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PREFACE 
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Eighth International Symposium on Military Applications of Blast Simulation, 
in Spiez, Switzerland, 20-24 June, 1983, and was published in the Proceedings 
of the Symposium under the title "Blockage Effects in a Large Blast Simulator. 
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I. INTRODUCTION 

The US Army Ballistic Research Laboratory (BRL) Is designing a large 
shock tube to produce blast loading equivalent to that from large explosions 
on full size targets (e.g., trucks carrying communication shelters). Such a 
target in a shock tube presents an obstruction to the flow behind the shock. 
The walls of the tube confine the flow and reflect waves produced by the 
shock wave interaction with the target. The loading on the target is 
changed from that which would occur under free-field conditions. The 
changes increase in magnitude with the blockage ratio, B, the ratio of 
target cross-sectional area to the blast simulator cross-sectional area. 
Studies of blockage effects have been made at BRL to provide guidance for 
the design of a large blast simulator. 

The purpose of this paper is to present the results of such studies, 
which have included applications of nozzle theory, HULL hydrocode computa- 
tions, shock tube experiments, and comparison with published wind tunnel 
data. 

II.  NOZZLE THEORY 

A target in a shock tube causes a constriction of the area open for 
flow* in the tube, which can significantly change the flow field around the 
target from that for a free-field encounter with the same shock wave. The 
flow immediately upstream from the target is modified by the reflected 
shock, which decelerates the flow and increases its stagnation temperature 
and decreases its stagnation pressure. These effects caused by the 
reflected shock are greater in a shock tube than in the free field because 
the reflected shock is prevented from free expansion by the shock tube 
walls. After several crossing times,** the effects of the reflected shock 
are diminished; and, in the case of a non-decaying (step) shock, a steady- 
state flow develops, lasting until the arrival of the contact discontinuity 
which separates the driver gas from the driven gas. This limiting case of a 
long-duration step shock offers an opportunity to analyze the late-time 
effects of blockage, particularly in regard to the enhancement of the net 
force due to drag. 

Many targets of interest to the Army are box-like, typifying those 
tested in shock tubes at the BRL. The target blocks the flow behind the 
shock, slowing and recompressing it. The flow then accelerates around the 
target and expands after passing it. In this respect, the tube-and-target 
geometry crudely resembles a converging-diverging nozzle, with the 
constricted-flow region between the target and the tube walls functioning as 
the throat. In nozzle theory the flow is assumed to be one-dimensional and 
steady. The condition of one-dimensionality in the tube-and-target case is 

*The oonstvioted-flow region is between the target and the shook tube wall. 
**A crossing time is the time that the incident shook takes to traverse the 

length of the target. 

11 



violated for all time, and the steady flow condition is only approximated at 
late time for a step shock. Nonetheless, the use of nozzle theory serves as 
a useful guide in providing theoretical limits for flow variables near the 
target. The conditions in this "throat" area are indicators of the effect 
of blockage on the flow around the target, and hence the change in the 
loading on the target compared with that for a free-field encounter. A use- 
ful indicator of the flow in the throat region is the average local Mach 
number in the effective throat area. The analytical relations for an ideal 

(De Laval) converging-diverging nozzle, using the late-time stagnation 
conditions as "reservoir" conditions, can be used to generate a set of 
curves indicating lower bounds for local throat Mach number.  (The Mach 
number is the particle velocity magnitude divided by the speed of sound.) 
These bounds are shown for several shock strengths In Figure 1, plotted as 
functions of B. The blockage ratio may be redefined in terms of nozzle 
geometry as 

\ I    ■. 
^i      ■ I 

where 

A = nozzle throat area (constricted region area), and 

A = nozzle inlet area (test section area). 

Thus, B retains the same definition as for the blast simulator with blockage 
if it is further understood that 

Target Area = A. - A , '    (2) 

and the nozzle inlet area and blast simulator test section area are the 
same. As may be seen in Figure 1, the local Mach number behind the incident 
shock Is quite high for shocks above 172.4 kPa (25 psl), with choking 
occurring at B>0.11. 

Choking is most properly defined for quasi-one-dimensional flow in a 
nozzle. There, choking occurs when the throat Mach number equals unity. A 
broadened use of the definition of choking is used in this study to charac- 
terize the flow in the constricted region between the target and the shock 
tube wall. The local Mach number in that region is defined in terms of the 
axial component of velocity and the local speed of sound. The specific 
radial cut across that region is discussed in detail later. 

Another very informative way of looking at the effect of blockage on the 
local Mach number in the throat is to normalize it by dividing by the local 
Mach number behind the incident shock. The resulting Mach number ratio, M^, 

1 . . ' A.H.  Shapiroj The Dynamios and Thermodynamias of Compvessible Fluid Flow, 
Volumes I and II, Chpts 2, 4, and 25, The Ronald Press Company, New Yorky 
New York,  1953, 
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then gives a relative measure of the difference in the flow near the target 
compared with the flow behind the incident shock prior to its interaction 
with the target. The data plotted in Figure 1 were normalized in this 
fashion and are shown in Figure 2. The curves successively rise from a 
lower bounding curve that would be generated for a shock of infinitesimal 
strength. The choking limit is that point at which the curve becomes 
suddenly flat, having a discontinuity in its first derivative. The stronger 
the shock, the sooner the curve rises from the lower bounding curve and goes 
to a choked condition. The low-blockage region of Figure 2 near B=0.01, 
corresponding to a small area reduction from nozzle inlet to throat, shows a 
small relative change from "free-field" conditions. As blockage is 
increased, the change in >L increases at an increasing rate, indicating that 

the throat, or constricted-flow region, is experiencing very different flow 
from that which is upstream. 

The dynamic pressure ratio*, Q , in the throat is a good indicator of K 
the net load on a target. Figure 3 shows Q in the throat as a function of 

R. 
B for the same set of incident shock strengths. As was the case for the 

curves for >L versus B, the curves for Q have a lower bounding curve, with 

the curves for the stronger shocks rising from it progressively sooner.  The 
limits for choking are also shown by the abrupt transition to a constant 

2 
value. Also shown in Figure 3 are the results from previously reported 
hydrocode computations.  These will be discussed in detail in the section 
entitled "HULL Hydrocode Computations" after the computations themselves are 
described. , 

The results from nozzle theory presented in Figures 1, 2, and 3 show 
when choking or near-choking conditions occur in the throat of an ideal 
converging-diverging nozzle for inviscid flow. Corresponding changes in 
other flow parameters are also indicated. These results may be used as 
guidelines for establishing limiting theoretical values against which the 
flow in an actual or simulated target-and-tube situation may be compared. 
This will also be discussed more fully in the section entitled "HULL 
Hydrocode Computations." 

