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In an espresso-style extraction hot water (90 ± 5 �C) is driven through a coffee packed bed by a pressure
gradient to extract soluble material from the coffee matrix. Permeability is a key parameter affecting
extraction as it determines the flow rate through the bed and hence brewing and residence time. This
may alter bed-to-cup mass transfer and therefore impact brew quality.

In this work a methodology that will allow estimation of the permeability of coffee packed beds in
steady-state was developed. Fitting measured flow rate – pressure drop data to Darcy’s law resulted in
permeability values in the range of 10�13–10�14 m2. Disagreement between the experimental and
theoretical permeability, as estimated from dry measurements of particle size distribution and
Kozeny–Carman equation, was found. Bed consolidation may have a larger effect on the packing structure
than the mere decrease in bed bulk porosity. The Kozeny–Carman equation, corrected with a porosity-
dependent tortuosity according to a power law, gave a good fit of the data.
� 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/3.0/).
1. Introduction

According to the International Coffee Organisation (2013),
approximately 1.6 billions cups of coffee are consumed worldwide
everyday, making coffee beans one of the most-traded commodi-
ties. The most popular brewing methods require a pressure gradi-
ent to drive hot water (90 ± 5 �C) through a packed bed of roasted
and ground coffee to extract soluble material from the coffee
matrix (Petracco, 2001). This is the case of Italian espresso, novel
On-Demand capsule systems (pre-portioned capsules of roast
and ground coffee that are brewed using a small automatic brewer)
or, at an industrial scale, instant coffee production. In the latter
process extraction temperatures as high as 180 �C are used
(Clarke, 2001).

Significant effort has been devoted to optimise espresso-style
coffee extraction variables to meet consumers’ taste. An extraction
yield, defined as the mass percentage of roast and ground coffee
dissolved in the brew, between 18% and 22% has been proposed
as acceptable in terms of brew quality (Navarini et al., 2009).
Romani et al. (2004) found in a field study across Italian coffee
shops that between 6 and 9 g of ground coffee are typically used
in espresso-style extraction; average drink volume and extraction
yields were around 22 ml and 24%, respectively. Poor quality in
espresso brews is commonly attributed to under and over-extrac-
tion. Although the definition of these phenomena may be some-
what subjective, they have been characterised, from a sensory
point of view, by low extraction yields with an acid, sweet flavour
profiles and high extraction yields with a bitter, astringent flavour
profile, respectively (Petracco, 2001).

The influence of product formulation (i.e. botanical kind of the
beans, roasting degree, and particle size distribution) and process
variables (i.e. extraction time, flow rate, temperature and water
pressure) on the physicochemical attributes and sensory profile
of espresso brews have been widely studied, such as by Andueza
et al. (2002, 2003, 2007), Caprioli et al. (2012), Gloess et al.
(2013), Lindinger et al. (2008), Maeztu et al. (2001) and Parenti
et al. (2014). Although relevant conclusions may be drawn from
these studies (e.g. high temperatures and fine particle size distri-
butions may lead to over-extracted brews) it is also true that the
lack of a more engineering approach to the physical mechanism
driving the process has promoted some misconceptions and myths
surrounding coffee extraction. This is especially true when the role
of hydrodynamics process variables is discussed; their dependency
on other variables is subtle and is sometimes neglected. For exam-
ple, Andueza et al. (2002) studied ‘water pressure’ as a variable
that may affect the quality of espresso brews, but they implicitly
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considered it to be independent of particle size distribution,
packed bed structure, and flow rate.

In regard to the influence of hydrodynamics in the final quality
of espresso coffee, the permeability of the packed beds is a key
parameter. For a fixed pressure gradient, the permeability deter-
mines the flow rate across the bed and hence brewing time (i.e.
time required to produce a given drink volume) and water resi-
dence time; the influence of short or long contact times on mass
transfer can lead to under or over extracted brews. Therefore there
is a genuine motivation to develop predictive models to estimate
the permeability of coffee packed beds.

