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In this study, the pressure drop prediction of the existing granular rectangular Representative Unit Cell (RUC)
model, which already accounts for biofilm development and sphericity, is adapted to include particle surface
roughness. The novelty of this study is that a surface roughness factor is derived based on physical principles.
It was found to be a function of the average height and number of roughness elements, the porosity as well

Microstructure . . . s . : .

Biofiltration as the particle diameter. This factor is included in both the Darcy and inertial Reynolds number flow terms.
Surface roughness The proposed model includes no empirical coefficients and is validated against experimental data for a biofilter,
Sphericity operated over 107 days, with expanded schist as packing material. It was found that a decrease in average particle

shape factor produced an increase in surface roughness over time. The average shape factor was also introduced
in order to increase the interstitial form drag coefficient. The average surface roughness of the packing material
was measured with a confocal microscope, by utilizing white light microscopy, and the value was used in the
pressure gradient prediction of the RUC model. The proposed model is compared to a modified Ergun equation,
adjusted to be applicable to biofilters, and satisfactory results are obtained. A sensitivity analysis is also performed
on the average height of surface roughness elements, particle diameter, and average particle shape factor. The

proposed model is an improvement on the existing models from the literature considered in this study.

1. Introduction

Biofilters have become an increasingly popular topic in the field of
porous media. A biofilter is a device created for the purpose of control-
ling hazardous substances, such as hydrogen sulfide (H,S), in an eco-
logically friendly manner (Yang and Allen, 1994). Biofilters are widely
applicable in the industry and can also be used for adsorption of air con-
taminants produced by factories and other industrial processes (Morgan-
Sagastume et al., 2001), the treatment of rendering odours produced by
waste facilities (Prokop and Bohn, 1985), and the controlling of volatile
organic compounds (VOC’s) emitted from various sources (Alonso et al.,
1997).

A biofilter consists of a porous bed, consisting of a packing mate-
rial and a layer of moisture, known as biofilm. Biofilm is made up of
microorganisms that can degrade pollutant substances from a contami-
nated air stream pumped through the packing material (Devinny et al.,
2017; Soreanu and Dumont, 2020). In addition to the packing material
and inclusion of the biofilm, efficient and adequate removal capabilities
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in biofiltration are also dependent on optimal experimental operation
conditions. Biofilters can furthermore be classified by their structure
(e.g. open or closed beds), packing material (e.g. inert or organic mate-
rials), and their applications (e.g. water or air purification).

Predicting the pressure drop over a biofilter used for H,S removal
is essential for: Operational efficiency; cost control; design accuracy;
performance reliability; maintenance planning and health and environ-
mental safety. This makes it a key parameter in the engineering and
management of biofiltration systems (e.g. Chen et al., 2019). For re-
search and industrial scale-up, being able to predict the pressure drop
supports accurate modelling of mass transfer, kinetics, and airflow dy-
namics. There are thus numerous factors that may influence biofil-
ter performances for gas treatment, including gas concentration, EBRT
(Empty Bed Residence Time), moisture, pH, temperature and pressure
drops (Dumont, 2017). These factors allow for either kinetically con-
trolled or mass transfer biofilter efficiency. The former refers to how fast
microorganisms degrade pollutants reaching the biofilm, whereas the
latter refers to how well pollutants move from the gas phase into the

E-mail addresses: rocco@sun.ac.za (R. J. Van Velden), fidder@sun.ac.za (S. Woudberg), eric.dumont@imt-atlantique.fr (E. Dumont), h.fidder@rug.nl

(H. Fidder), j.t.m.de.hosson@rug.nl (J.Th.M. De Hosson).

https://doi.org/10.1016/j.ces.2025.122185

Received 1 May 2025; Received in revised form 29 May 2025; Accepted 5 July 2025

Available online 11 July 2025

0009-2509/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).



R. J. Van Velden et al.

Nomenclature

Notation Description

A, B viscous and inertial constants in modified Ergun
equation []

Ap” streamwise cross-sectional flow area in RUC [m?]

¢y interstitial form drag coefficient [ ]

d RUC cell size [m]

dy average particle diameter [m]

Ap streamwise pressure drop [Pa]

Ravg average height of roughness elements [m]

k amount of roughness elements []

L packed bed length [m]

L, biofilm thickness [m]

n coordination number [ ]

q superficial velocity [m-s~']

R radius of spherical particle [m]

R, arithmetic average roughness value [m]

R, root mean squared average roughness value [m]

R particle surface roughness variable coefficient [ ]

S| total streamwise surface areas in RUC [m?]

S, total transverse surface areas in RUC [m?]

S face cross-sectional area of solid “facing” upstream [m?]

S total surface area of RUC solid [m?]

U, total fluid volume in RUC [m?3]

U, total solid volume in RUC [m3]

U, total (fluid and solid) volume in RUC [m?]

wy| streamwise average channel velocity [m -s']

a particle surface roughness constant coefficient [ ]

B average channel velocity ratio [ ]

8 parameter in numerator of roughness factor R [ ]

€ porosity [ ]

€; biofilm affected porosity [ ]

initial biofilter porosity (i.e. with no biofilm) [ ]

u fluid viscosity [kg - m~' - s7!]

& geometric coefficient [ ]

p) fluid density [kg - m—3]

c parameter in denominator of roughness factor R [ ]

T, magnitude of average wall shear stress on streamwise
surfaces [N - m~2]

Tw, magnitude of average wall shear stress on transverse
surfaces [N - m~2]

¢ particle sphericity / average particle shape factor [ ]

W geometric factor [ ]

Superscripts

Notation: Description:

* pertains to roughness [ ]

biofilm where biodegradation occurs. Dumont (2017) mentions that a
change in EBRT has a notable influence on the limiting step, which
refers to the slowest process that influences the overall biofilter effi-
ciency, while a change in temperature affects biological reactions and
mass transfer in opposite ways. Furthermore, a short measurement time
for pressure drops (i.e. lower than 1-2 hours) implies that a steady-state
assumption is realistic. This yields a stable biofilter performance and
efficiency over time, meaning that variables such as concentration and
mass transfer rates are assumed to be constant over the measurement
period.

This main focus of this study is on providing a novel analytical equa-
tion for the pressure drop prediction, with the originality being the in-
clusion of the effect of particle surface roughness. It relates to previous
studies on overall biofilter operation and optimization conducted by Du-
mont et al. (2016) and Dumont et al. (2012).
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Dumont et al. (2016) conducted an empirical study on experimental
biofiltration data from Dumont et al. (2012) for a closed bed biofilter,
with an inert packing material, namely expanded schist, for H,S degra-
dation (e.g. air purification). Three granular porous media models were
investigated and compared using Excel solver to predict the porosity
change and biofilm thickness over time.

The first model investigated by Dumont et al. (2016) is the notable
modified Ergun equation, proposed by Morgan-Sagastume et al. (2001),
ie.

