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SUMMARY: 24 
Here we present a protocol to measure the modulus of rupture of an extruded catalyst and the 25 
breakage of said catalyst extrudates by collision against a surface or by compression in a fixed 26 
bed.   27 
 28 
LONG ABSTRACT: 29 
The mechanical strength of extruded catalysts and their natural or forced breakage by either 30 
collision against a surface or by a compressive load in a fixed bed are important phenomena in 31 
catalyst technology. The mechanical strength of the catalyst is measured here by its bending 32 
strength or flexural strength. This technique is relatively new from the perspective of applying it 33 
to commercial catalysts of typical sizes used in the industry. Catalyst breakage by collision against 34 
a surface is measured after a fall of the extrudates through the ambient air in a vertical pipe. 35 
Quantifying the impact force is done theoretically by applying Newton’s second law. 36 
Measurement of catalyst breakage due to stress in a fixed bed is done following the standard 37 
procedure of the bulk crush strength test. Novel here is the focus on measuring the reduction in 38 
the length to diameter ratio of the extrudates as a function of the stress.  39 
 40 
INTRODUCTION: 41 
Catalyst manufacturing is the backbone that supports the petrochemical industry and related 42 
industries. Commercial catalysts, see Le Page1, are typically extruded according to recipes that 43 
are well guarded trade secrets or have patented methods of manufacture. Typical catalyst sizes 44 
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range from 1 mm to about 5 mm in diameter and come in a variety of shapes like a cylinder, a 45 
trilobe or a quadrulobe together also with a variety of their hollow counterparts. While the 46 
diameter and the cross section of extruded catalysts are often very well controlled, the length of 47 
individual extrudates have a more Gaussian like distribution and the individual lengths typically 48 
range from about equal to one diameter to several diameters. An exception is extruded catalysts 49 
of sufficiently large diameter, that allows them to be cut as they exit the die face, and these have 50 
a much tighter length distribution. The length distribution of the smaller 1 mm to 3 mm diameter 51 
extruded catalysts that are typical for the petrochemical industry are normally obtained by 52 
natural breakage or forced breakage depending on their intrinsic strength.   53 
 54 
Le Page1, Woodcock2, Bertolacini3, Wu4 and Li5 show typical catalyst properties and the intricacies 55 
of the strength measurements. Typical strength measurements in the literature and in 56 
commercial settings comprise of the average crush strength of single extrudates and of the bulk 57 
crush strength. Both strength properties are in use to judge whether a catalyst has adequate 58 
strength to survive the loading and use in processes. Often also an attrition test is added to judge 59 
the catalyst attrition resistance in the process. Though a very large database exists in commercial 60 
plants on catalyst strength and use, that information is rarely accessible in the open literature. 61 
Also, many of the catalyst recipes are ad hoc and have been established after much trial and 62 
error. The modeling of this aspect of catalyst manufacturing is still challenging to say the least.   63 
 64 
Applied here is the flexural strength of the catalyst obtained from a measurement of the Euler-65 
Bernoulli modulus of rupture which is typically obtained in a three-point bending test. Li6 and 66 
Staub7 comment on the flexural strength of catalysts but their work is done on fairly large 67 
diameter extrudates and no direct application is given to model catalyst breakage. The flexural 68 
strength is rarely measured and reported in the literature for typical commercial catalyst sizes. 69 
Further, the flexural strength is often not applied for guidance in catalyst manufacturing 70 
 71 
Measuring and modeling the breakage of catalysts either during its manufacture or during its use 72 
in the process is difficult. Often the catalyst extrudate length to diameter ratio is modeled based 73 
on empirical methods that relate it to strength via power laws, however, this in many instances 74 
still has a strong ad hoc component. Bridgwater8 provides a comprehensive overview of particle 75 
breakage due to shear but the length to diameter ratio of the extrudates are outside of the 76 
commercial range of extrudates discussed in this paper. Discrete element methods (DEM) and 77 
finite element methods (FEM) are now also used to investigate breakage of granules and these 78 
methods approach the problem at a fundamental level. Reference is given to Heinrich9, 79 
Wassgren10, Potyondy11, Potapov12, Carson13, and Farsi14 for details on this approach. The 80 
methods and techniques employed herein attempt to help improve modeling catalyst breakage 81 
due to collision via Newton’s second law to determine the impact force and balancing this with 82 
the strength expressed by the Euler-Bernoulli modulus of rupture. For breakage by load stress in 83 
a fixed bed, a balance of load force and bed flexural strength is applied, and this allows to predict 84 
the aspect ratio of the bed as a function of the load. Very important are the measurement 85 
methods themselves that must be applied under well controlled conditions and this aspect is 86 
here in this paper detailed comprehensively. For instance, it is well known that the catalyst 87 
strength is strongly influenced by the heat treatment that is applied and also by the conditions 88 



