the 9.5-inch diameter cylinder.

If one accepts the data as presented in Figure 38, they suggest
that, in the early stage of unsteady flow for Reynolds numbers of order
40 x 10°, CD is lower than the steady-state value. As time progresses,
the drag coefficient increases to a value somewhat higher than, but con-
sistent with, the steady-state value. The mechanism responsible for the
increase in drag coefficient for R>10® is not completely understood, but
Roshko (1961) has pointed out the strong similarity in shape of the CD
vs R and 1/S vs R curves, where S is Strouhal number (S = (fd)/u where d
is cylinder diameter, u is free-stream velocity, and f is the frequency
of vortex shedding at the rear of the cylinder). This similarity suggests
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that drag coefficient is related to the frequency of vortex shedding.
If the initial shock front conditioned the following flow pattern

in such a way as to increase artificially the frequency of vortex
shedding, it is Tikely that a decreased drag coefficient would result.
One might then expect drag coefficient to increase as quasi-steady
flow developed, in agreement with observations.

5.3 Comparison with Results of Other Workers

A limited number of drag coefficient measurements in unsteady
flow are available. These have been carried out primarily at AWRE (U.K.)
in shock tubes and by DRES in previous free-field blast trials. In
several instances, drag coefficients well in excess of steady-state
values were observed. In the case of past DRES results, some of this
difference may be attributable to dust entrained in the free-field blast
wave. Dust loading seems to have been a more serious problem in pre-
vious trials than in DICE THROW {see Section 4.6). Some work is under-
way at DRES to examine the problem of dust loading on circular cylin-
ders using a mathematical model in order to provide some theoretical
1imits on the potential seriousness of the problem for some represen-
tative field conditions.

In the case of at least one set of results from AWRE (Bishop
and Rowe, 1967), the high measured drag coefficient of 0.67 for M<Mc
may be attributable to the fact that, early in the flow history, the
flow Mach number M was >Mc. The authors suggest that the drag coef-
ficient measured for M<MC may depend upon "conditioning" of the flow
while M>MC. This contention that, in unsteady flow conditions, the
measured drag coefficient may depend upon the history of the flow is
carried forward in other work at AWRE by Martin, Mead and Uppard (1967).
In this work the authors show, from shadowgraph records during the
shock diffraction phase, that the boundary layer separation point has
been moved well forward on the cylinder, and they argue that, because
it is unlikely to re-attach downstream during the subsequent flow, an
abnormally high drag coefficient is expected (in agreement with obser-
vatigns).
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The present data are notable because they are consistent with
steady-state values over a wide range of Reynolds number. The data for
the 18-inch diameter cylinder are new. Until now, no known unsteady
flow measurements existed at such high Reynolds number and low Mach
number (M<Mc at all times). Dryden and Hi11 (1930) measured CD for a
12-foot diameter, 120 foot long smoke stack (L/D = 10) in a natural wind
of about 25-40 mph, which corresponds to Reynolds numbers of 30 x 10° to
50 x 10°. These measurements were, however, for extremely low Mach num-
bers, and were not made in a decaying blast wave which was preceded by a
shock front.

5.4 End Effects (Figure 37)

It has been shown from shadowgraph records (Martin, Mead and
Uppard, 1967) that it can take as long as 10 msec for quasi-steady flow
to develop over the cylinders after passage of the shock wave. It is
somewhat surprising, however, to find that the ratio of CD's for in-
finite/finite length cylinders is strongly varying as late as 75 msec
into the motion (Figure 37). Before any conclusions can be drawn, it
will be necessary to re-analyze the data to ensure that the observed
strong variation in CD ratio for the 9.5-inch diameter cylinders is not
simply an artifact of the data analysis. The average value of the ratio
over 100 msec of motion, 1.58, is quite close to the value of 1.67
measured by Dryden and Hi1ll (see Section 5.3) for very low Mach numbers
and R in the range 30 x 10% to 50 x 10°. The Reynolds number range covered
in Dryden and Hill's experiment brackets the range covered by our 18-inch
diameter cylinder (R = 24 x 105 to 43 x 10°%). Their measured end effect
was 1.67. The fact that this value is close to our average end effect
factor of 1.58 (measured on the 9.5-inch diameter cylinder) lends support
to the decision to apply the factor of 1.58 to the results for the 18-inch
diameter cylinder.

The results for the 3.5-inch diameter cylinder are consistent
with a CD ratio of unity for Reynolds numbers just above the critical
region. This ratio appears to drop below unity by as much as 25% as the
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critical Reynolds region is entered. The indicated decrease in CD
ratio may not be significant, however, because it is likely that the
low-order power series fit to the data is inadequate for modelling the
rapid change in CD which probably occurs in this region.

The number of end effect measurements in unsteady flow con-
ditions is limited. A comparison with present results is made dif-
ficult, if not impossible, by the fact that some of the previous
results are contradictory, and in most cases no estimates of the un-
certainties in the quoted values have been reported. For these reasons,
no detailed comparison of end effect results has been attempted.

5.5 Results for Supercritical Mach Numbers - Cylinder 2

The initial CD value of 0.76 + 0.20 measured for cylinder 2
is more consistent with the steady-state results for a finite-length
cylinder, with L/D ratio of 17 (CD = 0.9), than for an infinite-length
cylinder (CD = 1.3, Gowen and Perkins, 1953). Examination of the
velocity-time curve in Figure 15 indicates that the initial acceleration
values obtained from the fitted curve may well be too low. A more
reliable determination of acceleration is not possible, however, given
the large fluctuations which are present in the velocity-time data.
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6. CONCLUSIONS

1. Aerodynamic drag coefficients measured for "infinite-
Tength" aerodynamically smooth cylinders under unsteady flow conditions
in a long-duration (160-300 msec) free-field blast wave were in generally
good agreement with steady-state values for Reynolds numbers in the
range 5 x 10° to 16 x 10> and Mach numbers <0.48. In the critical Rey-
nolds number range 3 x 10° to 5 x 10°, the measured drag coefficients
lay well below the steady-state values, but this was felt to be due to
the inability of the power series fitting function to respond to the very
rapid changes in drag coefficient expected in this region. In the Rey-
nolds number range 30 x 10° to 40 x 10°, measured unsteady flow drag coef-
ficients were approximately 30% lower than steady-state values. Further
experiments would be necessary to establish whether this difference is
due to an inadequate correction for end effects or to a real physical
effect associated with the diffraction of the shock front across the
cylinder.

2. Measurement of drag coefficients for identical cylinders
with and without extended end plates permitted the direct measurement of
end effects for finite-length cylinders by forming the ratio CD(infinite)/
CD(finite). For the cylinders with a length/diameter (L/D) ratio of 5,
an average CD ratio of 1.6 was observed over a Reynolds number range of
9 x 105 to 16 x 10° (M<0.48). For the cylinder with L/D of 17, an average
CD ratio of 0.8 was observed for Reynolds numbers in the range of 3 x 10°
to 8 x 10°. The ratio was observed to decrease as Reynolds number dropped
from the supercritical to critical range. Further data analysis and
experimentation are required to confirm the strong increase in end effect
ratio with time after shock arrival which was observed for the cylinder
with an L/D ratio of 5.

3. Greasy stake dust collectors and high-speed camera records
confirmed that the oil-based coating sprayed onto the ground in the Cana-
dian sector proved highly effective in suppressing dust. It is probable
that the dust loading on the cylinders was negligible during the first
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100-150 msec of motion over which measurements were taken.

4. Cylinder 1 at the 20.1 psi peak overpressure location
failed due to the influence of a ground precursor type of blast anomaly
which moved up the east side of the Canadian sector and produced a
secondary pressure wave travelling diagonally from east to west across
the Canadian layout.
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APPENDIX A

STATEMENT OF REQUIREMENT

The original Canadian Forces request for further drag cylinder
measurements in Event DICE THROW came from the Director of Maritime
Facilities and Resources. The essence of the request is reproduced
below (points 3 and 4 of the above reference):

3. "It is recommended that drag cylinders with approximately
3 inch, 18 inch and 24 inch diameters be tested each at two blast
overpressures. The blast overpressures will be in the order of
10 psi but will become finalized through model mast considerations."

4. "The 18 inch and 24 inch diameter circular cylinders will
provide an almost complete spectrum of drag loadings on cylinders.
In addition, these cylinders should provide some guidelines for
future designs of large pole-type masts. The 3 inch diameter cylin-
ders will provide experimental results for useful correlation to
actual members of the model masts."

After reviewing the current state of our knowledge of drag
forces on cylinders and the limitations of the free-flight cylinder method
we concluded that the original request for both 18 inch and 24 inch dia-
meter cylinders is impractical at the higher diameter and is considered
not desirable in light of the following arguments:

(i) The 18 inch cylinder stretches the technical limitations
of our method, and the 24 inch cylinder even more so. Our 18 inch cylin-
ders are 7.5 feet long, weigh 200 pounds and need to be centred 6 feet off
the ground to avoid flow restrictions between the ground and the cylinder.
The 24 inch cylinders would have to be 10 foot long, 350 pound objects
centred 8 feet off the ground. There are problems fabricating a cylinder
of that size to be both strong and yet as 1light in weight as 350 pounds.
The expected motion of both these cylinders is beyond the recording limits
of our velocity transducers, and is getting beyond the reasonable camera
range when dust interference with the photography is taken into account.
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(ii) In presen* thinking, there are no actual mast structures

built or currently under consideration which go beyond 20 inch diameter.

The largest diameter target in the past has been the TACAN mast, which
had an 0.D. of 20 inches in DIAL PACK and 17 inches in MIXED COMPANY.
For the latter test, the measured strains were low, so that larger dia-
meter designs in the future are not Tikely.

(iii) The 24 inch diameter is only 33% larger than the 18 inch
diameter, and for the region of flow Mach numbers and Reynolds numbers
that apply to both of them, we have a high degree of confidence in ex-
trapolating the drag coefficient values. In fact, the one wind tunnel
result published in this area shows very little change in the CD value
for the flow region of interest.

(iv) From the review of previous DRES work, we feel that the
problem of end effects, and possible corrections to all previous DRES
drag coefficients of about 30%, are more important to study this time
than the 24 inch diameter cylinder.

The experiment chosen instead is described in the body of
the text.
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APPENDIX B

CYLINDER MOTION ESTIMATES

The motion of each cylinder has been estimated in the manner
described below. From the review of Section 2, values of CD were estimated
as follows: for cylinders #5 and #7, with end plates, at 10 psi the value
of CD = 0.5 was assumed; for cylinders #3, #4 and #6, at 10 psi with no
end plates, the constant value of CD = 0.6 was chosen; for cylinders #1 and
#2 with end plates at 20 psi the value of CD was chosen to be 1.3 for the
first 20 ms (M>Mc1), 0.7 for the next 20 ms (M=Mc1) and 0.5 thereafter
(M<Mc1). These values are all about 20% larger than actually expected,
giving a conservative estimate for the motion. The diffraction phase of
the motion is then estimated using the results of Long et al. (1975) for
the impulse, Io’ received during diffraction. Their result is re-expressed
as:

i

peak overpressure (psi)

p
: = $au 1.13 a
I,(psi-ms) = 3.3(p t(psi-ms)) {TtT = transit time (ms)

This was used as given for the 3.5 in. diameter cylinders but the estimate
was halved for the 9.5 in. and 18 in. diameters, as it is known that the

two points which 1ie appreciably below the Io curve of Long et al. (1975)
are from larger (12 in. diameter) cylinders. The motion following the
diffraction phase was calculated using the equation:

F=m=Cpy A(144)q

where F is the drag force in 1bF, m is the cylinder mass in slugs, a the
acceleration in ft/s?, CD the dimensionless drag coefficient, A the pro-
jected cylinder area (length x diameter) in ft2, and q the dynamic pressure
in psi. The constant 144 converts the dynamic pressure to le/ftZ. The
motion was calculated using a four-step integration process over steps
covering 20 ms time intervals using the q values presented in Table 6,
taken from published DRES reports. The simple four-step integration is
able to predict the actual motion of cylinders previously tested to within
about 20%. The calculated cylinder motions are given in Table 7.
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Also presented there is the estimate of end plate drag for
each cylinder. The end plate drag is calculated for both the inner
and the outer surfaces of each end plate. As the air flow is essen-
tially tangential to the end plate surface the drag force is fric-
tional in nature and not "form" drag as for the cylinder.

Since the air density and particle speed vary in the same
fashion for both the cylinder and the plate, the ratio of end plate drag
to cylinder drag must be equal to [CD(plate)A(p1ate)]/[CD(cyl.)A(cyl.)].
For the frictional plate drag, assuming the worst case of turbulent flow,
the CD values from Hoerner (1958, Ch. 2, Fig. 5) are <0.008. Taking
flow compressibility into account yields about the same value of CD
(Hoerner, 1958, Ch. 15, Fig. 13). The laminar flow CD values are appre-
ciably lower. The resulting estimates for end plate drag, presented
in Table 7, show that in the worst case the additional drag force is
only 8.9% of the cylinder drag force. In view of the need for end
plates, this is a reasonable compromise, and the additional force can
be estimated and subtracted.
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APPENDIX C

BLAST-RESISTANT CYLINDER DESIGN

Most of the cylinders consist of hollow tubing with reinforcing
1 discs and a welded centre rod. This design is a compromise between the

' light weight required for the desired flight path and the necessary
strength to resist collapse during the diffraction phase loading. The
maximum Toading pressure on the one side of the cylinder is estimated in
Table 8 as the diffraction phase impulse divided by two transit times.
The maximum acceleration and pressure during the pressure drag phase is
also tabulated for comparison; it is the average value estimated over the
first 20 ms of the motion.

As it is difficult to estimate the one-sided pressure for collapse
of a cylinder, the design estimates were made in another way. First, the
uniform external pressure required for elastic buckling of the cylinder was
calculated (see below), assuming a cylinder held circular in cross-section
at equally spaced intervals of length 2. Then the design safety factor was r
calculated as the ratio (uniform pressure for elastic buckling)/(maximum
diffraction pressure). The safety factor should be considered in light of
the following points: (i) it does not take into account the extra rigidity
introduced by the welded centre rod; (ii) it does not take into account
the extra tendency to buckle due to the one-sided loading and to the
effects of dynamic loading.

The formula for the pressure for external collapse is taken from
Roark (1954, Table XVI, Formula Q, p. 318) as:

2 L 3 +2
p' = 0.81 EY \/ LS
er T-v2 r2

where p' = uniform external pressure for elastic collapse (psi),

.«.,,..A“_,

E = modulus of elasticity = 107 psi, - Values quoted for Al taken
from Roark, 1954

v = Poisson's ratio = 0.36 for aluminum,

% = support disc spacing (in.)
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wall thickness (in.)
cylinder body radius (in.).

t
]

and r
2
Note that p' =« %;-‘\/ % so that wall thickness is the main
variable useful for altering strength once the cylinder radius is
chosen. In fact, the values of t used in the design, and presented in
Table 8, were derived from this calculation.
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APPENDIX D

TEST OF VELOCITY CALIBRATION

The velocity transducers were calibrated in the laboratory
prior to the field trial using an electro-mechanical method. Since the
circuit parameters varied slightly in the field from those used in the
laboratory, the actual velocity calibration may have been in error by
more than the 5% uncertainty allowed in the data analysis. A check on
the accuracy of the calibration is provided by the following arguments.

