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INTRODUCTION

At present the blast simulation capability of the U.S. Armed Forces is 1im-
ited to the lower end of the yield range required for testing of full-scale mil-
itary equipment. Because the current free-field teats with high explosives are
laborious to set up, very time consuming, and expensive, a reusable blast simu-
lator is preferable. The blast and thermal effects of nuciear explosions can
inde2d be simulated in shock tubes of special design, called Large Blast and
Thermal Simulators (LB/TS). Such facilities exist in Great Britain and in
France (Fig. 1) but not in the United States. In response to the problems of
full scale nuclear blast and thermal simulation, the Defense Audit Service has
recommended that the Defense Nuclear Agency (DNA) develop an LB/TS. The U.S.
Army Ballistic Research Laboratory (BRL) has taken the lead role in the research
of LB/TS designs on behalf of the U.S. Army Harry Dfiamond Laboratory. This
effort is part of a continuing program to develop a practical LB/TS design.

An LB/TS is basically a large shock tube in which military systems and civil
defense structures could be tested on nearly a full scale. The main differences
from conventional shock tubes are (a) the manner in which the shock is produced,
and (b) the test environment that is generated, 1.es., & hesat wave foliowed by a
decaying blast wave. A schematic layout of the proposed U.S. facility is shown
in Figure 2. The currant U.S. LB/TS design has nine high-pressure steel driver
tubes (1) of 1.83m diameter each of which is anchored in a large concrete reac-
tion pier (2). The drivers empty gas simultaneously through nozzles (3) into
the expansion tunnel (5). The nozzles delay the emptying of the driver gas,
producing longer flow durations. Ligquid nitrogen, stored in a supply tank (15),
is used as driver gas. It is evaporated and heated in psbble-bed superheaters
(17) while it is pumped (14) into the drivers. The emptying of the driver gas
1stgn1t1ated by bursting diaphragms, or by opening fast acting valves (4), or
toth.

The expansion tunnel (5) 1is formed of prestressed concrete and has a
semicircular cross-section with an area of 165m®. The test section of steel
construction (6) s located part way down the expansion tunnel. The thermal
radiation sources (TRS) for simulating the thermal effects of nuclear explosions
will be mounted in the floor of the test section just ahead of the target area.
The TRS may be flanked by air curtains fed from a plenum in the floor (9). Jet
pump ejectors (8) will be mounted overhead to evicuate the combustion products.
The walls of the test section will be equipped with a large number of ports
(10) for cameras, lighting and instrumentation. The test target (11) will be
located in the test section on the downstream side of the thermal radiation
sources (7). The sofl tank (12) for testing shallow buried structures will be
located in the floor of the test section. A rarefaction wave eliminator
(13) will be located at the far end of the expansion tunnel.

In order for the Large Blast/Thermal Simulator to be useful for various sys-
tem test requirements, it must be able to simulate several different types of
shock wave parameters. Figure 3 shows a typical operational envelope of peak
static pressure (associated with various yields of interest) and their respec-
tive positive phase durations. Tnc variables of the shock waves which must be
adjustable are the amplitude and duration. The ampiitude of the shock wave can
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be adjusted by varying the initial driver conditions. The duration cannot be as
easily adjusted. The major factors which affect the duration are the physical
distances from the ends of the shock tube to the test section. The ends cause
reflected, rarefaction, expansion and compression waves to travel across the
test section in the shock tube (see Fig. 4). Depending on the location of the
test section, with respect to the ends, these waves can alter the desired shock
wave profile and produce an undesirable test environment (see Fig. 5). An open
ended shock tube (downstream from the test section) probably creates the most
detrimental wave disturbance problem. Referring to Figure 4, one can see the
reflected expansion wave (R1) from the open end of the shock tube. In order to
obtain the desired positive phase durations (and hence total impulses) shown in
Figure 3, one can adjust the length of the shock tube (downstream from the test
section) to delay the passing of the R1 wave across the test section.

The simple method of extending the duct beyond the test section to prevent
the refiected wave from disturbing the desired test-section environment does not
eliminate the reflected wave. Instead it delays the passage of this wave
through the test section until after the test is complete. The required length
of extra extension depends on the type and amplitude of the shock or blast wave.
Longer duration waves obviously require longer tube extensions. The use of a
sufficiently long tube extension will avoid all test-section disturbances during
the testing time. Hence, this 1is the ideal approach from a performance
viewpoint. For many small shock and blast tubes, the installation of additional
duct length is not much of a financial or space burden. However, when the tube
diameter is large, cost and space requirements can become exorbitant.

Another method of minimizing the disturbing effect of the reflected wave at
the test section is to use a short length of duct terminated by a reflection or
rarefaction wave eliminator (RWE). An RWE is a device that partially covers the
open tube end, producing reflected shocks from the flow blackage segments and
expansion waves from spaces open to the atmosphere. With the proper blockage to
open area setting, these opposite types of waves cancel, and thereby minimize
the reflected disturbance. If this disturbance is small, then the need for any
long and costly tube extension for large facilities is simply alleviated. The
degree of success of any RWE, however, depends partly on its design and mostly
on whether it is passive, semi-active or fully active.

A passive RWE has a constant area opening (or blockage) that is preset for
the type and amplitude of incident shock or blast wave, and a semi-active RWE
has a pre-programmed open area variation with time for a certain axpected shock
or blast wave, Although a fully active RWE has never been used, its area
variation with time would not be pre-programmed, but instead flow sensors and
feedback would be used to automatically update the area opening with time to
alleviate the reflected disturbance. A fully active RWE would need to be prop-
erly equipped with pre-programmed algorithms having the ability to quickly ana-
lyze sensor data and make good judgments as to the proper area setting to
minimize the reflection. This appears to be a difficult task.

For larger shock tubes and blast simulators for which the cost of a tube
extension becomes exorbitant in contrast to short extensions terminated by an
RWE, a passive RWE is less costly than an active one, but an active RWE will
perform better in alleviating the reflection from the tube end. Because the



\\\\\ /

st / t
|
\

T |
Ri \
! head
/ \
|
| / (|
* CONTACT PRIMARY N
SURFACE SHOCKWAVE N
/ |
/ ||
L
—» X TEST SHOCKTUBE
SECTION OPEN END

Figure 4. Typical wave diagram in an open ended shock tube.



*suosiJedwod wWi0jdARM °G dunbig

dA0M UOIJI0j310Yy JO 123})3 q

3Nl
| SRR e s aeindhd ans o ] i I

pPaJOBIWI|] IADM ©O01]30J310Yy D

3NIL
3 3 a J 8 v
!

34NSS3Yd

3YNSS3d



quality of blast simulation has become more important today, test-section
disturbances from reflected waves are now less acceptable. Consequently, to
conduct higher quality blast testing of military equipment, active reflection
elimination is becoming a necessity for large blast simulators.



BACKGROUND

A recent concept study was conducted (Ref. 1) to examine various devices
which could act as a Rarsfaction Wave Eliminator (RWE) for the LB/TS. This
study examined three diffcrent designs which were different in operation. The
devices were: (1) a rotating louver concept, (2) a hinged 1louver concept,
and (3) a stator-rotor concept. The stator-rotor concept was the most radical
and although it would produce the proper environment, i1t became impractical aue
to the tremendous mass and polar moment-of-inertia that would have to be over-
come to start its motfon. The hinged louver concept 1s attractive because of
its 1ight weight but very large power requirements are dictated due to the aero-
dynamic forces that nced to be overcome. Thersfore, the rotating louver concept
became the most attractive and was targeted for further investigations.

During this previous study it was also determined thzt a 100 percent open
area (or absolutely no blockage) was required when simutated peak overpressures
exceed 137 kPa. This creates a very difficult problem since the RWE cannot be
placed at the open end of the LB/TS and then be required to operate within a
window of only a few milliseconds. An alternative was to place side vents in
the walls of the expansion tube as close to the RWE as possible. These side
vents would also require a closure mechanism and be operated in tandem with the
end section RWE. It was also estimated that 40 percent of the total cross sec-
tion of the tube would be required for the side vents. This estimate was based
cn the fact that about 20 percent of the end of the tube is always blocked by
the structure of the end section RWE in the most open position and that the side
vents are only half as effective as the end vent section (due to the flow being
nearly one dimensional). Therefore, the total amount of open area that is asso-
clated with an RWE 1s 120 percent of the cross sectional area of the shock tube.

Theoretical investigations which were also conducted during this study indi-
cated that an active (or at least semi-active) RWE 1s required to achieve the
proper simulation. A passive RWE does help to preserve some of the desired
overpressure waveform, but it will always fail to preserve the entire waveform.
Therefore, the impulses associated with the static and dynamic pressures will be
less than required and systems will not be tested to the complete threat
environment. Also, since a different amount of fixed blockage created by a pas-
sive RWE 1s unique to a given overpressure and yield simulation the passive RWE
must be flexible to allow for easy modification. However, the penalty one pays
for this is increased labor costs to modify the passive RWE between tests of
varying conditions. Therefore, an active or semi-active RWE even becomes moie
cost effective when the cost is averaged over the 1ife of the device.

The referenced study laid a good foundation for the further design and
development of the LB/TS RWE. However, the designs to date were based heavily
on theoretical considerations with 1ittle experimental data to substantiate the
designs. The French government has operated an RWE on their large shock tube
(the Simulateur de Souffle 'a Grand Gabarit or SSGG) located at the Centre
d'Etudes de Gramat (CEG) but 1little data is available on the facility, much less
the RWE. However, it is known that the RWE operates to their satisfaction
(although limited to lower peak overpressures, and is based on a rotating plate
type louver concept. Other RWEs exist at other shock tubes around the world but



these are some what of a pseudo-passive type. An example is the RWE at the
Atomic Weapons Establishment located at Foulness, England. This RWE consists of
a wall of aqueous foam at the end of the shock tube.

Due to these limifations, it was recommenced that the most promising concept
for the LB/TS RWE be demonstrated on a small scale. This demonstration would
not be a truly scaled down version of the full scale concept but woulda be of
sufficient similarity to prove that the concept was valid from a theoretical and
shock physics viewpcint. In addition, the demonstration would prove the valid-
ity of the tools used in designing RWEs as well as providing input for the fur-
ther improvement of these tools. A 1/57th scale was selected as the size of
the RWE to be constructed since a shock tube existed at the BRL which was approx-
imately this size and the costs for constructing an active RWE for this facility
would not be extreme.

10
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OBJECTIVES

The objectives for this effort can be roughly divided into two separate
categories. One category is associated with the design, construction, and test-
ing of the 1/57th scale RWE while the other is associated with the further eval-
uation of the LB/TS RWE design concept.

The overall objective of the 1/57th scale RWE development was to prove that
the tools used to design a rotating louver RWE were valid. These tools included
the RCM code and data developed during previous investigations (Refs. 2
through  4). The RCM code would be used to model the flow throughout the shock
tube and then develop "closing functions" which determine the time dependent
manner in which the RWE louvers operate. The previous design data was to be
extended to account for theoretically based air flow over diamond shaped
"airfoils" and determine tne inertia of the RWE system, as well as determining
the governing forces acting on the louvers.

The objectives of the large scale RWE for the LB/TS was to further the
design of the rotating louver which was initially investigated during a previous
study (Ref. 1). This investigation was to review the concept and develop more
distinct operational and structural requirements. The study would include fur-
ther examination of the forces both required and created and outline the
requirements to meet the operational requirements. Finally, a cost estimate was
to be prepared for the LB/TS RWE based on the data developed during this study.

A final objective of the study was to also examine the feasibility of devel-

oping a passive RWE for both the 1/57th scale and LB/TS RWE. If feasible, a
design for both size shock tubes was to be developed.

11
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NUMERICAL PREDICTION OF BLAST-SIMULATOR FLOWS

The method of predicting unsteady flows in the 1/57-scale blast-wave simula-
tor with an active reflection eliminator is a fairly challenging task if reason-
ably accurate predictions of the simulated blast wave are required. The task
becomes even more challenging if the computational effort is kept reasonably
small so that the numerical predictions can be done in a reasonable time with
modern personal computers and workstations. The present method of predicting
unsteady flows in an efficient manner for the 1/57-scale blast simulator is
described in this section. This description includes the following:

geometrical model of the blast simulator,
equations governing blast-simulator flows,
discharge coefficient for louvered RWEs,
numerical solution of blast-simulator flows,

which are covered in individual sections.

INITIAL GEOMETRICAL MODEL OF BLAST SIMULATOR

The original 1/57th shock tube configuration and dimensions supplied by BRL
are shown in Figure 6. The driver associated with this configuration is fixed
in diameter and throat dimensions but, the length can be changed for any given
test. Figure 7 shows a representation of the modeling of the driver and throat
section of the shock tube as input into the RCM code. Table 1 shows the various
combinations of driver length and driver to ambient pressure ratios which will
produce a given peak overpressure and positive phase duration. The diaphragm
used in this configuration self-bursts by slowly raising the driver pressure,
thus allowing the high pressure driver air to progress down the remainder of the
shock tube and create the simulated blast wave.

Six calculations were performed with the RCM code to obtain flow property
histories at four locations along the tube. The six calculations performed are
denoted by the asterisks in Table 1. The locations of the measurement stations
are 1.218, 1.686, 2.205, and 5.53 meters downstream from the diaphragm. The
results from these calculations are located in Appendix A. A brief discussion
of one of these calculations (pressure ratio of 4.895 and driver length of
9:.93 cm) will be presented to explain some of the phenomena occurring in this
shock tube.

Figures 8 through 11 show time histories of the pressure, density,
temperature, and velocity (all normalized to ambient conditions) at the four
sampling locations. The long length of the driver produces a decaying blast
wave that has a series of long, flat-topped decreasing steps produced by a wave
traveling back and forth in the driver. Figure 12 shows x-t diagrams of the
pressure, density, temperature, and velocity which helps to understand the vari-
ations in the time histories. One important item to note is that the contact
surface moves downstream across the first three measurement locations and then
back upstream across them once again. Also the rarefaction wave can be seen at
late times moving upstream into the shock tube. This action is most readily

13
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Node densities in model

1 55.9 nodes per meter
2 74,1 nodes per meter
3 193.5 nodes per meter
4 170.1 nodes per meter
5 170.1 nodes per meter
6 144.4 nodes per meter
7 19.3 nodes per meter

7
1 2 3 6
‘M
|
driver :‘vdiaphragm ' channel

e

blast simulator model
(light line)

\\\-blast simulator drawing
(heavy line)

Figure 7. Expanded view of the throat section of the blast-wave
simulator, showing the differences between the simulator

drawing and model.
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Table 1. 1/57th Scale Shock Tube Driver Section Configurations
to Produce Various Blast Waves at the Test Section

Driver Length, cm

Driver
Pressure 11,12 33.98 67.00 94,95 145.74 294.15
kPa Pes
483 4,767 X X
496 4,895 X
545 5.379 X X
1827 18.03 X X
1834 18.10 X X
2027 20.00 X
5192 51.24 X X
5199 51.31 X X
5240 51.71 X X
14479 142.9 X
14789 145.9 X
14795 146.0 X X
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apparent in the velocity time history at the 6.139 m sampling 1location.
However, for this particular case the rarefaction wave does not influence the
positive phase since the simulated tube is very long. Similar results and other
features can be seen in the other calculations presented in the Appendix.

REVISED GEOMETRICAL MODEL OF THE BLAST SIMULATOR

The high-pressure driver of the 1/57-scale blast simulator is sketched in
Figure 13a, where relevant dimensions are included. This driver has a fixed vol-
ume and consists essentially of: (a) a central cylindrical chamber with an
internal piston or plug fixed in its rearmost position (as shown), (b) a con-
verging duct segment with a short contant-area section to the diaphragm station,
and (c¢) four relatively long pipes welded onto the central chamber at an angle
of about 45° to the duct axis. These four pipes are spaced uniformly around the
periphery of the central chamber (90° apart), and they contain more than half of
the driver volume. After the diaphragm self-bursts by slowly raising the driver
pressure, this initially high-pressure driver air escapes into the channel of
the blast simulator, and this transient discharge process produces the simulated
blast wave which moves along the channel to the test section.

The plug is an alternative to the diaphragm as a means of releasing the
high-pressure air from the driver into the channel. In its forward most posi-
tion, it initially seals the high-pressure driver air in the driver. However,
when suitable electronic controls and hydraulic actuators are used to pull it
backwards in a controlled manner, the area opening and air discharge rate can be
controlled much better than the case of the diaphragm, to produce a simulated
blast wave of better quality. This latter mode of operation with the plug valve
was not used in this work, because the control system was not complete.

The cylindrical channel shown partly in Figure 131 is 25.4 ¢m (10 inches) in
diameter and has a normal length of 17.13 m (56.2 feet). However, for some
tests the channel length was extended by an additional 4.8 m (15.75 feet). The
channel end opposite the driver terminates abruptly either with an end open to
the atmosphere or with a reflection eliminator of the rotating louver type
described earlier.

The driver, with its four pipe appendages, produces a fairly complicated
muitipipe and multibranched flow in the driver. For convenience in the follow-
ing numerical computations, the driver's geometry is simplified such that only
a single duct flow occurs. The four pipes are essentially rotated parallel to
the driver axis and their areas and the area of the central chamber are then
added together to obtain an equivalent single duct area distribution. The
resulting area distribution with distance along this single duct is shown in
Figure 13b. Note that the rotation of the four pipes parallel to the driver axis
before summing the duct areas helps maintain the correct time sequence of wave
motion in the driver, and this is much more reasonable than not rotating the
pipes or rotating them to the perpendicular position. Figure 14 shows a typi-
cal result when using the RCM code with this driver geometry for one of the
tests conducted at BRL. A full set of the calculational results are located in
Appendix B with a comparison to the data shown in Appendix D.
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Figure 14. RCM calculational results from modeled driver.
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EQUATIONS GOVERNING BLAST-SIMULATOR FLOWS

The flow in the blast simulator with the model geometry depicted in
Figure 13b is treated as unsteady and one-dimensional. When the duct is long
relative to its diameter, the computations will give reasonable results for the
average flow properties across the duct. Many blast simulators satisfy this
requirement because they are designed to produce essentially one-dimensional
flows to achieve good simulations of blast waves.

The three equations of motion (continuity, momentum and energy), in partial
differential form for describing fairly general one-dimensional unsteady flows
of a compressible gas in pipes or ducts with area changes, can be expressed in
weak conservation form as

g-f[p] + g—,;[pu} - -loul gé. (1)
Srlou] + lout +p] = lou ]z B, (2)

Selel + Slute + p)) = -[u(e + p) 1} 84, (3)

where p, p, e, u, A, x and t denote the pressure, density, total energy per unit
volume, flow velocity, duct area, distance and time, respectively. For a gas
which is thermally perfect (i.e., p = pRT) and also calorically perfect (i.e.,

constant specific heats Cy = V'%-T R and Cp= V'¥'T R), the energy can be

1 1 1 .2
expressed as e = pCyT + Zpu’ = V':'Tp + zpu’, where R, T and v denote the gas
constant, temperature and specific heat ratio, respectively,

Friction and heat transfer between the gas and duct walls have been
neglected in this study because they are relatively small for flows in rela-
tively large ducts. In addition, pressure losses due to flow turbulence genera-
tion and dissipation have been neglected (e.g., poor diaphragm breakage, flows
passing over broken diaphragm remnants that protrude into the duct, flows pass-
ing through steep area reductions and enlargements).

The three previous partial differential equations and the state equation
(p = pRT) become a closed set for the solution of the three dependent variables
p, p and u, provided that the duct area is known or specified as a function of
distance. In this study, all of the area changes in the blast simulator
(Figure 13b), including the area reduction of the reflection eliminator, are
taken as continuous and smooth, although some of these area transitions are very
short. For each area change, the diameter, area, and spatial derivative of area
are given by the following expressions
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D(R) = /3AR), (4)

A(R) = YARAL exp[ln¢/§5 cos[n%]], (5)
%&31 - T Ag) ’"/%T‘o stn[ef], (6)

where Ap is the initial duct area at ® = 0, A_ 1s the final duct area at & = L,
L =»Xx; - Xp 18 the length of the area change, ard & is the local distance varia-
ble for the area change (i.e., 0 € & = x - xo S L). Note that this type of
smooth area change starts and ends with the derivative dA/d& equal to zero, and
(V/A)dA/DR is a symmetric function with its maximum or minimum value occurring
at the center of the area change.

In the case of a rapid area change which ends abruptly with a sharp corner,
1ike that of a sharp-edged orifice, sharp-edged slot, and the sharp edges of the
slot between adjacent louvers of a reflection eliminator, the flowing gas sepa-
rates from the duct surface and occupies a smaller flow area. In order to
accurately predict contracting flows, the numerical solution for the fiow rmust be
obtained for the corresponding smaller flow area (in contrast to the larger geo-
metrical duct area). To account for these flow contraction effects, which can be
considerable (up to 50%), discharge coefficient Cq is introduced into the numer-
fcal flow model. This incorporation of Cq into equations 4-6 is done quite sim-
ply by replacing AL with C4qA_. Since 0 < Cq < 1, the flow area reduction is
always more severe than the geometrical reduction in duct area.

The discharge coefficient generaliy depends on both the duct geometry and
flow conditions (e.g., area ratio, severity of the area change, specific heat
ratio, flow Mach number), and its value changes as the flow conditions change.
This introduces an additional time dependence of the flow area into the previous
partial differential equations. However, this time-dependence effect is negli-
gible in the solutions and therefore nsglected. Consequently, the change in the
value of Cq due to temporally changing flow conditions are the only important
ingredient which should be included in the numerical model, and these theoreti-
cal and/or experimental results are required before the previous partial differ-
ential equations can be solved for the blast simulator flow. Cq values for
reflection eliminators are the subject of the next section.

