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I. INTRODUCTION

The primary design being considered for future, anti-armor, kinetic
energy rounds is the saboted, fin-stabilized projectile. The presence of
the sabot leads to unique problems both in-bore and upon shot exit.
Within the gun, consideration must be given to unsupported length of
the projectile, fin interactions with the propellant bed. gas sealing
between components, and excitation of internal degrees ot freedom. At
shot ejection, the sabot is discarded, generating a set of mechanical
and gasdynamic effects which must be analyzed in order to minimize
transverse impulses prior to entry into free flight. Aerodynamic inter-
ference between discarding sabot components and the projectile is

* thought to affect the resultant trajectory; however, to date, measure-
ments have not been obtained to quantify this interference for actual
kinetic energy rounds. This report presents the results of an experi-
mental program conducted to examine sabot and projectile dynamics
during the discard process. Observations of geometric asymmetry in
the sabot discard pattern and associated, anomalous behavior of the
projectile are used to postulate the existence of strong aerodynamic
interactions.

While aerodynamic ..nterference associated with components of air-
craft, e.g., wing-body, airframe-propulsion, and airframe-stores, has
been extensively investigated1, similar interference associated with
sabot discard from high speed projectiles has received limited
attention 2'4 . Gallagher2 presents an experimental investigation of
projectile deviation from the desired aim point due to muzzle blast,
sabot discard, and projectile asymmetry. Since he neglects any contri-
bution due to gut tube/projt. tile interaction, the value he assigns to

1. Sears, W. R., ed., "Aerodyncmric Interference," AGARD, CP-71-71,
January 1971.

2. Gallagher, W. J., "Elements which have Contributed to Dispersion
in the 90/40mm Prrjectile," Ballistic Research Labovtory Report
No. 1013, March 1957, AD 135306.

3. Conn, H., "The Influence of Sabot Separation on the Yawing Motion
of a Cone," Defense Research Establisrent, Valcarrier, Canada,
TN 1849/70, June 1970, AD 880697L.

4. Glauz, W. D., "Estimation of Forces on a Flechette ResuZting from
a Shock Wave, " Midwest Research Institute, Kansas City, MO, Final
Report 19 June 1970 - 18 March 1971, May 1971. AD 724178.
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deviation due to muzzle blast is orders of magnitude greater than
that found in more recent investigationss,6 which show that muzzle
blast does not contribute significantly to trajectory deviation and that
the actual source lies with gun tube or sabot discard interactions,
Gallagher notes that the sabot components open symmetrically, but the
center of gravity of the grouped components does not lie along the axis
of the projectile. He assumes that there will be a momentum exchange
between the sabot and projectile in relation to their masses and the
magritude of the center of graviLy separation. However, due to the
limitations of his apparatus, Gallagher could not define the magnitude
of this deviation which is generated by elastic rebound at muzzle
ejection. Gallagher made no attempt to investigate the effects of
aerodynamic interactions.

Conn 3 investigates the effect of aerodynamic interference between
sabots and projectiles fired from a light gas gun. His measurements
svKow that a conical projectile launched with a two-segment sabot has
periods of pitch and yaw which are dependent upon the orientation of
the sa',ot plane of separation, He uses oblique shock and Niwtonian
flow theory to analyze the pressure distribution on a cone at arbitrary
attitude relative to a symmetiicaily discarded, two-segment sabot. The
results of hi,; analysis show that aerodynamic interference differentially
increases the r,-,toring moments acting on the cone, thereby shortening
he periods of oscillation. He notes that by intercepting the sabot
components at the extremum point of projectile yaw, the free flight
yaw levels are minimized.

" Glauz4 uses oblique shock theory to analyze the side forces and
moments generated on a fin-stabilized projectile due to a single sabot
component flying in close proximity. He assumes that when it inter-
cepts the projectile, the shock wave from the sabot is planar, does
not reflect at the projectile, and is not influenced by the projectile
viscous or inviscid flow field. In a sample calculation, Glauz pre-
dicts a significant alteration of the trajectory of a small caliber
flechette by this type discard process; however, his calculated value
of discard induced angular velocity is an order of magnitude higher than
actually measured 7. This disagreement is due to both the simplistic
nature of the model and the complex, mutually interacting flows estab-
lished during discard.