Two positions of the magnet within the transducer coil are
well-defined:

(a) the starting position, measured at setup time in the
field to an accuracy of + 1/16 inch;

(b) the position at which the transducer signal changes
polarity (crossover point) determined to an accuracy
of + 1/16 inch in the laboratory.

Let the travel distance (b) - (a) be denoted by Xo' If the
time from the start of the transducer signal to the crossover point is ,
denoted by T, then: §

T !
f v(t)dt = X (1) [

(o)

The quantity on the left can be determined entirely from the velocity-
time transducer signal. T is determined directly to an accuracy of

+ 0.25 msec by inspection of the digitized signal. The function v(t)
is the best-fit polynomial curve fitted to the calibrated transducer
signal, using the calibration value determined in the laboratory. If
the calibration value is correct, the integral on the left-hand side
should equal the independently-determined X0 on the right-hand side
within the error of measurement. In Table 11, the values of:
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J. v(t)dt, and Xo for each transducer are listed, as

()
well as the percent difference expressed as a fraction of Xo.
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PART II - THEORY OF LEAST SQUARES (Mathews 1965)

Consider a set of N experimental data points {yi} and a fitting
function f with the corresponding set of N values {fi}‘ The Teast squares
fit criterion requires minimization of the function:

= 2
N vy - f) (1)
1 2012

where o is the standard uncertainty in the i'th data point 2 If f is

n ™

i

a function of n parameters, a;---a_,
f = f(al—--an),

then the minimum in (1) is found by taking the partial derivative of (1)
with respect to each of the n parameters.

¥ el

z
=-, 0.2 Ba
1

=0. m=1, 2,---n . (2)

i m

(i) Linear Least Squares Fit

The solution of the equations (2) can be cast into a convenient
form if the fi are linear functions of the parameters aj; that is, if:

ooim CEELA (3)

with known coefficients Cim' Conditions (2) can then be rewritten as:

(i

im y; =L L Cimcil a_ . m=1, 2,---n (4)
i

: 9
oy 2 a2

i i
It is now useful to define a "data vector" Y and a "measurement

|

Q

matrix" M with components as follows:

b
=

"t =
.(’)
—<

(5)

—
Q
N
g
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Note that Y depends upon the experimental results Y; and
the errors o whereas M depends only upon the errors g M is
symmetric. (4) can then be rewritten as the matrix equation:

Y = Ma (7)
with the solution:
a =M1y |, (8)

Note that the vector a is a unique solution for a given set
of data {yi}, errors {oi}’ and given functional form (as determined
by the coefficients {Ciz})' The only stipulation was that the fitting
function should be linear in the coefficients a,.

(i1) Uncertainties in Parameters

To find the uncertainties in the parameters, it is necessary
to calculate the expected mean-square deviations <(am - Eﬁ)2> or, more
generally,

~ g )08, - @ )s

<(ap - ap)(a, - a, (9)

where Sh is a theoretical quantity corresponding to a grand average
value of a, over a very large number of (theoretically-performed)
identical experiments.

From (8) and (5), we have:

_’ = _1 = —_—
(am am) E(M )mk (Yk Yk)
T =
= k§ (M) e -2 ly5 - ¥3) (10)
J
Furthermore,
<()’J = _j)(y'l ' :Y—1)> = 012 61\] (11)
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APPENDIX E

PHILOSOPHY OF CURVE-FITTING TO VELOCITY-TIME DATA

PART I - CHOICE OF METHOD

The ultimate goal of the velocity-time measurement is to obtain
the aerodynamic drag coefficient as a function of time, CD(t). A priori,
one cannot claim a knowledge of the detailed shape of CD(t). Drag pres-
sure is defined as the product of drag coefficient CD and dynamic pres-
sure q. The dynamic pressure q(t) has a shape that is well-defined: it
is a monotonically decreasing function of time whose slope is always
negative but decreases effectively to zero for large times.

Drag pressure is related to the slope of the velocity-time curve
through the relations:

d
v m
===q and Py = +a
dt D A
where v is cylinder velocity

a is cylinder acceleration
m is cylinder mass
A is cylinder frontal area.

Since drag pressure, PD,is defined to be the product of CD
and q:

Py(t) = Cy(t) alt).

PD(t) can assume a variety of shapes depending upon the shape of CD(t).
The objective of fitting a curve to the velocity-time data is to derive
the main features of the drag pressure-time curve, PD(t), without a de-
tailed fore-knowledge of the true shape of this function.

To fit the velocity-time data, a polynomial function consisting
of a power series in time was chosen primarily for three reasons:
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N
1) If wit) = = ant", then the acceleration is very
n=0
simply given by:
N
alt) = z » a, t"~!
n=1

(2) Because the power series is linear in the coefficients
(ao, -—— aN), a linear least squares criterion can be used to deter-
mine the best-fit function. This theory has the advantage that it pro-
vides a unique answer for the best-fit function for a given order of
polynomial. A further advantage lies in the fact that the theory pro-
vides a straightforward prescription for the statistical uncertainties
in the coefficients (ao,---, an). This in turn permits a simple expres-
sion for the uncertainty in acceleration to be derived in terms of the
uncertainties in these coefficients. The uncertainty in a(t) for any
time t is an important quantity because it translates directly into an
uncertainty in CD(t). The uncertainty in CD(t) is a measure of the con-
fidence which one can place in the measured drag coefficient and is im-

portant for that reason.

(3) Available evidence on the expected shape of CD(t), and
on the known shape of q(t), dynamic pressure, suggests that, for the
Mach and Reynolds number ranges studied in this experiment, the varia-
tion of PD(t) is sufficiently smooth to be well-described by a lTow order
power series in time.

A least squares criterion was applied to determine the best
fit to the velocity data. A1l data points were weighted equally.
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PART I1 - THEORY OF LEAST SQUARES (Mathews 1965)

" Consider a set of N experimental data points {yi} and a fitting
function f with the corresponding set of N values {fi}' The least squares
fit criterion requires minimization of the function: “¥RE(E ]

”"(ii_'_frl” St ol
o1 20,2 - ' - | '

T .

where 9; is the standard uncertainty in the i'th data point Yg- If f is
a function of n parameters, a,---a_, '

f= f(al---a )s . » '
_ \ . k

then the minimum in (1) is found by taking the partial derivative of (1)

with respect to each of the n parameters. . § [ :
[ AL T A e :

| N [y; - f:] of 3

I ( i “ i = 0. m= ]’ 2’---" . (2) |

i=1 °iz aall‘l LR - ) .53

f
|
E
% . (i) Linear Least Squares Fit
F

’ The solution of the equations (2) can be cast into a convenient -~ 4
g form if the fi are linear functions of the parameters aj; that is, if: ;
. s '.?‘ {
fi = E c m U PP (3) HEY
m=1 i
with known coefficients cim‘ Conditions (2) can then be rewritten as: ? :
f S
: P Eiﬂ.yi =3z cmmc1z a, . m=1, 2,---n (4) : §
2 ig 2 B
% % ik
4

It is now useful to define a "data vector" Y and a "measurement
matriz" M with components as follows: :

-——
. e

N C
R _qz! " o | 4
C‘ - §
o 3
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¥ C. T
im "ig
M 2 § e— =M . ‘s (6)

Note that Y depends upon the experimental results ¥; and
the errors o5 whereas M depends only upon the errors LT M is
symmetric. (4) can then be rewritten as the matrix equation:

Y = Ma ‘ (7)
with the so1ution:} 2
a=Mly | i (8)

Mote that the vector a is a unique solution for a given set

* of data {yi}. errors {o ) 78 and given functional form (as determined

by the coeff1c1ent5'{cll}) ‘The only stipulation was that the fitting
function should be linear in the coefficients a,.
(ii) Uncertainties in Parameters '

To find the uncertainties in the parameters, it is necessary
to calculate the expected mean-square deviations <(am - 3;)2> or, more
generally, '

<(ay - 3.)(a, - 3,)> ' (9)

where a is a theoretical quantity corresponding to a grand average
value of a, over a very large number of (theoretically- performed)
identical experiments. : : . N

From (8) and (5), we have;

(1 <T) = £y (1 - T
| = I .("“) E'ﬂ-(' (y -.-) (10)
. - ojz $T
Furthermore, I g .
<(yj - yj)(yi . ;1)’ - Uiz 5.” (m)
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where Gij =1 i=3
=0 % 3

if the individual measurements y; are assumed to be statistically
independent. Then:

C G
<(a_-a)a, ~a,)>= 2 (M 1) (M‘l) T
LRl S R T K Bl 0
j i
- - -t
ké (M 1)mk (M )lp Mpk
= (M71) . (12)

me
The standard error in ag is given by:

pa = <(am - Eﬁ)2> = Y (M'l)mm i (13)

In general, the cross terms <(am - Eh)(a - 5&)> with 23m are not zero.

2
This means that parameters a  are not statistically independent and their

errors are correlated.

(iii) Uncertainty in Quantity Which is a Function of the Parameters

Consider a cuantity f which is a function of the vector a

f = F{a) (14)
M
f
sf(a) = ¢ (9— )
= k=1 aak k
and N 4
(6f)2 = = [521 8%a, + ( H sa; daj . (15)
k=1 k i= 1 j= 1
9 af |2
Then (Of)z =y (—a-a-—) <§2ak, + ¥ ( )( ) «5& (Sa - e (]6)
k=1 k i= 1 j= 1

UNCLASSIFIED
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From (12), we know that:

<62ak> = (M1 (17)

)kk
and <6a.aj> = (M'l)‘

Thus (of)? = z aak) (M-l)kk + z] z]( )( ) (M'l)ij. (18)
= j J

In general, the parameters a, are not statistically independent, and
the cross-correlation terms (M-l)ij are not zero.

(iv) Application to Fitting of Velocity-Time Data

The functional form of the velocity-time trace was chosen
to be a power series in time:

v(t) = a; + apt + ast? + --- + ant"'1

This function jis linear in the parameters (al---an) and can be re-
written in the form (3), for a particular time, ty:

v(ti) z C. a,

ge) N
where Ci1 =
% PR
ci? = 2
ci’:‘ = ¢!

i

The theory developed in (i), (ii) and (iii) above can then
be applied. The experimental data points v; consist of a set of velo-
cities {vi} measured at particular times {ti}' Because the uncertain-
ties o, in these data points are not known a priori, it was felt that
the fairest way to treat the data was to assume that the uncertainty
was the same for all data points. It can then be shown that the best-
fit parameters are independent of the particular value of o. Once the

best-fit curve was determined, the root-mean square deviation of the

UNCLASSIFIED
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data points about the best-fit curve was taken as the best estimate
of o.

From the fit to the velocity-time curve, one is interested
in the first derivative, given by:

v' = ap + 2azt + 3a,tZ+---+ (n-l)ant"'2 x

The partial derivatives required in section (iii) to estimate the un-
certainty in v' for various times t are given by:

av'
3a; - |
iv_'. = 2t
8a3

' -
g% (n-1)t""2.
n

UNCLASSIFIED

e AT 8 A A i o R




o
w
—
w
—
w
(%]
<
-
(=)
=
p ]

A9pulL |AD papeys .

Sudye] UM

fejep euawed ade ()

fuoLje|oduajut Aq pawnsse
ejep ou ‘Aewoue 3Se|q € WOJJ dI404 SARMAPLS © 03 anp #

‘paunsse y

6L°1L (06)8€ {(z2°2)08°L | (0L L)€8"L |(68°1)9L°L| 0°L vl 0°9 oL
6L 6 G9°1L #5° L 8S°L| 0°¢ oL 0°9 6
£€9°1 0§ 00°2 60°2 80°2| L6 vl 0°9 9
£€9°1 (06)8€ [(9v°L)€9°L | (99°1)€9°L |(LL°L)20°2| L°6 vl 0°9 g
ANVAWOD Q3XIW - SY3IANITAD 3¥vnDS
6L°1L 98 2§° vs* i 0°L 9-21 89°9 8
6L°L ot Ls* 0s° £v° 0°L 9°2L | 489°9 L
£9°1 06 2L" oL v9° L°6 9°2L 89°9 v
£€9°1 (82)8S | (29°)29° (85°)6S" (£9°)9s" L°6 9°2L | 4+89°9 £
22°2 o == = = | *E2 L°LL | #0S°€ 2
o o S8 - = L'€2 | s°0oL | #€L°S L
sw 8¢ IS sw pZ ISt ANYdWOD Q3XIW D
0°2 2 L0°1L --- L0°L| S0z | SOl £L° L
0°2 92 26" --- £6° G°02 L°LL G'¢ 9
0°2 0§ 29° 8G" 89° 0°ZL | €°2L| @88°b g
0°2 89 08" £G° 99" 0°LL T Gt v
xG°L 2y 65" L9° 99° £ 1l LoLL G'¢ 3
01 (0 )¥s | (s£7)09° (€9°)19° (1£7)09" 0Ll LoLL G 2
0L (opL)oy | (2L7)9cL° (18°)6L" (v6°)¥8" 6°G 0°0l 0°21L L
YIvd WId °9
xxl 0§ (8°) - . G'8 ]| G°'¢ 2
xxl 0S (£9°) —es —— 0°21 £°01 G'E L
1v1d 31¥IVdd 'Y
*SYIANITAD ¥VINYID
b
= X
pMMwwmou (sw) SW X AdAQ | sw Oy 3ISL | Ssw pZ ISl Avwav o17ey (~u1) “oN
Jd9pue|patd4 JuaLdL}430) beuag abeuaay d /7] Jsammin | AdpuLiAD

QOHL3IW Y3IANITAD LHOIT4-3344 - V1iVA 32404 Hv¥a S3ud

L "ON 378Vl

UNCLASSIFIED




UNCLASSIFIED

TABLE NO. 2

CD(M,L/D) FOR FINITE L/D CALCULATED FROM DIAL PACK DATA

AND INFINITE L/D FROM THE OPEN LITERATURE

C, Values from DIAL PACK-finite L/D - Ratio
;;g: D CD(M’ ) Average CD(M,L/D)
No Cylinder No: Average CD from
: £ S.0. Fig. 1 CD(M,”)
4 5 6 7
0.60 - - 0.7 | 0.7 0.7 1.5 0.5
0.55 0. 0.9 [ 0.7 | 1.0 0.83 + 0.15 1.4 0.6
0.50 0. 0.8 [1.0 [ 1.3 0.95 + 0.26 [l 0.85
Avge (0.50 - 0.60) 0.65 + 0.18
.......... r----------.---__.------;-------______--.-___-___-._-__--_____-______-
0.45 0.6 | 0.6 | 1.2 | 1.4 0.95 + 0.41 0.5 1.9
0.40 0.5 | 0.5 [ 1.0 | === 0.67 + 0.29 0.3 2.2
0.30 0.4 [ 0.5 | === | --- 0.45 + 0.07 0.3 15
Avge (0.30 - 0.45) 1.9 + 0.35
| |
Note: (1) For DIAL PACK cylinders 4 - 7 and for M > 0.30 we have
R > 6.5 x 10° so that the flow conditions are always with
supercritical Reynolds numbers.
(2) The data are rough. The purpose of the table is to

estimate the two average quantities in the last column;

i.e., for M > MCI and M < Mcl with Mc1 = the first

critical Mach number = 0.48.
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TABLE NO. 3

SUMMARY OF L/D RATIO EFFECT VERSUS MACH AND REYNOLDS NUMBERS

From previous steady and unsteady flow experiments,

CD(L/D = finite )

TR T S T

n, n', " = where
CD(L/D = infinite) §
n, n' and n" are all the above same ratio for different flow conditions %
defined as: i
£ Cp(finite L/D, steady flow) .o lunsteady" ., _ "unsteady"
CD(infinite L/D, steady flow) "steady" "unsteady
4 Cp(finite L/D, unsteady) :

We also define ¢ = :
= Cp(finite L/D,  steady)

- Finite L/D means L/D in the range 5-20 over which CD does not change very
much.

