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ABSTRACT 8 

Blast-wave attenuation using rigid porous barriers has received considerable attention as a pas-9 

sive mitigation strategy for protecting structures from impulsive loading. Previous investiga-10 

tions have primarily focused on porosity, plate spacing, and hole arrangement, while the influ-11 

ence of internal orifice geometry has received comparatively little attention. In the present 12 

study, shock-tube experiments and three-dimensional computational fluid dynamics simula-13 

tions benchmarked against measured pressure histories were used to investigate blast-wave 14 

propagation through rigid porous plate arrays. Uniform porosity arrays, graded porosity ar-15 

rangements, and several non-cylindrical orifice geometries were evaluated using upstream, 16 

downstream, and end-wall pressure histories together with numerical density-gradient (schlie-17 

ren) fields. For the tested configurations, decreasing uniform porosity increased attenuation, 18 

whereas reversing the direction of porosity grading produced a much larger change in peak-19 

end-wall pressure than in cumulative impulse. Among the shaped passages, the continuously 20 

diverging profile produced the lowest reported peak end-wall pressure and cumulative impulse, 21 

corresponding to reductions of 47.6% and 21.2%, respectively, relative to the blank configu-22 

ration. The numerical fields show systematic differences in shock diffraction, reflection, sec-23 

ondary wave interaction, and jet development among the geometries and provide consistent 24 

interpretation of the measured performance. These results identify internal orifice geometry as 25 

an additional design parameter for porous blast barriers, while the detailed contribution of in-26 

dividual wave-interaction mechanisms remains a subject for further qualitative study. 27 

KEYWORDS 28 

Blast-wave attenuation; Porous plate arrays; Shock-wave diffraction; Orifice geometry; Com-29 

putational fluid dynamics; Numerical schlieren. 30 

 31 

NOMENCLATURE 32 

 33 

Symbol/Abbreviation Definition 

AUSM+ Advection Upstream Splitting Method Plus 

CFD Computational fluid dynamics 

CFL Courant–Friedrichs–Lewy 

E Total energy per unit mass 

e Specific internal energy 

FVS Flux-vector splitting 
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Symbol/Abbreviation Definition 

I Identity tensor 

M Mach number 

MUSCL 
Monotonic upstream-centered scheme for conservation 

laws 

p Pressure 

Pₐₚₚₗᵢₑd Applied pressure upstream of the porous plate array 

Pₑₙd End-wall pressure 

Pₜᵣₐₙₛ Transmitted pressure downstream of the porous plate 

array 

RK4SSP Strong stability-preserving fourth-order Runge–Kutta 

RS Reflected shock 

SRS Secondary reflected shock 

STS Secondary transmitted shock 

t Time 

TS Transmitted shock 

u Velocity vector 

γ Ratio of specific heats 

ρ Density 

φ Porosity 

 34 

1 INTRODUCTION 35 

Blast waves generated by explosions, industrial accidents, and military threats produce intense 36 

transient pressure loads capable of causing severe structural damage and significant risk to 37 

human life [1–4]. In confined and semi-confined environments, repeated wave reflections can 38 

substantially amplify both peak pressure and impulse, increasing the loading imparted to sur-39 

rounding structures [3–5]. Consequently, considerable research has focused on passive blast 40 

mitigation strategies capable of reducing transmitted blast loading while maintaining structural 41 

simplicity and reliability [6–10]. Among these approaches, rigid porous barriers have demon-42 

strated significant potential by attenuating incident shock and blast waves through repeated 43 

reflection, diffraction, transmission, viscous dissipation, and vortex generation [6–15]. 44 

Various rigid porous media, including metallic foams, granular materials, cellular structures, 45 

woven meshes, and perforated plate arrays, have been investigated for shock and blast mitiga-46 

tion [11–21]. Among these, perforated plate arrays are particularly attractive due to their simple 47 

manufacture, repeatable geometry, structural durability, and ability to provide significant at-48 

tenuation without permanent deformation [6,7,11–17]. Previous investigations have demon-49 

strated that reducing porosity generally increases blast attenuation through stronger reflected 50 

shocks, increased shock trapping, and repeated wave interactions between adjacent plates [11–51 

17]. Similarly, Nguyen and Proud demonstrated that decreasing the open area of perforated 52 

sheets in perforated-sheet/reticulated-foam sandwich structures increased peak-pressure atten-53 

uation and significantly influenced impulse transmission [18]. Additional studies have shown 54 
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that attenuation is influenced by parameters including plate spacing, stand-off distance, plate 55 

count, hole arrangement, perforation shape, and incident shock strength [7–19]. More recently, 56 

simplified analytical and semi-empirical models have also been developed to predict pressure 57 

buildup behind perforated plate arrays subjected to blast loading [11,15]. 58 

 59 

Although the effects of porosity, plate spacing, hole alignment, and perforation shape have 60 

been investigated extensively, comparatively little attention has been devoted to the influence 61 

of the internal geometry of the perforations themselves [7–19]. Most previous investigations 62 

have employed straight cylindrical perforations of uniform diameter despite studies of shock 63 

diffraction demonstrating that converging and diverging passages substantially modify re-64 

flected shock formation, transmitted shock evolution, expansion waves, and vortex generation 65 

[9,20]. To the authors' knowledge, no previous investigation has systematically examined the 66 

influence of continuously converging, continuously diverging, converging-diverging, diverg-67 

ing-converging, and stepped internal orifice geometries on blast-wave attenuation in porous 68 

plate arrays. Consequently, the influence of internal orifice geometry on blast attenuation re-69 

mains poorly understood. 70 

 71 

Experimental pressure measurements provide quantitative information regarding transmitted 72 

blast loading, while optical techniques such as schlieren and shadowgraph imaging have been 73 

widely employed to visualize shock-wave propagation and diffraction in compressible flows 74 

[22,23]. However, resolving the complete three-dimensional wave evolution within multi-plate 75 

porous arrays remains challenging because wave interactions occurring inside the array are 76 

partially obscured by the plates and cannot be directly observed throughout the flow field. 77 

Validated three-dimensional computational fluid dynamics simulations therefore provide an 78 

effective complementary tool for examining reflected shocks, transmitted shocks, secondary 79 

shock interactions, vortex development, and other compressible flow structures responsible for 80 

blast attenuation [9,14,16,19]. 81 

 82 

The present study combines experimental shock-tube testing with validated three-dimensional 83 

computational fluid dynamics simulations to investigate blast-wave attenuation through rigid 84 

porous plate arrays. The effects of uniform and graded porosity distributions are first examined 85 

to evaluate the influence of porosity sequencing on transmitted blast loading. Subsequently, 86 

the influence of internal orifice geometry is investigated through a series of converging, di-87 

verging, converging-diverging, diverging-converging, and stepped orifice profiles designed to 88 

modify the evolution of the transmitted shock within the porous array. Experimental pressure 89 

measurements are used to validate the numerical model, which is subsequently employed to 90 

investigate the underlying flow physics responsible for the observed attenuation characteris-91 

tics. 92 

2 EXPERIMENTAL SETUP 93 

2.1 SHOCK TUBE FACILITY 94 

Experiments were conducted using a compressed-gas-driven shock tube facility at the Uni-95 

versity of Rhode Island (URI) in the Dynamic Photomechanics Lab (DPML). The shock tube 96 

consisted of a high-pressure driver section and a low-pressure driven section separated by a 97 

frangible Mylar diaphragm with a thickness of 0.25 mm. The driver section had an inner di-98 
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ameter of 152 mm and a length of 305 mm, while the driven section had the same inner di-99 

ameter over a length of 4572 mm. The driven section then tapered to a diameter of 76 mm 100 

over a length of 914 mm, and subsequently to a 38 mm diameter muzzle over the final 914 101 

mm. The total shock tube length was 7400 mm; the individual sections are shown in Figure 102 

