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I. INTRODUCTION

A. Background

Testing was conducted at the BRL shock tube facilities from early 195C
through 1982 without rarefaction wave eliminators (RWE's) attached to the
tubes. The 0.0508 metre and the 0.1016 metre tubes were usually tested with
closed ends. In the 0.57 metre tube, the test section is upstream of the open
end far enough that the rarefaction wave does not affect the overpressure
versus time recorded in the test section.

Much of the past testing in the 2.44 metre shock tube has been against
panels placed against the end of the tube or against targets where drag
loading, or diffraction only, were of interest. Recently requirements have
changed where both drag and diffraction loading are of interest. This
established an interest in developing the engineering requirements for a RWE

to be attached to the 2.44 metre shock tube.1

B. Ubjectives

The objective of this research task is to use the 5.08 cm shock tube to
design and test various types of RWE's suitable for a Large Blast/Thermal

Simulator2 (LB/TS). A second objective is to select the most promising type
and test it on a larger shock tube to validate scaling factors.

I1. EXPERIMENT

A. Modified 5.08 cm Inside Diameter Shock Tube

A 5.08 cm inside diameter shock tube was designed to represent a modified
version of a planned US-LB/TS shown in Fiqure 1. The modified tube is a
simplified 1/285th scale model shown in Fiqure 2C. The decaying wave is

produced with baffles in the driver section3 rather than with multiple pipes

! George A. Coulter, Gerald Bulmash, and Charles N. Kingery, "Frperimental - '::'I
anl Computaiional Modeling of Karefaction Wave Eliminator Suitable for the
RRI. 2.44 m Shock Tube,"” Ballistic Research Laboratory Technical Report No. T

APPRI-TR-02503, June 1983 (AD #A4131894).

A. iadet and J.B.G. Monzac, "Le Simulateur De Souffle a Grand Gabarit Du

Centre D'Ftudes De Gramat: Description et Utilisation Operationnclle," v
Seventk MABS Symposiwm, DRES, Canala, July 1981. 8
¢ George A. Coulter, Gerald Bulmash, and Charles Kingery, "Feasilility Study
of Shock Wave Modification in the BRL 2.44 m Blast Simulator,” Rallistic
Research Laboratory Memorandum Report No. ARBRL-MR-03339, March 1084 o
(AD #A139631). L
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of varying length. The test area is a circular cross section rather than a
half-circle. The objective here is to use a shock tube with a fast turn-
around time to study several candidate RWE's and determine the most feasible
and practical design. The design must be capable of large scale construction
and operation.

Four possible test areas were selected and instrumented but during the
early phase of testing, Station 4 was dropped from the program because it was
too close to the end of the tube, making it difficult to produce an acceptable
overpressure versus time record with the RWAE. The effort was concentrated
with side-on pressure transducers at Stations 1, 2, and 3. A stagnation
pressure probe was also installed at Station 2 for same of the shots.,

B. Instrumentation

A schematic of the data acquisition-reduction system is given in Figure 3.
Quartz piezoelectric transducers were used in the shock tube test section to
monitor the blast wave shape and interaction with the rarefaction wave
eliminator. The results from the transducers were used to evaluate each
modification of the RWE's.

The transducers were coupled through a power supply and data amplifiers,
to a digitizing oscilloscope. On-site comparisons of the results were made di-
rectly from the hard copies of the pressure-time records. Final data process-
ing was completed with the computer, printer, and plotter. Plots of pressure-
time records for the various test stations are included for comparison of re-
sults obtzined from each RwE,

C. Types of Rarefaction wave Eliminators Tested

The objective of this program is to determine the feasibility of develop~
ing design requirements for a static rarefaction eliminator that would produce
an acceptable overpressure versus time history at a selected test section.
Therefore the effort was concentrated on various approaches and suggestions
for a static RWE. It might be the most cost effective alternative to an
active RWE such as is in operation at the Gramat facility® in France. The
various RWE concepts tested in the 5.0bm shock tube are listed in Table 1.
Four of the concepts listed in Table 1 were further tested again at peak
overpressure range of 20 kPa to 150 kPa. The results over this range will be
presented. Comparisons of pressure-time records obtained with each type will
be made in the RESULTS section.

