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Abstract: In this paper the issue of changing particle shape in packed conduits containing
solid particle is examined. In so doing, a recently published paper in which perforated
spherical particles were compared to full spherical particles is chosen as the worked
example. The paper under study is; Title; Flow and heat transfer in fixed beds of spherical
catalyst supports with internal voids. Authors; Anthony G. Dixon, Behnam Partopour,
Bhanu Vardhan Reddy Kuncharam. Journal; Chemical Engineering Journal 544 (2026)
178722.

In this paper under study, the authors made comparisons and drew conclusions which were
based upon changing more than one variable at a time. Consequently, the QFFM, a relatively
new fluid flow model, was used to make apples-to-apples comparisons together with
corrected conclusions.

PROBLEM DEFINITION

In this paper under study, the authors conclude that perforated particles in packed conduits
makes a difference in terms of the overall performance of the packed conduit, particularly,
in the case of permeability and thermal characteristics. They use a theoretical model based
on CFD, computational fluid dynamics, to compare the performance of conduits packed with
solid spheres and spheres with holes (perforated spheres), suggesting, even further, that it
is preferred to have the holes oriented perpendicular rather than parallel to the conduit
walls. In reaching their conclusions, the authors embrace both the Reynolds number and the
Ergun fluid models, presenting their results in plots of Ergun based friction factor versus
the Reynolds number.

PROBLEM RESOLUTION

The methodology used and the conclusions reached by the original paper authors are found
to be troublesome. Firstly, their conclusions are based upon an apples-to-oranges
comparison of both categories of packed conduits, since they have created hypothetical
packed conduits which are hydrodynamically different. Secondly, they adapt the
conventional Reynolds number model as their governing equation of fluid motion in
combination with the Ergun fluid model for packed conduit permeability, which constitutes
a contradiction in terms. This is true since the Ergun model for packed conduits and the
Reynolds number are mutually exclusive based upon the Reynolds number experiment of
1883 in which Sir Osborne Reynolds demonstrated that the TTP value (Turbulent Tipping
Point) of the Reynolds number in an empty conduit falls in a range of 2100-2300.
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Accordingly, in this paper, an alternative explanation for the reported data
scenarios, using the QFFM (Quinn Fluid Flow Model), is provided, which renders significantly
different conclusions than those expressed by the original paper authors.

APPLICATION OF THE QFFM
Table 1A-1

Apples-to-Oranges Comparison of Holes and No Holes
Variables Underlying Packed Conduit Permeability

Table 1A-1
Sample n Pt D L Q, Aom d, n, k g, Nog s [ d. Ratio
ID e | e Ind. Var. Ind. Var. d, dom Ind. Var. Ind. Var. Ind. Var. Ve n, (l-np/npq) dp/lpfl D
Som Vap Npq dy
Dixon 2026 poise  gcm cm cm none cm cm none cm none none none none cm none

n, =55
Holes 0.010 1.000 6.00 14.00 0.933 2.0000 1.8663 55 0.0000 0.000 116.30 0.4729 0.5271 39464 3.2
Full 0.010 1.000 6.00 14.00 1.000 2.0000 2.0000 55 0.0000 0.000 94.50 05848 0.4152 3.4200 3.0

n, = 124
Holes 0.010 1.000 10.00 12.80 0.962 2.0000 1.9250 124 0.0000 0.000 269.18 0.4607 0.5393 4.1786 5.2
Full 0.010 1.000 10.00 12.80 1.000 2.0000 2.0000 137 0.0000 0.000 240.00 05706 0.4294 3.5051 5.0

np =124
Holes 0.010 1.000 10.00 12.80 1.000 2.0000 1.9995 124 0.0000 0.000 240.19 05163 0.4837 38730 50
Full 0.010 1.000 10.00 12.85 1.000 2.0000 2.0000 137 0.0000 0.000 240.94 05706 0.4294 3.5051 5.0

n, = 124
Holes 0.01 1.00 10.00 12.80 1.023 2.0000 2.0456 124 0.0000 0.000 22431 0.5528 0.4472 3.7003 4.9
Full 0.010 1.00 10.00 12.80 1.000 2.0000 2.0000 137 0.0000 0.000 240.00 05706 0.4294 35051 5.0

n, = 245
Holes 0.010 1.000 14.00 12.60 0.952 2.0000 1.9036 245 0.0000 0.000 537.02 0.4562 0.5438 4.1725 7.4
Full 0.010 1.000 14.00 12.80 1.000 2.0000 2.0000 249 0.0000 0.000 47040 0.5285 0.4715 3.7846 7.0

In Table 1A-1, the teaching of the QFFM is employed to demonstrate the apples-to-
oranges comparison by the original paper authors of the underlying variables of packed
conduits containing perforated particles (with holes) and particles with solid spheres (no
holes).