- Different regions of M and R values are denoted by Roman numerals I-VI.
Only regions I-III are of interest to us.

- References are given in brackets (X) and listed below.

References for Table No. 3

Martin et al. (1967)

Martin et al. (1965)

Mellsen (1971) - (STP 382) DIAL PACK results analyzed by Hill
Mellsen and Naylor (1969) shock tube work

Delaney and Sorenson (1953), analyzed by Hill

Welsh (1953) - some analyzed by Hill

Gowen and Perkins (1953)

Naylor and Mellsen (1973) Summary of PRAIRIE FLAT and DIAL PACK
Long and Laidlaw (1973) from the Lattice Mast II report - a direct
comparison of Naylor's CD(m) values with Mellsen's CD(finite);
analyzed by Hill

J - Hoerner (1958)

VT OTMMOO®>
SRS TR TR T
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Table No. 3 (Cont'd)
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Summary of L/D Ratio Effect Versus Mach and Reynolds Numbers

MCZ

Mach
No., M

Mcl = 0.48

n" = 0.5

VI '}
n =1 (F) n=1(F)
n = 0.95 to 1.00 for
L/D = 1-8 (G)
IV 111
n =0.5 - 0.6 (F)
n' = 0.65 + 0.2 (C)
) n" = 0.8 0.1 (I)
et 4 Cpl=) = 1.5 + 0.1 (A8D,unsteady)
CD(L/D) = 0.7 (H, unsteady)
n" avge = QL§—5—94§-= 0.65
¢ =1.2 +0.3
II I
n =1.0+ 0.2 (E)
.2 n' =1.9 + 0.4 (C)
n =3 () n" =1.0 + 0.4 (I)
CD(m) = 1.2 (H,unsteady)| n">1 and = 2 (B, approx,)
n" avge = g—%—l & 1.5
Cp = 0.5 (H, unsteady)
¢ =1.9 + 0.5

2 - 5
Rc (3-5) x 10

Reynolds No., R
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TABLE NO. 4

SELECTION OF CYLINDERS

Cylinder
Number

Over-
pressure
level

(psi)

END PLATE

Extended
by number of
diameters

Length
L
(ft.)

Diameter
D
(in.)

L/D

Purpose
(see text)

20

.83

7.5 18

table (120+ms)
overlap
diffraction

20

17

table

end effects
overlap (70 ms)
diffraction
test

10

T 18

table (100 ms)
end effects
unsteady
overlap

support VHF mast(70 ms)
table

end effects

unsteady

10

support VHF mast(70 ms)
table

end effect

uns teady

diffraction

17

— R

support Tattice mast
(50 ms)

end effects

unsteady

overlap

test

10

17

support lattice mast

and whip antenna
(50+ ms)

end effects

uns teady

overlap

diffraction

test
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TABLE NO. 5
CONTRIBUTIONS OF EACH CYLINDER TO THE GOALS

GOAL
Support present projects

Table of data to support
future masts for diffraction
phase and CD(t)

End Effects: finite L/D
vs infinite

Unsteady vs steady flow

With unsteady flow, overlap
M>MC with M<Mc

Scientific study of
diffraction for
infinite length (R>RC)

Other
Test needed diameter of end plate
Brand new regions of measurement

Some overlap with previous work
(DRES and open literature)

UNCLASSIFIED

mast
VHF/UHF
whip
M<Mc
M>MC

M>MC
M<Mc
M>Mc
M<Mc

M>M
(o3
M<Mc

CYLINDER NOS.

3, 4,5,

3 vs ref.M
4, 5, 6, 7 vs ref.l

6,

T with 3

2 with 6 and 7

By
& 7

7




VALUES OF DYNAMIC PRESSURE USED IN CYLINDER MOTION ESTIMATES

UNCLASSIFIED

TABLE NO. 6

D

Over-
pressure

(psi)

Dynamic Pressure, q(psi)

Reference

Time Period (ms)

0-~20

20 - 40 40 - 60 60 - 80

80 - 100

Values taken at
mid point of time
interval

20

10

6.51

2.00

1.2

3.24 k.57 0.73

| g 0.77 0.46

0.80 0.54 0.35

0.25

0.22

Taken equal to 20.5
psi results from
Dial Pack cylinder #7

Taken as average of
Mixed Company #4
(9.1 psi) and Dial
Pack #2 (11 psi)

Taken from Mixed
Company #10 at
7.0 psi
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TABLE NO. 11

CHECK OF VELOCITY TRANSDUCER CALIBRATION*

Transducer T X, (inches) Per cent

Designation J v(t)dt (inches) (.0 06 inches) Difference
0

2 East Broken magnet - 9.65 _ -
no signal

2 West 12.7 9.65 31.6 **

3 East 10.34 9.65 7.2

3 West 9.76 9.65 1.1

4 East 10.23 9.86 3.8

4 West 9.75 9.68 0.1

5 East 10.17 9.80 3.7

5 West 9.90 9.84 0.6

6 East 9.94 9.60 3.5

6 West 9.73 9.60 1.4

7 East 9.77 9.60 1.8

7 West 9.68 9.65 0.3

* See Appendix D
** Poor v(t) data (poor signal/noise, large oscillations,
truncated record)
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TABLE NO. 12

COMPARISON OF FITTING METHODS

METHOD A - Mean Square Minimization by (Linear) Theory of Least Squares
Fitting Function: v(t) = a; + a,t + ast?, v in ft/sec, t in sec.

METHOD B - Mean Square Minimization by Parameter Search
Fitting Function: v(t) = a; + a,t + ast + c'n.e'ast sin(2magt + a;),
v in ft/sec, t in sec.

DATA BEST-FIT COEFFICIENTS
A. Linear Least Squares [B. Parameter Search
Cylinder 3 (East End) a; = 9.0 + 1.0 6.9
i a, = 224 485 308
as = -962 412 -1583 .
Cylinder 3 (West End) a; = 8.00+ 0.8 6.5
a, = 262 =+ 35 325
a3 =-1350 318 -1817
Cylinder 4 (East End) a; = 4.5 + 0.3 4.0
a, = 93 + 9 108
az = -342 + 43 -367
Cylinder 4 (West End) a; = 4.3 + 0.2 4.0 g
a, = 112 + 6 119 |
az = -420 : 34 -408
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TABLE NO. 13
BEST-FIT POLYNOMIALS

FOR VELOCITY TRANSDUCER DATA

31
v(t) = a; + art + azt? + ---+ant" ,» Vv in ft/sec, t in sec.
Transducer Polynomial Best-Fit Coefficients
Designation Order
Cylinder End Number Value Uncertainty
{1 Std Deviation)
2 West 2 1 8.3904x100 1.0016x109
2 7.0125x102 5.4556x10!
3 -5.3077x103 6.0782x102
3 East 4 1 8.6017x100 2.0015x100
2 3.0837x102 2.5543x102
3 -5.0942x103 9.7309x103
4 6.7784x)10" 1.3828x105 L
5 -3.5039x105 6.5335x105
3 West 4 1 8.2889x10Q0 1.5603x100
2 2.7845x102 1.9723x102
3 -4.1275x103 7.4484x103 |
4 6.3368x10% 1.0497x105 !
5 -3.8457x105 4.9172x105 |
4 East 4 1 4.1260x100 0.5768x10°
2 1.1047x102 0.4570x102
3 -3.2360x102 10.667 x102
4 -3.3886x103 9.2508x103
5 1.7292x10% 2.6663x10%
4 West 4 1 3.5314x100 0.3704x10°
2 1.8431x102 0.3103x102
3 -2.1854x103 0.7650x103
4 1.5365x104 0.6972x10%
5 -4.3843x10" 2.1055x10%
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TABLE NO. 13 (Cont'd)
BEST-FIT POLYNOMIALS

FOR VELOCITY TRANSDUCER DATA

' v(t) = a; + apt + ast? + ---+ant"'1, v in ft/sec, t in sec.
Transducer Polynomial Best-Fit Coefficients
Designation Order
Cylinder End Number Value Uncertainty
5 East 2 ] 2.7445x100 3.8581x10-1
2 1.0981x102 1.5367x10!
3 -4.8908x102 1.2920x102
5 West 2 ] 2.3405x10° 2.9415x1071
2 1.4965x102 1.3521x101
3 -6.34481x102 1.3136x102
6 East 4 1 1.9525x100 0.2717x100°
2 2.5509x102 0.2378x102
3 -2.8499x103 0.6169x103
4 2.0936x10% 0.5970x104
5 -6.1043x10% 1.9212x10%
6 West 4 ] 2.0853x10° 0.3312x10°
2 2.8674x10°2 0.3252x102
3 -2.5961x103 0.9472x103
4 1.5990x10" 1.0289x10"
5 -4.3328x104 3.7195x10%
7 East 4 1 2.2995x100 0.3017x100
2 2.5942x102 0.2672x102
3 -2.6452x103 0.6995x103
; 4 1.4874x10% 0.6795x10%
i 5 ~3.3221x10% 2.1900x10%
7 West 4 ] 2.5878x100 | 0.3463x100 '
2 2.5647x102 0.3235x102
3 -2.3679x103 0.8945x103
4 1.3172x10" 0.9193x10%
5 -3.2238x104 3.1373x10%
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TABLE NO. 14
BEST-FIT POLYNOMIALS
FOR HIGH-SPEED CAMERA DATA s
x(t) = a; + a,t + ajt2+ --aee- +ant""!, x in feet, t in seconds |
Cylinder Polynomial Best-Fit Coefficients
Desig- Order 1
nation Number Value Uncertainty
3 8 1 -2.1168x1072 | 0.2699x10°2
2 8.8515x100 0.5018x100
3 1.7282x102 0.2874x102
4 -2+3930x103 0.6772x103
5 2.3814x104 0.6960x104
6 -8.7640x10" 2.5890x10"
4 5 1 1.1682x10°% | 7.1695x1074
2 2.6309x100 0.1075x100
3 1.0103x102 0.0496x102 i
4 -5.5793x102 0.9418x102 ;
5 1.2340x103 0.7795x103 2
6 -8.0000x100 2.3327x103 |
5 5 1 -1.9645x1073 | 1.7078x1073
2 1.4761x100 0.2673x100
3 8.5265x101 1.2886x101
4 -4.3162x102 2.5558x102
5 1.5490x103 2.2105x103
6 -3.5520x103 6.9140x103
6 5 1 -2.559x1073 | 1.4469x1073 i
2 5.4772x1071 | 2.7658x1071
3 2.0469x102 0.1525x102
4 -2.3431x103 0.3582x103
5 1.9516x10% 0.3671x10%
6 -6.7472x104 1.3609x10%
iz 3 = -1.1862x1072 | 0.1723x10°2
2 3.3434x100 0.1541x100
3 1.0242x102 0.0371x102
4 -2.7622x102 0.2531x102

UNCLASSIFIED




IMPACT PRESSURE CALCULATIONS

UNCLASSIFIED

TABLE NO. 15

Nominal Gauge Measured Measured Measured Calculated
Overpressure |Distance Peak Overpressure |Positive Friedlander
[ s Location from Overpressure Impulse Duration Decay
’ (and distance | GZ Po . Constant
from GZ) (ft) (psi) (psi-msec) (msec) -
20 psi 735 20.6 723 127
(739 ft) 735 18.6 787 168
725 21.5 1610 286
714 22.2 1046 203
Averages—> | 727 20.7 1081 196
Corrected to
739 feet > | 739 20.1 1029 201 > 2.228
_ 10 psi 940 10.4 904 238
; (964 feet) 950 10.5 889 229
965 9.8 835 225
950 11 862 227
953 9.8 847 230
Averages—> 952 10. 867 230
Corrected to !
964 feet > 964 9.7 855 233 > 0.83 ;
-------------------------- s i s S S S S S !
7 psi 1125 7.0 694 216 i
(1139 feet) 1135 6uid 584 212 i
1115 7.2 881 304
1125 6.8 700 242
Averages—> | 1125 .9 715 244
Corrected to
1139 feet—> | 1139 6.7 708 249 > 0.51