*Dynamio pressure ratio is the dynamic pressure in the throat divided by 
the dynamic pressure behind the incident shock.    Dynamic pressure is 
computed as 1/2 p v  , where  p is the density and v is the particle 
velocity. 

2 
N.H.  Ethridge, R.E.  Lottero, J.D. Wortman, and B.P.  Bertrand, "Flow 
Blockage and its Effect on Minimum Incident Overpressures for Overturning 
Vehicles in a Large Blast Simulator," Proceedings of the Seventh Interna- 
tional Symposium on Military Applications of Blast Simulation, Vol. II, 
Medicine Hat, Alberta, Canada,  13-17 July 1981. 

14 
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Ill. HULL HYDROCODE COMPUTATIONS 

A. Step Shock Computations 

2 
A previously reported study conducted by BRL quantified the effect of 

shock tube blockage on the net axial loading of a simple target struck by a 
step shock wave.  For that study, the two-dimensional cylindrical 
(axisymmetric) version of the HULL hydrocode was used to simulate a step 
shock wave striking a stationary, rigid cylindrical target having its axis 
coincident with the axis of a cylindrical shock tube. The area facing the 
shock and the length of the target were chosen to approximate that of a 
2-1/2 ton truck carrying a communications shelter.  Shocks with overpres- 
sures of 34.5 kPa (5.0 psi), 68.9 kPa (10.0 psi), and 137.9 kPa (20.0 psi) 
were simulated.  Nominal values of blockage ratio B = 0.02, 0.1, 0.2,and 0.3 
were used.  The computations are discussed in detail in Reference 2 and so 
will only be summarized here to the extent required for clarity. 

Figure 4 shows the flow field configuration modeled. All computations 
were performed for the same stationary, rigid cylindrical target.  The left 
boundary of the flow field shown in Figure 4 is an axis of symmetry about 
which the entire flow field may be rotated to get a full view.  Four dif- 
ferent outer-radial boundary locations were used to simulate the four values 
of B quoted above.  The outer-radial boundaries for B=0.1, 0.2, and 0.3 were 
simulated as being perfectly reflecting.  Some cases were run for B=0.02 
with that boundary perfectly reflecting and some with it transmissive for 
purposes of comparison.*  Cases with B=0.02 were deemed to be essentially 
free field.  The bottom boundary was set up to continuously input shocked 
air, and the top boundary was transmissive to allow the shock to pass out of 
the grid.  The initial shock location in all computations was five computa- 
tional flow field cells (0.545 m) upstream from the front face of the target 
cylinder.  The shock was aligned so that its velocity vector was parallel to 
the axis of symmetry and hence normal to the front face of the target 
cylinder.  The direction of travel of the shock was from bottom to top in 
Figure 4.  In order that comparisons between the computations at different 
blockages would be as meaningful as possible, the lower blockage computa- 
tional grids were designed so that they included the higher blockage grids 
as subsets.  This meant that the computational grid immediately adjacent to 
the target was always the same from one computation to the next.  Thus, any 
variation in the results because of changes in the target or changes in the 
spacing and resolution in the finite difference grid could be eliminated as 
factors for consideration because they do not exist. 

*A transmissive boundary simulates zero-gradient pressure and normal 
velocity component conditions to allow fluid to flow out of the grid. 
This, unfortunately, reflects a spurious weak wave of like kind when 
struck by an expansion, compression, or shock wave.    The reflective and 
symmetry boundaries simulate a zero-gradient pressure and a zero normal 
velocity component (no flow). 
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The most significant effect of blockage on a target in a shock tube Is 
the change in the net axial loading, which was shown by the computations to 
vary directly with blockage. The net axial loading on the target was com- 
puted from the hydrocode results by integrating the force on the front face 
of the target and subtracting from it a similarly-obtained integral on the 
back face.  The results from the hydrocode computations on the back face may 
not be as accurate as those on the front face because the code does not 

2 
model true viscous effects. However, it has been shown that the results on 
the back face for this class of problem are of sufficient accuracy that they 
may be used for this purpose with confidence in their validity. The results 
of those computations for the 34.5 kPa shock are shown in Figure 5 . The 
curve for 2 percent blockage shows the net axial loading on the target for 
essentially free-field conditions. This curve can be used to illustrate the 
two loading phases that occur during the interaction of a blast wave with a 
target.  The first phase, the "diffraction" phase, is dominated by the 
initial shock interaction and engulfment of the target, and the subsequent 
relieving rarefaction waves. Once the diffraction phase ends, the "drag" 
phase begins.  This is dominated by the flow behind the incident shock and 
shows little or no wave interaction.  (The flow behind a non-decaying shock 
is a steady flow.) These two phases are shown distinctly in the curve for 2 
percent blockage in Figure 5. The diffraction phase here lasts for 
approximately 20 ms  and is dominated by the peak loading from the initial 
interaction and its subsequent relief.  The drag phase then begins, reaching 
a relatively constant value by 35 ms. The curve for 10 percent blockage 
follows that for 2 percent blockage until shortly after the end of the 
diffraction phase. At that time, waves which reflected from the target have 
travelled to the outer-radial boundary, reflected from it, and returned to 
the target. The target is reloaded to a value nearly twice that for the 2 
percent blockage case, is over-relieved to a lower value, and reloaded 
again. For 20 percent blockage, the returning waves arrived just before the 
end of the diffraction phase. There is a subsequent series of reflected 
wave arrivals and reliefs, oscillating about a line approximately 40 percent 
above that for free field.  The curve for 30 percent blockage shows reflect- 
ed waves arriving correspondingly sooner than those for 20 percent block- 
age but still late in the diffraction phase.  The late time net axial load 
on the target is approximately twice that for a free-field encounter. 

Figure 6 shows a similar set of curves for the 68.9 kPa step shock, and 
Figure 7 shows a similar set for the 137.9 kPa shock. The figures show 
clear trends of increasing net axial force in the drag phase with increasing 
blockage for each shock overpressure but relatively little effect in the 
diffraction phase. 