DISCHARGE COEFFICIENT FOR LOUVERED REFLECTION ELIMINATORS
The flow through a reflection eliminator consisting of a set of vertical

louvers with counter rotating blades is rather complicated, and values of Cq are
not known theoretically or experimentally. In order to simplify the process of
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obtaining effective values of Cq for the case of louvers, a number of simplify-
ing but reasonable approximations are made. Let the flow through the louvers be
considered as two-dimensional, quasisteady, smooth, and isentropic for a given
set of oncoming flow conditions and the louver gcometry and angle. Then the
flow approaching the louvers and the following contracting flows through the
slots between adjacent 1louvers will appear much 1like those sketched in
Figure 15. These flows are also compressible, have stagnation points
(streamlines perpendicular to the louver surface), and separate at the sharp
Touver edges (top and bottom). The jet flows through the slots between adjacent
Touvers with their edges pointing downstream at angle B, and upstream at ang]e
B, differ by having different values of the discharge coefficient (Cd and Cq,)
The stagnation pressure of the flow ahead of the louvers drives the jet flﬁws
into the atmosphere, and atmospheric pressure occurs behind the louvers and on
the surface of the free jets.

For simplicity it will be assumed that each flow through a slot originates
from the approximate geometrical upstream area between the pivot points of the
corresponding adjacent 1louvers, with straight streamiines as sketched in
Figure 16a. Then this type of upstream flow and corresponding flow through the
slot has a simpler geometry and can be considered as independent. These simpli-
fied flows are then equivalent to the duct flows shown in Figure 16b and 16¢.
The flow in the duct leaves through a slot produced by the flap at angle 8,
where this angle lies in the range 0° < B < 180° (includes both B, and B,). The
solution for the discharge coefficient Cq for this type of duct flow 1s known
(see the latter part of this section), and it can be used as a good approxima-
tion for the discharge coefficient for the louvers.

The jet flows through the slots with the louvers pointing downstream have a
discharge coefficient Cd,» and those with the louvers pointing upstream have a
different coefficient Cd, even though their geometric open areas are the same.
Since the mass flow rates for the jets from these opposite types of slots are
given ty p uJC A and pju Cd Ae, and the sum of these mass flow rates is equal
to the totgl mats flow rate with an effective discharge coefficient in the form
pjusCa(2Ae), the effective discharge coefficient is given by

C4 = 3(Cq, + Ca,)- (7)

One can also show that the upstream flow areas A, and A,, from which the mass
flow rates for these two types of slots are obtained, are related according to
the expression

Ay Cd, @)
R; " Cq,

Hence, the flow upstream areas and mass flow rates for these two types of slots
are not equal, but they are related through the discharge coefficients.

A relationship between the angle of the louvers, the open area of the

reflection eliminator, and the channel area is often useful. If the total open
area between the slots is denoted by Agpen (2A¢) and the channel area is denoted
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Figure 15. Illustration of quasisteady flow through the louvers
of the reflection eliminator.
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Figure 16. Illustration of the similarity between the flows
through the louvers and the flows in ducts ending
with a slot formed by an angled flap.
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by Achan (A: + A;), then the angles B, and B, measured from the duct axis to the
centerline of the louvers, as shown in Figures 16b and 16c, are given by

B, = s1n-1[-‘s-[1 - Q-‘CZE%]] (9)

Bz =W -~ B!., (10)

where 1 is the distance between adjacent louver pivot centers and s is the
length of the louver blade. Since the louvers overlap slightly, the ratio 1/s
is not unity as might first be assumed, but it is slightly smaller at about
0.966. Hence, for this value the louvers are open for angles of 0° < B, < 75°
and effectively closed for angles of 75° < B, < 90°.

The method of obtaining values of Cq and Cq, 1s now addressed, but the
presentation begins with a description of jet flows from slots. A jet flow from
a reservoir or duct to the atmosphere through a slot or an orifice is normally
classified as subcritical, critical or supercritical, depending on the ratio of
the flow stagnation pressure Patye An equivalent jet classification also in use
is subsonic, sonic or supersonic. These three types of flows are illustrated in
Figure 17, for the case of a duct ending with a central slot with the upper and
lower flaps set at 90°. The critical pressure ratio is defined as

p
norte + [t

and it produces the sonic jet, which is the limiting case between subsonic and
supersonic jet flows. This critical pressure ratio is equal to 0.52828 for
Y = 7/50

y
crit [V_%T]ﬁ ()

It is 1important to realize the significance of the classification of
subcritical, critical and supercritical jets in regard to flows through reflec-
tion eliminators. The critical pressure ratio is produced by flat-topped shock
waves having an absolute pressure ratio of only 1.7195 (72.8 kPa overpressure).
In other words, the jet flows frum reflection eliminators are subcritical or
subsonic for shock pressure ratios below 1.7195 and supercritical or supersonic
for larger pressure ratios. Since large blast simulators are normally designed
to simulate blast waves with shock pressure ratios ranging from just above unity
for weak blast waves (13.8 kPa overpressure) to as high as four for strong blast
waves (310 kPa overpressure), the jet flows from reflection eliminators include
all three classifications (subcritical, critical, and supercritical).

In the case of jet flows through well-rounded slots and orifices, or for jet

flows that are ideally assumed as one-dimensional, the mass flow rate of the jet
from conventional, steady, compressible, gasdynamic theory is given by
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Figure 17. Sketches of a subsonic jet (a), sonic jet (hL), supersonic
jet (c) from a sharp-edged slot or orifice at the end of
a duct, showing the jet contraction,
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Mjs flow Mach number at jet surface
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’]Tgﬂ% (12)

D e ‘ N -1
m = Aepstag RTZ.E;-Q. MJ [1 + Y—z—— Mj

where As and My are the area and Mach number of the jet just as it emerges from
the well rounded .slot.or orifice, Pstag and Tstag are the stagnation pressure
and temperature of the flow, and R and e are the gas constant and specific heat
ratio of the gas, .Far subsonic flows, the pressure inside the jet is very
nearly equal to atmospher1c pressure and the Mach number Mj is then given quite

accurately by
) Pt Yy-1
stag| v
My = --:-r{[r;trf ) 1]' (13)

Y
P 2 |v-1
1< p:{i:-g- < [Tﬂf] = 0.52828, (14)

where Patm 18 atmospheric pressure and y has been set equal to 7/5 for a perfect
diatomic gas -or perfect air to obtain the number 0.52828. Similar expressions
can be written for the rates of flow of momentum and energy, but only the mass
flow rate is required for 1llustration.

In the case of actual jet flows from a sharp-edged slot or orifice typical
of those occurring in reflection eliminators, the previous mass flow rate equa-
tion should be considered as a simplie one-dimensional or theoretical result.
The actual mass flow rate from sharp-edged slots and orifices is lower than
given by this equation because the flow cannot negotiate the sharp corners or
edges of the slot or orifice. This results in a nonuniform distribution of
pressure, density, velocity and Mach number across the emerging jet, and also a
contraction of the emerging jet. A contraction or mass discharge coefficient
Cq based on mass discharge can be defined as the ratio of the actual mass flow
rate divided by the simple theoretical mass flow rate. In this standard
approach, therefore, the previous equation for the mass flow rate is essentially
modified by the addition of the jet contraction coefficient Cq, and the final
result becomes

1 v+
ms= CdAePstag/RT;t—— MJ[I + MJ]T&_I} (15)

A knowledge of the dependence of Cq on the flow upstream and through the slot is
required before an accurate value of the mass flow rate can be obtained. Data
for Cq can be either experimental or theoretical. If theoretical results are
used, then these must correspond to the solution of the two-dimensional flow
through the slot. This includes the flow approaching the slot, the flow through
the slot with separation at the sharp edge, and the flow downstream in the con-
tracting jet (which might be subsonic, sonic, or supersonic).
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For subcritical or subsonic compressible jet flows from ducts through slots,
Chaplygin's ideal gas jet theory [Ref. 2] has been well established to provide a
possible means of solution of Cq for jet flows from slots. However, solutions
fn the final form of hypergeometric series are known only for certain simple
duct geometries. Fortunately, some of these are fairly closely related to the
geometry of reflection eliminators. Two such cases of end vents only with on-
axis and off-axis jets are sketched in Figures 18a and 18b, and one case of a
side vent only with an off-axis jet is sketched in Figure 18c. The solution for
a reflection eliminator with a combined end and side vent can be approximated by
combining the solutions for the end and side area openings and the discharge
coefficients from the two cases shown in Figures 18a and 18¢, although an obvi-
ous means of combining these solutions is not clear.

The solution for Cq for the geometry sketched in Figure 18a has now been
well developed and embodied entirely in one subroutine for efficient use in com-
puter codes for predicting unsteady flows in blast simulators. This took con-
siderable effort and occurred in four stages. The first stage involved the
generalization by Picket [Ref. 3] of Chaplygin's solutions to include the
effects of the angle B from 0° to 180°, instead of Just 90° as shown fin
Figure 18a. The second stage was studying and developing special methods of
evaluating difficult hypergeometric series quickly and efficienily. The third
stage was incorporating all of these results into a single computer program sub-
routine and making this subroutine robust (free of failure) for angles B ranging
from 0° to 180° and specific heat ratios v from 1.01 to 2. The final stage
fnvolved taking these solutions for subcritical flows and developing an
extrapolation procedure to cover supercritical flows as well, This
extrapolation was done partly on the basis of some available but very limited
experimental data [Refs. 4-5], partly on the basis of some limited two-
dime?slo?al numerical results [Refs. 4-5], and partly on the basis of experience
and intuition.

One set of results for Cq for the particular case of air flows (v = 7/5) and
an angle of B = 90° is presented in Figure 19 for {1lustration. However, results
for different area ratios Achan/Agpen varying from 1 to = are included. The
experimental results in the form of “crosses" are for the particular case of
Achan/Aopen = 6, which lies quite close to the line for AC an/AO en * * The
theoretical solutions from Chaplygin's theory for subcritica flow? are shown as
solid lines, and the extrapolated results for supercritical flows are depicted
with the dashed lines.

Some additional results in the same format, for the particular case of air
flows through slots (Y = 7/5) and two other angles of 8 at 45° and 135°, are
shown for interest in Figure 20. One can see that changes in the angle B produce
significant changes in the discharge coefficient Cq. These results also i1lus-
trate the differences in Cq when the louver tips of a refiection eliminator are
pointed outward (B = 45°) and inward (B = 135°).

Although the solution for the on-axis end jet (Figure 18a) 1s now well devel-
oped and in a convenient computer program subroutine to help in s0lving unsteady
flows through reflection eliminators, there is still the important question of
how accurate the results are in the supercritical region (extrapolated region).
Some specially designed experiments would be very helpful in answering this
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Figure 18. Sketches of an on-axis end jet (a), off-axis
end jet (b), and off-axis side jet (c).
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question and in providing data by which this extrapolation can be improved.
However, time and effort were not available for doing such relevant experiments.

The solutions for the off-axis end jet (Figure 18b) and off-axis side jet
(Figure 18c) are not at the same stage of development as that for the on-axis end
jet (Figure 18a). The subcritical flows solutions based on Chapliygin's theory
have been obtained with some important generalizations. The end plate for the
geometry shown in Figure 18b can now be kinked (restricted to B = 90° previously)
and also have any length 1, and for the off-axis side jet (Figure 18c) the wall
after the side slot does not have to be at the same vertical level as the wall
ahead of the slot (as sketched in the figure). In addition to having these
solutions well developed, the evaluation of the corresponding hypergeometric
series has been studied and also reduced to convenient and efficient forms.
However, the time and effort have not been available to embody these solutions
into final computer program subroutines which can be used efficiently in the
random-choice method for predicting unsteady flows in blast simulators.
Furthermore, time and effort have not been available to extrapolate these
subcritical solutions to cover the supercritical regime, which is an important
step in obtaining accurate predictions of reflection eliminator area settings
and unsteady flows in blast simulators.

In our early work on passive and active reflection eliminators, culminating
in the paper in the proceedings of the Military Applications of Blast Symposium
[Ref. 6], the contraction coefficient Cq was obtained for an end jet with an
on-axis flow (Fig. 17a), for the case of a constant angle B of 90°. Cq was
obtained for this restricted geometry from Chaplygin's theory for subcritical
Jet flows only, and Cq was simply held constant at the critical jet flow value
for supercritical jet flows. This was the best procedure available then in view
of our understanding of discharge coefficients at that time.

A1l of the previous presentation on the discharge coefficient pertains to
the case when the flow leaves the channel (outflows). In the other case of
inflows, the discharge roefficient is computed in the same manner as presented
in the MABS paper [Ref. 6].

Additional information regarding the prediction of the discharge coefficient
for flows through louvers, including the extrapolation procedure and a FORTRAN
subroutine listing, are included in Appendix E.

NUMERICAL SOLUTIONS OF BLAST-SIMULATOR FLOWS

Euler's equations with inhomogeneous terms (Eqs. 1-3) are nonlinear and
hyperbolic partial differential equations, and the solutions for blast simula-
tors contains many discontinuities (shocks and contact surfaces). The method
selected in this report to solve these equations is the random-choice method
(RCM) which is based on the solution of Riemann problems with quasirandom
sampling. The RCM uses an operator splitting technique to include inhomogeneous
terms. The RCM is a rather unconventional finite-volume and explicit method of
solution, which preserves the sharpness of discontinuities in a natural manner
without smearing and Gibb's phenomena (numerical overshoots and undershoots at
discontinuities). This is achieved with no extra effort, and no explicit arti-
ficial viscosity and implicit numerical viscosity are required.
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The reasons for selecting the RCM for solving the blast-simulator flows in
this study are: (a) simple method to apply to solve one-dimensional unsteady
flows, (b) preserves discontinuities in a natural way, (c¢) has good accuracy,
(d) boundary conditions are fairly easy to apply, and (e) uses variable node
spacing and local time stepping which significantly reduces computational time.
The RCM employed in this study incorporates all of the most recent improvements,
including a very efficient Reimann solver with an effective quasirandom sampling
procedure and a nonstaggered gridding system with variable node spacing and
local time stepping. Some further details of this numerical method can be found
in recent reports and papers [Refs. 7-11].
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1/57TH SCALE SHOCK TUBE DESCRIPTION

The 1/57th scale shock tube located at the U.S. Army Ballistic Research
Laboratory, Aberdeen, Maryland, is essentially a 25.4 cm (10 in.) diameter, air
driven, circular steel shock tube. The tube is constructed in various lengths
of flanged pipe which allow for rapid reconfigurations of total lengths of the
tube. The majority of the expansion section of the tube is located outdoors
with the driver and diaphragm sections located in a building. The normal length
of the expansion section used in the RWE testing was 17.13m (56.2 feet).

During the calculation phase of the RWE development, it was assumed that the
driver section would be similar to the "old" configuration. That is, the driver
would have a constant interior diameter of 10.16 c¢m and a variable length of
11.12 to 204.15 cm. The driver would then neck down to the diaphragm section
which was 6.4 c¢cm in diameter. A sketch of the driver was shown in Figure 6.
The selection of the desired peak over-pressure and durations to be created
would be achieved by using various thickness and/or materials of diaphragms and
varying the length of the driver section. Anticipated driver lengths and pres-
sures were shown in Table 1. The actual breakage of the diaphragm would be
achieved by increasing the driver pressure until the diaphragm ruptured on its
own. This configuration of the shock tube was utilized in the RCM code calcula-
tions which were used as a basis for the design and operation of the 1/57th
scale RWE.

During the interim period, after the shock tube characteristics were
received and before the actual fielding and testing of the 1/57th RWE, the
driver section changed dramaticaliy. During the testing phase, the driver con-
sisted of a completely new and unique configuration. This new design is based
on a concept to provide quick closing valve(s) which can be used to shape the
trailing edge of the pressure pulse. The actual diaphragm breakage is con-
trolled by an externally controlled spear, once the driver section has come up
to the desired pressure. The unique characteristic of this tube is that the
storage of the majority of the high pressure gas is located in four of the
driver closure tubes which are located at an approximate 45° angle off the cen-
tral axis of the tube. The locations and interactions of the gasses flowing out
of these tubes may cause a nonuniform flow which then may enter the expansion
section causing other unknown characteristics in the pressure pulse. However,
the configuration of the driver, during the RWE testing, involved only the use
of the pressure fill sections and not the diaphragm spear feature (pressure only
was used to burst the diaphragm). This configuration still leaves open the
question of the uniformity of the flow leaving the driver section.

Finally, the existing tube had bee: fabricated to accept several types of
pressure instrumentation at various locations on the different sections of tube.
These locations can be fitted with either static or total pressure mounts/gages.
The holes that are not used are filled with plugs to allow an undisturbed pro-
gression of the shock wave.

Further information of the specific configuration of the BRL 25.4 ¢m shock

tube used for validation of the 1/57th RWE is presented in the section on
"Operation of the RWE."
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1/57TH SCALE RWE DESIGN

APPROACH

The purpose of the 1/57th scale RWE was to demonstrate the functionality of
the LB/TS RWE concept of rotating louvers. The approach was to develop a design
which was simple while remaining representative of the full scale LB/TS RWE
system. From a practical perspective, this meant 1imiting the number of louvers
in the system. The counter-rotating feature was seen as important and one that
needed to be retained in the subscale RWE. This requires that an even number of
louvers be used in the design. It was therefore decided that the 1/57th scale
design would incorporate four or eight louvers.

A compromise was made in the time envelope over which the louvers were
operated. On a strict scaling of the low yield case of the LB/TS, the positive
phase duration of a 1/57th scale simutation would be about five milliseconds.
As data on the candidate technologies for operation of the 1louvers was
accumulated, it became obvious that execution of a specific motion profile over
an interval that short was not practical. However, it is feasible to scale
LB/TS high pressure, high yield conditions where the positive phase duration is
two seconds. On a 1/57th scale, this would be about 35 milliseconds duration;
this was found to be a typical positivephase duration for the driver on the
25.4 cm shock tube at BRL. Operation over a 40 millisecond time period was thus
adopted as a design point for the 1/57th scale RWE system.

LOUVER DIMENSIONS

For a 25.4 cm diameter shock tube, four louvers would be spaced on 6.35 cm
(2.5 1n) centers; eight 1louvers would require 3.17 cm (1.25 in) spacing.
This spacing corresponds to 75 cm center to center on the full scale LB/TS RWE,
s0 that the dimensional scaling of the louvers would be 8.5% for the four louver
case or 4.2% for the eight louver case. The other dimensions of the louver
were to be scaled at the same proportions. Thus the louvers to be used in the
1/57th scale RWE would not be 1/57th of full scale, but would in fact be
directly proportional in cross section to the latest proposed full scale design.
The length of the 1/57th scale louvers was not scaled, since it was most practi-
cal to simply span the diameter of the 25.4 cm shock tube with the selected
Touvers. The four louver design was selected because of lower estimated machin-
ing costs for the fewer louvers and because the downscaled length of about 17 cm
(6.8 in.) was close to the 25.4 cm span required for the small shock tube.

By retaining a cross section proportional to the full scale louver, the per-
centage of net area blocked by the louver will remain the same as in the full
scale design. The closing function (open area ratio as a function of time) will
therefore be similar to that required for the LB/TS RWE. This lends credibility
to the 1/57th tests as representative of the effect of an RWE on the pressure
decay profile of a simulated blast wave. The dimensions of the scaled louver
cross section (see Fig. 21) are: chord length of 7.196 cm (2.833 in) and
width of 0.79 cm (5/16 in.). The width is slightly over the 8.5% scale factor
value of 0.75 cm; however, this dimension was selected to accommodate the tran-

41




*A433woab 4BANO| IMY LIS Y3/G/T *12 24nbL4

M3IA AN3

e g0
* —_— ()

‘wa Z/

M3IN dOL
¥v39 ONRIV3E ONI¥V38 —

42

d3ANOT

14vHS

W5 7 Wo p oz Wo ¢ 2




sition to mounting shafts at the ends of the louvers. Also, bearings used to
mount the louvers to the housing are commonly available only with standard shaft
sizes.

CALCULATION OF POWER REQUIREMENTS

A numerical model was developed to calculate louver position and power
requirements for a single louver from the 1/57th scale RWE under loading from
shock waves of different time durations. Two RWE configurations were used in
the model, the first with four louvers spaced on 6.35 c¢cm (2.5 in) centers and
the second with eight louvers spaced on 3.17 cm (1.25 in) centers. Several lou-
ver cross sections were run in the model to obtain data on the impact of louver
sfze on the ncwer and torque requirement. The torque was specifically addressed
in the mode. since one approach to the control of the 1/57th scale RWE is to use
stepper mo*ors which are usually torque-limited. A calculation of the bending
stress aid resulting displacement was also made for both louver configurations.

A solid cross section was assumed for the 1/57th scale louver design since
it would be the simplest to machine. It offers the additional advantage of
increased stiffness although the louver then has greater relative mass in com-
parison to the full scale design. For bending stress calculations, two materi-
als were inciuded: steel and brass. These were selected for their relative
ease of machining and (in the case of steel) for the increased yield strength
and modulus of elasticity. The deflection of the louver was calculated for the
fully-open condition and for an arbitrary intermediate condition where a greater
frontal area was exposed to the decaying static pressure during the passage of
the shock wave. As expected, when including the effect of the reflection of the
shock, the fully-open condition was less severe than the intermediate condition.
The intermediate condition assumed an overpressure of 1.1 atm (16.1 psi), which
occurs at a louver angular position of 15°, Maximum deflection for the four
louver design was 0.018 mm (0.0007 in) for steel and 0.036 mm (0.0014 in) for
brass. The eight 1louver design snowed significantly greater deflections,
0.152 mm (0.006 i1n) for steel and 0.279 mm (0.011 in) for brass. A1l calculated
deflections were judged to be small enough that they would not create a signifi-
cant problem for the alignment and rotation of the louvers during operation of
the RWE system.