1. 103 

Prior to each experiment, the driver section was pressurized using compressed nitrogen gas 104 

while the driven section remained at ambient atmospheric conditions. The shock wave was 105 

generated through a diaphragm rupture at an absolute driver pressure of 790 kPa. Rupture 106 

produced a nominal incident shock Mach number of 1.62 corresponding to an incident shock 107 

velocity of 555 m/s.  108 

 109 
Figure 1. Shock tube schematic.  110 

Dynamic pressure measurements were acquired using piezoelectric pressure transducers po-111 

sitioned flush-mounted along the shock tube wall at multiple axial locations. Three transduc-112 

ers were used to characterize the incident and transmitted shock wave behavior. Pressure sig-113 

nals were recorded using a high-speed data acquisition system, the Dewesoft Sirius XHS, at a 114 

sampling frequency of 500 kHz. Pressure sensors PT1 and PT3 had a sensitivity of 0.75 115 

mV/kPa (PCB model 113B24) whereas PT2 has a sensitivity of 0.145 mV/kPa (PCB model 116 

113B22). Incident shock velocity was determined from measured shock arrival times be-117 

tween pressure transducer locations separated by known distances. 118 

 119 
Figure 2. (a) Shock tube facility viewed down the length with the muzzle and end structure in background, (b) 120 

porous plate fixture threaded onto muzzle with pressure transducers in place. 121 
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The porous plate test section was mounted at the downstream end of the shock tube within a 122 

custom fixture designed to securely support interchangeable plate-array specimens. The fix-123 

ture accommodated porous plate arrays with an outer diameter of 45 mm and an effective 124 

flow diameter of 38 mm. A rigid end-wall was positioned downstream of the specimen to 125 

measure reflected and transmitted pressure loading resulting from wave interaction with the 126 

porous structures. Sensors PT1 and PT2 were separated by 130 mm, and PT3 was located an 127 

additional 19 mm downstream of PT2, as shown in Figure 3. The downstream end of the po-128 

rous plate array was positioned 38 mm upstream of PT3. 129 

Experiments were conducted under nominally identical initial conditions for each test config-130 

uration to ensure repeatability and enable direct comparison between porous plate geome-131 

tries. Measured pressure time histories were subsequently processed to determine peak over-132 

pressure, impulse, shock arrival time, and attenuation characteristics associated with the po-133 

rous plate arrays. 134 

2.2 POROUS PLATE ARRAY DESIGN 135 

The porous plate arrays were designed to investigate the effects of porosity distribution and 136 

local orifice geometry on shock attenuation behavior. Each array had an overall length of 48 137 

mm and consisted of four rigid plates separated by uniform inter-plate spacing. For all tests, 138 

individual plates were 6 mm thick and separated by 7.75 mm gaps, as shown in Figure 3. The 139 

arrays were fabricated from 3D-printed Polylactic Acid (PLA) material and mounted within a 140 

rigid aluminum fixture that was threaded onto the end of the muzzle. 141 

 142 

Three different orifice profiles were investigated initially: straight, converging, and diverging. 143 

The straight-orifice plates consisted of constant-diameter cylindrical passages through the plate 144 

thickness. Four different hole diameters were used for the straight-orifice plates: 4.5 mm, 5.25 145 

mm, 6 mm, and 6.5 mm, corresponding to plate porosities of 30%, 40%, 50%, and 60%, re-146 

spectively. Initial experiments were conducted using uniform porosity arrays in which all 147 

plates within the array contained identical hole diameters. Subsequent configurations varied 148 

the porosity between successive plates to investigate the effects of porosity grading on trans-149 

mitted shock behavior and downstream wave evolution. 150 

 151 

The converging and diverging orifice geometries were designed to investigate the influence of 152 

local flow acceleration and expansion within the plate passages. Converging orifice plates ta-153 

pered from an inlet diameter of 6.5 mm to an outlet diameter of 5 mm in the direction of shock 154 

propagation, while diverging orifice plates tapered from 5 mm to 6.5 mm through the plate 155 

thickness. A representative cross-section of the 60% porosity orifice geometry is shown in 156 

Figure 3. 157 
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 158 
Figure 3. (a) Pressure transducer spacing and plate spacing, thickness, and overall array length, (b) plate ar-159 

ray end view with outer diameter, effective flow diameter, and orifice diameter. 160 

In addition to arrays composed entirely of converging or entirely of diverging plates, mixed-161 

profile configurations containing both converging and diverging orifice plates were also inves-162 

tigated to evaluate the effect of staged flow contraction and expansion on shock attenuation 163 

and wave reformation. An additional orifice profile with a central expansion chamber, the 164 

Helmholtz-type profile, was also investigated. All profiles investigated are shown in Figure 4. 165 

Mixed converging-diverging and diverging-converging profiles had a maximum diameter of 166 

6.5 mm and minimum of 4.25 mm. The Helmholtz-type profile had an inlet and outlet diameter 167 

of 4.25 mm, and a central expansion chamber with a diameter of 6.5 mm. The expansion cham-168 

ber length was equal to half the plate thickness. These diameters were selected to match the 169 

dimensions used in the straight profile arrays. The overall array length and inter-plate spacing 170 

were held constant for all configurations to isolate the effects of porosity distribution and ori-171 

fice geometry on attenuation performance. 172 

 173 
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 174 
Figure 4. Orifice profiles investigated. (a-d) straight 6.5, 6.0, 5.25, and 4.5 mm, (e ,f) continuously diverging 175 

and converging, (g, h) diverging-converging and converging-diverging, and (i) Helmholtz-type. 176 

A summary of all porous plate configurations investigated experimentally and numerically is 177 

provided in Table 1 and Table 2.  178 

 179 

Array ID PORO-1 PORO-2 PORO-3 PORO-4 PORO-5 PORO-6 

Plate 1 Porosity (%) 60 50 40 30 60 30 

Plate 2 Porosity (%) 60 50 40 30 50 40 

Plate 3 Porosity (%) 60 50 40 30 40 50 

Plate 4 Porosity (%) 60 50 40 30 30 60 

Table 1. Straight orifice profile, uniform and graded porosity plate array cases. 180 

Array ID CD-1 CD-2 CD-3 CD-4 HELM-1 

Plate 1 Profile Converging Diverging Converging-Diverging Diverging-Converging Stepped 

Plate 2 Profile Converging Diverging Converging-Diverging Diverging-Converging Stepped 

Plate 3 Profile Converging Diverging Converging-Diverging Diverging-Converging Stepped 

Plate 4 Profile Converging Diverging Converging-Diverging Diverging-Converging Stepped 

Table 2. Converging, diverging, mixed converging-diverging, diverging-converging, and stepped (Helmholtz) 181 
plate array cases. 182 

3 NUMERICAL SIMULATIONS 183 

3.1 GOVERNING EQUATIONS 184 

The transient propagation of shock waves through the porous plate arrays was modeled by 185 

solving the three-dimensional, compressible Euler equations in conservative form. The gov-186 

erning equations represent the conservation of mass, momentum, and total energy and are re-187 

spectively given by: 188 
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𝜕𝜌𝜕ݐ + ߘ ⋅ (𝜌ܝ) = 0 

 

(1) 

 𝜕(𝜌u)𝜕ݐ + ߘ ⋅ (𝜌uu + p۷) = 0 

 

(2) 

 𝜕(𝜌ܧ)𝜕ݐ + ߘ ⋅ [(𝜌ܧ + [u(݌ = 0 
(3) 

 