UNCLASSIFIED
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PAGE 1§ BEST QUALIZ
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UNCLASSIFIED STP 453
NO 2 3.5 IN DIAM 20.1 PSI 105 IN DIAM END PLATES
PFAK OVFRPRESSURE 20e41 PSI POSITIVE DURATION 1900 MSEC
FRIFDLANDFR DECAY CONSTANT = 2,23
TIMF AFTER DRAG ARSOLUTE RELATIVE DYNAMIC IMPACT RATIO DRAG ABSOLUTE FLOW REYNOLDS
SHOCK FRONT PRESSURE ERROR#*#* ERROR## PRESSURE PRESSURE COEFFICIENT ERRUK#® MACH NOe
ARRIVAL PD Q QI <D0 NOeo R
(MSEC) (PSI) (PSI) (PERCENT) (PSI) (PSI) (Ql/Q) (PD/QI M (X10=5)
2.0 64364 1.783 2840 8e81 972 1.103 0s654 Cel83 0.628 13,87
4e0 6e166 1.707 2746 Be23 9.08 1,103 0678 0e187 Debl4 13447
640 5967 1.631 273 Te66 Beue 1.103 04703 0.192 06599 13409
8.0 5.768 1555 2649 Tell 7491 1.103 0728 Cel96 Ce585 12.71
1060 54570 le480 2645 6469 T¢39 14103 04753 0e200 0e570 12434
12.0 54371 le404 2601 6e24 6489 101023 0e778 Ce203 Ue556 11.98
1440 5¢172 14330 2547 582 6043 14103 0.8C3 04206 Ce563 11463
4 1640 44973 14255 2542 5043 5499 14103 0.828 04209 0e529 11429
18.0 4775 le181 2447 5406 5459 14103 04853 0.211 Ce516 10495
A 20.0 4e576 1.108 2442 4e72 5.21 14103 04877 Ce212 0e503 10463
2240 44377 1.036 23.6 4040 485 14103 04901 0.213 Ce490 1C.31
2440 44179 0964 2340 4el0 452 1.103 0e923 0.213 Qets77 9.99
2640 349R0 0e894 2244 3481 4e21 1.103 Qo944 0e212 Ve kb5 9469
2840 34781 0+826 21.8 3455 392 l1.103 04963 Cs210 Cet52 9439
30e0 3.5R2 04760 212 3430 3465 14103 0980 0e208 Qe440 9.10
22.0 3.384 06696 2Ce5 3.07 3.39 14103 04995 Ce2C4 Cet28 o882
3440 3.1R5% Ceb36 199 2486 316 1103 140C7 0.201 Cel? Ee54
3640 ?e9R6 0+582 194 2466 2493 1103 1.016 C.198 0e405 8427
3R.0 24787 04534 191 2407 2.72 14103 14020 0.195 Ue 394 84CC
4040 ?245R9 0et95 1961 2029 2453 1.103 1.020 04195 Ce383 7475
420 24390 Detsb7 1945 2013 2435 1103 14013 0.158 Ce372 7450
4440 24191 06652 2Ce6 1498 2.18 1.103 14000 04206 Ue361 Te25
L6.0 14993 Oet51 2246 le86 2403 14103 00980 0+221 Ce351 7401
48.0 1794 Qetsb? 2547 170 l.88 141013 04951 Qe 245 Ce341 €EeTE
5040 14595 Cet83 302 1.58 le76 1.103 0e912 Ce276 Ce331 6455
52.0 14396 04513 3667 le4b 1.62 14103 04861 0e316 0e321 6433
R4e0 1.198 04550 4549 1e36 1450 14103 Ce797 0+366 Ue311 6el2
5640 0999 0e590C 5940 1e26 139 14103 0e.718 Qet24 0.301 5.91
5840 CeROO 04635 7943 lel6 le28 1103 04621 0+652 Ce292 5«70
A0.0 0e602 0.682 11342 1408 1e19 14103 Oe5C4 0e572 0.283 5.%0
62.0 04403 0.731 18143 0499 1410 1103 0e365 0.662 Ce274 531
£4e0 0204 0e.782 383.3 0492 1401 1.103 0.200 0e767 Ce265 512
4640 04008% 0eR33 1666040 0485 0e94 1103 040C5 O«B84 Ce257 4e94
68.0 =04192 0.886 =46leb 0e78 0.87 14103 =0e220 lenle Ce248 4s76
70.0 =0e391 04940 =240e4 0e72 0.80 14103 =0e486 1¢170 0e240 4e59
72.0 =04590 04994 =16R¢4 0467 0e76 1103 =04796 le34] Ce232 bet2 §
T4e0 =0s7R9 1048 -132.8 0461 0e68 1.103 =lel54 14532 Oe226 425 i
7640 =0e987 1,103 =111.7 0457 0e62 14103 =1.567 14751 Oe2l6 4e09
7840 =1e¢188 14189 =977 0e52 0457 1103 =24045 1958 04209 3456
R0.0 =1.3R% 1.218% -A7.7 0ot 0453 1.103 =24594 2.276 Ce201 3.79
A2.0 =1.5R3 127 =R0e¢2 et 0449 1103 =3,224 24509 Cs 194 3464

#% 3 STANDARD DEVIATIONS

TABLE NO. 16

v Y1 - VELOCITY TRANSDUCER DAT
UNCLASSIFIED

Y




UNCLASSIFIED STP 453
THIS PAGE IS BEST QUALITY “‘__/"“cn”“
FROM COFY FURNISHED TO DDC
- NO 3 18,0 IN DIAM 9,7 PSI 180 IN DIAM END PLATES
PEAK OVFRPRESSURF 9.7 PSI POSITIVE DURATION 233,0 MSEC
FRIFDLANDFR DFCAY CONSTANT = 0,83
1 TIMF AFTER DRAG ABSOLUTE RELATIVE DYNAMIC IMPACT RATIO DRAG ABSOLUTE FLUW REYNOLDS
SHOCK FRONT PRESSURE FRROR*#* ERROR»*#» PRESSURE PRESSURE COEFFICIENT ERROR## MACH NOe
ARRIVAL PD Q Ql (<] NOo R
(MSEC) (PSI) (PSI) (PERCENT) (PSI) (PSI (Ql/Q) (PD/QI) M (X10=5)
2.0 0847 l1.281 15161 2035 2045 1039 0e345 0e522 04391 42466
4e0 Ne798 1.091 13666 2428 2637 1.039 04336 0e459 04386 42406
60 Ce754 0e920 122.0 2621 2430 1039 0e327 0e400 Ce382 Llebb
8.0 Oe714 0e767 107.06 2¢14 2622 1.039 0320 Oe344 0377 4CeB7
10.0 0678 04630 93.0 207 2415 14039 Ce3l4 0+292 0e372 40Ue29
12.0 0eb45 0e512 794 201 2.08 1039 Oe308 0e245 Ue367 39470
1440 Ceb1l6 0e412 669 194 2402 1039 Ce3C4 Ce 2064 Ce363 39.13
160 Ce590 04332 5602 1.88 195 1039 04301 0.169 Oe358 38456
180 0e568 0e272 4749 1e82 189 14039 0299 Oel43 0e353 3799
3 ?20.0 0e547 0e235 43,0 1e76 1.83 1039 04298 Qel28 Ce 349 37443
f 2240 06530 06220 41e5 170 1.77 1039 06299 Cel24 Oe 344 36487
2440 0e515 0220 4247 165 le71 1039 0e3CC Ce.128 Ce 339 366322
2660 04503 06229 4545 1e59 1465 1.039 04303 O.138 Oe335 35,77
?28.0 Celb92 0e239 4865 1e54 1460 1.C39 0e30C7 00149 0e330 35422
30.0 0e484 Qo248 513 leb9 1455 1.C39 0e312 0.160 Ce326 34.€9
32.0 0e476 04253 53.2 lebt 1449 1039 04317 04169 Ce321 34,15
3440 04469 06255 542 1639 lett 1.039 Ce324 04176 0e317 33.62
3860 0e465 0e252 5401 le34 1.39 1+C39 0e332 0180 Ce2l12 33,10
38.0 0eb61 0e245 5361 1.30 1.35 14039 Ce34l 0el81 Ce308 32.57
40460 0e457 0e234 51e2 1¢25 1.3C 1.039 0e350C 0179 Ce 304 32.C6
4240 0e454 0e221 4807 1021 126 1039 06360 0el75 0e299 3155
4400 Ne451 06207 4549 117 1e21 1039 0371 0e170 0295 31eC4
4640 Oeb48 0e192 4248 lel2 017 1039 0+381 0s163 0e291 30454 d
4840 Debs5 0e178 39.9 109 le13 14039 04393 04157 0e286 30eC4
5060 Oektl 0el67 37.8 105 1409 1039 Qe 404 0el153 06282 29454
5240 06437 06160 3666 1.01 1405 1.C39 Oe&l5 0+152 Ce278 29.C5
3 5440 0e433 0e15%9 3667 097 1.01 1039 0e426 0e156 Ce2764 28457
56.0 0e426 0el163 38.4 0e94 097 1039 0et35 Celb7 0e270 28409
58¢0 0e41l9 0.173 4143 0490 0e94 14039 Qekt3 Ce183 Ce265 2761
6060 0e4l10 0.185 4541 087 0490 14039 Oet51 0203 Ce261 27614
620 0399 0e198 497 OeB84 0e87 14039 Qo455 0e227 0e257 26467
640 0385 0e212 5540 0e81 0¢84 1039 0e457 De251 0e253 26420
6640 0370 0e224 6046 0e78 0.81 1.039 06455 0e276 Ce249 25474
680 0e353 06233 6602 0e75 0e.78 1039 Qo451 04299 Qe 245 25429
7040 0e332 06239 7240 0e72 075 1.039 Cett2 0+318 Qe2641 24484
7240 04309 0e241 7862 0469 0s72 1.039 Qet27 0e334 0237 24439
7440 0+282 06240 B850 066 0459 14039 Qe4l6 0e345 0e233 23495
7640 0+252 Ce234 93.0 Oeb4 0e66 1.039 04377 04351 0e229 23451
78.0 0e219 0s226 103.2 0e61 Qeb4 1039 0e341 0e352 0e225 23407
RO.0 0e¢181 0.218 12045 0459 0e61 1.039 04293 0e353 0e221 2264
A2.0 Oel138 0.213 15346 0e56 0e59 1039 Oe234 0360 0e218 22421
R&4s0 04091 0.218 23946 0e54 0.56 1039 0+160 0e383 Oe2l4 2179
R640 0038 04239 6lbels 0e52 0e54 1.039 Ce071 Oe438 0e210 21437
ABLO =0.018 06279 =1473.43 0450 0e52 1039 =0e036 0533 04206 20096
9040 -04080 06340 -4244] Oe48 0450 1039 =-0e159 0677 0+202 20455
92.0 =0e166 04420 =286+4 0e46 Qe48 1039 -04305 Ce873 Cel99 20e14
940 «0s217 06519 =23846 Qels 0e46 1039 =0e72 le126 0e195 1973
9640 «0s293 0e635 =21645 0e42 Oebs 14039 =0e665 le440 Cel9l 193¢
98.0 =0+376 0.769 =20443 0e40 0e42 1.039 =04890 1.820 O.188 18494
10040 =Qslbl 0.920 =198.1 0e38 0440 1039 =1e148 2276 Oe 184 18455

##% 3 STANDARD DEVIATIONS

TABLE NO. 17
DRAG COEFFICIENT VS TIME FOR CYLINDER 3 - VELOCITY TRANSDUCER DATA

UNCLASSIFIED




l_'aolm

NO 3 18,0 IN DIAM 9.7 PSI

UNCLASSIFIED

1840 IN DIAM END PLATES

PEAK OVERPRESSURE 9.7 PSI POSITIVE DURATION 733,0 MSEC
FRIEDLANDER DECAY CONSTANT = 0.83
TIME AFTER DRAG ABSOLUTE RELATIVE DYNAMIC IMPACT RATIO
SHOCK FRONT PRESSURE ERROR®# ERROR#» PRESSURE PRESSURE
ARRIVAL PD Q Ql
(MSEC) (PSIH (PSI) (PERCENT) (PSI) (PSI) (Ql/Q)
2.0 04602 0e163 2740 2635 2445 1039
4e0 04592 04157 2645 2428 2437 1.039
600 0.582 0e151 2549 221 2430 1039
8.0 04571 0e146 2545 2414 2022 1.039
10.0 0561 0el40 2449 2407 215 1.039
12.0 04550 0el34 2443 2,01 2408 1039
14.0 04540 0e129 23.8 1e94 2.02 1.039
16.0 04530 0e123 2302 188 1495 1.039
18.0 04519 O.118 2247 1482 1.89 1.039
2040 04509 0ell12 2240 1e76 1.83 1.039
22.0 0e498 00107 2le4 1.70 177 14039
24.0 0.488 0.101 2046 1465 1e71 1039
2640 0.478 0.096 2000 1459 1465 1.039
28.0 04467 00090 19.2 1e56 1460 1.039
30.0 04457 0.085 1845 1449 1455 1.039
32.0 0.446 0,080 1749 lets 1449 1,039
3440 04436 0075 172 139 lets 1039
36.0 0426 0,071 1646 1e34 1.39 1.039
38.0 0e4l5 06066 159 1430 1e35 1.039
40.0 06405 0+062 153 1425 1.30 1.039
4240 Ne394 0.058 147 le21 1e26 14039
4460 0384 04055 1463 1e17 l.21 1.039
4600 0e374 0053 l4el lel2 1e17 1.039
4840 06363 04051 1440 1409 1013 1039
5040 04353 04050 1401 1.05 1.09 1.039
52.0 06362 0.050 1446 1401 1.05% 1.039
5400 04332 04051 1543 097 1,01 1.039
5640 0322 0052 1601 0e94 0.97 1039
5840 0.311 04054 173 0490 0e94 1,039
6000 04301 04057 18.9 0487 0490 1+039
6240 04290 0060 206 OeB4 087 1.039
6440 04280 0.063 2245 0e81 0.84 1.039
6600 04270 0067 2448 0s78 0.81 1.039
680 0e259 0.071 274 0e75 0.78 1.039
7040 0e269 0075 3061 072 075 14039
72.0 0.238 0.079 3%.1 0469 0.72 1.039
T4e0 0228 0.082 3664 0.66 0469 14039
7640 0.218 0.088 4043 064 0e66 1.039
78.0 04207 04092 4bols Oeb1 0e64 1039
R0.0 06197 0.096 4847 0459 0461 1,039
R2.0 0e186 04101 5443 0e56 0459 1.039
Rb4eO 0s176 04105 5946 Oe54 0e56 1.039
86.0 0e166 0.110 6602 0e52 0e54 1.039
AR.0 0e15% Qel15 T4al 0450 0452 1.039
90.0 0e145 0e119 8240 Oe48 0450 1039
92.0 0el134 Oel24 9245 06 0e48 1.039
9.0 Del24 0.128 103.2 Oetsts 0e46 1.039
960 Nelld 0e133 11646 0e42 Oetd 1.039
98.0 04057 0.081 14241 0640 0e42 1.039
100.0 0049 0.084 1714 0438 0440 14039
102.0 04061 0,087 21201 0037 0.38 1039
10440 04033 0+090 27247 0435 0436 1.039
10640 0.025 0093 372.0 0433 0435 14039
108.0 0017 0096 56447 0432 0033 1.039
110.0 0.009 04099 110040 0430 0632 1.039
112.0 0,001 04103 1030040 0e29 0430 1.039
11440 =0e667 00220 =32.9 0028 0429 1.039
11640 =0s644 0.199 =3049 0e26 0.27 1.039
118.0 =0+636 0171 =2648 0025 0426 1.039
120.0 =0s645 0e164 =250 0e24 0425 14039

#% 3 STANDARD NEVIATIONS

TABLE NO. 18

DRAG
COEFFICIENT
<o
(PD/QI)

0e245
0249
Ce252
06256
0259
06263
0s266
04270
06273
06277
04280
0e284
0.288
0e291
06254
04297
0301
0e304
0307
0310
0e312
04315
0318
04320
0+323
0e324
0326
Ne328
0e¢329
04330
0331
04331
0+332
06331
0e331
0329
06327

0e326
0e322
0319
04313
04309
04304
0s296
0.288
0278
06269
0.258
Oel3é
0el121
0e106
04089
04070
04050
04027
04003
-24277
=24307
=24392
=2e548

DRAG COEFFICIENT VS TIME FOR CYLINDER 3 - CAMERA DATA

UNCLASSIFIED

ABSOLUTE
ERROR#*#

04066
0066
0065
06065
0064
0.064
04063
Ce062
0062
04061
0.C60
0058
04057
0.056
04054
0.053
0+051
0050
Qe048
0047
0e 046
06045
0045
04045
04045
Qe 0647
04050
04053
0057
Q062
04068
0e074
0.CB2
0090
0099
04109
0e119