  

of use when the catalyst can pick up moisture. Higher heat treatment temperatures typically 89 
strengthen the catalyst while high moisture pick-up typically weakens it. It is, therefore, 90 
important that the strength is measured on a catalyst that has seen the appropriate heat 91 
treatment and that moisture is controlled where it is necessary in order to make it representative 92 
for the use of the catalyst either during its manufacture or during its use in the process. Little is 93 
found in the literature that specifically measures and models the length to diameter ratio of 94 
catalyst extrudates that are typical for the petrochemical industry. Recently, Beeckman15-16 has 95 
used the bending strength of the catalyst to predict natural breakage and forced breakage of 96 
catalysts due to the collision. Here specific attention is given to the catalyst aspect ratio (L/D) 97 
which is defined as the arithmetic mean of the length to diameter ratios of the individual catalyst 98 
extrudates in a representative sample. The experimental methods described herein are relatively 99 
simple and allow to fundamentally study and compare experimental measurements with 100 
theoretical treatments. 101 
 102 
The modulus of rupture (MOR) of the catalyst is a measure of its bending strength. Leonhard 103 
Euler and Daniel Bernoulli developed the first theoretically sound approach to elastic behavior 104 
and strength at rupture back in the 1750’s. Figure 1 shows a schematic of the bending test and 105 
the rupture force 𝐹𝑟. For the specific case of a cylindrical extrudate, the modulus of rupture can 106 
be calculated from:  107 
 108 
 𝜎 =  𝑠 𝐹𝑟𝑤 𝐷3⁄        (1) 109 
 110 

Where   is called the modulus of rupture and has dimensions of stress (Pa). 𝐷 stands for the 111 
diameter of the extrudate while 𝑤 is the distance between the two support points. The variable 112 
𝑠 is the shape factor and equals 8/𝜋 for a cylinder.  For a comprehensive explanation of the forces 113 
and stresses at hand during the experiment as well as how to deal with different cross-sectional 114 

shapes reference is given to Beeckman16. Specifically,  is the tensile stress at rupture directed 115 
perpendicularly to the cross section of the extrudate and located at the extreme fiber in the 116 
middle between the two support points.   117 
 118 
For collision of an extrudate with a surface, Beeckman15 shows that two asymptotes exist with 119 
respect to the extrudate aspect ratio. The first asymptote called 𝛷∞ is reached upon many 120 
repeated impacts. This asymptotic behavior is easily understood since, after breakage upon 121 
collision, shorter catalysts have less momentum and therefore experience less force upon impact. 122 
At the same time, shorter catalysts also require more force to break from a perspective of torque 123 
and hence the catalyst is expected to reach an asymptotic aspect ratio 𝛷∞ upon many impacts. 124 
The second asymptote called 𝛷𝛼 is reached after a single impact when extrudates are dropped 125 
that are sufficiently long. Long extrudates have proportionally more momentum and break upon 126 
the first impact in several places along their length and the aspect ratio post collision reaches the 127 
second asymptote designated 𝛷𝛼. Both asymptotes can be found by regression of collision data 128 
that measure the aspect ratio as a function of the number of repeated impacts from:  129 
 130 
 𝛷𝑗 =  (𝛾𝛷0 + 𝑗𝛷∞) (𝛾 + 𝑗)⁄   ;   𝛾 = (𝛷𝛼 − 𝛷∞) (𝛷0 − 𝛷∞)⁄    ;     𝑗 = 0,1,2, (2) 131 

 132 



  

Where 𝛷0 is the initial aspect ratio and 𝛷𝑗 is the aspect ratio after 𝑗 drops. Both the parameters 133 