Several assumptions were made to permit a calculation of the power and
torque requirements for the 1/57th scale louver RWE. Perhaps the most signifi-
cant was the duration of the positive phase of the shock wave in the 25.4 cm
shock tube. Tf strict scaling is assumed for a 10 KT, 241 kPa blast wave, the
time duration in the 25.4 cm sh.ck tube is five milliszconds. This is unrealis-
tic in several aspects: first, rotation of the louvers in an RWE from fully
open to fully closed in such a short period of time imposes very large power
requirements, and second, the event is not long enough to adequately demonstrate
the effect of the RWE even if it could be made to operate in that time frame.
Instead, the 600 KT condition was assumed, where the positive phase duration is
about two seconds for the LB/TS. The 1/57th scale positive phase is then about
36 millisecconds.
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The second assumption was that the rate of charge in open area ratio for the
RWE was constant over the positive phase duration of the scaled event. This s
confirmed in a review of data from the ELIM computer model (Appendix F) for
runs that used as input a computer generated pressure profile for a 241 kPa,
10 Kt blast wave. The ELIM output data, which describes the open area r-tio as
a function of time, is seen to be linear to a first approximation. Thi allows
the use of a range of area ratio values of zero to one scaled inversely vith the
elapsed time over the positive phase duration (i.e., open area ratio f one at
the start of the positive phase reduced to zero by the completion).

A simple numerical scheme was used to generate the values for the rotational
velocity and acceleration terms in the calculation. The polar moment of inertia
was computed from the dimensions of the scaled louvers and then used in the
power calculation. The power calculation addressed the inertial requirements
only and did not consider the aerodynamic forces generated by the motion of air
over the louvers., This 1s in fact a conservative approach since the 1ift and
drag forces act at a quarter-chord point, forward of the center of rotation.
The 1ift and drag forces thus apply a moment in the direction of rotation of the
Touver and would reduce the requirement for torque from the louver prime mover,

Results from the mode! are shown in Table 2 below. Note that the power
and torque data are for a single louver and are computed at the time in the pos-
itive phase duratfon where power and torque are maximum. It is quickly seen
that the duration of the positiv: phase of the shock wave has a dramatic impact
on the power and torque requirements; this is in agreement with resuits of full
scale modeling and is due to the increase in both the angular velocity and angu-
lar acceleration when the RWE 1s forced to operate more quickly in the shorter
time span. There is also a significant difference in the requirements for an
eight louver configuration when compared to a four louver design. These advan-
tages must be evaluated against the added complexity of the mechanical drive
mechanism and controls for the system with the eight louver configuration.

Table 2. Power and Torque Requirements

Duration Chord Louver Power at Torque at
No. of Pos. Phase Length Thickness 83% Tpp* 83% Top*
Louvers Tpp (ms) (cm) (cm) (wattsg (m-kgg
4 36 7.19 0.757 4.4 0.0129
4 36 6.35 0.907 11.4 C.0246
8 36 .60 0.378 0.28 0.0008
4 18 7.19 0.757 35.5 0.0519
4 72 7.19 0.757 0.56 0.0032
8 72 3.60 0.378 0.035 0.0002

* for a single louver
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The chord length of the louver is also seen to be important in the results
presented in the table. Again, this confirms full scale design results from
other evaluations (Ref. 1). The louver with the 7.19 cm chord length is scaled
from the 0.85 m chord 1langth LB/TS louver and thus reflects the late time
improvement in performance of the full scale unit (a discussion of the 7.19 cm
chord length ve,sus 6.35 c¢cm spacing will be presented later).

A personal-computer version of the Random Choice Method became available
later in the project and was used to predict the pressure profile for the
25.4 cm shock tube. The physical description of the driver was based on dimen-
sfons of the 25.4 cm shock tube initially provided by BRL. The model predicted
positive phase durations of 70 milliiseconds for a nominal 0.7 atm (10 psi)
overpressure shock and 50 milliseconds for a nominal 1.4 atm (20 psi) overp-
ressure shock. The positive phase duration of 36 milliseconds used in the power
calculations is thus seen to be a conservative assumption.

LOUVER STRESS

There are three separate mechanisms that create stress in the 1/57th scale
Touvers. These mechanisms were analyzed individually to calculate maximum
stresses, both axial and shear, that are imposed on the louvers. The first
stress examined was the shear stress on the louver shafts from the overpressure
load from the decaying shock wave. The worst case condition is one where the
louver is fully closed at the arrival of the shock front and is exposed to the
full overpressure over the entire cross section of the louver. Calculated shear
on the shaft for this condition is 57 MPa (8,200 psi), assuming that the load is
evenly distributed on the two shafts of a single louver. This calculation also
included a factor of three to correct for the incident reflection of the shock
as 1t impacted the closed portion of the louver.

Aerodynamic 11ft generated on the louver by the outflow from the shock tube
resuited in additional shear on the shafts. The maximum 1ift load occurred when
the louver was held at an angle of attack just under 15° during the passage of
the shock front. The 1ift force generated was approximately 1200 N (270 1b¢)
and acted at the quarter cord length of the 1louver to produce 21 N m
(185 in 1bs) of torque at a 15° angle of attack. This torque on the shaft
resulted in a shear stress of 210 MPa (30,400 psi) at the surface of the louver
shaft. It should be noted that this analysis assumed the louver was held sta-
tionary as the shock front passed; in active operation of the louvers the aero-
dynamic torque was acting in the direction of rotation and thus reduced the
shear stress on the shaft. However, this condition could prove catastrophic if
the RWE is operated in the passive mode with an angle of attack near these
positions.

At the location where the shaft merges into the louver there was a signifi-
cant stress concentration due to the relatively large change in cross-sectional
area. The ratio of the louver cross-sectional area to the shaft cross-sectional
area was approximately 5.7:1. A review of available stress concentration liter-
ature suggested a factor of about three would be appropriate for such a
condition. During the design, the fillet radius was maximized to reduce the
chance of failure at this point.
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The maximum bending stress on the 1/57th scale louver was due to aerodynamic
1ift and occurred at the midpoint of the louver when the louver was held at a
15° angle of attack during the passage of the shock front. The maximum bending
stress generated was calculated at 62 MPa (9,000 psi) on the surface of the
louver.

SYSTEM LAYOUT AND COMPONENT SELECTION

A four louver configuration was selected for the 1/57th scale RWE design
based on data from the power and stress calculations. The louvers were operated
via gears mounted to their shafts; the gears had a pitch diameter of 6.35 cm
(2.5 in) so that each meshed directly with adjacent 1louver gears. This
arrangement, shown in Figure 22, represented the simplest mechanism for rotation
of the louvers.,

One design change was investigated and subsequently adopted to further sim-
plify operation of the louvers. Adjacent louvers were positioned with an angu-
lar offset with respect to one another. This modification was shown to allow
the louvers to pass each other without interference even though the louver chord
length was greater than the centerline distance between louvers. An angular
offset of 5° was sufficient to avoid the collision of adjacent louvers during
operation. The offset arrangement eliminated ‘he need to decelerate the louvers
near the point of contact between adjacent louver tips (near the fully closed
condition).

Both stepper motors and servomotors were investigated for use as the power
source in the 1/57th scale RWE. Units of both kinds which met performance
requirements for the RWE were identified. Local manufacturer's representatives
were visited for demonstrations of the candidate motors, and a motor selection
computer program was acquired. The program was subsequently used to identify
several configurations that could be used for the scale RWE.

Key parameters in the motor sizing analysis include the polar moments of
inertia of the load (louvers) and the motor rotor, and the maximum torque avail-
able from the motor. The maximum torque is an inverse function of the angular
velocity of the motor and drops off rapidly with increasing velocity. One way
to diminish the impact of this condition is to gear the system such that the
angular displacement of the stepper motor is less than that of the louvers. If
the motor 1is geared 1:2, then it rotates 30° for the 60° of the louvers
required for a full-open to full-closed cycle. However, in gearing the opera-
tion of the motor in this manner, the "reflected inertia" (effective inertia
seen by the motor) is increased as the inverse square of the gear ratio
(i.e., the effective inertia of the louver system is multiplied by four). The
applicable design criterion for stepper motors is that the ratio of load inertia
to rotor inertia should be less than ten; and for optimum response, it should be
less than two.

Another criterion imposed on the search for a driver for the louvers is
that the motor controls must permit the input of a variable motion profile over
the time of the positive phase duration of the blast wave. The minimum accepta-
ble resolution of the time step of the motor controller was about ten
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milliseconds. This would allow the definition of at least three differe... motor
speed/acceleration/ position coordinates over the nominal 40 millisecond dura-
tion of the baseline blast wave. The easiest means of providing such control to
the motor is via a computer interface to an indexer/driver which actually gener-
ates the electrical pulses that drive the motor. The indexer/driver includes
the power conversion and conditioning circuitry and a microprocessor that trans-
lates computer commands into voltages for the motor. Typically, a simple pro-
gramming language has been developed by the manufacturer for operation of the
stepper or servomotor.

The 1/57th scale RWE operation imposes a formidable motion profile because
of the extremely short time duration of the blast wave positive phase. Typical
angular velocity and angular acceleration profiles were calculated from availa-
ble data, with the assumption that the worst condition would require the RWE
louvers to move from a fully closed to a fully open condition in
40 milliseconds. Graphs of the results are shown in Figure 23. In an initial
attempt to develop a program to control the stepper motor, the angular velocity
was divided into three linear segments as indicated by the dashed Tines on the
plot. The control program consisted of the specification of an acceleration
rate and final velocity for each segment, along with commands that initiate and
stop the motion. Problems arose in that the program steps could not be trans-
mitted to the indexer/driver fast enough to execute the program as written.

This led to the identification of an alternative computer control approach
to the system. An upgraded computer control system was employed where a Ssepa-
rate circuit board was installed in the personal computer which controlled the
servomotor. The motor control boards in the computer communicated with the
motor driver at much higher data rates and thus could be updated with position
information more frequently. The computer could control the add-in board
through most programming languages including PASCAL and BASIC with an update
increment of two milliseconds. The net result of this approach was a much finer
control of the motion profile of the louvers during their very short operating
period.

In order to confirm that the prime mover would indeed provide a prescribed
motion profile, a test was arranged to demonstrate the performance of the two
candidate motors. A simulator was designed with a polar moment of inertia that
was somewhat larger than that of the louver system so that if the test motor
could rotate the simulator in a defined profile, it would clearly handle the
actual 1/57th scale louver system.

The wheel was attached to a series of gears and shafts which were eventually
connected to the shaft of the motor being tested. Table 3 shows a comparison
of some of the simulator's inertia features and the corresponding 1/57th RWE
features.
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Table 3. Simulator and 1/57th RWE Inertia

Feature Simulator 1/57th RWE Units
Al Disk 0.777 gm-cm?
Brass Hub 0.009 gm-cm?
7.62 c¢m Gear 0.031 gm-cm?
Al Louver 0.067 gm-cm?
6.35 cm Gear 0.052 gm-cm?
2.54 cm Gear 0.013 gm-cm?
Bearing Friction 720.0078 gm-cm?

Subtotals 0.818 0.132 gm-cm?
Gear Ratio 3:1 2.5:1 N/A
Reflected Inertial 0.091 0.021 gm-cm?

Load at Pinion
Drive Inertia

2.54 cm Pinion 0.001 0.001 gm-cm?
Shaft Coupling 0.026 0.026 gm-cm?
TOTAL INERTIA 0.119 0.049 gm-cm?

The simulator was scribed with series of fiduciary marks at a fixed radius,
and four sets of 1light emitting diodes and photodetectors were positioned to
detect motion of the simulator. Both candidate motors were tested, and the
servomotor system was found to be superior in its ability to meet the defined
profitle and in its versatility in programming via the personal computer. The
feedback feature of the servo system was found to be particularly valuable in
the process of following the prescribed motion of the defined profile.

The brushless DC design of the servomotor has reduced rotor moment of iner-
tia when compared to a motor that has conventional windings on the rotor. The
brushless motor therefore features higher torque capacity for similar rotor
inertia or, considerable reduction in rotor inertia for similar torque capacity.
A further advantage of the servomotor 1is that the coefficients for the
proportional, integral, and derivative (PID) gain equations that govern the
feedback 1oop can be modified by the user. Thus the controller/motor system can
be optimized to provide the tightest control for the angula:r velocity of the
Touvers, which results in greater tolerance on the position of the motor and
louvers. This fine tuning is an interactive process and is best performed after
the entire system is assembled.

The advantages and tradeoffs involved in using a gearing arrangement on the
servomotor drive were investigated. The immediate advantage of a gear drive
design is seen in the reduced required reflected moment of inertia of the load:
the moment seen by the servomotor is reduced by the square of the gear ratio.
The tradeoff is that the servomotor must run at higher velocity (i.e., for the
one sixth turn that the louvers execute the servomotor must rotate through that
angular displacement multiplied by the gear ratio). For example, if the gear
ratio is 2.5:1, the servomotor would rotate 150° in the 40 millisecond positive
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phase duration of the shock wave. This does not appear to be a constraint on
the servomotor, since its top speed is above 3000 rpm (50 rps), compared to a
maximum louver angular velocity of about 7 rps, which corresponds to a servo
angular velocity of 17.5 rps for a 2.5:1 gear ratio. An added advantage in the
geared design is that the torque required from the servomotor is reduced in
direct proportion to the gear ratio. Since the velocity is increased by this
same ratio, the motor power requirement (torque times velocity) remains the same
regardless of the gearing arrangement.

Bearing loads for the 1/57th scale louvers were calculated so that bearings
could be sized and selected. The load was assumed to be a 1.1 atm (16.1 psi)
overpressure shock in the 25.4 cm shock tube. The load was calculated for a
louver set at a 12° angle of attack and was multipiied by a factor of three to
account for the initial reflection of the shock off the projected louver area.
The load was found to be 1,265 N (285 1b) distributed over bearings on each end
of the louver. A safety factor of two was used to determine bearing load so
that each bearing was required to accept the entire load. Length of a bronze
bearing for this application was found to 7 mm (0.3 in); during the initial
tests, a self-aligning steel ball bearing was used to reduce friction and to
ease the tolerance requirements on the Jouver mounts. The bearings had a shaft
(inside) diameter of 7.9 mm (5/16 in) and were rated for a load capacity of
57,850 N (13,000 1b).

An analysis was done of candidate materials for gears to be used in the
1/57th scale RWE drive mechanism. Four materials were included with minimum
yleld stress as noted: carbon steel (137 MPa), brass (69 MPa), aluminum
(83 MPa), and delrin, an acetal plastic (69 MPa). The maximum stress in each
gear size was calculated based on maximum speed, torque, face width and pressure
angle of the gear teeth. The minimum yield stress was then divided by the maxi-
mum gear stress to compute a "material factor of safety." The results, shown in
Table 4, indicate that all of the materials checked provide a factor of safety
of at least two for the louver gear regardless of pressure angle (labeled
p.a. in the table). However, for the pinion, steel must be used in order to
provide an adequate margin of safety in the stress generated in this gear.

Table 4. Material Factors of Safety for Gears

Description Diam. (cm.) Steel Brass Aluminum Delrin
Drive Pinion 2.54 1.7 0.8 1.0 0.7
Drive Pinion 3.18 2.2 1.1 1.3 0.9
Louver (14.5° p.a.) 6.35 4.9 2.4 2.9 2.0
Louver (20° p.a.) 6.35 5.8 2.9 3.5 2.4
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1/57th SCALE RWE CONSTRUCTION

Three primary features were considered during the construction of the RWE.
The first being compatibility with the existing shock tube, the second, the RWE
had to be easily maintained, and the third being that the RWE had to be fully
self contained (i.e., not depend on any of the BRL facilities for support). In
addition to these features, the RWE had to meet all of the design criteria to
meet the operational requirements.

The compatibility issue was easily solved by constructing the mating end of
the RWE to the shocktube out of the same size and weight of pipe and flange that
the remainder of the tube was constructed. The pipe used was a 25.4 c¢cm (10 in)
inside diameter by 0.9525 e¢m (0.375 in) thick wall, schedule 40 steel pipe. The
mating flange was a weld-on 68.04 kg (150 1b) with a raised face that matched
the outer diameter of the steel pipe (see Figure 24). The length of the steel
pipe was chosen based on the distance of the louver shafts (or the plane of the
Touvers in the closed position) to the free surface of the RWE flange being
approximately one hydraulic diameter. On the end of the pipe opposite the
flange, a 34.29 cm (13.5 in) by 34.29 cm by 0.9525 cm (0.375 in) steel plate
with a circular hole, which matched the outer diameter of the pipe, was welded
to the pipe. This plate had a series of holes along all four sides of its
periphery to allow for attachment of other elements. The next element in the
assembly was another steel plate with the same dimensions and bolt hole pattern
as the previously describe plate, except that the interior circular hole matched
the interior diameter of the steel pipe. The purpose of this plate was twofold.
First, the elements holding and encasing the louvers required some type of rigid
surface to be attached to and second, if one were in the correct operational
conditions (i.e., high enough overpressure) washers could be placed on the bolts
between the plate welded onto the pipe and this intermediate plate to provide a
passive side vent.

The next portion of the RWE assembly is the actual housing of the louvers
(see Figure 25). For maintainability purposes, this housing is actually made up
of four parts. Each part is a piece of 0.9525 cm (0.375 in) thick angle iron
which has been modified with one side being 6.985 c¢m (2.75 in) wide and the
other 3.175 cm (1.25 in) wide (the length for each part varied, see Figure 25).
The faces of the sides were milled smooth to provide intimate contact to other
surfaces. Each part of angle is unique and must be in a specific place for the
unit to be assembled. The shorter of the two widths of each angle were drilled
with holes to match the bolt hole patterns in the two plates discussed
previously. When observing the RWE from a front view, the top and bottom angles
were free from holes or other protuberances. However, the ends of each short
width side had three holes drilled and tapped to accept a 0.635 c¢cm (0.25 in x
20) diameter bolt. Again referring to the RWE from the front view, the left and
right angles were of different lengths and drilled in tour places each, to hold
the bearings for the four louvers. As seen in Figure 25, the center to center
spacing between the louvers is 6.35 c¢m (2.5 in) starting 3.968 cm (1.5625 in)
below the interior surface of the top angle. The holes drilled for the mounting
of the bearings were 1.905 ¢m (0.75 in) in diameter. These holes were not
drilled through, but a small 1lip with a slightly smaller diameter was left
remaining on the exterior side. The purpose of this 1ip was to insure the bear-
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ing would not slip out of its mounting hole. Both of these pieces of angle had
clear through holes 0.7937 c¢m (0.3125 in) in diameter drilled into them at six
locations each (see Figure 26). These holes would be used along with 0.635 cm x
20 x 2.54 c¢cm (0.25 in x 20 x 1.0 in) bolts to connect the angles. The angle on
the right side extended below the bottom angle to allow for attachment of a sec-
tion of 10.16 x 3.968 x 39.37 cm (4 x 1.562 x 15.5 in) "C" channel which would
be used to position and support the servo stepper motor.

The "C" channel had clear through holes drilled into it 4* varicus locations
to allow mounting to the right side enclosure angle, to allow attachment of
motor mounting and shaft alignment plates, and to allow attcchment of an angle
{ron support. These items are depicted in Figure 25. The piate for the motor
mounting is the furthermost right plate in Figure 25. This plate has a 2.222 cm
(0.875 in) hole drilled through its center to allow passage of the motor shaft.
The plate also has four smaller holes drilled through near each corner to allow
for mounting of the motor. The vertical plate to the left of the motor mounting
plate contains a hole through the center to allow mounting of a bearing for the
1.27 ¢m (0.5 in) shaft from the coupler to the dive gear or pinion. The purpose
of this bearing 1s to assure that the drive gear is in the correct position to
mate to the bottom louver gear. The final hole in this channel 1is at the
rightmost side and located on the back face of the channel. This hole is used
to bolt a 2.54 x 2.54 ¢m (1 x 1 in) piece of angle iron which extends up to the
right hand side of the RWE enclosure. The purpose of this element is to act
as a brace to prevent the motor support channel from acting as a cantilever beam
only attached by two boits. All of the elements thus far discussed are con-
structed of steel materials.

The remaining elements of the RWE assembly consist of the louvers and off-
the-shelf components such as bearings, gears, a coupler, and bolts and nuts.
The louvers constructed are shown in Figure 27, Each of the four louvers were
machined from one piece of bar stock. The prim:ry louver shape is an elongated
diamond with a major to minor chord ratio of approximately 9:1. The diamond
shaped portion of the louver was 25.4 c¢cm (10 in) in length with a 0.793 cm
(0.3125 1in) shaft on both ends. One shaft was 2.54 ¢cm (1.0 in) long and fit
through the bearing on the left side of the RWE housing. The shaft on the other
end was 5.715 c¢m (2.25 in) long and fit through the bearing on the right side.
This longer shaft also had two flat surfaces ground onto two sides, perpendicu-
lar to each other to provide a bearing surface for set screws in the louver
gear. The louvers were made of 7074 aluminum and had very sharp edges.

The gears on the louvers had a 0.635 c¢cm (0.25 in) bore, 60 teeth, a pitch
diameter of 6.35 cm (2.5 in), and an outside diameter of 6.56 c¢m (2.58 in)
which results in a pressure angle of 20 degrees. The drive gear, which was con-
nected to the shaft via the coupler to the motor, had a 1.27 c¢m (0.5 in} bore,
24 teeth, a pitch diameter of 2.54 cm (1.0 in), and an outside diametcr of
2.75 ¢cm (1.08 in) also resulting in a pressure angle of 20 degrees. All of the
gears were made of 2024 anodized aluminum. As mentioned previously, two set
screws were installed in the hub of each gear 90 degrees apart.

Two types of bearings were used in the RWE assembiy. The hearings i the

shafts on the ends of each louver were a spherical ball bearing. This bearing
is essentially a portion of a single ball with a central bare that fits into a
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hollow cylindrical housing. There are two main advantages with this type of
bearing. The first is the bearing can take tremendous unidirectional loads due
to the large surface contact area and the second is that these bearings are
self-aligning which allows for ease of alignment and will allow some movement if
the shaft slightly bends elastically. The only other bearing used was a stan-
dard type roller ball bearing located on the drive gear shaft. The purpose of
this bearing was to maintain the position of the drive gear to ensure proper
alignment with the gear on the bottom most louver.