Ap Al —e)? B(l-¢) ,
== = + , 1
L 3.6 ¢2 dSZ naq €3A6¢ds ra @

where Ap is the streamwise pressure drop over a packed bed length of
L, q is the magnitude of the superficial velocity, e is the porosity, u the
fluid viscosity, p the fluid density, ¢ the sphericity and d, the particle
diameter. The coefficients A = 180 and B are empirical, where the lat-
ter is said to vary with particle surface roughness. Surface roughness
refers to the microscopic irregularities on the surfaces of particles and
is usually introduced as a constant (mostly empirically based) that lacks
physical meaning. Due to the complexity and size of the irregularities,
it has remained a challenging task to quantify its contribution to the
pressure gradient.

The capillary-tube model, forming the basis of the Ergun equation,
has also been used extensively in the field of fractal analysis to pro-
vide permeability models involving analytical fractal parameters in-
stead of empirical curve-fitting parameters. In the fractal models the
pore (or grain) size distribution and tortuosity are defined by fractal
dimensions in order to describe the inherent complex and irregular na-
ture of the pore space. The first permeability model was provided by
Yu and Cheng (2002), followed by a notable improvement by Xu and
Yu (2008). The latter two studies form the foundational framework of
the majority of fractal models that followed in the years thereafter. Hu
et al. (2020), for instance, adapted the fractal permeability models of
Yu and Cheng (2002) in combination to that of Xu and Yu (2008) by
providing an alternative expression for the total length of the porous
medium together with a maximum pore diameter for both a loose and
compact cluster of particles. In order to account for particle surface
roughness of granular porous media, Yang et al. (2015) introduced the
relative roughness, proposed by Yang et al. (2014) for rectangular mi-
crochannels, into the capillary-tube model. Wu and Yu (2007),Huang
et al. (2020) and Xu et al. (2024) have presented fractal models for
predicting the pressure drop over granular porous media, applicable
to both the Darcy and Forchheimer flow regimes, but excluding the
effect of particle surface roughness. Xiao et al. (2023), furthermore,
adapted the fractal permeability model of Xu and Yu (2008) by incor-
porating the effect of converging and diverging capillaries as well as
the fractal roughness parameter proposed by Yang et al. (2014). Fractal
models have also been developed for other types of porous structures.
Xiao et al. (2021) have, for example, presented a fractal model for fi-
brous media by considering flow through a single tortuous capillary of
which the surfaces are rough. Tu et al. (2024), furthermore, provided
a fractal permeability model for tree-like branched networks consist-
ing of non-uniform capillary diameters. The drawback of the fractal
models is, however, that it is often extremely difficult to assign values
to the fractal parameters in compliance with the physical measurable
parameters.

Another model investigated by Dumont et al. (2016) is the pres-
sure gradient model developed by Comiti and Renaud (1989) for paral-
lelepipedal particles.

The third model investigated is the granular rectangular Representa-
tive Unit Cell (RUC) model, developed over the years by, amongst oth-
ers, Du Plessis and Masliyah (1991), Du Plessis (1994) and Du Plessis
and Woudberg (2008). The model was developed to serve as an analyt-
ical derivation of the empirical Ergun equation. The pressure gradient
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predicted by the RUC model is given by

Ap 254(1 —e)*/3
T = S Hq
@2 a!S2 <1 -1 —e)'/3> <1 -1 —6)2/3>
acy(1—¢€) . pqz, @

2¢dse<l—(l—€)2/3>

where ¢; = 1.9 is an interstitial form drag coefficient and « is a particle
roughness coefficient of which the value is assigned to be in accordance
with the coefficient B in the modified Ergun equation (i.e. Eq. (1)). The
objective of this study is to assign physical significance to this parameter
in order to be consistent with the analytical modelling procedure in the
derivation of the RUC model.

In the study of Dumont et al. (2016), the value for B was treated
as a tuning factor for the modified Ergun model (ranging from 1.62 to
4.95) and corresponds to the product of a ¢, for the RUC model, which
was kept constant over time. Dumont et al. (2016) mentioned that it
would be beneficial to have the latter product vary over time for better
prediction of the porosity, since surface roughness is a dominating factor
in biofilm-development according to Van Loosdrecht et al. (1995). This
served as another motivation to investigate the quantification of the
surface roughness parameter based on physical reasoning.

A follow-up study was done by Woudberg et al. (2019) to adapt the
existing granular RUC model (i.e. Eq. (2)) to take biofilm development
into account. This was done by adapting the biofilm-affected porosity €,
and biofilm thickness L, relationship proposed by Alonso et al. (1997),

L\?3 L,\%2/ L
ef=1—(1—eo)[<1+¢—;> —2(4}—2) <2¢—2+3>], (3)

by introducing the sphericity, where R is the radius of a spherical par-
ticle, ¢, is the initial bed porosity and » is the coordination number.

Dumont et al. (2016) calculated the sphericity using Excel solver
with the modified Ergun equation, together with experimental data on
the first day when no biofilm was yet present. They calculated the
sphericity to be ¢ = 0.85 and kept this value constant over time, whilst
changing the tuning factor B in order to account for surface roughness.
This implies that the biofilm development did not change the shape of
the schist particle over time. Dumont et al. (2016) do, however, men-
tion that if a larger variation in porosity due to biofilm development is
observed over time, then a variable sphericity should be considered.

Woudberg et al. (2019) kept the roughness constant and varied the
sphericity over time. They quantified the sphericity for a cluster of par-
ticles in contact with each other and with biofilm overlap in terms of the
biofilm thickness and coordination number and mentioned that the ef-
fect of the sphericity on the biofilm-affected porosity and pressure drop
predictions is considerable.

The modelling integration of the pressure drop equations and
biofilm-affected porosity is achieved by replacing the porosity in
Egs. (1) and (2) with the biofilm-affected porosity, as given by Eq. (3).
Egs. (1) and (2) then become

Al —e;)? B(l-¢
¥= i;ﬂ.ﬁd?f) Ha+ %ﬁdf)pcf, 4
and
Ap 254(1—ep)*3
I - 7 Ha
¢2dg(1—(1—e_f)1/3><1—(1—ef)2/3>
acy (1—e€y) i ol ©)

2¢d,e, (1 - —ef)2/3>

respectively, with ¢, = 1.9 and « = 2.

Chemical Engineering Science 318 (2025) 122185

As noted earlier, Woudberg et al. (2019) varied the sphericity, whilst
keeping the roughness constant. Note that the sphericity is not included
in Eq. (4). They worked with an upper and lower bound for ¢ (i.e.
0.5 < ¢ <1) for the granular RUC model, however, kept the value of
¢ constant for the modified Ergun equation. They noticed that the mod-
ified Ergun equation did not predict the data accurately in the later
stages of biofilter operation and contributed this to the lack of a variable
sphericity and surface roughness. Furthermore, they concluded that the
average range of sphericity for which the RUC gives the most accurate
predictions is 0.6 < ¢ < 0.8, which is less that the suggested sphericity of
¢ = 0.85 used by Dumont et al. (2016). No explanation as to why certain
sphericity values work better than others was offered. Woudberg et al.
(2019) suggested that the influence of surface roughness in combination
with the sphericity is worthwhile to investigate.