 189 

Where ρ is density, u is velocity, p is pressure, ݁ is the specific internal energy, I is the identity 190 

tensor and E is total energy per unit mass given as: 191 

ܧ 192  =  ݁ +  12 ݑ ∙  ݑ
(4) 

 ݁ = ߛ)݌  − 1)𝜌 

 

(5) 

 193 

 194 

Air was modeled as a calorically perfect ideal gas using: 195 

݌ 196  = 𝜌ܴܶ (6) 

 197 

3.2 NUMERICAL SOLVER 198 

Numerical simulations were performed using the open-source finite-volume solver blastFoam, 199 

which is based on the OpenFOAM framework and is designed for compressible high-speed 200 

flows involving shock waves and blast loading [24, 25]. The compressible Euler equations 201 

were solved using an explicit Runge–Kutta time integration scheme with second-order spatial 202 

accuracy. 203 

 204 

Convective fluxes were evaluated using the Advection Upstream Splitting Method (AUSM+) 205 

flux-vector splitting (FVS) scheme to accurately capture strong shock discontinuities while 206 

minimizing numerical dissipation [26]. Primitive variables were reconstructed at cell faces us-207 

ing a quadratic monotonic upstream-centered scheme for conservation laws (quadratic 208 

MUSCL) with a van Leer limiter [27]. Spatial gradients were computed using the Gauss linear 209 

gradient scheme. The computational domain was assumed to be inviscid since viscous effects 210 

were negligible over the short-duration shock propagation through the tube and porous plate 211 

array. Consequently, turbulence modeling was not employed. 212 

 213 

The solution was advanced using a strong stability-preserving fourth-order Runge–Kutta 214 

(RK4SSP) time integration scheme with adaptive time stepping [28]. A maximum Courant–215 

Friedrichs–Lewy (CFL) number of 0.6 was enforced throughout the simulation to maintain 216 

numerical stability and accurately resolve the propagating shock wave. Solution stability was 217 

assessed by monitoring pressure histories at virtual sensor locations and verifying smooth 218 

shock propagation without spurious numerical oscillations. 219 

 220 
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3.3 COMPUTATIONAL DOMAIN AND BOUNDARY CONDITIONS 221 

All shock-tube walls and porous plate surfaces were modeled as adiabatic walls. The shock 222 

tube included the driver-section end, the closed downstream end beyond the plate array, and 223 

the cylindrical inner wall; quarter-symmetry boundaries were applied on the vertical and hor-224 

izontal symmetry planes, as shown in Figure 5. 225 

 226 

Figure 5. (a) Computational domain of shock tube, (b) mesh refinement at the shock tube end and near the plate 227 
array, (c) computational domain around plate array with symmetry boundaries and wall boundary around tube 228 

inner diameter and at the closed shock tube end. 229 

An unstructured tetrahedral finite-volume mesh was generated using the open source software, 230 

SALOME and employed throughout the computational domain [29]. Local mesh refinement 231 

was applied in regions of expected strong shock gradients and complex shock–structure inter-232 

actions near the porous plate arrays. The computational domain was divided into four primary 233 

mesh refinement zones corresponding to the major geometric sections of the shock tube. Mesh 234 

zone 1 included the driver section and initial driven section, Mesh zone 2 corresponded to the 235 

first shock tube diameter reduction, and Mesh zone 3 encompassed the remaining constant-236 

diameter section of the shock tube upstream of the porous plate arrays. Mesh zone 4 consisted 237 

of a locally refined region extending 250 mm upstream of the porous plate arrays and through 238 

the array. 239 

 240 

The diaphragm rupture process was approximated by imposing an initial pressure discontinuity 241 

between the driver and driven sections. The driver section was initialized to a pressure of 790 242 

kPa, corresponding to the experimental diaphragm burst pressure investigated in this study, 243 

while the driven section was initialized to atmospheric pressure (101 kPa). The working fluid 244 

was air initialized at an ambient temperature of 300 K. 245 

 246 

In addition to comparing numerical pressure histories with experimental measurements at the 247 

pressure transducer locations, numerical schlieren contours were generated to visualize the 248 

propagation and interaction of shock waves within the porous plate arrays. The schlieren im-249 

ages were computed from the density gradient magnitude, ∣∇ρ∣, which highlights regions of 250 
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strong compressibility associated with shock waves, expansion regions, and other flow discon-251 

tinuities. These contours were used to examine the evolution of transmitted, reflected, and sec-252 

ondary shock structures and to aid interpretation of the experimentally observed pressure at-253 

tenuation mechanisms. 254 

 255 

3.4 MESH INDEPENDENCE STUDY 256 

A mesh independence study was conducted to assess the sensitivity of the numerical predic-257 

tions to mesh resolution. Three progressively refined meshes were evaluated, as summarized 258 

in Table 3. Mesh refinement was applied only in mesh zones 3 and 4, where the strongest shock 259 

gradients and the most complex flow interactions occurred. The target element size in mesh 260 

zone 3 was reduced from 1.5 mm for mesh M1 to 1.0 mm for mesh M2 and M3, while the 261 

target element size in mesh zone 4 was reduced from 1.5 mm to 1.0 mm and finally 0.5 mm. 262 

The mesh sizes in zones 1 and 2 were maintained at 6.0 mm and 3.0 mm, respectively, for all 263 

three meshes. All simulations were performed using the same porous plate geometry and iden-264 

tical initial and boundary conditions.  265 

The mesh-sensitivity study used CD-1, an array comprising four plates with continuously con-266 

verging orifices. The end-wall pressure history at PT3 (Pend) was compared across the three 267 

meshes, as shown in Figure 7. M1 shows a visible deviation in the initial pressure rise and peak 268 

response, whereas the M2 and M3 pressure histories are visually very similar over the plotted 269 

interval. Based on this pressure-history comparison, the principal loading trends are not sensi-270 

tive to refinement from M2 to M3. M3 was nevertheless retained for the subsequent simula-271 

tions because the 0.5 mm refinement in mesh zone 4 provides greater spatial resolution for the 272 

schlieren-style density-gradient fields used to interpret local wave interactions. Because the 273 

present manuscript does not report numerical differences in peak pressure or impulse between 274 

M2 and M3, this study is best interpreted as a mesh-sensitivity assessment rather than a formal 275 

demonstration of grid convergence.. 276 

Mesh ID Mesh Zone 1 Mesh Zone 2 Mesh Zone 3 Mesh Zone 4 Total Cells 

  (mm) (mm) (mm) (mm)   

M1 6.0 3.0 1.50 1.50 1.1 M 

M2 6.0 3.0 1.00 1.00 1.7 M 

M3 6.0 3.0 1.00 0.50 3.1 M 
Table 3. Mesh convergence study element sizes per mesh zone. 277 

 278 

 279 
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 280 
Figure 7. End-wall pressure time history for the mesh convergence study. Simulations were performed using the 281 

CD-1 plate array with continuously converging orifices. 282 

3.5 EXPERIMENTAL REPEATABILITY 283 

Experimental repeatability was evaluated to quantify the variability associated with shock 284 

generation, pressure measurement, and the overall test procedure. Three independent experi-285 

ments were performed for each case shown in Table 1 and Table 2, in addition to the blank 286 

shock tube cases with no plate array present. Figure 8 compares the mean pressure time his-287 

tories measured at pressure transducers PT1 and PT3 for each of the four uniform-porosity 288 

plate arrays (PORO-1 through PORO-4) and blank cases. These configurations span the full 289 

range of porosities investigated experimentally and provide representative bounds on the re-290 

peatability of the facility. Error bars represent one standard deviation calculated from the 291 

three repeated experiments. The PT1 (Papplied) measurements were used to assess the repeata-292 

bility of the incident shock and the initial reflected shock generated by the first plate, while 293 

the PT3 (Pend) measurements quantify the repeatability of the transmitted loading at the end-294 

wall. Mean applied and end-wall pressures are shown in Table 4. Standard deviations below 295 

3% demonstrate excellent repeatability of the experimental facility and measurement proce-296 

dure. 297 

 298 
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Figure 8. (a) Applied and (b) end-wall pressure time history with error bars for the blank, PORO-1 through 299 
PORO-4 configurations.  300 

 301 

 
Peak Papplied Peak Pend 

Array ID 
Mean 

(kPa) 

Std. Dev. 