One three jaw coupler was used to connect the motor shaft to the drive gear
shaft., In addition to the flexibility of the three jaw coupler to account for
shaft to shaft misalignment, the coupler also allows for coupling two different
size shafts together., In the case of the RWE, the motor shaft was 1.905 cm
(0.75 in) in diameter, while the drive gear shaft was 1.27 cm (0.5 in) in
diameter (this was due to the maximum allowable bore in the drive gear).
Additionally, the three jaw coupler allows for the use of an insert between the
two three jaw coupler elements. Various materials may be chosen for these
inserts which operate in various performance environments. The insert chosen
for the RWE coupler was made of brass since it provides optimum performance at
high torque loads.

The final element constructed for the 1/57th scale RWE was a housing that
covered the gear drive train. This housing 1s shown in Figure 28 and simply con-
sists of formed sheet metal to help protect the gear train from the natural
elements. The housing alsc served as a mounting surface for some of the elec-
tronic components used to try to determine the actual position of the louvers
during a test.

A1l metal, non-moving parts of the RWE were painted with a rust deterring
paint prior to shipping to the BRL. Bearings were also lubricated to minimize
the amount of corrosion that would take place. However, this is a formidable
task in the brakish atmosphere at BRL, and several signs of rust were noted after
the first day of exposure.

A series of construction drawings and photographs of the completed RWE are
located in Appendix G.

The construction of the RWE was straight-forward and built with simplicity
in mind. Many features are present which can cause the RWE to be reconfigured
in different operational geometries. All of the connections which require high
maintenance and interchange of parts are bolted connections which only require a
few hours of time to maintain. The device is fully capable of being self sup-
porting and no other interfaces with the hardware are required other than nomi-
nal upgrades or modifications.
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1/57TH SCALE RWE OPERATION

MOTION CONTROL ALGORITHMS

The servomotor that drives the 1/57th scale RWE is controlled by a personal
computer (PC). An indexer circuit board supplied by the motor manufacturer
which is installed in the PC converts the control commands into "step" pulses at
rates as high as 500,000 per second. These pulses are used by the motor driver
to control position, velocity and acceleration of the servo. An external
adapter box houses the connections to drive the motor which is controlled by the
PC indexer. The external adapter also has connectors for auxiliary inputs and
outputs as well as for optional rotary position encoders for the motor.
Auxiliary inputs are used for such functions as 1imit switches and external
triggers which can be incorporated in algorithms for control-of the servomotor.
The external adapter box requires a five volt DC external power supply to oper-
ate its optically isolated interface.

The motion profile to be executed by the louvers {s very short in duration
and requires fine control of the louver position as a function of time. Thus
the update interval of the motion control device must be as small as practically
possible with maximum.resolution of angular position. Two aspects of the drive
train design contributed to the precision of the positioning that could be
achieved. The first was that the gear ratio of 2.5:1 of the drive train., This
meant that the servomotor rotated two and one half times as far as the louvers
during the start to finish motion of the louvers. The second was that a resolu-
tion of 5,000 steps per revolution was implemented on the servomotor selected to
power the louvers, allowing very precise control of the rotor position of the
servomotor.

The personal computer indexer features an operating mode that considerably
eases the programming of the motion profile for the 1/57th scale louvers. The
mode, termed “timed data streaming," allows any positioning or velocity profile
to ‘be followed by the servomotor by dividing the profile into small straight
1ine segments. A series of commands is required to operate the servomotor sys-
tem in this mode. The first command sets the mode and is followed by commands
in a time update interval (in milliseconds). The smallest update interval
allowed in the system is two milliseconds. Succeeding commands are a series of
values that designate the number of steps (calculated from a resolution of
5000 steps per revolution) that the servomotor 1is required to move in each
update interval. One additional command is utiiized in the operation of the
1/57th scale RWE: a triggered hold command. This delays execution of the
motion profile until a specified trigger condition is satisfied. This would
allow a pressure transducer in the shock tube to activate the motion profile of
the RWE. A schematic of the entire command train is shown in Figure 29.

PREPARATION OF MOTION PROFILE DATA SETS

The motion profile to which the servomotor is driven is based on the pres-
sure decay profile expected for an infinitely long shock tube; that is, one in
which no rarefaction wave is present. This profile can be obtained in several
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ways. The first is to add an extension to the shock tube on which the RWE is to
be installed and make a measurement at the planned RWE station for driver con-
ditions for which the RWE will be operated. A concern for this approach is to
make certain that the measured profile is properiy interpreted so that the con-
tact surface and/or flow disturbances are correctly identified. An alternative
is to model the performance of the shock tube with a computer program. The con-
cern for this option is that the configuration of the shock tube can signifi-
cantly impact the shape of the pressure decay so all details of the shock tube
must be included in the model. Of course, the greater the detail, the more com-
puter time required to run the model. One other alternative is to scale the
profile from one measured upstream in a short shock tube for an initial condi-
tion of interest. This is perhaps the least accurate, but simplest method of
acquiring a pressure decay profile.

The next step in the generation of a motion profile for the servomotor is to
create an array of data of open area ratios that corresponds to the pressure
decay profile values at specified time steps. This step can be accomplished
with the computer program ELIM (see Appendix F). The program uses a quasi-
steady state approach to the calculation of open area ratios and requires as
input an overpressure ratio and radius of rou.ding for the RWE outlet (in order
to compute a jet contraction coefficient for the flow). The output area ratios
are between zero and one, representing the fraction of the shock tube cross sec-
tion that must be open for the specified overpressure.

The final step in the process is the calculation of incremental steps to be
moved by the servomotor in each time step of the controlling computer program.
A simple program is required to produce this data. Key parameters for the cal-
culation are the resolution of the servomotor, the gear ratio of the drive
train, and the data set of time from shock arrival and the corresponding RWE
open area ratio. The output of the program is a series of values for the incre-
mental steps for each time interval of the servomotor controlled. This data
series is written as an ASCII file that is subsequently read and used &s input
by the servomotor control software.

The computer program for the prediction of the open area ratios for the RWE
runs only for overpressure ratios greater than one (i.e., during the positive
phase of the pressure decay). The louvers are effectively closed at the end of
the positive phase because of the clearance between adjacent louvers of about a
millimeter. This minimal clearance condition is maintained as the louvers con-
tinue to rotate for approximately 60°. Then the louvers begin to move apart and
the open area ratio starts to increase. This is a condition that is calculated
as necessary to use an active RWE during the negative phase of the pressure
decay.

There is no simple means to predict the open area requirements for the nega-
tive phase as a function of time; however, calculations with the RCM code per-
formed at the University of Toronto indicate that the rate of increase in the
open area ratio during the negative phase is greater than the rate of decrease
at the ‘completidn of the positive phase. With this in mind, a motion profile
was developed for the negative phase of the 25.4 c¢m shock tube tests. The rate
of rotation of the louvers was increased rapidly immediately after a closed con-
dition was achieved and was then decreased to a value above the final increment
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at the end of the positive phase. After an additional 20 milliseconds, the lou-
vers were brought to rest. This negative phase motion profile was strictly an
estimate and the results will merit further examination.

SERVOMOTOR CONTROL SOFTWARE DEVELOPMENT

Software for basic operational checkout of the servomotor indexer control
board, driver and motor unit was included with the servomotor system. Specific
applications software was not included although there were a series of modules
from which a control program could be constructed. The modules included commu-
nications to and from the indexer circuit board via the personal computer bus as
well as reset and timing functions. The vendor had prepared a simple control
program that was used in the demonstration of the ability of the servomotor to
execute a motion profile with a two millisecond time interval. The demonstra-
tion program did not include the implementation of a trigger function although
it was known to be available in the system.

In order to use the indexer to operate the servomotor, it was necessary to
incorporate a trigger. The actual motion profile of the servomotor had to be
initiated by the passage of the shock front upstream from the end of the shock
tube where the RWE was mounted. The operational program was modified to add
the trigger function, but the execution was found to be intermittent, and the
time between trigger initiation and the start of motion in the servomotor was
measured to be about 30 milliseconds. This was borderline in terms of the pos-
sible locations for a transducer from which to trigger the motion (due to shock
tube length), but more impo.iantly, the time lag was found to be variable
between 22 and 40 milliseconds. The standard deviation of the variation was
4 msec., which presented a condition where there was too much uncertainty over
the exact time at which the RWE would be triggered. This variation could create
2 significant mismatch between the actual RWE open area and the needed RWE open
area, which would alter the effect of the RWE on the pressure profile of the
shock decay from the desired correction.

A program was written in Turbo C 4.0, and the modifications to add the trig-
ger function were also included. Several algorithms to reduce the execution
time of program with the trigger function implemented were written and tested
but never functioned properly. As an alternative, a BASIC program was written
which employed modules supplied by the servomotor vendor. The program execution
was much slower than the Turbo C version, but execution time became irrelevant
since the motion profile was loaded into the indexer but was not initiated until
the trigger signal was activated.

The BASIC program was written and proven with a series of tests where the
time between trigger and the start of motion of the 1/57th scale louvers was
measured. For this new program, the average time from trigger to the start of
motion was 11.7 ms with a standard deviation of 0.6 ms. These figures repre-
sented a condition that is more easily accommodated in the location of the trig-
ger pressure transducer upstream of the RWE.

64



Several features were added to the software during its initial operation on
the BRL 25.4 cm shock tube. A function to preset the louvers to the initially
required position for peak pressures below the 2.4 atm (35 psi) was programmed.
The user simply enters a figure which is the number of servomotor steps that the
louvers are to be rotated and hits the ENTER key on the personal computer; the
servomotor will then position the louvers at this position. Another function
resets the louvers to the fully open position after the completion of the pro-
grammed motion profile (i.e., rotates the louvers 180° so the optical tracker is
in the proper position).
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EXPERIMENTAL PROGRAM

SHOCK TUBE CALIBRATION

Prior to installation and testing of the RWE, several tests were conducted
to "calibrate" the BRL shock tube. These tests consisted of operating the tube
at the three nominal test conditions: 34.5, 68.9, and 103.3 kPa. Several tests
were conducted at each pressure level with the “ube configured with 17.13 m of
expansion section to an open end condition (i.e., the tube was open to the
atmosphere at the location where the RWE would be later attached). After these
tests were complete, an additional set of tests were conducted at the same pres-
sure levels with a tube extension (4.28 m) on the end of the previous open end
(Fig. 30). Results from both sets of these tests were used as a comparison for
the results obtained when the RWE was operating. The open tube results would
show the immediate effect of the rarefaction wave in the test section, while the
extended tube results would show more of the positive phase duration
(approximately an additional 25 ms) until the delayed arrival of the rarefaction
wave, Therefore, the RWE results should follow the extended tube results and
then keep the pressure up through a gradual decay to ambient pressure in the
proper time frame. Table 5 denotes the tests used for the "calibration" and
their respective peak pressures and the shock tube configuration.

Table 5. Shock Tube Calibration Configuration

Peak Pressure

Test ldentifier (kPa) End Configuration
*
BLINE 6 34.9 Open
BLINE 7 34.0 Open
BLINE 8 71.4 Open
BLINE 9 76.3 Open
BLINE 10 94.6 Open
BLINE 11 92.9 Open
BLINE 12 40.0 Extended
BLINE 13 40.2 Extended
BLINE 14 82.9 Extended
BLINE 15 83.7 Extended
BLINE 16 115.4 Extended
BLINE 17 100.9 Extended

* abbreviation for baseline

Static and total piezoelectric pressure gages were located at various dis-
tances along the shock tube to measure the environment. Of primary interest
were two specific locations. The first location was immediately downstream of
the diaphragm. The output of this gage would be utilized to trigger the RWE
system. Previous tests that were conducted indicated that the transit time of
the shock wave from this location to a location just upstream of the RWE loca-
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tion was on the order of 12 ms. The second location of intc.est was at a posi-
tion approximately three hydraulic diameters upstream from the end of the tube.
This location was termed the "test section." The gage results from this posi-
tion would be used to evaluate the performance of the RWE. Table 6 gives the
location and type of instrumentation used in the calibration tests.

Table 6. Pressure Gage Locations

Distance from Diaphragm (m) (type of pressure measurement)

Test Identifier Gage 1 Gage 2 Gage 3 Gage 4

BLINE 6 through 17 0.42-Static 1.94-Static 13.47-Static 13.47-Total*
* Note: Total pressure port is facing upstream

When the calibration and RWE tests were conducted, the shock tube valve sys-
tem was not working so the operation of the tube consisted of retracting the
pilug/valve and then fi1ling the driver reservoir until the pressure exceeded the
burst pressure of the diaphragm. No effort was made to actuate the plug/valve.
Nitrogen gas was used to fill the driver section, and various thicknesses of
diaphragm materials were used to allow for variations in driver pressures and
shock amplitudes. Table 7 presents the driver conditions for the calibration
tests.

Results from the calibration tests are shown in Appendix C.

Table 7. Shock Tube Calibration Driver Conditions

Test Driver D1aphraEm Peak Pressure
Identifier Pressure (MPa) Material Thickness (mm) Obtained (kPa)
BLINE 6 1.826 Mylar +254 34.9
BLINE 7 1.895 Mylar .254 34.0
BLINE 8 6.271 Aluminum 1.016 71.4
BLINE 9 6.685 Aluminum 1.016 76.3
BLINE 10 10.062 Aluminum 1.549 94.6
BLINE 11 9.958 Aluminum 1.549 92.9
BLINE 12 not recorded Mylar .254 40.0
BLINE 13 not recorded Mylar .254 40,2
BLINE 14 6.133 Aluminum 1.016 82.9
BLINE 15 6.271 Aluminum 1.016 83.7
BLINE 16 10.406 Aluminum 1.575 115.4
BLINE 17 10.268 Aluminum 1.575 100.9
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OPTICAL TRACKER

An "optical tracker" was designed and developed in an attempt to measure the
true position of the louvers versus the desired position (see Figure 29). The
device was fairly simple and consisted of a commercially available light emit-
ting diode/photodiode (LED/PD) unit and a scribed surface. The LED/PD required
only a power source (9 volt battery) and a few resistors to condition the signal
to operate. The surface of one of the gears on one of the louvers was painted
black and then scribed at every 6 degrees. The scribe marks were made deep
enough to ensure that the aluminum material of the gear was observable. This

method was adopted since a high contrast ratio was desired between the scribe
marks.

The theory behind the optical tracker is that as the gear rotates and a
1ight source is directed at the scribed gear a reflection of the 1ight will
occur. This reflected 1ight will be more intense if a reflective surface is
present (the scribe marks) than a darker (less reflective) surface. The
photodetector will pick up the reflected 1ight and convert the signal into an ana-
log output. The difference between the amplitudes of the signal from the
reflected 1ight will indicate when a scribe mark passed by the photodetector and
hence the position of the louver.

The optical tracker was installed on the gear on the upper most louver of
the RWE. This location was chosen since this gear/louver combination would
experience the most deviation from the desired position due to the additive
effects of the gear to gear connections and backlash. The electronics for the
optical tracker were installed on a small circuit board attached to the gear
train housing. A simple on/off switch was mounted on the gear housing to supply
power to the LED/PD unit and a coaxial port was also installed to provide a
pick-up of the resultant signal.

RWE TESTS

Upon completion of the calibration tests, the 1/57th scale active RWE was
installed on the open end of the shock tube. Control cables were routed back to
the enclosure housing the driver section of the tube. The RWE stepper motor
controller was connected to an isolated power supply since it creates high volt-
age and noise which could contaminate the instrumentation for the shock tube
operation and data recording. The PC controller and indexer were also set up in
this building. A terminal strip was installed next to the computer to allow for
connection of the external trigger. The external trigger was obtained by split-
ting the output from the first gage downstream from the diaphragm and taking one
of these outputs and inputting it into an amplifier. The amplifier was then set
with a gain that would be sufficient enough to trigger the RWE command train.

In an attempt to monitor the operating mechanical performance of the RWE,
the output from the optical tracker was fed back to the recording unit. The
output from the tracker would be recorded, along with pressure transducers, dur-

ing a test. All recording and reduction of the data was performed by BRL
personnel,
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Prior to testing, several dry runs were conducted with the RWE to ensure
that it was functional. Arbitrary, as well as actual closing functions, were
programmed into the stepper motor controller. These command trains were then
given a manual trigger by applying 5 volts across the appropriate terminal strip
locations.

Since the actual operation conditions of the shiock tube were different than
was initially assumed due to the change in driver geometry, the closing func-
tions developed using the RCM code were useless. Fortunately, new closing func-
tions could be developed on site using the actual results from the calibration
tests. The only problem in using the calibration data was that the influence of
the rarefaction waves was present in the data. To overcome this deficiency,
experienced judgment was used to extend the pressure profile to an estimated
true positive-phase duration. An exanple of this estimation is shown in
Figure 31, This scenario is for a high-pressure case and shown are the actual
data from an open-end and extended calibration test. The dash-dot line shows
the estimated pressure profile upon which the closing function was developed.

Figure 32 shows the closing functions used for all three different pressure
amplitude tests. There were two different closing functions used for the high-
pressure tests: RWE7 and RWEB, since less than encouraging results were obtained
from test RWE7. An interesting feature noted in Figure 33 {is that the RWE
appears to be in the completely closed configuration for a long period of time
(approaching 40 msec duration). However, this is not actually the case. Since
the louvers overlap and are offset by a small angle relative to the neighborirs
Jouvers, the RWE appears to be completely closed when the louvers are at 59
degrees above or below a horizon*al plane instead of 90 degrees to this piane.
Then, as the lcuvers rotate through the 90 degree position, the RWE does not
3., r to be opening until the louvers have rotated to 121 degrees. This aspect
¢! the RWE was determined during the design process and taken into account.
Figure 34 provides more insight into how this problem is overcome. The figure
shows the closing rate at which the louvers must move for each different pres-
sure amplitude. Between 40 and 80 msec there is a dramatic cha.c2 in the rate
at which the 1louvers are rotating. This period is the same as when the RWE
appears tn be closed. Essentially, the RWE motor is operating at its maximum
speed (without creating a stall condition) to transverse the 62 degree “"closed"
region as quickly as possible. During later *imes, the RWE 1s essentially
coasting and stopping at the fully open position.

When comparing the theoretical RWE closing functions ard the functions actu-
ally usad in the tasting, a difference will be noted in the initial area ratios.
The theoretical ratios aire slightly below those used in the tests. The ration-
ale for tnis d*screpancy ic due to the actial physical geometry of the RWE. In
the area of transition from a circular tuba to the location of the louvers, the
RWE expands into a s¢ are geometry. This transition space appears to the shock
wave as an inmediate area expansion, hence <creating rarefaction waves.
Therefore, the actual initial lcuver settings were adjusted to make the RWE more
ciosed, thus ¢ eating stronger reflected waves which would balance the rarefac-
tion waves,
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The optical tracker provided less than desired results during the testing.
One of the major drawbacks was the effort required to reduce the data. The data
obtained by the tracker is a series of spikes which are related to the passage
of the scribed marks under the photo detector. The time difference between the
spikes must be derived and then divided by the distance between the scribe marks
to obtain the velocity and later position of the louvers. This is a time con-
suming effort and not convenient for rapid turn around of tests. An alternative
method of obtaining this measurement was developed on site by attaching a rotary
potentiometer to the shaft of the upper most louver. After calibration of the
potentiometer and louver, a curve was developed to define the relative position
as a function of voltage. This method was employed on several of the latter
tests and reasonable results were obtained.

Specific results from each test series (low, moderate, and high pressures)
are discussed in a following section.

1/57th SCALE RESULTS

The results from the initial series of 1/57th scale tests (RWE numbers 1
through 8) were met with mixed emotions. The closings functions anticipated
for the RWE via the RCM code would be incorrect since the predicted overpressure
waveforms differed so much from the overpressure time histories obtained on the
short and extended tube tests. New closing functions had to be developed, on
site, which took into account the actual driver geometry and were based on the
data obtained during the open and extended tube tests. Fortunately, a routine
was available in the ELIM computer subroutine which allowed this transformation
to take place, along with some educated judgment, as to when the positive phase
would be complete (an extension of the extended tube results). With the use of
this subroutine, closing functions were developed which worked well.

Three tests each were conducted with the RWE in place for the low and moder-
ate overpressure tests, nominally 37 and 78 kPa (5 and 11.3 psi). Two RWE tests
were conducted at higher overpressure levels of nominally 107 kPa (15.5 psi).
The results for the test series are presented in comparison form in Appendix C.
This appendix also shows comparisons between similar configuration tests to dem-
onstrate repeatability of the facility.

The test data was obtained at two locations along the tube. However, three
pressure records are shown. The first measurement location is 177.8 cm (70 in)
downstream from the diaphragm. The second and third measurement locations are
1539.24 cm (606 in) downstream from the diaphragm location. This later locatien
holds both a static and total pressure measurement gage, however the total meas-
urement gage is oriented upstream which gives little information on any velocity
dependent flow properties generated by a rarefaction wave.

The first series of RWE tests started with low overpressure conditions
(approximately 37 kPa). Figure 35 shows the results from the static overpressure
data acquired during several of these tests at the location closest to the RWE.
(Additional test data may be found in Appendix C). The data obtained from the
short tube test clearly shows the rarefaction wave at 14 to 15 msec after the
arrival of the incident wave. When the tube is extended, the presence of the
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rarefaction wave is not seen by the gages until nearly 35 msec after primary
shockwave time-of-arrival. The other two data traces in the figure show the ove-
rpressure histories obtained when using the RWE. The data from RWE Test 1 shows
a large drop in pressure at approximately the same time as the onset of the rar-
efaction wave from the short tube test. This indicates that the RWE was not
closed enough at the time of shock arrival (TOA) at the RWE. The pressure then
starts to recover but is higher than the extended tube test data. The other RWE
data (Test 2) had the closing function modified by shifting the closing function
up by 2 msec (the minimum time step of the servo motor). This action results in
the elimination of the large drop in pressure seen on RWE Test 1, but again the
remaining pressure history is higher than the extended tube results. Since both
of the RWE test data show this higher pressure level at the later times one can
conclude that the RWE is closed too much during this portion of the shock wave
passage. However, the RWE is effective in maintaining the positive phase with
the durations being 75 and 73 msec for RWE Tests 1 and 2, respectively. Most of
the data traces, short and extended tube tests included, show significant pres-
sure bumps at 20 and 30 msec after shack arrival. Since these bumps are present
in all of the test data (see the totia! pressure and tests data at the 177.8 cm
gage results in Appendix C), they are probably real and could be caused by the
driver geometry.

