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PREFACE

The praject reported here was conducted in support of an effort by
the U.S. Army Ballistic Research Laboratory to define the systems and
operational ~haracteristics of a Large Blast and Thermal Simulator
(LB/TS). The LB/TS would be a shock tube large enough to investigate
the effects of battlefield blast and shock waves on fuli-scale military
equipment. The successful implementation of a reflected wave
eiiminator on the LB/TS would significantly improve its performance and

increase its cost effectiveness.

The Denver Research Institute would like to acknowledge the
contribution of Mr. Richard Pearson, the contracting office's technica.
representative, in the guidance of this effort. Mr. Robert Guice of
Applied Research Associates initiated this project while at DRI and has
continued to be an integral member of the project team under
subcontract. The modeling work and overall contribution of Prof. James
J. Gottlieb and Ms. Kerry Scrase of the University of Toronto Institute
for Aerospace Studies have been invaluable. Mr. Moshe Kuna, Researen
Associate on sabbatical at DRI, made the major contributions to the
project, carrying out the conceptual designs of the RWE configurations
based on theoretical/computer modeling analysis. Mr, Wiil Walters »f
DRI completed all of the concept design drawings on the CAD system, and
DRI's Ms, Jackie Maddox edited this report.

ix



INIENTIONALLY 1111 HBIANK,




SUMMARY

The de=ign of a reflected wave eliminator (RWE) for the Large
Blast and Thermal Simulator (LB/TS) (a very large shock tube facility
under consideration by the U.S. Army Ballistic Research Laboratory) was
investigated. Activities were divided into two categories:
theoretical/computer modeling analysis and conceptual design of RIE
candidate configurations. The design efforts concentrated on active
RWEs where the open area ratio changes over the time of the simulated
blast wave. Such a design provides a more accurate simulation than a

so-called passive RWE, but is more complicated to build and operate.

The computer analysis was performed with two different models.
The simpler code is based on a steady or quasi-steady fiow model and
uses standard gas dynamics relations governing one-dimensional steady
fiow through a convergent nozzie and nonstandard relations from
two-dimensional flows (Chaplygin's theory) to include jet contraction
effects, in order to calculate the actual area reduction required of
the RWE for a given strength of the incident shock wave (flat-topped).
By preselecting the proper area constriction of the RWE, the flow can
be tuned such that no reflected waves from the RWE, outside of a short
transient spike, are prodcced to readjust the flow to the RWE area
setting. 1In the case of a decaying blast wave with time, this steady
flow analysis can be used as a quasi-steady flow analysis to estimate
the proper area reduction of the RWE at each new time as the flow
conditions change. The steady flow analysis cannot predict transient
filow effects. For predioting'transient flows, a fully unsteady
one-dimensional computer code with two-dimensional jet contraction
eflects was developed. This much more sophisticated code is called the
random-choice method or model (RCM). With the RCM the transient spike
can be predicted if the RWE area setting is correctly set, and the
reflected waves produced by an RWE area mis-setting can be predicted

and assessed.

The initial theoretical evaluation was done with the quasi-steady

model because of its ease of use and ability to provide information

xi




rapidly over a wide range 2. input conditions. This analysis quickiy
indicated the significant advantage of an active RWE over a passivc
system. This advantage was confirmed in the more rigorous analysis
provided by the RCM.

Three different configurations were evaluated for the conceptud.
design of an active RWE. Two employed slat-type louvers (venetian
blinds) on a framework at the end of the LB/TS, each with a different
approach to the way the open area ratio is changed; whilie the third
used a radial fan that rotated about an axis parallel to the direction
of flow in the LB/TS. Calculations were made for the stresses to bLe
encountered by the designa as well az for the power requirements to
properly position the RWE elements to minimize raflected waves from the
end of the LB/TS., The louver concepts were found to be beth lighter in
weight and more sasily moved than the radial fan design. Becauae of
the short time interval of the blast wave simulation (less than 300
milliseconds positive phase duration for a 10 kT, 241 kPa shock), the

RWE requires power on the order of 1491 kilowatts for prcoer operation.

A rotating louver design was recommended for further
investigation, Including testing on a small scale shock tub=2 to
evaluate its performance experimentally. In addition, the use of RWE
vents in the side wall of the LB/TS was also recommended to prouvide for

the maximum total open area ratic predicted by the computer models.

x11i




1.0 INTRODUCTION

The Pzllisatic Research Laboratory is ourrently conducting
rese¢arch on various conocepts to create a Large Blast and Thermal
Simulator (LB/TS8). This facility would actually be the world's largest
shoock tube, in which military systems and civil defense struoctures could
be tested on a full or nearly full size scale. During this current
rasearch phase many different devices and subsystems are under study to
determine their operating parameters and feasibility for incorporation
into the LB/TS system.

In order for the LB/TS to be useful for various system test
requirements, it must generate shockwaves that simulate a variety of
blast conditions. Figure 1 shows a possible operational envelope of
peak static pressure (associated with various yields of interest) and
their respective positive pnase durations. The shock wave properties
which must be adjusted to cover thelrange defined in the operationai
envelope are the pressure ampiitude and time duration. The ampiitude of
the shock wave can be adjusted by varying the initial driver conditions.

The duration ecannot be adjusted as easily.

An important consideration in the design of most shock tubes and
blast wave simulators is either the avoidance or minimization of the
refieoted wave from the tube end beyond the test section., This
reflected wave is a shock if the end is closed and a rarefaction wave
when it is open. As this wave travels upstream towards the test section
it alters the late time characteristics of the primary shock wave. For
example, the pressure is reduced and flow velocity increased in the case
of a reflected rarefaction wave, while the opposite is true for a
reflected shock. This primary wave alteration extends into the test
section if the duct length between the test section and tube end is
short and the wave duration ig long, thereby disrupting the desired fiow

environment or fiow simulation in the test section.

The simplie¢ method of extending the duct beyond the test section

to prevent the reflected wave from disturbing the desired test-section
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environment does not eliminate the reflected wave. Instead it delays
the passage of this wave through the test secction until after the test
is complete. The required length of extra duct depends on the strength
of the shock at the front of the blast wave and on the decay rate and
duration of the 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 is 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 and space burden; however, when the tube diameter is

iarge the cost and space requirements can become exorbvitant.

Another methoa of minimizing the disturbing effect of the
reflected wave at the test section is to use a short length of duct
terminated by a refiection or rarefaction wave eliminator (RWE). An RWE
is a device that partly covers the open tube end and as the blast wave
leaves the duct end it basically produces a converging nozzle flow with
a jet extending into the surrounding atmosphere. This jet can be
entirely subsonic with its pressure matched to that of the atmosphere or
choked with a pressure higher than the atmospheric value,'depending on
the incident shock stagnation pressure. In either case, a selection of
the proper RWE flow blockage or area reduction can minimize the
amplitude of the reflected expansion wave which would otherwise move
upstream into the oncoming subsonic flow from the incident blast wave.
If this disturbance is small from an RWE, 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

mostiy on whether it is passive, semi-active or fully active.

A passive RWE has a constant area opening (or blockage) that is
preset for a specific type and amplitude of incident shock or blast
wave, and a semi-active RWE has a preprogrammed open area variation with
time for a certain expected shock or blast wave. Although a fully
active RWE has never been used, its area variation with time would not
be preprogrammed, but instedd flow sensors and feedback would be used to

automatically update the area opening with time to weaken the reflected



disturbance. A fully active RWE would need to be properly controlied by
preprogrammed algorithms having the ability to quickly analyze sensor
data and make good, real time judgments as to the correct are2 set.ing

to minimize the reflection.

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 iess costly than an active one,
but an active RWE will perform better in weakuning the reflection from
the tube end. Because the quaiity of blast simulation has become mor:
important today, test=section disturbances from reflected waves are now
less acceptable. Consequentiy, to csndect nigher quality blast testing
of military equipment, active rsflection elimination is becoming 4
necesaity for large blast simulators,

The Denver Research Institute (DRI), Applied Research Associates
of Denver (ARA), and the University of Toronto's Institute for Aerospace
Studies (UTIAS) have been working together for the U.S. Army Ballistie
Research Laboratory to study RWEs for the Large Blast Thermal Simulators.
This effort was divided into two main categories: anaiytical/numerical
modeling and the conceptual design of RWEs for the large biast

simuiator.

1.1 PREVIOUS WORK

The first documented efforts to use RWE concepts occurred in the
1950s by Niblett!, Dosanjh?, Weidermann®, Franks“ and Rudinger®. Their
RWEs were ail passive, since the shock tube open end was covered by 4
wire grid or screen, a plate with single or multiple holes, or a platve
with a peripheral gap or stand-off distance from the end. Rudinger®
also experimented with porous, energy absorbing materials at the duct
end in an attempt to remove a commonly observed overshoot on thv
reflected wave from an RWE (transient reflected spike). These eariy
experiments were instrumental in establishing feasibility in

weakening the reflected wave,




The use of passive RWEs on blast wave simulators began in the
late 19508 and continues to the present time. Work was also done by
Sadwfn and terman® on RWEs for conical blast simulators, but an actual
device was not built for any large facility. Some blast simulators of
modest size (2 m diameter) used a flat plate with standoff RWEs mounted
on tracked wheels to permit the blast impulse to move them away from the
tube end, in order to circumvent the need for a massive stationary
foundation to hold them at a fixed standoff distance. One such RWE is
at the Prins Maurits Laboratory in Holland.’ Most blast simulators in
United States, France, Germany, England, Switzerland, Holland, Canada,
Norway, and Sweden were or are equipped with passive RWEs, but only the
largest is mentioned here. At the Atomic Weapons Research Establishment
(Foulness, England) the passive RWE was a stationary wall with a fixed
standoff of 1.4 m from the 4.9 m diameter tube,® but this has recently
been changed to a stationary grill of horizontal bars without standoff,®
which now covers an extended and enlarged half-cylinder end 5.35 m high.
Occasionally 4 foam plug is placed ahead of the grill, whieh can helip

reduce the overshoot noted bv Rudinger® in the 1950s.

From the early 1970s to the present there has been a growing
emphasis on using active RWEs, especially on large blast simulators to
obtain improved performance in contrast to that for passive RWEs.
However, only two semi-active RWEs have been used, and both are at the
Centre d'Etudes de Gramat. Each RWE consists of horizontal louvers
which are preprogrammed to rotate to alter the vented area at the tube
end. The smallest is employed on a modest size 2.4 m diameter shock
tube!®, and the largest is installed on a large blast =simulator with a

haif-cylinder abouct 7 m high.!!

Recently in the mid 1980s the U.S. Army Ballistic Research
Laboratory undertook some interesting and intensive experimental studies
of different passive RWE=.'?»!'?* The initial study'? was done with a
small 5.08 cm diameter shock tube and RWEs consisting of (1) a soiid
refiecting plate with a variable standoff distance from thé open end,
(2) a plate having one or more vent holes with and without a standoff

distance, and (3) a grill of horizontal spaced bdrs with and without a




standoff distance. Their subsequent extended study’?® with the same

shock tube investigated additional RWE concepts summarized below.

flat plate (without standoff, with/without foam)
vented plate (with/without standoff, with/without foam)
bar grill (single and multiple grills, with standoff)
needle bundle (spaced out bundle of solid, pointed rods

inside the tube end and facing upstream)
pipe bundle (spaced out bundle of veveled front pipes
inside the tube end and facing upstream)
parallel slats (spaced cut horizontal and parallel sharp-edged
| slats like knife blades facing into the flow)
steel wool (stesl wool placed ahead of a flat plate
with vents and standoff distance)

Their tests showed that the vented pliate with foam and the
multiple grill of iron bars were the most promising. Some of thesc
pagssive RWEs were also tested on a larger 0.57 m diameter shock tube,
and a flat-plate RWE with standoff was tested on a even larger
2.44 m diameter shock tube, in order to prove that RWEs can be scaled
from small to larger shock tubes and blast simulators.