Underlying Explanation #1: Apples-to-Oranges Comparison.

1. This table shows two packed conduits for each category of experiment corresponding
to the scenarios reported by the original paper authors; one contains the particles
with holes; one contains solid spherical particles with no holes. There are 5 variations
in all, each corresponding to the number of particles with holes reported for each
conduit. Those variations are (1) np = 55, (2) n, = 124, (3)n, = 124, (4) n, = 124, and
(5) np = 245. This results in a total of 10 different packed conduits to establish a
definitive comparison.

2. The fluid is water at 20°C, fluid absolute viscosity, n, = 0.01; fluid density pr = 1.0.

3. The conduit diameter D is as reported in the paper (Table 1) for the perforated
particle packed conduit.

4. The conduit length L is as reported in the paper (Table 1) for the perforated particle
packed conduit.
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5. The spherical particle diameter equivalent, d,, is derived by the QFFM based upon
the reported values in the paper for the external porosity ¢, of the perforated
particle packed conduit.

6. The particles with holes are represented as irregularly shaped particles with a
sphericity factor, Qp other than unity (a value of Q, =1 is a perfect sphere).

7. The diameter of the full particles is designated dpm = 2.00 cm as specified in the
paper.

8. The number of particles n; is as reported in the paper (Table 1) for the perforated
packed conduit.

9. The particle sand roughness k = 0 since the particles are reported to have a smooth
surface.

10. Note that the particle porosity ¢, = 0, meaning there are no internal pores in the
particle skeleton since the holes (pores) are totally external to the solid particle
skeleton.

11. The volume of the empty conduit npq = (Vec/Vap), is expressed as number of particle
equivalents, where V.. = volume of empty conduit and vg, = volume of a single
particle.

12. The solid particle volume fraction pr = (np/Npq)

13. The values for the external porosity, €, are as reported in the paper (Table 1) for
both packed conduits and, in the QFFM, this term is defined as &0 = (1-np/Npq)

14. The diameter of the Hypothetical Q Channel (HQC) in the QFFM is defined as d. =
(dp/abs(pr)) and has a different value for each category of packed particle conduit.
This is one of the features that defines the apples-to-oranges designation.

15. Note that the ratio of D/d, is based upon the reported value of D for the perforated
particle packed conduit diameter and the QFFM calculated value of d,. It has a
different value for each pair of conduits which is another one of the features that
establishes this comparison as apples-to-oranges.
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Apples-to-Oranges Permeability Comparison
With and Without Holes

Fig 1A
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In Fig 1A, the plot shows the apples-to-oranges comparison for each pair of packed
conduits. Note that there are a total of 10 lines indicating that each of the conduits have a
different permeability. In other words, not only do the conduits possess different type
particles, they also demonstrate different pressure drop characteristics. Accordingly, this
comparison involves changing at least two variables at the same time.

Table 1A-2

Apples-to-Apples Comparison of Holes and No Holes
Variables Underlying Packed Conduit Permeability

Table 1A-2
Sample Ul Pr D L Q,
D ind.Var.  Ind.Var. Ind. Var. Ind. Var. dy
dom
Dixon 2026 poise gem™ cm cm none
n,=55
Holes 0.010 1.000 6.00 14.00 0933
Full 0.010 1.000 6.42 14.04 1.000
HQC (vector) 0.010 1.000 3.95 15.18 1.000
n,=124
Holes 0.010 1.000 10.00 12.80 0.962
Full 0.010 1.000 1038 12.80 1.000
HQC (vector) 0.010 1.000 4.18 10.00 1.000
n, =124
Holes 0.010 1.000 10.00 12.80 1.000
Full 0.010 1.000 10.00 12.85 1.000
HQC (vector) 0.010 1.000 3.87 10.00 1.000
n,=124
Holes 0.01 1.00 10.00 12.80 1023
Full 0.010 1.000 9.78 12.80 1.000
HQC (vector) 0.010 1.000 3.70 10.00 1.000
n, =245
Holes 0.010 1.000 14.00 12.60 0.952
Full 0.010 1.000 14.70 12.80 1.000
HQC (vector) 0.010 1.000 4.17 10.00 1.000