The next series of tests was conducted at a moderate overpressure of
approximately 78 kPa. Figure 36 shows the comparison of a short, extended and
two RWE tests. As observed in the low pressure tests the rarefaction wave is
very distinguishable on the short tube test occurring at 12 msec after shock
time of arrival. The extended tube test shows more of the positive phase with
the delayed rarefaction wave arriving at 40 msec. The closing function used for
both of the RWE tests shown was the same. The results are interesting in that
the pressure from RWE Test 5 unexpectedly drops off at 52 msec after TOA. This
drop off in pressure may be attributed to the plug in the driver accidentally
moving forward and sealing off the flow of the gas in the driver section. (Note
that the plug was never physically restrained from being able to move.) The
positive phase duration obtained on RWE Test 4 appears reasonable with a total
rfuration of 82 msec. The excessive closure of the RWE, as seen in the low pres-
sure tests, was accounted for in these tests and the matching of the pressure
profile to the extended tube results is much better. Also, note that the pres-
sure bumps located at various times are also seen in these tests which further
confirms the suspicion that they are products of the driver geometry.

The final series of tests was conducted at the higher overpressure of
107 kPa. Figure 37 shows a comparisen between a short, extended, and two RWE
tests. The rarefaction wave is present on the short tube test occurring 15 msec
after TOA. The extended tube test did provide some information, hut the delayed
rarefaction wave arrived at 37 msec after TOA which limited the anount of useful
information for comparison of the RWE results. The data obtained on RWE Test 7
show a significant drop in pressure about 17 msec after shock TOA., Initially
this drop was thought to be caused by a mismatch of the timing of the closing
function similar to the situation in RWE Test 1. Therefore, for RWE Test 8, the
closing function was moved earlier in time by 4 msec. This correction seemed to
work as the significant drop in pressure was eliminated. However, an actual
rise in pressure was obtained at about 20 msec and then there appears a tremen-
deus drop in pressure, In fact, the RWE was damaged on this test. The second
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Touver from the top sheared off at the diamond shape/shaft interface on the side
closest to the gear. This failure caused the RWE to be inoperative, and thus
the 1large drop in pressure. Looking closely at the data from the extended tube
test, a slight rise in pressure is seen at approximately 10 msec after TOA.
This rise was not felt as a significant feature after looking at the field plots
and was essentially ignored when developing the closing function for these high
pressure tests. Therefore, the RWE was told to close too much to soon and hence
a higher reflected wave (the rise in pressure at 20 msec on RWE Test 8) and load
on the RWE louvers were created. Even with this problem the later time history
of RWE Test 7 does not match the extended tube results and does not appear to be
very accurate.

As indicated eariier, a full set of the data obtained from these test series
is presented in Appendix C. A1l of the data appear consistent with the discus-
sions presented above and further substantiation of some of the theories pre-
sented 1s apparent.

DESIGN MODIFICATIONS

As mentioned in the results section, the RWE suffered a major failure during
Test 8. An analysis of this failure revealed that three factors were found to
have contributed to the failure. The first factor was that the RWE was pro-
grammed to close through a hump in the extended tube pressure trace that was
thought to be an error. In fact, this hump was real and the RWE louvers experi-
enced a higher loading than they were designed for. The second factor was the
use of spherical bearings. The loads which were produced on the louvers were
high enough to cause a higher than expected deflection of the mid-section of the
louver. These deflections then allowed the ends of the louver shafts to deflect
further than anticipated (due to the "self aligning" feature of the bearings)
and resulted in binding of the gears, thus preventing a free rotation. The
third factor was the material chosen for the louvers. 7074 aluminum was
selected for the louver material cue to ease of machining and low moment-of-
inertia. However, the penalty paid was a lower material yield strength which
resulted in the shearing-off of the shaft of one end of the louvers.

With this information, the 1louvers and mounting bearings were redesigned.
The louvers remained the same geometry with the aluminum material being replaced
by “stressproof" steel. This steel, while having high machining factors, has an
ultimate tensile strength of 861 MPa (125,000 psi). Thus, since the material
strength goes wup, the deflections at the mid-louver 1location go down.
Additionally the louver support bearings were changed to a roller pin bearing
which still accepts the high unidirectional forces but does not have the ability
to allow the shaft to vary at such large angles. The increase in inertia due to
the change in material does not affect the performance of the system since the
system was designed for steel louvers. These modifications were made and the
new elements shipped to BRL for further testing.
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FULL SCALE RWE DESIGN

OPERATIONAL DESCRIPTION OF THE LB/TS

In a combined blast and thermal test simulation, the firing sequence would
be initiated after the driver tubes had been filled with heated nitrogen to the
specified pressure. First, the thermal radiation at the test target would be
generated by burning an aluminum-power/oxygen mixture. The hot aluminum oxide
produced by the combustion would irradiate the target and move upwards toward
the ceiling where it would be removed from the LB/TS by ejectors. Secondly, the
blast wave would be initiated by bursting the diaphragms or opening the throat
valves. After the incident shock is established, the throat valves, if used,
would be closed gradually to meter the flow in such a manner as to shape the
pressure decay to match a free-field blast wave. The simulated blast wave moves
down the expansion tunnel and commences loading the target. At the end of the
expansion tunnel, the biast wave interacts with the RWE which partially reflects
the incident shock. After the incident shock has passed, the RWE acts as a con-
vergent nozzle producing a local acceleration of the flow to match the exit
pressure to the ambient conditions. When the RWE is properly set, neither a
rarefaction nor a recompression wave is reflected into the expansion tunnel,

The flow patterns encountered in an LB/TS are much more complex than those
encountered in a straight shock tube. Figure 38 shows a schematic comparison of
the flow patterns in a straight shock tube and in a blast/wave simulator based
on a quasi-one-dimensional amalysis (Ref. 17). ‘The initial flow pattern in a
straight shock tube is made up of a primary shock (2) moving into ambient
air (1), followed by a contact surface (3) which separates the hot gas processed
by the shock from the cold gas initially in the driver (4). A rearward facing
rarefaction wave 1 the driver (5) accelerates and cools the driver gas. For
low shock overpressures, the flow in an LB/TS is similar to that in a straight
shock tube in that it is subsonic everywhere with a steady expansion in the con-
vergent nozzle and a steady compression in the divergent nozzle.

Generally, the flow in an LB/TS is distinguished from the flow in a conven-
tional shock tube by the occurrence of choked flow in the throat of the nozzle
(7) and by a recompression shock (1) compensating for the supersonic expansion
of the flow in the divergent nozzle (8). As the driver empties, the subsonic
flow expands isentropically in the convergent nozzle (6) such that it becomes
sonic in the throat. The flow then becomes supersonic as it continues to expand
in the divergent nozzle; but because the flow behind the primary shock (2) 1s
subsonic, a recompression shock (10) must form to decelerate the supersonic flow
to match the velocity across the contact surface (3). For moderate shock
overpressures, the flow forms a standing shock part way through the divergent
nozzle. The subsonic flow behind it goes through a steady compressicn in the
remaining part of the nozzle.

For high shock overpressures, the recompression shock is swept out of the
nozzle and down the expansion tube. It is followed by a region of supersonic
flow at extremely ‘low pressure. In extreme cases, the recompression shock may
be swept past the test section. The passage of either the contact surface or
the recompression shock through the test section will destroy the blast simula-
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Figure 38. Illustration of physical flow phenomena.
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tion for most test conditions because the low static and the high dynamic pres-
sure following the recompression shock do not properly simulate the desired
blast wave. The high dynamic pressure due to the density increase across the
contact surface also does not properly simulate a blast wave. At later times,
the recompression shock returns to the nozzle exit where it is partially
reflected (16) and partially transmitted (13) moving upstream into the drivers.

Late-time wave patterns are also fillustrated in Figure 38. The decay of
static and dynamic pressure necessary for the simulation of a blast wave s pro-
duced by rarefaction waves which, in the absence of closing valves, are
reflected from the closed ends of the drivers (4).” Moving forward, the rarefac-
tions interact with the convergent nozzle and are partially transmitted and par-
tially refiected. The transmitted parts of the rarefactions (15) overtake the
recompression shock, the contact surface and the incident shock, each at differ-
ent times because the drivers are of different lengths. This overtaking by the
rarefaction waves causes a decrease in flow (particie) velocity, locally. The
drop in the flow velocity causes a decrease in the forward velocity of the con-
tact surface and of the recompression shock and 1imits the distance both waves
move down the expansion tunnel., The rarefaction waves overtaking the incident
shock decrease its strength. The parts of the rarefactions which are reflected
from the convergent nozzles move back into the drivers but cause a secondary
shock to move forward through the nozzle into the expansion tunnel.

The end of the expansion tunnel is open to let the driver gas escape during
and after the test period. However, in the absence of an RWE, rarefactions
(16) will proceed upstream from the open end of the expansion tunnel after the
fncident shock (3) has exited. A back-facing shock from the open end
(17) brings the overexpanded driver gas back to ambient pressure and ambient air
(18) moves back into the expansion tunnel. Thus, series of rarefaction waves
and shocks move up and down the expansion tube restoring the tube to ambient
conditions. The upstream traveling disturbances from the open end will alter
the flow pattern in the test section during the test period if they are not pre-
vented from doing so. The simple method of extending the duct behind the test
section far enough so that the disturbances arrive only after the test period is
completed is too costly on the large scale of the proposed LB/TS.

Another method for eliminating, or at least minimizing, the effects of rare-
faction waves on the blast wave simulation consists in utilizing a RWE.

SELECTED DESIGN

The configuration recommended for use as the Rarefaction Wave Eliminator
(RWE) on the Large Blast and Thermal Simulator (LB/TS) now under design features
rotating louvers mounted horizontally in eight columns, each about two meters
wide. The louvers are positioned on 0.75 m vertical centers, with a total of
100 louvers in the RWE structure which can be attached to the open end of the
LB/TS. An additional 34 louvers are installed in 17 side vents cut into the
wall of the LB/TS near the RWE. The louvers feature an elongated diamend cross
section, with a span of 2.029 meters, a chord of 0.85 m and a depth of 0.0889 m.

The louvers are supported on a series of structural beams that are secured
to a movable carriage mounted on rail tracks. The beams have a deep web, up to
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36 inches, where bearings and operational hardware for each louver are located.
The structural members have been sized to easily withstand the total load
imposed on the louvers from the maximum LB/TS blast wave.

The louver: are rotated by a series of hydraulic servo-actuators that supply
torque via a rack and gear mechanism. The hydraulic system is designed to be
modular so that off-the-shelf hardware can be used and that failure of a single
component will not cause failure of the entire RWE system.

The RWE structure is mounted on a platform supported on crane rails so that
the RWE can be moved into position and secured to the end of the LB/TS, or moved
to the side to allow access to the interior of the LB/TS. The rail transport
will easily support the 49,900 kg total static load of the RWE. An additional
structure needs to be built along side the rail line to provide support to the
top of the RWE, which extends over 10 meters above the track level, and conse-
quently has a very high center of gravity.

ROTATING LOUVER JUSTIFICATION

Three major pieces of data were used to support the selection of rotating
Touvers as the best concept for the RWE for the full scale LB/TS. The first is
that a similar large design has proven successful in the shock tube facility at
the Centre d'Etudes de Gramat, France; secondly, rotating louvers were found to
be the most efficient approach in an earlier design evaluation (Ref. 1); and
finally, this effort produced a scale model of a rotating louver RWE that demon-
strated effective performance in the reduction of rarefaction waves in tests of
a 25.4 cm diameter shock tube at the U.S. Army Ballistic Research Laboratory at
Aberdeen Proving Ground, Maryland.

The rotating louvers on the large shock tube in Gramat are preprogrammed to
operate at a linear closing rate that is roughly designed to match the particu-
lar pressure profile to be generated. The shock tube is very large, a hemi-
cylinder about seven meters in radius. Nonetheless, the device has been shown
to have a significant impact on the shape of the positive prase duration of the
blast waves simulated in the facility.

The earlier efficiency study was conducted by the authors of this report
while at the Denver Research Institute, and addressed the develcpment and techni-
cal evaluation of three alternative design concepts for an active rarefaction
wave eliminator for the LB/TS (Ref. 1). Three ideas were put forth for
assessment: a rotor-stator (expanding fan) design, a hinged bi-fold louver, and
a2 louver that rotated about its center of mass. In terms of operating power and
total mass of the system, the rotating louver concept had by far the lowest
requirements. Fine tuning has been done on the details of the design in this
project, but the overall concept remains as developed in the previous work.

As part of the current effort, a 1/57th operational scale model of a rotat-
ing louver RWE was designed, constructed and tested on the 25.4 cm shock tube at
BRL. Test results present conclusive evidence that the RWE reduced the effect
of rarefaction waves on the overall shape of the positive phase of the pressure
profile at different peak pressures. There was also some non-required influence
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by the RWE on the creation of a proper negative phase in some of the tests. The
overall conclusion was that the use of RWEs can improve the performance of
shock tubes where simulations of overpressure histories are impacted by rarefac-
tion waves.

SIDE VENT CONFIGURATION

The side vent configuration for the full scale RWE 1s presented in
Figure 39. The shape of the individual vents has been specified so that each
will accommodate two of the louvers to be used in the end mounted RWE section.
The vants are thus 2.03 meters long by 1.5 meters wide. The vents are arranged
in two arc rows of six separated by an arc row of five for a total of 17 side
vents; their positions are staggered in order to maintain waximum strength in
the LB/TS side wall. 1In a fully-open position, abuut 11% of the vent area is
blocked by tiie louver so that the 17 vents provide a maximum net area of
45.6 m*, or about 28% of the end cross section of the LB/TS.

The side vents are operated by a hydraulic system similar to the mechanism
used on the end-mounted RWE louvers. A hydraulic servo-actuator will be located
on the shell of the LB/TS and will drive a toothed rack positioned to operate
the louvers in three vents, one in each arc row. An additional mechanism on
each vent will reverse the direction of rotation for the other louver in the
pair so that they rotate towards each other as do adjacent louvers in the end-
mounted RWE. Sirce the side vent servo-actuator 1s driving six louvers, it can
be the same size as the one used to operate seven louvers on the end-mounted
RWE. This commonality will reduce fabrication and design costs, and should sim-
plify maintenance requirements as well,

A calculation of the power requirement showed that sequential operation of
the side vents was very costly in terms of power. This is an operating mode
where the side vents are moved from the full open to the full closed position in
the time period where the total open area ratio requirement for the blast wave
is above the 80% maximum available from the end-mounted RWE system. The end
vents then take over and operate to satisfy the changing open area ratio. This
approach requires that the louvers in both systems rotate at high rates; it was
realized that there would be significant advantage to simultaneous operation of
the louvers since the resulting rate of rotation would be much slower, particu-
larly for the side vent louvers. The power for louver rotation is a function of
both the rate of rotation (anguiar velocity) and the rate of change in the rate
of rotation (angular acceleration) so that any reduction in the angular velocity
(and angular acceleration needed to reach that velocity) would be reflected in a
proportionally greater reduction in the power requirement. The side vents are
thus operated over the entire positive phase duration of the blast wave with a
power requirement that is identical to that of the end-mounted RWE louvers.

POWER CALCULATIONS AND IMPACT ON DESIGN
An investigation was conducted to assess the impact of louver dimensions on

the power requirements for operation of the rotating louvers during the positive
phase of the passage of a blast wave. The objective of this work was to opti-
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mize the performance of the RWE while minimizing the amount of power needed to
operate the louvers. As a "worst case" scenario, a positive phase duration of
289 milliseconds was chosen, which is associated with a 10 kT yield. The lou-
vers were required to move from a fully open to fully closed position in this
time, and the inertial power required to meet the motion profile was calculated.
A simplified (quasi-steady state) version of the UTIAS computer model for the
prediction of open area ratios was used to construct a closing profile for the
RWE.

Performance of louver design alternatives was evaluated with a computer
model assembled as a spreadsheet. Data for alternative designs were graphed for
comparison and are presented later in this report. This approach permitted a
quick, yet thorough, investigation that resuited in an improved louver design
and predicted power requirements for the RWE.

HYDRAULIC DESIGN PARAMETERS

A design of the hydraulic system for operation of the rotating louver RWE
was performed. A préimary concern of the design effort was the identification of
a concept that could accommodate the need for very rapid motion of the louvers,
while at the same time maintaining fine control of the motion. The key to the
solution of this problem is in the use of servo feedback to verify that the
motion is being executed as programmed. Again, the 1/57th scale working model
provided some guidance as to the feasibility of thi. approach. An electric
servomotor was used as the power supply for the 1/57th scale louver system, and
was found to track the programmed motion profile quite well. The use of a
larger shock tube with an RWE would allow a hydraulic servo-mechanism to be
tested to demonstrate the full scale LB/TS Rwt design.

A modular approach to the specification and design of an RWE hydraulic oper-
ator was followed and 1s discussed in detail later in this report.

STRUCTURAL DESIGN

Three specific aspects of the structural design of the RWE for the LB/TS
were examined in this study. These included a stress analysis of the louver
configuration as modified in early design optimization activities; a review of
the stresses on the main support beams for the RWE structure; and a preliminary
design of a carriage to move the RWE into position on the end of the LB/TS and
away when not needed.

The louver stress analysis addressed several loading modes and presents cdata
on the reaction of the configuration to the maximum expected overpressure blast
wave., The conclusion is that the current design is structurally sound and
should easily survive all but the most blatant abuse (i.e., setting of the lou-
vers in a more closed than required condition).
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The support members of the RWE structure were confirmed as sound with an
adequate margin of safety (1.5, based on a reflection coefficient of 3) for the
most severe blast environment expected in the LB/TS.

The preliminary design of a carriage for positioning of the RWE employs as a
base of support a standard railway flatcar with simpie modifications to support
the extreme height of the RWE and the limited travel to which it will be
subjected. Details of the design are also included in later sections of this
report.

OPTIMIZATION OF THE LOUVER CROSS SECTION

An analysis was conducted on the power requirements for motion of the lou-
vers and of the impact of louver dimensions on required power. The baseline
assumption was a 241 kPa (35 psi) overpressure blast wave with a positive phase
duration of 289 ms which represents a 10 kT nuclear yield simulation. This
short positive phase duration yields the maximum power requirement since it
forces the most rapid rotation of the louvers. A spreadsheet model was pro-
grammed for the calculation of polar-moment-of-inertia of a single louver and a
table was created to compute the power requirements every 15 milliseconds over
the given positive phase duration. The calculations assumed that the louvers
operated simultaneously in the end and side vent sections of the RWE, instead of
sequentially (side vents first, followed by end vents). Dimensions of the
optional louver design from Reference 1 were used in the determination of the
polar-moment-of-inertia for the baseline case. The chord length of the cross-
section of the louver and the outside diameter of the central bar on which the
Touver pivots were t-eated as variables in the evaluation of design alternatives
to minimize power coisumption.

The angular position of the louvers was computed for various time intervals
and the finite difference scheme was then used to calculate both angular veloc-
1ty and angular acceleration from the time interval. The power reguirement was
computed as the product of the applied torque and the angular velocity.

Results from the model are shown in Figure 40. In reference to this figure,
the case labeled "baseline" presents the power requirements as shown in the
final report of the initial design, (Ref. 1). This reference reported that the
end louvers did not begin to move until the overall open area ratio requirement
dropped below the maximum amount available from the additional use of end vents.
This is the “sequential" mode of operation noted previously. The other cases
shown all represent louvers which start to move as soon as there is a need for a
change in area ratio. For these cases it is assumed that there are side vents
that supnlement the end vents in order to provide the capacity to meet require-
ments for total open area ratios greater than 0.8 times the cross section of the
LB/TS (20% of the actual open area is taken up by blockage of the flow by static
presence of the RWE). The side vent louvers operate simultaneously with the end
vent louvers and, in fact, the power requirements are identical for both, equal
to the values plotted on the figure.
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The advantage of simultaneous operation is seen at two different times in
the time-history shown on Figure 40. The first is at 90 milliseconds, where
there is a sharp peak in the baseline case. [his occurs because the louver
starts from rest and must generate a rapid change in open area to follow the
rapid decay of the simulatea blast wave. In fact, because of this exponential
decay rate the low yield simulation requires the greatest rate of change in open
area ratio and thuc demands the greatest power. The second power peak is seen
near the end of the simulated blast wave. At this time, the power requirement
rises because the louver is nearly perpendicular to the flow, and a large change
in angular position is needed to generate a small change in open area ratio.

The relationship between angular position and open area is a function of the
sine of the angle between the chord of the louver and the direction of flow; as
the angle approaches 909, the sine function changes 1ittle for 1incremental
changes in angle when compared with the change for similar increments at smaller
angles. One obvious solution to this problem is to lengthen the chord of the
louver cross-section such that the tips of adjacent louvers meet (producing a
;ggally blocked cross-section) at an angle to the direction of flow of less than

The additional data on Figure 40 show the results of lengthening the louver
chord, The trade-off 1s the increased polar moment-of-inertia of a wider louver
for the reduced rotation that {is required to create a given open area ratio.
The benefit of the widened louver design is seen at vverpressure duration times
greater than 240 ms, where power requirements are lowest for the longest chord
configuration. The penalty for the increased polar moment-of-inertia is seen
earlier at the 90 ms time where power for the longest chord design is perhaps
20% greater than for the optional louver design. One other penalty that would
be paid for a longer chord louver design (not reflected in the power calcula-
tion) would be an increase in the amount of material and therefore in the cost
of fabricat.on.