2.0 OBJECTIVES
2.1 PROJECT G:AL

For unsteady shock tube fliows, it is well known that the
overpressure history of a shock wave can be dramaticalliy affected by
interaction caused by the open end of the shock tube, downstream from
the test section. 1In order to simulate blast waves over a range of
interest with a shock tube of limited length, some method of rarefaction
wave control is required. This project investigated the feasibility of
several different techniques for the elimination of rarefaction waves
generated by an open end in the LB/TS. These investigations included
both active and passive concepts, which were modeled with a computer
program. An engineering analysis was also conducted to accumulate
information on the predicted performance and requirements for the
candidate techniques. The final product is a set of recommended
configuraticns for a further detailed design and subsequent scaled

fabrication and testing.
2.2 PROJECT OBJECTIVES

The effort outlined above has been divided into severai phases to
facilitate the evaluation of concepts and to provide decision pointes at
which resuits can be examined and the scope of the study can be focused
on candidate concepts which provide the most promising soiution for the
RWE problem. The work is guided by a series of objectives that define
the purview and constraints under which the investigation is to be

conducted. These are summarized as follows:

o To develop and evaluate severai concepts for active or passive
RWEs for the LB/TS;

o To recommend one or more active or passive RWE designs for use in
the LB/TS;




6 To prepare relative cost estimates for the active or passive

designs;

o To develop, accumulate, organize and present supporting materials

for the selection of an RWE concept for implementation on the

. LB/TS. This information will include detai{ls of the technicai

design, performance and relative costs for the candidate
concepts.,

2.3 PROCEDURE

Moat of this study has concsntrated on the active RWE concepts,
since the literature surveyed indicated that existing information
addressgs to a greater extent the design and performance of passive RuWEs,
The first goal was to develop several concepts for active RWEas, that
would be evaluated for use on the LB/TS. As an evaiuation tool, a
computer model of an RWE in a flow field was developed at UTIAS.
Results from this model were combined with other anaiyses scch as: 1)
stresses applied to the candidate designs by the shock wave, 2)
calculation of power requirements for motion of the RWE designs during
the passage of the shock wave, and 3) initial design of the structural
support required for the RWE.




3.0 ANALYTICAL AND NUMERICAL APPROACHES

Theoretical studies can be beneficial in identifying relevant
designs of passive and active RWEs for shock tubes and blast simulators,
as weli as in doing parametric studies to help select optimum design
parameters. Two complementary approaches are outlined here and
example results given. The first approach is a quasi-steady analysis
for determining the RWE area setting which produces virtually no
reflection, or a reflected wave of specified amplitude, where the
incident wave can be either a flat-topped shock or a decaying blast wave.
Because the quasi-steady analysis does not include most transient wave
phenomena, the second approach is a full, unsteady one-dimensional flow
analysis with two-dimcnsional effects of friction, heat transfer, heat
losses from grills, and mass losses from side vents corrected into the
one-dimensional analysis via mass averaging (across the flow). The two
approaches are not given in detail, but some relevant parts are

presented and discussed.

3.1 QUASI-STEADY ANALYSIS

Consider a fiat-topped shock or decaying biast wave which :s
moving in a duct of constant area Ag, as shown in Figure 2a. It will
interact with the RWE having a end vent area A, and side vent area Sg.
After this interaction there will be a reflected wave moving upstream
and free jets isscing from the vents, as shown in Figure 2b. The
reflected wave with a short transient spike or overshoot will be either
a shock or an expansion wave when the combined vent areas are too smalil
or too large, respectively, or it will be only a spike if the combined

vent areas are set correctliy, as illustrated in Figure 2c.

For an incident shock wave with a specified shock Mach number Mg,
the pressure py, flow velocity up and sound speed ap behind this shock

are given by




Incident
shock

Reflected
wave

N——p, Vent areas

@ 92——-—-——-] 3 too small
Spike
Py \ Vent areos
pIS cerrect
P2 Vent areags

P3 too large

Figure 2. lllustrations of an incident shock approaching
a reflection eliminator with side and end vents
(a), subsequent reflected wave and side and
end free jets (b), and reflected wave with a
leading spike tor vents set too small, correct
and too large (c).
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]

p2 = pjtj + Y+1(M2 NI, ()
up = -%—a1(Ms - 1/Ms), (2)
a = a1[(a + p2/p1)/(a + p1/p2)]1/2 (3)

where a = (Y+1)/(Y-1) and the subscript 1 denotes atmospheric conditions
ahead of the in01dent shock and outside the duct. In the specific case
when the combined vent areas are set correctly, state 3 on the other
side of the spike is then given by p3 = pp, u3z = up and a3z = ap. If the
reflection is a shock wave of specified or guessed amplitude (p3/p2 >

1), then state 3 is given by

Mg = -[1 - e, ()
.2

u3 = L12 + T;Taz(Ms - 1/MS), (5)

a3 = azl(a + p3/pp)/(a + pa/p3)11/2. - (6)

Finally, if the reflection is a rarefaction wave with a specified or

guessed amplitude (p3/pp < 1), then

(vy-1 )/ZY]

u3 up *+ 73132[\ - (p3/p2) ’ (7)

n

a3 = ap (p3/pp)

define the flow velocity and sound speed in state 3.

The compressibie fiow from state 3 through the end and side vents
to the atmosphere is assumed isentropic. Furthermore, the fiow
properties in the two free jets are identical, because the same gas and
same stagnation pressure in state 3 drives both free jets. In this case
the isentropic equation

2l|y/(y-1)

+ -1 /(Y=1
2 + (Y'1)M3

relates the knowns pP3 and M3 to the unknowns Pj and MJ for both jets

where M is the flow Mach number (u/a) and W denotes 2/[2 + (Y-1)M? ].
For subsonic jets the jet pressure Pj is equal to atmospheric pressure

pl, and Eq. 9 permits a direct calculation of the jet Mach number Mj -

11




For choked or sonic jets Mj is equal tc unity. The free jet flows ar:
subsonic if py exceeds a critical jet pressure obtained from Eq. 9 with

Mj = 1; otherwise the two jets are choked.

The application of continuity of mass in the main duct of area

Ag, free jet of area AJ and side free jet of area SJ yields

AJ + SJ = Ac[M3/MJJEW3/WJ]a/2- (10)

At this point in the analysis, it is curvanient to introduce statw.
4 just ahead of the end vent, because the mass flow at this point must
leave through the end jet. Although the stagnation properties in states
3 and 4 are the same, the static fluow properties and the masa and
momentum fluxes are different, owing to the maas and momentum losses
through the side Jjets. The solution of the properties in state X
depends on state 3 and the propertiss of tne free jetes, and this
complicates the solution procedure. Applying both conservation of mass

and momentum from state 3 to state 4 gives

/ :
Mgn3 - e
. o= 119
Sy = Be YL ’ Y
J"J
and
R IR SV AR U IR AP HE
cos({aj) = : (2,
J 172 alé 472
YMJWj M3W3 - MyWy

Jet

These three equations have four unknowns: AJ, SJ, My and the side
angle oj. If AJ, Sj, or AJ/Sj is specified or guessed, then the other:

can be determiried.

The areas Aj and SJ are normelly smal.:er than the actual vent
openings given by Ag and Sg respectively, because these free je'r
generally contract on leaving the vents, unless the vent opening edges
are well rounded. Also, Sj {3 the area normal to its jet stream, and i:
addition to the contraction the side jet angle oj 1s needed before S,
can be obtained. Ag ana Aj are related by the equatinn Aj = Cghe, Wherv

Ce is the contraction ccefficieni of the end jet, and Se and

12




related by Sy = Secssin(aj), where Cg is the corresponding contraction
coefficlent of the side jet.

The contraction coefficient for the free jet from an end vent with
sharp edges can be determined from theory.!“ Although the results are
in the form of an ill-conditioned hypergeometric series, tabulated
values have been used with curve fits for easy reproduction. The final

results are summarized below:
o= (Y-1)MZ/[2 + (Y-1)M2], o= (renmMgsle « (=12l (03)
c o= ors/(1 - , C =/ 2 - 5g; +2g2], (4)
€j 15 ( TJ) - n/[n + 553 EJ]
n =Tty ¢ 1/(141215), A = (2n=1)(1-C_), B = 2(1-n)(1-C),  (15)

Co = C_ + Altylty) + B(Tu/TJ)Z. (16)

where C, is the contraction coefficient for sharp-edged vents, and
Ce is the contraction coefficient for the case of compressible jet flows
through an orifice when the upstream area A, is infinitely larger than
Ag.

If the end vent edges are not periectly sharp but rounded instead,
then a correction must be applied to Co from Eq. 16. The empirical
correction used here is Cy = C45 + w(1-Cy), where w Eanges from zero for
sharp edges to unity for rouuded edge~. From experiments at the UTIAS,
w =1 - exp(-930Ry/Dp), where Ry is the radius of rounding of the vent
edges and Dy is the hydraulic diameter of the vent opening. By using
C

om?

Co» w and Cg, therefore, one can finally get Ag = AJ/Ce.

For the side vent we have a similar analysis: Sg =
Sj/(Cssin{aJ}), where Cq = Cq + w(1-Cq), w = 1 - exp(=90R,/Dp), and Cqo
is given by Egs. 13 to 16, but with My repiaced by M3.

Although the previous analysis for outflows is algebraic, the
nonlinear interdependence of the unknowns makes tt} solution procedure
fterative in all but the simplest of problems. One primary compiication

i{s introduced by the contraction coefficients (which have been ignored
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in all previous work). For example, if the knowns were the incident
shock strength pp/py and the actual areas Ag and Sg, the solution
procedure might be to first guess the strength p3/p2 of the reflected
wave to determine the flow properties in state 3, such that the jet flow
properties can be calculated (mainly MJ). Then one might guess a value
of My and iterate until the proper values of AJ, Ce and Ay are obtalned.
Once this Is done, SJ, Ca and Sg are computed. If thls Sg is not equa:
to the specified value, then one must choose an improved value of p3/p2
and repeat the process until the computed and specifisd values of Sg
agree.

In the case of blast waves with negative phaaeca, the suh-ambient
pressure and reversed flow velocity res:it in inflow from the atmosphere
into the bilast =imulator. Although reflection elimination for this
negative phase has been entirely overlooked in the past, an active RWE
can also be used here. The quasi-steady analysis for inflows is now
given, which will allow one to determine the vent area settings which
produce minimal reflections for this case. The flow properties in state
2 are asscmed known as a function of time, from a decaying blast

signature,

The flow properties 1n state 3 are the same as in state 2,
because a proper area setting of the end and side vents should eliminate
the refiected wave. The inflows of atmospheric air will produce a

contact surface, as shown in Figure 3.

Head
loss \lpﬂow
8 CRCZLED

C
5 - ((( e M Inflow

— RN
| CCC \C (‘\,JI
Reflected  Contact VAN

wave surfoce Infiow

Figure 3 Inflows thraough the erd cnd side vents
of a retiection eliminator, cousing heaod
losses inside the duct.
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In state 4 just behind this contact surface one can set uy = u3 and py =
p3. To obtain the remainder of the flow properties in state 4, note
that the inflows from the atmosphere are basically adiabatic, even if
friction, upstream-facing shocks and expansion flow losses occur. In
this case the steady-flow energy equation with no heat transfer s

(17)

2. Y1 2.2
ay * U ot ey
where aq is the atmospheric speed of sound. This equation then yields

ay, and py = Ypy/a? and the mass flow rate is given by pyAguy.