5. retler, W., "Intermediate Ballistics Investigations of Wing
- ' Stabilized Projectiles," Deutschen Versuchsanstaldt fur Luft-und

Rawnfahrt, Aachen, Germany, R67-92, November 1967.

6. Sc1:idt, E. M., Fansler, K. S., and Shear, D. D., "Trajectory
Perturbations of Fin-Stabilized Projectiles due to Muzzle Blast,"
Journal of Spacecraft and Rockets, Vol 14 June 977, pp. 339-344.

7. Schmidt, E. M. and Shear, D. D,, "Launch Dynamics of a Single Flechette
Round," Ballistic Research Laboratory Report No. 1810, August 1975,
AD B006781L. 8



The present investigation was conducted to provide detailed
information on the aerodynamic interference between sabot components
and projectiles for actual kinetic energy round configurations. The
results of measurements of sabot and projectile motion from the muzzle,
through sabot discard, and into free flight are presented. Observed
variations in projectile angular motion is shown to correlate with
measured sabot discard asymmetry. A simple model of the interacting
flow is used to estimate the projectile behavior. Like previous models,
the agreement is not exact; however, the results do support the inter-
pretation as to the cause of anomalous projectile angular motion.

II. DATA ACQUISITION AND REDUCTION

The test projectile, Figure 1, has a body diameter of 23mm, a
length of 423mm, and is stabilized by four fins having a width of 56mm.
A four segment sabot is employed to launch the round from a 60mm gun.
The launch velocity is 1310 m/s, and since the gun tube has a twist of
one turn in 200 calibers, the projectile enters free flight with a t,11
rate of 110 revolutions per second. The projectile launch and flight
dynamics are measured using a variety of techniques, Figure 2.

Aear muzzle motion is monitored at six, orthogonal X-ray stations
located at 1.7m intervals over the first 9.Om of the trajectory. The
X-ray photographs provide information on the sabot and projectile motion
through the muzzle blast and during sabot discard. Located downrange of
the X-ray stations, five smear cameras set at 4.6m intervals provide
coverage of the final, aerodynamic discard of the sabot components.
These components are intercepted at an armor plate shield, and the
projectile enters the BRL Transonic Range. This range consists of an
array of 25 orthogonal, spark shadowgraph stations extending over 180m
of the projectile trajectory. The detailed free flight motion of the
round is measured as it traverses the Transonic Range and is used for
two purposes. First, it provides a basis for the determination of the
aerodynamics of the projectile:

CL = 10.1,

CM =-21.5,

CD= 0.461.

Second, the least squares fit to the projectile yawing motion throigl.
the range is extrapolated back into the region where X-ray data is
acquired. This permits comparison of the two sets of measurements.

To permit rapid, quantitative reduction of the X-ray data, an
in 8itu calibration procedure is employed. The technique is straight-
forward; consisting of surveying a calibrated steel wire into position
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along the line of fire, taking X-ray photographs of the wire just
prior to the shot, removing the wire, and firing the test. In this
manner, a double exposure is obtained at each X-ray station, Fig-re 3.
On this photograph, the wire with known spat.al location, and the pro-
jectile, whose properties we wish to measure, are clearly visible.
The reduction of the data on the film is direct for objects located
near the calibration wire, i.e., the projectile. Determination of the
location and orientation of objects distant from the wire, i.e., sabot
components, requires correction for parallax.