Analysis of the computation also indicated that there were systematic 
increases with increasing blockage of the dynamic pressure in the 
constricted-flow region. Average values of dynamic pressure were computed 
by summing the product of the flow-field cell area times the dynamic pres- 
sure for each cell across the constricted-flow region, and dividing the sum 
by the total area. The plane at the mid-length of the cylindrical target 
was chosen for computing these average values. Figure 4 includes a sche- ' 
matic representation of the areas used for averaging.  Section line AB shows 
an edge-on view of the ring-shaped area for averaging for 30 percent block- 
age, section line AC for 20 percent blockage, and section line AD for 10 
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Figure 5. Net force on target cylinder for the 34.5 kPa shock. 
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percent blockage. In Its simplest form, drag loading can be computed as the 
product of a drag coefficient and a d5mamlc pressure. The hydrocode compu- 
tations showed that the trend of Increasing dynamic pressure In the 
constricted-flow region with Increasing blockage was qualitatively similar 
to the trend of Increasing net axial force with increasing blockage. There- 
fore it seemed appropriate to use the dynamic pressure in the constricted- 
flow region from the hydrocode computations to develop a functional relation 
that could be used Instead of hydrocode computations to predict changes in 
net axial loading due to blockage.  The late-time values of dynamic pressure 
from each hydrocode computation were normalized by dividing by the free- 
field dynamic pressure behind the respective incident shocks. The resulting 
values of Q^ were then plotted versus B and found to be nearly independent 

from Incident shock overpressure, except for the values for the 137.9 kPa 
shock at B=0.20 (small variation relative to other shock overpressures, 
onset of choking) and B=0.30 (large variation, choked).  Accordingly, the 
results for the proportional increase in Q in the constricted region as a 

function of B were fitted to a formula, giving 

(2.64B^-°^«) 
QR = e \        /  , (3) 

with the data point for B=0.30 for the'137.9 kPa shock excluded. 

The curve fit for Q versus B in Equation 3 provided a basis for 

calculating the dynamic pressure Increase for a target in a shock tube 
relative to free field. The validity of this fit is limited to unchoked 
flow and late-time conditions for step shocks. The assumptions were made 
that the drag loading on a target could be calculated using a modified low 
velocity drag coefficient and the dynamic pressure Increased by the factor 
calculated using Equation 3. This will be discussed in the section entitled 
"Application of Hydrocode Results." 

This is an appropriate point in the discussion to explain the observed 
variations from the trend of Q versus B for B=0.20 and 0.30 for the 137.9 

kPa overpressure shocks. Analysis of the computational results showed that 
the flows across the constricted-flow region (denoted by section line AB in 
Figure 4) for these cases were dominated by choking effects. The hydrocode 
results are supported by the results from the ideal nozzle computations 
shown In Figure 3 . The limit for choking for an ideal nozzle for the late- 
time shocked air stagnation conditions for a 137 .9 kPa overpressure shock 
corresponds to a value of B=0.177.  This point is shown on Figure 3 as the 
connecting point between the subsonic flow curve for Increasing Q with 

R 
increasing B and the horizontal line for choked flow (i.e., Mach number 
unity) where Q^ is Independent from B. The resulting point from the 

hydrocode computation for B=0.20 is well below this line. Analysis of the 
hydrocode results showed a large area within the constricted-flow region at 
a local Mach number near unity and a relatively low-velocity reclrculation 
region. The results for B=0.30 showed a local Mach number near unity across 
nearly the whole region, with a much smaller reclrculation region. This 
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explains why the hydrocode results for these two cases are low relative to 
the ideal predictions and the other hydrocode results for the same two 
blockages of B=0.20 and 0.30 and the other shod overprer.sures. The choking 
conditions place an upper limit on the dynamic I'ressure ratio, and the 
averaging with the lower-valued dynamic pressure ratios in the recirculation 
region further decreases the over-all value of Q . As may be seen in Figure 

3, the values of Q from the hydrocode calculations agree very well with the 
R 

ideal nozzle predictions for the other combinations of shock overpressure 
and blockage. This is largely because these cases are well below choking. 

Figure 8 shows a set of normalized dynamic pressure histories for     - 
B=0.10, 0.20, and 0.30 for the 68.9 kPa overpressure step shock. These 
values were computed by taking average values across the center of the 
constricted-flow region (section lines AB for B=0.30, AC for B=0.20, and AD 
for B=0.10 in Figure 4) and dividing them by the dynamic pressure behind the 
undisturbed incident shock. A case with very low blockage would then show a 
normalized dynamic pressure very near unity for all time except during the 
early diffraction phase when velocities near the target are relatively high. 
Figure 8 shows a clear trend of increasing normalized dynamic pressure with 
increasing blockage. This typifies the results for the other shock over- 
pressures of 34.5 kPa and 137.9 kPa (see Reference 2). 

B . Decaying Shock Computations 

A corresponding series of computations for rapidly-decaying shock waves 
having peak overpressures equal to the step shock overpressures was 

3 
performed.  In that way, the two extremes of shock loading encounters could 
be documented. Hydrodynamic flow-field variables simulating a 0.1 KT* 
nuclear burst were produced by scaling from a curve fit for estimating free- 

4 
field air blast based on a standard 1 KT nuclear burst.  Code modifications 
were made to utilize the variables computed by the fit for a radially diver- 
gent flow field to simulate a decaying planar shock wave in a tube. The 
planar decaying shock waves were produced by transforming the spherical 
shock wave from the LAMB coding into a planar wave in HULL by mapping sea- , 
level flow-field variables from LAMB into HULL and using the velocity magni- 
tude from LAMB for the axial component of velocity. The effective rotation 
of the velocity vector from a spherical coordinate system to a direction 
parallel to the axis of symmetry in a cylindrical coordinate system had the 
following effect. The transformation of the velocity vector from LAMB to 
the velocity vector in the shock tube is exact on the axis of the shock 
tube.  (The axis is assumed to point toward the burst point.) At radial 

*Kiloton TNT, blast equivalent J 

^J.D. Wortman and R.E. Lottero, "Comparison of HULL Hydroaode Computations 
of Shook Tube Blockage Effects on Target Loading for Step Shocks and 
Rapidly-Decaying Shocks," ARBRL-MR-03232, U.S. Army Ballistic Research 
Laboratory, Aberdeen Proving Ground, MD, December 1982.   (AD A123274) 

^C.E. Needham, M.L. Havens, and C.S. Knauth, "Nuclear Blast Standard 
(1 KT)," AFWL-TR-73-55(REV.), U.S. Air Force Weapons Laboratory, Kirtland 
Air Force Base, NM, April  1975.    (AD§A0148S0) 

24 



2.4 

2.0 f 
lU 
QC 
Z) 
lO 
CO 
LU 
a   1.6 
Q- 

y 

< 
z  1.2 
>- 
Q 

=:   .8 
< 

O 
Z 

.4 

-25 0 

X 
A 

D 

PERCENT 
BLOCKAGE 

— 10 
— 20 
— 30 

4- 
25 50 75 

TIME   (ms) 
100 125 

Figure 8. Average normalized dynamic pressure between cylinder surface and 
outer-radial boundary for the 68.9 kPa shock. 