By assuming that the inflows from the atmosphere to the minimum
area of the contracted flows are isentropic, the following expression

(vy-1)/2Y ) [1 . I:le]ﬁY/(Y'1)

53 (18)

Y

pj’p1 = (pj/01) = (aj/ay)
relates the flow properties of the jets to the atmosphere. If the jet
inflows are subsonic, the pressure pj is approximately equal to the
duct pressure just inside the RWE. In this case, a pressure drop occurs
in the flow direction from the vent openings to state 4. This drop is

given by

Pj - py = k[pjd§/2] = k[YpJMﬁ/ZJ. , (19)

where k is the head-loss coefficient. This coefficient depends on the
area expansion from the combined jet flow area AJ+SJ to the duct area

An, according to
k = [1 = (Aj+55)/A,12, (20)

wnich varies from a minimum of zero when Aj+Sj = Ae to a maximum of

unity when AJ+SJ is much smaller than Aq. ‘The combined jet area AJ+SJ
is given by
Y+
2(Y-1)
]

Y-
2

A .
AJ + SJ - Py ouy - pHAcU)_‘ 11 . (21)
pjaMy  Prath;

M§]
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illustrating that k and Aj+S; depend on the two unknowns pj and Mj. A
close look at Eqs. 18 to 21 will reveal that the four unknowns Pjs MJ,
k, and Aj+Sj can be manibulated into one equation for Mj and soivec

iteratively.

If the solution for MJ turns out to be subsonic, for which this
analysis i{s valid, then Pjs» Pjr 23, uj, AJ+SJ and k are readily
determined from the past equations. On the other hand, if MJ is found
to be supersonic, then simply set Mj; to minus unity (which bypasses thu
head-loss equation) and again proceed to find py, py.ay, 4y and Ay*Sy.
This completes all of the jet flow conditions, and the combined jet area
AJ+SJ is also determined.

If the inflow entrance on trne RWE is well rounded =0 thnat jet
inflows do not contract, then the combined eliminator area Ag*S; is
equal to Aj4Sj. On the other hand, if the inlet edges on the RWE are
sharp, then a contraction coefficient has to be applied. For a Borda

+

inlet flow'" tnis would be given by

1 ¥=1,0,Y/(Y=1) s
C o= wmnl ( M2 ‘o (o2
ot O EMg) I, !
J
or in a more convenient and yet accurate expanded form as
c-2 M2/8 ¢ (2-VIMY/NE + (27} (3-21)ME/384, (23

Then the total RWE arza Ay+Se is equal to {(Aj+S;)/C.

In genvral the inlet edges are partly rounded, and € ilwe
somewhere between the maximum value of unity for well-rounded inlets ana
the lower value given by equations 22 or 23. In such cases, the val:.
from equations 22 or 23 can be modified by again using the expression ©
+ w(1-C), where the parameter w is given empirically by * -

exp(-90Rg/Dn)» Where Ro is a typical value of the radius of rounding on

tae inier edges and Ly i the hydraclic diameter of the combined vernteo

areas.
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In this inflow analysis no distinction has been made between Aj
and Sj. They have simply been combined as a total inflow area. This is
partly due to the flow coming from the atmosphere and partly because no
theory is presently available or has been recently devised that would
permit one to treat the end and side inflows separately.

3.2 UNSTEADY-FLOW ANALYSIS

The analysis for nonstationary flows inside shock tubes and blast
wave simulators is needed to predict the transient wave motion from the
interaction of shock or blast waves with the RWE having side and end
vents. Unste&dy wave motion will produce transient waves with
amplitudes and signatures that cannot be predicted by the quasi-steady
anaiysis of the last section. The unsteady flows in shock and blast
tubes are solved spatially and temporally by using the random-choice
method (RCM), which is based on the explicit solution of Riemann
problems for each cell and quasi-random sampling. Riemann problems are
solved with area changes included directly, whereas other source terms
from friction, heat transfer, mass addition, and head losses are
included with the old scheme of operator splitting in time. Although
the RCM has been improved especially for this study, the best reference
is still the report by Zhang and Gottlieb.!'®

3.3 EXAMPLE RESULTS OF QUASI-STEADY AND UNSTEADY ANALYSES

The first example illustrates the importance of including
contraction coefficients with the free jets. The simple case of a
flat-topped shock wave incident on an RWE with an end vent only is
congsidered, and the vent area is determined such that there is no
reflected wave (except for a short transient spike). The results for
the area ratio Ag/A, versus incident shock strengths p,/py are shown in
Figure 4. The case of perfectly sharp vent edges corresponds to w = 0
and well rounded edges are given by w = 1. The spread in these curves
shows the effects of different degreés of vent edge rounding, and the
effects are by no means negiigible. Hence, they should be included in

RWE analyses to obtain realistic resuits. For example, for a shock
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strength pp/py of 2, the area ratio Ag/A, varies from 0.72 to 0.84 (by
about 16%).

It is interesting to see that the area ratio Ag/A, is very small
for weak shock waves and increases toward unity as pp/py goes to 4.8232.
At this shock pressure ratio the flow behind the shock just becomes
sonic, and at higher values the flow is supersonic, The RWE is not
required for sonic and supersonic outflows because the reflected
rarefaction wave travels at the local sound speed and cannot move
upstream. (In fact, it is swept downstream to become an obliique

expansion wave.)

RWEs normally have vent edges with a fixed radius of rounding,
rather than a constant value of w. Hence, the area ratio Ag/A, for a
particular shock tube and RWE with an end vent only is shown in Figure
4, These dashed line results are for a shock tube that is 64 mm high
and 38 mm wide, and the vent takes the form of a long vertical slot
having a small rounding radius of 0.4 mm. In the case of weak shocks
(pp/py = 1) the RWE area is almost zero and even a small radius of
rounding abpears to be very large or well rounded as compared to the
smail width of the siot. Hence, the dashed line follows the line for
w =1 for well rounded vent edges at the bottom of the figure. For
stronger shocks the vent slot becomes larger and the radius of rounding
appears smaller in comparison to the slot width. Hence, the dashed line
cuts across the various lines for w and eventually comes close to the

line for w = 0 (as shown in Figure 4).

It is interesting to illustrate how sensitive the reflected wave
amplitude is to a mis-setting of the RWE area. To achieve this, let the
refiected wave have specified strengths given by p3=pp = n(pp-py), where
n equals 0, +0.05 and +0.10. Hence, the jump in pressure across the
refiected wave is a peréentage of that across the incident shock. The
upper dashed and dotted lines correspond to the case of reflected
rarefaction waves, since the vent area was too large, whereas the bottom
dashed and dotted lines are for the case of reflected shocks, because

the vent darea was too samall. These results show the sensitivity of the
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strength of the reflected wave to any mis-setting of the vent area. A
close look at these results will shown that a 5% mis-setting in area
+111 produce a reflected wave overpressure about 5% of that of the
incident shock. Hence, the amplitude of the reflected disturbance is
fairly sensitive to any mis-setting of the RWE vent area.

The re=sults given in Figures 4 and 5 for an RWE with an end vent
only have been repeated for the case of a side vent only. However, the
differences are rather small and are not presented. For all incident
shock strengths the side vent needs a slightly larger area, mainly
because the free jet is inclined rather than being perpendicular to the
tube axis, which acts like an additional contraction effect since Sg =
Sj/[Cssin(aJ)]. This extra area is illustrated best by plotting
(Se~Ag)/Ap versus pp/py, where Sy and A are the side and end vent areas
if each is used aione to produce no reflected waves for the previous
shock tube (64 mm high and 38 mm wide). These results are shown in
Figure 6. The additional area for the side vent over the end vent is a
maximum of atout 8% at a shock strength of 1.2, and less than this for
lower and higher values. If the shock tube were square or round instead
of rectangular, then the differences would be even smaller (with a

maximumn typically less than 4%).

From results such as these one can conclude that an RWE with
either end or side vents will give virtually the same performance, and
So Wwiit a combination of end and side vents. Whether more or less area
is shifted from the end vent to the side vent will not affect the
performance. However, there may be advantages of putting more area in a

side vent in the design of large RWEs.

Now consider the case of a simulated blast wave with a decaying
profile, and some results for an active RWE. Let the flow properties be
known entirely at a location 20 m beyond the test section, for the case
when the duct extension is sufficiently long that no reflection has
returned to affect these flow properties., Sample pressure and flow
velocity signatures are presented in Figures 7a and 7b. The peak

overpressdre of this wave is 1 atm, and the shock front arrival time t,
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and positive-phase duration t4 are fairly arbitrary. The duration could
he 0.5 8 for a low yield simulation, or 3 s for a high yleld case. Note
that for thi= weak blast wave case the durations of the overpressure,
flow velocity and dynamic pressure signatures are all nearly equal.

Let the duct extension be terminated at the location where these
results are known, and let an active RWE be installed (having sharp-
edged end vents). If virtually perfect reflection elimination is to be
achieved, then the RWE area setting with time must be that given in
Figure T7c, according to the quasi-steady analysis. The vent area needs
to be fairly wide open at 78% to handle the peak overpressure of the
wave front, and then to decrease more or less linearly to zero as the
outflow during the positive phase diminishes to zero. The vent area must
then increase to a maximum of 38% open for the case of inflow during the
first half of the negative phase of the velocity, and thereafter
decrease back to zero when the floy veiocity returns to zero. After
this the overpressure and flow velocity have the opposite sign, and
continued perfect reflection eiimination is not possible. In this
particular case the RWE is best kept closed. This RWE area setting with
time is fairl, typical for the case of simulated blast waves. Because
of the large vent area variation that is needed to eliminate the
reflection, it is fairly obvious that a passive RWE will not perform

well and an active RWE is required.

The area setting was prediected with the quasi-steady analysis,
and it is worth proving that this method of obtaining the RWE area
setting with time is essentially correct for achieving a good reflection
elimination. Hence, the unsteady analysis is used to determine the flow
in a blast simulator, as the incident blast wave travels along the duct,
interacts with an active RWE using the predicted area setting with time,
and produces a reflected wave at the test section. These results are
given in Figure 8, along with other interesting results for the cases of
an open end and a passive reflection eliminator. The reference case for
the pressure and flow velocity signatures is the infinite duct extension

(s0iid 1ine), because no reflection is present at the test section. In
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the case of an open end there is a severe drop in pressure and rise in
flow velocity on arrival of the reflected wave, and the need for an RWE
is obviuvus. A passive RWE set at a vent area to accommodate the peak
overpressurc of the blast wave is helpful in weakening the reflection,
but the reflection is still significant because a much smaller vent area
is needed at later times. An active RWE is excellent in eliminating the
reflection, In the positive phase there is only an overshoot or a spike
near the front of the wave, caused by the transient interaction of the
incident shock front with the area reduction of the RWE. In the
negative phase for the case of inflow, there is a minor reflection most
noticeable in the flow velocity signature. This slight lowering of the
signature is mostly due to not reducing the vent area exactly to zero at

a time of about 0.6 s.

The main conclusion concerning the quasi-steady and unsteady
analyses is that the former will predict the desired area setting for an
active RWE to minimize the reflection, whereas the latter will predict
the actual transient wave motion in the shock tube or blast simulator

and provide an assessment of the capability of the RWE.
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4.0 DESIGN CRITERIA

The RWE design concepts are tailored to fit the given data of the
LB/TS: blast wave extreme conditions of overpressure and yield, and
design of the LB/TS structure at the exit plane.

Safety, cost and rapld response of the RWE system to changing
blast wave conditions are a major concern. There should be found,
through a trade-off process, an optimum design for each concept, where
each of these factors is addressed. A margin-of-safety factor of about
1.5 has been applied to all design calculations. Struotural materiain
with yleld strengths in the mid range for ocommercial stec¢ls have been
specified to save cost and/or weight (see Tab.e Y, as an exampie).

Fast installation and removal of the RWE is facilitated by
mounting the structure on a wheeled carriage, use of quick attachments

to the LB/TS structure and relatively low weight.

A goal of the design process was to counterbaiance loads on the
RWE wherever possibie tc reduce the power requirements of the RWE
actuator system, as well as to save cost and weight for the entire

structure.
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5.0 ACTIVE RWE DESIGN ALTERNATIVES

Severwj design concepts for an active RWE were conceived and
analyzed in the first phase of the contract. The first three concepts
were designed for installation at the open end of the LB/TS and are
therefore complementary to the use of the fourth concept: active or
passive vents in the shell near the open end of the LB/TS. A description
of the concept and a discussion of completed engineering analyses is

presented for each of the three end-mounted designs.