For low Reynolds numbers (Rep < 10) and steady-state, the per-
meability can be estimated from Darcy’s law (Bear, 1988):

Q ¼ KA
lL

DP ð1Þ

where Q is the volumetric flow rate, A the cross section area normal
to the flow direction, DP the pressure drop across the bed, l the
fluid viscosity, L the length of the bed and K the permeability of
the medium. In a packed bed the relevant length scale to calculate
Reynolds number is an estimation of the equivalent pore size of the
bed (Rhodes, 2008).

Petracco and Liverani (1993), based on the following observa-
tions, stated that espresso-style extraction takes place during the
transient regime of the flow: (i) during the first 2–3 s of extraction,
flow rapidly increased and then exponentially decreased by 60–
85%; (ii) average flow rate increased as average extraction temper-
ature decreases; (iii) increasing the pressure head above a certain
point (�5–7 bar) was found to decrease the average flow rate.
The latter observation has also been reported in chromatography
studies and was attributed to bed consolidation (Hekmat et al.,
2011). Furthermore, in hydration experiments of coffee particles
in a beaker, Mateus and Rouvet (2007) reported a dynamic swell-
ing effect due to moisture absorption by the cellulose matrix.
Despite the aforementioned non-steady state observations, perme-
ability values have been estimated using Eq. (1). In works con-
cerned with the use of stove-top coffee makers, King (2008)
found values of fluid conductance, a, (defined as the proportional-
ity factor between the applied pressure across the bed and the vol-
umetric flow rate) of 1.00 � 10�10 m3 Pa�1 s�1, which is equivalent
to a permeability value of 8.98 � 10�13 m2. This is in good agree-
ment with Navarini et al. (2009), who derived a time-dependent
permeability ranging from 7.00 � 10�14 to 4.00 � 10�13 m2, but is
significantly different from Gianino (2007), who reported a value
of 2.3 � 10�12 m2.

Permeability is an exclusive function of particle size distribu-
tion of the solids forming the bed and packing structure (i.e. bed
bulk porosity). Although this dependency has been thoroughly
investigated in many industrial applications, such as chromatogra-
phy (Hekmat et al., 2011), filtration (Tien and Ramarao, 2013), and
oil-containing geological formations (Joseph et al., 2013), to the
best of our knowledge, no work has been reported before for coffee
packed beds. Therefore the main objectives of this work are to (i)
develop a methodology to estimate the permeability of roast and
ground coffee packed beds in steady-state and (ii) evaluate and
model the effect of particle size distribution and bed bulk porosity
(effectively bed bulk density) on permeability.
2. Permeability models

A common modelling approach is to portray the bed as a bundle
of parallel capillaries in which the Hagen-Poiseuille equation is
applied. The implicit assumption of a homogenous bed (i.e. wall
effect can be neglected) remains true for bed-particle diameter
ratios P5 (Di Felice and Gibilaro, 2004). The general expression
resulting from this approach (assuming that capillaries are cylin-
drical) is given in Eq. (2). A detailed derivation can be found else-
where (Endo et al., 2002; Rhodes, 2008):

K ¼ e3
bed

2s2S2
vð1� ebedÞ2

ð2Þ

where ebed is the average bulk porosity of the packed bed, Sv the sur-
face-to-volume ratio of the packing material and s the tortuosity of
the bed; s is defined as the ratio of the actual tortuous length trav-
elled by the fluid in the bed to the geometric length of the bed.

The simplest case, where the packing material is formed by
mono-sized spheres, implies that Sv = 6/ds and s = 1.58; Eq. (2) is
then reduced to Eq. (3), known as the Kozeny–Carman equation:

K ¼ e3
bedd2

s

180ð1� ebedÞ2
ð3Þ

where ds is the diameter of the packing spheres and 180 the Koze-
ny–Carman pre-factor. If the packing material is non-spherical and
exhibits a distribution of sizes, this must be taken into account as
ds = Ud[3,2], where U is the sphericity of the material and d[3,2] is
the average Sauter mean diameter of the distribution. Eq. (3), com-
bined with Eq. (1), has been proved to make reasonable estimates of
pressure drops (errors of ±50%) for unconsolidated beds in the range
of ebed from 0.36 to 0.92 (Macdonald et al., 1979). However, as
reported in the same work, when the beds strongly deviated from
Kozeny–Carman assumptions, (i.e. consolidated beds with ebed con-
siderably lower than the theoretical 0.36 found by Scott (1960) for
random closed packed beds of mono-sized spheres), estimation
errors in the pressure drop of up to 300% were found. This suggests
that tortuosity, assumed to be constant in Eq. (3), is notably affected
by consolidation of the bed. Tortuosity-bed bulk porosity relation-
ships have been thus investigated. For example, Lanfrey et al.
(2010) modelled tortuosity of an isotropic packed bed as a decreas-
ing function of bed bulk porosity. However, commercially-available
ground coffee has been reported to be characteristically bimodal
(Petracco, 2005). A semi-empirical tortuosity-bed bulk porosity cor-
relation for beds formed by a discrete bimodal distribution of
spheres has been reported by Dias et al. (2006):

s ¼ 1
ebed

� �n

ð4Þ

where n is an adjustable parameter which depends on the packing
method and varies from 0.4, for loose packed beds, to 0.5, for dense
packed beds of spheres.

Two different models will be then considered to estimate the
permeability of coffee packed beds: Model 1 (Kozeny–Carman
equation, Eq. (5a)) and Model 2 (Kozeny–Carman with a poros-
ity-dependent tortuosity, Eq. (5b)), obtained by substituting Eq.
(4) in Eq. (2):

K ¼ e3
bedð/d½3;2�Þ2

180ð1� ebedÞ2
ð5aÞ

K ¼ e3
bedð/d½3;2�Þ2

72 1
ebed

� �n� �2
ð1� ebedÞ2

ð5bÞ
3. Materials and methods

3.1. Extraction rig

A rig (Fig. 1) was designed and built to carry out fixed-time
brewing cycles. Two main sections are to be distinguished:



Fig. 1. Extraction rig; (1) compressed air source; (2) electro-pneumatic valve; (3)
power supply for electro-pneumatic valve; (4) regulator; (5) keg-like water tank;
(6) valve; (7) flow meter; (8) boilers; (9) inlet thermocouple; (10) pressure
transducer; (11) shower head distributor; (12) brewing chamber (containing the
packed bed); (13) bottom filter; (14) outlet thermocouple.
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Extraction section: To simulate the filter basket geometry of tra-
ditional espresso machines, an extraction cell of diameter–length
(D/L) ratio of 2 was built by assembling together three independent
pieces: (i) a bottom filter; (ii) a brewing chamber containing the
coffee packed bed (volume = 2.00 � 10�5 m3, D = 3.70 � 10�2 m,
L = 1.85 � 10�2 m); and (iii) a shower head distributor. The tem-
perature before and after the extraction section was measured by
two thermocouples. The pressure drop across the packed bed
was estimated from the measurement provided by the pressure
transducer located before the extraction cell; the hydraulic resis-
tances of the shower head distributor and the bottom filter, which
had been previously measured, were subtracted from the
measurement.

Pumping and heating section: A cylindrical keg-like water tank,
with two pipe connection points at the top (IMI Cornelius, UK),
was connected to a compressed air source (maximum pressure
6.00 � 105 Pa). The aperture of an electro-pneumatic valve
(ITV2050-31F2BS3, SMC, USA) set the magnitude of the hydrostatic
pressure achieved inside the tank and kept it constant. The brew-
ing cycle started when the timed-valve (UDT Timer, Tempatron,
UK) was opened. Flow rate was measured by means of an ultra-
sonic flow meter located after the tank (USC-731, Malema, USA).
The measured variables were continuously recorded (10 measure-
ments per second) with the aid of a custom data logging system.
Software to operate the rig was developed with LabView (National
Instrument, Germany).
3.2. Roast and ground coffee

Medium-dark roasted arabica beans from Central America and
Brazil (moisture content <5%) were ground in a Dalla Corte grinder
(Baranzate, Italy) to produce four different particle size distribu-
tions, A–D. The particle size distributions were measured using
laser diffraction (Helos, Sympatec, UK); the sphericity of the parti-
cles was estimated with an image analyser (QICPIC, Sympatec, UK).
For both parameters three independent samples of approximately
10–20 g from each particle size distribution, A–D, were measured,
using air as a dry disperser, and the results averaged.