This study serves as an extension and present novel approaches to
the work done by Dumont et al. (2016) and Woudberg et al. (2019)
by (i) providing physical meaning to the empirical roughness parame-
ter used by Dumont et al. (2016) as a fitting parameter and also to the
constant particle roughness coefficient introduced by Woudberg et al.
(2019) into the RUC model and (ii) providing a first-order approach for
introducing the interdependence of sphericity (or shape factor) on the
surface roughness, which was kept constant by Dumont et al. (2016),
but varied independently to a constant particle roughness by Woudberg
etal. (2019). This will be done by deriving a roughness factor from phys-
ical principles as a function of the average roughness height, number of
roughness elements, average particle shape factor, average particle di-
ameter and porosity. This step in the analytical modelling procedure
adds originality to this study.

Section 2 presents the adapted analytical RUC modelling procedure
as well as the adapted model geometry to include the effects of surface
roughness on the pressure drop. Section 3 gives an outline of the exper-
imental procedure followed in order to measure and quantify the par-
ticle surface roughness. The model validation is presented in Section 4,
based on the experimental data sets of Allen et al. (2013) involving air-
flow through rough wooden cubes and Dumont et al. (2012) for H,S
biofiltration. Finally a sensitivity analysis is provided in Section 5 to
investigate the influence of key parameters on the model predictions.

2. Adapted RUC model

Surface roughness is difficult to characterize and model with pre-
cision. Gadelmawla et al. (2002) provide mathematical definitions of
about 59 roughness parameters and divide them into three categories,
namely, amplitude, spacing and hybrid parameters. Amongst the am-
plitude parameters, the arithmetic average height (R,) and root mean
square or rms (R,) roughness are the most commonly used and defined
parameters.

Most rough surfaces in modern days are classified as “self-affine” or
“self-similar”, with the former being the general concept. Self-affinity
refers to fractal structures that scale differently in different directions,
whereas self-similar structures scale uniformly in all directions. Self-
affine structures are very complex and are generally characterized by
at least two parameters, namely a rms roughness amplitude and lateral
correlation length (Palasantzas and De Hosson, 2000).

In practice it can be difficult to obtain all these roughness parame-
ters from sample measurements and in analytical modelling it is often
difficult to incorporate them. For self-affine surfaces often the “degree
of roughness” is introduced through a roughness exponent and this is
even more difficult to quantify analytically.

This study incorporates a simple geometric adaptation to character-
ize and model roughness by using the amplitude parameter R,, defined
as the average height of roughness elements 4,,,, as the only roughness
parameter.

The geometric adaptation comprises of representing the surface
roughness as microscopic cubes (or roughness elements) added onto the

avg>
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Fig. 1. Granular RUC model including surface roughness.

surface of the existing granular RUC solid, as schematically illustrated
in Fig. 1.

In Fig. 1, U, denotes the total (fluid and solid volume in the RUC,
U, is the total fluid volume and U, the total solid volume. The cell size
of the RUC is represented by d.) Although the roughness elements are
indicated only on the top surface of the solid in Fig. 1, the following
assumptions is made:

Assumption 2.1. The roughness elements cover all six faces of the solid
cube in the RUC model.

Assumption 2.2. The distribution of roughness elements on the total outer
solid surface will not be accounted for, only the total number of elements (as
an order of magnitude estimate).

Assumption 2.2 implies that self-affinity is excluded and thus implies
that the lateral correlation length between roughness elements need not
be accounted for in calculations, as well as an exponent for the “degree
of roughness”.

It is important to note that the solid cube in the RUC model repre-
sents the average solid geometry of the real granular porous medium.
For the sake of completeness, the derivation of the pressure gradient
prediction of the existing granular RUC model (Du Plessis and Woud-
berg, 2008) is given in Appendix A. The proposed adapted geometric
RUC model is based on the following assumption:

Assumption 2.3. The added roughness elements contribute to the total
outer surface area of the solids (particles) and do not contribute to the total
volume of the solids.

The justification of this assumption is in noting that the microscopic
elements are sufficiently small (i.e. micrometers) in comparison to the
granular solids (i.e. millimeters), so that their contribution to the to-
tal volume of the solids is negligible. However, the surface area of the
elements in comparison to the total surface area of the solids is not in-
significant and this contribution will be taken into account.

In comparison to the existing (smooth) granular RUC model, As-
sumption (2.3) implies that (i) the definition of the porosity e does not
change, (ii) the particle diameter d, does not change, and (iii) the RUC
dimension d does not change (see Fig. 1). All the geometric RUC parame-
ters that change as a result of the roughness will be indicated with a “*”
as opposed to the smooth/non-affected parameters indicated without
a “*”, i.e. representing the same notation used for the existing model.
The surface roughness will be incorporated into the total streamwise
surface area Sl*, the total transverse surface area S7, the total cross-
sectional area of the solids “facing” upstream S;im, and the geometric
factor y*. The average streamwise wall shear stress 7, (Eq. (A.5)) is
also affected by the added roughness, but specifically through the aver-
age streamwise pore velocity w), which, in turn, is defined in terms of

y. The roughness is therefore explicitly incorporated into y and implic-
itly into 7, - The “smooth” parameters of the model of Du Plessis and
Woudberg (2008) are defined in Appendix A, which provides a short
summary of this model. Adapting Eqs. (A.7) and (A.9) in Appendix A
for the Darcy and Forchheimer regimes, respectively, yields

* *

£=—6(Sl‘+ﬁ§Sl)w—ﬁﬂq (6)
L d-dyd> e "7
and

S *2
Ap facell/ 2
— =—c . 7
L 28U, aP4d )

Note that the pore width d — d, as well as the total RUC volume
U,, the RUC solid volume Uj, and the RUC fluid volume U, indicated
in Fig. 1, remain unchanged due to Assumption 2.3. The coefficient f
was introduced by Du Plessis and Woudberg (2008) to account for the
difference in the average streamwise and transverse channel velocities
in the RUC model and the geometric coefficient ¢ for the reduction in
tortuosity as a result of the splitting of the streamtube in the transverse
channels of a staggered array.

Since the model does not account for the distribution of roughness
elements on each face of the RUC solid, but rather the quantification
thereof in terms of added surface roughness, Assumption 2.4 is made:

Assumption 2.4. There are k identical roughness elements on each face of
the granular RUC model, where k is merely an order of magnitude estimate,
represented as a positive integer.

Let each cubic roughness element have a dimension of ,,,, representing
the average measured height of the real rough packing material. As a
result of Assumption 2.1, there is a total of 6 k roughness elements on
the RUC solid. A value of k = 0 represents a smooth surface with no
roughness elements. The procedure of determining an upper and lower
bound for k will be outlined in Section 4 for different experimental data
sets.

The 2D cross-sectional area of the RUC solid is a square with \/Z
roughness elements on each side. There is a total of 4\/E roughness el-
ements on the solid perimeter. Recall that it is assumed that d, remains
unchanged, irrespective of the additional h,,, introduced through the
roughness elements.

A single face of the existing granular RUC solid has a surface area of
d?. If an arbitrary face of the solid is viewed in a perpendicular manner
after the addition of roughness elements, the face will look identical to
that of a smooth face, however, additional surface area emerges from
the four side faces of each individual roughness element. The total ad-
ditional surface area that results from roughness elements per face of

the rough RUC solid are thus 4 k h? v and the total additional volume

3
avg*®

avg

of roughness elements per face of the rough RUC solid is hence k &
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As mentioned, this volume is assumed to be negligible compared to the
total volume of the RUC solid.