(%) 

Mean 

(kPa) 

Std. Dev. 

(%) 

BLANK 196.8 2.0 629.6 3.0 

PORO-1 198.4 0.5 514.9 1.0 

PORO-2 195.5 0.6 481.1 0.8 

PORO-3 200.0 1.1 463.4 2.3 

PORO-4 196.1 1.3 392.9 1.7 
Table 4. Mean and standard deviation for peak applied and end-wall pressure for blank and uniform porosity 302 

cases. 303 

3.6 NUMERICAL VALIDATION 304 

Predicted end-wall pressure histories (Pend) were compared with experimental measurements 305 

for three representative configurations: PORO-5, CD-1, and CD-4 (Figure 9). These cases sam-306 

ple the principal design variables considered in the study: graded porosity, a continuously con-307 

verging orifice, and a diverging-converging orifice. For each case, the numerical history was 308 

compared with the mean of three experimental repetitions, with error bars representing one 309 

standard deviation. In all comparisons, t = 0 corresponds to arrival of the incident/transmitted 310 

wave at the PT1 reference location. The numerical histories reproduce the principal experi-311 

mental features visible in Figure 9, including the rapid pressure rise, the elevated pressure in-312 

terval, and the subsequent decay. The plotted comparisons also indicate agreement in the vi-313 

cinity of the peak end-wall response. However, the present manuscript does not tabulate nu-314 

merical-versus-experimental errors in peak pressure, impulse, or arrival time; accordingly, the 315 

validation claim is limited here to the agreement demonstrated by the reported pressure-history 316 

comparisons. 317 
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 318 
Figure 9. End-wall pressure time history comparison between numerical simulations and experiments for (a) 319 

PORO-5 with porosity continuously decreasing, (b) CD-1 with continuously converging orifices, and (c) CD-4 320 
with diverging-converging orifices.  321 

4 RESULTS AND DISCUSSION 322 

The experimental results are presented to establish the baseline shock-wave behavior before 323 

evaluating the influence of porous plate array design parameters on attenuation performance. 324 

First, the baseline shock evolution is examined by comparing the blank shock tube with uni-325 

form-porosity plate arrays to quantify the effects of porosity on pressure attenuation and im-326 

pulse reduction. Next, the influence of porosity distribution is investigated through arrays with 327 

increasing and decreasing porosity gradients while maintaining constant overall geometry. Fi-328 

nally, the effects of orifice geometry are evaluated by comparing converging, diverging, mixed 329 

converging–diverging configurations, and the stepped Helmholtz-inspired geometry. This pro-330 

gression isolates the contributions of porosity, porosity grading, and hole geometry to the over-331 

all blast mitigation performance of the porous plate arrays. 332 

 333 

4.1 BASELINE SHOCK EVOLUTION AND EFFECT OF PLATE ARRAYS 334 

ON SHOCK ATTENUATION 335 

Figure 10 presents the experimental end-wall pressure and cumulative impulse histories for the 336 

blank shock tube and the four uniformly porous plate arrays. Impulse is defined using the fol-337 

lowing: 338 
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ܫ =  ∫ ௘ܲ௡ௗ(ݐ) ݀ݐ௧
0  (7) 

 339 

Impulse is affected by the properties of the plate array located upstream of the end-wall. The 340 

influence of uniform plate porosity on blast attenuation has been investigated previously, pri-341 

marily for relatively low porosity ranges of approximately 10–30% [16]. In the present work, 342 

the baseline investigation is extended to a higher porosity range of 30–60%. These baseline 343 

results established a consistent reference for evaluating the effects of graded porosity distribu-344 

tions and alternative hole profiles presented in the following sections. 345 

 346 

 347 
Figure 10. (a) End-wall time history for the uniform porosity arrays, and (b) cumulative impulse.  348 

The cumulative impulse histories in Figure 10 exhibit the same overall trend as pressure his-349 

tories. All porous plate arrays reduced the end-wall impulse relative to the blank configuration, 350 

with the greatest reduction occurring for the 30% porosity array. The cumulative impulse for 351 

the blank configuration was 1.95 kPa-s. Inclusion of the ϕ=60% array reduced the impulse to 352 

1.84 kPa-s, (approximately 6%). For the ϕ=30% array, the impulse decreased to 1.68 kPa-s, 353 

(approximately 14%). The peak  end-wall overpressure was 630 kPa, for the blank configura-354 

tion. For the ϕ=60% and ϕ=30% arrays, the peak decreased to 515 kPa and 393 kPa, corre-355 

sponding to reductions of approximately 18% and 38%, respectively. The measured end-wall 356 

pressure histories exhibit a slower post-peak decay than an ideal Friedlander waveform due to 357 

the sustained after-flow generated by the shock-tube facility. This sustained pressure contrib-358 

utes substantially to the cumulative impulse and may therefore result in smaller apparent im-359 

pulse reductions than would occur for a more rapidly decaying free-field explosive blast. Ac-360 

cordingly, both peak end-wall pressure and cumulative impulse reductions are reported for all 361 

configurations to provide complementary measures of attenuation performance. 362 

 363 

In addition to reducing the final impulse, the lower porosity arrays slowed the rate of impulse 364 

accumulation, indicating that the transmitted loading was distributed over a longer duration as 365 

evidenced in variations in impulse slope in the early time between 0.25 and 0.75 ms. While 366 
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higher porosity arrays produced smaller reductions in impulse, they also generated lower flow 367 

resistance and pressure losses across the plate array. This tradeoff between blast attenuation 368 

and flow restriction provided the motivation for the graded-porosity and alternative hole-pro-369 

file configurations investigated. 370 

 371 

The applied pressure history data for Papplied is shown in Figure 11, with the incident pressure 372 

equal to ~200 kPa for all cases. The blank configuration produced a reflected-pressure maxi-373 

mum of approximately 500 kPa, which arrived later than the reflections generated by the po-374 

rous plate arrays. This delay occurred because the incident wave first traversed the plate-array 375 

region and the remaining standoff distance to the end-wall before reflecting and traveling back 376 

to PT1. The initial reflected pressure is shown to be lower for the high porosity cases, with the 377 

initial reflected pressure equal to ~325 kPa for the ϕ=60% array while it is equal to ~450 kPa 378 

for the ϕ=30% array. This is consistent with the greater blockage imposed by the lower porosity 379 

array and indicates that the lower porosity plate at the front of the array was loaded more 380 

heavily than the higher porosity plates.  381 

 382 
Figure 11. Applied pressure time history data for the uniform porosity plate arrays.  383 

4.2 EFFECT OF POROSITY DISTRIBUTION 384 

Following the evaluation of uniform-porosity arrays, the influence of porosity distribution 385 

along the length of the array was investigated. Previous studies have primarily focused on 386 

arrays with constant porosity, whereas grading the porosity provides an additional design pa-387 

rameter that may influence shock-wave transmission through successive reflections and local-388 

ized pressure losses. To isolate the effect of porosity distribution, arrays with increasing and 389 

decreasing porosity were examined while maintaining the same overall porosity range and 390 

plate spacing as the uniform configurations. The results are compared to determine how the 391 

direction of the porosity gradient influences pressure attenuation and impulse reduction. 392 