5.1 ROTATING LOUVERS

The rotating louvers concept is a modification to the design used
for the RWE on the French large diameter blast simulator at Centre
d'Etude de Gramats (CEG)'® and consists of 100 horizontal louvers in
eight columns, supported by nine vertical beams, each attached to
prestressed cables passing through the LB/TS reinforced concrete
shell!” (Fig. 9). The main differences between this RWE and the CEG
device are that it covers a tunnel that is 2.4 times larger in area at
164 m?, has fewer louvers (300 vs. 124), and uses diamond shaped louvers
rather than fiat plates. Seven of the nine vertical beams have a W
shape (I-beam cross-section), while the two outermost b S have a WT
shape (T-section). All the beams have a sloping front cove. facing the
flow as seen in Figures 10-13. The covers prevent stagnation presscre

conditions from occurring across the entire face of the beam.

Each louver consists of a central holiow bar and four welided
plates, forming a diamond cross=ssection (Fig. 14). The bar is mounted
at both ends on bearings, located on the web of the beam (Fig. 10). At
the end of each bar a gear is mounted, through which external torque is

applied to rotate the louver,
Gear trains to operate adjacent sections of louvers are mounted

on alternate beams (Fig. 10). In order to eliminate vertical forces

acting on the louvers, vertically adja~ent louvers (in the =ame columnn)
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14.c OPTIONAL ROTATING LOUVER

FIGURE 14;

‘4.9 LOUVER WITH CENTRAL HOLLOW BAR

LB/TS REFLECTED WAVE ELIMINATOR COMPARATIVE

RO

TATING LOUVER'S CROSS SECTIONS

33




are driven in opposite directions by means of an additional small gear

(Fig. 12).

The driving gears are operated by a hydraulically driven
reciprocating rod through a lever attached to each pair of driving gears
(Fig. 10). The reciprocating rods are actuated by a high pressure oil
hydraulic system comprised of an accumulator, pump motor, and servc

control valves operated under computer control.

The entire atructure of the RWE and its required powsr system le
mounted on a carriage (Fig. 9), tc permit saimple installation end
removal of the active RWE system, Datalis of the carriage and powGr
aystem were not designed under this affort,

The beams and louvers were structurally designed!®'* to
withstand stresses exerted by the fiow2?°:2!',22 for the case of a 24!
kPa/600 kT blast wave??®. The beams and louvers were assumed to be
simply supported, situated in a full open condition at the time of
arrival of the shock front. (Both the diffraction phase and drag phaze
of the loading were considered. However, this loading asrumed the
louvers were in a stationary position (zero degree angle of attack)
through the duration of flow.) 1In a trade-off among stresses, weight
and cost, commercialiy available high-strength, low-alloy steels?" were
selected for the louvers and for the support beams. The recommended
members are noted in Table 1, as are the caiculated loads and =stresses.
The total mass of the rotating louvers RWE system (carriage and
hydraulic system excluded) is about 46727 kgs, of which 23587 kgs is the
weight of the louvers, 20866 kgs the suppbrt structure and 2268 kgs the

driving mechanism,

About 12.5% of the exit plane area i=s always closed, due to the
vertical beams. The open area ratio (ratio of free area to total LB/TH
cross-section) may vary between 69.2% when the louvers are fully open

and 19.2% with louvers entirely closed (Fig. 10).
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In order to size the components of the hydraulic system, the
power required to rotate the louver elements of the RWE must be known.
This can be calculated as the product of the torque and the angular

TABLE 1: SUPPORT BEAMS AND LOUVERS FOR THE LB/TS REFLECTED
WAVE ELIMINATOR

Cross—  Moment  Effect- Yield
Section of ive Load- Stress, Max. Margin
Desig- Inertia Length Force ASTM min, Stress of
Beam No. ation ~ (em*)  (m) {KN) Steel (mPa) (mPa) Safety
1 (Center) W36x210 5.49x10% 10,75 2233 AST2 Y414 280 1.47
Grade 60
2 and 3 W36x210 5.“9§105 10.50 2189 A5T2 414 268 1.53
Grade 60
4and 5 W36x170 4.37x10% 9.50 1984  A572 iy 272 1.51
‘ Grade 60
6 and 7 W36x135 3.25x10% 7.7% 1601 AST2 345 237 1.45
" Grade 50 ‘
8 and 9 WT18x97 3.75x10° 4,00 453 AST2 345 227 1.51
‘ Grade 50
Rotating (Fig. 2963 2.029 252 A572 290 180 1.60
Louver 14.a) _ Grade 42 : '
Optional (Fig. 962 2.029 288- A514 655 424 1.54
Rotating 14.¢)

Louver

velooity at any instant in time. For the double-symmetric diamond
cross-section of the rotating louver, the blast wave aerodynamic forces
are asscmed to be applied through the center of rotation (which is
optimistic since aerodynamic torques are assumed negligible).
Therefore, the torque required to rotate the louvers (neglecting
friction) is computed as the polar moment-of-inertia times the angular
acceleration. Since the angular veiocity and acceieration of the
lougvers vary as functions of the desired simulated blast wave
overpressure, the required power is a time-varying quantity. The

presscre/time profile for a 10kT, 241 kPa blast simulation was
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calculated and used as input to the quasi-steady computer model prepared
by UTIAS.2* This model in turn calculated the open area ratio required
for the RWE. Total duration of the positive phase for a 10 kT, 241 kPa
blast wave is 289 milliseconds. Because of the relatively short
duration, this simulation requires the most rapid changes in open area
ratio._and therefore the greatest power requirement.

Given a louver cross-section, as shown in Figure 14, the polar
moment-ofminertia of the entire RWE can be calculated for the 100
louvers. A computer program was written to calculate the power
requirements as a function of time (and therefore of open area rati-)
for rotation of a single louver. A sample output from the program for a
blast wave simulating a 10 KT yield event at the 241 kPa overpressure
level {8 presented in Table 2a. Thi= output sths that the maximan
powsr requirement for a 100=louver RWE design is 665 kw. Howaver, this
value does not aocounﬁ for losses in the gear train and associated
linkage. It is important to note that the maximum power requirement
is an artifact of the louver geometry. This is the case hecause of the
specific angle-of-attack with the specified louver geometry. However,
the large power requirement can be mitigated if another aspect of the

RWE operation is considered.

The quasi-steady computer model alilows the calcuclation of
deviations in overpressure from the simulated profile when the RWE is
not properly set to the required open area ratio. The deviations
(penalties) for improper settings are significant when expressed as a
percent of the overpressure profile, as high as =-53% for an open area
ratio of 10%, instead of the 3.9% required for proper RWE performance.
However, this error is easily tolerated because the overpressure at this
point in the simulated blast wave is a mere 413 Pa (0.06 psi), and the
deviation, while large as a percentage of the overpressure, is

insignificant in absolute value.

The net result {e that the RWE can be deaigned to provide accurate

open area ratios at high overpressures, and to close at slower rates
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TABLE 2a.

POWER REQUIREMENTS FOR ONE ROTATING LOUVER

FOR THE 241 kPa/10 KT CASE

Angular
Required Achiev- Angle of Angular Accelera=-
Theoreti- able Attack Velocity tion Required
Time cal Area Area (deg) (rad/sec) (rad/sec?) Power
(sec) Ratio Ratio Theta Omega Alpha (Kw)
0.0000 .9888 .7393 15.13 0.00 0.00 0.000
.0150 L9677 .7393 15.13 0.00 0.G0 0.000
.0300 L9342 .7393 15.13 0.00 0.00 0.000
.0U50 .8887 .7363 15.13 0.00 0.00 0.000
.0600 .8831 .7393 15.13 0.00 0.00 0.000
.0750 L7696 .7393 15.13 0.00 0.00 0.000
- .0900 L7065 L7065 17.84 3.16 210.36 2.535
.1050 .6561 .6561 22.09 4,95 119.45 2.257
.1200 .6078 .6078 26.29 4.88 -4.14 =0.077
.1350 .5610 .5610 30.51 4.9 1.55 .029
.1500 .5150 .5150 34,84 5.04 8.89 A
.1650 L4698 L4698 39.33 5.23 12.39 L2h7
.1800 L4252 L4252 Ly, 07 5.51 18.92 .398
.1950 .3810 .3810 49.17 5.94 28.43 646
- .2100 .3371 «3371 54.83 6.58 42.79 1.075
.2250 .2928 .2928 61.49 7.75 77.96 2.307
L2400 L2473 L2473 70.33 10.29 169.50 6.662
TABLE 2b. POWER REQUIREMENTS FOR ONE OPTIONAL ROTATING
LOUVER FOR THE 241 kPa/10kT CASE
Angular
Required Achiev- Angle of Angular Accelera-
Theoreti- able Attack Velocity tion Required
Time cal Area Area (deg) (rad/sec) (rad/sec?) Power
(sec) Ratio Ratio Theta Omega Alpha (Kw)
0.0000 .9888 .8022 8.74 0.00 0.00 0.000
.0150 L9677 .8022 8.74 0.00 0.00 0.000
.0300 .9342 .8022 B.74 0.00 0.00 0.000
.0l50 .8887 .8022 B.74 0.00 0.00 0.000
.0600 .8831 .8o22 8.74 0.00 0.00 0.000
.0750 L7696 L7696 11.03 2.67 177.70 2.082
.0900 .T065 L7065 15.51 5.22 170.51 3.914
- .1050 .6561 .6561 19.17 4.25 -6U4.64 -1.208
.1200 .6078 .6078 22.75 .17 -5.79 -.106
.1350 .5610 .5610 26.31 4.1y -1.50 -.027
. .1500 5150 5150 29.92 4,20 3.82 071
.1650 L4698 L4698 33.61 4,28 5.41 .102
.1800 U252 L4252 37.40 4.41 8.71 126
| .1950 .3810 .3810 41.36 4,61 12.88 .261
‘ .2100 .3371 .337 45.54 4,87 17.68 .379
.2250 .2928 .2928 50.11 5.32 29,64 .693
‘ .2400 L2UT73 L2473 55.31 6.05 Lhg,02 1.304
‘ .2550 .1987 .1987 61.76 7.50 96.84 3.194
‘ .2700 L1429 1429 71.52 11.35 256.34 12,787
| .2850 .1050 .1050 83.83 14,33 198.74 12.518
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than required near the end of the blast wave. The effect i{s to reduce

the performance of the RWE, with minimal impact on the simulation.