After the additional surface area of the roughness elements is added
to each face of the solid, the total streamwise surface area becomes S} =

Il
4(d} +4kn,). It hence follows that

4kn?
5 _ avg \ _
S” —S” <l+ 7 > —S”(1+5), (8)
N

where

4k hgvg
o= 7 (C)]
Including the sphericity into Eq. (9), yields

4kh2,
5= . (10)

It results in a similar manner that the total transverse surface area
becomes S* =2 (d? + 4 k hZ »¢)- After factorization and simplification, it
follows that

4kh2,,
St=8, <1+ e >:SL(1+5), 1)

s

where the expression for § is given by Eq. (9).

Incorporating the extra surface area to S, as a result of surface
roughness, yields S, =d}+4kh, . After simplification it follows
that

ace

2
avg

. 4k
Sface = Sfllc'e <1 + 42
N

Accounting for the additional surface area of the roughness elements,
the streamwise cross-sectional area becomes A% =d* —d; -4 Vi U3

) =8 400 (1 46). (12)

Expressing y* in terms of Ap*” yields (see Appendix A)

Uy a3 —d? €
vi= o= - = —. (13)

@ -d2-akn,nd s szhavg
from which it follows that

1 1
* = = , 14
v Wl 4V g Y1-0 )
d? [(1—@*2/3—1]
where
4k h?,

c e (15)

2 [(1 —e)2/3 - 1]

For the adapted RUC model of the present study, ¢ will be called the
“average particle shape factor”, instead of the “sphericity”. For a bed
of uniform particle shapes, the term sphericity, which is indeed also a
shape factor, can be used in the proposed RUC model prediction. How-
ever, for a bed of nonuniform particle shapes, the sphericity rather rep-
resents an average shape factor, with some properties similar to that of
the sphericity, but others not, as will be outlined in the remainder of
this study. The average property also complies with all the other RUC
model input parameters, since the whole concept of the RUC model is
to represent the average pore-scale geometry. The average shape factor
should therefore not be regarded as an exact value related to a specific
particle shape. For beds of uniformly shaped particles it does, but not
generally for nonuniform shapes. Including the average particle shape
factor into Eq. (15), yields

4 \/Ehgvg
(¢d,)? [(1 —e)2/3 - 1]

(16)

o=

Note that the average shape factor was introduced in the same way as
the sphericity into the predictive equations, i.e. by multiplyingthe parti-
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cle diameter by this factor. In the next subsection the pressure gradient
predicted by the granular RUC model with roughness included will be
obtained for the Darcy and Forchheimer flow regimes.

2.1. Darcy flow regime

Substituting Egs. (8), (11) and (14) into Eq. (6) after which the average
particle shape factor is incorporated, leads to

Q_6(5H+ﬁé‘sl)w_2[ 145 ]
L~ Wd—dyd® e |a-—o2|H?

a7

Following the same analytical modelling procedure as with the deriva-
tion of the existing model and incorporating the expressions for
v, S|, S1.d,, f and &, the resulting pressure gradient for the Darcy flow
regime, including roughness and average particle shape factor, can be
written as

A 25.4(1 —e)*/3
2= =2 S Rud, as)
(¢d5)2<1—(1—6)'/3><1—(1—6)2/3>
where
_ 1446
R=0or

o)/ ()

= 19

2
[1 - <4 \/Ehiug>/<[¢ds]2[(1 — o2 - 1]>]

is the roughness factor, which is a function of the average roughness
height, number of roughness elements, average particle shape factor,
average particle diameter and porosity.

2.2. Forchheimer flow regime
Substituting Eqgs. (12) and (14) into Eq. (7), yields

1+6

A[) _ Sface W2
(1-0)?

2
= c . 20
2 200, P4 (20)

Incorporating the expressions for Sy, U,, ¥ and d;, the resulting pres-
sure gradient for the Forchheimer regime including roughness and av-
erage particle shape factor, leads to

cy(1—¢)

2
2 <1 - —6)2/3> ed3/2d;

Ap

Rpq* 21
3 rq, (21

where R is also given by Eq. (19). Note that the average particle shape
factor in Eq. (21) has a different power to that of Eq. (5), which has a lin-
ear power in ¢. The reason is due to the interstitial form drag coefficient
¢, also being adapted in this study to include the average particle shape
factor, since the form drag coefficient is generally shape-dependent. The
previous constant ¢, is replaced by c,/¢'/?, hence producing ¢3/? in
Eq. (21).

Fig. 2 shows ¢; = ¢, ¢" versus ¢ for v = —1 and v = —0.5, respectively,
together with a starting value of ¢, = 1.9 (assigned by Du Plessis and
Woudberg, 2008.

The reason for the choice of negative powers is because it is expected
that ¢, should increase with a decrease in average particle shape factor.
The value of v = —1 produces a 25 % increase in ¢, at an average particle
shape factor of ¢» = 0.8. Using a value of v = —0.5 yields an increase of
12% in ¢, at the same average particle shape factor value. The latter
more conservative power of dependence is deemed more realistic and
will thus be used in this study.
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Fig. 2. Power analysis of interstitial form drag coefficient and average particle
shape factor product.

2.3. Combined flow regimes

Combining the expressions for the Darcy (Eq. (19)) and Forchheimer
(Eq. (21)) flow regimes yield the resulting pressure gradient prediction
for the granular RUC model including surface roughness, i.e.

Ap _ 25.4(1 — e)*/3
L 2
(pdy)? (1 - —e)1/3> (1 —- 5)2/3>

cg(1—e) 5

5 Rpq.
2 (1 —(1 —6)2/3> e3/2d,

Ruq

(22)

Eq. (22) can be used to predict the pressure gradient for rough
isotropic granular porous media. It is evident from Egs. (10), (16)
and (19), that setting either k or 4,,, equal to zero would result in 6 = 0
and ¢ = 0, yielding R = 1, thus representing smooth particle surfaces.

In order to make Eq. (22) applicable for predicting the pressure drop
over a biofilter, the porosity must be adapted by incorporating Eq. (3)
to account for biofilm development (i.e. biofilm thickness) and this will
be done in Section 4. In the next section the experimental procedure
followed for measuring the average surface roughness of the granular
packing material used in the experiments of Dumont et al. (2012) will
be discussed.

3. Experimental results

Dumont et al. (2012) investigated the performance of expanded
schist as packing material for H,S biofiltration to determine, for in-
stance, its removal efficiency. The expanded schist was chosen due to
its homogeneous shape and size distribution, with an average diameter
of 10 mm. Three biofilters were studied by Dumont et al. (2016) with
expanded schist as packing material and operated for 107 days. As in
the study of Woudberg et al. (2019), only the experimental data pro-
vided for the first biofilter will be used in this study. On days 0, 19,
39, 57, 71, 92 and 106, the following experimental data were recorded:
pressure drop values, volumetric flow rates, from which the superficial
velocity values are calculated, as well as the porosity.