2.0000
2.0000
3.9464

2.0000
2.0000
4.1786

2.0000
2.0000
3.8730

2.0000
2.0000
3.7003

2.0000
2.0000
41725

1.8663
2.0000
3.9464

1.9250
2.0000
4.1786

1.9995
2.0000
3.8730

2.0456
2.0000
3.7003

1.9036
2.0000
4.1725

n, k
Ind. Var. Ind. Var,
none cm

55 0.0000
55 0.0000
i 0.0000
124 0.0000
124 0.0000
-4 0.0000
124 0.0000
124 0.0000
-4 0.0000
124 0.0000
124 0.0000
-4 0.0000
25 0.0000
249 0.0000
-4 0.0000

g i} Ps g d. Ratio
Ind. Var. Ve ny (1ng/ngg)  dyflpd D
Vap Moq d P

none none  none none cm none
0.000 11630 0.4729 05271 3.9464 32
0.000 10853  0.5068 0.4932 3.9464 32
1.000 577 -1.0000 2.0000 3.9464 1.0
0.000 269.18  0.4607 0.5393 4.1786 5.2
0.000 25859 0.4786 0.5214 4.1786 5.2
1.000 359 -1.0000 2.0000 4.1786 1.0
0.000 24019 05163 0.4837 3.8730 5.0
0.000 24094  0.5168 0.4836 3.8730 5.0
1.000 3.87  -1.0000 2.0000 3.8730 10
0.000 2431 05528 0.4472 3.7003 49
0.000 22956 0.5405 0.4595 3.7003 49
1.000 405 -1.0000 2.0000 3.7003 1.0
0.000 537.02  0.4562 0.5438 4.1725 7.4
0.000 51862  0.4793 0.5207 4.1725 7.4
1.000 359 -1.0000 2.0000 4.1725 1.0
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Underlying Explanation #2: Apples-to-Apples Comparison.

1. In this Table another category is included in the comparison. This is the HQC for an
equivalent empty conduit. It is included to provide an independent reference point
since the authors of the original paper used the Reynolds number as their governing
equation. The comparison now contains a total of 15 packed conduits.

2. In this scenario the variables for the equivalent packed conduit with full particles
are chosen such that for each category the term dc is identical. This makes the
comparison apples-to-apples.

3. The diameter of the (HQC), dc is the unifying parameter that renders the packed
conduits hydrodynamically equivalent.

4. Note that the ratio D/d; is also identical for each pair of packed conduits.

Apples-to-Apples Permeability Comparison
With and Without Holes

Fig 1B
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Fig 1B

In Fig 1B, the plot shows the apples-to-apples comparison for each pair of packed
conduits. Note that there are just 5 lines which means that each pair of packed conduits
have identical pressure drop characteristics. Accordingly, this demonstrates that only one
variable is changed in this comparison, i.e., the difference of the particles inside the
conduits.
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Table 1B

Apples-to-Apples Comparison of Holes and No Holes
Variables Underlying Packed Conduit Permeability