An optional rotating louver design was prepared in order to
extend the range of open area ratio from 75.75% in a fully open
condition to 10% in the entirely closed position. The dimensions are
presented in Figure 14 and on Table 3; the modified design 1s lighter,
thinner and faaturés a longer chord than the original louver design.
The loads and streases on the optional design are greater and thus
require a grade ASTM A514 quenched and tempered alloy with a minimum
yleld atrass of 95 kai?*,

The optional louver design (Table 2b) has & lower power require-
ment at all similar times than the baseline louver (Table 2a). At very
late times the optional louver requires a large amount of power sinée it
has a larger moment-of-inertia. However, since this louver is wider and
has to move through a smaller angle of attack to achieve the =same

biockage, the moment-of-inertia is more than compensated for,

For comparison purposes, an aiternate louver design consisting or
four welded plates in a diamond cross-section, without the central bar
(Fig. 14b), was evaluated. It was found that when using the same
cross-séctional external dimensions and the same moment-of-inertia for
the range of open area ratios, the alternate louver would weigh 23% more
and {ts polar moment-of=inertia would be 93% greater than the centrai

bar louver. Specific results of this analysis are presented in Table 3.
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TABLE 3: COMPARISON RESULTS BETWEEN CENTRAL BAR AND ALTERNATE
PLATE LOUVER CROSS~SECTIONS

Results Polar Required
Moment- Power,
100 Plate (mm) Weight ) of-Inertia max A
Louvers Thickness (Kg) (%) (Kg.m2) (Kw) (%)
Central Bar 6.35 23678 - 3.98 665 --
Alternate Plate 19.33 29121 23 7.65 1283 93
Optional Rotating 6.35 19323 =18.,4 .56 1279 92

An analysis of aerodynamic flutter?® was conducted for tne
rotating louver concept. The unstable divergent type qr motion, when
caused by aerodynamic forces resulting from vibrations, is called
aerodynamic flutter., Flutter is one form of self-induced vibration,
i.e., a type of vibration which sets up forces in phase witnh the
displacement, which cause the vibration to persist and undér aome
conditions to become divergent. Structures subject to flow should be
examined for existing tendency to flutter in the flow conditions.
Resuits are presented in Table 4 and indicate that there is no tenderncy
of the rotating louver to flutter, since the greatest possible flow
velocity (335 m/sec) is much smaller than the calculated divergence and

fiutter velocities,

TABLE 4: ROTATING LOUVER AERODYNAMIC FLUTTER ANALYSIS RESULTS

Naturai Natural ~ Divergence Fiatter Feak Finow

Fiexure (Hy) Torsicnal (H;) Velocity Velocity Velocity

Frequency Frequency (m/sec) (m/sec) (m/sec)
82 125 2,235 1,534 335

The possibility of reducing weight by using a light material such
as aluminum was aiso considered. Due to high stresses, high=strength
aluminum would be required, which reduces weight but raises cost.
However, with high strength aluminum, welding becomes a problem, which

raises a major concern in the fabrication of the rotating iouvers.
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5.2 HINGED LOUVERS

The hinged louver concept is similar to the rotating louver, with
the frontal area of the louver element changed by varying the angle
between two plates hinged at one edge. The basic support structure of
the hinged louver is shown in Figure 15. It is identical to that of the
rotating louver RWE, which was described earlier. Figures 16-19 show
the three views of the hinged louver concept design, whereas Figure 20
shows the basic shape of a single hinged louver in cross-sectionai view.
The open area ratio of the hinged louver will vary between 10% with

louvers entirely closed and 85% when the louvers are fully open.

The hinged louver consists of two flat plates, which are pinned
together at a hinge along the upstream edges. The upper piate is pinned
to a vertical support beam, and the lower plate is attached to a controi
rod. The edge of the lower plate at the downstream side of the louver
is limited to vertical motion only, moving in a smooth track, as

detailed in Figures 18 and 19.

Each control rod operates one column of louvers (out of a totail
of eight) and is located at the midpoint of the section (Figs. 15 and
16), to minimize binding in the Louver that couid be generated if a

controlling force was applied to either end of the louver.

In a trade-off among ioads, weight and cost, the same steei 4as
specified for the rotating iouver was selected for the hinged louver.
An anairysis of the appiied loads indicated that a minimum piate

thickness of 8 mm is needed.

The total mass of the hinged iouver Rwhk system (cdarriage and
hydraulic system excluded) is about 30391 kg, of which 7711 kg is the
weight of the louvers, 20865 kg for the beams, and 814 kg for the

driving mechanism,

An anaiysis of the loads applied to a singie hinged iouver was

performed. The free-body diagram of Figure 20bL was uvsed to establish a
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set of six equations that describe the forces and moments acting upon

the two plates of the louver:

Upper Plate:

zFx=RAx+Fx+w-RBx=g-iD (24)
£Fy = Ryy + Fy = Rpy = -Z- Yp (25)
IMg = Rpyx + k cosO + Rpy * k 8in®@ + (Fy + W) g cos0 +

Fyg sin® = Ipg %%9 (26)

Lower Pliate:

ZFX =F +W=Fy - Rpy = g Xg (27)
LFy = Fy = Rc - Rpy = g Yg (28)
IMp = F + k cos0 + Rck sine - (Fy - W)g cosQ
kK . ~ d?9
Fy . 5 sin0 = "\IpA ac? (29)

A computer program wdasS written to solve the six equations
simeltaneously. This program was coupled with a set of data that
described the time dependence of the area ratio requirement for an
active RWE to provide proper RW elimination for a 10 kT simulated blast
wave, Aerodynamic forces were calculated based'on both supersonic and
slightly subsonic flow conditions. Separate coefficients of drag were
established for each condition. For the supersonic condition the Cy was
established with the louver at a zero degree angle of attack. In the
subsonic condition the C4 was established assuming the louver was 4t 4
15° angle of attack, where flow separation begins. Equations were
incieded in the computer program that used this discrete data for blast
wave time and corresponding area ratio to compute angular veloecity and
acceleration for the louver., It was then possibie to calcclate the

power required for proper positioning of the hinged louver:

Hydraclic Power = F*V = F:X. = F+*2k cosd d0/dt (30)
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A second power requirement calculation was made based only on the
polar moment-of-inertia of the hinged louver, which is a function of the
half-angle between the two plates that form the louver (the angle 0 in
Fig. 20a). This alternate power calculation does not account for the
pressure exerted on the hinged louver surface by the blast wave. This
force is balanced in the rotating louver design because it is applied
through the center of rotation, but that is not applicable in the hinged

louver concept.

Results from the computer program dare presented in Table 5. The
power requirement is seen to be much larger than for the rotating
louver, because the force resulting from the blast wdve overpressure
must be included. Comparison of the calculated power requirement with
the alternate power (poiar moment) calculation shows Lhat most of the
needed power is applied to oppose the moment generated by the blast wave
overpressure. Especially noteworthy is the resuit thdt as the hinged
louver nears full extension, the power must be applied in the opposite
direction to reduce the rate at which the area ratio is changing. The
large inertia power requirements near the end of the time period are due
to the momentum of the previous motion of the hinged louvers and the
help of the blast wave in closing the area. Due to this condition the
requirement for additional hydraulic power to close the area is small.
Design parameters for a 100-unit hinged louver RWE are presented in
Table 6.

An analysis of aerodynamiec flutter?® was a.so conducrted for the

hinged louver concept assuming the foliowing simpirifications:

a. natural fiexure frequencies for a simple - supported bedm, and

D. natural torsional frequencies about the center-of-grdvity dxis.

The calculated divergence velocity for iow vdaides of the louver
half angle is smaller than the flow velocity (Tabie 7). This resuit may
indicate a potential for aerodynamic fiutter at iow iouver angles that

should be examined in further detaii if the hinged louver concept is
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TABLE 5. FORCE AND POWER REQUIREMENTS FOR ONE HINGED LOUVER (WITH
RW JUMP) FOR THE 241 kPa/10 kT CASE
Angular
Angle Angular Accel-
of Velocity eration
Attack (rad/ (rad/ Inertia  Hydraul- Hydraul-
Time Area (deg) sec) sec?) Power iec Force 1ic Power
(sec) Ratio Theta Omega Alpha  (Kw) (KN) (Kw)
0.0000 .850 4,82 0.00 0.00 0.000 133.12 0.00
.0150 .850 4,82 0.00 0.00 0.000 "92.43 0.00
.0300 .850 4,82 0.00 0.00 0.000 64.93 0.00
L0450 .850 4,82 0.00 0.00 0.000 45,62 0.00
.0600 .833 6.00 1.38 91.74 432 34,02 30.90
.0750 .770 10.47 5.20 255.08 4,835 28.82 97.90
.0900 LT07 14.98 5.25 2.85 .060 20.28 68.22
.1050 .656 18.65 4,27 -65.10 -1.204 14,87 39.93
.1200 .608 22.24 4,18 -5.97 ~.118 11.62 29.85
.1350 .561 25.81 4,15 -1.67 -.036 8.46 20.98
.1500 .515 29.42 b, 21 3.66 .088 5.86 14,26
.1650 470 33.11 4,29 5.22 L4 3.72 8.87
.1800 425 36.90 4.4 8.49 .259 2.01 4,71
.1950 .381 40.86 4.60 12.59 .439 0.65 1.5
.2100 .337 45,04 4.86 17.28 .697 -0.37 -.85
.2250 .293 49,59 5.30 29.02 1.396 -1.06 -2.42
.2400 L2UT7 54.76 6.02 47.90 2.888 -1.44 -3.33
.2550 .199 61.15 7.43 94.15 7.654 -1.33 -3.18
.2700 143 70.69 11.10 244 .56 33.033 0.18 .45
.2850 .100 84.80 16.42 354,76 76.760 10.83 10.70
TABLE 6. ANALYSIS RESULTS FOR HINGED LOUVER GEOMETRY, WEIGHT AND
MAXIMUM POWER REQUIREMENTS--FOR 100 LOUVERS
Poliar
Moment-of- Inertia Hydraculic
Plate (mm) Plate (mm) Weight Inertia, max. Power, Power,
Thickness Chord = Kk (Kg) (Kg.m?) max (Kw) max (Kw)
8 332 7802 13.7 7676 9790
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selected for scaled tests. However, there are known techniques for

flutter suppressibn that can be applied if a problem is confirmed.

TABLE 7. HINGED LOUVER AERODYNAMIC FLUTTER ANALYSIS RESULTS

Louver Haif

Angle (deg) 5 25 45 €5 85
Natural Flexure

Frequency (Hz) 189.4 172.3 134.4 80.3 16.6
Natural Torsionail ,

Frequency (Hz) 4,63 123.7 171.2 82.4 2.35
Divergence Velocity

{m/sec) 47.0 1257.0 1754.0 838.0 23.9
Flutter Velocity

(m/sec) - -- 988.0 319.0 -
Flow Velocity 332-211 85.7 29.8 8.5 1.1
(m/sec)

5.3 COMPARISON OF HINGED AND ROTATING LOUVERS CONCEPTS

Specific features of the hinged and rotating iouver concepts are

compared in Tabie 8.

TABLE 8: COMPARISON OF HINGED AND ROTATING LOUVER:

Feature Open-area Max. Aero-
RWE Mass Ratio Power dynamic Louver
Louver (Kg) Range (%) Req. (Kw) Fiutter  Structure
Rotating 46720 20.5 - 74 665 No Enciosed,
Tendency Sturdy
Optional 42185 10 - 80 1279 Nn Enclosed,
Rotating Tendency Sturdy
Hinged 30391 10 - 85 9790 Some Open on

Tendenecy downstream
side
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The current design for the rotating louver RWE has no tendency
for aerodynamic flutter and has a peak power requirement for the
actuator system of less than 670 kw., The disadvantages of this design
are a greater mass (46720 kg) and a smaller range of open=area ratios
(20.5 - T4%)., Modification to the rotating louver cross section
extends the open=area ratio range to achieve 10 - 80% with a reduced
weight louver. This bonus is obtained by reducing the central bar
diameter and by extending the chord length, resulting in increased
structural loads,which are matched by a better and more expensive steel

alloy, as well as by a larger peak power requirement.

The current design of the hinged louver RWE has a lower mass
(30391 kg) and a larger range of open-area ratios (10 - 85%) than the
rotaﬁing louver concept. The disadvantages of this design are: a
requirement for peak actuator power of over 9694 kw and an open louver
structure, which causes a potentiai for aerodynamic frutter (at low
louver angles). Some alternate hinged louver operator mechanisms were
analyzed, resciting in the same conclusion. In order to move both
hinged louver plates into the coming flow, there is a minimum power
requirement which must be met and is actually the power requirement
calcglated earlier. However, design modifications may reduce or

eliminate the hinged louver flutter potential.
5.4 STATOR-ROTOR CONCEPT

This RWE concept employs rotary motion of a radialiy segmented
dise in the plane of the LB/TS exit to change the open area ratio.'’
The stator, shown in Figure 21, is mounted to the LB/TS structure. The
rotor, Figure 22, is mounted immediately downstream from the stator, and
rotates on a central axis. Both assembiies consist of almost identical
fan-shaped elements which partially block the open area of the shock
tube exit. To change the open area ratio, the rotor is rotated reidative

to the stator to block additional area of the LB/TS exit plane. Figure
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23 illustrates the stator-rotor concept with the rotor rotated to block

maximum area (mininum open area ratio).