25 



positions away from the axis, the LAMB velocity vector has two additional 
velocity components (If viewed In a three-dimensional Cartesian coordinate 
system). The "elimination" of these velocity components by this rotation of 
the vector caused increasingly larger "error" as the radial position in the 
shock tube Increased. For a one percent blockage case, this error, at the 
entrance of the shock tube, ranged from 0 at the axis of symmetry to approx- 
imately 3.4 percent at the outer-radial boundary. The errors were less for 
the higher blockage computations. Once the computations were begun, the 
flow was constrained by the outer-radial boundary of the shock tube. This 
produced a shock wave which was different from that for a point-source blast 
wave because there was no further radial divergence in the shock tube. 

Because the LAMB values for flow-field variables were computed from 
fitted curves, they are not necessarily self-consistent. Further, the 
velocity transformation used here produced some inconsistencies because the 
momentum equations in cylindrical coordinates do not contain the same radial 
divergence terms as in spherical coordinates. Once the HULL computation was 
begun, the input flow-field variables were used in the difference equations 
for cylindrical coordinates (with a no-outflow condition imposed at the 
outer-radial boundary) to compute mass, momentum, and energy transfer. This 
caused a set of perturbing waves to occur, further modifying the blast wave 
which was initially mapped into the computational grid. These inconsisten- 
cies did not have a significant effect on the computations; they are 
discussed more fully in Reference 3. i ■ ' 

Calculations were made for decaying shock waves with peak overpressures 
(corresponding to the step shocks) of 34.5 kPa, 68.9 kPa, and 137.9 kPa. 
The approximate yield equivalence was 0.1 KT.  This yield was chosen to 
provide nearly complete decay (of the 68.9 kPa shock) in the 100 ms time of 
interest, thus providing extreme cases for comparison with the step shocks. 
The target was identical to that used for the step shock waves. Computa- 
tions were made for a nominal 20 percent blockage and also with the tube 
unobstructed to provide reference flow-field data. One run at 68.9 kPa was 
made for a very low blockage condition (B=0.01) to simulate essentially 
free-field conditions. 

The histories of net axial force on the target for the 68.9 kPa shock 
computations are shown in Figure 9. The histories for the other shock 
strengths are similar. The diffraction loading phase is essentially 
unaffected by blockage because the reflected waves from the outer-radial 
boundary do not reach the target cylinder until very late in that phase. 
The two step shock curves are taken from Figure 6.  They have been discussed 
in detail earlier, including their relation to curves for other values of 
blockage shown in that figure.  Figure 9 typifies the relative differences 
between the results for step versus decaying shocks.  It was chosen because 
the shock overpressure of 68.9 kPa and the blockage ratio B=0.20 each are 
mid-range values in the studies. Reference 4 contains a more detailed 
analysis of the decaying shock computations. However, a short discussion of 
the primary features of interest in Figure 9 is warranted here. There is 
agreement between all four curves through the early diffraction phase. This 
is so because the Incident shock overpressures are the same and so is the 
reflection process. The curves then pair off, with the two curves for the 
decaying shocks showing more rapid pressure relief than the step shocks 

I 
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Figure 9. Comparison of net axial force on the target cylinder for step and 
decaying 68.9 kPa shocks with 20 percent blockage and with free- 
field conditions. 
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because of their overpressure decay. Both pairs of curves show essentially 
identical arrival times of the first reflected waves from the reflective 
outer-radial boundary. The free-field net axial force for the step shock 
quickly reaches a positive value of approximately 0.25 MN in its drag phase 
because of the steady flow behind the step shock. The free-field net axial 
force for the rapidly-decaying shock becomes negative at the end of the 
diffraction phase and remains negative for the duration of the computation. 
The negative net force for the decaying wave is due primarily to the rapid 
decay which produces a higher side-on overpressure in the plane of the back 
face of the target than at the front and acts counter to the force produced 
by air flow in the positive direction within the blast wave. The effect of 
the 20 percent blockage on the step shock is shown clearly in Figure 9; it 
has already been addressed in context with other blockage ratios in the 
discussion accompanying Figure 6. The effect of the 20 percent blockage 
relative to the free field results for the decaying shock is also evident in 
Figure 9. The net force oscillates about a value greater than that for the 
free field computation in the drag phase but about a value that is still 
negative. The frequencies of the oscillations are about the same for the 
step shock and the decaying shock. This is also true for the amplitudes of 
the oscillations, the exceptions to which are the 137.9 kPa step shock 
computations (discussed earlier and in Reference 3 in detail) where choking 
conditions exist in the constricted-flow region. Overall, the net axial 
force in the drag phase for this rapidly-decaying shock appears to be 
relatively unimportant, both for the free field case and for B=0.20, 
especially compared to that for the step shock. These results typify those 

3 
for the other comparisons between step and rapidly-decaying shocks at 
overpressures of 34.5 kPa and 137.9 kPa, except as noted above. 

Figure 10 shows the average dynamic pressure across the line of cells 
(denoted by section line AC in Figure 4) in the center of the constricted 
region for the 68.9 kPa shock waves. The plots for the other shock 
strengths (see Reference 3) are similar. In addition to the dynamic pres- 
sures for the 20 percent blockage case, the figure Includes the dynamic 
pressure for the decaying shock in an empty tube.  This begins with a peak 
value and decreases smoothly toward zero. The corresponding dynamic pres- 
sure for a step shock in an empty tube is a step function which jumps from 
zero to a constant value. 

Figure 11 shows the relative effect of blockage on the normalized 
average dynamic pressure in the constricted region for the 68.9 kPa step 
shock and the corresponding decaying shock wave. The set of normalized 
average dynamic pressure curves for B=0.10, 0.20, and 0.30 for the step 
shock has already been shown in Figure 8 and discussed.  The average dynamic 
pressure for the 68.9 kPa step shock is normalized by dividing by the 
dynamic pressure (15.27 kPa) behind the incident shock prior to Its inter- 
action with the target.  The dynamic pressure of the decaying wave when 
blockage was simulated was normalized by dividing by the corresponding 
dynamic pressure at that time from the empty tube computation. The Increase 
in normalized dynamic pressure is greater in a relative sense for the 
decaying shock than for the step shock for 68.9 kPa overpressure and B=0.20. 