Table 1B
Sample ) Y T=9y A [ T to TTP TTP A B Range Range
D 1 3D2L 3D2L 1+Wy A 2n SALd & p; S8ARe,, Re, o 4mr? SA Cq Py
[ def’ de3£n3 8 © n CQ,C 3 2n
Dixon 2026 none none none none rad/sec  sec sec none none none none none none
n, =55
]?[oles 6.829 50 340 1.002 0.04 158 19.933 1,686 246 268.19 1.089 1-100.000 0-4.000
Full 8.335 50 414 1.002 0.04 158 22,828 1,686 202 268.19 1.329 1-100,001 0-4,000
HQC 0.125 1.50 0.188 6.070 024 26 4.545 1,686 2222 268.19 0.121 1-100.002 0-4,000
n, =124
Holes 6.374 210 1340 1.001 0.04 158 18.399 1,686 264 268.19 1.015 1-100.000 0-4.000
Full 7.056 210 1480 1.001 0.04 158 19,687 1,686 239 268.19 1.123 1-100,001 0-4,000
HQC 0.125 1.50 0.188 6.070 024 26 3,171 1,686 2222 268.19 0.121 1-100.002 0-4,000
n,=124
Holes 8.834 188 1658 1.000 0.04 158 21,195 1,686 191 268.19 1.406 1-100.000 0-4.000
Full 8.842 188 1658 1.000 0.04 158 21,290 1,686 191 268.19 1.407 1-100,001 0-4,000
HQC 0.125 1.50 0.188 6.070 0.24 26 2,939 1,686 2,222 268.19 0.121 1-100,002 0-4,000
n, =124
Holes 11.183 175 1960 1.000 0.04 158 377 1,686 151 268.19 1.780 1-100.000 0-4,000
Full 10.307 175 1808 1.000 0.04 158 22442 1,686 163 268.19 1.641 1-100.001 0-4.000
HQC 0.125 1.50 0.188 6.070 0.24 26 2.808 1,686 2,222 26819 0.121 1-100,002 0-4,000
n, =245
Holes 6.219 597 3711 1.000 0.04 158 17,784 1,686 271 268.19 0.990 1-100,000 0-4,000
Full 7.084 596 4219 1.000 0.04 158 19,704 1,686 238 268.19 1.127 1-100.001 0-4.000
HQC 0.125 1.50 0.188 6.070 0.24 26 3.166 1,686 2,222 26819 0.121 1-100,002 0-4,000

In Table 1B, the results of the QFFM calculated parameters are shown for all

hydrodynamically equivalent conduits.

Underlying Explanation #3: Calculated QFFM Parameters

1.

10.

Note that the QFFM uniquely defines the term & = (1/&¢°) which is an additional term
necessary to establish hydrodynamic equivalency based upon kinetic contributions
to pressure drop.

The QFFM parameter y = npqD/L = 3D*L/(2d,’) is the architectural feature of a packed
conduit.

The QFFM parameter t = 8y = 3D?L/(2d°0’) is the fluid path tortuosity.

The values of A, the wall-effect normalization coefficient, is identical for each
category of solid particles under comparison.

The value of the o parameter is identical for the two categories of solid particle
conduits under comparison.

The value of the T parameter is identical for the two categories of solid particle
conduits under comparison.

The value of the critical Cq parameter, Cq.c, at the TTP is identical at the value of
Cq = 1,686 for all 15 conduits under study.

The value of the critical Ren parameter, Ren.c, at the TTP varies for all conduits
having solid particles but has the unique value of Ren.c = 2,222 for all empty conduits.

The value of the A coefficient in the Q modified Ergun model has the constant value
of 268.19 for all 15 conduits.

The value of the B coefficient in the Q modified Ergun model varies for each of the
solid particle packed conduits but has a constant value for all empty conduits.
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11. Since the QFFM is valid over the entire fluid flow regime, the range of flow rates is
much larger than that chosen by the original paper authors. This is because the
reported range of flow rates has no particular apparent relevance since the entire
scenario presented in the paper is theoretical and does not include a single
measurement.

Table 1C
Apples-to-Apples Comparison of Holes and No Holes
QFFM Solver
Table 1C
n, fror Dror A s/  dvd, A3 s/d,  M(BdY) d, 3 &
3DAL(1-£) (dr,*ném) 82 1+Wy  3apg 2bmg X=af X Y=op 1/(XA6)y/2)) X6 yQi2) Y6)/x016)
2d,? 3pgd? 2mgd, 4r,’mn A
Dixon 2026 s/em s2/cm? none o [ cm? cm?! cml cm none none cm
n, =55
I-’ioles 0.001198 0.001920 1.002 0.4384 11.81 5.18 1.73 0.0371 3.95 6.83 0.527 1.87
Full 0.001464 0.002862 1.002 0.5353 17.61 9.43 2.11 0.0304 3.95 8.34 0.493 2.00
HQC (vector) 0.000022 0.000004 6.066 0.0080 0.00 0.00 0.03 2.0261 3.95 0.13 2.000 3.95
n, =124
i-[nles 0.000998 0.001579 1.001 0.3652 9.73 3.55 1.53 0.0375 4.18 6.38 0.539 193
Full 0.001105 0.001933 1.001 0.4040 11.91 4.81 1.69 0.0339 4.18 7.06 0.521 2.00
HQC (vector) 0.000020 0.000004 6.070 0.0072 0.00 0.00 0.03 1.9063 4.18 0.13 1.998 4.18
n, =124
Holes 0.001611 0.003272 1.000 0.5891  20.16 11.88 2.28 0.0292 3.87 8.84 0.484 2.00
Full 0.001611 0.003275 1.000 0.5894  20.18 11.90 2.28 0.0292 3.87 8.84 0.484 2.00
HQC (vector) 0.000023 0.000004 6.046 0.0083 0.00 0.00 0.03 2.0578 3.88 0.13 1.998 3.87
n, =124
Holes 0.002232 0.005478 1.000  0.8164 33.77 2757 3.02  0.0242 3.70 11.18 0.447 2.05
Full 0.002057 0.004656 1.000 0.7525  28.70 21.60 2.78 0.0262 3.70 10.30 0.460 2.00
HQC (vector) 0.000025 0.000004 6.074 0.0091 0.00 0.00 0.03 2.1710 3.69 0.12 2.002 3.70
n, =245
;Ioles 0.000977 0.001504 1.000 0.3573 9.27 3.31 1.49 0.0385 4.17 6.22 0.544 1.90
Full 0.001112 0.001951 1.000 0.4069 12.03 4.89 1.70 0.0338 4.17 7.08 0.521 2.00
HQC (vector) 0.000020 0.000004 6.069 0.0072 0.00 0.00 0.03 1.9165 4.17 0.13 2.000 4.17