The range of open area ratios obtainabie with the stator-rotor
concept is a function of the maximum open area ratio (1- the area ratio
always blocked by the stator) and the number of rotoﬁs selected for use
in the RWE. Table 9 presents a summary of the range of open area ratios
that can be achieved with up to four rotors. For the initial
engineering analysis of the concept, a singie rotor design with an open
area ratio range of 20 to 60% was selected. The resulting design
dimensions are given in Figures 21 and 22. As shown in Figure 22, the
rotor elements are fastened at their tips to a circumferential frame to

provide needed free end confinement.

TABLE 9. LB/TS EXIT PLANE OPEN-AREA RATIO RANGTS
FOR STATOR/ROTORS ACTIVE RWE DESIGNS

Stator Biocked
Area Ratio (%) 50 45 40 35 30 25 20 15 10 5

Max.
No. of  Open-Area 50 55 60 65 70 75 &0 85 90 95
Kotors Ratio (%)
1 0 10 20 30 40 50 00 70 80 90
Min.
2 Open—-Area 0 10 25 40 55 70 85
Ratio (%)
3 0 20 40 o0 80
y 0 25 50 75

To prevent rotor flutter from outflow or infiow at the ex:t
plane, bail-type linear bearings would be mounted on both sides of the
rotor outer circumference, roiling between two smooth circumferential
tracks. Eleven equally spaced brackets, mounted to the LB/TS exit plane
circumference, are uvsed as the base for these two tracks. The rotor :is
driven circumferentially, through an attached lever, by an actuator rod
which is operated by a hydrauvliec system similar to that used for the
louver concept. As with the louvers design, the entire structure of the
stator-rotor dand the hydraulic system are mounted on 4 movabie carridre

to enabie simpie removal or operation.




The stator's ribs have a sloped front cover, facing the fiow, to
prevent stagnation-pressure conditions. All the ribs (stator and rotor)
are hollow, to save weight. An assumed skin thickness of 2.5 cm was
used to calculate the ribs' rectangular cross-section, found to be 4
depth of 30 cm, width varies from 25 em at the origin up to about 240 em
at the end. The structure of stator and rotor was sized!®»'? to
withstand loads exerted by the flow?°+2',22 for the case of 241 kPa/600
KT blast wave??. In a trade-off among loads, weight and cost, the ribs
of stator and rotor should be fabricated of ASTM A572-Grade 65

nigh-strength, low-alloy steel, which has a yield stress of U448 mPa®".

The total weight of the stator-rotor design (carriage arnd
hydraulic system excluded) is about 82555 kg, of which 42638 kg i«
weight of stator and static elements (11 brackets and 2 circumferential
tracks) and 39916 kg belong to the wéight of the rotor (inciuding

circumferentiai frame, bearings, lever and rod).

A polar moment-of-inertia was calculated for the stator-rotor
RWE, and was found to be nearly 5000 times that of the rotating louver
design. This amplitude was immediately seen as a major disadvantage for
the stator-rotor concept, since the power requirement for rotation of
the roter is directiy proportional to the polar moment-of-inertiq,
Further analysis of the stator-rotor RWE was suspended, bLecause of tnwe
excessive power requirement calculated for the huge poiar moment-of-

inertia as compared to the other design options.
5.5 SI1DE VENTING

Tne previocsiy described computer modeling studive by UTIAS nave

resited in the predintion of required opern dareda ratios for tiove

caimination of reflected waves for three Jifterent L1dast wave
Simesarions in tne LEJTS?? 2% The open drea ralio Lo Le generdlec Uy o
hiwin ar a funetion of time & grapned in Figures Oo bheoo oo Do Do U
three 1ow-yield cases, The datd ahow that the range ol opwen dared ralio

fractian of tolar LE/TH crocss-sectiondl drva 1ol Doocee Uy i babs
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FIGURE 24: Area setting versus time for the active
reflection eliminator used in the 13.8 kPa
and low yield case.
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needed for the simulation of the desired blast waves is greater tnan

that provided by any of the designs previously described.

There are two approaches that can be employed to address this
problem. The first is to simply "take what you can get," with a
resulting overpressure profile that does not exactiy simulate the bliast
wave of interest, and the second is to supplement the performance of the
RWE mounted at the exit plane with an additional technique. Side
venting provides a means to satisfy this second option. This concept
uases vents in the side walls of the LB/TS near the exit. These vents
may be active or passive, as discussed in the Introdcction of this
report. Analysis conducted under this effort indicates that the most
effective use of side vents is in conjunction with an active RWE located
at the exit plane of the LB/TS, rather than as the only means of
refliected wave esimination.

The area ratios that can be acrhieved with the three Hwb concepts
presented in this report are depicted on the required open area ratic
graphs of Figures 24 through 26. The graphs show that while additionas
open area is not required for the 13.8 kPa blast wave simulation, there
is a need for additionail venting for two of the three designs in the
103.4 kPa case. AlLl designs require supplemental venting for the 24°
kPa simulation. It must be noted that the UTIAS computer model
arbitrarily cut off the minimem open area ratio at '0%, since perfert
gearing of the LB/TS exit is not practical or desiraiie, especially

whilte under dynamic loading.

The UTIAS guasi-steady model was used to st wdy tne effect of tne
upper 1imit on the open area ratio on the performance of a RwZ in
simuiated 281 kPa blast wave. For a maximarm opern area ratis of &5% ip
the RWE, the model predicted maximam overpressure £41%1 atove the desipe
1evelr.,  Tne forces calealated in Tavse & (column sdbesed "hydrao. o
force") refiect this condition, where for several of the eariy tine
Steps Lhe maximum open dred wds beio. Lhe vdaue reciread Lo deearateay

simiate the bldast wave.
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A second set of computations was also performed, where the RWE
was assumed capable of providing the required open area ratio through
contributions from an active RWE mounted on the open end of the LB/TS
plus side vents (which may or may not be active). These data are
presented in Table 10, It is quickly seen that the force requirement
for the time zero condition has dropped by U40%, resulting in a more
accurate desired overpressure profile which was provided by the
increased range of the RWE/side vent combination. This result
dramatically illustrates the value of side vents in an integrated KWE
concept, which can accommodate the entire range of operation specified
for the LB/TS.

Engineering of a conceptual design for side venting has not yet
been undertaken but is recommended as a priority item now that side
venting has been shown to be important to successful operation of an
active RWE on the LB/TS. 1Initial analysis by UTIAS has shown that side
vent area need be only about 5% greater than exit plane area for
equivalent effect on the reflected wave. The modeling of side venting

should also be examined in greater detail in the future.
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TABLE 10.

FORCE AND POWER REQUIREMENTS FOR ONE HINGED LOUVER (WITH
PERFECT ELIMINATION OF THE RAREFACTION WAVE) FOR THE
241 kPa/10 kT CASE

Angular
Angle Angular Accel-
of Velocity eration
Attack  (rad/ (rad/ Inertia  Hydraul- Hydraui-
Time Area (deg) sec) sec?) Power ic Force ic Power
(sec) Ratio Theta Omega Alpha  (KW) (KN) (KW)
0.0000 .850 4. 82 0.00 0.00 0 80.02 0
.0150 .850 4,82 0.00 0.00 0 62.99 0 N
.0300 .850 4,82 0.00 0.00 0 50.40 0
.0450 .850 4,82 0.00 0.00 0] 40.78 0
.0600 .833 6.00 1.38 91.74 U432 30.0¢2 30.90
L0750 .T70 10.47 5.20 255.08 4,835 25.82 97.90
.0900 .T07 14,98 5.25 2.85 .060 20.28 68.22
.1050 .656 18.65 4,27 -65.10 ~1.204 14,86 59.93
.1200 .608 22.24 4,18 -5.97 -.118 11.62 29.85
.1350 .561 25.81 .15 -1.67 -.036 8.45 20.958
.1500 .515 29.42 y. 21 3.66 .088 5.86 14,26
.1650 U470 33.11 4. 29 5.22 LU 3.72 &.87
.1800 425 36.90 4,y 8.49 .259 2.01 4.7
1950 .381  40.86 4.60 12.59 .439 ¢.65  *.51
.2100 <337 45,04 4,86 17.28 697 -0.37 -.85
.2250 .293 L9 .59 5.30 29.02 1.396 -1.06 -C.u2
L2400 L2U47 54,76 6.02 u7.90 2.868 =1.44 -3.33
L2550 .199 61.15 7.43 94 .15 7.654 -1, 3% - 1R
.2700 143 70.69 11.10 22U, 5¢ 35.053 0. & A5
.2850 .100 84.80 16.42 394,70 75.700 T0.83 IRV
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6.0 CONCLUSIONS AND RECOMMENDATIONS

Analysis conducted by the UTIAS and reported in Section 4
presents a sound case for the recommendation of an active RWE
configuration over a passive design. Simulations with the RCM computer
model clearly show that passive RWEs for the LB/TS oannoﬁ simultaneously
maintain peak pressure and positive phase duration for a given yield,
especially at the high-=yield end of the LB/TS operational envelope. The
feasibility of an active RWE is confirmed in the engineering design
analysis and power requirement computations discussed in this report.
For the LB/TS envelope of interest, the flexibility and simulation
capability of the active RWE designs become the paramount factor for

their implementation.

The engineering studies indicate that the stator-rotor concept is
the least desirable of the three investigated, because of its
considerable mass and very large polar moment-of-inertia. Both the
rotating louver and hinged louver concepts are promising, the rotating
louver because of its minimal power requirement and the hinged louver
because of its light weight. However, some design modification must be
found to reduce the power requirement for the hinged lauver before it
can be considered clearly superior to the rotating louver concept. All
active RWE concepts must be supplemented with active or passive side
vents, to properly simulate the envelope of conditions specified for the
LB/TS. It is recommended .hat the two louver concepts and side venting

be further refined and analyzed for application to the LB/TS.

Future activities should address the growing need for
experimental data with RWE concepts. A two-phase program is
recommended, with the first phase testing to be done at 1/57th scale,
and a second phase at 1/6th scale. The 1/57th scale testing is proof of
the concept in nature, since it is not practical to actually scale the
designs presented in this report for use on a 25.4 cm shock tube (the
1/57th scale test article). The 1/6th scale activities could be
conducted in the 2.44 m shock tube at BRL. At this scale, the LB/TS

designs could be scaled for performance testing of the components of an
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RWE system. The existing active RWE concepts should be refined and
analyzed in greater detail to obtain the information required to prepare
scaled designs for testing. This effort should include additional
modeling with UTIAS codes that are being upgraded, as well as more
detailed design work on the RWE concepts themselves. A passive RWE
should also be included in the scaled tests for comparison purposes.
Hardware should be fabricated and installed on the BRL 25.4 cm shock
tube for testing under actual shock conditions. Results of the scaled
tests could be used to evaluate the active RWE performance and to
validate the predictions made with the UTIAS computer modei. In a
second phase, design modifications suggested by the tests could be
implemented and checked in a series of tests at 1/6th scale at BRL.
This test series would be optional, pending the results of the smaller
scale tests and the availability of the larger diameter shock tube for

such a test program.

64




10.

11.

7.0 REFERENCES

Bowman, J.E. and G.B.F. Niblett, "The Passage of a Plane Shock Wave
through a Wire Gauze," Proc. Phys. Soc., Lond. B, Vol. 68(12),
1008-1016, 1955.

Dosanjh, D.S., "Interaction of Grids with Travelling Shock Waves,"
NACA TN 3680, Sept. 1956.

Weidermann, A., "Study of Grids in Shock Tubes," Proc. of First
Shock Tube Symposium, SWR-TM-57-2, Hq. AFSWC, Kirtland AFB, NM,
26-27 Feb. 1957.