A confocal microscope was used to capture the surface topography.
Three expanded schist samples were randomly selected, and based on
the degree of roughness, labelled as “rough”, “medium” and “smooth”.
The “smooth” sample is still rough, but has the least roughness (from
what the eye could see) compared to the other two samples.

To ensure accurate height measurements, samples were mounted as
flat as possible on an adjustable base plate, reducing z-step variations
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Fig. 3. Gold coated expanded schist sample (left) versus non-coated sample
(right).

during data acquisition. A smooth plate served as a reference. Data anal-
ysis was performed using pSurf software from Nanofocus to determine
the arithmetic absolute average roughness R, based on three roughness
measurements. The samples were gold-coated using a DC sputter coat-
ing system to enhance light reflection for improved confocal imaging as
shown in Fig. 3.

Although the lateral resolution is theoretically limited by the light’s
wavelength, in this study, it was constrained by the objective lens’ field
of view and the CCD camera’s pixel density. The confocal data under-
went plane correction to remove background irregularities and compen-
sate for sample tilt, ensuring a more accurate representation of surface
features.

The average roughness height value is indicated in Fig. 4 and defined
as

L
R, = l/ |r(x)|dx , (23)
L Jo

where r(x) denotes the roughness height in the vertical y direction over
a displacement in the x direction over a total measuring distance L. The
pSurf software makes use of the DIN EN ISO 4287 standard when calcu-
lating the finite lateral correlation length. The total measuring distance
L is divided into sub-lengths /, such that L = 5/. The R, value differs
from the RMS (root mean square) roughness value R, which is defined
as

L
R, =1 - /0 (r(x))2dx. 24)

The R, value is easier to define and measure than R, and gives a good
general description of height variations for roughness elements (Gadel-
mawla et al., 2002). Furthermore, R, is not as sensitive to small changes
in the roughness profile compared to the R,. The former, less sensi-
tive parameter R, is used as the preferred roughness parameter for this
study.

Fig. 4. Average roughness computed with pSurf.
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Fig. 5. Confocal height measurements of “rough”, “medium” and “smooth”
schist samples.

The R,-values obtained for the three samples are shown in Fig. 5.

The average R,-value for the “rough” sample is 2.1 um and 1.8 um
for both the “medium” and “smooth” samples. The R,-value for the
“medium” sample is slightly higher than that of the “smooth” sample
when decimal values are included. The roughness values could be mea-
sured accurate to four significant figures. The average R,-value calcu-
lated from the three samples is 1.9 pm. This value will thus be used as
the h,,,-value in the RUC model prediction.

avg

4. Model validation

In this section the pressure gradient prediction of the granular RUC
model including surface roughness (given by Eq. (22)) will first be val-
idated against the experimental pressure gradient data obtained from
Allen et al. (2013) for airflow through a packed bed of wooden cubes.
Thereafter, the model will also be compared to the experimental data
obtained from Dumont et al. (2012) as well as to Eqgs. (4) and (5), sim-
ilarly as was done by Woudberg et al. (2019) for the existing granular
model taking e, and ¢ into account.

4.1. Data of Allen et al. (2013)

The wooden cubes investigated by Allen et al. (2013) are uniform,
each with an equivalent particle diameter of 16.2 mm and measured sur-
face roughness of 7 um. The objective was to investigate the effect of
particle shape on the pressure drop. They compared their obtained ex-
perimental data to an empirical friction factor model for smooth spheres
and found the model to under-predict the data by almost 200%. The em-
pirical friction factor f is obtained from their own experimental data
for randomly packed smooth spheres (i.e. glass marbles) as well as ex-
perimental data obtained by Kays and London (1984), also for smooth
spheres, yielding

_Ap 1 e

P 4LV, 172 436
L (pg?/2) (1—€) TA, Re

+ Re0-127 (25

with the Reynolds number Re defined as
pa IV,

Re=4 ——— ——.
ul-e ZA,

(26)
In Egs. (25) and (26), v, and A, represent the total volume and surface
area of the particles, respectively, and XV, / A, represents the pore size,
rather than an equivalent particle size.

Allen et al. (2013) expressed the friction factor for the Ergun equa-
tion fg,, as
Ap 1 e 4TV, 8150 4

T o) T-a%A, “9 R T3 )

fErgz
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Fig. 6. Log-log plot of the friction factor versus Reynolds number for rough
wooden cubes (Allen et al., 2013).

The friction factor for the RUC, model fryc, (given by Eq. (22))
can similarly be expressed as

f _ ﬂ 1 €3 421/[,
RUC =L Gg?/2) (- 14,

_8 254(1-e*3 R 1

"9 2 Re

¢? <1 - —6)1/3> <1 -(1- 6)2/3> (1-e)?
2
R
2 Ca € (28)

5,
2¢3/2<1—(1—e)2/3>

with R defined by Eq. (19) and Re defined by Eq. (26).

Fig. 6 shows the experimental data of Allen et al. (2013) for the
friction factor f versus Reynolds number Re for rough wooden cubes.
Egs. (25), (27) and (28) are plotted for comparison and it is clear that f
(i.e. Eq. (25)) and SErg (i.e. Eq. (27)) under-predict the data. Allen et al.
(2013) report that for 50 < Re < 100, f under-predicts the data by 85 —
90 % and for 1900 < Re < 2300 it under-predicts the data by 180 — 185 %,
which is rather significant. Allen et al. (2013) attribute it to the particle
shape.

The fruc, model includes the effects of surface roughness as well
as particle shape, i.e. through the average particle shape factor (refer
to Eq. (28)). A value of ¢ = 0.81, used by Allen et al. (2013), was also
used in the fryc, model, since the packed bed consists of particles of
uniform shape. The roughness can be calculated by using Eq. (19) and
specifying values for k and h,,,. The calculated value of h,,, =7 pm,
given by Allen et al. (2013), was used together with the equivalent par-
ticle diameter of d; = 16.2 mm provided. The only unknown parameter
in the fryc, model is the number of roughness elements k. In Fig. 6 the
model predictions are shown for both k = 10° and k = 10°. The number
assigned to k should once again be treated as an order of magnitude
estimate and should align with Assumption 2.4. The following analysis
proves this to be the case for the chosen parameter values:

Consider the volume and surface area of the RUC solid. The total
volume of the RUC solid with roughness is U, = d] + 6k h;,, and the to-
tal surface area is S, = 6d; +6(4k h}, ). The values of h,,, =7x 107
m and d, =0.016 m are fixed and using k = 10*, with x =6 as an
arbitrary estimate, a volume of U, = d] +6khj,, =4.1x 107 + 2.1 x
10°m3 ~ d? is obtained. The same argument holds for the smaller
value of k= 10°. This implies that the added volume due to parti-
cle roughness is negligible. The surface area is S, = 6d% + 24 k h2 g =
1.5%x 1073 + 1.2 x 1073 m?, and since the contribution of both the par-
ticle solid and roughness elements have the same order of magni-
tude (i.e. 1073), the surface area of the roughness is not negligible in
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this case. A value of k = 107 is excluded since it yields a surface area
of S, = 6d; + 24kh},, = 1.5x107 + 1.2x 107> m?, which implies that
the surface area of the roughness elements has a higher order of magni-
tude than that of the solid itself. This would be unrealistic. An order of
magnitude lower than 10° yields insignificant roughness values for this
experiment and are thus also excluded. The upper and lower bounds for
k, i.e. 10° and 10° are substituted into Eq. (19) to determine the corre-
sponding R-values, yielding 2.2 and 1.1, respectively. It is evident from
Fig. 6 that the two model predictions satisfactorily enclose the data. It
can thus be concluded that the roughness value should lie somewhere in
between 1.1 and 2.2 and accounting for the particle shape alone would
prove inaccurate. The average relative percentage errors (ARPE’s) are
given in Table 1 for the different model predictions shown in Fig. 6.
The ARPE of the higher and lower fryc, model predictions are close
in magnitude and lower than that of the other model predictions consid-
ered. The fryc, model, originating from Eq. (22), thus shows compe-
tence in the prediction capabilities with the inclusion of roughness and
the average shape factor.