Although particle size distributions can alternatively be
assessed using a liquid as a disperser (wet measurement), and
generally the results differ, theoretical modelling based on dry
measurements is investigated in this work since they are the typ-
ical (and practical) measurement performed at manufacturing
sites.
3.3. Packed beds

Each particle size distribution, A–D, was prepared in three beds
of different weights, 7.2 � 10�3, 8.0 � 10�3 and 9.5 � 10�3 kg,
respectively. The beds were tapped 100 times to create a homoge-
neous distribution of the particles. Coffee was axially compressed
afterwards with a tamper, reducing its volume until the volume
of the brewing chamber was matched. Initial bed bulk densities
of 360, 400 and 480 kg m�3 were achieved; all the beds were pro-
duced in triplicate. The applied force to pack the beds to the final
density was estimated with an axial compression test carried out
in a Z030 mechanical tester (Zwick/Roell, UK) at a compression rate
of 0.1 mm s�1 and maximum force of 300 N.
3.4. Intrinsic solid density of roasted coffee, particle porosity and bed
bulk porosity evaluation

The bed bulk density is related to bed bulk porosity as follows:

qbulk ¼ qparticleð1� ebedÞ ð6aÞ

where qbulk is the bed bulk density, qparticle the particle density of
roasted coffee, and ebed the bed bulk porosity.

A roast coffee bean is a porous material (Schenker et al., 2000);
it consists of nano-porous cell walls and larger cell pockets (25–
40 lm), which contained the original biological cell before roast-
ing. Thus the particle density of roasted coffee was estimated using
Eq. (6b):

qparticle ¼ qsolidð1� eparticleÞ ð6bÞ

where qsolid is the intrinsic solid density of roasted coffee, defined
as mass of coffee divided by its solid matrix volume, and eparticle

the porosity of the particles. The latter was estimated as the contri-
bution of closed porosity, defined as the volume percentage of a
particle which is occupied by isolated pores, and open porosity,
defined as the volume percentage of a particle occupied by an inter-
connected network of pores reachable from the outside.

The intrinsic specific solid volume (reciprocal of the intrinsic
solid density) and the specific volume of closed pores were mea-
sured with Helium pycnometry (AccuPyc II 1340 Helium Pycnome-
ter, Micromeritics). As reported by Mateus and Rouvet (2007), a
very fine distribution (average particle size of d[3,2] = 48.12 �
10�6 m in this work) was used to determine the intrinsic specific
solid volume. The underlying assumption is that closed porosity is
attributed to intact cell pockets (circa 25–40 lm, as reported by
Schenker et al., 2000) within the structure of the grain; thus in a
particle size in the same range of magnitude of the intact cell pock-
ets, the presence of closed pores is highly unlikely. The specific vol-
ume of closed pores was estimated by subtracting the specific solid
volume (as previously determined) from the measured specific vol-
ume of the considered distribution. For all the measurements,
between 0.1500 and 0.2500 g were measured in an electronic bal-
ance with an accuracy of 10�4 g, and then placed into the pycnom-
eter chamber. Air was evacuated in 50 purges cycles and 10
measurements of the solid volume were performed.

The specific volume of open pores was measured by mercury
porosimetry (AutoPore IV 9500 Mercury Porosimeter, Micromeri-
tics). Between 0.2000 and 0.3500 g were measured using an elec-
tronic balance with an accuracy of 10�4 g, and then transferred
into a cylindrical penetrometer suitable for powder samples.
Mercury was fed to the penetrometer at progressively increasing



Fig. 2. (a) Measurement of the height reduction (Lt) at a given time point; (b)
measurement of the actual height of the bed (Lactual) after 600 s.

Table 1
Average particle size (d[3,2]) of the four considered particle size distributions
measured by laser diffraction using air as dry disperser ± standard deviation of the
measurement of three independent samples of each distribution.