The X-ray units used are Field Emmission Corporation, Flexitron
Model 730/2722 (180KV) and 730/2235 (150 KV) Pulsed X-Ray Systems.*
Two separate triggering systems are employed, Figure 4. The first,
located near the muzzle, triggers the delay units for the X-ray
stations located at 0.6, 2.3 and 4.Om from the gun. The arrival of
the muzzle blast wave at an externally mounted, piezoelectric transducer
is used as a definitive indicator of shot ejection; however, it is
necessary to eliminate the danger of triggering from spurious signals
generated during the firing process (e.g., due to the high voltage
electric primer, propellant ignition and pressurization, gum tube
vibration, precursor blast, Figure 5). This is accomplished through
the construction of a trigger logic sequence which senses both the
arrival of the precursor blast, caused by ejection of the tube air ahead
of the projectile, and the main, propellant gas-generated blast. A
Tektronix Type 555, Dual rime Base Oscilloscope is used in conjunction
with a laser beam and the muzzle mounted pressure transducer, Figure 4.
The laser beam is passed close to the muzzle of the gun and is deflected
by the arrival of the precursor blast. This is sensed on a photo-
miltiplier whose output triggers the first time base,of the oscilloscope.
After a delay o-C sufficient duration to permit the precursor blast to
pass over the pressure transducer, the second time base of the oscillo-
scope is en'bled or cocked. This time base is set to trigger upon the
arrival of the next pressure pulse sensed by the transducer, the main
muzzle blast, and provides the trigger pulse to the X-ray delay units.

The second trigger system controls the X-ray units located at
5.8, 7.4, and 9.Om from the gun. As indicated in Figure 4, his system
is simply a double pass, laser light beam. Since the projectile
penetrates ,he muzzle blast at a distance of 1.5m from the gun, there is
no danger of pretriggering these stations. The dual trigger systems are
employed to eliminate the need for long delay inputs to the X-ray units
and to provide redundancy in case of failure.

The reduction of the X-ray data, at least as far as determining the
projectile motion, is relative'v simple. The position of the projectile
cnter of gravity and the orientation of its axis of symmetry are mea-
sured with respect to the calibration wire and fiducial beads strung

*Use of trade names does not constit-te indorsement by the Government.
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upon it, Figure 3. These measurements are corrected for the wire
catenary, the viewing plane of the X-ray film, and the e.g. trajectory
Final presentation of the data is made in a coordinate system identical
to that used in the Transonic Range reduction, Figure 6. In this system,
0 is the angle of sideslip (measured positive as shown) and is the angle
between the projectile velocity vector and the plane containing the pro-
jectile axis and a vector parallel to the Y-axis. The angle of attack,
a, is the angle between the normal projection of the velocity vector
into the aforementioned plane and the projectile axis.

III. EXPERIMENTAL RESULTS

Ten rounds were fired in this test series. Transonic Range data
was acquired on all ten; however, full X-ray coverage was obtained on
only eight of these, The Transonic Range data and its extrapolation
back to 4he muzzle gives a direct indication of the impact of sabot
discard :nteractions upon the projectil- dynamics, Figure 7. For
clarity, only five of the ten rounds are plotted; however, all tenrounds are summarized in Table 1, below. The weapon muzzle is located

at Z-0, thus, the extrapolation shows yaw levels at this point well inexcess of expected in-bore values of less than U.l0. Further, while the
period of yaw (distance between successive maxima or minima) is
relatively stable, the location of the first maximum yaw varies
considerably.

Round No. Muzzle Yaw First Max. Zlst Max. L, Yaw
(degreos) Yaw (degr.) (m) Period (i)

1 1.8 3.31 27.5 40.8
2 2.2 6.52 24.0 40.6

3 4.2 7.78 26.5 39.8
4 0.4 1.74 16.0 36.3

5 1.4 3.68 22.3 37.0

6 1.9 3.02 11.3 38.3

7 3.3 4.29 29.0 38.7
8 3.1 4.45 !0.5 39.8

°% i9 3.8 5*59 28.9 40.0

1 0 2.8 8.07 ?3.8 40.4

STable i. Suniry of Projectile Yawing Motion
o " from Transonic Range Data.

The period of yaw varies from a minimum of 36.3m to a maximmn of
40.8m with a one-sigma standard deviation of 1.5m. Since the period of
yaw of a statically stable projectile may be approximated as

r1
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the consistency of the measured values of L shows that the inertial and
aerodynamic properties of the in-flight projectiles are similar for all
firings.