4.2.1 INCREASING AND DECREASING POROSITY GRADING 393 

Array ID PORO-5 corresponds to the decreasing-porosity arrangement, in which the first plate 394 

has 60% porosity and the final plate has 30% porosity. PORO-6 reverses this sequence, placing 395 
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the 30% porosity plate first and the 60% porosity plate last. As reported in Figure 12 and Table 396 

5, the maximum end-wall pressure is approximately 450 kPa for PORO-5 and 395 kPa for 397 

PORO-6. The peak end-wall pressure reductions were ~28% and ~37%, while the reported 398 

impulse reductions are 14.1% and 14.4%, respectively. The cumulative-impulse reductions are 399 

therefore very similar for the two grading directions and are also close to the 14.0% reduction 400 

reported for the uniform 30% porosity array. Within the configurations tested, these data indi-401 

cate that grading direction has a much stronger influence on peak end-wall pressure than on 402 

cumulative impulse. The similarity in impulse reduction to the uniform 30% case is consistent 403 

with an important role for the lowest-porosity plate, but the present data do not by themselves 404 

establish that minimum porosity uniquely governs impulse attenuation. 405 

 406 
Figure 12. (a) End-wall pressure time history for the porosity graded arrays, and (b) cumulative impulse for the 407 

same arrangements. 408 

Numerical schlieren contours for the PORO-5 and PORO-6 arrays are shown in Figure 13 and 409 

Figure 14. The dimensionless schlieren intensity is displayed over a range of 0 to 3.4, with 410 

increasing values indicating stronger density gradients associated with shock waves and other 411 

compressible-flow structures. In both figures, t=0 corresponds to the arrival of the incident 412 

shock (IS) at the first plate, with the shock propagating from left to right toward the end-wall. 413 

At t=9 μs, the incident shock has traversed the first plate, and the primary reflected shock (RS) 414 

is generated, propagating upstream toward the driver section. The increasing-porosity arrange-415 

ment produces a stronger, more planar RS, whereas the decreasing-porosity arrangement ex-416 

hibits greater shock curvature as the wave reflects from the individual plate blockages. The 417 

stronger initial reflection in PORO-6 limits the energy transmitted into the remainder of the 418 

array, resulting in weaker downstream wave propagation and a lower peak end-wall pressure 419 

compared with PORO-5. In contrast, the higher initial porosity of PORO-5 permits a stronger 420 

transmitted shock to enter the array before encountering progressively lower-porosity plates. 421 

As the porosity decreases through PORO-5, the increasing solid area of each successive plate 422 

causes a greater portion of the transmitted wavefront to reflect from the plate surface, produc-423 
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ing the localized reflected-wave structures visible in the schlieren contours. These results in-424 

dicate that placing the greatest flow restriction upstream, where the incident shock is strongest, 425 

is more effective at reducing peak end-wall pressure than introducing the same reduction in 426 

porosity progressively downstream. 427 

 428 

 429 
Figure 13. Numerical Schlieren contour plots for the PORO-5 arrangement of decreasing-porosity plate arrays. 430 

Following transmission through the first plate, the transmitted shock (TS) exits the orifices and 431 

diffracts into the inter-plate region. The resulting transmitted wavefront becomes increasingly 432 

convex as it emerges from the lower-porosity plates because the smaller orifices increase lat-433 

eral expansion of the jet exiting each plate before adjacent jets merge into a continuous wave-434 

front. Consequently, the initial transmitted shock in PORO-6 exhibits greater curvature than 435 

that in PORO-5. Expansion of the transmitted wave upon exiting each plate also generates 436 

transverse wave structures (TW) and shear-layer roll-up, producing vortex structures (VX) 437 

downstream of the sharp orifice exits. As the transmitted shock progresses through the array, 438 

the vortex structures become progressively more pronounced in PORO-5 as the porosity de-439 

creases from plate to plate, whereas their relative strength diminishes in PORO-6 as the poros-440 

ity increases. 441 

 442 

At t=45 μs, the primary transmitted shock is located between the second and third plates. Be-443 

tween the first and second plates the secondary reflected shock (SRS) and secondary transmit-444 

ted shock (STS) make contact, forming localized regions of high-density gradient associated 445 
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with repeated wave interactions. These collisions redistribute the transmitted wave energy be-446 

tween reflected and transmitted components and contribute to the progressive modification of 447 

the shock structure as it traverses the array. As the primary transmitted shock propagates 448 

through the array, a similar collision between the SRS and STS forms successively between 449 

each pair of plates, producing a repeating pattern of planar structures resulting from these shock 450 

interactions throughout the array. At t=126 μs, the individual transmitted shocks have merged 451 

into a single coalesced wavefront. Once the transmitted shocks coalesce into a single wave-452 

front, the differences introduced by the individual plate interactions become less distinct. Con-453 

sequently, although the early-time shock evolution differs considerably between PORO-5 and 454 

PORO-6, the later-stage propagation is comparatively similar, contributing to the nearly iden-455 

tical cumulative impulse measured at the end-wall. The transmitted shock in PORO-5 is lo-456 

cated slightly farther downstream than in PORO-6, consistent with the slightly greater cumu-457 

lative impulse measured for the decreasing-porosity configuration. At t=180 μs, the transmitted 458 

shock has reflected from the end-wall, generating a reflected shock with greater magnitude 459 

than the transmitted wave.  460 

 461 

The schlieren visualizations show that the two grading directions produce different early-time 462 

wave-interaction patterns. In PORO-5, progressively smaller downstream openings are accom-463 

panied by repeated reflections and secondary transmitted structures throughout the array. In 464 

PORO-6, the lowest-porosity plate is encountered first and produces the strongest initial re-465 

flection, after which the downstream plates have progressively greater open area. These obser-466 

vations provide a physically consistent explanation for the lower peak end-wall pressure of 467 

PORO-6, but the schlieren fields alone do not uniquely quantify the contribution of each inter-468 

action to the final impulse. 469 

 470 
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 471 
Figure 14. Numerical Schlieren contour plots for the PORO-6 arrangement of decreasing-porosity plate arrays. 472 

4.3 EFFECT OF ORIFICE GEOMETRY 473 

The second series of configurations examined the influence of internal orifice geometry on 474 

transmitted loading while maintaining the same plate count, plate thickness, and inter-plate 475 

spacing. In the preceding porosity study, cylindrical orifice diameters of 4.5 and 6.5 mm cor-476 

responded to uniform plate porosities of 30% and 60%, respectively. For the shaped orifices, 477 

the local open-area ratio varies through the plate thickness and is therefore described by its 478 

progression from the upstream to downstream face rather than by a single porosity value. The 479 

converging and diverging orifices transition continuously from 60% to 30% and 30% to 60%, 480 

respectively. The converging-diverging orifice transitions from 60% at the inlet to a 30% throat 481 

at the plate mid-plane and back to 60% at the outlet, while the diverging-converging geometry 482 

follows the opposite 30%–60%–30% progression. The stepped expansion-chamber geometry 483 

also follows a 30%–60%–30% progression, with 4.5 mm inlet and outlet sections separated by 484 

a 6.5 mm constant-diameter expansion chamber. Thus, the shaped configurations use the same 485 

characteristic open-area ratios as the straight-orifice plates while varying their axial distribu-486 

tion through the plate thickness. The comparisons below therefore focus on the measured per-487 

formance of the specified geometries without assuming that taper effects are isolated from 488 

every other local area-distribution effect. 489 

4.3.1 CONVERGING AND DIVERGING 490 

Continuously converging and diverging orifices (CD-1 and CD-2) were compared to determine 491 

how reversing the taper changes transmitted loading and wave evolution. The two profiles use 492 
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the same pair of limiting diameters but reverse their orientation relative to the incident shock: 493 