III. RESULTS

A. Requirement for a RWE

The requirement for a rarefaction wave eliminator is a function of the N
length of the expansion section and the nearness of the test section to the T
open end of the tube. To show the effect of expansion length and station T
location, tests were conducted with a baffled driver and a long tube with four oo
test stations. Stations 1L, 2L, 3L, and 4L (See Figure 2) were located 21,
14, 10, and 3 diameters from the open end of the tube. In Figure 4A the

10
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uverpressure versus time is presented for Stations 1, 2, and 3 at an input
pressure of 50 kPa. In Fiqure 12 it can be seen that the stand-off for the
RWE is more efficient when tuned for a specific test station., On this test,
it was tuned for Station 2; therefore Stations 1 and 3 were not matched as
well,

In Figure 13 the overpressure versus time recorded at Station 2 for input
pressures of 20, 50, 100, and 150 kPa are presented. The foam plate is more
efficient at the lower input pressures (less than 100 kPa) than at the higher
input pressures. A small rarefaction dip becomes more obvious as the input
pressure is increased above the 100 kPa level.

E. Test Section Results with a Vented fFoam Plate RIE

The vented foam plate concept is shown in Fiqure 9C. It is a combination
of the vented plate tested in Reference 1 and the foam plate tested in this
program. The overpressures versus time recorded at Stations 1, 2, and 3 are
presented in Figure 14 for a 50 kPa input pressure. Here again the stand-off
was set to match the reflected and rarefaction waves at Station 2.

The difficulty in matching the two waves at Station 2 for different input
pressures is shown in Figure 15. When comparing the overpressure versus time
presented in Figure 15 with those shown in Figure 13,1t appears that the solid
foam plate is the better RIUE concept.

F. Test Section Results with a Multiple Bar RUE

The use of multiple bars rather than vented or perforated plates was
presented in Reference 6. The concept was further tested and reported in
Reference 7. Multiple bars were tested in this program as a feasible RUE
concept. The bars were tested in a single plane but were found to be similar
to a perforated plate. - In order to have more control over the variables that
govern the arrival of the reflected wave and the rarefaction wave at the test
station, a second set of bars was introduced. The confiquration of the bar
RUE is shown in Figure 9D. There is a variable stand-off, a set of 5 bars, a
fixed spacer and a set of variable bars, The sinplified wave diagram in
Figure 16 illustrates how the RWE parameters may be varied for a particular
test station.

The overpressures versus time recorded at Station 1, 2, and 3 for a 5U kPa
input pressure are presented in Fiqure 17. Here again the RWE was tuned for
Station 2., In Figure 18 the overpressures versus time recorded at Station 2

6 g.F. Procter, "Airblast Effects Simulation and Response, Part II of A Fa-

etlity for Simulation of Thermal Radiation-Airblast Effects,” Third MABS
Symposium, Ermst Mach Institute, Fretburg, Germany, September 1972.

7 I.C. Leys, "Model Scale Experiments for the Development o* An Extension to
the AWRE Foulness Nuclear Blast Simulator, ' Seventh MABS Symposium, DRES,
Canada, July 1981.
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C. Test Section Results with a Solid Plate RWE

The solid plate RWE is one of the four types tested extensively during
this program. The details describing the four are shown in the sketches in
Figure YA. Some early work using a solid flat plate for a rarefaction wave
eliminator was reported in Reference 4. In this reference the stand-off and
the vent area versus peak overpressure at the end of the tube were determined
and equations were established. The stand-off and vented area ratios present-
ed 1in Reference 4 do not match those established by the BRL in Reference 1.
No explanation has been found other than the fact that the BRL work concen-
trated on eliminating the rarefaction effects closer to the open end of the
shock tube and the input shock wave was a step or flat top shock wave.