Franks, W.J., "Interaction of a Shock Wave with a Wire Screen,"
UTIA Tech. Note No. 13, University of Toronto, May 1957.

Rudinger, G., "The Reflection of Shock Waves from an Orifice at the
End of a Duct," Journal of Applied Math. and Physics, Vol. 96,
570-585, 1958.

Sadwin, L.d. and J. Berman, "Reflection and Rarefaction Elimination
in Conical Shock Tubes," Proc. of Military Applications of Blast
Simulators Symposium, Vol. 2, 582-591, DRES, Ralston, Alberta,
Canada, July 1967.

Haverdings, W., "Evalvation of the 2.0-m Diameter Blast Simulator
Driven by Fuel-=Oxygen Explosives Charges," Proc. of Eighth
International Symposium on Military Applications of Bilast
Simulation, Vol. I, I.1-1 to I.1-21, Spiez, Switzerland, 13-17 July
1983.

Clare, P.M. and R.D. Rowe, "The Foulness Muititon Air Blast
Simulator. Part 1: Early Development the Gun Driven Facility,"
AWRE Report 031/74, Atomic Weapons Research Establishment, 1974.

Leys, I.C., "AWRE Foulness Nucledr Air Biast Simuiator,
Construction and Calibration of the Enlarged Facility," Proc. of
Eighth International Symposium on Miiitary Applications of Bliast
Simelation, Vol. II, I.1-1 to 1.1-16, Spiez, Switzerland, 13-17
July 1983.

Languin, C., "Simulation de Choc et de Souffie. Commpensatecr
d'Ondes de Detente de Bouche pour tube a Choc de 2400 mm de
diametre de Veine. Description, Compte~Rendu de son Compartement
Face aux Ondes de Souffle," Note Technique T-76-29, Centre d'Etudes
de Gramat, Gramat, France.

Cadet, A. and J.B.G. Monzac, "Le Simulateur de Soufflie a Grand
Gabarit du Centre d'Etudes de Gramat: Description et Utilisation
Operationelle,”" Proc. of Seventh International Symposium on
Military Applications of Blast Simulation, Vol. I, 1.2-1 to 1.2-20,
Medicine Hat, Canada, 13-17 July 1983.




12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25,

26.

Coulter, G.A., G. Bulmash and C.N. Kingery, "Experimental and
Computational Modeling of Rarefaction Wave Eliminators Suitable for
the BRL 2.44 m Shock Tube," BRL-TR-02503, U.S. Army Ballistics
Research Laboratory, June 1983,

Kingery, C.N. and G.A. Coulter, "Rarefaction Wave Eliminator
Concepts for a Large Blast/Thermal Simulator," BRL-TR-2634, U.S.
Army Ballistic Research Laboratories, February 1985.

Gurevich, M.I., "Theory of Jets in Ideal Fluids," Academic Press,
1965.

Zhang, K.Y. and J.J. Gottlieb, "Simulation of a Blast Wave in a
Shock Tube by Using Perforated Plates in the Driver," UTIAS Report
No. 304, University of Toronto, March 1986.

Seventh International Symposium on Military Applications of Blast
Simulation, Alberta, Canada, 13-17 July 1981, Proceedings, Vol. I.

Contract Progress Report on Active RWE-Engineering Conceptual
Designs, Moshe Kuna, Denver Research Institute, University of
Denver, January 1987.

Strength of Materials, John N. Cernica, Holt . . ., Inc., 1966.

Standard Handbook for Mechanical‘Engineers, Marks, 7th Ed.

Lecture Course Notes on Random-Choice Method, Prof. James Gottlieb,
University of Toronto, May 1986.

Aerodynamics, L. J. Clancy, 1975, John Wiliey & Sons, NY.

Compressibie Fluid Flow, Michel A. Saad, Prentice-Hall, Inc., New
Jersey, 1985,

Numerical Study of Reflection Eliminators, Prof. J.J. Gottiieb,
University of Toronto, December 1986; Report to Denver Research
Institute.

Mancal of Steel Construction, 8th Ed., AISC, 10/81.

Fortran 77 Computer Program and Description of Its Use for
Predicting the Area Setting of a Reflection Eliminator, Prof. J. J.
Gottlieb, University of Toronto, January, 1987; Report to Denver
Research Institute,

Aircraft Vibration and Flutter, C.R. Freberg and E.N. Kemler, John

Wiley & Sons, Inc., New York, 1944,




APPENDIX

SUPPLEMENTAL SIDE VENTING RAREFACTION WAVE ELIMINATOR

BRL PURCHASE ORDER #DAAD05-87-M-M469

67




INTENTIONALLY 1ii1 <1 ANK.

68




TABLE OF CONTENTS

INTRODUCTION ...ttt eessssnees A-3
SIDE VENTING STEEL SHELL ..., A-3
2.1 Conceptudl Design.... e A-3
2.2 SUress ANALYSIS c.ccecreveeeeneecmreint e A-6
CLOSURE MECHANISMS. ...t A-7
3.1 Venting-Arca Closing Function..........ccennnnncnes A-7
3.2 Sliding Cover DESIgn ... A-8
33 Rotating Louver Design. .. A-11
CONCLUSIONS ..ot ssssesenene A-12
REFERENCES ... s A-13
O




INTENTIONALLY Lin

70

RILANK.



1. INTRODUCTION

The need for side vents in the Reflected Wave Eliminator (RWE) of the Large
Blast and Thermal Simulator (LB/TS) has been documented in the preceding report.
Computational results indicate that the maximum total open area requirement in the
present operational envelope of the LB/TS is approximately equal to the cross sectional
reference area of the LB/TS test section. The RWE designs investigated in the preceding
study all require a support structure which obstructs at least 209% of the LB/TS cross
sectional exit area, leaving at best 80% venting area. Therefore additional venting area is
needed to meet the maximum open area requirement. A preliminary design for a
supplementary side venting RWE is presented in this Appendix.

2. SIDE VENTING STEEL SHELL

The additional venting area can be located in the walls of the LB/TS expansion
section near the tunnel exit. Analysis presented in Section 3.3 has shown that side venting
is almost as effective as rear venting, even though the flow is parallel rather than
perpendicular to the openings, as it is for the rear venting RWE. A total of 110% of the
LB/TS cross-sectional area was required by the BRL for the end-venting RWE plus the
side vents, based on anticipated flow loss of 10% (Kingery and Coulter, 1985). Since the
most attractive RWE design provides a maximum of about 80% open area, the side vents
must contribute the remaining 30%, or about 49 m? of open area that can be blocked
during the passage of the simulated blast wave.

2.1 Conceptual Design

Steel was selected as the material most suitable for the side vent section, as the
fabrication of a hemicylinder that is perforated with a series of holes is more effectively
done in steel than in concrete. In particular, the holes cut for the side vents generate stress
concentration points that would result in a significant increase in the thickness needed for a
concrete section. A steel section could be fastened to the end of the concrete LB/TS
structure as an extension of the expansion section with minimal modification to the design.
The end mounted RWE would then be anchored to the steel side vent RWE section.

The number of vents employed is a compromise between a desire to use many small
vents to minimize the effective stress concentration from the holes, and the conflicting need
to minimize the number of vents 1in order to more economically mount and operate the
closing mechanism. The open area provided by the side vents was kept to the minimum
required for proper RWE operation over the [.B/TS envelope.

The layout for the design is shown in Figures A * and A-2. The side view in Figure
A-1 indicates three rows of vents located such that the vented area removes about 200¢ of
the LB/TS shell structure in the side vent section. The vents are staggered for two reasons:
first, this causes minimal fow disturbance on the downstream rows of vents from the row
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immediately upstream; and second, the stress concentration in the side wall at the vent
holes is minimized in this layout. The circumferential locations of the side vents in the two
different row arrangements are presented in the opposite halves of the end view in Figure
A-2.

2.2 Stress Analysis

The approach to the analysis of the loads generated in the steel side vent shell was
modeled after an analysis presented in the 1959 text Theory of Plates and Shells, by S.
Timoshenko. He notes that there are two kinds of stresses present in the (closed)
hemicylinder: an axial stress along the cylinder (parallel to the direction of flow for a shock
tube) and the circumferential, or hoop, stress. The hemicylinder is considered to be closed
because the RWE is anchored to one end, and the driver section blocks the other. For
such a configuration, the circumferential stress is twice the magnitude of the axial stress,
and so becomes the controlling parameter.

Factors for calculating the local stress concentration as a function of spacing of the
vents and fractional area removed were found in a paper from the Industrial Perforators
Assaciation, prepared by O'Donnell & Associates, Inc., Pittsburgh, PA, and confirmed by
data from Marks' Handbook for Mechanical Engineers. This trade group sets standards for
perforated metal from a number of manufacturers and used in a wide range of applications.
The analysis shows that staggered rows of holes provide the greatest strength in the
material to be perforated. Further, where the fraction of total surface area occupied by the
holes is about 20%, the concentration of stress due to the holes in the plate material is
about a factor of two. This value was then used in the design of the side vent section.

An exact solution to the stress in the side vent section would require a finite element
computer model to be defined, run and analyzed. Such an effort is far beyond the scope of
the effort undertaken here; however the approximations used are quite adequate for the
preliminary design and feasibility analysis as presented.

In calculating the minimum yield to be used in the thickness computation, several
additional factors were taken into account. First, a safety factor of 1.5 was applied to the
248 MPa (36,000 psi) yield of the ASTM A36 carbon steel selected as a baseline material.
There is a significant spike at the leading edge of the shock reflected by the RWE that is
short in duration, but for the 35 psi maximum static overpressure of the LB/TS operating
cnvelope, this spike represents a peak about 1.8 times the nominal peak pressure. Thus the
yield stress was reduced by an additional factor of 1.8. Finally, the holes in the side vent
scction cause a local concentration of stress, resulting in an adjustment to the yield stress by
another factor of two. The total margin of safety is a factor of 5.4, resulting in a calculated
material yield stress of 46.0 MPa (6,700 psi).

With ail of the above factors taken into account along with the dimensions of the
hemicylinder, a minimum thickness of 5 cm (2 in.) was calculated. The overall length of
the steel side vent section is 13.2 m (43.3 ft), so that the weight of the section is 189,000 kg
(2,080 tons).




This weight was used to estimate the cost of a steel side vent RWE. A unit cost of
$2 per pound of steel including fabrication and erection was used to arrive at an overall
estimate. In addition, an estimate of $100,000 was made for the rotating louvers and
closure mechanism needed for the system, based on the calculated weight of the louvers
and mechanism. The sum of the estimated costs for the side vent RWE was just under
$1,000,000.

The optimum aspect ratio for the vents was determined by consideration of the vent
as removing material from the cross section of the steel shell over which the applied stress
in both circumferential and axial directions could be carried. The aspect ratio was
determined from the ratio of the hoop to axial stresses so as to equalize stresses in the
LB/TS shell. Since the hoop stress is twice the axial stress, the vent ports should be twice
as long in the circumferential direction as in the longitudinal. This yields the design
presented in the earlier figures.

3. CLOSURE MECHANISMS

Three methods for closing the side vent ports were considered. Two of these
employ linear motion of the closing cover and the third uses rotary motion. In the first
method, a rectangular cover slides over each vent hole, moving in the direction of flow in
the LB/TS from an upstream rest position on the steel wall. The second method also
features a sliding motion, but in a circumferential direction, at a right angle to the direction
of flow. The final method employs rotating louvers of the same dimensions as employed in
the end-venting RWE. The louvers would be installed in pairs in the side vent hole, and
would rotate about an axis through their center of gravity to block the vent.