CD-1 contracts from the larger inlet toward the smaller outlet, whereas CD-2 expands from 494 

the smaller inlet toward the larger outlet. Accordingly, this comparison captures the combined 495 

effect of taper orientation, entrance/exit area distribution, and the resulting internal shock evo-496 

lution; it does not isolate taper direction alone. The subsequent CD-3, CD-4, and HELM-1 497 

comparisons provide additional evidence for distinguishing entrance-area effects from the in-498 

fluence of the internal passage profile. 499 

 500 

Figure 15 compares the end-wall pressure histories and cumulative impulses for the converging 501 

(CD-1) and diverging (CD-2) configurations. Peak end-wall pressures of approximately 422 502 

kPa and 330 kPa were measured for CD-1 and CD-2, respectively. The corresponding cumu-503 

lative impulses were 1.73 and 1.54 kPa-s, representing reductions of 11.1% and 21.2% relative 504 

to the blank configuration. Additionally, a reduction in peak end-wall pressure of ~33% and 505 

~48%. was observed for the CD-1 and CD-2 cases. The superior attenuation observed for the 506 

diverging configuration suggests that taper direction alters how the transmitted shock interacts 507 

with subsequent plates. 508 

 509 
Figure 15. (a) End-wall pressure time history for the continuously converging (CD-1) and diverging (CD-2) 510 

arrays, and (b) cumulative impulse for the same arrangements. 511 

Figure 16 and Figure 17 provide numerical schlieren contours for the converging (CD-1) and 512 

diverging (CD-2) plate arrays over the first 180 μs. Like the porosity graded arrays, the incident 513 

shock reaches the first plate at t=0 μs. 514 

 515 

At t=18 μs, the reflected shock is visible propagating upstream from the first plate in both 516 

arrays. Distinct differences in the internal flow structure are also evident. For CD-1, localized 517 

regions of high density-gradient magnitude emerge immediately downstream of the plate exit, 518 

forming a narrow central jet (JT) bounded by regions of rapid lateral expansion (EX) and trans-519 

verse flow. In contrast, CD-2 exhibits no distinct jet immediately downstream of the orifice. 520 
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Instead, the region of maximum density-gradient magnitude remains within the diverging pas-521 

sage while the transmitted shock expands smoothly as it exits the orifice into the inter-plate 522 

region. 523 

 524 

SRS and STS waves are observed between the first and second plates for both geometries at 525 

t=45 μs. Upon intersecting near the centerline, they merge to form high density-gradient struc-526 

tures. This process repeats throughout the array and is clearly visible at t=72 μs and t=99 μs. 527 

In CD-1, the STS precedes the SRS prior to collision, and the resulting merged structure is 528 

predominantly planar. Conversely, the interaction in CD-2 produces a convex reflected struc-529 

ture, indicating that the orientation of the tapered orifice substantially alters the evolution of 530 

these secondary wave interactions. 531 

 532 

 533 
Figure 16. Numerical Schlieren contour plots for the CD-1 arrangement of continuously converging plate ar-534 

rays. 535 

A persistent region of elevated density-gradient magnitude remains immediately upstream of 536 

the first plate in CD-1 throughout and is still visible at t=180 μs. This stationary compression 537 

region is attributed to the converging entrance geometry, where the smaller inlet diameter con-538 

tinuously impedes the incoming flow and maintains a localized compression region upstream 539 

of the plate. 540 

 541 
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At t=126 μs, the individual transmitted shocks have merged to form a single coalesced trans-542 

mitted shock in both configurations. However, the transmitted shock in CD-2 lags noticeably 543 

behind that of CD-1. By t=180 μs, the transmitted shock in CD-1 has already been reflected 544 

from the end-wall and begun propagating upstream, whereas the transmitted shock in CD-2 545 

has not yet reached the end-wall. This difference in arrival time demonstrates that the contin-546 

uously diverging orifices reduce transmitted shock propagation velocity, consistent with the 547 

lower end-wall pressures and impulse measured experimentally. 548 

 549 

 550 
Figure 17. Numerical Schlieren contour plots for the CD-2 arrangement of continuously diverging plate arrays. 551 

Figure 18 and Figure 19 present enlarged numerical schlieren contours of the first plate for the 552 

CD-1 and CD-2 geometries. The enlarged views and smaller time steps isolate the wave inter-553 

actions responsible for the differing attenuation mechanisms observed throughout the plate 554 

array. At t= 6 μs, the reflected shock is much stronger for CD-2. Vortex structure formation is 555 

also seen at the orifice entrance for both cases, although these structures are stronger for CD-556 

2. For CD-1 the weaker reflected shock has significant transverse velocity inside the orifice, 557 

behind the transmitted wave. Because the entrance diameter is larger for this case, adjacent RS 558 

waves do not make contact until t=9 μs. At this point in time, the initial regular reflection (RR) 559 

has become a Mach reflection (MR) and a triple-point (TP) forms where the two RS and single 560 

TS waves meet near the outlet of the orifice. Conversely, for the diverging orifices the smaller 561 

entrance diameter results in the transverse components of the RS making contact earlier and a 562 

high-density gradient region is present at the orifice entrance at t=9 μs. 563 
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 564 

 565 
Figure 18. Numerical Schlieren images focusing on shock interaction with the first plate array for the CD-1 ar-566 

rangement of continuously converging plate array. 567 

Between t = 12 μs and t = 18 μs, the transmitted shock evolves differently in CD-1 and CD-2. 568 

In CD-1, strong jetting persists downstream of the plate, with concentrated shear-layer and 569 

vortex structures near the orifice exit and a high-density-gradient region associated with rapid 570 

transverse expansion and axial jetting behind the leading transmitted shock. In CD-2, a simi-571 

larly concentrated downstream jet is not apparent at the exit; instead, the transmitted structure 572 

expands through the diverging passage, and a secondary transmitted shock develops behind 573 

the leading front. Taken together with the measured reductions in peak pressure and impulse, 574 

these fields are consistent with the hypothesis that the smoother expansion in CD-2 changes 575 

how the transmitted wave encounters the next plate and increases subsequent reflection. The 576 

present schlieren fields support this interpretation qualitatively, but they do not independently 577 

quantify the partition of wave energy between reflection, transmission, and vortical motion. 578 
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 579 
Figure 19. Numerical Schlieren images focusing on shock interaction with the first plate array for the CD-2 ar-580 

rangement of continuously diverging plate array. 581 

4.3.2 MIXED CONVERGING, DIVERGING, AND STEPPED EXPAN-582 

SION-CONTRACTION 583 

The substantially greater attenuation observed for the continuously diverging orifices raises 584 

the question of whether its improved performance results primarily from the smaller entrance 585 

diameter presented to the incident and transmitted shock or from the wave evolution produced 586 

within the diverging passage. Although the numerical schlieren contours indicate that taper 587 

direction alters the transmitted shock structure and subsequent wave interactions, the continu-588 

ously converging and diverging geometries also present different diameters to the incident 589 

shock at the plate entrance and to the transmitted shock at the plate exit. Consequently, the 590 

relative influence of the entrance condition and the internal passage geometry cannot be iso-591 

lated from the CD-1 and CD-2 comparison alone. 592 

 593 

To further assess these effects, three additional orifice geometries were investigated: a con-594 

verging-diverging profile (CD-3), a diverging-converging profile (CD-4), and a stepped ex-595 

pansion-contraction profile (HELM-1). Each configuration incorporates both an expansion and 596 

a contraction within a single orifice while maintaining constant plate porosity and minimum 597 

throat diameter. Comparisons among these geometries and the continuously tapered configu-598 

rations therefore provide additional insight into the relative effects of entrance diameter, taper 599 

sequence, and internal wave evolution. 600 

 601 



P. Keppel    

     
 