𝛷∞ and 𝛷𝛼 have a physical-mechanical meaning that is related to the severity of the impact and 134 
the strength of the catalyst. The severity of the impact can be varied by varying the drop height 135 
though for large drop heights the catalyst approaches terminal velocity and hence the severity 136 
will level out.   137 
 138 
Particle length and particle diameter are important properties of the catalyst during its 139 
manufacture and use.  The size and the shape of catalyst particles are also determining factors in 140 
their packing characteristics and influence the pressure drop across the catalyst bed. In earlier 141 
days, these properties were often measured by hand and this is a very tedious procedure. Now, 142 
these properties can be readily obtained by first optically scanning a large sample of catalyst 143 
extrudates. Then, imaging software is used to determine individual particle sizes. This allows a 144 
large number of particles to be analyzed quickly and accurately, see Beeckman15. These systems 145 
are tuned to effectively recognize and measure particles with a diameter in the range of 0.8 to 146 
4.0 mm and with lengths that can be several diameters long. This method uses a “top down” view 147 
of the catalyst and hence yields an “optical” diameter. For certain shapes, care must be exerted 148 
when comparing the optical diameter with diameter values determined manually with calipers.  149 
 150 

The bulk crush strength test for catalysts and catalyst carriers, ASTM D7084-0417 used herein is 151 
an accepted standard test method. The catalyst is loaded in a cylindrical cell and pressure (stress) 152 
is applied typically in the 5-1,000 kPa range and is allowed to equilibrate. After each pressure 153 
point, the catalyst is unloaded. The catalyst fines are screened out from the catalyst sample and 154 
weighed while the bulk of the catalyst sample is riffled to obtain a representative sample to 155 
accurately measure the aspect ratio. While the standard bulk crush strength test procedure 156 
focusses on the amount of fines that is created in order to gauge catalyst strength, this 157 
manuscript focusses on the reduction of the aspect ratio after breakage as a function of the load, 158 
see also Beeckman18.  159 

 160 
PROTOCOL: 161 
Use adequate personal protective equipment e.g. safety glasses, gloves etc. for performing any 162 
tasks referred to in this manuscript. The starting material used here whether, for the 163 
measurement of bending strength, collision, aspect ratio or bulk crushing is always extrudates 164 
obtained from laboratory studies or pilot equipment studies or are commercial materials. 165 
Catalyst extrudate strength depends on pretreatment conditions hence it is important for the 166 
user to select the appropriate treatments. The outcome of the measurements allows to decide 167 
which materials to use in further studies at least from a strength perspective.  168 
 169 
1. Bending Strength  170 
 171 
1.1 Bending Strength Sample Preparation 172 
 173 
1.1.1 Riffle the extrudate sample of interest to a representative size of 25 particles minimum.  174 
Use a spinning riffler or riffle-type sample divider.  175 



  

 176 
Note: Catalyst strength is dependent on the thermal pretreatment, hence the sample requires 177 
certain choices to be made by the user concerning pretreatments. 178 
 179 
1.1.2 Perform one of the following two typical pretreatments but their conditions may be 180 
changed depending on the need of the user.  181 
 182 
1.1.2.1. Calcine the sample at 538 °C for 1 h.     183 
  184 
1.1.2.1.1 Place a minimum of 25 riffled catalyst extrudates in a porcelain dish or heat resistant 185 
beaker. 186 
 187 
1.1.2.1.2 Place the dish with the catalyst into a refractory-type muffle oven at 538 °C for 1 h.  188 
 189 
1.1.2.1.3 After calcination, place the hot sample into a desiccator and allow it to cool to ambient 190 
conditions. 191 
 192 
1.1.2.2. Dry the sample at 121 °C for 2 h minimum. 193 
 194 
1.1.2.2.1 Place a minimum of 25 riffled catalyst extrudates in a porcelain dish or heat resistant 195 
beaker. 196 
 197 
1.1.2.2.2 Place the dish with catalyst in a drying oven, set for 121 °C for a minimum of 2 h. 198 
 199 
1.1.2.2.3 Remove the hot sample from the drying oven and place it into a desiccator and allow 200 
it to cool to ambient conditions 201 
 202 
1.2 Bending Strength Instrumentation Set-up 203 
 204 
Note: The error bar for the modulus of rupture is +/- 10%. Calibrate the equipment daily 205 
according to the procedure set forth by the manufacturer. Choose the method that correctly 206 
matches the shape of the sample, as the calculation of MOR depends on the shape factor. 207 
 208 
1.2.1 Start the bending test frame and allow the system to warm up for at least 20 min before 209 
using. Then open the required software.  210 
 211 
1.2.2 Attach the 10 N (10 Newton force) load cell per manufacturer instructions. 212 
 213 
1.2.3 Select an anvil speed of 0.0035 mm/s with a 5-mm support span.  214 
 215 
Note: It was observed that for this rate of speed, the catalyst is not in a strain rate sensitive region 216 
and the rupture force is reproducible. 217 
 218 
1.2.4 Select ‘Modulus of Rupture (MOR)’ and ‘Maximum Force’ in the Results tab.   219 