An analysis was conducted to define the power requirements for motion of the side
vent closure mechanisms. The sliding cover moving in the direction of flow was
investigated, as was the rotating louvers concept. The circumferential sliding cover was not
checked, because it was recognized to be a condition where much greater power would be
required than for the longitudinal case. This is because of the orientation of the vent holes
in the steel LB/TS section. The covers moving in the circumferential direction would have
to move twice as fast to close the side vent open area. The power requirement has both a
velocity and an acceleration component, so that the circumferential power requirement
would be more than double that of the longitudinal sliding case.

3.1 Venting Area Closing Function

Two computer programs were used to calculate the needed vented arca closing
function for the early time in a 35 psi overpressure, 10 kT simulated blast wave. The 10 kT
case was selected because it is of short duration and imposes rapid changes in open area
ratio, which in turn requires maximum power to the closure mechanism. The DNA BLAST
code was used to calculate the overpressure history shown in Figure A-3. In the short time
span modeled, the blast wave has lost over two thirds of its initial overpressure. This rapid
decay is significant because it necessitates rapid changes in open arca ratio that are
required to minimize the wave reflections at the LB/TS exit.

~1
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Next the calculated pressure history data were entered into the University of
Toronto quasi-steady state ELIM code. This computer model calculates required RWE
open area ratio settings as a function of the overpressure, the radius of rounding at the jet
exit, a characteristic dimension (e.g., diameter) of the shock tube, and the ratio of specific
heats for the gas used in the shock tube, assuming quasi-steady flow. The model results
have been shown to be within 5% of predictions from the more sophisticated UTIAS
Random Choice Model computer code, and are therefore useful for this conceptual design
effort. Open area ratio requirements for two different radii of rounding at the vent port
exit are shown in Figure A-4; the slight difference in open area ratio as a function of time is
not significant in the calculation of louver power requirements discussed later.

The open area ratio data is used in a spreadsheet to calculate the changing open
area requirements in the side vents as a function of time. This is an essential parameter for
the computation of power requirements for operation of the side vent closure mechanisms.

3.2 Sliding Cover Design

In the two designs that slide in a linear motion, the cover is guided by a framework
on the edge of the vent hole that prevents binding and provides a means to lubricate the
motion so as to minimize friction. One possible way to handle the friction problem would
be to attach wheels or bearings to the cover; however, simple lubrication of the sliding
surfaces with grease may be adequate. The cover would be moved by a hydraulic linear
actuator, controlled by a computer that monitors the parameters of the shock wave and
adjusts the position of the cover to minimize the reflected wave in the LB/TS. Covers
could be attached to a framework that would allow them to be moved in groups, perhaps
with all vents in one of the staggered rows operated together.

The basic equation for the computation of the power requirements of the sliding
vent cover is

P=F*y,

where P is the actuating power, F is the actuating force applied to the moving cover and v is
the velocity at which the cover moves. Thus the most rapid changes in open area ratio will
require the greatest velocities and maximum power. The actuating force was assumed to
consist of two components: the inertial force, equal to the mass of the cover times the
acceleration which it is experiencing, and the friction force resisting the motion of the
cover.

The friction force was assumed to be generated when the interior overpressure
pressed the cover back against the framework that guides its motion. Depending on the
location of the individual vent hole on the circumference of the hemicylindrical shell of the
[.B/TS, the weight of the cover may counteract or increase the friction force. The friction
force was found to be less than 10% of the total force for all cases run, so that neglecting
the cover weight in the calculation of friction force was believed to be a justified
simplification. The model was set up on a personal computer spreadsheet, so that results
for a number of input conditions could be calculated.
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The spreadsheet used a simple differencing scheme to compute closure velocity and
acceleration, where the values for each time step were calculated as the change in position
or velocity divided by the change in time for velocity or acceleration, respectively. Time
steps of five milliseconds were selected to provide adequate resolution in the differencing
operation, and the simulated waveform (and corresponding changing RWE open area
ratio) was carried through to the time when the side vents would be fully closed, and only
the end vents operating. It should also be noted that the power required to stop the vent
covers at the end of their travel was not considered; a mechanical damper-type stop is one
a. >rnative.

Results of the spreadsheet calculations are summarized in Table A-1. The total
open area ratio and fraction of that total generated by the side vents area shown for the
times listed in the first column. The power requirements for a single cover are presented
for three different cases, which differ in the mass assumed for the side vent cover and the
factor assumed for the coefficient of friction between the cover and the frame that guides
its motion. Total power requirements would thus be 17 times the single cover values given
here.

TABLE A-1. CALCULATED POWER REQUIREMENTS FOR
SLIDING SIDE VENT COVERS

Time Total Open  Side Vent Required Power (kW)

(sec) Arca Ratio  Area Ratio Case 1 Case 2 Case 3
0.000 0.9888 (.1888 0 0 ()
0.005 0.9831 0.1831 4,837 1,210 1.833

0.010 0.9761 0.1761 1,417 318 493

0.015 0.9677 0.1677 1,819 409 634
0.020 0.9579 0.1579 2,122 477 740
0.025 0.9467 0.1467 2,425 S44 840
0.030 0.9342 0.1342 2,528 568 830
0.035 0.9202 0.1202 3,236 726 1,129
0.040 0.7051 0.1051 2,625 S91 910
0.045 0.8887 0.0887 3,326 747 1157
0.050 0.8713 0.0713 2,781 627 960

0.055 0.8527 0.0527 3512 7090 121N
0.060 0.8331 0.0331 3,140 708 1.OS4

0.065 0.8127 0.0127 2,688 607 920
0.070 0.7915 0.0000 -18,558 3078 4,051

In Case 1 a solid steel cover of § em thickness is assumed. This vields a wotal cover
mass of 1,123 kg. In addition, a sliding friction factor of 008 iv used, reprosenting a
lubricated steel on steel configuration,  This is thus a "worst case” condition, where all
parameter values are selected to produce a maximum power requirement. The table shows
that about 3,500 kilowatts are needed to move this cover, and that there s hittle variation
over the 85 milliseconds that the side vents are active. Larger values appeanieg at the start
and near the end of the motion are artifacts of the ditterencing seheme used o caleulate
the velocities and accelerations, and may be ignored.
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As a second case, a more sophisticated design structure with reinforcing ribs was
defined to reduce the mass necessary to withstand the overpressure of the simulated blast
wave. Also the friction factor was reduced to 0.02 to represent an improved cover mount
with rollers in the frame. These design changes resulted in a peak power requirement of
790 kW, which represents a reduction from Case 1 of 77%.

The third case assumes an intermediate mass of the cover equal to 400 kg. Again
the friction factor is assumed to be 0.02. The results for Case 3 presented in Table 1 show
a peak power requirement of about 1,200 kilowatts.

The significant mass of the cover in cases 1 and 3 make an important contribution to
the significant power requirements predicted for the sliding cover configuration; recall that
the calculations represent a single cover. A review of these results indicate that the
rotating louver alternative should be evaluated, and also that a design where the sliding
cover moves twice as far (to cover the vent in a circumferential rotation) is not feasible.

3.3 Rotating Louver Design

The rotating louvers are operated in the same way as in the end-venting RWE, with
a hydraulic actuator providing the needed power. This actuator can be either directly
rotary or linear, with a lever arm to convert the motion to rotary at the louver pivot. There
is a slight change in dimensions of the vent ports as shown in Figure 1 to accommodate the
length and width of the louvers used in the RWE, which are 2.03 m by 0.67 m. In addition,
the louvers block 10% of the vent area in the fully open position; thus the requirement for
open area equal to 30% of the LB/TS cross section is met with the addition of three more
vents, for a total of twenty in this configuration. The advantages of using a standardized
louver size in both the end and side vent RWE:s is worth the small change in the side vent
lavout (most likely an additional staggered row). Two louvers are mounted in each side
vent with their axes of rotation in the circumferential direction on the steel LB/TS shell.

Since the side venting louvers have the same basic dimensions as the louvers of the
end-venting RWE, it was easy to modify the BASIC computer model written to calculate
the power requirements for the rotating louver RWE to perform a similar function on the
side vent rotating louvers. Since the motion of the louver is rotary in this design, the
equation used to calculate the required power is:

P =T * Omega

where P is the required power, T is the applied torque and Omega is the angular velocity.
The applied torque T is product of the polar moment of inertia of the louver times the
angular acceleration, alpha. As before, a differencing scheme was used to compute values
for alpha and omega for use in the power calculation.

Output from the computer model is presented in Table A-2. It is obvious that the
powcer requirements are much diminished compared to the sliding cover cases. In fact, the
power requirements remain an order of magnitude below the sliding cover levels (two
louvers arc needed for each side vent) until late in the time period examined. The
dramatic jump in power at 60 milliscconds occurs as the louver approaches the fully closed
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position, because the change in open area is not linear with rotary position of the louver,
but rather a sine function. This problem is easily solved by allowing the end louvers to
begin to close before the side vents are fully closed, thus providing a further reduction in
the total open area in addition to the rapidly closing side vents. It is therefore
advantageous to propose a rotating louver system for the side vents with a maximum
applied power of 35 kW per louver, or 1,400 total kW for a 20 port side venting system.
This compares with a minimum requirement of 750 kW per side vent for the sliding cover
design.

TABLE A-2. POWER REQUIREMENT FOR A SINGLE
ROTATING LOUVER IN A SIDE VENT

Angular Angular Angular

Time Side Vent Position Velocity  Acceleration Required
(sec) Area Ratio  (degrees) (rad/sec)  (rad/sec?) Power (kW)
0.000 0.1888 27.79 0.00 0.00 0.000
0.005 0.1831 28.84 3.66 732 10.2
0.010 0.1761 30.14 4.55 177 3.1
0.015 0.1677 31.73 5.54 198 4.2
0.020 0.1579 33.61 6.58 209 5.2
0.025 0.1467 35.82 7.70 224 6.6
0.030 0.1342 38.36 8.86 231 7.8
0.035 0.1202 41.31 10.31 289 11.4
0.040 0.1051 44.65 11.67 273 12.2
0.045 0.0887 48.52 13.49 365 18.8
0.050 0.0713 52.97 15.55 411 245
0.055 0.0527 58.31 18.64 618 44.0
0.060 0.0331 65.00 2335 943 84.1
0.065 0.0127 74.58 33.42 2,014 257.0
0.070 0.0000 89.17 50.93 3,501 630.8

4. CONCLUSIONS

This letter report presents a preliminary design for side vents that would provide
adequate RWE open areas to cover the operating envelope of the LB/TS. The
recommended closing mechanism for the side vents is a rotating louver of the same design
as used in the end-venting RWE. The rotating louver possesses several advantages over
the sliding cover, including greatly reduced power and minimal cost.

Based on the review of cited references and the earlier design work for the end-

venting RWE, a set of design requirements emerged that guided the development of the
configuration shown earlier. These included:
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o  The side vents have only the minimum area required to supplement the
end-venting RWE. This is important because the steel shell is an addition
to the LB/TS and its cost is minimized when its length is minimized.

o  The side vents should be numerous and small rather than few and large.
There is an obvious tradeoff here in that closure mechanisms must be
designed and built for each vent, yet very large vents cause a
disproportionately greater concentration in the stress, especially if the
vents are close together and there is insufficient cross sectional area
between the vents to carry the load.

o  The side vents should be rectangular rather than square and have their
length perpendicular to the LB/TS axis of flow, for reasons described
above.

0 The vents should have rounded corners, to minimize the stress
concentration due to the removal of material from the wall of the steel
section.

o  The rows of side vents should be staggered with adequate separation, to
allow sufficient cross sectional area to carry the stresses.

The impact of side vents on the shape of the reflected wave generated by the RWE
is unknown at this time, and is being investigated with a computer model by researchers at
the University of Toronto Institute for Aerospace Studies. It is also recommended that side
vents be simulated during scaled tests of the RWE concept scheduled to be run on the BRL
10 inch shock tube in the summer of 1988. Perhaps the simplest manner to simulate the
side vents is to space the model RWE a short distance off the end of the test shock tube,
allowing an open area between the end flange and the frame for the model RWE.
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