In Table 1C, the QFFM solver which is used as the methodology to establish

hydrodynamic equivalency between the two different conduit types, is shown.

Underlying Explanation # 4. The QFFM Solver

1.

This table shows the various mathematical constructs used to back-calculate from
measured permeability the critical values of & and d, and, thus, the value of the
diameter of the HQC d..

The QFFM solver is based upon the teaching of Forchheimer circa 1920 which
establishes the Forchheimer coefficients aror and bror.

The term A in the QFFM is a measure of the wall-effect. A value for A = 1 represents
no wall effect.

The values back-calculated for &, and d, constitute a simultaneous solution based
upon measured permeability as taught by the Forchheimer flow model. Accordingly,
both these variables are dependent variables in the pressure flow relationship.
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The Hypothetical Q Channel (HQC)
With and without Holes

Fig1
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Fig. 1

In Fig 1, an apples-to-apples comparison of each of the 3 categories of conduits, is
presented. Note that the value of d. is identical for each category of conduit. An exact
explanation for each of these parameters is outside the scope of this paper but we refer the
reader to the original publication of the QFFM in 2019.

Apples-to-Apples Permeability Comparison

Fig 1A With and Without Holes

Permeability of a Smooth Spherical Particle
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Fig 1A

Fig1A shows an apples-to-apples comparison of permeability between all 15 packed
conduits. Note that there are just 5 lines in the plot for the conduits containing particles
with solid skeletons and 5 lines in the plot for the empty conduits. In other words, the
hydrodynamically equivalent packed conduits using particles of either type have the exact
same data for permeability expressed in this plot as pressure drop AP/L (Pa/m) versus
dimensionless fluid current Cq.
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Apples —to-Apples Comparison of Hydraulic Gradient
Fig 2A

Hydraulic Gradient In the HQC
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In Fig2A we show an apples-to-apples comparison of hydraulic gradient between all 15
packed conduits. Note that the hydrodynamically equivalent packed conduits containing the
solid particles have the exact same data for hydraulic gradient in each category expressed
in this plot as hydraulic gradient, i = (DP/rsgL) versus dimensionless fluid current Cq = dRen,

Apples-to-Apples Comparison of A Viscous Type friction Factor
Fig 3A
Q-Modified Ergun Equation
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In Fig 3A, the data for all 15 packed conduits is shown. Note that this highlights the

difference in the value of external porosity, &, for each category.
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A Reciprocal Kinetic Type Friction Factor

Apples-to-Apples Comparison of Dimensionless Permeability

Fig 4A
Dimensionless Permeability
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Fig 4A

In Fig 4A, the dimensionless permeability data for all 15 packed conduits is shown. Note that
this plot underlines the wall-effect for all categories of conduits. Note that all conduits
containing particles with solid skeletons fall on the line for A - 1 which demonstrates that
the wall effect is virtually negligible.