The solid flat plate did not appear objectionable as a RWE in the reported
results in Reference 1, where a flat top or step wave was generated from the
long compression chamber., But when a decaying shock wave is generated and the
stations are near the end of the tube, then Figure 10 demonstrates the diffi-
culty in using a solid flat plate. There, the reflected shock wave exceeds
the initial shock when the stand-off distance is matched for rarefaction wave
elimination. In Fiqure 10 three stations are presented for one pressure level,
while in Figure 11 the effect of the solid flat plate RWE is presented for
four pressure levels at Station 2. As shown in Figure 11A ,the elimination of
the reflected wave and the rarefaction wave moving upstream is more difficult
at the lower overpressures.

Note that the magnitude of the ratio of the initial peak to the reflected
peak becomes less as the initial peak overpressure increases. It is less than
1.0 at the 150 kPa input pressure as shown in Figure 11D. At input pressures
of 150 kPa and greater, the solid flat plate would be acceptable.

D. Test Section Results with a Foam Plate RWE

The use of a polymethane foam rubber for attenuating the reflected pres-
sure from the RWE was presented in Reference 5. The RWE designed for a 40 x
40 cm shock tube consisted of a package of iron wire grids, perforated plate,
foam rubber, a second perforated plate, another layer of foam rubber (perfor-
ated), and then a final reflecting plate.

The foam plate RWE tested in this program consisted of a layer of polymeth-
ane foam material with the upstream side cut in a waffle design and the
downstream side resting against a solid reflecting plate as shown in Figure
9B, The efficiency of the foam plate RWE is shown in Fiqure 12 where the
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- measured overpressures versus time are presented with no RWE attached to the
» tube. It can be seen that the effect of the RWE becomes greater for the

¢ stations nearest the open end (Station 4L). With the same test environment,
iﬂ the overpressures versus time were recorded at the same test stations, but
with a RWE attached to the end of the shock tube. The results are shown in
Figure 4B. It can be seen that the greatest change is at Station 4L.

The shape of the side-on overpressure changes when there is no RWE, but
the change in dynamic pressure is even more dramatic. When the end of the
shock tube is open to the atmosphere, the shock wave expands very rapidly, -
creating a rarefaction wave which moves up the shock tube causing a decay in
the overpressure and an increase in dynamic pressure. This rapid decrease in
the shock wave overpressure at Station 4L is shown in Figure 5A. Also shown
in Figure 5A is the stagnation pressure and the resulting dynamic pressure.
Note that the dynamic pressure is more than doubled at the arrival of the
rarefaction wave at about 4 ms.

With the same shock wave input and a RWE attached to the end of the shock
tube the resulting dynamic pressure is presented in Figure 5B, Here it can be
seen that the dynamic pressure follows a classic decay. The large increase in
dynamic pressure is eliminated by use of the RWE.

When considering the design requirements for a LB/TS, cost is a major
factor. Therefore the shorter the expansion section the less the cost. With
a short expansion section,the test section will of necessity be closer to the
open end of the tube. For this study, four test stations were placed at
selected distances from the open end of the shock tube as shown in Figure 2C.
The rapid decrease in the shock wave overpressure recorded at the three test
stations without a RWE is presented in Figure 6. Also shown in Fiqure 6 is
the dynamic pressure recorded at Station 2 without the RWE.