However, the power savings near the end of the simulation are considerable,
and make the consideration of a wider louver design preferable. The approach to
the specification of peak power supply for the RWE would involve cutting off the
power requirement at the end of the simulation at some value below the peak
shown on the figure. This would be acceptable because the siower motion of the
louver near the end of its travel would cause only small deviation from the sim-
ulated pressure history since thz overpressure at this point is well under 6.9
Kpa. Based on the data presented in Figure 39, a peak power of 1.5 kw per lou-
ver would seem to be adequate for the RWE; thus the total power for 134 louvers
would be about 201 kw. This compares to a previous requirement of 400 kw for
the end louvers and over 3000 kw for the louvers in the side vents. The side
vent requirement is very large because of the very fast operating times (full
open to full closed in 75 ms) needed in the sequential operating mode.

The power analysis shown in this report led to the selection of 0.85 m as
the chord length for the louver cross section. In addition, the central bar on
which the louver pivots was reduced in size to 0.0889 m (3.5 in) diameter. The
net result is a lower power requirement for operation of the louver and a
greater maximum open area available for the end-mounted section of the RWE. The
new cross section is shown in Figure 41.
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OFFSET OF ADJACENT LOUVERS

One concern with the full scale louver configuration developed in the design
activity described above, was the blast loading that would be incurred on adja-
cent louvers as their edges touched in the fully closed position. This was of
considerable interest since the 1louvers would be rotating at their greatest
velocity at the time of this impact. The blast loading could cause significant
damage to the louvers, and was a distinct disadvantage to the long chord length
configuration. A potential solution to this problem was discovered and its fea-
sibility was subsequently investigated.

The way to avoid the collision of adjacent louvers was to install them with
a permanent rotary offset; that 1is, one louver would be positioned with its
chord at a small angle to the chords of its neighbors rather than parallel in
the fully opened position. Of course, adjacent louvers rotate in opposite
directions, so that once motion is initiated they are no longer parallel, but
the original concept was to move the louvers such that at any instant in time,
the positions of adjacent louvers would be mirror images of each other. This
new idea was to have one of the pair of louvers start at a slightly greater
angle to the direction of flow so that as the tips of adjacent louvers neared
each other, the one at a greater angle would move behind the other and contact
would be avoided.

A computer program was written to plot the locations of adjacent louvers as
they rotated through angular positions that would bring them near contact. This
effort was undertaken to determine the minimum offset angle required at which
there was no contact between adjacent louvers. The vertical spacing between
Touver pivot shafts is 0.75 m (29.5 in); while the chord length of the new lou-
ver design is 0.85 m (33.5 in). Thus, a rotation of two adjacent louvers toward
each other without the offset would normally result in an interference before
both louvers reached a fully closed (vertical) position. The plots generated by
the program are shown in Figure 42, One louver was offset 5° relative to the
other; e.g., when the upper louver was at an angle of 0° relative to the direc-
tion of fiow, the lower louvar was at +5°. The louvers are then rotated toward
each other in five degree increments. In the configuration under study there
would be contact of the ends of the louvers at an angle of about 62° if there
was no offset; the figure demonstrates that contact can be avoided if an offset
1s used. In the figure, identical line weights are used to outline the posi-
tions of adjacent louvers at the same instant in time.

The tips of the louvers are seen to pass within about a centimeter or so
(when scaled to full size) at 70° angular displacement of the upper louver, but
no interference occurs. The later time conditions indicate that the gap has
fncreased a 1ittle at 75° and continues to grow up through 90°. This result is
significant in that it allows the use of the longer chord louver design for the
full scale RWE with its lower power requirement without imposing a problem with
sudden contact of the louver tips while stil11 moving at considerable velocities
(i.e., the louvers don't "slam shut").

If there is a desire to shape the blastwave in the negative phase, which can
be accompiished to some extent, then the louvers would have to be programmed to
move faster through the fully closed position. This requirement is due to the



. 60° through 70° positions 75° through 85° positions
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Figure 42. Louver offset position projections.



longer chord length which means a fully closed condition is encountered before
the louvers are perfectly vertical and the first opening occurs at a 1ike angle.
Therefore, the closed condition is maintained through a large angle of rotation
and hence some finite amount of time.

OPERATING MECHANISM

The rotating louvers are positioned in eight columns to cover the open end
of the LB/TS. Bearings in which the louvers rotate are mounted in large beams
at the ends of the louvers. The beams are the primary load bearing members, and
also provide a framework to attach the mechanisms for application of torque to
the louvers. All of the interior beams are "I" beams while the RWE end members
are "T* sections. The louvers are rotated about the central bar that forms a
shaft on which a gear is mounted at the supporting beam. The gear is driven by
a rack to generate torque for the rotation of the louver. A servo-hydraulic
actuator provides the force that moves the rack vertically during passage of the
blast wave. Adjacent louvers are driven from alternate ends to rotate in oppo-
site directions. This is accomplished by locating the rack on opposite sides of
the driven gear. Thus, one rac< s always moving downward, and the mass of the
rack :163 in the motton, ratner than contributing to the load on the servo-
actuator,

In order to keep the actuator power requirements within the scale of availa-
ble off-the-shelf hardware, the operating mechanism is designed to be modular.
Parallel systems are installed on each of the support beams to operate groups of
louvers simultaneously. This offers redundancy that avoids the potential prob-
lem of a major failure that would incapacitate the entire RWE system, and should
also result in reduced costs in design, installation and maintenance of the RWE.

STRUCTURAL ANALYSIS

A stress analysis of the full scale louver configuration presented above was
completed using pressure profile data for a 241 kPa, 10 KT simulation. Three
different siresses were considered in the analysis.

In the first condition, the louver is treated as a simply-supported beam
with a uniform load applied along the length of its shaft as shown in Figure 43.
This loading produces a bending stress in the louver that reaches a max.mum
value of 250 MPa on the outer skin at a location cne half the shaft length of
the louver. The loading changes as a function of louver position for two
reasons: first, the overpressure from the blast decays over the positive phase
of the blast simulation; and second, the projected louver area increases as the
louver orientation with respect to the flow axis changes. The moment-of-inertia
of the louver section decreases as a function of time during the passage of the
blasi wave because of the decrease in section depth as the louver chord rotates
with respect to the flow axis. In this loading condition the louver's maximum
moment-of-inertia, 6.5 x 10* cm*, occurs for the fully open position where its
section depth is equal to its chord 'ength, as seen in Figure 43. The minimum
moment-of-inertia, 1011 cm*, value occurs in the fully closed position where its
section depth is equal to the outside diameter of the louver shaft.
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The second loading condition considered the cross section of the louver as
shown in Figure 44. In this case, half of the louver section is treated as a
cantilever beam to determine the magnitude of the stresses generated along the
chord length. The maximum stress generated by this load condition again occurs
at the outer skin at half the chord length. The maximum value of the stress due
to this loading configuration is less than 6.9 kPa when the louver rotation fol-
lows the specified RWE profile.

The third loading condition considered in the analysis was the shear stress
on the lTouver shafts. Calculations were based on the total loading due to stag-
nation pressure with a contribution from the reflection of the oncoming blast as
it interacts with the louver cross section. A reflection coefficient of 3 was
used to account for the additional loading from the shock, as described in the
Air Force Manual for Design and Analysis of Hardened Structures (Ref. 12). This
reflection coefficient is actually a function of the angle of incidence between
the blast front and the surface upon which the blast impacts and the peak ampli-
tude of the blast wave; the factor of three used in the calculation is for a 0°
angle of incidence. In fact the louver in the proper position for arrival of a
241 kPa overpressure blast would be closer to a 90° angle of incidence, and
would thus have a lower reflection coefficient. The calculation therefore rep-
resents a conservative approach. It is important to note that this blast
refiected pressure is instantaneous and is immediately relieved upon passage of
the blast; it must nonetheless be included in the load analysis. The shear
stress generated in the shafts was found to be less than 15.85 MPa for the
reflected shock loading so that the most severe stresses on the louver are those
generated in the first load condition (bending stress).

Figure 45 presents a plot of bending stress in the louver as a function of
the angular position of the louver with respect to the flow in the LB/TS.
Bending stress was calculated for the first load condition with the addition of
a term for the increased load due to reflection of the blast upon arrival as
noted above and separately for aerodynamic-generated 1ift on the louver. The
analysis considered the RWE as both an active system and a fixed or passive
system. The data shown in Figure 45 is for the active system only.

For the active system the louver angular position is assumed to change as a
function of time to generate the open area ratio needed for proper RWE opera-
tion. The stress generated by overpressure on the louver is thus a product of
decaying static pressure and an increasing projected area of the louver as it
rotates toward a closed position, The stress generated due to aerodynamic 1ift
was determined as function of the 1ift coefficient (i.e., attack angle), dynamic
pressure, and moment-of-inertia of the louver. The equations used to calculate
the 1i1ft coefficient generated by the louver at angles of attack less than 16°
was based upon symmetric plan forms in steady state, subsonic flows (Ref. 13).

o Con s 1
For angles of attack greater than 16°, an equation Cl'[0.222 ¥ 0.2835170 cos8,
for the 1ift coefficients for thin flat plates inclined to a flow at angles up
to 90°, was employed (Ref. 13).

In the analysis of the passive system, the louvers were assumed to be held
at a fixed position or angle with respect to the flow axis for the entire posi-
tive phase duration of the simulation. For the overpressure stress, the passive

ga
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case data shows that at an angle greater than 45° during the passage of the ini-
tial shock through the RWE, the louver would exceed 250 MPa stress in the
louver. The 1ift generated stress peaks at 250 MPa which occurs at an angle of
attack of 7-9°, The 1ift stress reaches its maximum at this angle due to the
relatively high flow velocity, large 1ift coefficient, and small moment of iner-
tia of the louver in the direction normal to the flow. This condition could
occur if the RWE were operated as a passive device.

RWE CARRIAGE

The entire structure of the RWE and its hydraulic driver system are mounted
on a mobile carriage to permit installation and removal of the system at the
open end of the LB/TS. The mobile carriage will use conventional railway compo-
nents combined with a steel guidance and support structure as seen in Figure 46.

The total weight of the RWE louvers, support beams, and hydraulic system is
calculated at 49,900 kg. A conventional railway flat car with a carrying capac-
ity of 63,500 kg and a length of 15.2 meters will form the chassis of the RWE
carriage. The rail carrifage will be propelled by the use of electric motors
geared to the axles of the flat car. The carriage will be traversed into posi-
tion at the end of the LB/TS and secured. The distance between the end of the
LB/TS and RWE structures can be made variable or fixed dependent on the decision
of active or passive side venting. Via a second set of rails imbedded on the
deck of the carriage parallel to the direction of gas flow, the RWE structure
can be advanced laterally across the carriage assembly toward the end of the
LB/TS structure. The RWE will then be securad to the pre-stressed steel cables
on the end of the LB/TS.

When the RWE is uncoupled from the end of the LB/TS, the steel guidance and
support structure will assure the vertical stability of the RWE and carriage
assembly. The steel structure will act as a guide during the traversing process
and provide access to the upper louvers and drive system components when the RWE
system is stored adjacent to the LB/TS. During the traverse process and while
the RWE is stored clear of the LB/TS end, it is susceptible to wind loading.
The steel guidance and support structure will prevent the possibility of top-
pling of the RWE system due to excessive wind loading and a relatively high cen-
ter of gravity.

RWE SUPPORT BEAMS

A structural analysis of the RWE vertical support beams was performed to
determine approximate beam sizes. Calculatiens were based on the predicted con-
ditions and louver positions for a 35 psi, 10 KT case. Total loading on the
beam was determined by superimposing the load due to the louvers and the loading
on the face of the beam due to stagnation pressure. The ioad due to the louvers
was assumed to be the force component acting in the direction of fiow down the
LB/TS. The louver force in this plane was taken as the product of the aerody-
namic drag and the overpressure times the projected frontal area of the louvers.
The loading was assumed to be uniform along the length of the beam and the beam
was considered to be simply supported. A reflection coefficient of 3 was
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appiied to account for the additional loading of the shock on the beam face.
The reflection coefficient was not applied on the louvers because the angle of
incidence between the shock front and the louver surfaces was less than 10°,

To accommodate the optimized louver geometry and driver system components,
wide flanged steel I-beams of the W36-135 to W36-194 sizes are the preferable
shapes for the support structure fabrication. These beams have sufficient web
depth to allow full louver rotation inside the flanges and can provide the best
trade off between flange width (i.e., blockage) and maximum moment of inertia.
Analysis of the loading on the majority of the support beams shows that there is
an inadequate margin of safety using single beams and conventional grades of
steel. The most practical alternative is to physically stack two beams flange
to flange to achieve the necessary strength. Using this approach, the center
support beams would be fabricated out of two W36 x 194 sections bolted together
at the flanges to provide a sufficient margin of safety for shock loading.
Table 8 summarizes the recommended beam sizes, calculated loads, stresses, and
safety factors. The loading on beams 8 and 9 is dramatically reduced as the
beams themselves are out of the flow. Total loading 1s due only to the overpre-
ssure on the projected frontal area of the louvers and to the aerodynamic drag
of the louvers. The W36 x 135 beam size is recommended only to maintain uni-
formity in the interface between the louver bearings and drive assemblies and
the support beam geometry.

Table 8. Support Beams for the LB/TS Reflected Wave Eliminator

Beam Steel Moment Effective Load!? Maximum Safety?
No. Shapes of Inertia Length Force Stress Factor
(cm) (m) (tons) (MPa)
1 Doubled 2.57x106 10.75 340 161.8 1.5
W36x194 (2.6)
243 Doubled 2.57x106 10.50 337 156.7 1.5
W36x194 (2.7)
445 Doubled 2.57x106 9.50 331 139.4 1.7
W36x194 (3.0)
6 &7 W36x194 1.47x106 7.75 275 142.0 1.7
& W24x120 (2.6)
849 Single 3.25x105 4.00 30 39.6 6.2
W36x135

' The component of the load forces generated on the face of the support

beam incorporate reflection coefficient of 3.

Figures in parenthesis are safety factors without the reflection
coefficient, Safety factor calculated based ASTM 36 steel.
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DESIGN OF THE HYDRAULIC POWER SYSTEM FOR THE FULL SCALE RWE
Guidelines

The prime requirement for the hydraulic power system for the operation of
the Touvers in the full scale RWE is that relatively high power output be pro-
vided for a very short period of time. The approach to meeting this requirement
in the most cost effective manner is through the use of hydraulic accumulators.
A small system power supply (pump) can be operated over long periods of time, on
the order of minutes, to charge the accumulator(s), which can then supply hydrau-
11c fluid at high flow rates in a "burst" mode. This relieves the system of the
requirement of large pump size and flow capacity that is ouly used for very
short time spans. The system power output becomes effectively divorced from the
supply pump power input.

Another guideline for the design of the hydraulic system is the use of a
modular approach for the selection of componerts. The most logical size break-
point 1s by sections in which the louvers are arranged in the support frame. In
the current design there are eight sections with 10 to 14 louvers per section,
A layout has been developed that allows a1l actuators to be powered downward so
that the weight of the drive rack need not be supported by the hydraulic actua-
tor and summed into the load.

This approach permits the use of smaller components and keeps even the
instantaneous power requirement for a single actuator at a manageable level,
around 15 kw (20 HP), which is the power required for the operation of seven
louvers simultaneously. Multi-member 1inkages or sophisticated mechanical
transmission devices make simultaneous operation of multiple sections of louvers
more prone to problems; therefore the modular arrangement is favored.

A novel concept for control of the hydraulic actuator that couples a mechan-
fcal servo feedback with the hydraulic control valve/actuator is now commer-
clally avatlable and appears ideal for the RWE system. The control valve in
this device is operated by a stepper motor which i{s programmed to provide a
defined motion profile for the actuator. The feedback 100p then assures that
the imposition of the load on the system does not alter the motion profile of
the actuator. This is an ideal approach for the operation of the full scale
RWE, as the motion profile executed by the louvers will be a function of the
blast wave parameters in the LB/TS. Several limitations on the performance of
the actuators are imposed when specific models are selected from the vendor.
These include a maximum linear extension rate of 1.5 m/s (five feet per second)
and a maximum fluid flow rate through the control valve of 115 liters per minute
(30 gallons per minute). Both of these criteria impact the design of the means
by which the hydraulic servos drive the louvers, particularly in the diameter of
the drive gear that is mounted to the louver shaft. There are upper and lower
1imits to the gear size based on the actuator extension velocity and fluid flow
rate.




Hydraulic Component Selection

A preliminary layout and design for the hydraulic system has been completed.
A schematic 1s presented in Figure 47. System components considered in this
activity include selection and sizing of a linear servo actuator for control of
a section of louvers and sizing of accumulators, pumps, and hydraulic transfer
1ines. Details such as relief valves, servo actuator control system, filters,
supply tanks and comporent mounting have not been included.

Servo Actuator

The hydraulic servo actuator is sized to the power requirement to operate a
bank of five to seven louvers in a section of the RWE. The power requirement is
determined by the geometry of the louver design and the rate of change in louver
position as a function of time. For the most severe case in the LB/TS, the pos-
ftive phase duration of the simulated blast wave is about 0.3 seconds, during
which the louver must rotate from a full open to a fully closed position, a
total of about 55°. The maximum power needed is 1.5 kw per louver for a total
of 10.5 kw (14 HP). The delivery mechanism for this power is a gear mounted on
the end of the louver that is driven by a vertically translating rack (see
Figure 39). The rack 1s connected to the hydraulic actuator and is positioned
via bearings to operate in the vertical direction. The maximum velocity at
which the rack must travel is a function of the rate of rotation of the louver
and the drive gear diameter; the fcrce applied to the rack by the actuator is
determined by dividing the power requirement by the velocity. Once the force is
known, the actuator can be sized for a given operating hydraulic pressure or
range of pressures. The actuator size is therefore a function of the gear size,
required power and system hydraulic pressure.

The candidate servo actuators have three fundamental limitations: a maximum
extension velocity of 1.5 meters per second, a maximum fluid flow rate of
115 Yiters per minute, and a maximum system pressure of 15.5 MPa. For gear
sizes to 30 cm (12 in), the velocity requirements for the actuator are well
within the limitation; however, depending on the specific actuator selected, the
flow rate may be exceeded for short periods of time.

Operation of the actuator in an excess flow mode results in an increased
pressure drop through the control valve and the reduction of available power at
the actuator. Hydraulic design literatura notes that the pressure differential
for a control valve is approximately 344 kPa «t the rated flow rate, with a
1.9 cm (3/4 in.) valve rated at 134 Kpm, somewhat above the values presented in
the data for the servo actuators. A 20.3 cm (8 in.) diameter driven gear
(mounted on the shaft cf each louver) has been selected for the baseline design.
The servo actuator that drives the gear employs a 60 mm (2.362 in.) diameter
hydraulic cyliinder. Whea operated at 10.3 MPa (1,500 psig), the maximum linear
velocity reached to meet the required torque for the 1louvers is 0.82 m/s
(2.7 ft/s). This servo actuator is commercially available off-the-shelf, Model
SVIZ-60 from Stauff Corp., Waldwick, NJ.
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Accumulator

The RWE total operating time is less than a few seconds, which means that
the accumulator would be discharged in a condition where the expansion of the
compressed gas would be adiabatic--this was the assumption used in the sizing
calculation. The accumulator was sized per the method described in the Parker
Fluidpower Design Engineer's Handbook (Ref. 14) and was found to be 57 liters
(15 gallons) for 13.78 MPa to 10.3 MPa (2000 to 1500 psig) operating condition.
The suggested configuration is to use a four liter (one gallon) accumulator for
each actuator, with a relatively short length of large diameter (3.81 cm)
hydraulic tubing to minimize pressure drop between the accumulator and the
actuator. In addition, a control valve will be installed on the accumulator
which provides a safety vent at shutdown. This valve relieves pressure from the
accumulator, and thus prevents accidental operation of the hydraulic actuators
when the hydraulic system is not powered up.

Pump

A 20 Viter per minute (5 gpm) pump system has been selected that will
recharge the accumulators in under a minute, since total flow requirement to the
actuators is less than four gallons. Total power requirement for such a system
(201 pm at 13.78 MP) would be about 7.9 kw (10 horsepower).

Hydraulic Tubing

Maximum flow conditions in the individual hydraulic circuits will occur near
the end of the positive phase duration of the simulated blast wave, and will be
somewhere between 115 and 150 ipm (30 and 40 gpm). Standard design practice is
to keep the maximum fluid velocity in the tubing below 4.6 m/s (15 fps) to mini-
miza the potential for damage to the system from water hammer when valvec are
quickly closed. To maintain flow velocity below this value, minimum fluid tub-
ing size is 3.81 c¢cm (1-1/2 in.). There are several tubing material/wall thick-
ness combinations that will satisfy Class B safety requirements. Both 304
stainless steel and mild steel tubing can be specified, with appropriate wall
thicknesses. The 3.81 cm diameter tubing will be needed only on the accumulator
to servo/actuator legs of the system. The overall flow loop that feeds the
individual circuits from the pump/return tank can be in the 1.27 to 1.9 cm diam-
eter range, since its peak flow rate is much lower.
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FULL SCALE RWE OPERATION

The first activity of the operation of the RWE must start several hours
prior to the actual test. During this time the hydraulic fluid is circulated
through the filtration system. This activity is necessary to insure that the
fluid is as clean as possible so the servo valves will not become clogyed and
{noperabie. This process will also bring the fluid up to operating temperature.
The total time duration and when it should begin is dependent on the volume of
the hydraulic fluid that is required by the entire system.

The next activity 1s to program the proper closing function into the RWE
controller (probably a Personal computer 386 type machine). The closing func-
tion can be developed with either a subroutine such as the ELIM code or by look-
ing up a function that had been previously developed for a particular test
condition and programming i1t into the RWE controller. Inputing the proper clos-
ing function is important since the controller will check the status of various
parameters of the tube, such as the driver pressure, to insure that the proper
closing function has been prcgrammed for the specific test being conducted. 1If
an error is detected and not manually corrected in a soon enough time frame, the
the RWE louvers will be instructed to remain in a fully open position during the
entire test. The rational for providing this check is for safety purposes. If
this situation occurs, the test may have other than the desired results since a
;ar'fa:tion wave will cross the test section but the facility will not be

amaged.