Oe131
0el143
0.155
0e170
Oe184
0.201
0e219
0.237
04257
0277
0301
0.191
04207
0e225
Qo263
0e263
0e284
04307
04335
0e751
0e712
Qeb43
0e648

FLOW

MACH

NOe
M

06391
0e386
0+382
06377
0e372
0e367
04363
0e358
0.353
Ce 349
0e344
04339
0335
0330
04326
0e321
0.317
0e312
0s308
0s304
Ue299
04295
0291
0e286
0.282
Ce278
0274
0+270
Qe265
0.261
04257
04253
Qe 249
Qe 245
0s241
0e237
0.233

0e229
0.225
0e.221
Oe.218
0e216
0e210
04206
0e202
0e199
0e19%
04191
O.188
OelB4
Oe181
06177
Cel73
0170
0el66
0s163
0e160
0156
0s153
0e149

STP 453

REYNOLDS
NO.
R
(X10=5)

42466
42406
4146
40487
40429
39.70
39.13
38456
37.99
37443
36.87
36432
35.77
35.22
34469
34415
33.62
33.10
32457
32.06
31.55
31.04
30454
30404
29454
29405
28457
28409
27+61
2714
26467
26420
25.74
25429
24484
24439
23495

23.51
23,07
22464
22421
21479
21.37
20496
20455
20614
19,73
19e36
18494
18455
18416
17.78
17.40
17.02
16465
16428
1591
15.55
15.19
14484




UNCLASSIFIED

MO 4 945 IN DIAM 6,7 PSI 9+5 IN DIAM END PLATES
PFAK OVFRPRFSSURF 647 PSI POSITIVE DURATION 24940 MSEC
FRIEDLANDFR DFCAY CONSTANT = 0451

TIME AFTER DRAG ARSOLUTE RELATIVE DYNAMIC IMPACT RATIO DRAG ABSOLUTE
SHOCK FRONT PRESSURE ERROR## ERROR##» PRESSURE PRESSURE COEFFICIENT ERROR®#
ARRIVAL PD Q ot (4]
(MSEC) (PSI) (PSI) (PERCENT) (PSI) (PSI) wt/Q) (PO/QILY
2.0 Ce390 0192 4943 lel6 l.19 14022 04326 Os161
4e0 0.376 0e17% 4606 lela lel6 1.022 0e322 04150
6.0 0e361 0e15%9 4400 lell 1.13 1022 04317 0.139
Re0 04347 0el43 4lel 1.08 lel1 1.022 04313 Oe128
10.0 00334 0e.128 38.4 105 1.08 1,022 04309 Oellé
12.0 0,321 0e115 357 1403 1.05 1,022 04304 0.108
14.0 0.309 0.1C2 33,1 1,00 1,03 1.022 04300 06099
1640 06297 04001 3047 0.98 1.00 1.022 06295 0.090
1800 0.285% 04080 2840 0695 0497 1022 04291 0.081
2040 fe274 04071 2549 0493 0495 1.022 0.287 04074
2240 04263 04062 2345 0490 0492 14022 0e283 0+066
2440 06253 0054 2146 0e88 0490 1.022 0e279 04060
2640 0e243 04048 2040 0e86 0.88 1022 06275 04055
28.0 0233 0e043 1847 OeB4 0485 1.022 0e271 04050
3040 0e223 04040 179 O0e81 0483 14022 04267 06047
32.0 0e215 04037 17.4 0e79 0481 1.022 0e264 0.046
3440 Ne206 04036 17.6 0e77 0479 1,022 0260 04045
3640 Ce198 04038 1842 0e75 0477 1.022 06257 06046
38.0 Me191 04036 18.8 073 0.75 14022 0e253 0s047
4040 Ce183 0.036 19.9 0e71 0473 1.022 04251 04050
4240 0el177 04037 21e1 0669 0e71 14022 0e248 04052
4440 0e170 04037 2201 0467 0469 10022 0e246 0e054
4640 0el64 0.038 2345 0e65 0467 14022 0e243 0e057
48.0 0.158 0.039 26408 Qb4 0465 1.022 0e241 04060
500 0e152 04039 2640 0e62 0463 1,022 0+238 0s062
5240 0el46 04039 2740 0460 0461 1.022 04237 0+064
5440 Oal61 Cs039 2747 Ce58 0460 14022 06235 04065
5640 0e137 0.039 2844 0457 0e58 1.022 0e234 04066
58,0 Cel31 04037 292 0455 0456 1.022 0232 0.067
6060 0e126 0.037 2947 0653 0455 1e022 00230 0.068
6240 fel23 04036 2946 0e52 0453 10022 04230 04068
6440 0e119 0.035 29.7 0450 0451 1.022 0e229 04068
6640 Oell4 04034 29.6 0e49 0450 1.022 0e227 04067
6840 Oel11 0033 29¢6 0e4? 0a48 1.022 04228 04067
70e0 0elCR 04031 2942 0eb6 Qo7 1022 0227 04066
720 fallS 0C30 2846 Qedé Qa5 1022 0s228 0+065
T4e0 0s101 04029 2846 0e43 Qess 1.022 0e227 0.065
7640 0.027 2749 0e42 0443 1.022 0.228 04063
7840 04026 2748 0e40 Qebl 14022 0.228 04063
A0« 0 04025 2747 0e39 0440 1.022 0e228 04063
A2.0 04024 2747 0438 0439 1.022 0e227 06063
R4e0 04024 283 0e37 0438 1.022 Ce228 Qo064
8640 0024 291 0e36 0036 1.022 0227 0.066
8.0 0.024 31.0 0e34 0e35 1.022 06225 04070
9040 04025 32.8 0e33 Qo364 1.022 0e225 04073
9240 00026 3540 0632 0033 1.022 0e224 0.078
9440 04026 3742 Oe31 0432 14022 0e224 04083
9640 0.028 4049 0430 0e31 14022 06220 04090
9840 Ce029 4346 0+29 0430 14022 0s221 04096
1000 04029 4647 028 0429 1.022 04219 0.102
10240 04030 4948 0427 0e28 14022 06220 04109
10440 04032 5401 0e26 0427 1.022 04219 0119
10640 04032 5649 0425 0426 1.022 0s218 Oel24
108.0C 04033 60e4 Oe24 0e25 1022 04219 0e132
110.0 0e034 6540 0623 0s26 14022 0s216 0140
112.0 04034 6942 0s22 0e23 14022 0s212 Qe l4é
11440 04034 T2e4 0e22 0e22 1022 0s211 0+153
11640 04034 758 0e21 021 1.022 0e207 04157
1180 04034, Alel 0e20 0420 1.022 0e201 0e163
12040 04033 B4e3 0el9 0420 1.022 04197 Oel67
122.0 04032 9045 Oel8 019 1.022 O.188 0e170
12440 04032 9743 Oe18 O.18 1022 Oel178 0e173
12640 04032 1073 0el7 017 1022 Oel67 0.180
128.0 0+C31 121.1 Oel6 0417 1.022 0s152 Oe.184
13040 0+031 14446 0el6 Oel6 1022 0el36 0el194
132.0 04032 18342 0el5 0el5 14022 0s112 04206
13440 04033 23943 Oelé 0el5 1022 04092 0e222
13640 04038 34647 Oelé Oelé 1,022 04071 0246
138.0 04038 511e2 Oel3 0.13 1022 0e054 04280
14040 04042 872+3 Osl2 Os13 1022 04037 0e323
14240 0e047 239047 0el2 012 1e.022 04015 0¢375
14440 0¢053 =1512942 Oell 0s12 1022 =04002 Oettst
14640 Ce060 =174343 Oell 011 1.022 =04030 0e¢526
148.0 Ce068 =916.9 0el0 0.10 1022 «0e068~ 0e626
15C.0 04077 =705+8 0610 010 1022 =0¢105 0e745
152.0 0.088 =58446 0409 0409 14022 =0s151 04886
156440 0.098 =506441 0409 0409 1e022 =0s207 14047
15640 0110 =45843 0408 0.08 1022 =0e269 1.236
15840 =0+030 0e123 ~408e5 0«08 0.08 1022 «04355 let54
W& 3 STANDARD NEVIATIONS
TABLE NO. 19
————

DRAG COEFFICIENT VS TIME FOR CYLINDER 4 - VELOCITY TRANSDUCER DATA

UNCLASSIFIED

FLOW

MACH

NOe
L

0e296
06293
0290
Ce287
Ce284
Ce281
Ce278
0e275
0e272
0e269
Ve 266
0e263
0e261
0e258
0255
0e252
0249
Ce 246
Qo243
Oe261
Oe238
0e235
0e232
Ce229
0e227
Oe224
0e221
Oe218
0s216
0e213
Ce210
0e207
04205
0e202
0el199
Ce197
0e 194

0e191
0e189
0s186
Oel84
O.181
Cel78
Qel76
0173
00171
Oe168
0e165
Oel63
0el60
Oel58
0el55
0el53
0el150
Oel4s
Oel45
0el43
0el140
Oe138
Oel36
04133
0e131
Oel28
Os126
Oel24
Oel21
Oell9
Oelle
Oelle
Oell2
0e109
0elC7
0e105
0e102
0e100
0+098
04096
04093
Q4091

REYNOLDS
NO.

R
(X10=51

16453
16434
16416
15497
1579
15461
15443
15425
15407
14489
14471
1454
14436
14419
14401
13.84
13467
13450
13,33
13.16
12499
12483
12466
12449
12433
12417
12400
1l.84
11.68
11452
1le36
1l.20
11405
10489
10473
10458
10.42

10+27
10612
9497
9e82
9467
9e52
9437
922
9408
8493

5456
5e43
531
519
5406
“e96
“e82
“s70




BEST QUALITY PRACTL
™IS m 115 LSHED 10 BDQ o UNCLASSIFIED

NO & 9% IN DIAM 6,7 PSI 945 IN DIAM END PLATES
PEAK OVERPRESSURE 647 PSI POSITIVE DURATION 24940 MSEC
FRIEDLANDER DECAY CONSTANT = 0,51

TIME AFTER DRAG ABSOLUTE RELATIVE DYNAMIC  IMPACT  RATIO DRAG ABSOLUTE
SHOCK FRONT PRESSURE ERROR## ERROR## PRESSURE PRESSURE COEFFICIENT ERROR®#
ARRIVAL PO Q Q1 o
(MSEC) (PST) (PS1) (PERCENT) (PS1) (Ps1) (Qr/q) (PD/QI)
2.0 044698 Ce067 1344 1e16 1.19 1022 0s416 04056
40 04482 04060 1244 lels lel6 1022 Qo413 04051
6.0 0.465 04052 11.1 lell 1l.13 1.022 04408 04045
840 0e449 04046 10e2 1408 lell 14022 Qo404 0e041
1040 04434 04040 9e2 1405 1.08 14022 04400 04036
12.0 O.418 04034 841 1.03 1.05 1022 06395 06032
14,0 04403 04029 Tel 1400 1,03 1.022 04391 0.028
16.0 0.388 04024 6ol 0.98 1.00 14022 0386 0.023
18,0 04374 04020 543 095 097 1022 04382 0.020
2040 0e360C 04017 47 0493 0,95 14022 0377 00017
22.0 04346 0.013 347 0e90 0e92 14022 0e372 0013
2440 0332 04011 343 088 0.90 1.022 00366 0012
2640 0319 04009 248 086 0.88 10022 04361 0.010
2840 04306 0007 242 0084 0,85 1,022 04355 0.008
30.0 0.293 Ce006 2.0 0e81 0.832 1.022 06349 04007
32.0 0281 04006 2.1 0e79 0.81 1022 04344 04007
3440 0s268 04006 242 0677 0.79 1022 04337 0007
3640 04257 04007 247 0675 0,77 1,022 0e332 0009
38.0 06245 04007 2.8 0e73 0675 10022 06325 04009
4040 0e234 04007 2.9 0e71 0.73 14022 04319 04009
4240 0.223 0.008 345 0469 0,71 10022 0e313 0e011
4440 0.212 0.008 3.7 0e67 0469 1022 04306 0011
46.0 0202 04008 3.9 0465 0467 1.022 04299 0.011
48.0 04192 0.008 4ol Oeb4 0465 14022 De293 DeCl2
5040 04182 04007 3.8 Ce62 0463 16022 04285 04010
5240 04173 04007 440 0460 0461 1022 04279 04011
5440 04164 04006 3.6 058 0460 1,022 0s272 0.009
5640 04155 04006 3.8 0657 0.58 1e022 06265 0.010
5840 0el4a? 04005 e 0655 0456 14022 04259 04008
600 0,139 0.,005% 3.5 0e53 0455 1.022 0e252 04009
6240 0.131 04005 3.8 0e52 0,53 14022 Qo244 04009
6440 0e123 04004 3.2 050 0451 14022 04236 04007
6600 Oell6 04004 3et 049 0450 14022 04230 04007
6840 04109 04,004 346 0447 0448 1.022 0e222 04008
7040 04102 0.004 3.9 Qo6 0e47 1022 0e215 0008
T2+C 0.096 04005 52 Dol 0445 1022 0.208 0eC10
T440 04090 04005 55 0643 Okt 14022 04201 04011
7640 0.084 0.006 Tel 042 0e43 1.022 0el194 04013
7840 0079 0.006 Te5 0440 Qo4 12022 Oe.188 0e014
A0.0 0,073 0+007 9e5 039 0440 1.022 04179 04017
82.0 04069 0.007 10.1 0e38 0439 1e022 0el175 0.017
R4e0 04064 04007 10+9 037 0438 1+022 0s168 0.018
R6e40 Ce060 04008 13.3 0e36 0436 l1e022 0el62 0.021
AB.0 0056 0008 1442 Qo34 0.35 1.022 0e157 0022
9040 04052 0.008 1543 033 0e34 1e022 04150 0.023
92.0 04049 0,008 1643 0e32 0433 1.022 Oel4? 0024
9440 0046 0007 15.2 0e31 Q0e32 1e022 Oelb2 0.021
9640 0e043 0.007 1642 0430 0e31 10022 Oe138 0es022
98.0 0e041 04007 17«0 0029 0430 1.022 0el36 0023
10040 04038 04006 1567 028 029 1.022 0s130 0020
10240 04037 0006 1642 0e27 Q.28 1.022 0el132 0+021
10440 04035 04007 2040 0e26 0s27 1e022 0e129 04025
10640 0036 0.008 2345 025 026 1+022 0e130 0+030
108.0 CeC33 0.010 3043 024 0425 1.022 0e131 0.039
110.0 06032 04012 3745 0423 Qe24 1.022 0el31 04049
11240 04032 0.015 4608 0e22 0e23 1022 Oeld6 0064
11440 04032 0+018 5642 0e22 0e22 1e022 Oelé2 04080
11640 0.032 04022 6847 0e21 0e21 1.022 0167 00101
11840 04033 0.027 8le8 0620 0420 1.022 0e158 0e129
12040 0.033 0,031 9349 019 0.20 1e022 0164 Oel54
122.0 04035 06037 10547 0el8 019 1+022 0e181 0.192
12440 04036 04043 119.4 0el8 Oe18 1022 0e194 0e232
12640 040328 04049 128.9 0617 0617 1.022 0,213 0e275
12840 04040 04056 14040 0elb 0617 14022 0e234 0e328
13040 0042 04063 15040 Oelb 0416 1.022 0e256 0+385
132.0 04065 04071 15747 015 0415 1.022 04286 00452