  

 220 
1.2.5 Ensure the crosshead on the MOR frame is in the "Zero" position by firmly pressing the 221 
"Return" button on the frame console. The position of the crosshead and anvil may be changed 222 
if necessary to accommodate extrudates of different diameter. 223 
 224 
1.3 Bending Strength Measurement 225 
 226 
1.3.1 Take the catalyst extrudate sample from the desiccator and place it in an inverted 5-6 cm 227 
diameter filter with N2 blowing upwards through it to create a blanket of dry gas.  228 
 229 
1.3.2 Use tweezers to take an extrudate specimen from the filter tray and place it across the 230 
support beams. Minimize the time of extrudate specimen placement and measurement to 231 
minimize moisture pick-up.  232 
 233 
1.3.3 Center the catalyst extrudate specimen as best as possible left to right and front to back on 234 
the support beams 235 
 236 
1.3.4 Click the "Start" icon on the right toolbar.  237 
 238 
Note: During this step, the extrudate is being bent beyond the breaking point and hence the test 239 
is destructive in that sense.  240 
 241 
1.3.5 Ensure crosshead stops and returns to the starting position upon experiencing a 40% drop 242 
in load force.  243 
 244 
Note: This usually occurs upon extrudate breakage. 245 
 246 
1.3.6 Select the "Next" icon on the right toolbar to continue to the next extrudate. 247 
 248 
1.3.7 Hit "back" to view the data point on the graph and on the results table.  249 
 250 
1.3.8 Select ‘Finish Sample’ after measuring the 25th extrudate specimen. 251 
 252 
Note: The software generates the report with the strength properties 253 
 254 
2. Collision Test 255 
 256 
Note: The feed rate with which catalyst is fed to the drop tube is kept low so that individual 257 
catalyst extrudates collide essentially with an empty surface at the bottom of the drop tube 258 
without hindering each other 259 
 260 
2.1 Collision Equipment Preparation  261 
 262 



  

2.1.1 Assemble the drop tube (0.15 m diameter and 1.83 m long plastic tube) with the recovery 263 
plate (316 SS) at the bottom. Set the feeder discharge at the correct height of choice (here 1.83m) 264 
centered over the drop tube. Alter the drop heights to vary the severity of the collision.   265 
 266 
2.1.2 Set resonate frequency of vibratory feeder to 250 Hz with power off. 267 
 268 
2.1.3 Position local ventilation over the feed hopper. 269 
 270 
2.2 Collision Sample Preparation 271 
 272 
2.2.1 Riffle the catalyst sample of interest to a representative size of 50 particles minimum.  273 
Use a spinning riffler or riffle-type sample divider.  274 
  275 
2.2.2 Gently sieve the prepared sample in order to avoid small particles with a length to 276 
diameter ratio less than or equal to 1. 277 
 278 
2.2.3 Measure the initial aspect ratio of the sample by using protocol section 3. 279 
 280 
2.3 Collision Catalyst Drop Procedure 281 
 282 
2.3.1 Manually transfer the entire sample into the feed hopper. 283 
 284 
2.3.2 Ensure the feeder chute outlet is centered over the drop tube. 285 
 286 
2.3.3 Turn on the toggle switch to power the feeder and set to ‘Start.’  287 
 288 
2.3.4 Allow all particles to fall freely into the drop tube and impinge on the bottom plate. 289 
 290 
2.3.5 Turn off the power to the feeder once all particles have been fed and dropped. 291 
 292 
2.3.6 Transfer all the particles from the recovery plate and gently remove the fines from the 293 
sample by sieving to remove dust and chips. 294 
 295 
2.3.7 Measure the aspect ratio of the sample using protocol section 3 to complete the first drop 296 
measurement designated 1X. 297 
 298 
2.3.8 Using the sample of step 2.3.7, repeat steps 2.3.1 to 2.3.6 and measure the aspect ratio 299 
using protocol section 3 to complete the second drop measurement designated 2X.   300 
 301 
2.3.9 Repeat the above steps to complete up to 5X and 10X drop measurements.  302 
 303 
Note: One can elect to skip the intermediate aspect ratio measurements since the aspect ratio 304 
only changes little after multiple drops. 305 
 306 