The next activity is to move the RWE from the retracted position to the end
of the expansion tube. This activity should take place after the test target is
in place and all supporting equipment is removed from the simulator. However,
this activity should be completed prior to the installation of any detonators on
the diaphragms since 1t is anticipated that personnel will be at the RWE loca-
tion during the transport. The next activity is to activate the attachment
mechanisms which couple the RWE to the expansion tube. Proximity sensors
installed on these mechanisms will signal the RWE controller that all of the
mechanism are in place.

Once the RWE is in place and properly attached, the hydraulic accumulators
will be pressurized. This pressurization will be monitored by the RWE
controller. The RWE will then be exercised by the RWE controller. This exer-
cise will consist of slowly rotating the RWE louvers back and forth. During this
activity, diagnostic information will be fed back to the RWE controller to
ensure that all of the RWE elements are operating as desired. This exercise
aliso helps to maintain the 1lubrication of the mechanical joints such as
bearings. With all conditions in a positive attitude, the RWE wil' then manu-
ally be given the command to execute the closing function for the upcoming test.
Again diagnostic measurements will be made and analyzed to insure that the RWE
operated properly.

The next activity would then be in a closer tim: sequence to the fire pulse
which starts the diaphragm rupture. Approximately 30 minutes prior to diaphragm
rupture the RWE would be slowly exercised to maintain lubrication. After this
activity is finished the louvers would be positioned at the proper initial
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angle of attack for the particular test being conducted. The accumulators would
then be filled and checked. The closing function would be installed and the RWE
controller, in conjunction with the LB/TS facility controller would have com-
plete control (unless a manual override was forced). The RWE controller would
observe the pressures in the drivers as well as the RWE hydraulic pressures.
Once the driver pressures have reached their maximum level a check would be made
to ensure that the closing function programmed matches the driver pressure. As
the fire pulse is sent to the detonators on the diaphragms, a split of this sig-
nal is sent to the RWE controller. The RWE closing function is then initialized
and an internal countdown clock is started. The countdown time is based on the
pre-derived expectation of how long it takes the blast wave to reach the RWE for
a specific test condition. Three to four pressure transducers, at different
locations along the test section, near the test section are then sampled to
determine blast wave time of arrival. Quick calculations are performed to
determine the blast wave velocity and check the expected velocities for the par-
ticular test being conducted. If every item is agreeable and all the systems
report ready conditions, the RWE 1s set into motion with the side louvers closing
first (if required) and the end section louvers finishing the closure. If any
system condition is negative then the RWE is instructed to move to the most open
position and remain there for the duration of the test.

During the test, diagnostic measurements are made and stored in memory for
future analysis. The RWE 1s then inspected for any damage that may have
cccurred due to test target pieces impacting the RWE. If the inspection proves
positive the RWE is retracted from the end of the expansion tube ana moved into
the retracted position.



ESTIMATED FULL SCALE RWE COSTS

Based on the current level of design described in the previous sections, a
rough costs estimate has been developed. The basis for the costs was derived
from adding together all of the similar items and determining the unit price
from various vendors. If an item requires fabrication, estimates were received
from various fabricators pertaining to that item. Therefore, the costs pre-
sented in Table 9 are constructed costs. Also, the costs have been broken into
categories of similar materials.

Table 9. Estimated Costs

Category Quantity Cost
Steel (plates, bar, 911,000 1bs $2,290,000
beams, etc.)
Mechanical Components Various 480,000
(bearings, gears, etc.)
Hydraulic Components various 580,000
Instrumentation and Controls various 550,000
TOTAL $3,900,000
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PASSIVE RWE DEVELOPMENT

Passive RWEs are attractive since they are lower in capital costs than an
active RWE. Many passive RWE designs are used in various blast simulators
around the world with one of the most notable at AWE, Foulness, England
(Ref. 15).

However any passive RWE has its limitations. During the study of active
RWEs, it became apparent that a passive RWE is only partially effective. An
examination of the experimental data obtained by Coulter and Kingery (Ref. 16)
shows that a properly tuned passive RWE can provide some useful waveforms.
However, these passive devices are set (amount of blocked area versus open area)
for the entire passage of the blast wave and therefore cannot be as effective as
an active RWE. Also, since each blocked area ratio is different for each
overpressure, tests being conducted on a large number of various geometries
would have to be available to meet the full range of operational requirements
for the LB/TS. This scenario becomes less desirable since an extremely large
amount of manpower would be required to set up the passive RWE and less than
desirable results would be obtained.

However, if a passive RWE were really desired one could study its effective-
ness using an active RWE. The active RWE would be used, however the louvers
would be locked into a specific place for a given test. These results could
then be studied to actually determine the overall effectiveness (both static and
dynamic impulses) of a passive RWE. In fact, the RWE which was to be developed
for the 1/57th scale shock tube would be a perfect level to try this idea since
the operational cost for testing at this scale are very small in comparison to
larger scale tubes. This approach was discussed with the project sponsor and it
was agreed to abandon any further development of a passive RWE.
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CONCLUSIONS

An extensive amount of effort was applied toward developing the design tools
for RWEs, updating the RCM code, developing, constructing, testing, and analyz-
ing the 1/57th scale RWE, and furthering the design of the LB/TS RWE. The ini-
t1al conclusion was that the objectives of this effort were met. Several design
requirements which needed detailed input were identified as well as problem
areas in the design approach. However, the design methodology proved to be
:ound and with the inclusion of the lessons learned, other RWE designs should

wrove ) !

The 1/57th RWE that was designed, constructed, and tested shcwed promise in
the concept of a rotating louver design. Some modifications were necessary to
improve the design, but this was anticipated since this was essentially a
prototype. The device seems to produce the desired results and is easily adapt-
able to changing environments. One of the biggest drawbacks of this system was
the limited resolution of the servo stepper motor of 2 msec. When the entire
positive phase durations are on the order of 20 msec, not many of the details of
the flow can be influenced by the RWE. However, positive results were still
observed and the RWE was characterized as a “forgiving" device (i.e., it does
not have to be exactly set). The other valuable piece of information obtained
from these tests was that an RWE must be tuned to the facility it is operating
upon. <Sach facility has its own unique set of characteristics which can vary
from the ideal scenario (which the design tools are based). This fact was evi-
dent 1n the RCM calculations, completed with the two different drivers.
However, the fact remains that the 1/57th scale RWE was effective in eliminating
the rarefaction wave when properly instructed to do so.

The modified design tools were applied toward the further design of a rotat-
ing Youver RWE for the LB/TS. During this design effort loads were estimated,
structural members sized from the results of stress analyses, hydraulic parame-
ters defined and component sizes estimated. This design allowed for a rough
estimate of the cost for the LB/TS RWE to be generated. One of the important
facts that was further defined during this study was the need for side vents
when operating at high overpressures. The amount of side venting required is
also a function of the minimum amount of blockage that the end section of the
RWE produces. If this later number is kept to a minimum, then the amount of side
vent area required is also kept to & minimum. An additional feature which was
found to be very important is the operational sequence of the side and end vent
louvers. If both systems are operated together for the entire blast wave pas-
sage, then the hydraulic power requirements are reduced. However, some small
magnitude of rarefaction waves will be allowed to proceed back towards the test
section. On the other hand, if these waves are not allowable, then the side
vents mus* close first and then the end vents close which increases the hydrau-
11c power requirements. The decision on which method to choose is based on
costs versus fidelity.
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RECOMMENDATIONS

The 1/57th scale RWE should be tested at higher overpressures to obtain a
better representation of the range over which it is effective. If the
overpressures are high enough, spacers should be used between the support plates
to create a passive side vent. Test data from these tests would be very inter-
esting in attempting to understand the physics of the flow through these areas.

A better representation of the modeling of the flow in shock tubes should
be developed. This may include modifications to the current version of the RCM
code or by developing some other tool. The primary problem is that the flow in
shock tubes and blast simulators is at least two-dimensional and it currently is
not treated properly 1in a one-dimensional approximation. However, two-
dimensional codes are fairly expensive to exercise and may not be well suited
for defining the many various closing functions that the RWE requires for dif-
ferent test scenarios. However, some method must be developed and validated
soon since it will be impossible to attach an extension onto the LB/TS to obtain
"near-ideal" conditions.

The final recommendation 1s to pursue a program to construct a larger scale
mode! of the LB/TS RWE. This device could be placed on a tube such as the
2.44 m shock tube at BRL. On this scale, actual hydraulic actuation could be
achieved cuch as on the LB/TS RWE design. Also, the operational aspects of the
RWE system could be debugged. Diagnostic data could be obtained from this
device which would verify assumptions, provide critical experimental flow data,
and improve the design process further. This exercise would probably provide
valuable input to the LB/TS RWE design and could minimize final costs.
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CASE # 1.

P41 = 4,767

L = 33.98 cm

driver

Comments:

1) We get a decaying blast wave with oscillations. These
cyclical oscillations are due to the reverberation of
the wave in the driver (criss-crossing wave that drops
the driver pressure in steps with time).

2) Open end effects are absent, because the wave from the
end does not reach the test stations in the time scales
shown (extension is really long).

3) Contact surface does not reach the test stations in the
time scales shown, because the wave decays away too quickly.

4) Friction, heat transfer, and head losses would, if included,
smooth the profiles somewhat and reduce the amplitudes of
the peaks (boch positive and negative peaks).

5) Four temporal signatures at each of the four test stations
are shown.

6) Spatial distributions are shown for two distance ranges:

a) 0 to 1 m -essentially the driver portion with nozzle
- see deep drop in pressure at throat and
large increase in velocity at throat
- later times shows flow reversals in throat
with pressure rises and velocity drops

b) 1 to 12 m - essentially the channel
- shows wave motion spatially with the
cyclical components
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Pa

CASE # 2.

= 145.9 (much higher than case #1)

driver = 33.98 (same as case f1)

Comments: b c

1.

These results are easy to ! 5
understand if you know about \
contact surface movements
and swept-back shocks. . .

The primary shock 3 goes to & %
duct end and reflects as the R
reflected wave W. Contact >

surface C moves out and in,

out and in (oscillates). '""""\~/’-_-——-__
The choked flow creates a [ 7\
supersonic flow in expansion,

which is made supersonic by

the upstream~facing but swept-back shock S. It is swept
downstream first, then makes its way upstream and into
the area change, producing a transmitted wave into the

driver (sometimes) and always a reflected shock that
moves out along the channel.

At the first test station (3 diameters) the primary shock
arrives first (increases in P, D, T, and U). Then the
contact surface is swept by (can be seen in D and T only),
followed almost immediately by the swept-back shock (seen
in P, D, T, and U). Later the swept~back shock passes by
again, as it goes upstream (smaller amplitude). This is
followed by the reflected shock of the upstream-facing
wave. Then the traces settle down with oscillation of
long duration.

The second and third stations (5 and 7 diameters) show
similar effects, but the third station only catches a
small view of the upstream-facing shock reversing at
times of 16 and 17 ms.

The fourth station sees only a glimpse of the contact
surface moving downstream and then upstream past the test
station (can only be seen in D and T). The shock at a
time of 58 ms is due to the upstream-facing shock reflec-
ting from the area change. The shock at 97 ms is coming
as a reflection of the primary shock from the open end.
Eventually it would appear at the other test stations,

if the computations were continued. It basically restores
near ambient conditions in the shock tube (P#®1 and U¥0),
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CASE { 3.

Pa1 = 20 (intermediate between cases # 1 and 2)

Liriver = 11:12 cm (very short driver)

Comments:

1) The short driver length means that the wave that criss-
crosses the driver does this more frequently and discharges
the driver more quickly. Hence, we have a shorter duration
blast wave simulated in the channel.

2) The shorter driver and more rapid criss-crossing frequency
shows up in higher frequency oscillations in the blast
wave in the channel,

3) The open end uoes not produce a reflected wave that returns
in time to arfect these results.

4) The swept-back shock exists for only a short while, and it
doesn't affect the results.

5) The contact surface doesn't reach the test stations; so it

does not appear in the temporal profiles.
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CASE # 4.

= 817
P41 5116

Liriver ™ 67.0 cm

Comments:

1)

2)

3)

4)

This longer driver produces a decaying blast wave that
has a series of decreasing amplitude steps, as the wave
in the driver criss-crosses it.

The contact surface moves out past stations 1, 2 and 3
and back past them.

The swept-back shock does not reach any of the test
stations,
Two sets of time histories are presented:
a) Time scale of 0 to 60 ms
b) Time scale of 0 to 150 ms
The short time scale shows the main wave moving outwards.

The longer one shows the reflected wave from the open
end moving into the duct.
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CASE # 5.

P41 = 4.895

L, . = 94,95 em
driver

Comments:

1)

2)

3)

4)

These results are very similar to case #4, except we now
have longer flat-topped decreasing steps from the longer
driver, and the blast amplitude is weaker.

The weaker blast front makes the reflected wave from the
open end appear larger. When P,, goes to unity, the
reflected wave strength is equal to the incident shock
amplitude.

Two sets of results with different time scales is given
to highlight the reflected wave from the open end, which
arrives at late times,

This is a 3-hour run on our minicomputer (main one at
UTIAS).
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CASE # 6.

P41 = 18,03
L, . = 145.74 cm
driver

Comments:

1) These results have very long duration steps in the
decaying blast profile, because of the long driver
length,

2) Contact surface almost reaches the four test station,
and disrupts the initial three test station results
for density and temperature.

3) Open end effects are seen. The reflected wave would

be smaller in amplitude in real life due t. friction,
heat transfer, head losses and entrance effects,
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APPENDIX B
IMPROVED DRIVER RCM CALCULATIONAL RESULTS
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APPENDIX C

COMPARATIVE TEST RESULTS FROM SHOCK TUBE
CALIBRATION AND RWE TESTS
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RESULTS FROM 34.5 kPa TESTS
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RESULTS FROM 68.9 kPa TESTS
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APPENDIX D
TEST DATA AND RCM CALCULATION COMPARISONS
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APPENDIX E

DISCHARGE COEFFICIENT FOR
FLOWS THROUGH LOUVERS
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The procedure for calculating the effective discharge coefficient for flows
passing out through sharp-edged louvers of a reflection eliminator is presented
herein. This presentation includes the relevant equations and the FORTRAN code
1isting.

The properties of the air flow upstream of the louvers must be completely
known in this calculation procedure. Hence, for a perfect gas, the pressure P,,
sound speed a, and flow velocity u, are sufficient to specify state 3. The
temperature, density and flow Mach number can be obtained easily by means of
T, = a}/(YR), p; = P,/RT,, and My = u,/a,, where R is the gas constant. Further-
more, the stagnation pressure of the air 1in state 3 can be obtained from the

equation Pgtag = p,[1 + !_i_l Mg]Y/(Y-l).

The next step is to obtain the properties of the jet emanating from the
slots between adjacent louvers. The jet properties are determined from the flow
properties of state 3 and the atmospheric pressure Patm existing outside of the
blast simulator. A critical pressure 1is calculated first by the expression

Perit = pstag[!_i.A]-V/(V'll If Perqt S Patm, then the jet tlow is subsonic or
Just sonic. For this case the subcritical or critical jet pressure and flow
Mach number can be summarized as

Py = Patm

s R

On the other hand, if Perit > Patm, then the jet flow is choked with a subse-
quent supersonic jet. For this case, the jet pressure and flow Mach number at
the minimum jet area can be summarized as

it Perit S Patme (1)

Py = Perit
if Perit > Patme (2)
MJ =1

For both unchoked and choked jets the sound speed, flow velocity and area of
the jet (normalized by the channel area) follow from

p y-1
L
uj = ajMj, (4)

v Ip Y+1

where the last result for the jet area is an approximation.
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For the case of subsonic jet filows (Mj < 1), the value of the discharge
coefficient is obtained approximately by thé following iterative procedure. The
value of the effective discharge coefficient Cq is guessed initially to have a
value of unity. This permits the louver angle B, in degrees to be estimated by

the equation
180 . . A
Bl = T S1n 1[00965[1 - Cﬂ']]o (6)

By using this value of angle B,, and known values of My, Mj and Y = 7/5, all in
the subroutine called ENDJETO at the end of this appendix, a value of Cq can be
determined. Furthermore, by using a value of angle B, = 180° - B, aldng with
Ms, MJ and Y s 7/5 in the subroutine ENDJETO, a value of Cyq, can be obtained.
Then,” a new value of the effective discharge coefficient can be determined from

Cq = %[Cd‘+ Cd’]. The iterative process 1s repeated with this and subsequent
values of Cq, until convergence is obtained--normally 3 to 6 cycles.
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SUBROUTINE ENDJETO (MJETSQ, MFLWSQ, ANGLE, GAMMA, CDJET, ITOL)
C.-'---.-II-.-’I-'8'l'.I'-88.B-IIII.’.ISISBI’IB.’Iﬂzzﬂa882888:882#38
ENDJETO is a subroutine for obtaining the contraction coefficient
of a jet from a sharp-edged infinitely-wide slot in a vertical or
angled plate partly covering the otherwise open end of an infini-
tely wide channel of finite to infinite height, using Falkovich’s
formulae cast into a better form and code by Picket and Gottlieb.

-------------------------------------------- Y D M R W S S W G W S U W S S WS P G RS

‘MJETSQ
‘MFLWSQ
ANGLE

square of the jet flow Mach number (minimum jet area)
square of the flow Mach number in duct ahead of slot
angle of plates partly covering duct end (in degrees),

for angles that range from fully open (0 degrees) to
slightly closed (45) to vertical walls (90) to partly
inward walls (136) to fully inward folded walls (180).

GAMMA
CDJET
ITOL

IMPLICIT
PARAMETER
PARAMETER
PARAMETER
PARAMETER
PARAMETER
PARAMETER
PARAMETER
DIMENSION
SAVE

SAVE

DATA

DATA (R(I),I=1,43) /0.
0.11378273D0,
0.12042605D0,
0.12719490D0,
0.13408420D0,
0.
0
0
0
0
0

0.

Re R R* R Rr 8¢ R 2* R 8¢
O OO OO0 O OO0

0.

11214213D0,

.11875325D0,
. 1254912000,
.13235086D0,
.13932723D0,
.14641548D0,
.15361086D0,
.16090882D0,
.16830492D0,

17579486D0,

ratio of specific heats of the gas (1.002 to 5.0)
contraction coefficient of the end jet (based on mass)
tolerance indicator (0 -~ CDJET are accurate to 5x10-5,

1 -- accuracy is less than 5x10-5)
REAL*8 (A-H, M, N, 0-2)
(PIBY2=3.1415926535898D0/2D0, TOL3=1iD-3, TOQLS=1D-5)
(TOL8=1D-8, TOL10=10D-10, TOL20=1D-20, QQ=90D0)
(ONEHUN=100DO, TWOHUN=200D0, RMODS1=-0.51D0)
(CON=3,56359487256136D0, R0D9=0,9D0, S1S2=1D0/2D0)
(C1=+0.5786165197D0, S1S3=1D0/3D0, S1S4=1D0/4D0)
(C2=-0,6102248293D0, S354=3D0/4D0, S352=3D0/2D0)
(€3=0.62927082761D0, S1S6=1D0/6D0, S5S6=5D0/6D0)
W(0:10), R(82)

10727017D0,

14108899D0,

.14820446D0,
.16542591D0,
.16274882D0,
.17016877D0,
.17768152D0,
DATA (R(I),I=44,82) /0.
& 0.18911568D0, 0.
& 0.19684275D0, 0.

1833745000,
19103984D0,
19878701D0,
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JUMP, GAM, BET, ALFA, TAUS, RTAUS, ANG
AE1l, BE1, SUME1S, HBETMQ, QSQMi, Q

w/0Do, 1D0,2D0,3D0,4D0,5D0,6D0,7D0,8D0,9D0,10D0/
0.
.11543151D0,
.12210669D0,
.12890613D0,
.13682476D0,
. 1428576700,
.15000007D0,
1572473000,
.16459488D0,
1720384200,
.17957372D0,
.18528295D0,
.19296911D0,
.20073615D9,

10888576D0,

0.