  Page 25 of 34 

 

Like the continuously converging and diverging arrangements, CD-3, CD-4, and HELM-1 re-602 

duced both the maximum end-wall pressure and cumulative impulse relative to the blank con-603 

figuration. As shown in Figure 20, the peak end-wall pressure decreased to 381 kPa for CD-3, 604 

371 kPa for CD-4, and 349 kPa for HELM-1, corresponding to reductions of 39%, 41%, and 605 

44%, respectively. The cumulative impulses were 1.61 kPa-s for both CD-3 and CD-4 and 1.59 606 

kPa-s for HELM-1, corresponding to reductions of 17.4%, 17.4%, and 18.6%, respectively.  607 

 608 

 609 
Figure 20. (a) End-wall pressure time history for the converging-diverging (CD-3), diverging-converging (CD-610 

4), and stepped expansion-contraction (HELM-1), (b) cumulative impulse for the same arrangements. 611 

 612 

Focused numerical schlieren contours were examined over the first 18 μs following arrival of 613 

the incident shock at the first plate. These images isolate the early wave interactions occurring 614 

within and immediately downstream of the shaped orifices. Schlieren contours up to end-wall 615 

reflection are not shown for these cases as trends and observations generally follow trends 616 

identified in the converging and diverging orifice figures. 617 

 618 

For CD-3, shown Figure 21, the relatively large entrance diameter allows the incident shock 619 

to penetrate farther into the orifice while generating a reflected shock with a substantial trans-620 

verse component. The transverse portions of the reflected shocks trail the transmitted shock 621 

and propagate toward the solid regions separating adjacent orifices. By t=9 μs, RS fronts trav-622 

eling predominantly in the transverse direction interact, producing a Mach-reflection structure 623 

and an associated triple point. Pronounced vortical structures are also visible at t=9 μs near the 624 

axial midpoint of the plate, corresponding to the transition from the converging to the diverging 625 

portion of the orifice. At the same time, the transmitted shock begins to expand through the 626 

diverging section, while a narrow axial jet develops near the orifice exit. This combination of 627 

wave expansion and jetting produces a strongly nonplanar transmitted front. 628 

 629 
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At t=12 μs, a transverse SRS wave becomes visible within the converging portion of the pas-630 

sage. The SRS subsequently propagates upstream and begins to emerge from the entrance of 631 

the orifice at t=15 μs and t=18 μs. Strong axial jetting remains evident at these later times near 632 

the converging–diverging transition. Downstream of this transition, a convex secondary trans-633 

mitted shock forms behind the leading TS and propagates toward the plate exit. 634 

 635 

After emerging from the plate, the individual transmitted shocks produced by adjacent orifices 636 

expand laterally and begin to coalesce. Transverse wave structures trail the coalescing TS, 637 

particularly in the wakes of the solid ligaments separating neighboring orifices. Thus, the CD-638 

3 response is characterized by an early transverse reflected-shock interaction, internal vortex 639 

formation at the minimum-area location, sustained axial jetting, and the development of a dis-640 

tinct convex STS behind the primary transmitted front. 641 

 642 

 643 
Figure 21. Numerical Schlieren images focusing on shock interaction with the first plate array for the CD-3 ar-644 

rangement of the converging-diverging plate array. 645 

Numerical schlieren images for the diverging-converging plate array are shown in Figure 22. 646 

The smaller entrance diameter of CD-4 produces a more rapid interaction between the trans-647 

verse portions of the reflected shocks. These fronts have already interacted by t=6 μs, earlier 648 

than observed for CD-3. Vortical structures form near the inlet of the diverging section and are 649 

particularly apparent at t=9 μs. These structures are stronger and more concentrated than those 650 

observed near the entrance of CD-3. 651 

 652 
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The primary transmitted shock progresses through the passage and reaches the plate exit by 653 

approximately t=12 μs. It is followed by reflected compression waves generated as the expand-654 

ing flow encounters the downstream converging section. These reflected waves possess trans-655 

verse components directed toward the orifice centerline, resulting in recompression of the flow 656 

downstream of the diverging–converging transition. 657 

 658 

Additional vortical structures develop near the orifice exit and are visible at t=12 μs and 15 μs. 659 

The primary TS emerges from the plate at t=15 μs, and by t=18 μs it has separated from the 660 

trailing vortical region. A secondary transmitted shock forms immediately downstream of the 661 

diverging–converging transition and remains behind the primary TS. This STS is bordered on 662 

its upstream side by weak-gradient regions associated with transverse wave motion and the 663 

recompressing internal flow. 664 

 665 

Compared with CD-3, the CD-4 geometry therefore produces earlier interaction of the re-666 

flected-shock fronts, stronger inlet vortices, and a secondary transmitted shock associated pri-667 

marily with recompression in the converging section rather than expansion downstream of a 668 

throat. 669 

 670 

 671 
Figure 22. Numerical Schlieren images focusing on shock interaction with the first plate array for the CD-4 ar-672 

rangement of the diverging-converging plate array. 673 
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For HELM-1, the numerical Schlieren images, shown in Figure 23indicate that the transmitted 674 

shock has entered the expanded chamber by t=6 μs. Strong transverse flow develops through-675 

out this region as the shock diffracts past the entrance shoulders and expands into the enlarged 676 

section. Vortical structures are visible near the chamber inlet at t=9 μs, resembling those pro-677 

duced near the entrance of the CD-4 passage. The TS front has reached the downstream end of 678 

the expansion chamber by t=12 μs. Interaction with the stepped contraction generates a visible 679 

secondary reflected shock that propagates back into the chamber. At t=15 μs, expansion from 680 

the upper and lower chamber shoulders, combined with axial jetting through the center of the 681 

contraction, produces a pronounced V-shaped region of high density-gradient magnitude. An 682 

SRS wave also becomes visible near the orifice centerline immediately upstream of the exit at 683 

this timestep. The shoulders of the enlarged chamber appear to generate approximately planar 684 

SRS fronts. These structures become increasingly obscured after t=15 μs, however, by the 685 

complex afterflow, axial jet, and developing STS. 686 

 687 

Replacing the continuous converging section of CD-4 with the stepped contraction of HELM-688 

1 changes the local reflected-wave structure but does not produce a large qualitative change in 689 

the dominant first-plate interactions visible over the first 18 μs. Experimentally, HELM-1 nev-690 

ertheless pro-duces greater peak-pressure and impulse attenuation than CD-3 and CD-4. The 691 

approximately planar reflected structures generated near the downstream end of the expansion 692 

chamber may contribute to this difference, but the present schlieren contours do not isolate 693 

their contribution quantitatively. Ac-cordingly, the HELM-1 result is treated as an observed 694 

performance difference accompanied by a plausible wave-structure interpretation rather than 695 

as proof of a single dominant attenuation mechanism. 696 

 697 
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 698 
Figure 23. Numerical Schlieren images focusing on shock interaction with the first plate array for the HELM-1 699 

arrangement of the stepped contraction-expansion plate array. 700 

The mixed and stepped geometries provide additional insight into the attenuation mechanism 701 

responsible for the superior performance of the continuously diverging orifice. Although CD-702 