3 
This was true of the other shock overpressures as well.  However, because 
the dynamic pressures for both free field and blockage computations become 
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small at late time, less confidence must be placed in their ratios. The 
late-time normalized values are included in Figure 11 to illustrate this 
effect. 

IV.  APPLICATION OF HYDROCODE RESULTS 

A single degree of freedom (rotation only) computer code called BLOM^ 
(Blast Overturning Model) was used to model the effect of blockage on the 
overturning of vehicles. In addition to containing a diffraction loading 
model, the code is also capable of performing drag loading calculations. 
The drag loading is calculated as the product of a drag coefficient CD  the 
presented area, a function accounting for the change in presented area with 
changing angle of inclination as the target rotates, and the dynamic pres- 
sure. The drag coefficient is expressed as a product of CD , the effective 

low-velocity drag coefficient, and a function which is unity at low velocity 
and increases with local Mach number.  Equation 3 was used to compute the 
change in dynamic pressure not only due to the initial blockage, but also 
due to the changed blockage as the target rotates. This procedure was used 
to predict the change caused by blockage in the minimum incident shock over- 
pressure required to overturn three representative tactical vehicles.  The 
results showed a significant decrease in the minimum overpressure required 
for overturning as blockage is increased. Decaying waves with corresponding 
peak overpressures for a range of yields from 3 to 1000 KT were used. The 
results showed relatively little dependence on yield. The use of Equation 3 
to calculate estimates for increases in dynamic pressure in the constricted- 
flow region due to blockage for decaying shocks represented an extrapolation 

beyond its established applicability.^ The question arose as to the 
validity of applying predictions based on non-decaying shock wave results to 
the more realistic decaying waves modeled in large blast simulators. 

The function listed as Equation 3, which describes the enhancement of 
dynamic pressure with blockage ratio for step shocks, predicted the magni- 
tude of increase in a marginally satisfactory manner at the beginning of the 
drag phase for the rapidly-decaying wave and became increasingly worse as 
time progressed.  In its present form, its utility is limited to step and 
slowly decaying shock waves. 

For decaying waves, the importance of blockage effects depends upon the 

^^ Ln P'^^P^"^^" °f '^he net loading in the drag phase compared to that in 
the diffraction phase.  For the extreme case of a yield equivalent of 0.1 KT 
and for the range of shock overpressures and blockages considered in the 
study, blockage effects were not important for determining the net axial 
loading. 

H.H.  EthTidge,    Blast Overturning Model for Ground Targets," Proceedings 
of the Fourth International Symposium on Military Applications of Blast 
Simulation, Southend-on-Sea, England, September 9-12,  1974. 
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V.  FLOW CONTOURS AROUND THE TARGET IN THE HULL COMPUTATIONS 

Figure 12 shows the iso-value contours for the dynamic pressure ratio 
around the cylindrical target that were derived from the HULL calculations 
for the series of step shocks at 20 percent blockage. The normalizing 
dynamic pressure was that immediately behind the incident shock front. The 
incident shock wave entered from the right. Times ranged from 0.095 to 0.12 
seconds to obtain contours at late times and at about the same number of 
shock crossing times. i 

A region with an increase of more than a factor of two in Q is shown in 
R. 

the flow fields. It is located progressively farther downstream as the 
shock overpressure is increased. Despite the shift in flow contours, the 
average dynamic pressure ratio radially across the cells at the center of 
the constricted region was 1.65 for the 34.5 kPa shocks, 1.69 for 68.9 kPa, 
and 1.60 for 137.9 kPa. The average of these is 1.65, with a variation of 
+ 3 percent. This lack of variation of Q was exploited to generate 

R 
Equation 3. Figure 13 shows the contours for local Mach number for the step 
shocks. For the 137.9 kPa shock the maximum Mach number noted in the field 
was 0.98, confirming the essentially choked condition of the flow. 

Figure 14 shows contours of dynamic pressure ratio for the step shocks 
at 2 percent blockage, essentially a free-field condition. Here the maximum 
Q^ is 1.57 for the 34.5 kPa shock and 1.44 for the 137.9 kPa shock. The 

region of maximum Q elongates at 137.9 kPa but shifts downstream only 

slightly, in contrast to the large shift that occurs for 20 percent 
blockage. The contour patterns are similar for all three overpressures. 

The contour plots of dynamic pressure ratio and Mach number show that 
gages measuring dynamic pressure or particle velocity would record very 
different values depending upon their location in the flow field with 
respect to the target. Figure 15 presents dynamic pressure, Mach number, 
particle velocity, density, and overpressure normalized by the values behind 
the incident step shock along a line parallel to the axis of the shock tube 
and 0.83 metres from the wall for 20 percent blockage. The front face of 
the target is at 0.0 and the shock wave moves in the positive direction. 
The dynamic pressure is the parameter most sensitive to position along the 
line. Within 0.2 target lengths in front of the leading edge of the target, 
the change in Q would range from about 10 percent at 137.9 kPa to 50 

percent at 34.5 kPa. An examination of differential pressure gage records 
made about one metre from the wall and slightly in front of a truck-shelter 
target in the blast simulator at Centre d'Etudes de Gramat, Gramat, 
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Figure 12. Iso-value contours of dynamic pressure ratio around the HULL 
target for step shocks at 20 percent blockage. The normalizing 
value was that immediately behind the shock front. 
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Figure 13. Iso-value contours of local Mach number around the HULL target 
for step shocks at 20 percent blockage. 
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France, '  and at the same position with the test section empty for the same 
incident shock strength showed an increase with the target present which is 
in reasonable agreement with the HULL results . 

This Sensitivity of gage readings to position should be considered in 
the design of the simulator instrumentation layout and in the interpretation 
of the gage measurements. The problem of interpretation of the gage 
readings becomes even more complicated if the target moves during blast 
loading. 