B. Test Station Results with an Ideal RWE

In order to establish a baseline for comparing the effectiveness of the
various RWE concepts, a series of tests was conducted in a long test section.
The driver section remained the same,and the Stations 1, 2, 3, and 4 were the
same distance down the tube from the diaphragm as shown in Figure 2B. But the
tube was extended to a length where the rarefaction wave from the open end
arrived late during the overpressvre versus time decay curves, The overpres-
sure versus time recorded at Stations 1 through 4 for the 50 kPa input
pressure in the long tube are presented in Figure 7. Many of the comparisons
will be made from the overpressure recorded at Station 2 and an input pressure
of 50 kPa. Note that the third oscillation or peak on the overpressure versus
time at Station 2 in Figure 7 is the time (1.2 ms) at which the rarefaction
wave arrives at Station 2 in Figure 6. This is pointed out now because with
some of the RWE's tested there appeared to be an excessive reflection at that
point; but in fact, there is a smal] reflection already present in the input
wave. Overpressure versus time at Station 2 in the long expansion section for
20, 50, 100, and 150 kPa with no RWE are presented in Fiqure 8.
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are presented for input pressures of 20, 50, 100, and 150 kPa, There is
better overall consistency in the wave shapes and elimination of the rare-
faction wave over the pressure range tested of 20 kPa through 150 kPa than was
evident in the other RWE concepts.

G. Test Section Results with other Types of RUE's

Nther methods of eliminating the rarefaction wave were tested. They are
listed in Tahle 1,and the overpressures versus time for these concepts are
presented in Fiqure 19 and discussed in the following paragraphs.

1. Needle RWE Concept. This concept utilized pointed needles facing
upstream from a flat plate with holes drilled in it. The idea here is to
start a reflection upstream from the needles and the mounting plate, and a
rarefaction wave from the stand-off and the holes in the mounting plate., The
first tests were with 83 plastic needles 1.2 cm in length moulded to a mount-
ing plate. These needles fitted an area equal to the shock tube area. The
overpressure versus time is presented in Figure 19A, The needles appeared to
have little effect on the record which is very similar to the solid plate RWE
results presented in Figure 118, A second ne~rdle concept was tested where
there were 126 metal needles. They were 1.5 cm in length and there were
enough hgles (119) drilled in the mounting plate to produce a vent area of
3.738 cm”~. A pressure-time record is shown in Figure 19B. The major re-
flection appears to come from the needle mounting plate,even when holes were
drilled to reduce the reflection and increase the rarefaction. This concept
was discarded because of the difficulty in controlling the variables and in
designing a larqge scale RWE for the US LB/TS.

2. Bars-Single Row. During the programsa sinqle row of bars was tested
as a feasible RHWE concept. The results gave overpressure versus time records
similar to the flat plate RWE, although the reflected spike from the RWE was
not as great as for the flat plate. A sample of the record at Station 2 is
presented in Fiqure 19C.

3. Hollow Pipes RWE. The hollow pipes RUE concept consisted of nineteen
thin wall pipes, 2.54 ¢cm in lenqgth. The upstream end of the pipes was
beveled with a 45 deqree angle in order to decrease the reflecting surface.
This type of RWE also sent a strong reflected wave upstream and was followed
by a strong rarefaction wave, The overpressure-time record obtained from the
pipes RUE is presented in Fiqure 190,

4., Steel Wool RWE., Steel wool was considered for an RUE because, like
the foam materials, it has a shock absorption property also. Some compres-
sion of the steel wool occurred causing a slight rarefaction before the re-
flected pedk arrived at the test station. The resulting pressure-time record
again rescnbled that from the flat plate RWE. An example from Station 2 is
shown in Fiqure 19E.

5. Sharp Edge Slats RWE. An RWE was constructed of eleven plastic knives
16 mm wide. The edges had initial slopes of 45 degrees (first 1.5 mm) fol-
lowed by 4 10.6 degree slope, ending at a thickness of 3 nm. The sharp edges
were expected to create a number of small reflections upstream instead of a
single objectionahle large one at the test station. However, a large peak
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reflection was still formed as shown in Figure 19F. Again, the RWE was not
acceptable and was perhaps a little less effective than the steel wool.