  

3. Catalyst Aspect Ratio 307 
 308 
3.1  Aspect Ratio Sample Preparation 309 
 310 
3.1.1 Riffle the catalyst sample of interest to a representative size of 50 to 250 particles. Use a 311 
spinning riffler or riffle-type sample divider to obtain a representative sample. 312 
 313 
3.1.2 Sieve the prepared sample to avoid small particles with an L/D less than or equal to 1 where 314 
L stands for the length of an extrudate while D stands for the diameter of an extrudate. 315 
 316 
3.2 Aspect Ratio Software and Set-up 317 
 318 
3.2.1 Open the software and select the "SCAN" toolbar button at the top of the screen. 319 
 320 
3.2.2 Wipe the glass with a microfiber cloth to remove any dust. Place a clean transparency sheet 321 
on the scanner.   322 
 323 
3.2.3 Sprinkle the extrudates on top of the transparency and avoid particles from touching each 324 
other. Place the particles within a rectangular area measuring maximum 10 cm by 20 cm.  325 
 326 
3.2.4 Randomly distribute the extrudates across the area to be scanned. Use a pair of plastic 327 
tweezers to slide particles away from each other or to place them in more open areas. 328 
 329 
3.2.5 Close the scanner lid. 330 
 331 
3.2.6 Select the shape of the particle  332 
 333 
3.2.7 Enable the message function in the software setting, for touching particles (highlighted in 334 
red on the screen), particles that are overlapping (or brushing) the edge of the scan area and 335 
these are automatically removed, any particles with excessive curvature, any particles that are 336 
too small (e.g. dust specks), and any particles that are touching each other.   337 
 338 
3.2.8 Click on the "Scan" toolbar button.  339 
 340 
Note: The scanner will start to scan the particles. It will take between 2-3 min. The tabulated 341 
results and optically scanned image are displayed on the screen.   342 
 343 
3.3 Aspect Ratio Analysis 344 
 345 
3.3.1 Examine the scanned results and ensure that all legit particles are included in the scan.  346 
 347 
Note: Legit particles have and L/D > 1, rest in a natural position for the scan and do not touch 348 
other extrudates. 349 
 350 



  

3.3.2 Review each particle suspected of touching a neighboring particle as the computation 351 
algorithm is not perfect.   352 
 353 
3.3.3 Eliminate particles that rest improperly due to crowding (touching or lying on top of each 354 
other) with eliminated with the software. Alternatively, adjust the particle’s position with 355 
tweezers and the entire sample can be re-scanned.  356 
 357 
3.3.4 Save the results and record the following information: average diameter, average length, 358 
and the particle number. 359 
  360 
4. Bulk Crush testing 361 
 362 
4.1 Bulk Crush Sample Preparation 363 
 364 
4.1.1 The catalyst extrudate sample of interest should be riffled so as to obtain a suitable 365 
representative of the total amount.  366 
 367 
4.1.2 Heat-treat the catalyst sample at 538 °C for minimum 1 h in a muffle oven or similar and 368 
place it hot in a desiccator and allow it to cool to ambient conditions. 369 
 370 
4.2 Bulk Crush Procedure 371 
 372 
4.2.1 Tare the catalyst sample container (cup) and fill it to overflowing with the catalyst so that 373 
there is an excess catalyst in the container. 374 
 375 
4.2.2 Carefully level the cup with a metal straight edge without over-packing the bed. 376 
 377 
4.2.3 Reweigh the container with a leveled catalyst to obtain the weight of the sample. 378 
 379 
4.2.4 Carefully place the sample in the load block and piston assembly. Place the load block on 380 
top of the sample without crushing the catalyst. 381 
 382 
4.2.5 Place the ball bearing in the center of the load block and adjust the lock arm to the proper 383 
height evenly over the ball bearing using a small carpenter’s level. Lock the arm in place. 384 
 385 
4.2.6 Check that the pressure regulator is set at the pressure specified by the user to be applied 386 
to the catalyst sample.  387 
 388 
Note: Typically, it is in the 5-1,000 kPa range and it is normally found by trial and error for the 389 
particular application.  390 
 391 
4.2.7  Check that the load control valve and pressure valve are open and then close the bleed 392 
valve.  393 
 394 



  