VI.  FORCE ON SIDE OF TARGET IN THE HULL COMPUTATIONS 

2 
In the previous study the HULL computations were analyzed to derive the 

net axial force, and as stated previously, the results showed no significant 
effect due to blockage until late in the diffraction phase for B>0.2 and no 
effect in the diffraction phase for B<0.2.  Situations may arise during the 
testing of a target where reflected waves from the shock tube walls may 
cause side and top walls to be loaded to levels greater than expected for a 
free-field interaction with the same blast wave. If so, wall deflections 
may occur where none would normally be expected, or deflections may be 
greater than expected. The hydrocode computations may also be used to 
estimate the changes in side face loading. The computations for the step 
shocks were processed to derive the average overpressure versus time on the 
sides of the cylindrical target. Figure 16 shows the average overpressure 
on the target side face versus time for the range of shock overpressures and 
blockages computed.  Zero time corresponds to the arrival of the shock front 
at the front face of the target. The 2 percent blockage case corresponds to 
free-field conditions. For blockages of 10, 20, and 30 percent, a large 
second peak in the target side-loading is generated by the return to the 
target side of waves reflected from the walls of the shock tube. For 30 
percent blockage, the second maximum is larger than that of the initial peak 
loading.  The time for achieving peak wall deflection of a target such as a 
communications shelter is in the range of 0.005 to 0.008 seconds. At 10 and 
20 percent blockage, the time separation of the second peak from the first 
seems sufficient to not interfere with the maximum deflection generated by 
the first peak, although additional damage may be produced by the second 
pulse. For 30 percent blockage, however, the peaks are merged to the extent 
that the wall response might not be the same as that produced under free- 
field conditions. 

J.R. Croanier and J.B. MonzaOy "Large Diameter High Performance Blast 
Simulator/' Proceedings of the Fifth International Symposium on Military 
Applications of Blast Simulation, Stockholm, Sweden, May 23-26,  1977 , 
J.R. Crosnier, S.  Gratias, J.B, Monzao, and H. Richard, "Concepts and 
Design for a Large Diameter High Performance Blast Simulator," Proceedings 
of the Fourth International Symposium on Military Applications of Blast 
Simulation, Southend-on-Sea, England, September 9-12,  1974. 
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Figure 16. Average side face overpressure on the target cylinder for step 
shock overpressures of 34.5, 68.9, and 137.9 kPa. 
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VII.  SHOCK TUBE EXPERIMENTS 

A series of experiments were conducted using the BRL 0.56 metre diameter 
g 

shock tube to measure the drag force on cylinders of the same length to 
diameter ratio used for the target in the HULL calculations. The cylinders 
were hung in the center of the shock tube with their axes parallel to that 
of the tube.  The procedure was to suspend the cylinders so that they were 
free to translate and to derive the drag force produced by the non-decaying 
portion of the incident shock wave from the observed displacement versus 
time along the axis of the shock tube. Different diameter cylinders were 
used to produce different blockage ratios. The masses were varied to 
control the amount of displacement produced in the observation time of 
interest. Table 1 lists the target characteristics, the measured shock 
overpressures and corresponding calculated dynamic pressures, and derived 
drag force per unit area. 

Figure 17 shows the test layout. The test section had a square cross- 
section with an area of 0.258 square metres. The cylinders were suspended 
by two support wires that were attached to a frame that was Independent from 
the shock tube. The wires entered the test section through slots in the top 
of the tube. The slots were 13mm long to permit the cylinders to swing 
through the range of measurement (0 to 0.05 metres) without the wires making 
contact with the shock tube structure. 

The movement of the cylinder was measured by an elecro-optical dis- 
placement follower, an instrument which generates a signal related to the 
movement of a high-contrast boundary across its field of view. Each cylin- 
der was painted on the side with a black and a white stripe to produce a high 
contrast boundary in the center of its side. For calibration the cylinders 
were suspended in place, displaced by known distances, and the output of the 
displacement follower recorded. The drag force on the suspension wires and 
the pendulum resistance force were negligible compared to the drag force 
acting on each cylinder. 

The assumption made in designing the experiment was that for an incident 
non-decaying shock wave the drag loading on the target would be constant 
after the end of the diffraction loading period, with the exception of a 
small decrease caused by the decrease in relative air velocity with time as 
the target accelerated. The portion of the recorded motion used was 
selected to be well after the initial diffraction loading period but before 
the velocity of the cylinder became significant and ranged from about 0.006 
to 0.032 seconds, depending upon the particular cylinder and the shock 
overpressure . 

o 
G.A. Coulter and B.P. Bertrand, "BRL Shook Tube Facility for the 
Simulation of Air Blast Effects," US Army Ballistic Research 
Laboratory Memorandum Report No.   1685, August  1965.     (AD#475669) 
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For cylinder loading occurring as expected. If M Is cylinder mass, x Is 
displacement, and t is time afer shock arrival, the ratio 2Mx/t when plotted 
against t is approximately a straight line (i.e., constant acceleration) in 
the time period of interest. The positive intercept on the 2^fx/t axis is 
related to the impulse delivered during the diffraction loading period, and 
the slope of the line is the drag force of interest. Figure 18 shows a 
record of displacement versus time for shot 81-148, and Figure 19 shows the 
corresponding plot of 2Mx/t versus t. A line was fitted through the data by 
least squares over the selected time span, and the slope and hence drag 
force was derived from the fit. This procedure was followed for all shots. 
The results were converted to drag force per unit area and are listed in 
the last column of Table 1. The estimated error range is + 10 percent. 

Table 2 lists the estimated late-time drag force per unit area for the 
HULL calculations for the step shock. Because of the oscillations present 
in the net force curves, the most reliable values are for the 0.21633 
blockage ratio, where the calculations were carried to a time of about 0.1 
seconds, rather than to 0.05 seconds. 

Figure 20 shows a comparison of the late-time net axial force per unit 
area on the cylinders as derived from the shock tube experiments and the 
HULL computations. Power law least squares fits were made for each set of 
data for a particular percent blockage.  The solid lines are the fits to the 
HULL data, and the dashed lines are for the shock tube results.  The upper 
dashed curve is for 30 percent blockage, and the lower for 20 percent 
blockage. At 2 percent blockage the fits for both HULL and the experiments 
agree to within + 3 percent, and hence only one curve is shown. At 20 
percent blockage, the shock tube results are from 5 to 10 percent above 
those of HULL, although the difference is within the error range of the 
experiments and the estimations of the late-time net force from HULL plots. 
At 30 percent blockage the HULL results are from 7 to 22 percent above those 
from the experiments. 

The reason for these differences is not known at this time. The 
cross-section of the shock tube test section was square, rather than round 
as in the HULL computations, so that may be a contributing factor. Small 
changes in geometry or flow parameters for nearly choked flow will cause 
relatively large changes in results in both computations and experiments. 
Viscous effects are not modeled in HULL, so viscous drag force is absent 
from the HULL results. Also, HULL probably gives less accurate results for 
use in computing loading on the back face than on the front face. Nonethe- 
less, the shock tube experiments confirmed that large increases in axial 
loading occur at blockages of 20 and 30 percent and that the HULL hydrocode 
predicted the increase reasonably well. 
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TABLE 2. DRAG FORCE PER UNIT AREA FROM THE HULL 
COMPUTATIONS FOR A STEP SHOCK WAVE 

Blockage 
Ratio 

Shock 
Overpressure 

(kPa) 

Dynamic 
Pressure 
(kPa) 

Drag 
Force/Area 

(kPa) 

0.02020 34.5 4.00 5.0 

0.02020 68.9 15.27 :«.= .    17.2 

0.02020 137.9 56.11 76 

0.21633 34.5 4.00 7.6 

0.21633 68.9 15.27 .  ^  31.0 

0.21633 137.9 56.11 118 . 