!
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IV. RESULTS OF LARGER SCALE TESTS

Results are presented in this section for experiments with RWE's on two
larger BRL shock tubes: (1) the 0.57 metre tube, and (2) the 2.44 metre tube,

A. Test Section Results from 0.57 Metre Shock Tube

Two of the most efficient concepts for RWE's, the vented foam and the

nultiple bars,were scaled up 11.2:1 to the BRL 0.57 metre shock tube8 from the
small scale model 5.08 cm shock tube. A sketch of the 0,57 matre shock tube
is shown in Fiqure 20. Transducer Stations 1, 2, and 3 were near the open end
of the shock tube. Station 4 was located 20.088 m from the eond so as to give
an undisturbed pressure-time input record. This then would be the ideal wave-
form to be matched from the RUE.

The two RWE's are shown in the photographs of Fiqure 21; the upper is of
the vented foam and the lower is of the nultiple bars. The foam consisted of
a 4.9 cm thick layer of soft, fine grain polyether (HyFonic 1, Scott Paper
Co.) and a second layer of soft polyurethane mattress foam glued with rubber
cement. The mattress foam was studded with four-sided blunt cones, 5 x 5 cm
base x 7.5 c¢m high with rounded 1.3 cm diameter top. A circular pipe spacer
and a stand-off at the end of the shock tube completed the arrangement of the
vented foam RWE.

P e
PO WU SN

- o

Figqures 22-25 compare the pressure-time records obtained without the RWE
with those when the vented foam RWE was used.

The spacer was designed so as to best match Station 1. This is seen in 3;71
Figure 25. The reflected peak is effectively reduced bhut is preceded by a e
rarefaction created in part by the foam's over-compression,

The second RWE tested on the 0.57 metre shock tube consisted of a stand- SRR
off, fixed set of five bars (2.54 cm 0.0. pipes), a cylindrical spacer, and a T
final set of adjustable (removeable) bars. The vented area could be varied by T
both the stand-off distance and by the number of bars left in place.

The results are shown in Figure 26, The positive wave duration obtained
with the RWE is somewhat less than for the ideal innut wave (Station 4) but is
guite acceptable,.

Results for both types of RUE's scaled quite well for the scale change of
11.2:1.

8 George A. Coulter and Brian P. Bertrand, "BRL Shock Tube Facility for the
Sirmulation of Air Blast Effects,"” Ballistie Research Laboratory Memorandum
Report No. MR-1685, August 1965 (AD #475669).
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desired input pressure level. The side vents near the end of the shock tube
could replace the stand-off requirement for the multiple bar RWE concept.

In conclusion, if the cost analysis (not a part of this research) finds a
static (or passive) RUE to be cost-effective to fabricate and operate, as
oppos»d to an active RWE, then a multiple bar RHE concept is recommended for
the proposed Large Blast/Thermal Simulator.
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cuomparisons because the dynamic pressure predicted for 50 kPa (7.2 psi) is
approximately 8.3 kPa (1.2 psi).

The (STAG-PS) for the Solid Plate/Foam RWE is presented in Figure 29 8.
Here it can be seen that both the STAG and PS versus time have shorter
durations than obtained from the long expansion tube, while the dynamic
pressure is similar in magnitude but with a longer duration.

The pressure versus time recorded at Station 2 using the Vented Plate/Foam
RWE are presented in Figure 29C. The STAG and PS are similar to the records
presented in Figure 298. Likewise the dynamic pressure is also similar to
that presented in Figure 29B.

The Multiple Bar RWE results recorded at Station 2 are presented in Fiqure
290, The stagnation and side-on pressure versus time are almost identical to
the Vented Plate/Foam RYE results presented in Figure 29C.

It should be noted the primary difference between the stagnation and side-
on pressure recorded in the Long Test Section (Fiqure 29A) and these recorded
with the three RWE concepts is the shorter positive duration of the shock wave
when RUE's were used.