Note: The load block will rise to its set pressure. 395 
 396 
4.2.8 Wait for 60 s for the sample to equilibrate. 397 
 398 
4.2.9 Release the pressure by opening the bleed valve and closing the pressure valve. Watch the 399 
load block coming back to its original position. 400 
 401 
4.2.10 Unlock the adjustable lock arm and take the bearing ball and load block out carefully. 402 
 403 
4.2.11 Measure and record the indentation of the sample after the crush test.   404 
 405 
4.2.12 Sieve out the fines. Record the fines collected and measure the aspect ratio of the sample 406 
according to protocol section 3. 407 
 408 
REPRESENTATIVE RESULTS: 409 
 410 
Breakage by Collision: 411 
To give the reader an idea of the complexity of an impact of an extrudate onto a surface, it was 412 
thought to be beneficial to supply a few snapshot pictures at the highest frame speed we had 413 
available at the time (10,000 frames/s). Figure 2 shows such high-speed photography and 414 
captures the breakage of individual extrudates as they impact a polycarbonate surface. This 415 
surface has the added advantage that it shows the approach of the extrudate prior to impact by 416 
reflectance off the surface and allows to clearly define the instance of contact. The duration of 417 
the breakage by impact appears to be less than 10-4 s while the full impact history shows to be 418 
very complex. The forces experienced by the extrudate as a function of time during the collision 419 
are very spiked and irregular. The average deceleration defined as the impact speed over the 420 
contact time is only a rough estimate of what happens. When multiplied by the mass of the 421 
extrudate it is again only a rough estimate of the force.  422 
 423 
The asymptotic aspect ratio 𝛷∞ has been determined on 25 different kinds of catalysts and their 424 
properties are given in Beeckman16. The model parameter 𝛷∞ for each catalyst has been 425 
obtained by non-linear regression using Eq. (2) shown in the introduction.  426 
 427 
Figure 3 shows the reduction in the aspect ratio of a typical fresh catalyst of the same catalyst 428 
batch dropped repeatedly from different heights. This sequence clearly shows the line-out 429 
towards the asymptotic aspect ratio, 𝛷∞ for different drop heights i.e. different severities. 430 
Beeckman16 shows that the difference in aspect ratio for large drop heights becomes smaller and 431 
smaller due to the drag by ambient air during the fall which slows the acceleration of the 432 
extrudates and finally reaches the terminal velocity for large drop heights. It was also shown that 433 
the extrudates follow a second order break law which explains the shape of the trend curve of 434 
the aspect ratio with the number of consecutive drops. Figure 4 shows the aspect ratio of the 435 
same catalyst as in figure 3 but now starting with very long select catalyst strands after a single 436 
impact (each data-point is generated from a single extrudate). The solid symbols represent 437 
averages of the aspect ratio for each group of sizes. This shows the presence of the second 438 



  

asymptote Φ𝛼 and also an appreciation for the error bar that is involved when the length to 439 
diameter ratio is obtained from a very limited number of extrudates.    440 
 441 
The impulsive force that acts on the extrudate during the collision can be found by applying 442 
Newton’s second law. It is shown that at the asymptotic aspect ratio 𝛷∞, equating the rupture 443 
force to the impulsive force leads to the following correlation: 444 
 445 

 𝛷∞ =
1

𝑆∞
 √𝐵𝑒𝑔 (3) 446 

  447 
With the normalized dimensionless group 𝐵𝑒𝑔 given by: 448 

 449 
 𝐵𝑒𝑔 =  𝜎 𝜓𝜌𝐷𝑔⁄  (4) 450 

 451 
Where 𝜎, 𝜓, 𝜌, 𝐷 and 𝑔 are respectively the catalyst modulus of rupture, the catalyst shape factor, 452 
the catalyst density, the catalyst diameter and the gravitational acceleration. The normalized 453 
dimensionless severity of the impact 𝑆∞ can be expressed as: 454 
 455 