#% 3 STANDARD DEVIATIONS

TABLE NO. 20
DRAG COEFFICIENT VS TIME FOR CYLINDER 4 - CAMERA DATA

UNCLASSIFIED

STP 453

FLOW REYNOLDS

MACH NOo

NOo R

M (X10=5)
04296 16453
06293 16434
04290 16016
0.287 15497
0e284 1579
0s261 15.61
0.278 1543
0e275 15425
0e272 15407
04269 14489
0e266 14071
04263 14454
0e261 14436
0e258 14019
0s255 14401
0e252 1384
0e249 13.67
0e246 13.50
Qo243 13433
0s241 13¢16
0e238 12499
04235 12483
0s232 12466
00229 12049
Ce227 12633
0e224 12.17
0s221 12400
Qe218 1le864
0e216 11.68
0e213 11.52
0.210 1136
04207 11.20
04205 11.05%
Ce202 1089
0199 10.73
04197 10458
Del196 10642
04191 10.27
0.189 10.12
Oel86 9497
Oel84 9.82
0e181 9467
0e178 9452
0e176 9437
0e173 9422
04171 9408
De168 8493
06165 8479
0e163 Beb4
0s160 8450
0+158 8436
04155 8422
0ei153 8407
04150 Te9
Oel48 7480
0e145 Te66
0el1643 Te52
0e140 Te38
Oel138 Te25
0e136 7el1
04133 6498
00131 6485
0.128 6e71
Oel26 6e58
0el26 6045
0e121 6432




THIS PAGE IS BEST QUALITY PRACTICABLE

FROM COPY FURNISHED TODDC e
UNCLASSIFIED STP 453
NO & 9,5 IN DIAM 4/,7 PSI 28.5 IN DIAM END PLATES
PEAX OVFRPRFSSURF 6.7 PSI POSITIVE DURATION 249,0 MSEC
» FRIFDLANDFR NFCAY COMSTANT = 0451
TIMF AFTFR DRAG ARSOLUTE RELATIVE DYNAMIC IMPACT RATIO DRAG ABSOLUTE FLOW REYNOLDS
SHOCK FRONT PRESSURF ERROR## EIROR##* PRESSURE PRESSURE COEFFICIENT ERROR## MACH NOe
ARRIVAL PD Q QI co NOo R
(MSEC) (PSI) (PSI) (PERCENT) (PS1) (PSI) Qr/qQ) (PD/QI) M (X10=5%51
2.0 0e527 Cel30 2643 lel6 1.19 1022 0ol Oell6 0e296 16453
4o Ne519 0s134 25.8 lelé l.16 1.022 Qelbé 0e115 04293 16434
6e0 045C9 0e129 253 lell le13 1.022 Qe4&? 0e113 0.290 16416
A0 Cs500 Cel24 2449 108 le1l 1.022 Det51 0ell2 0.287 1597
10«0 06491 0e120 2404 1405 1.08 1.022 0e453 0e110 Qe284 15479
12.0 CetR2 0115 2349 103 105 1022 0et56 04109 0e.281 15461
14.0 0473 Cello0 2343 1.00 1.03 1022 0e460 0107 0s278 15443
160 Qe 465 Cel06 2248 Ce98 le.0C 1.022 Qo463 0105 0e275 15425
18.0 Qeb5E Cel01 2242 0495 0697 1022 0e465 00103 0e272 15.07
200 0s447 04097 21e7 0093 0495 le022 0e468 0¢101 0.269 14489
22.0 0e438 04092 2140 0490 0692 1022 06471 04099 04266 14471
2440 0429 0.088 2045 0.88 0490 1.022 Qet74 04097 04263 14,54
260 Ne420 C.C83 1947 088 O.88 1022 Qeta76 0094 0e261 14436
28.0 Ne&ll C.078 191 Qe84 0.85 1022 Qo478 04091 0e258 14019
20.0 Ce403 04074 1845 081 0483 1.022 0e481 0.089 0e255 14.01
32.0 04393 0.070 178 0e79 0.81 1.022 0e483 0086 0e252 13.84
2440 0e2R5 0066 171 0677 0e79 1022 0e489 0083 06249 13467
260 04376 0e06&2 1645 0e75 0677 1022 Oe486 0080 0e246 13450
2RO 06367 0e058 1549 0e73 0e75 1022 Oe488 0077 0e243 13433
4060 06357 04054 152 0e71 0e73 1e022 0e489 0e074 0e241 13.16
420 0e348 0.051 1446 0469 071 1.022 06490 0.071 0e238 1299
L4440 04338 0.048 1443 Q67 089 1.022 0et89 Ce070 04235 12.83
LboD 0e32R 06045 13.9 0065 067 1.022 0e487 0+068 0e232 12466
4R4O 04217 0e043 13.8 Oeb4 0e65 1022 Qo484 04066 0e229 12449
5Ne 0 06306 0e042 13.8 0e62 0463 l1.022 0e480 0066 0e227 12.33
5240 06294 0e041 1440 0660 0e61 1e022 0e&75 0066 0e224 1217
5440 Ne2R2 0e041 145 0e58 0460 1022 0e469 0068 0e221 12.00 {
566N Ce27C 0040 1561 0657 0458 1.022 0e462 04070 Qe218 1le84 :
5Re0 0.258 Ce041 159 0455 0456 1e022 Oe455 0e072 0.216 11.68 i
A0.0 0e267 0.042 17«2 0453 0455 1.022 Qo449 0077 0.213 1152 j
h2.0 04237 Ce043 18.5 Q452 Q453 1+022 Qeb43 0.082 0e210 1136 3
AbeN Ne226 0045 20.1 050 0e51 16022 0e435 04087 0207 11.20 i
fheO Ce217 0e048 22.1 049 0450 1.022 0e431l 04095 0205 11.05 5
AR O 0207 04050 2444 Qet? Q.48 1.022 Qe 24 0.103 0e202 10.89 ;
700 D.19R 0.053 27.0 0e46 Qet? 1.022 0e419 0.113 0199 10473 i
7240 De1B9 0.056 298 Qebs 0es5 1022 Oet4ll 0el22 0197 1058 ‘
7440 0s1R1 04060 33.1 0et3 Oebts 1.022 04406 0134 0e19¢ 10042 ‘
‘
76.0 06172 0.063 3646 Qe42 0443 1022 04399 Qe l46 Uel91 10627
78.0 0.163 0e067 4140 0040 Oe4l 1022 0+390 00160 0.189 10e12
RCeN 0e155 Ce070 4545 039 0440 1e022 Oe.382 Oel74 Oe186 997
R2.N 0el46 0.074 5067 0e38 0439 1022 0e372 0.188 OelBé 982 1
RueD Nel137 0.078 5647 Pe37 038 1022 0e361 0205 C.181 9467
R6e0 C.128 0.081 6345 0e36 0436 1.022 04350 0.222 0.178 9452
RR.N 0.120 0.085% Tle5 De34 0435 1.022 04337 0e241 Oel76 937
90s0 0.111 0.089 80+6 0633 0e34 1022 04323 0+260 0173 9e22
9240 0e102 0.093 9146 0432 Q.33 1+022 0+306 0281 0171 S.08
94N Ne093 0.097 10441 0431 032 1.022 0s291 04303 0.168 8493
9640 0.084 Cel01 11944 0430 0431 1022 06273 04326 0e165 8e79

## 3 STANDARD NFVIATIONS

TABLE NO. 21
DRAG COEFFICIENT VS TIME FOR CYLINDER 5 - VELOCITY TRANSDUCER DATA

UNCLASSIFIED




g QUALLTY PRACTICE™
qH1S PAGE m 70 DRQ P
FROR 00X ¥
UNCLASSIFIED
NO 5 9,5 IN DIAM 6.7 PSI 28¢5 IN DIAM END PLATES
PEAK OVERPRESSURE 6e7 PSI POSITIVE DURATION 249,0 MSEC

FRIEDLANDER DECAY CONSTANT = 0,51

TIME AFTER DRAG ABSOLUTE RELATIVE DYNAMIC IMPACT RATIO DRAG ABSOLUTE
SHOCK FRONT PRESSURE ERROR ERROR PRESSURE PRESSURE COEFFICIENT ERROR
ARRIVAL PD Q 1 co
(MSEC) (PSI) (PSI) (PERCENT) (PSI) (PSI) (Q1/Q) (PD/QI)
2.0 0677 0.280 41e3 lel6 1l.19 1.022 0e566 04234
400 06657 0e247 375 lelé lel6 1.022 06563 00211
600 04637 0216 33.9 lell 113 1.022 06559 0.189
8.0 0.618 00188 3064 1.08 lell 14022 0556 04169
1040 0+600 0el162 2669 1405 1.08 1.022 04553 0e149
12.0 04581 04138 2347 103 1.05 1.022 Qo549 0e130
1440 0e564 0s116 2045 1400 1.03 1.022 04547 Oe.112
1640 0e547 04097 177 0e98 1.00 14022 Qe544 0.096
1840 0530 0.080 1540 0e95 0e97 1e022 Qo541 0.081
2040 0.514 06064 1244 0693 0495 1.022 04538 04067
2240 04499 0052 10e4 0490 0692 1,022 0e536 04055
2440 0.486 0.0641 Bes 0e88 0.90 le022 06534 04045
2640 04469 04034 Te2 0e86 0.88 1.022 04531 0.038
28.0 04455 04029 6e3 e84 0485 10022 0.529 04033
3040 Cebal 0.028 6e3 0e81 0483 14022 04526 0.033
32.0 0e427 04028 6e5 0e79 0.81 14022 04523 04034
344C Oeblé 04029 740 077 0e79 1.022 04521 04036
3600 04401 04031 Te7 0e75 0e77 14022 0e518 04040
2840 04389 04032 8e2 073 0675 14022 04517 06042
4040 04377 00033 8e7 0e71 073 1022 04515 04065
4240 06365 Ce034 93 0469 0s71 1,022 0e512 04047
4400 04354 0+03¢ 96 0e67 0469 1,022 04511 00049
4640 Ce343 04033 946 0e65 0467 14022 06509 0e048
4840 0e332 0,032 9.6 0464 0465 1.022 04506 0e0468
50eC 04322 04030 9e3 0462 0e63 1e022 04505 0e047
5240 04312 0.028 8¢9 060 0e61 14022 0e504 04045
5440 0+302 0026 Beb 0e58 0460 16022 0e502 0e043
5640 Ce292 0s024 8e2 Ce57 0e58 1.022 06499 04061
5840 0s282 0+022 Te8 Ce55 0456 1e022 04496 04038
6040 0,273 0020 Te3 0e53 0455 1.022 04495 04036
6240 0e264 04019 Tel 0e52 0053 1.022 0e493 04035
640 04255 Ce019 Teb 0450 0451 1.022 04491 04036
6640 04246 04019 Te7 0449 0450 14022 0.488 04037
6840 0.237 04021 8.8 0e&? Osk8 1.022 Des484 0s042
7040 0.229 04022 9e6 0e46 Oes? 1022 OeuB82 0e046
T72.C 04220 0.025 11.3 Oetts 0es$ 1022 0eu78 04054
T4e0 0.212 04027 1247 0e43 Oetele 14022 0675 06060
7640 04204 04029 1462 0e42 Oe4?d 14022 Qe72 0e067
7840 Ce196 00031 1548 0440 Cetsl 1022 Qo468 0074
R0« 0 Ce188 04032 1740 0439 0e40 1.022 04663 0078
R2.0 0.180 0+033 1843 0438 0439 10022 0es58 0.083
R4e0 Cel?2 04034 197 Ce37 0438 1.022 Cet52 04089
R6e0 Celba Ce036 2047 Oe36 0436 1022 0etd5 0e092
ABes0 Oe156 04033 21e1 O0e34 0435 10022 0e037 0.092
9040 0e148 04032 216 0433 0436 1.022 Qo429 0.092
9240 04140 Ce030 2164 0e32 0433 1.022 0e420 0090
94¢0 0+132 0129 2149 0e31 0432 1.022 0e409 04090
9660 0el24 0.C28 2245 0430 0431 1.022 0e398 0.089
9840 O.116 0028 26401 0e29 0430 1e022 0e385 04093
10040 Ce108 04031 28.7 Ce28 0429 1.022 04371 0¢106
10240 009" 04036 3643 0.27 028 14022 04353 Q.28
10440 Ce(91 0e065 49e4 0e26 027 le022 0e336 0e166
10640 Ce0R3 04056 67eb 0425 0426 1.022 0+318 0e21¢
108.0 CeC76 04070 9445 Oe24 0425 1.022 Ce294 0e278
11C.0 CeC85 0086 13243 Ce23 Oe24 1.022 0e268 0e354
112.0 Ce0%6 0el04 18547 0e22 0423 1e022 0e239 0et&s5
11440 04047 O0el24 26348 0.22 0.22 1.022 0e208 04551
11660 CeC38 Oel4é 38442 Ce21 0.21 10022 04175 0e674
119.0 0.028 0e171 610e7 0420 0+20 16022 Osl3é 0+820
12040 0.C19 0.198 106241 0419 0+20 14022 0+094 0.988
122.0 CeCY 06227 252242 0.18 0el9 14022 04046 lel78
12640 Ce000 04259 2549 Cell Oel8 14022 04000 14399

TABLE NO. 22

DRAG COEFFICIENT VS TIME FOR CYLINDER 5 - CAMERA DATA
UNCLASSIFIED

FLOW

MACH

NO.o
M

04296
04293
0e 290
0.287
0e284
04281
0e278
0e275
0e272
0e269
04266
0e263
0e261
0.258
0s255
0e252
Qe249
0s246
00243
04241
0.238
0e235
0e232
0e229
0e.227
0e224
0.221
0.218
0e216
0e213
0e210
0207
04205
04202
0e199
0e197
Oel9e

0el91
0el89
Oe 186
Oel8é
Oel81
Oel78
Oel76
0el173
0el?71
O¢168
04165
0el63
0+160
0e158
0e155
0el53
Oel50
OsleB
0el45
Oel3
Oele0
Oel38
Oel36
0e133
0.131

STP 453

REYNOLDS
NOe

R
(X10=5)

16453
16434
16416
15497
15.79
15461
15443
15425
15407
14489
14,71
14454
14436
14419
14,01
13.84
13467
13,50
13,33
13.16
12499
12.83
12466
12449
12433
12417
12.00
11.84
11468
1152
11436
11.20
11405
10.89
1073
10.58
10642

10e27
10012
9497
9482
967
9e52
937
9e22
9.08
8493
8479
8ebb
8450
8436
8022
8407
Te9%
T80
Te66
Te52
Te38
Te25
Tell
6498
6485