0.32653 34.5 4.00 11.0 

0.32653 68.9 15.27 39.3 

0.32653 137.9 56.11 150 
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experimental data. 
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VIII. COMPARISON OF HULL DRAG PHASE LOADING WITH WIND TUNNEL DATA 

In Reference 9 a study was made of blockage corrections for bluff body 
models which approximate road vehicles. Tests with models were made in a 
wind tunnel with a test section 0.76 m by 0.60 m and 3 .6 m long and a 
maximum particle velocity of 16 metres/second. The models were rectangular 
parallelepipeds of square cross-section, with a length to width ratio of 
2.5, and were supported near the floor with the length parallel to the 
direction of air flow. The models were sized to produce blockages up to 
15 percent. An initial study was made of the pressure distribution on the 
models, and it was shown to be invariant with blockage.* A blockage cor- 
rection factor was determined empirically that was judged to be valid for 
blockages up to 20 percent for such bluff bodies. The correction factor was 
of the following form: 

1/f = 1/(1 - mB) (4) 

where:  f = blockage correction factor = l/Q^ 
R 

m = 1.9, a constant determined from the above experiments. 
It is generally dependent on drag coefficient, body shape, 
and test section geometry. 

A comparison of the results from HULL for the step shocks shows that 
Equation 4 with m == 1.9 agrees well with HULL data for cylindrical models 
and with Equation 3 fitted to the HULL data. The value of m derived from 
the shock tube translation experiments is 2.2 for 20 percent blockage. The 
target in HULL and in the shock tube experiments had a length to width ratio 
of about 0.5, while that of the wind tunnel models was 2.5. The wind tunnel 
tests were made at very low velocities compared to those that occurred in 
the HULL computations and shock tube experiments. The wind tunnel tests 
also included ground effects on the model which were not present in either 
the computations or the shock tube experiments. The targets in all cases 
had sharp corners. The agreement may be fortuitious, but the values of m 
derived from HULL and the shock tube experiments are compatible with the 
wind tunnel data. 

Another correction factor discussed in Reference 9 is one derived from 
conservation of mass flow, and is as follows: 

1/f = 1/(1 - B)^      ■ (5) 

*The lack of variation may have been due to the low local Maoh number of 
the incident flow, 

g 
D.M. Sykesj "Blockage Corrections for Large Bluff Bodies in Wind Tunnels/' 
Paper 18^ Advances in Road Vehicle Aerodynamios^ Edited by H.S, Stevens^ 
BHRA Fluid Engineering^ pp 311-322. 
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It has no provision for variation with body shape or other factors. 
This relation describes the curve that would be plotted in Figure 3 for the 
dynamic pressure ratio for a shock of essentially zero strength. A modifi- 
cation to the relation was made so that it fits the HULL data, and the 
result is: 

1/f = 1/(1 - 1.08 B)^ (6) 

Equation 6 fits the unchoked HULL data for step shocks for the increase 
in dynamic pressure ratio with blockage ratio within + 2 percent and pro- 
vides a reasonable extrapolation to values of B larger than 0.3. Although 
Equation 3 provides a fit to the HULL data with even less error than 
Equation 6, the improvement is not significant; and the function does not 
provide a valid extrapolation to larger blockages. Thus in any further work 
using the HULL results for the increase in dynamic pressure ratio with 
blockage. Equation 6 should be used instead of Equation 3. 

IX.  COMPENSATION TECHNIQUES 

In testing of vehicles such as a truck carrying a communications shelter 
In a large blast simulator, the initial shock loading dominates the blast 
damage response of the shelter and its contents, while the drag loading 
causes whole body movement and overturning.  As shown in the previous 

2 
study,  the increase in drag loading due to blockage will lower the minimum 
incident shock overpressure required for overturning (possibly below that 
desired for testing for shock diffraction effects) . The decaying blast 
waves that would be tested in a large blast simulator have slow enough decay 
rates that a target which produces a significant blockage of the test sec- 
tion would cause a modification to the flow similar to that shown here for 
non-decaying shocks. The increased dynamic pressure near the target would 
result in a larger impulse delivered to the target over the duration of the 
positive overpressure phase of the wave  and probably an Increase in the 
duration of the positive phase itself. As far as the target is concerned, 
the blockage effects make the incident wave appear to be that from a higher- 
yield weapon at, most likely, some other burst point.  Thus, the test is 
invalidated to some degree unless some means of systematically compensating 
for this apparent shift in yield and burst point is introduced. 

In a target/blast wave encounter where the target is not grossly 
over-matched by the blast wave, it is the impulse in the drag phase that 
typically determines whether or not the target will be overturned.  One 
means of compensating for the increase in impulse due to blockage effects is 
to reduce the duration (and hence the impulse) of the input blast wave so 
that the overturning limit occurs at the same minimum required incident 
shock overpressure as that of interest under free-field conditions. There- 
fore, the blast wave in the simulator would be for a smaller yield weapon at 
a closer range than the design (threat) weapon, with the yield and range 
reduction compensating exactly for the increase in impulse due to blockage. 
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2 
The calculations of overturning performed earlier were analzyed to 

derive the reduced duration and corresponding yield that, with the drag 
enhancement due to blockage, would produce overturning at the same over- 
pressure as predicted for free-field conditions. The results are shown In 
Figure 21. As the blockage ratio is increased the duration and equivalent 
yield of the blast wave input to the test section decreases significantly. 
However, a proper use of this technique implies having a good prediction 
capability for overturning under known blast conditions and the ability to 
produce the desired reduced duration waveform, so its utility may be 
limited. 

A wind tunnel experiment is described in Reference 9 which evaluates a 
technique for reducing blockage effects. The essence of the technique is to 
provide venting areas in the side walls of the test section to compensate 
for the reduction of the cross-sectional area of the tube because of the 
blockage by the target. This was done by "nesting" a sub-sized test section 
Inside the larger wind tunnel test section. This sub-sized test section 
(hereinafter called "subsection" for brevity) was mounted on the floor of 
the wind tunnel. The subsection contained the target, which produced a 
blockage of the subsection of about 20 percent. Venting areas were provided 
in the sides and top walls of the subsection to compensate for the blockage 
caused by the target. The total area of the side vents equaled approximate- 
ly 10 percent of the total cross-sectional area of the subsection.  The 
floor was kept solid  so that ground proximity effects would still occur. 