 𝑆∞ = 𝐶√ 𝑣 𝑔Δ𝜏⁄  (5) 456 
 457 
Where 𝜈 is the impact velocity, Δ𝜏 is the duration of the collision and 𝐶 is a collision interaction 458 
factor. It is further shown that for a total of 25 catalysts of different size, shape and chemical 459 

make-up that were tested in the drop test that in first approximation, the group 𝐶/√Δ𝜏 is 460 
essentially a constant.  461 
 462 
Breakage by stress in a fixed bed: 463 
Five catalysts shown in Table 1 are investigated with the bulk crush test for various pressures. 464 
Below a certain pressure, here called the critical pressure, no essential change occurs in the 465 
catalyst aspect ratio of the bed. Once the pressure increases above this critical value, the catalyst 466 
extrudate starts to break down and the aspect ratio in the bed adjusts naturally until the flexural 467 
strength of the bed is again able to withstand the applied stress. An example of the comparison 468 
of the experimental results and the predicted results are shown in Figure 5. Predicted values are 469 
shown as the solid curve and is obtained by beginning from the starting aspect ratio  𝛷0  of the 470 
catalyst extrudates and remaining at that value until the critical pressure 𝑃𝑐  is reached. 471 
Thereafter, the value of the aspect ratio diminishes with the negative one third power of the load 472 
pressure.  473 
 474 
The methodology to find the maximum allowable load for a bed to withstand catalyst breakage 475 
utilizes a balance of the load force to the strength of the catalyst bed at rupture.   476 
 477 
Beeckman18 shows that the aspect ratio of the catalyst in balance with the load force can be 478 
described by:  479 
 480 

 𝛷 =  𝜓 𝐵𝑒𝑟
1/3 (6) 481 



  

 482 
Wherein 𝛷 is the extrudate aspect ratio while 𝐵𝑒𝑟 is a dimensionless group given by: 483 
 484 
 𝐵𝑒𝑟 =  𝜎 𝑠𝑃⁄  (7) 485 
 486 
Where  𝜎 , is the modulus of rupture, 𝑠 is the same extrudate shape factor as for collision, and 𝑃 487 
is the stress. The value for 𝜓 is determined by the bed packing and by the bed particle to particle 488 

force interactions and the authors give a theoretical value of  61/6 or about 1.35 for 𝜓.   489 
 490 
To summarize, if a bed of extrudates is loaded in the bulk crush strength test and a stress 𝑃 is 491 
applied, then the extrudates will break throughout the entire bed under the applied stress 𝑃 to 492 
an average value given by Eq. (6). Hence a bed with a starting aspect ratio 𝛷0  has a critical 493 
pressure 𝑃𝑐  it can withstand given by: 494 
 495 
 𝑃𝑐 = (𝜎 𝑠)(⁄  𝜓 Φ0⁄ )3 (8) 496 
 497 
FIGURE AND TABLE LEGENDS: 498 
Table 1: Catalysts and their properties employed in the bulk crushing study. Table 1 shows 499 
catalyst properties and derived stress properties that allow to calculate the reduction in aspect 500 
ratio during compression in the bulk crush strength measurement. Adapted from Beeckman et 501 
al. 201718  502 
 503 

Figure 1: Three-Point Bending of a Catalyst Extrudate by an External Force F. Schematic 504 
representation of the catalyst and the position of the force applied in the middle of the two 505 
support points for the determination of the modulus of rupture. The amount of bending is highly 506 
exaggerated. According to elasticity theory, the axial stress is compressive at the top of the 507 
extrudate and the axial stress is tensile at the bottom of the extrudate. Hence there is an axis 508 
with zero stress and this is called the centroid. When the tensile stress at the bottom reaches the 509 
tensile strength of the material or modulus of rupture, the extrudate breaks at the extreme fiber 510 
located at the very bottom and propagates very fast to complete extrudate failure. Adapted from 511 
Beeckman et al. 2016 16. 512 

 513 

Figure 2: Impact of Extrudates on an Empty Polycarbonate Surface. High speed photography 514 
showing a sequence of two catalyst extrudate impingements against a polycarbonate surface. 515 
Shots are 0.1 ms apart from each other. Adapted from Beeckman et al. 2016 16. 516 

 517 

Figure 3: The aspect ratio as a function of the drop height and the number of impacts. Aspect 518 
ratio as a function of the drop height or severity and the number of impacts. For high drop 519 
heights, the asymptotic aspect ratio changes only little since the extrudates reach their terminal 520 
velocity. Adapted from Beeckman et al. 2016 15. 521 

 522 



  

Figure 4: Aspect ratio after 1 drop of catalyst A with a large initial aspect ratio. Aspect ratio 523 
after a single drop of extrudates that have a large aspect ratio prior to the drop. For such long 524 
extrudates, the second asymptote becomes plainly visible even in the presence of substantial 525 
experimental error due to the limited number of extrudates used. Adapted from Beeckman et al. 526 
2016 15. 527 