Table 1
Average relative percentage errors (ARPE’s) calculated for friction factor model
predictions with respect to experimental data of Allen et al. Allen et al. (2013).

Model ARPE (%)
f 58
f Erg 57

fruc, R=11,k=10%) 28
fruc, R=22,k=10% 38

4.2. Biofiltration data of Dumont et al. (2012)

Fig. 7 shows the pressure gradient divided by the superficial veloc-
ity (Ap/(L q)) for the first day (i.e. day 0) of measurements. On this
day there was no biofilm present and hence L, = 0. This, in turn, im-
plies that the biofilm-affected porosity is equal to the initial porosity, i.e.
€7 = €y = 0.423. The model predictions presented in Fig. 7 are Eq. (22),
labelled as RUCy, Eq. (5), labelled as RUC,, and Eq. (4), representing
the modified Ergun equation. Note that the average shape factor is taken
to be one (¢ = 1) for the RUC, model on day 0, to serve as a reference.
It will, however, not be incorrect to say that the average particle shape
factor on day 0 being equal to 1 represents that of a sphericity equal to
1, thus assuming the average particle shape on day zero is spherical. It
is indeed true, that for a cubic shape, with lower ¢ value, the outer solid
surface area is larger than that of a sphere (if the cubic dimension is set
equal to the radius of the sphere) and hence the surface roughness also
increases, but this is not true for all particle shapes.

For the RUC, model an initial value of ¢ = 0.85 on day 0 was cho-
sen for this model to be in consensus with the sphericity calculated by
Dumont et al. (2016). From Fig. 7 it can be seen that the slope of the
RUC, model is in good agreement with that of the experimental data,
but under-predicts the data. The slope of the modified Ergun equation,
however does not follow that of the data and over-predicts at higher su-
perficial velocity values, whilst providing accurate predictions at lower
superficial velocity values.

In order to calculate R, estimated values of k need to, once again, be
determined. The same procedure of an order-of-magnitude analysis was
followed as in the case of the model validation with the data of Allen
etal. (2013). In this case, the values of &,,, = 1.9 x 10" m and d, = 0.01
m are fixed. For k = 10%, with x = 7 the added volume due to particle
roughness is, once again, negligible. The surface area of the roughness is
again found to be significant. An estimate of k = 10 results in a surface
area of the roughness elements to be of a higher order of magnitude
than that of the solid itself, which is unrealistic. An estimate of k = 107
as order of magnitude is thus used as an upper limit in this case. An
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Fig. 7. Pressure gradient prediction divided by superficial velocity versus su-
perficial velocity for day 0.
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Fig. 8. Sensitivity analysis of k on day 0.

order of magnitude lower than 107 yields insignificant roughness values
for this experiment and are thus also excluded. Fig. 8 shows the pressure
gradient divided by the superficial velocity on day 0 for values of k = 10°
and k = 10".

An order of magnitude estimate of k = 105, yields a R-value in the
order of unity and hence does not yield a sufficient increase in surface
roughness to provide accurate predictions on day 0. The significantly
lower pressure gradient divided by the superficial velocity predictions
is also evident in Fig. 8. It can be concluded that the order of magni-
tude for the number of roughness elements has a significant effect on
the roughness and hence also the pressure gradient divided by the su-
perficial velocity predictions. The estimate of k = 107 thus proved to be
adequate, and just to, once again emphasize, is merely an order of mag-
nitude estimate, rather than an exact value. The value of 107 for k has
been used in Eq. (19) to determine the value of R, which is used in
the RUC, model prediction for all the days of biofilter operation. The
pressure gradient prediction provided by the RUC; model is also shown
in Fig. 7. An average relative percentage error of 3 % is obtained with
respect to the experimental data.

Figs. 9-11 show the pressure gradient divided by the superficial ve-
locity versus the superficial velocity for the remaining days of the ex-
periment (i.e. days 19, 39, 57, 71, 92 and 106). The RUCy, RUC, and
modified Ergun model predictions are again compared to the experi-
mental data. On these days biofilm was present and allowed to develop
freely. The porosity values on each day of biofilter operation is given
in Table 2. These values were determined experimentally by Dumont
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Fig. 9. Pressure gradient divided by superficial velocity versus superficial ve-
locity for (a) day 19 and (b) day 39.

et al. (2012). The biofilm-affected porosity values (i.e. e -values given
in Table 2) were determined theoretically by using Eq. (3), together
with a coordination number of n = 7 (Woudberg et al., 2019), the ini-
tial porosity ¢, = 0.4230, a particle radius of R = 5mm and the biofilm
thickness values L, (also given in Table 2 for the respective days). The
coordination number and biofilm thickness values were determined by
Dumont et al. (2016) and used by Woudberg et al. (2019) in their pre-
vious study. The latter values are also used in this study for the model
predictions. Hence the calculated e ,-values are used in the modified Er-
gun, RUC, and RUCy, equations for the pressure drop predictions. Note
furthermore that an increase in R does not imply that the particles are
getting rougher over time (i.e. biofilter operation) since a constant value
is used for h,,, in Eq. (19), but rather that the effect of surface rough-
ness is increasing. This is consistent with the findings of Dumont et al.
(2016) and Woudberg et al. (2019).

Recall the RUC, and RUC, models have been adapted to account
for surface roughness as well as sphericity (or rather average particle
shape), whilst the modified Ergun equation only accounts for surface
roughness. Recall, furthermore, the RUC, and modified Ergun equations
have fixed roughness values, whilst the RUC, model includes the vari-
able roughness factor. In the present study, both parameters are allowed
to vary.

In Figs. 7-11 it is evident with regards to the experimental data
points, that not only is there a clear increase in each pressure gradient
divided by superficial velocity value over time for the same superficial
velocity for the different consecutive days, but the overall slope of the
data increases as well. This increase implies that the flow experiences
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Fig. 10. Pressure gradient divided by superficial velocity versus superficial ve-
locity for (a) day 57 and (b) day 71.

Table 2
Summary of important parameters.