In contrast, the location of first maximum yaw varies strongly,
covering a range of 10.5 to 29.0m frcm the muzzle with a one-sigma
standard deviation of 7.0m. This dispersion of peak yaw location
in combination with the regularity of yaw period explains the failure
of the extrapolated range data to produce a minimum yaw point at the
muzzle. The cause of this dispersion is interactions between the pro-
jectile and discarding sabot components. To visualize this point,
consider the yawing motion of a spin stabilized projectile. The round
leaves the weapon with small yaw, but finite yawing velocity; subse-
quently, the yaw grows monotonically until a first maximum yaw is
reached at a distance from the muzzle equal to one-half the period of
yaw. This behavior is observed in range measurements and is indicative
of the round experiencing free flight, aerodynamic loads immediately
following ejection. Since the current test projectile has first
maximum yaw locations greatly in excess of a reasonable distribution
(e.g., 0.75m) about the half-period location 19.6m, it is apparently
experiencing an initial environment significantly difft ;nt than un-
disturbed free flight.

The X-ray data provides information on the nature of these launch
disturbances, Figure 8. This sequence of photographs is compiled from
the vertical plates of each of the six, X-ray stations exposed during
a single firing. The film plane is parallel to the ground and above the
flight path, Figure 4; therefore, the view is that of an observer
situated above the projc:tile watching it fly downrange beneath him.
The stations are located over the first 9.Om of the trajectory. The
sabot components remain in close proximity to the projectile through the
X-ray range; however, by the first smear camera, located 13.7m forward
of the gun, Figure 9, they have achieved sufficient lateral ann rear-
ward separation to preclude communication with the projectile. It is
estimated that interaction between the sabot and projectile flowfields
terminates at approximately ll. from the muzzle. Interestilgly, 10.5m
is the smallest Zlst Max. from Table 1; while 29.Om is the largest

value. The former value corresponds well to the termination of the
interaction zone, and the latter is nearly equal to the sum of this
distance and the half period of yaw.

Examination of the discard sequence reveals some interesting
features, Figure 8. At the first X-ray station, the only observable
motion of the sabot is the shedding of plastic centering and obturating

12



bands. At 2.3m, the sabot components have moved laterally away from
the projectile but show little pitch or yaw. This initial motion is
thought to be due to a combination of elastic decompression at
separation and the tangential/angular velocity due to the launch roll
rate (110 rev/s), and is carried through the muzzle blast with very
little amplification. The round penetrates the muzzle blast at approxi-
mately l.Sm. Once out of the blast, strong aerodynamic loadings will
be generated on the sabot components (launch Mach number - 3.91). The
effect of these loads is not seen at 2.3m, but by the third X-ray station,
Z=4.0m, the components are pitching away from the projectile due to
loads on the front chamfer of the sabot. Subsequent X-ray photographs
show the continuation of this pitching motion and resultant lifting
away from the projectile. Due to the high drag of the light, sabot
components at this attitude, they are decelerated more rapidly than
the projectile and fall behind relative to the flight body.

In the final two photographs of this sequence, an asymmetry in the
discard geometry is apparent. The sabot petal on the left side (upper
component in picture) is closer to the projectile than is th . right hand
petal. A construction of the sabot pattern at Z=7.4m clarifies this
asymmetry, Figure 10. The view is from the rear along the axis of
the projectile at cut A-A, Figure 8e. While the photograph appears to
show possible contact with the fins, the construction shows that this
is not the case. The upper and lower sabot components are symmetrically
arranged with respect to the projectile; however, this is not true of
the lateral components. The left component is extremely close to a
fin surface, suggesting the probability of strong interaction between
the two flow fields.

The measured yawing motion gives an ind-cat' i of the magnit.de of
aerodynamic interference. A plot of the projectile angles of attack
and sideslip for five typical firings is presented in Figure 11. Each
data point is a separate measurement from an orthogonal X-ray station.
The data is presented as if one were viewing the projectile from the
rear; effectively, the coordinate axes could be thought of as repre-
senting the fins while the data point corresponds to the attitude of
the projectile nose relative to them. A variety of yawing motions are
observed. All start with a magnitude of yaw near the muzzle which is
quite small, roughly 0.10, and consistent with anticipated in-bore
values. These contrast with the range extrapolations given in Table 1
indicating the error in attempting to carry the Transonic Range data
fit through the sabot discard region. The angular velocities at the
muzzle are significant and have fairly random orientations. Some rounds
show a monotonically increasing yaw, while others have yaw which first
increases to a maximum value quite close to the gun and then begins to
decrease, It should be remembered that these data are taken over the
first 9.Om of flight and are well inside the nominal first maximum yaw
location on the trajectory, i.e., half period point at 19.5m.