 528 
Figure 5: Catalyst Aspect ratio versus load stress for catalyst A. Reduction of the aspect ratio as 529 
a function of the applied load stress in the bulk crush strength measurement according to method 530 
ASTM D7084-04.  The aspect ratio remains constant until the critical pressure is reached 531 
whereafter the catalyst breaks to smaller and smaller values as the pressure increases. Each data-532 
point is a separate measurement with fresh catalyst from the beginning. Adapted from Beeckman 533 
et al. 201718  534 
 535 
DISCUSSION: 536 
Breakage by Impulsive Forces due to Collision: 537 
The reduction in extrudate aspect ratio due to collision against a surface can be measured in a 538 
laboratory drop test. In this test, the extrudates are released from a chute, fall and accelerate 539 
due to gravity and also experience drag with ambient air.  540 
 541 
The method outlined above is so far only available in the literature as described in Beeckman15,16. 542 
Until recently, the high degree of tediousness to make manual measurements by caliper for a 543 
large number of extrudates is likely a contributing factor for this. The exposure time to ambient 544 
air and hence humidity should be minimized during and between measurements. If necessary, 545 
the protocol for the drop test may need to be performed with a N2 purge or a dry-air purge into 546 
the cylinder. One may also choose to let the catalyst equilibrate in ambient air overnight prior to 547 
taking any measurements to make moisture pick-up less of an issue. The protocol and method 548 
here employed has the benefit that it quickly yields the aspect ratio for over 100-300 extrudates 549 
and hence it takes most of the variability that can be observed with small samples out of 550 
contention.  551 
 552 
It is important that extrudates with a length to diameter ratio less than unity be removed from 553 
the sample since the shape recognition software could assign length and diameter of such 554 
catalyst pieces erroneously. Hence it is also important to minimize and better yet to eliminate 555 
the number of such short extrudates. Therefore, it is recommended to work with extrudates that 556 
have a sufficiently large aspect ratio at the beginning of the test and to limit the impact severity 557 
of the test. 558 
 559 
For future work and from a fundamental perspective, it would be very interesting to study the 560 
collision of single extrudates as a function of their length, as a function of the drop height, as a 561 
function of the impact angle and as a function of angular momentum to mention just a few 562 
variables. Upon breakage, it will be interesting to determine the location of the rupture surface(s) 563 
along the length of the original extrudate. This methodology may also be applicable to materials 564 
that are not extruded but that are rather obtained by pressing or for spherical pellets and hence 565 
may have applications for the pharmaceutical industry and the food industry.   566 



  

 567 
Breakage due to stress in a fixed bed 568 
The method outlined above is so far only available in the literature as described in Beeckman18. 569 
For the bulk crush strength, it is important to follow the standard operating protocol as outlined 570 
in ASTM D7084-0417 for reason of repeatability.  571 
 572 
The exposure time to ambient air and hence humidity should be minimized during and between 573 
measurements. If necessary, the protocol may need to be performed in a glove box for the 574 
application of the bulk crush strength.  575 
 576 
As in the case of collision, this methodology may also find applicability to materials that are not 577 
extruded but rather obtained by pressing into pellet form or for spherical pellets obtained via 578 
dripping or granulation. 579 
 580 
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Table 1: from 2017 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim ; DOI: 10.1002/ceat.201600550

Catalyst Shape
D, 

diameter

Φ 0  ,  initial 

aspect ratio

s, shape 

factor

ρ, 

density
MOR

m (-) (-) kgm-3 MPa

A QUADRULOBE 1.43E-03 3.18 2.20 1250 0.81

B CYLINDER 9.50E-04 5.92 2.55 750 1.38

C CYLINDER 8.30E-04 7.48 2.55 1870 2.83

D TRILOBE 2.89E-03 2.28 2.28 970 0.76

E CYLINDER 1.55E-03 3.54 2.55 NA 1.37
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Table 1: from 2017 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim ; DOI: 10.1002/ceat.201600550

Pc, 

critical 

stress 

kPa

27.9

6.4

6.5

69.3

39.7
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INSTRON

INSTRON

INSTRON

Filter VWR

Aspect ratio (avg L/D) EPSON

CASCADE DATA SYSTEMS

Riffling HUMBOLDT MFG. Co

HUMBOLDT MFG. Co

Sieve screen VWR
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