4 and HELM-1 both retain the small entrance diameter of CD-2, neither reproduces the same 703 

reduction in peak pressure or cumulative impulse. Likewise, introducing a downstream di-704 

verging section in CD-3 improves attenuation relative to the continuously converging geome-705 

try, but still falls short of the continuously diverging configuration. These results indicate that 706 

the improved performance of CD-2 cannot be attributed solely to entrance diameter or the 707 

presence of local expansion within the passage. 708 

Instead, the schlieren contours suggest that the continuous divergence throughout the full 709 

plate thickness produces a fundamentally different wave evolution. In CD-2, the transmitted 710 

shock undergoes a gradual and nearly continuous lateral expansion as it traverses the orifice, 711 

producing a relatively planar transmitted front at the plate exit with minimally concentrated 712 

axial jetting. In contrast, CD-3 exhibits strong jetting originating near the converging-diverg-713 

ing transition, while CD-4 and HELM-1 generate recompression within the downstream con-714 

verging or stepped contraction. These localized acceleration and recompression regions pro-715 

mote vortex formation, secondary shock generation, and increased flow non-uniformity be-716 

fore the transmitted shock exits the plate. 717 
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Consequently, the transmitted wavefields emerging from CD-3, CD-4, and HELM-1 are 718 

more spatially nonuniform in the reported schlieren contours than the field emerging from 719 

CD-2. These configurations also provide less measured attenuation than CD-2. The com-720 

bined observations support an association between the comparatively smooth, continuously 721 

diverging passage and improved attenuation in the present array geometry. They do not, 722 

however, establish a unique causal pathway; confirming the relative roles of reflection, jet 723 

alignment, secondary-shock generation, and vortical motion would require additional quanti-724 

tative flow diagnostics such as pressure, velocity, Mach-number, or flux-based comparisons. 725 

4.4 OVERALL ATTENUATION COMPARISON 726 

Table 5 summarizes the measured attenuation performance of all porous plate arrays investi-727 

gated in the present study. The comparison includes the peak end-wall pressure, cumulative 728 

impulse, and the corresponding reductions relative to the blank configuration. The table pro-729 

vides a direct comparison of the effects of porosity, porosity grading, and internal orifice ge-730 

ometry on blast-wave attenuation. 731 

 732 

Array ID Description Peak Pend (kPa) 

Peak Pend 

Reduction 

(%) 

Impulse 

(kPa-s) 

Impulse 

Reduction 

(%) 

Blank No array 630 — 1.95 — 

PORO-1 Uniform 60% 515 18.2 1.84 5.6 

PORO-2 Uniform 50% 481 23.6 1.83 6.4 

PORO-3 Uniform 40% 463 26.4 1.8 8 

PORO-4 Uniform 30% 393 37.6 1.68 14 

PORO-5 Decreasing Poro. 450 27.6 1.68 14.1 

PORO-6 Increasing Poro. 395 36.5 1.67 14.4 

CD-1 Converging 422 33 1.73 11.1 

CD-2 Diverging 330 47.6 1.54 21.2 

CD-3 Converging-Diverging 381 39.4 1.61 17.4 

CD-4 Diverging-Converging 371 41.1 1.61 17.4 

HELM-1 Stepped 349 44.6 1.59 18.6 

Table 5. Comparison of overall end-wall pressure and impulse reduction for each of the plate arrays studied.  733 

5 SCOPE AND LIMITATIONS 734 

The conclusions of this study are limited to the investigated shock-tube conditions, four-plate 735 

arrays, plate thickness and spacing, and the specific porosity and orifice geometries considered. 736 

Experiments were conducted at a nominal incident shock Mach number of 1.62; therefore, the 737 

extent to which the observed attenuation trends and relative performance of the configurations 738 

persist at substantially different incident shock strengths remains to be established. Addition-739 

ally, the shock-tube facility produces sustained post-shock flow and a slower pressure decay 740 

than an ideal free-field blast waveform, which influences the measured cumulative impulse 741 

and should be considered when extrapolating the results to explosive blast loading. 742 

 743 
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The numerical model neglects viscosity and turbulence and therefore does not explicitly cap-744 

ture viscous or turbulent energy-dissipation mechanisms within and downstream of the ori-745 

fices. While the model reproduces the principal pressure response and provides insight into 746 

compressible wave propagation through the arrays, the numerical schlieren contours are used 747 

primarily to interpret the reflection, transmission, and diffraction processes responsible for the 748 

observed attenuation trends. Quantitative attribution of attenuation to individual wave interac-749 

tions, jetting, or vortical mechanisms cannot be established from density-gradient visualiza-750 

tions alone. Future work should investigate a broader range of incident shock strengths and 751 

geometric parameters, including passage length and orifice taper angle, and incorporate quan-752 

titative flow-field diagnostics to further resolve the mechanisms governing attenuation. More 753 

complex passage geometries should also be investigated, including tortuous-path inserts anal-754 

ogous to acoustic labyrinths, designed to promote repeated internal reflection, diffraction, and 755 

disruption of transmitted shock-wave propagation. 756 

6 CONCLUSION 757 

This study combined shock-tube experiments with three-dimensional compressible-flow sim-758 

ulations to examine how porosity distribution and internal orifice geometry affect blast-wave 759 

transmission through four-plate porous arrays. The experiments establish the attenuation per-760 

formance of the tested configurations, while the numerical density-gradient fields provide 761 

complementary insight into the associated wave evolution. 762 

 763 

Three findings are supported by the measured data. First, reducing uniform plate porosity from 764 

60% to 30% increased attenuation: relative to the blank case, the reported peak end-wall pres-765 

sure reduction increased from 18.2% to 37.6%, while the reported impulse reduction increased 766 

from 5.6% to 14.0%. For the graded arrays, reversing the sequence so that the 30% porosity 767 

plate was encountered first reduced the reported peak end-wall pressure from approximately 768 

450 to 395 kPa, whereas the reported cumulative-impulse reductions remained nearly un-769 

changed at 14.1% and 14.4%. Thus, within the tested grading sequences, plate order strongly 770 

affected the peak transmitted load but had comparatively little effect on cumulative impulse. 771 

 772 

Second, the shaped-orifice arrays produced substantial differences in attenuation. Among all 773 

tested configurations, the continuously diverging array (CD-2) produced the lowest reported 774 

peak end-wall pressure, 330 kPa, and the lowest reported cumulative impulse, 1.54 kPa-s. Us-775 

ing the reductions reported in Table 5, these values correspond to 47.6% peak-pressure atten-776 

uation and 21.2% impulse attenuation relative to the blank configuration. The mixed and 777 

stepped profiles also outperformed the continuously converging profile, but none matched CD-778 

2 under the tested conditions. These results identify internal passage geometry as a consequen-779 

tial design variable in addition to nominal open area. 780 

 781 

Third, the numerical simulations reproduce the principal features of the measured end-wall 782 

pressure histories for the representative validation cases and reveal systematic differences in 783 

shock diffraction, reflection, secondary-wave interaction, and jet development among the array 784 

geometries. The continuously diverging passages are associated with smoother lateral expan-785 

sion and delayed downstream shock propagation, whereas compound and stepped passages 786 

generate more localized recompression, jetting, and secondary structures. These observations 787 
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provide a physically consistent interpretation of the experimental ranking, but the density-gra-788 

dient fields should be regarded as mechanistic evidence rather than a quantitative decomposi-789 

tion of attenuation. 790 

 791 

Overall, the results demonstrate that both porosity distribution and internal passage geometry 792 

can be used to modify blast-wave transmission through rigid porous plate arrays. For the ge-793 

ometry and loading condition tested here, continuous divergence provided the strongest atten-794 

uation of the evaluated profiles, while porosity grading primarily changed peak loading rather 795 

than cumulative impulse. Future work should determine whether these rankings persist across 796 

incident shock strength, taper angle, passage length, plate spacing, and alternative definitions 797 

of shaped-orifice open area, and should use quantitative flow-field metrics to test the mecha-798 

nisms inferred from the numerical schlieren fields. 799 
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