UNCLASSIFIED STP 453
THIS PAGE IS BEST QUALITY PO
NO 6 3.5 IN DIAM 9,7 PSI 3.5 IN DIAM END PLATES FROM COPY FURNLSHED 70 DDO
PFAKX OVFRPRESSURF 9,7 PSI POSITIVE DURATION 233,0 MSEC
FRIFDLANDFR DFCAY CONSTANT = 0,83
TIME AFTE® DRAG  ARSOLUTE RELATIVE DYNAMIC ~ IMPACT  RATIO DRAG ABSOLUTE FLO~ REYNOLDS
SHOCK FRONT PRFSSURF  ERROR#®  ERROR®#  PRESSURE PRESSURE COEFFICIENT  ERROK#® MACH  NO.
ARRIVAL PN o ol D NOe R
(MSEC) (PST) (PSI)  (PERCENT)  (PSI) (PSI)  (01/0) (PD/GI) M (X10=5)
240 04777 00184 2347 2435 2445 14039 04317 04075 04391 8429
400 00746 00167 2243 2028 2437 14039 04314 04070 0e386  BalT
640 04717 04149 2049 2021 2430 1.039 04311 04065 Ued82  B4U6
80 0e6RR 0el134 1945 2414 2.22 1039 0¢309 04060 00377 7.9
1040 04661 04120 1801 2407 215 14039 04306 04055 06372 7483
1240 04636 04106 1647 2401 2.08 14039 04304 o051 0e367  7aT2
1440 0e612 04094 1564 1094 2,02 14039 Ce302 00046 0¢363 7460
1640 04589 04083 1401 1488 1495 1.039 Ce3Cl 0e042 Ced58 7449
1840 04567 04073 1249 1e82 1489 14039 04299 04038 Ce353 7438
2040 04566 Ce064 11.8 1676 1483 14039 04298 04035 Ce349  7.27
2240 04526 04057 1048 1470 177 14039 04296 032 Oe36b  Tel?
2440 04506 04051 10e1 1665 1 14039 04295 04029 00339 7,06
2640 0e4RS5 04046 945 1659 1465 14039 04292 04028 04335 6495
2840 0066 04043 93 1e56 1460 14039 4290 06027 0e330 6485
2040 0ol 00041 942 1049 1455 16039 004289 04026 0e326  6aT4
3240 84430 24040 904 1edt 1449 14039 00267 Ce027 0e321  6.64
1400 04613 04040 97 1039 lest 14039 04285 04027 Ce3lT 6453
3640 04309 04040 1061 1034 1439 14039 Ce285 0e028 0e812  Gekd
38,0 04376 04040 1045 1430 1435 14039 04285 00030 0e308 6433
4040 00373 00040 1048 1025 1430 14039 04286 00931 0e306 6423
4240 04362 0041 1143 1021 1426 1.039 04287 00932 Ce299 6413
44e0 04351 00061 11e7 1e17 Th21 14039 04289 04033 Ce295 6403
4640 ne362 04061 1149 1612 1t 1.039 04291 0034 06291 5493
48.0 04333 04040 1242 1409 1.13 14039 00294 04036 00266 5486
5040 04325 04040 1243 1405 1.09 14039 04298 04036 0e282 5474
5240 04318 04039 1243 1401 1,05 16039 04301 037 00278 5465
8400 04310 04038 1243 0497 1401 1.039 04305 0037 0e274 5455
5640 03064 04037 1242 0494 0497 14039 04310 04038 04270 5e46
5840 04297 04036 1241 0490 0494 14039 04315 04038 00265 5436
6040 00292 04035 1149 0487 0490 14039 04321 04038 0e261  S5.27
6240 04287 04033 1146 0484 0487 14039 04327 04038 0e257 5418
6400 04282 04032 1145 0e81 e84 14039 04334 04038 Ue253 5409
6640 04276 04031 11e2 0478 0.81 10039 00340 0038 00269 5400
6840 04270 04030 1140 0475 0.78 14039 00346 04038 00265 4491
7040 04266 04029 1140 0472 0475 1.039 04353 04038 00261 4483
7240 04260 04029 1161 0469 0e72 1+039 04360 04040 00237 4476
7440 04256 04028 1.1 0466 0469 14039 04368 04061 06233 4e65
7640 04251 04028 1143 0464 0466 14039 04375 04062 06229 4457
7840 06267 04028 1145 0461 0e64 14039 04385 0004t 00225  4e4B
8040 04243 04029 1149 0459 0e61 14039 04395 04047 06221 4440
8240 04240 04029 1342 0456 0459 14039 04405 04049 Ce218 4432
400 04237 04030 1246 0456 0456 14039 0ebl17 00052 Ce2l6  e23
8640 06236 04031 13,2 0452 0e54 14039 00629 04056 06210 415
840 04231 04031 1347 0450 0452 14039 0ette2 04060 00206  s07
9040 04229 04032 1401 0448 0450 14039 006456 04066 04202 3499
02,0 04276 04033 1448 0446 CedB 14039 00471 04069 04199  3.91
9440 042264 0034 1542 00tts 0446 1.039 04486 04074 00195 3,83
9640 04221 04034 1546 0ete2 Oetete 14039 04502 04078 0e191 3476
9840 04218 04035 1640 0440 0e42 14039 04516 04082 04188 3,68
10040 04214 00034 1642 0438 0440 14039 04530 04086 00186 3,60
10240 0e211 04035 1646 0437 0438 1+039 04545 04090 0e181  3.53
10440 04207 06034 1647 0435 0436 14039 0e561 04096 0e177  344$
10640 00203 00036 1649 0433 0435 14039 04576 0297 04173 3.38
10840 04199 04036 17e6 0432 0433 14039 04590 00103 04170 3431
11040 04193 04034 1749 0430 0432 14039 04601 0.108 04166 3423
11240 04188 04035 1846 0429 0030 14039 04614 0ellé 04163 3416
11440 o182 04035 1945 0428 0429 14039 04622 0121 0e160 3409
11640 06176 04036 2043 0426 0427 14039 04633 0e129 0e156 3402
11840 04169 04037 2148 0425 0.26 14039 00639 0,139 00153 2495
12040 04163 04037 2247 0426 0425 14039 04646 00146 0e149 2488
12240 04155 04038 26448 0423 0026 14039 00645 04160 Oulés 2481
12440 00167 04040 2741 0422 0e22 1,039 Oebbt 0e175 04163 2474
12640 04138 04042 3045 0420 0.21 14039 04636 00194 0e139 2468
128.0 04129 04066 35,7 0419 0420 14039 04627 00226 0e136 2461
13040 0e118 04051 43.2 0418 0419 14039 04605 04261 Ce133 2455
132.0 04107 04088 53,8 0417 0418 14039 04580 0312 00130 248

w&x Y STANDARN DEVIATIONS

TABLE NO. 23
DRAG COEFFICIENT VS TIME FOR CYLINDER 6 - VELOCITY TRANSDUCER DATA
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JHIS PAGE IS BEST QUALITY PRACTICABLE
FHOM COPY FURNLSHED TODDQ o

UNCLASSIFIED STP 453
5 NO & 3.% IN DIAM 9,7 PSI 3¢5 IN DIAM END PLATES 2
PFAX OVERPRESSURE 9.7 PS1 POSITIVE ODURATION 233,0 MSEC
3 FRIEDLANDFR DECAY CONSTANT = 0,83
TIME AFTER DRAG ABSOLUTE RELATIVE OYNAMIC IMPACT  RATIO DRAG ABSOLUTE FLOW REYNOLDS
3 SHOCK FRONT PRESSURE  ERROR##*  ERRORw*# PRESSURE PRESSURE COEFFICIENT  ERROR®# MACH NQe
4 ARRIVAL PD Q Ql <o NOo R
(MSEC) (PSI) (PST) (PERCENT) (PS1) (PSI) (Q1/Q} (PD/QI) M (X10=5)
£ 2.0 lel6l 0e261 20e7 235 2445 1039 04473 0098 Ge391 8429
g 4e0 1.084 04207 190 2.28 2,37 1.039 04456 0087 04386 8417
640 1.012 0el176 173 2421 2.30 14039 04439 0076 0382 8406
8.0 04965 0s148 1546 2e16 2.22 1.039 Qa2 04066 0377 Ta96
1040 0+R83 0s123 12.9 2407 2,15 14039 0409 0057 0e372 7483
12.0 0.826 0s100 1201 2401 2.08 14039 04395 Q0eQ47 0367 Te72
1440 0e774 04080 10.3 194 2402 14039 0+382 04039 04363 7260
1640 0e725 04062 Beb 1488 1495 1.039 04370 04032 04358 Teb9
1840 0681 0049 Tel 1.82 1.89 1.039 04359 0e025 04353 7438
2040 Oeb4l 0.038 59 176 1.82 14039 0e349 Qe020 0e349 Te27
22.0 0e604 04029 4e8 170 177 14039 00340 0e016 0e344 7617
2400 0e572 00025 4e3 1665 171 14039 04332 QD14 04339 7406 ;
2640 0e542 0,024 4e 1.59 le65 14039 Ce326 06014 04335 6495 i
28.0 04515 04025 4eB le54 1.60 1039 0e321 04015 04330 6485 1
2040 04492 04026 5e2 1e49 1.55 14039 04317 0016 04326 6eT4 :
2240 Cet71 04028 59 lebd le49 14039 Oe31b 0.018 04321 6064
3440 0452 04029 Gets 1439 leto 1039 0e312 04020 04317 6453
36.0 Ceb36 06029 6e6 le34 1e39 14039 0.311 04020 0e312 6443
38.0 0e423 04029 6e8 130 1e35 14039 0e312 0.021 04308 6433
4040 Oebll 0.028 6e8 1025 1430 14039 0e3l6 0+021 0e304 6423
4240 Ce401 0.026 6ets 1021 1e26 10039 Cs318 04020 04299 6413
4640 Ce392 0024 6el 1e17 le21 1039 0e322 0.019 0295 6403
4600 04385 04022 5e7 lel2 1e17 1.039 0e327 0.018 04291 5493
48.0 04379 04020 Se2 1409 1e123 1039 0e336 0.017 04286 Se84
5040 0e374 QeC18 4ot 1405 1409 1.039 0362 04016 0.282 5e76
5240 0370 04017 405 1401 1.05 14039 04351 04016 04278 5465
54e0 0e366 0.016 “e3 0497 1.01 14039 04360 0+015 0e274 555
56.0 04363 04017 4o 094 097 1039 04370 04017 0270 5e46
5840 0359 0.018 540 0490 094 14039 0380 0019 04265 5436
5040 Ce356 0e021 548 0487 0490 14039 04391 04023 0e261 527
6240 Ce353 0eC23 645 0e84 Ce8? 14039 Qesl2 04026 0e257 5418
6440 0e349 0.025 741 CeB1 OefBt 14039 Qo613 04029 0e253 5¢09
6640 0e345 0e027 Te8 0e78 Ce81 14039 Qo246 04033 Qe 249 5400
6840 0e340 0.028 8.2 075 Oe78 1.039 Qea35 04035 0e245 4e91
7040 04333 0.029 8.7 0e72 0e7% 1.039 Qo2 04038 Qo241 483
7240 Ce326 04029 8.8 0469 Ce?2 1036 Cet5C 04040 04237 4e76
7440 Ce217? 0029 91 066 0eb9 1.039 0655 04041 0233 “e65
7640 04307 04027 8.7 Oebd 0466 1.039 o459 04040 0229 57
TR0 04295 0026 8.8 061 [Y°1Y 1.039 0e459 04040 0s225 Get8
R0C 0D+2R1 04026 8.5 0459 0461 1.039 Qet55 0.038 0e221 440
R2.0 04266 04024 940 0456 0459 14039 Qetedes 04060 0s218 “e32
R4e 0 Ce248 0026 1045 Oe54 0456 1.03% Oebd2 0s 045 Oe2l6 Le23 -
P6e0 04224 04032 1642 0452 054 14039 De6ll 04058 0e210 4el5
88,0 0+200 04041 2045 0450 0e52 14039 De382 0.078 0¢206 4e07
00.0 0173 04053 30e6 Ceb8 0e52 14039 Dedbb 0s105 00202 3.99
92.0 Oelad Oe068 47458 Ceté Oes8 14039 04297 Oel4l 04199 3491
L De110 04086 78.1 Oebt Qebt 1.039 0238 0e186 0e195 3.83
960 04073 0s107 16645 0es2 Qetste 1.039 0¢165 0e262 0e191 3476 F
98,0 04032 0130 40642 0e40 Qo2 1.039 04075 0+307 0.188 3.68
10040 ~0s012 Oe¢l%6 =1300.0 0e38 Q40 1.039 =0s029 0e38% Oel86 3460
#% 3 STANDARD NEVIATIONS .

TABLE NO. 24

DRAG COEFFICIENT VS TIME FOR CYLINDER 6 - CAMERA DATA
UNCLASSIFIED
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PpAGE 15 BEST