CONCLUSIONS AND RECOMMENDATIONS

A series of experiments was carried out at the BRL Shock Tube Facility to
determine effective rarefaction wave eliminator (RWE) concepts that would be
applicable to the proposed U.S. Large Blast/Thermal Simulator (LB/TS). A
1/285th scale shock tube model was designed and built to test several RWE
concepts. A number of concepts were tested: flat plate, flat plate/foam,
vented plate, vented plate/foam, single set of bars, multiple sets of bars,
needles, pipes, sharp edgaed slats, and steel wool. Of these, the two most
promising were found to be the vented/foam and multiple bars RWE's,

These two types of RUE's were scaled up about eleven times for testing on
the BRL 0.57 metre shock tube, At the pressure levels tested, 50 and 100 kPa,
the pressure-time records compared well with those obtained with smaller scale S
5.08 c¢cm shock tube. The plain vented RWE (no foam) was also scaled up to the ]
BRL 2.44 metre shock tube. Again, the results were satisfactory. It is felt R
that either concept, therefore, could be scaled to the LB/TS.

Of the two concepts, a large vented/foam RWE would be more difficult to
design and fabricate than a multiple bar RUE, The multiple bar RWE also has
the advantaqge of being more adjustable with removeable bars to change the
vented arca in addition to stand-off distance venting. The spacer length
would allow for fine adjustment to a particular test station. A station A IS
choice of between 2.5 to 3 test section diameters from the tube's open end is .
recommended. BERE

A second refinement in the design of the RWE for the LB/TS might be to
replace the stand-off distance venting with adjustable vent openings in the
shock tube wall. The RWE would need only adjustment of the main bars to give
the correct ratio of vented RWE area to test section area (Figure 28) for the

48
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B. Test Section Results fram 2.44 Metre Shock Tube

Results will be given only for stepwaves in the 2.44 metre shock tube
because a decaying wave driver is not yet available for use.

Reference 1 describes a vented RWE in use at this facility. More recent
exper iments have shown the use of the RWE to give quite acceptable results
when the RWE is adjusted more accurately. See Figure 27 for pressure-time
records from Station 87, 21.7 m from the open end of the shock tube. These
records compare quite well with those fram the 0.57 m and 5.07 cm shock tube
exper iments,

Time did not permit a multiple bars RWE to be designed and tested on the
2.44 metre shock tube.

V. ANALYSIS OF RESULTS
The results in the form of overpressure versus time have been presented
for the various RWE concepts tested. A medium overpressure of 50 kPa was
selected for direct comparisons and Station 2 was selected for the

reflection-rarefaction wave match-up.

A, Vented Area versus Test Station Pressure

There is a direct correlation of the vented area at the end of the shock
tube and the peak overpressure at the test station to achieve a good rare-
faction wave elimination. The vented area may be the open area around the
side of the tube due to the stand-off distance as with a solid plate RWE, or a
combination of the stand-off and the straight through vented area as in the
bar or vented foam RWE's. Curves have been developed depicting the vent area
ratio; i.e., the total vented area divided by the shock tube cross-section
area versus the test station peak overpressure. This relationship is pre-
sented in Figure 28. The values were developed from the 5.08 cm shock tube,
but when scaled up to the 2.44 m shock tube, the relationships were found to be
valid. There is some scatter in the individual data points for a specific RWE
concept, but the lower curve in Figure 28 tends to represent the solid RWE
concepts where the venting is due to stand-off only. The upper curve repre-
sents the RWE concepts where there is a straight through venting plus the
stand-off, similar to the multiple bars and vented foam concepts.

B. Direct Comparison of RWE Concepts

The three major candidate RWE concepts are the solid plate foam, the
vented foam, and the multiple bars. One of the important functions of a RWE
is to eliminate the rarefaction wave from the open end of the test section and
the associated increase in dynamic pressure. The shock wave overpressure and
the stagnation pressure were recorded at Station 2 at the 50 kPa input
pressure for the candidate RWE concepts.,

In Figure 29A the shock overpressure (PS) is subtracted from the
stagnation pressure (STAG) to give the dynamic pressure for a long test
section. This is presented as a baseline for comparing the effectiveness of
the three RWE concepts. This is a very difficult pressure range to make
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