0
0
0
0
0
0
0
0
0
0
0
0
0

11050978D0,

.11708838D0,
.12379510D0,
.13062481D0,
.13757247D0,
.14463319D0,
.15180222D0,
.15907496D0,
.16644693D0,
.17391381D0,
.18147140D0/
.18719670D0,
.19490343D0,
.20269012D0,



0.20464886D0, 0.20661230D0,
0.21253038D0, 0.21451213D0, 0.21649833D0, 0.21848891D0,
0.22048384D0, 0.22248305D0, 0.22448650D0, 0.22649413D0,

& 0.20858041D0, 0
& 0 0
& 0 0
& 0.22850590D0, 0.23052175D0, 0.23254164D0, 0.23456552D0,
& 0 0
& 0 0
& 0 0

.21055312D0,

0.23659335D0, 0,23862506D0, 0.24066062D0, 0.24269998D0,
0.24474310D0, 0.24678992D0, 0.24884041D0, 0.25089452D0,
0.25295220D0, 0.25501341D0, 0.25707812D0, 0.25707812D0/
Compute certain cornstants only if required because GAMMA changes.
IF (JUMP.NE.11) GOTO 10
TEST=GAMMA~GAM
IF (TEST*TEST.LT.TOL10) GOTO 20
10 JUMP=11
GAM=GAMMA
BET=W(1)/(GAM-W(1))
ALFA=C3W(2)*#(S1S2#BET+W(1) )/ (GAM+W (1) ) #* (5152 (BET+5153))
TAUS=(GAM-W(1))/(GAM+W (1))
TOL3TS=TOL3*TAUS
RTAUS=DSQRT (TAUS)
GOTO 30

Compute other constants only if required because of changes in Q.
20 TEST=ANGLE-ANG
IF (TEST#TEST.LT.TOL10) GOTO 40
30 ANG=ANGLE
Q=ANG/QQ
AE1=C1% (Q#GAM+Q)**xS153
BE1=Q#* (GAM/W(10)+5154)
SUME1S=AE1+C2/C1-W(2)*(BE1-BE1#PIBY2)
HBETMQ=S1S2#BET-S154
QSQM1=Q+Q-W(1)
CQP=CON*Q#**S1S6
Compute Chaplygin’s variable for upstream flow TAUU and jet TAUJ,
do checks on TAUU, TAUJ and Q, and compute often employed values.
40 ITOL=0
CDJET=W(1)
TAUJ=MJETSQ/ (BET+BET+MJETSQ)
TAUU=MFLWSQ/ (BET+BET+MFLWSQ)
IF (TAUU.GT.TAUJ) TAUU=TAUJ
IF (TAUJ.LT.TOL20) TAUJ=TOL20
IF (TAUJ-TAUU.LT.TOL5*TAUJ) RETURN
IF (Q*Q.LT.TOL8) RETURN
TAUUU=TAUU/ (TAUS-TAUS*TAUU)
TAUJJ=TAUJ/ (TAUS-TAUS*TAUJ)
TAUSU=TAUS/ (TAUS-TAUS*TAUU)
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TAUS J=TAUS/ (TAUS-TAUS*TAUJ)
The sum of series E1 is calculated by closed form approximations,
one for the case of subsonic jets -~ when TAUS-TAUJ > 0.001*TAUS,
and one for the case of sonic jets - when TAUS-TAUJ < 0.001*TAUS,
The results are used to get CDJET for channel of infinite height.
SUM=SUME1S
IF (TAUS-TAUJ.LT.TOL3TS) GOTO 60
A=DSQRT(TAUSJ~TAUJJ)
B=W(0)
IF (TAUJ.LT.ROD9*TAUS) B=S1S4%Q*(TAUJ/(TAUJ-TAUS)+TAUJJ)
SUM=W(2) * (B*PIBY2-B)-A
50 N=W(0)
SIHN=W(1)
TERM=W(0)
60 N=N+W(1)
NSQ=N/Q
XN=W(1)
IF (TAUJ.LT.TOL20) GOTO 80
K=W(10)*DLOG10(NSQ) +W(2)
IF (K.LT.10) K=10
YM=DBLE(K+2)
DO 70 I=K,0,-1
YM=YM-W(1)
DM=YM+NSQ
Z=(BET+5152)* (DM-NSQ) * (DM+NSQ) /DM
D=BET-2Z/ (DM+5152)
70 XN=W(1)-(BET-Z/(DM~S152) )*TAUJ/ (W(2)-TAUJ-TAUJ~D*TAUJ/XN)
XN=W(1)-BET*TAUJ/ (XN-XN*TAUJ)
80 SIHN=-W(1)*SIHN
OTERM=TERM
FACT=W(4) *N*N-W(1)
Z=A-B/N
IF (TAUS-TAUJ.LT.TOL3TS) Z=AE1/N**S1S3-BE1/N
TERM=SIHN*W(4)*N* (XN/ (FACT-QSQM1) -2/FACT)
SUM=SUM+TERM
TEST=0TERM+TERM
IF (TEST*TEST.GT.TOL3 .OR. N.LT.S3S2) GOTO 60
CDJET=PIBY2/ (PIBY2-DSIN(Q*PIBY2)* (SUM+S1S2*+0TERM))
The sum of series E2 is calculated by closed form approximations,
one for the case of subsonic jets -- when TAUS-TAUJ > 0.C01x*TAUS,
and one for the case of sonic jets - when TAUS-TAUJ < 0.001*TAUS.
This CDJET value from series E1 for an infinitely high channel is
now used with series E2 to get CDJET for a finite height channel.
IF (TAUU.LT.TOL20) GOTO 130
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AU1=DSQRT (TAUS* (TAUSU-TAUUU) )
AU2=DSQRT (TAUSU-TAUUU)
IF (TAUS-TAUJ.GT.TOL3TS) THEN
AJ1=DSQRT(TAUS*(TAUSJ-TAUJJ))
AJ2=DSQRT (TAUSJ~TAUJJ)
HUJI-DLOG((H(1)+A01)*(H(i)-AJi)/((H(i)-AUi)*(H(1)+AJi)))
HUJ:-DLOG((w(1)+sz)*(w(1)-A32)/((w(1)-auz)*(w(1)+AJz)))
XX=S152*(HUJ1/RTAUS-HUJ2) /Q
IF (XX*XX.GT.ONEHUN) GOTO 130
X=DEXP (XX)
A=((W(1)~TAUU/TAUS) *(W(1)-TAUJ/TAUS) ) #*S1S4
A-A*(H(l)-TAUU)**HBETMQ/(H(i)-TAUJ)**(HBETMQ+SlS2)
SUM=(A/X~A*X) *DATAN(X) -A
ELSE
HU1=DLOG((W(1)+AU1) /(W(1)~AU1))
HU2=DLOG ( (W(1)+AU2) /(W(1)-AU2))
XX=S152% (HU1/RTAUS-HU2)/Q
IF (XX*XX.GT.ONEHUN) GOTO 130
IF (XX.LT.RMOD51) THEN
XsW(1)
A=W (0)
SUM=W(0)
ELSE
X=DEXP (XX)
A=CQP# (W(1)-TAUU) **HBETMQ* (W(1) ~TAUU/TAUS) **5154/ALFA
J=TWOHUN*X
I=J-119
SUM=A* ((R(I)-R(I+1))*(TWOHUN*X-J)-R(I))
ENDIF
ENDIF
N=w(0)
K=0
SIHN=W(1)
TERM=W(0)
90 N=N+W(1)
NSQ=N/Q
AN=NSQ+NSQ+W (1)
CSUM=(AN-W(1)-BET) /W(2)
BN=CSUM+DSQRT (CSUM*CSUM+BET*AN*NSQ)
CN=CSUM+CSUM-BN
YN=W(1)
IF (TAUJ.LT.TOL20) GOTO 110
ZNP=W(1)
KK=S354*AN-S152+ (BN+CN)
NK=S1S2%AN-S152
=NK+ (CN-NK) *TAUU
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DI=DBLE(KK+15)
DO 100 I=KK+14,0,-1
DI=DI-W(1)
RR=(AN-BN+DI)*(CN+DI)/ ((AN+DI)*(W(1)+DI))
YN=W(1)-RR*YN*TAUJ*TAUSJ
ZNP=W(1) - (NT+DI+W(1) ) *RR*TAUUTAUSU*ZNP/ (NT+DI)
IF (YN.LT.TOL8) THEN
ITOL=1
GOTO 120
ENDIF
YN=YN/ (W(1) =TAUJ) #*CN
IF (NSQ.GT.GAM) THEN
MU=(W(4)*NSQ+W(3)+W(1)/BET-DSQRT ( (NSQ+NSQ+NSQ/BET)

& *W(8)+W(9)+(W(6)+W(1)/BET)/BET) )/ (NSQ+NSQ)

110

120

130

MAX=(W(1)~TAUJ)»*(BET*NSQ)
IF (YN.LT.MAX**MU .OR. YN.GT.MAX) THEN
1TOL=1
GOTO 120
ENDIF
ENDIF
ZNP=(NK-NK*TAUU+CN*TAUU) *NP/ (W (1) =TAUU) %% (W(1) +CN)

K=K+1
SIHN=-SIHN
OTERM=TERM
FACT=W(4) *N*N-W(1)
Z=N
IF (TAUS-TAUJ.LT.TOL3TS) Z=N**S556/W(4)
ZuAsZeXwk (K+K) /FACT
TERM=STHN*W(4)*(Q* (TAUU/TAUJ ) **NSQ*ZNP/ (YN*(FACT-QSQM1))-2)
SUM=SUM+TERM
TEST=0TERM+TERM
IF (TEST*TEST.GT.TOL8 .OR. N.LT.S3S2) GOTO 90
SUM=SUM+S1S2*0TERM
Z=(TAUSU/TAUSJ) **BET*DSIN(Q*PIBY2)*SUM/PIBY2
CDJET=CDJET/(W(1)+CDJET*2)
CDJET=DMIN1(CDJET,W(1))
RETURN
END
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APPENDIX F
LISTING OF THE ELIM CODE
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C ———————————————————————————————————————————————————————————————————
ccceeeeceeeeceeceecceecceeccceceececcececececcceceeccececececececeeccccceeeceeccecce
CcCC ccce
cccC REFLECTION ELIMINATOR PROGRAM by JAMES GOTTLIEB cccC
ccC ccce
ccc for the DENVER RESEARCH INSTITUTE (4 January 1987) ccce
cce ccc

CCCcCeeeeeeeeeceecececceeececcceccecceceececcecceccececccecceceeececeeeceecceceeccecee

This is the main computer program to compute the area setting

for the reflection eliminator to produce no reflected wave except

for the transient spike, or to obtain the reflected wave strength
when the area setting of the reflection eliminator is specified.
The four special cases under consideration are summarized below:

1) flat-topped incident shock wave with a given pressure ratio,
specified in the input data file called IN, which results in
no wave reflection except for the transient spike (note that
only one value of the final area setting will be returned to
the user in the output data file called OUT for each input),

(8]
—r

same case of a flat-topped incident shock wave as in case a,
but this time it is is repeated for the case of a reflected

wave with a given pressure ratio in terms of a percentage of
the incident shock pressure ratio (greater or less than zero
for a reflected shock or rarefaction wave, respectively),

w
—

flat-topped incident shock wave with a given pressure ratio

and a specified area setting for the reflection eliminator,

which are given in the input data file called IN, for which

a reflected shock or rarefaction wave will in general occur

and the strength of this reflected wave will be computed and
put in the output data file called OUT,

-3
~—

incident blast wave with a time varying signature for which
the pressure, sound speed, flow velocity and gamma are given
as a function of time in the input file called IN, which now
produces no reflected wave (the same number of values of the
cutput as input will be returned to the user in the output
data file called OUT).

For each type of reflection eliminator run the first line in the
input data file IN must have the initial or atmospheric pressure
and sound speed, in units of Pa (N/m2) and m/s.

- A O G D > G D D T S S G D S R S D VD W G WIS GUS G CID D IR N S S G D WS TR D N G G GED WS G N WD D G GNP WD WP W P W S D e S S S W W

QOO0 0O00000000O00Q0

REAL MS, M3, MJ, MFLUX
DATA PI/3.141592654/
c __________________________________
OPEN (UNIT=1, FILE=’IN’)
OPEN (UNIT=2, FILE='OUT’, STATUS='NEW’)
C __________________________________

C First read in the atmospheric pressure P1 and sound speed Al from
C the input data file IN, and then read in the type computation to
C be done by this computer program (choices of K =1, 2, 3, or 4).

READ (1, *)

READ (1,*) P1, Al

READ (1,*) K

C Set up headings required for output information in data file OUT.
IF (K.GT.0 .AND. K,.LE.4) THEN
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WRITE (2,%) '
ENDIF
IF (K .EQ. 1) THEN

OUTPUT FOR CASE #’,K

WIDTH OMEGA’’,
AREAII)I)

WIDTH RW JUMP’’,
AREA’’)?)

U/al RADIUS ’/,
AREA’’)7)

2, 3, or 4.’

WRITE (2,’(’’ P2/P1 RADIUS
+ r cD JET AREA RE
ELSE IF (K.EQ.2 .OR. K.EQ.3) THEN
WRITE (2,'(’' ©P2/P1 RADIUS
+ ’? CD JET AREA RE
ELSE IF (K .EQ. 4) THEN
WRITE (2,’(’’ TIME P/P1
+ ’ WIDTH JET AREA RE
ELSE
WRITE (2,*) ’ Type of data is not 1,
WRITE (2,*) ’ Please correct and then try again.’
STOP .
ENDIF

C Read in the appropriate input data from the
10 IF (K .EQ. 1) THEN
READ (1,*,END=110)
ELSE IF (K .EQ. 2) THEN
READ (1,*,END=110)
ELSE IF (K .EQ. 3) THEN
READ (1,*,END=110)
ELSE IF (I’ .EQ. 4) THEN
READ (1,*,END=110)

GOTO 20
ENDIF
IF (P21 .LE. 1.0) THEN
WRITE (2,%) '
WRITE (2,*)
STOP
ENDIF

20 IF (K .EQ.
NUMRW=0
30 NUMRW=NUMRW+1
IF (K.EQ.1 .OR. K.EQ.4) THEN
P3=P2
A3=A2
U3=U2

3) RWJUMP=0.0

P3=P2+ (P2-P1) *RWJUMP/100.0
A3=A2*SQRT (A3)
U3=U2+A2*%(2.0/ (G+1.0) ) * (MS=1.0/MS)
ELSE IF (K.EQ.2 .OR. K.EQ.3) THEN
P3=P2+(P2-P1) *RWJUMP/100.0
A3=A2%(P3/P2) **((G~1.0)/(2.0%*G))
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input data file IN.

P21, RADOUT,WIDTH, G
P21, RADOUT,WIDTH, G, RWJUMP
P21,RADOUT, WIDTH, G, AREAE

T,P2,A2,U2,RADOUT, RADIN,WIDTH, G

P21 MUST BE GREATER THAN UNITY FOR A SHOCK.’
’ Please correct and rerun the computer code.’

C Calculate flow properties for state 2 behind a flat-tofped shock

C wave, if a shock wave is incident on the reflection eliminator.
P2=P21*Pl
A2=((G+1.0)/(G~1.0)+P2/P1)/((G+1.0)/(G-1.0)+P1/P2)
A2=A1*SQRT (A2)

MS=SQRT (1.0+(G+1.0) * (P21-1.0)/(2.0%G))
U2=A1*%(2.0/(G+1.0)) *(MS~1.0/MS)
C -----------------------

C Compute the jump in flow properties across the reflected shock or
C rarefaction wave to state 3, if a reflected wave actually exists.

ELSE IF (K.EQ.2 .OR. K.EQ.3 .AND. RWJUMP.GE.1.0) THEN
A3=((G+1.0)/(G~1.0)+P3/P2)/((G+1.0)/(G~1.0)+P2/P3)

MS=~SQRT(1.0+(G+1.0) * (P3/P2-1.0)/(2.0%G))



U3=U2+2.0% (A2-A3)/ (G~1.0)
ENDIF
M3=U3/A3

¢ For outflow (from the channel through the reflection eliminator),
C M3 and P3-P1 are both positive, and the following coding is used.
IF (M3.LE.0.0 .OR. P3-P1.1E.0.0) GOTO 50
PCRIT=P3#* ( (2.0+(G=1.0) *M3*M3) / (G+1.0) ) **(G/ (G~-1.0))
IF (PCRIT .GE. Pl) THEN
PJ=PCRIT
MI=1.0
ELSE
PI=Pl
MJI=SQRT ( ( (PCRIT/PJ) ** ((G-1.0)/G) *(G+1.0)~-2.0)/(G~1.0))
ENDIF
AJ=A3% (PJ/P3) **((G-1.0)/(2.0%G))
UJ=MJ *AJ
AREAT= (M3/MJ) * (P3/PJ) **((G+1.0)/(2.0%G))
TAU3=(G~=1.0) *M3*M3/ (2.0+(G~1.0) *M3*M3)
TAUT= (G=1,0) *MI*MJT/ (2.0+ (G=-1.0) *MI*MT)
ZETA=TAUJ/ (1.0~TAUJ)
CO=PI/ (PI+2.0~5.0%ZETA+2.0*ZETA*ZETA)
ETA=7,0*TAUJ+1.0/ (1.0+12*TAUJ)
A=(2,0%ETA~1.0)*(1.0-C0O)
B=2,0%(1.0-ETA)*(1.0-C0)
CDS=CO+A* (TAU3/TAUJ ) +B* (TAU3/TAUJ) **2
CD=CDS
NUMCD=1
40 Z=~45,0%RADOUT*CD/ (AREAJ*WIDTH)
IF (ABS(Z) .GT. 78) Z=78.0%*%Z/ABS(2Z)
OMEGA=1.0-EXP(2)
CDPREV=CD
CD=CDS+OMEGA* (1.0~-CDS)
IF (ABS(1.0~-CDPREV/CD) .LT. 5.0E-05) GOTO 100
NUMCD=NUMCD+1
IF (NUMCD .LT. 20) GOTO 40
WRITE (2,*) ’ FAILURE OF CD ITERATION (outflow)!’
STOP
Cr = = = @ @ @ @ =@ @ @ = = = = = = - = o ow wm oW em W eow W o w = ow om om o
C For inflow (through the reflection eliminator to the channel), M3
C and P3-Pl are both negative and the following coding is employed.
50 IF (M3.GE.0.0 .OR. P3-P1.GE.0.0) GOTO 90
GG=(G~1.0)/2.0
A3=SQRT (A1*A1-GG*U3*U3)
MFLUX=G*P3*U3/ (A3*A3)
Z=((G+1.0)/2.0) **((G+1.0)/(2.0%G=2.0) ) *MFLUX*A1/ (G*P1)
PCRIT=P1%*(2.0/(G+1.0))**(G/(G=1.0))*(1.0-(1.0-2)**2%G/2.0)
IF (PCRIT .GE. P3) THEN
MJz‘lc 0
ELSE
KCYCL=0
MJ=-SQRT( (P1-P3)/ (P1-PCRIT))
Z=MFLUX*Al/ (G*P1)
60 22Z=MJ-Z*(1.0+GG*MI*MJ) ** ((G+1.0)/(2.0%G=2.0))
FF=P3* (1.0+GG*MJ*MJ) ** (G/ (G~1.0) ) -P1*(1.0-G*ZZ*22/2.0)
FP=G*P3*MJ* (1,0+GG*MI*MJ) **(1.0/(G=1.0) )+G*P1*%ZZ*(1.0-(G
+ +1.0)*(2/2.0) *MI* (1, 0+GG*MI*MJT) ** ((3.0-G)/(2.0*G-2.0)))
PREV=MJ
MJI=MJ-FF/FP
KCYCL=KCYCL+1
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IF (ABS(MJ-PREV) .LT. 0.001) GOTO 70
IF (KCYCL .LT. 30) GOTO 60
WRITE (2,%) ’ FAILURE OF MJ ITERATION (inflow)’
STOP
ENDIF
70 AREAJ=(2/MJT)*(1.0+GG*MI*MT)**((G+1.0)/(2.0%G-=2.0))
CDS=0,5+MJ**2/8,0+(2.0~G) *MI**4/48.0
+ +(2.0=G)*(3.0-2.0%G) *MT**6/384.0
' CD=CDS
NUMCD=1
80 Z=~45,0%RADIN*CD/ (AREAJ*WIDTH)
IF (ABS(2Z) .GT. 78) Z=78.0*Z/ABS(Z)
OMEGA=1,0~EXP(2)
CDPREV=CD
CD=CDS+OMEGA* (1,0~CDS)
IF (ABS(1.0-CDPREV/CD) .LT. 5.0E-05) GOTO 100
NUMCD=NUMCD+1
IF (NUMCD .LT. 20) GOTO 80
WRITE (2,*%) ’ FAILURE OF CD ITERATION (inflow)’
STOP
In the two cases when P3-Pl and M3 have the opposite signs, there
is no reflection elimination, and the reflection eliminator area
is simply set to zerns.
90 AREAJ=0,0
CD=l.0

OO0 0

c---ﬂ-----ﬂ-- ------------- - Ee e R A e e
C Print the data out into the output file called OUT. For case 3,
C however, we need an iteration if RWIJUMP is not the right value to
C give the reflection eliminator area as specified.
100 IF (K .EQ. 1) THEN
AREAE=AREAJ/CD
WRITE (2,’(F7.3,2E12.4,4F9.4)’) P21, RADOUT, WiDTH,
+ OMEGA, CD, AREAJ, AREAE
GOTO 10
ELSE IF (K .EQ. 2) THEN
AREAE=AREAJ/CD
WRITE (2,’(F7.3,2E12.4,F10.2,3F9.4)’) P21, RADOUT, WIDTH,
+ RWJUMP, CD, AREAJ, AREAE
GOTO 10

ELSE IF (K .EQ. 3) THEN
IF (NUMRW .EQ. 1) THEN
DIFF1=AREAJ/CD~-AREAE
RWJUMP=20.0%ABS (DIFF1) /DIFF1
GOTO 30
ELSE
F=FAC
FAC=DIFF1/ (DIFF1-AREAJ/CD+AREAE)
IF (MAX(FAC,F).GE.1.0 .AND. MIN(FAC,F).LE.1.0)
+ FAC=(1.0+2.0%FAC)/3.0
RWIUMP=RWJUMP*FAC
IF (NUMRW .GT. 40) FAC=1.0
IF (ABS(FAC-1.0) .GT. 5.0E-05) GOTO 30

ENDIF
WRITE (2,’(F7.3,2E12.4,F10.2,3F9.4)’) P21, RADOUT,
+ WIDTH, RWJUMP, CD, AREAJ, AREAE
GOTO 10

ELSE IF (K .EQ. 4) THEN
AREAE=AREAJ/CD
IF (AREAJ .LT. 0.0) AREAJ=0.0
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' IF (AREAJ .GT. 1.0) AREAJ=1.0
IF (AREAE .LT. 0.0) AREAE=0.0
IF (AREAE .GT. 1.0) AREAE=1.0
IF (M3 .GE. 0.0) THEN
WRITE (2,’(E11.4,F8.3,F9.3,2E12.4,2F8.4)’) T, P2/P1,

+ U2/Al1, RADOUT, WIDTH, AREAJ, AREAE
ELSE
WRITE (2,’(E11.4,F8.3,F9.3,2E12.4,2F8.4)’) T, P2/Pl,
+ U2/A1, RADIN WIDTH, AREAJ, AREAE
ENDIF
GOTO 10
ENDIF
110 STOP
END
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APPENDIX G

CONSTRUCTION DRAWINGS AND PHOTOGRAPHS
OF THE 1/57TH SCALE RWE
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Close up of closed RWE and gear train
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Right side of RWE with gear cover in place
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Close up of power supply for velocity indicator
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