Days ¢ €f L, (m) 1) R ARPE’s (%)
0 0.423 0423 0 1.00 245 3

19 0.388 0.385 1.12x10™* 1.00 245 10

39 0.405 0.397 7.30x10 095 261 7

57 0.409 0.392 8.20x10> 090 279 2

71 0.411 0.397 6.40x10 0.85 3.01 8

92 0.392 0.377 1.22x10™* 090 2.79 13

106 0.398 0.371 1.39x10™* 0.90 2.79 -4

more resistance over time due to biofilm development. Woudberg et al.
(2019) concluded that the increase in the slope of the data is due to
a decrease in sphericity caused by the biofilm development and surface
roughness not accounted for. This was justified by the fact that the mod-
ified Ergun equation with constant roughness and sphericity of ¢ = 1,
fails to predict the change in data over time. This modified Ergun equa-
tion over-predicts the experimental data on day 19, corresponds well
on day 39 and then under-predicts on days 57 to 106. The slope of the
modified Ergun equation, however, corresponds well to that of the data.

Figs. 7-11 show that on day 19 the RUC, model under-predicts and
over-predicts the data for low and high superficial velocity values, re-
spectively, corresponds well to the data on day 39, and under-predicts
the data further on, with an exception on day 92. On day O the model
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Fig. 11. Pressure gradient divided by superficial velocity versus superficial ve-
locity for (a) day 92 and (b) day 106.

commences with a sphericity of ¢ = 0.85. Note that no biofilm was yet
present on this day. This value drops to ¢ = 0.80 on day 19, ¢ = 0.70 on
day 39 and then ¢ = 0.65 for the remaining days, with an exception on
day 71, where it had a value of ¢ = 0.60. The sphericity values for the
RUC, model presented here are ones chosen by Woudberg et al. (2019)
to yield the best fit to the experimental data. The variable sphericity
could be justified by the dynamic development of biofilm around more
than one particle thus forming clusters of particles that deviate from
the spherical shape. These ¢-values are rather low in comparison to
the value of ¢ = 0.85 calculated by Dumont et al. (2016). The RUC,
model accounting for variable sphericity and constant roughness, how-
ever, proves to be more accurate than the modified Ergun equation,
and has an average absolute relative percentage error of 7.6 %. The lat-
ter value has been calculated by adding the average relative percentage
difference values obtained for each day and then calculating the average
absolute value.

Figs. 7-11 show that the RUC;, model provides the most accurate
predictions amongst the three models considered. A summary of the
average relative percentage errors (ARPE’s) is given in Table 2. The av-
erage absolute relative percentage error for this model is 6.6 %. Also
given in Table 2 are the average shape factor values used in the RUC,
model. These values are closer to the value of 0.85 computed by Dumont
et al. (2016), than that of the RUC, model. Since ¢ represents an aver-
age value in the RUC; model, these values also seems more realistic
than those used in the RUC, model. Since a constant roughness value
was used in the RUC, model, it may be that the increase in pressure
gradient over time was over-compensated by the sphericity in the latter

10
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Fig. 12. Roughness R versus average height of roughness elements #,,,.

model. From Figs. 9-11 it can be seen that the slope of the RUC; model
corresponds slightly less to that of the experimental data than that of the
modified Ergun equation. The ARPE’s for all the days, however, are sat-
isfactory with the lowest values being on days 0, 57 and 106. It seems
that a variable roughness and average shape factor provides the most
accurate results.

Table 2 furthermore shows that the roughness factor varies between
about 2.5 and 3.0, which is significant and hence need to be accounted
for, although the biofilm thickness varies within the order of 10~* and
1073 and does not have a significant effect on the porosity.

In the next section a sensitivity analysis will be done on the RUCp
model on day 0 to investigate the effect of small changes in some model
input parameters on the model predictions.

5. Sensitivity analysis

In this section a sensitivity analysis will be done on the parameters
that influence the surface roughness R, namely, &,,,, ¢, d, and ¢ (refer
to Eq. (19)). A discussion on the justification for the choice of ¢ will also
be done. (It has already been done in Section 4 for k.)

Recall that the measured value for h,,, is 1.9 X 10~%m. Fig. 12 shows
the roughness R versus the average height of roughness elements #,,,,.
The expected increase in roughness with average roughness height is ob-
served. An increase of 5% in h,,, (i.e. from 1.9 x 107°m to 2.0 x 107°m),
yields a 6 % increase in R. Furthermore, a decrease of 5% in h,,, (i.e.
from 1.9 x 10°m to 1.8 x 10~®m) yields a decrease of 5.8% in R. The
change in R is thus moderate (if larger than 10 % is regarded as high
and below 5 % as low) for an error of +5 % in h,,,.

Fig. 13 shows the effect of small changes in R on the proposed pres-
sure gradient model RUC, as a result of an +5 % error in h,,,. The data
is plotted with 5 % uncertainty. The average increase of the model pre-
dictions in Ap/(Lg) due to the increase in h,,, is 6.1 % and the average
decrease due to the decrease in h,,, is 5.8 %. It can be concluded that
the model predictions are also moderately sensitive for an error of +5 %
in hgy,.

Fig. 14 shows the roughness factor R plotted against the particle di-
ameter d;, where d; ranges within +5 % (i.e. from 9.5 mm to 10.5 mm).
Recall that the average diameter for the expanded schist used was 10
mm. Fig. 14 illustrates that a 5 % decrease in the particle diameter yields
a 6.4 % increase in the surface roughness and a 5 % increase in the par-
ticle diameter yields a 5.6 % decrease in the roughness value. These re-
sults make sense from a physical point of view since smaller objects have
larger surface areas per unit volume.

Fig. 15 shows the effect that a change of +5 % in the particle diameter
d, has on the pressure gradient model RUCy, . Note that a change in d,
not only changes the pressure gradient through the surface roughness,
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Fig. 15. Sensitivity analysis of d; on Ap/(Lgq) for day 0.

but also directly through its incorporation in Eq. (22). It is found that
an increase of 5 % in the particle diameter yields an average decrease of
12.1% in Ap/(Lq). Furthermore, a 5% decrease in d, yields an average
increase of 14.9% in the pressure gradient. Thus, it can be concluded
that the model predictions are highly sensitive to changes of +5 % in the
measured average d; value used.

For a sensitivity analysis on the average particle shape factor, only
a decrease in percentage is considered, since ¢ = 1 is used for day 1,
which is the maximum value that this parameter can take on. Fig. 16
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Fig. 17. Sensitivity analysis of ¢ on Ap/(Lq) for day 0.

shows the decrease in roughness as the average particle shape factor in-
creases and should be interpreted as how a change in the average shape
factor influences the roughness factor. This change in average particle
shape factor is also implicitly due to biofilm attatching and detaching as
well as developing over clusters of particles during biofilter operation,
thus changing the overall average shape of the packing material. How
and to what degree these changes take place is extremely complicated
to determine, also from an experimental point of view. Table 2 shows
that the biofilm thickness increased and then decreased, followed by an-
other increase over time. The average shape factor also decreased and
increased over time, since these effects are interrelated. This, in turn,
also led to an increase and decrease in the roughness factor, following
the dependence portrayed by Fig. 16. Note that the measured average
roughness height of the schist remained constant over the different days
of biofilter operation, although the roughness “effect” changed, because
this parameter is dependent not only on the average particle shape factor
and average roughness height, but also on the average particle diameter,
porosity and number of roughness elements, which are all interrelated.
The introduction of the average shape factor should thus be regarded as
a first-order approach in understanding the complex physical phenom-
ena taking place with an operating biofilter. We can at most say from the
present analysis, that the roughness effect increases with a decrease in
average particle shape. Further experimental studies combined with in-
depth mathematical modelling analyses are required to investigate and
refine the physical dependencies of the different parameters involved.
A 5% decrease in the average particle shape factor (i.e. from ¢ =1 to
¢ = 0.95) yields an increase of 6.4 % in the surface roughness factor R.
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Fig. 17 shows the effect of a 5% decrease in the average particle
shape factor ¢ on the pressure gradient predicted by the RUC; model.
Note that ¢ influences Eq. (22) directly as well as through the surface
roughness R. It is found that a decrease of 5% in the average particle
shape factor yields an average increase of 16.4 % in the pressure gradient
ratio. It can be concluded that the model predictions are highly sensitive
to a decrease of 5% in the average ¢ value used.