Particle size distribution d[3,2] (m)

A 79.73 ± 0.48 � 10�6

B 101.60 ± 0.20 � 10�6

C 112.86 ± 1.08 � 10�6

D 131.36 ± 2.06 � 10�6
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pressures (from 0 to approximately 2 � 108 Pa). The pore size dis-
tribution was estimated by:

dpore ¼ �
4u
P

cos h ð7Þ

where dpore is pore diameter, P is the applied pressure, c is the sur-
face tension of Hg (0.485 N m�1 at 25 �C), and h is the contact angle
between the Hg and the porous solid; although the contact angle
value depends on the solid surface and values between 128� and
148� have been previously reported, a typical value of 130�, com-
mon in most practical applications, has been assumed in this work
out of convenience (Giesche, 2006).
Fig. 3. Probability density distribution (right y-axis, bi-modal curve) and cumulative vo
represents the particle size (lm) in logarithmic scale.
To determine the volume of mercury filling the penetrometer,
and therefore not representing the open porosity within the parti-
cles, it was assumed that greatest pore size that would be present
within a particle was �40 lm, based on the previous assumption
of the size of the cell pocket. From Eq. (7), the applied pressure cor-
responding to this pore size was estimated and was considered as
the initial point in which mercury would start penetrating into the
pores of the particles.

All the measurements were carried out on three independent
samples of each of the four particle size distributions, A–D, and
the results were averaged.

3.5. Bed hydration and flow rate – pressure drop data collection

To achieve steady-state water was circulated through the
extraction cell for 600 s. By this time coffee grains were fully
extracted, and therefore the results reported here are for extracted
beds. Typical temperatures for coffee extraction (i.e. 90 ± 5 �C) are
commonly measured in the boiler of the coffee machine and, as a
result of heat losses, lower effective extraction temperatures are
actually used. Thus an average temperature of 80 �C was used for
all the experiments.

Preliminary experiments showed that the hydration conditions
must be carefully chosen to avoid physical damage on the struc-
ture of the bed which can lead to undesirable effects, such as
macro-channelling. Hydrostatic pressures in the tank were
selected according to the initial bed bulk density of the packed
beds and were 2.50, 3.00 and 4.50 � 105 Pa for initial bed bulk den-
sity of 360, 400 and 480 kg m�3, respectively.

At the steady-state experimental flow rate-pressure drop data
was collected. The hydrostatic pressure in the tank was varied from
4.5 � 105 Pa to 0.5 � 105 Pa in steps of 0.5 � 105 Pa. At each step,
the instant values of flow rate and pressure drop across the bed
were recorded during 60 s for subsequent processing.

3.6. Bed consolidation

It was observed that, upon application of flow, the beds consol-
idated. The initial bed height decreased and ground coffee evolved
lume distribution (left y-axis) obtained for particle size distribution A. The x-axis



Fig. 4. Particle sphericity (y-axis) of three independent samples of particle size distribution A. The particle size (lm) is shown in the x-axis in logarithmic scale.
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to be an agglomeration of particles. Dynamic bed consolidation
was determined in an independent experiment replicating the
hydration procedure described in Section 3.5. At different time
points bed height reduction was measured as shown in Fig. 2a
and the consolidation degree calculated from Eq. (8a):

kðtÞdepth ¼
Lt

L0
ð8aÞ

where L0 is the initial bed height and Lt the bed height reduction at
each time point.

To ensure that the bed did not further consolidate during the
steady-state experiments, after the last measurement at 600 s,
the hydrostatic pressure in the water tank was increased to the
maximum pressure (4.5 � 105 Pa) during 60 s, and an additional
measurement of the height was taken. The coffee bed was then
carefully removed from the brewing chamber and the actual height
measured (Fig. 2b). The consolidation degree was also calculated
from this measurement according to Eq. (8b):

kðt600Þlength ¼
L0 � Lactual

L0
ð8bÞ

where Lactual is the measured bed height.
The average steady-state consolidation degree was calculated

as follows:

kaverage ¼
kðt600Þdepth þ kðt600Þlength

2
ð8cÞ

The steady-state bed bulk porosity, when the bed was fully con-
solidated, was calculated accounting for consolidation as reported
by Hekmat et al. (2011):

ess ¼
ebed � kaverage

1� kaverage
ð9Þ
where ess is the bed bulk porosity of the fully consolidated bed and
ebed the initial bulk porosity of the bed as calculated from Eq. (6a).