13



A comparison of the photographs of Figure 8 with the measured yawing
motion of Round 9 presented in Figure 11 correlates the anticipated
aerodynamic loads and the observed projectile dynamics. Since the left
hand sabot petal is close to the fins while its opposite partner is
quite remote, the cross flow generated on the fin surface by the
proximity of this petal would create an unbalanced force on the fin
directed to the right. In turn this force would cause the projectile
nose to yaw left. This is exactly the motion measured in the X-ray
data, Figure ll.. The angular acceleration produced by this interaction
is substantial, B = 0.72 x 104 rad/s2 . It is reasonable to attempt a
determination of the possibility of aerodynamic loadings generating such
acceleration.

A simple upper bound model of the interference loadings can be
obtained by considering the flow configuration shown in Figure 12. The
sabot component is approximated as a semi-infinite, two-dimensional
wedge. The wedge angle is taken as 300, an average of the inclinations
of "ie cylindrical and ramp portions of the sabot relative to the pro-
jectile. From the two dimensional shock relations 8, the change in
properties for a free-stream flow of M,,= 3.91 being deflected through
300 are

P2 /pw= 8.92,

M = 1.80.

This shocked flow impinges on the fin surfaces and is deflected back
to the axial direction. At M 2 = 1.80, the flow deflection angle of 300

is in excess of that possible for an attached shock. The calculation of
flow with detached shocks is too complex for this approximation; there-
fore, it is assumed that the flow stagnates on the fin surfaces after
passing through a normal shock. For

M2 = 1.80,

P /P2 = 4.67,
t3

and the pressure on the fin surface is

PtI/p' = 41.6.

From the known fin area, c.g. location, and moment of inertia, the

8. Ames Research Staff, 'Equations, Tab les, and Charts for Compressib~e
Flow," NACA 1135, 1953.
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angular acceleration is calculated

4 2
S calc. = 9.7 x 10 rad/s

This value is a full order of magnitude greater than the measured
angular acceleration, indicating that the measured alterations in
projectile dynamics are well within the upper bound of this crude
model; i.e., they are due to aerodynamic interference.

Whiile in Figure 11 the rounds showing the most obvious effects
of aerodynamic interactions are Rounds 7 and 9, the variation in
Zlst Max.' Table 1, points out that all are experiencing sabot

launch related disturbances. Not all the observed interactions are
detrimental, e.g., Round 8. It leaves the gun with the highest
measured launch velocity; however, the initiz" rate is opposed by
the interaction moment which nearly nullifies it by the last two
stations. Since the sabot interference ceases approximately two
meters farther downrange, it would be expected that the projectile,
having a finite yaw angle but nearly zero yaw rate, would effectively
enter free flight at a maximum yaw point in its trajectory. Comparison
of the X-ray data and the Transonic Range extrapolation shows that this
is in fact the case, Figure 13. Both sets of data agree in predicting
both the magnitude and rate of change of yaw at roughly 10m from the
gun. Closer than this distance, they are in disagreement as would be
expected.

A further indication of the agreement between the X-ray and
Transonic Range data is provided in Figure 14. This plot shows the
yawing motion for Round 9. It is obstrved that initially, the X-ray
data predicts a yawing motion whic is opposite to the range extra-
polation; however, inclusion of the Zinal two stations shows that the
effect of aerodynamic interaction is to reverse this initial angular
rate and bring the two sets of data into conisistency as to the pre-
diction of the initial free flight motion of the projectile. The
other rounds fired compare equally we ll ind.cating the validity of
the X-ray measurements and supporting the conclusion that strong aero-
dynamic interference between the sabot and projectile flowfields is
occurring.