The QFFM Universal Friction Factor
Quinn’s Law of Fluid Dynamics

QFFM Friction Factor

y = 0.04x + 67.05
Quinn's Law of Fluid Dynamics R*=1.00 —
3.500 Po=Kk +k Cq
k; = 647/3; k, = 1/(8m) e -
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Fig 5A

On the other hand, note that the empty conduits all have the same very large wall
effect due to a comparable viscous boundary layer, but which becomes increasingly
dissipated at higher flow rates.
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In Fig 5A, the data for all 15 packed conduits is shown. Note that all data for the 15
packed conduits fall on the same straight line. This represents the universal pressure/flow
relationship properly normalized for all relationship variables.

The Turbulent Tipping Point (TTP)

Fig 6A
The Turbulent Tipping Point (TTP)
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In Fig 6A, the turbulent tipping point, which is the point at which viscous and kinetic
contributions to pressure drop are equivalent, is shown for all 15 packed conduits. Note that
there is a significant difference between conduits containing particles with solid skeletons
and empty conduits. Note also that all empty conduits have the critical value of the modified
Reynolds number Ren = 2,222 at the TTP.

Apples-to-Apples Comparison of The Ergun and QFFM Models

Apples-to-Apples Comparison of Fluid Models
Empty Conduit
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Fig 7A
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In Fig 7A, the incompatibility of the Ergun and Reynolds number models is
demonstrated based upon application of both models to an empty conduit. As shown in the
plot, on the one hand, the QFFM and Reynolds number models are shown to reconcile in a
hand-in-glove correlation at the TTP based upon the observations of Sir Osborne Reynolds
in his 1883 experiment wherein he reported the range of 2100 to 2300 for his newly minted
Reynolds number values. The validated value for the TTP in the QFFM model is 2,222 just
about in the middle of this range. On the other hand, the Ergun model understates
significantly, at a value of 89 approx., the value range of 2100 to 2300 reported by Reynolds
in 1883. This makes the Ergun and Reynolds flow models incompatible. This incompatibility
of the flow models is routed in the erroneous values of 150 and 1.75 for the two built-in
coefficients A and B, respectively in the Ergun model. We have included this plot to establish
context for our comments regarding our objections to the original paper authors use of the
Ergun and Reynolds number models.

CONCLUSIONS

Based upon the apples-to-apples comparison of the two categories of packed conduits in
this paper, the following conclusions are drawn:

1. Particle shape plays no role in packed conduit permeability when the characteristic
dimension of the particles are expressed in terms of the average spherical particle
diameter equivalent d,.

2. This conclusion follows from the sinuous nature of the fluid flow in packed conduits
which is driven by the fluid path tortuosity which, in turn, is driven by the
architectural makeup of any packed conduit under study.

3. The use of perforated particles in this paper under study does not affect the packed
conduit performance when compared to solid particles with no holes, when all other
variables are normalized, i.e., an apples-to-apples comparison.

4. In the paper under study, no theoretical evidence was presented by the original
authors to establish the role of particle shape, since all evidence was based upon
apples-to-oranges comparisons.

5. The use of the Ergun model in conjunction with the conventional Reynolds number
renders the conclusions by the authors of the paper under study to be troublesome.

6. Finally, the only valid methodology to evaluate particle shape is to pack, unpack and
repack, hydrodynamically equivalent packed conduits many times with the same
actual number of particles in the same empty conduits and measure the
permeability. If particle shape plays a role, then the permeability will vary for each
repacked conduit because in performing the act of packing a conduit with spherical
particles no two attempts deliver the same particle arrangements. The original
authors of this paper never produced this experimental result because they never
made a single measurement. Their paper was all theoretical, i.e., pure speculation.

7. In over 40 years of packing irregularly shaped particles, unpacking and repacking
solid spherical glass beads, this author can report, based upon measured data for
more than 100,000 packed conduits produced for sale to paying customers, not
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8.

theoretical speculation, particle shape plays no role, whatsoever, in the
permeability of packed conduits.

As an additional note to those who think that theory trumps measurement, it should
be noted that an empty conduit contains particles of free space and, accordingly, it
does not matter which way you orient a particle of free space, because its physical
characteristic and, consequently, its permeability characteristic, does not change.
If, however, you create an empty conduit by placing holes in the hypothetical
particles of a given empty conduit under study, this changes the value of dc. the
diameter of the HQC and therein lies the genesis of the apples-to oranges comparison
used by the original authors of this paper under study.
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