4. Results and discussion

4.1. Particle size distribution characterisation

All the particle size distributions, A–D, were found to be charac-
teristically bimodal. Fig. 3 shows a typical result in which the prob-
ability density distribution and the cumulative volume distribution
obtained for particle size distribution A are displayed. The fine
peak was invariably located around 40–50 lm for all the distribu-
tions, whereas the coarse peak shifted when coarser distributions
were obtained. The fine and coarse particle volume percentages,
given by the cumulative volume distribution, also varied; the for-
mer decreased when coarser distributions were obtained. Table 1
shows the resulting d[3,2] of the four considered distributions.

Fig. 4 shows a typical example of sphericity measurement of
three independent samples of particle size distribution A; similar
results were obtained for the rest of the particle size distributions,
B–D. The sphericity ranged in all particle size distributions from
0.90 for the fine particles in the distribution (�20 lm) to 0.52–
0.73 for the coarser particles (�600 lm). The last sphericity point,
always corresponding to particle sizes of 1000–2000 lm, was
neglected as this might correspond to lumps of material not prop-
erly dispersed; size distribution measurements performed with the
reference dry method (as described in Section 3.2) shows that in
particle size distribution A the biggest particle size is around
500 lm (Fig. 3). The mean sphericity for the particle size distribu-
tions was then estimated to be between 0.71 and 0.80; since the
assessment method is of approximate nature, the average value
of the four mean sphericity, 0.75, was adopted as representative
for all the particle size distributions, A–D.



Fig. 5. Transient profiles during the hydration of a packed bed of particle size
distribution A at an initial bed bulk density of 400 kg m�3; (a) flow rate (Q); (b)
pressure drop (DP).

Fig. 6. (a) Consolidation rate as calculated with Eq. (8a) for particle size distribution
A (s) and particle size distribution D (h) with a starting bed bulk density of
360 kg m�3; (b) average steady-state consolidation degree after 600s as calculated
with Eq. (8c), at the starting bed bulk density of 360 kg m�3 (s), 400 kg m�3 (h) and
480 kg m�3 (r). The error bars represent the standard deviation of the measure-
ment on three independent beds of each particle size distribution.

Fig. 7. Bed bulk density evolution (y-axis) as a function of the applied axial force on
the packed beds (x-axis) for the four considered particle size distributions (A-D).
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4.2. Transient regime

A transient regime was found during the first 60–80 s of the
operation. Fig. 5a and b shows the typical flow rate and pressure
drop profile during the hydration stage. The maximum in Fig. 5a
corresponds to the sudden opening of the timed-valve of the tank
and the filling of the hydraulic circuit before the bed. As the wet-
ting front travels through the bed, the flow rate decreases due to
the bed resistance increasing with length of bed already pene-
trated. Once the bed is filled the flow then increases over the next
60–80 s before reaching the quasi steady-state. The observed
behaviour was very similar to the one presented here. Measure-
ments of the permeability discussed in the next sections were
taken after this time.

In general, the qualitative observations on the transient flow
agree with the literature (Petracco and Liverani, 1993). They
reported effects on reversing the direction of the flow through a
coffee packed bed. They interpret the reappearance of the transient
flow as due to fines particles migration. However, we believe that
these transient effects are just the hydraulic circuit before the
extraction chamber being re-filled (flow rate rises to a peak) and
a new front moving through the bed (flow rate decreases).
4.3. Bed consolidation

The consolidation rate of the bed, calculated with Eq. (8a), was
found to be exponential and occurred predominately within the
first 30–60 s of applied flow (Fig. 6a); after 600 s the bed was fully
consolidated. The steady-state consolidation degree, as calculated
with Eq. (8c), varied from 0% (distribution D with an initial bed
bulk density of 480 kg m�3) to 31% (distribution A with an initial



Fig. 8. Flow rate (x-axis) –pressure drop (y-axis) for three independent samples of
particle size distribution A at the starting bed bulk density of 360 kg m�3. The solid
lines represent the best-fit lines (R2 > 0.97 for all cases) from the data to Eq. (1),
rearranged to make Q the independent variable. Permeability values were derived
from each of the data set and subsequently averaged.