UNCLASSIFIED
NO 7 3¢5 IN NIAM 9,7 PSI 175 IN DIAM END PLATES
PFAK OVFRPRESSURF 9.7 PSI POSITIVE DURATION 233,0 MSEC
FRIEDLANDFR DECAY CONSTANT = 0,83
TIME AFTER DRAG ARSOLUTE RELATIVE DYNAMIC IMPACT RATIO DRAG ABSOLUTE FLOW REYNOLDS
SHOCK FRONT PRFSSURE FRROR®= ERROR#» PRESSURE PRESSURE COEFFICIENT ERROR##* MACH NOo
ARRIVAL PN Q Q1 co NOe R
(MSFC) (PST) (PSI) (PERCENT) (PSI) (PSI) (Ql/Q) (PD/QI) M (X10=5)
2.0 0.R00 0.207 2549 2435 2645 1039 Ce326 0084 00391 8429
40 0e768 0el87 26403 24208 2437 1039 0e323 0078 0e386 8e17
6.0 0.739 Oelé8 2248 2621 2430 1039 04321 0073 Ce382 8406
8.0 0e710 0e150 2142 2016 2622 1039 0e318 0e067 0e377 Te94
. 10.0 0e6R2 Oella 1907 2407 2415 1.039 0e316 0e062 0e372 Te83
12.0 0e655% 0ell9 1842 2401 2408 1.C39 Ce313 Ce057 0e367 Te72
1440 0e629 00105 1648 1096 2.02 1039 0e311 04052 Oe363 7460
1640 0e6064 04093 156 1.88 1495 1.039 Oe308 0e047 0e358 7449
1840 CeS5R1 0.082 l4el 1482 1.89 1039 04306 04043 0e353 7438
2040 0e558 0e072 1249 176 1.83 1039 04304 0e039 Qe 349 Te27
2240 0e536 0e063 119 170 1e77 14039 0e302 04036 Oe 344 Tel?
2400 0e514 0.056 11.0 1e65 le71 1.039 04300 0e033 0e339 T.06
2600 0e493 04051 10e4 159 1e65 1.039 0e297 04031 0e335 6495
2Re0 NebT4 0e047 100 le54 1.60 1.039 0295 0029 0e330 6485
30.0 0eb55 0s044 98 le49 1455 14039 0e293 04029 Oe326 6e74
32.0 Neb36 06041 1040 leb4 1449 14039 0291 0029 Ce321 6464
3440 04419 Qe 044 105 139 leto 14039 0e289 04030 06317 6e53
3640 0ek02 0044 1049 le36 139 1.039 04287 0e031 0e312 6e43
38.0 0386 (PN LYY 1le6 1430 135 14039 0285 0.032 Os30C8 6433
4040 0371 04045 12.1 125 1430 1.039 Ce284 04034 0304 623
4240 0357 0045 1247 1021 le26 1.039 0283 04036 0299 6el13
4440 Ce343 Ce04S 13.2 117 le21 1.039 0e282 0037 0e295 6403
4600 0330 0e045 13.8 lel2 lel7 1.039 0e281 0039 0e291 5493
4R.0 04317 0e045% 1462 109 le13 1039 04280 Ce039 0e286 S.84
5040 04306 04044 1406 1405 1.09 14039 04280 04061 0e282 5¢74
5240 06295 0e043 1448 1.01 1.05 1.039 04280 Qe 04l 0e278 5.65
5440 Ne2R4 Ce042 1449 0497 1401 14039 0e279 0e041 0e274 5455
85640 Ce274 04041 1540 0e94 0697 1.039 00280 Ce042 Ce270 S5.46
$8.0 Ne264 06039 1449 0490 Q.94 14039 Ce280 0e042 04265 5.36
600 0e255% 04038 1449 087 0«90 1039 Ce281 0e042 0e261 527
620 06247 04036 1448 Oe84 0e87 1039 0e282 0.041 04257 5.18
6440 0e239 0034 16445 0081 0e84 14039 0e283 Qe04l 06253 5.09
6640 fe231 Ce033 lbeb 078 CeB1 1039 0285 0e041 0249 5.00
6840 0e224 06032 1462 0e75 0.78 14039 0e287 04040 0e 245 4e91
7040 0e217 0030 1440 0e72 0e75 14039 04288 Ce 040 Oe241 483
7240 0210 0029 1440 0469 0e72 1039 0¢290 04040 0e237 4e76 J
7440 0204 06028 1440 0466 0469 14039 04293 04041 0233 4e65 r
7640 0e197 0.028 1443 Oeb4 0466 14039 06296 04042 0e229 4457
78.0 0e101 0028 1407 Oe61 Oeb4 14039 0e297 04043 0e225 Lok
RO.0 Cel8S 04028 1502 059 0e61 14039 Ce301 0e045 0e221 4440
R24,0 0e1R0 04029 1662 0e56 0459 1.039 0305 06049 0e218 432
R4eO 0el75 04030 172 Oe54 0456 1039 Ce309 04053 O0s2l4 4e23
RGO 0el72 0e0N30 1840 0e52 Ce54 1039 0e315 Ce056 0es210 4elS
RR.O 0e167 0¢031 19.0 0650 0e52 1039 0320 0e061 04206 4e07
9040 Nel63 0033 2043 Oe48 0450 1039 06326 04066 Ce202 3499
92.0 0e160 0034 2162 0eb6 0e48 1039 04333 04070 0e199 3.91
9440 0e157 04035 2246 Ottt 0e4é6 1.039 0e340 0077 0195 3.83
9640 0153 04036 2344 0et2 Ostts 1.039 04347 0.081 04191 3.76
9R.0 Ne150 0.036 2404 0440 Q&2 1.039 0355 0e087 Oe188 3.68
100.0 Nelu? 04037 2543 0e38 0e40 14039 0e3664 04092 Os 184 3460 !
102.0 Nelbt 04037 2549 0437 038 1039 0e373 0096 Oel81 3453 !
10640 Nelsl 04037 2644 0635 0e36 14039 0e382 0e101 Cel77 3445
10640 fel3R 04037 2648 0433 0435 14039 04391 0.105 0el173 3.38
108.0 0e135 0036 2609 0e32 0e33 1.C39 0e401 0.108 0el70 3.31
110.0 Cel32 0e035 27e1 0430 0632 14036 0e410 Oel11 0.166 3423
112.0 fal2r 04035 2746 0e29 0430 1039 0e4l9 0el15 Oel63 3el6
. 11440 Nel?2% 0e035% 2749 028 0429 14039 06430 0el120 Cel60 3.09
11640 fel22 0e035% 2847 0e26 0e27 1.039 0e439 0el26 0e156 3.02
11R.0 Nell9 06035 2946 0e25 0e26 1.039 0450 0el33 0e153 2495
12040 Nellb 0.036 3145 Qe24 0e25 1039 Qe4bl Oel45 Oel49 2488
12240 Nelle 0eC38 33.8 023 Oe24 1039 Oet74 0el160 Celae 2481
12440 Nelll 0e041 3740 0e22 0e22 1.039 OeuB7 0«181 Oele3 2476
12640 fe109 0e0bs 4049 0e20 0e21 14039 04503 0e 206 Oe139 2468
1280 Nel10% 0e049 46e9 0el9 0420 14039 ° 0513 0240 0e136 2461
130.0 Ne103 0e056 S4ets Oel8 0619 14039 0e527 0e287 0e133 2455
1320 0e090 Celb4 bheb 0017 Csl8 14039 04537 0e346 0130 2648
wx 3 STANDARN NFVIATIONS
TABLE NO. 25
DRAG _COEFFICIENT VS TIME FOR CYLINDER 7 - VELOCITY TRANSDUCER DATA
UNCLASSIFIED




NO 7 3.5 IN CIAM 9,7 PSI

PEAK OVERPRESSURE
FRIFDLANDFR DECAY

TIME AFTER

SHOCK FRONT

ARRIVAL
(MSEC)

2.0

4.0

640

8.0
10.0
12.0
1440
1640
18.0
2040
2240
2440
2640
28.0
30.0
3240
3440
3640
3840
4040
4240
4440
4640
48.0
5040
5240
5440
5640
5R.0
6Ue0
6240
6440
6640
68.0
7040
72.0
7440

7640
7840
R0.0
R2.0
R4 0
8640
AR.O
9C.0
9240
9440
9640
9840
10040
102.0
10440

DRAG
PRESSURE

(PSI)

04649
04639
04628
0617
04607
06596
04585
0575
04564
0553
0e542
04532
04521
0510
04500
04489
Oe478
06468
0457
Debbb
0e436
04425
Oubls
0e404
04393
0.382
04371
0.361
06350
04339
0e329
04318
0+307
04297
0e286
04275
04265

0e254
0s263
04233
0e222
00211
04200
0.190
0e179
0.168
0.158
0e147
0e136
04126
0e115
0e106

97 PSI

ABSOLUTE RELATIVE

ERROR##*

(PSI)

0.068
04065
04063
04060
04057
04054
04051
04048
04045
06043
0040
04037
04034
04031
04029
04026
04023
0.021
04019
0016
0+014
0.013
04012
04011
04012
04013
04014
0,016
0.018
04021
04023
04026
0.028
04031
04034
04036
04039

04042
0e045
Ce048
Ce051
04053
04056
04059
04062
0.065
0s068
0.071
0e074
0e077
0e079
C.082

## 3 STANDARD NEVIATICONS

CONSTANT = 0483

- e —
RIS PAGE 15 BEST QUhngQ ™
FBOM Cus X UKol SHED TO DO
UNCLASSIFIED STP 453
1745 IN DIAM END PLATES
POSITIVE DURATION 233.0 MSEC
DYNAMIC IMPACT RATIO DRAG ABSOLUTE FLOW REYNOLDS
ERROR## PRESSURE PRESSURE COEFFICIENT ERROR## MACH NOeo
Q Ql co NO« R
(PERCENT) (Ps1) (PSI1) (Q1/Q) (PD/Q1)Y M (X10=5)
1044 2435 2465 14039 04264 04027 04391 8429
10.1 2428 2437 1,039 04269 04027 04386 8417
1040 2021 2430 1039 06272 0e027 0e382 8406
947 2414 2,22 14039 04276 04026 04377 7494
93 2407 2415 1039 Oe281 0026 0e372 Te83
940 2401 2.08 14039 04285 04025 04367 7472
8e7 1e94 2.02 1039 04289 0e025 0e363 T¢60
843 1.88 1495 14039 04293 0e026 04358 Te49
Te9 1e82 189 1039 04297 00023 00353 Te38
Te7 1476 1.83 14039 04301 04023 04349 7027
T3 le70 177 14039 0305 0022 Qedbib Te17
69 1e65 171 1039 0e310 0e021 Oe339 7406
6e5 1¢59 165 1039 Oe3lé 0e020 0e335 6e95
60 le54 160 1039 0317 0019 0e330 685
5.8 1049 1455 1039 04322 04C18 04326 6476
53 lekt le49 1039 06326 06017 Oe321 6eb4
4o 8 1e39 led4 1039 04330 0015 Qo317 6053
4ot le34 1439 14039 04336 04015 04312 6443
4el 1430 1435 14039 04338 04016 04308 6433
345 1425 1430 14035 Ou34l 0s012 04304 6423
3.2 le21 1.26 1039 043645 04011 00299 6413
3.0 1017 1.21 14039 04349 04010 04295 6403
2.8 112 117 14039 04352 0.010 04291 5493
2.7 1409 113 14039 04356 04009 04286 5484
3.0 1405 1409 14039 04359 04010 04282 5474
344 101 1408 14039 04362 0+012 04278 5465
3.7 0497 1.01 14039 04365 04013 0e274  5u55
4ats 0494 0497 1.039 0s368 Qs0Q16 0s270 S50k
51 0«90 Q494 1039 0370 0019 0e265% 536
61 0eB7 0690 1039 0372 0e023 0e261 5027
609 0e84 0.87 1039 04375 0.026 Ce257 5.18
8.1 0481 0484 14039 04376 04030 04253 5,09
9.1 0e78 0.81 1.039 0378 0.034 0e249 5.00
10.4 0e75 0«78 1.039 04380 04039 Qo245 4e91
11.8 0e72 Qe75% 1039 04380 0s045 Ce261 “eB3
13.0 0469 0e72 1039 04380 06049 0e237 LoT4
1407 0466 0469 14039 04381 04056 0e233 4465
1645 Qeb4 Q.66 1039 04380 0e062 Oe229 ©e57
1845 0eb1 [FY-13 1039 0378 0070 00225 Lol
2046 0459 0461 14039 04377 04077 0s221 4440
2249 0456 0459 14039 04376 0,086 0,218 .32
2501 Oe54 0e56 1039 04371 00093 Oe214 4e23
2840 0452 0456 14039 04366 04102 00210 4418
31.0 0450 0452 1.039 04363 Oe112 0+2086 “,07
3446 0.48 0450 14039 04356 0s123 04202 3,99
386 0etb 0448 14039 0e349 06135 0e¢199 3491
43,0 0ot 0446 14039 04342 0s147 0s195 3,83
4842 0642 Outts 14039 04333 00160 00191 3.76
5444 0440 0442 14039 0e321 00175 04188 3,68
6lel 0438 0440 14039 04311 04190 0sl86 3,60
6846 0437 0.38 14039 04297 00206 06181 3.53
784¢8 0035 0636 1039 0e281 0e221 0el?7 3,45

TABLE NO. 26

DRAG COEFFICIENT VS TIME FOR CYLINDER 7 - CAMERA DATA

e
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! UNCLASSIFIED
1 TABLE NO. 27
SUMMARY OF RESULTS FOR EACH CYLINDER
Cylinder Useful Data
Number Type of Data* Obtained Remarks
1 V.T. (East) No ylinder failed to undergo free flight due to sidewise blast
V.T. (West) No - anomaly at 20 psi peak overpressure location acting on
Cam. (West) No large end plates.
2 V.T. (East) No - East magnet broke shortly after shock arrival.
V.T. (West) Yes - Poor signal/noise due to error in circuit controlling sensitivity.
Cam. (West) No - Non-constant film speed; violent displacement of camera post.
3 V.T. (East) Yes _[Farge amplitude 79 Hz oscillations on signal produced large

V.T. (West) Yes uncertainties in derived drag pressure.

Cam. (West) Yes - Oscillations absent; smaller uncertainties than for V.T. data.

Both - - - East-West V.T. results consistent over range of measurement. V.T.
and Cam. results consistent over entire range of measurement.

] 4 V.T. (East) Yes _[?oderately large 60 Hz oscillations on signals produced increased
i V.T. (West) Yes uncertainties in derived drag pressure.
1 Cam. (West) Yes - Excellent data; only small corrections for camera motion.
! Both - - - East-West V.T. results consistent over range of measurement. V.T.
and Cam. data consistent over most of range of measurement.
5 V.T. (East) Yes _[Moderately large 60 Hz oscillations on signals; signals terminated

V.T. (West) Yes prematurely due to contact of cylinder shaft with photomarker
plate.

Cam. (West) Yes - Excellent data; only small corrections for camera motion.

Both - - - Linear drag pressure from V.T. data in agreement over most of
range with (approximately) linear drag pressure from higher
order fit to Cam. data.

6 3'}' 5::2; ;:: -[?maller 59 Hz oscillations with irrigular fluctuations superposed.

Cam, (West) Yes - Excellent data; larger corrections for camera motion than for
Cyl. 4, 5.

Both - - - East-Nest,V.T. results consistent over entire range of measurement.
V.T. and Cam. data consistent over most of range of measurement.

7 V.T. (East) Yes _[émaller 59 Hz oscillations with irregular fluctations superposed.

V.T. (West) Yes Uncertainties in drag pressure competitive with Cam. data.

Cam. (West) Yes - Large corrections for camera post motion forced linear fit to drag
pressure.

Both - - - East-West V.T. results consistent over entire range of measurement.
V.T. and Cam. data consistent over most of range of measurement.

V.T. - Velocity Transducer. Cam. - High-Speed Camera.

(East-West) - refers to end of cylinder where measurement recorded.
Both - Comments refer to both V.T. and Cam. data.

UNCLASSIFIED
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TABLE NO. 28

SUMMARY OF BEST VALUES FOR DRAG COEFFICIENT*

Cylinder Time After Averagé Average
Diameter Shock Arrival
(inches) (msec) Reynolds Number Drag Coefficient
? 3.5 3-25 7.66 0.274 + 0.054**
25-50 6.34 0.255 + 0.042
50-75 5.14 0.251 + 0.049
75-100 4.08 0.282 + 0.065
100-125 3.13 0.382 + 0.148
. 9.5 3-25 15.5 0.508 + 0.106
’ 25-50 13.3 0.482 + 0.085
? 50-75 1.3 0.455 + 0.106
75-100 9.4 0.401 + 0.160
18.0 3-25 39.4 0.420 + 0.121
25-50 32.6 0.449 + 0.099
50-75 26.5 0.625 + 0.137

Data plotted in Figure 28.

3 Standard deviations of uncertainty (99% confidence interval)

UNCLASSIFIED
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DRAG COEFFICIENT,

UNCLASSIFIED S.T.P 453
T L} | Ll
2.8 LEGEND e
CRITICAL REYNOLDS NUMBER
2.4k Rc= (3-5)x 10° -
A A (co, <Re) ‘ ouﬁ_mw IN
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FIG. 12  EAST SUPPORT FOR CYLINDER 1 (POST-SHOT)
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