The impnet of interference upon the projectile traiectory can be
seen by considering the change ii the projectile angular rate during
the discard process. Two sources of info-.nation are available. The
first is the X-ray measurement§ obtained at the first three stations.
Using a differencing formula, E2P the angular rate at Station 2,

Z = 2.3m, may be evaluated. This rate is equivalent to the impulse
transferred to the projectile during its in-bore acceleration and
through the muzzle blast, i.e.,

15



and
T (M/I)dt Angular impulse (3)

0

where T = arbitrary time of interest. The second source of information
is provided by Transonic Range data. From the measured value of first
maximum yaw, the effective "launch" angular velocity may be evaluated.
Neglecting s:in and damping terms,

eo = Ist Max. (CM PV 2A/2 (4)

The rate given by Equation (4) represents the cummulative angular impulse
transferred to the projectile by in-bore, muzzle blast, and sabot
discard loadings. Following this reasoning, the diffurence of these t.4o
rates should give thG impulse due aerodynamic interference:

A co (5)2

change in angular velocity due to
discard loads.

These impulse pa-ameters are compared in Table 2.

Round No. IZ21 l% IZ 21 - iojI. 0 0 /)0 S(°Is) (°Is) (°/s)

1 no X-ray 354

2 365 686 321

3 239 827 588

4 174 186 12

5 205 393 188

6 427 323 -104

7 98 459 361

8 818 481 -337

9 74 592 518

10 342 862 520

Table 2. Comparison of Angular Velocities (Impulse)
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Wbile the last column is a scalar rather than vector difference, it
does ii,dicate the relative magnitude of the impulse generated by aero-
dynamic interaction. Comparison of the last column with the second
column s-ovs that the aerodynamic interaction effect is equivalent to
that due to in-bore and muzzle blast loadings. This has a significant
impact upon accuracy. The impact distribution of the various rounds
on-target are computed using two procedures: iJ extrapolatioi, of X-ray
Station 2 dynamics downrange through use of the jump relations, and
2) from measured projectile position at tl'e final Transonic Range
station. These are presented in Figure 15. Both of the procedures
yiele elliptiral impact patterns with identical orientation of the
priucipal axis; however, there are differences in the size of the
patterns. As expected, the extrapolated X-ray data presents the
smallest pattern since it does not include the effect of aerodynamic
interactions. The measured impact pattern is roughly 30% greater
in area than is the extrapolated pattern. This difference indicates
that the growth of dispersion due to aerodynamic interference between
the sabot components and the projectile is significant in terms of the
overall aystem accuracy.

An unresolved question is the origin of the asymmetries in the
sabot discard pattern. It is likely that the interior ballistics and
mechanical disengagement of the round have an important input in
generating the initial separation dynamics which drive the generation
of sabot pattern asymmetry. Additionally, it has been conjectured that
differential fracture of the front and rear bands could be a contrib-
uting factor. At present, it appears that the best solution to the
problem of decreasing the effect of interference lies not in reducing
asymmetry, but in providng for more rapid discard. Increasing the
speed with which the sabot clears the projectile will decrease the
impulse '.ansferred due to asymmetries.

IV. CONCLUSIONS

An exparimental program is presented which defines the sabot
discard and lauach dynamics of a 60mmn, fin-stabilized projectile. The
resulting data indicate that aerodynamic interference occurs between
the discarding sabot components and the projectile. A simple analysis
of the magnitude of aerodynamic loadings that could be generated in
the discard process indicatus that the measured alterations of the
projectile trajectory are well within the analytical upper bound. The
impulse due to interaction is found to be of the same magnitude as the
in-bore and muzzle blast impulse. Its effect is to increase the
dispersion of the system significantly. To reduce the impact of
aerodynemic interaction, it is advisable to implement rapid sabot
discard thereby decreasing the duration of impulse loadings.
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Figure 3. Sample X-Ray Exposure
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LIST OF SYMBOLS

A cross section area of projectile

CD, CL , CM drag, lift and pitching moment coefficients
a a

Ily axial and transverse projectile moments of inertia

L period of yaw

£ diameter of projectile

M Mach number, or moment

' P2' Pt3  ambient pressure, pressure behind oblique shock, and
3 pressure on fin surfaces due to oblique shock

reflection

V projectile velocity

xyz orthogonal coordinate syst sn (z is directed downrange)

0, projectile angle of attack and sideslip

tcomplex angle of yaw

p air density

Subscripts

o conditions at entry into undisturbed free flight

2 conditions at X-ray station number 2
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