The change in roughness factor for a +5 % change in ¢, is not shown
graphically, because the effect on R is negligible.

6. Conclusions

The proposed RUC;, model which accounts for the effect of particle
roughness is an improvement on the existing RUC, model, which ex-
cludes roughness and can predict the pressure gradient of the biofilter
considered with reasonable accuracy (i.e. < 10% error). It was found
that varying the roughness factor as well as the average particle shape
factor over time is a preferable approach compared to the previous ap-
proaches in which these parameters have been assumed constant. The
average roughness height of the expanded schist, used as packing mate-
rial in the biofilter, has been measured successfully. As opposed to the
former models, the average particle shape factor has been introduced in
the Forchheimer term through both the average particle diameter and
the interstitial form drag coefficient. An analytical expression is derived
for the particle surface roughness factor which is introduced into both
the Darcy and Forchheimer terms of the proposed model. The roughness
factor amounts to values of between 2 and 3, which is not negligible.
The need to take particle roughness into account is highlighted by this
study through a graphical comparison with two sets of pressure gradi-
ent data and the under-prediction of existing models which excludes
particle roughness. It was found that the roughness factor is moder-
ately sensitive (i.e. between 5 and 10 %) to the average roughness height
and average particle diameter, highly sensitive to the average particle
shape factor and is not affected by the porosity. The pressure gradient
is moderately sensitive (i.e. between 5 and 10 %) to the average rough-
ness height and highly sensitive to both the average particle diameter
and sphericity. The advantages of the novel proposed RUC, model are,
first of all, its physical adaptive capabilities to extend its range of ap-
plicability. This has been illustrated in the present study through the
originality of adding cubic surface roughness elements to the granular
RUC model, together with the introduction of a roughness factor. The
latter parameter is derived from physical principles and expressed in
terms of physical geometric parameters. The model is user friendly, in
the sense that the geometric input parameters are measurable quantities
(e.g., porosity, average particle diameter and average height of rough-
ness elements), whilst range estimates can be determined for the total
number of roughness elements and the change in the average particle
shape factor. These properties, together with their relative geometric
and mathematical simplicity, render the model favourable in compar-
ison to the fractal models for which the fractal parameters are often
significantly more complicated to assign values to in compliance with
the physical measurable parameters. Since the proposed RUC;, model
is, in addition, not fluid or packing material specific, it is applicable to
biofilters in general. Further model validation with other data sets is,
however, recommended as well as future studies to refine the interde-
pendent effect of the biofilm thickness and development on the average
particle shape factor and roughness factor. The findings of this study
have the potential to aid in the improvement of optimization in biofil-
tration systems, and contribute to a deeper understanding of surface
roughness characterization.
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Appendix A. Derivation of existing RUC model prediction

The following derivation is a summary of the model of Du Plessis
and Woudberg (2008). All the equations presented in this section come
from the work of Du Plessis and Woudberg (2008). These authors have
applied volume averaging (Bachmat and Bear, 1986) to the continuity
and Navier-Stokes equations and assumed a uniform superficial velocity,
yielding the following expression for the streamwise pressure gradient
for the Darcy flow regime

Ap S T, +ES Ty,

, Al
7 U, v (A1)

where S| and S, denote the total surface area parallel and perpendic-
ular to the streamwise direction, respectively, also referred to as the
streamwise and transverse surfaces, respectively, T, and Ty s denote
the total average streamwise and transverse wall shear stress, respec-
tively, and U, is the total fluid volume within the RUC. Furthermore,
let d = L for the pressure gradient in Eq. (A.1). The geometric coeffi-
cient ¢ represents the reduction in tortuosity as a result of the splitting
of the streamtube in the transverse channels of a staggered array. The
geometric factor y is defined as the ratio of the total fluid volume to the
total streamwise fluid volume, which can in turn be expressed in terms
of the streamwise cross-sectional flow area A, and simplified to give

(A.2)

The pore-scale linear dimensions d and d, are shown in Fig. A.18. The
porosity e is defined as the ratio of the total fluid volume U, over the
total volume of the RUC U,,, i.e. ¢ = U, /U,. It hence follows that

d,=d(1-e)/. (A.3)

The geometric factor can consequently be expressed in terms of the
RUC dimensions, as follows:

d® - d?

Y=

The relationship between the transverse average pore velocity w, and
the streamwise average pore velocity w), is defined as the coefficient
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Fig. A.18. Existing granular RUC model.

p. For flow between parallel plates a uniform distance d — d; apart, it
follows that
buwy

v (A.5)

Ty =
N

and hence 7, =§ Tuy» such that

ﬂ= S| +BES,

7 T, Ty W - (A.6)
Furthermore, since w) = qy /e and U, = d3 e, it follows that

A 6(S) +BES)) y?

2P _NTrATLU Y (A7)

L~ d—dyar et

Note that S, =442, S, =2d? and y = ¢/(1 - (1 — €)*/3). Since for the
granular RUC model g = \/5 and & =1/4 (Du Plessis and Woudberg,
2008), it follows that

Ap _ 25.4(1 —e)*/3

7 S Ha
d? <1 - —€)1/3> <1 - —e)2/3>

For the inertial flow regime, the streamwise pressure gradient is ex-
pressed as

(A.8)

H _ Sface Wz

A.9
L 263U, (A9

Cap 612 B
which results from the assumption of interstitial flow recirculation on
the lee side of a solid cube. The interstitial form drag coefficient ¢, is
inferred from the form drag condition for flow past a single obstacle in
an infinite stream. The total cross-sectional flow area “facing” upstream
is S, = d?. Hence, the streamwise pressure gradient can be expressed

as
Ap (I—e) 5
- = B CaPq,

- (A.10)
2 (1 -(- e)2/3> ed,

with ¢; =1.9 (Du Plessis and Woudberg, 2008). A superposition of
Egs. (A.8) and (A.10), yields

Ap _ 254(1 —e)*/?

L
a2 (1 -1- e)1/3> (1 —(1- e)2/3>

(1-¢)
+ 3 ¢y P42

2 (1 -(- 5)2/3> cd,

5 HY

(A.11)
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