With this arrangement, the low-velocity steady flow not only entered the 
subsection and interacted with the target but also flowed past the sub- 
section between its side and top walls and the side and top walls of the 
wind tunnel test section. Therefore, the flow from region around the target 
and through the vent areas was into the wind tunnel free-stream conditions 
and not into ambient atmospheric conditions. Tests showed that the blockage 
correction constant, m, in Equation 4 was reduced from 1.9 to 0.75. This 
change corresponds to reducing the effects of 20 percent blockage of a test 
section with no open area to that for 8 percent blockage, a very significant 
reduction. 

Although the flow in a blast simulator will not be steady-state as in 
the wind tunnel experiment, venting the simulator test section may produce a 
similar reduction of the increase in dynamic pressure in the constricted- 
flow region near the target for slowly-decaying blast waves. Venting might 
be accomplished by using many ports spaced uniformly around the side walls 
and roof of the test section and along its length. 

The number and location of ports opened or closed would be adjusted 
according to the blockage produced by the target and its location in the 
test section. The pressure differential driving the flow through the ports 
to the atmosphere would be much larger in the simulator than that which 
prevailed in the wind tunnel experiment, and it is possible that the same 
percentage of open area would have a greater effect. The technique seems 
worth pursuing because it offers the possibility of reducing the blockage 
effect in the drag phase to a level that the effects of changes in orienta- 
tion of the target would be small, and errors in interpretation of the 
magnitude of the changes produced by blockage would not be as important. 
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X.  SUMMARY DISCUSSION 

The HULL hydrocode has been utilized for studies of blockage effects for 
step shocks and for rapidly-decaying shocks. Comparisons were made between 
nozzle theory, shock tube experiments to measure drag force, and some low 
speed wind tunnel data. The comparisons indicate that the HULL results are 
reasonable. 

Blockage effects in a large blast simulator may occur during both the 
diffraction and drag loading phases for the target. The importance of 
blockage effects will depend upon the purpose of the test, the target char- 
acteristics, the blockage ratio, and the input blast wave characteristics. 
During the initial shock/target interaction (diffraction phase), reflected 
waves are generated which expand from the target, strike the shock tube 
walls, and return to the target at relatively late time for the range of 
overpressures and blockages considered here. If the blockage is 30 percent 
or less, the net axial loading is not affected significantly during the 
diffraction phase. However, those reflected waves returning to the target 
produce added loading on the side faces because of their near-normal 
reflection from the target. This added side face loading may be enough to 
increase the deflection of light-construction side face walls of targets 
and so must be considered in the analysis of test results. 

The dynamic pressure at the target is increased in proportion to the 
blockage for step shocks, slowly decaying waves, and rapidly decaying waves. 
The result for step and slowly decaying waves is an increase in drag loading 
which can change the target response significantly from that which would 
occur in free-field.  If the input wave is rapidly decaying so that the 
diffraction loading predominates, this increase in drag loading is not 
important. If the rate of decay is sufficiently rapid, the increase in 
dynamic pressure is countered by the spatial static overpressure gradient; 
and the net axial loading becomes negative shortly after the diffraction 
loading phase ends. Thus the importance of the increase in dynamic pressure 
with blockage will depend upon the rate of decay of the input wave relative 
to the length of the target and the relative magnitudes of diffraction and 
drag loading.  (Even if the decay of the input wave is sufficiently rapid 
that the drag loading on a target such as a vehicle is not important, the 
loading on smaller components attached to the exterior may be increased 
enough to be significant.) | 

Nozzle theory predictions of dynamic pressure enhancement versus block- 
age ratio agreed well with the HULL results for unchoked flow and show when 
choking conditions occur. The nozzle theory indicates that for 20 percent 
blockage, testing above 137.9 kPa (20 psi) will be at near-choking or 
choking conditions. At higher test pressures the blockage ratio that must 
be used to avoid choking decreases rapidly. 

The flow configuration in the vicinity of the target changes with both 
blockage and incident shock strength. The spatial gradients of flow-field - 
variables near the target are large.  This is particularly true of dynamic 
pressure. This large variation must be considered in the placement of gages 
and in the interpretation of their measurements. 
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For tests involving slowly decaying shock waves in a shock tube, the 
dynamic pressure in the constricted-flow region increases as the blockage 
caused by the target Increases.  This produces a drag loading on the target 
which becomes increasingly larger in relative proportion to the diffraction 
phase loading experienced by the target. This causes the input blast wave 
to appear to the target as if it were from a larger-yield weapon at a 
greater distance away than that which was simulated to produce the pre- 
interaction blast wave.  If the blockage is 20 percent or larger, signifi- 
cant changes in loading of the target can occur for the same input shock 
wave if the target orientation is changed.  If the truck-shelter target were 
tested side-on at 20 percent blockage and then turned end-on for a second 
test, the blockage would be reduced to 10 percent.  The effective drag 
impulse would be reduced by 30 percent, corresponding to a yield reduction 
by more than a factor of two.  To properly design tests and utilize results 
from them under such conditions requires development of a body of knowledge 
concerning blockage effects versus target shape, placement in the test 
section, test section cross-sectional shape, target orientation, and other 
geometric parameters. 

9 
A wind tunnel experiment  demonstrated that by providing 10 percent open 

area in the test section walls, the effective blockage was reduced from 20 
percent to 8 percent. The possibility of producing such large reductions in 
effective blockage in a blast simulator by using a test section with 
controlled venting seems worth pursuing. 
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LIST OF SYMBOLS 

f Blockage correction factor, l/Q,, 

m - Empirical constant, blockage correction relation 

t - Time 

V - Particle velocity 

X - Displacement 

A. - nozzle inlet area 

A - nozzle throat area 

B  -  Blockage ratio, the ratio of target cross-sectional area 
to the blast simulator cross-sectional area 

CD - Drag coefficient, adjusted for velocity 

CD - Low velocity drag coefficient 

KT - Kiloton TNT, blast equivalent 

M - Cylinder mass 

^L  -  Mach number ratio, the local Mach number in the throat 
divided by the local Mach number behind the incident 
shock 

Q  -  Dynamic pressure ratio, the dynamic pressure in the throat 
divided by the dynamic pressure behind the incident shock 

p  -  Density 

2 
1/2 pv  -  Dynamic pressure 
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