Fig. 9. Collection of experimental data after bed hydration; (a) flow rate (Q); (b)
pressure drop (DP). This particular example corresponds to one of the three
repetitions of the sixth flow rate-pressure drop point (from bottom to the top) in
Fig. 10b for particle size distribution A (s). This resulting point is the average of the
selected range of data showed here.
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bed bulk density of 360 kg m�3) (Fig. 6b). In general, the coarser
the distribution the less consolidation experienced under flow.
This is consistent with the higher axial forces applied on coarser
distributions during packing, as estimated with the axial compres-
sion test (Fig. 7); these higher forces produce beds that are more
stable under flow. In addition the measured axial forces were com-
parable to the range (‘few kilos’ to 20 kgf) reported by Petracco
(2005) for espresso-style extraction.

4.4. Steady-state permeability

Estimations of Rep for the considered experimental conditions
were between 0.04 and 4; this confirms that the flow through
our beds is laminar (Rep P 10 for turbulent flow) and thus the
Darcy equation can be used. Fig. 8 shows an example of the best
fit lines of experimental steady-state flow rate-pressure drop
across the bed to Darcy’s equation (i.e. Eq. (1) with Q as the inde-
pendent variable); the data was collected from three independent
samples of particle size distribution A at qbed = 360 kg m�3. All the
linear regressions showed a R2 > 0.97. Three permeability values
were calculated and subsequently averaged. Each individual exper-
imental point shown in Fig. 8 corresponds to the average of the
flow rate-pressure drop points of the last 30 s of each experiment
(described in Section 3.5), which lasted 60 s. Fig. 9a and b shows
an example of the collected data that was subsequently averaged
to produce one of the points showed in Fig. 8. As shown in Fig. 9,
after the 2–3 first seconds (when the hydraulic circuit before the
extraction chamber was being refilled), the system reaches
steady-state. For the sake of clarity, the experimental steady-state
flow rate-pressure drop data collected in the measurements per-
formed on the three individual samples of each particle size distri-
bution is shown in Fig. 10a–c as averages rather than as three
individual data sets as in Fig. 8.

The derived permeability values (Table 2) lie between
3.36 � 10�13 and 2.59 � 10�14 m2 and are in good agreement with
those presented in Section 1 (4.00 � 10�13–7.00 � 10�14 m2,
reported by King (2008) and Navarini et al. (2009)). As acknowl-
edged by Navarini et al., the permeability values reported by
Gianino (2007) are underestimated. An analysis of variance
(ANOVA) was performed where the sources of variation were the
particle size distribution and the bulk bed density. A Tukey T-test
was subsequently performed (risk level, a = 0.05). The statistical
analysis was conducted in JMP 11� (SAS Institute, USA). As one
can see in Table 2, the estimated permeability values are overall
significantly different across the tested particle size distributions
and bed bulk density values. However, for particle size distribution
B and C there is no significant difference at qbulk = 360 kg m�3 and
400 kg m�3; this could be due to the bed consolidation resulting in
very similar packed beds in the steady-state.

Across the whole range of data, the greatest to the smallest per-
meability ratio is 17. This is a significant variance, especially when
the implications in coffee extraction are considered: for a fixed
pressure head given by a coffee machine pump, the obtained flow
rate would be 17 times higher comparing the lowest and highest
permeability. In a modern On-Demand system, variation of the
permeability of the bed moves the operating point of the pump
along the pump characteristic curve (e.g. low permeability beds
lead to high pressures and low flow rates). It is also well known
by coffee baristas that the selection of a coarse/fine particle size
distribution and the packing of the bed can lead to under/over-
extraction (Andueza et al., 2007); it is likely that these phenomena
are mainly driven by permeability altering flow rate (i.e. brewing
and residence time) and thus mass transfer.

The data also confirms the extreme sensitivity of permeability
to bed bulk density (i.e. bed bulk porosity). An increment in the ini-
tial bed bulk density of approximately 30% (360–480 kg m�3),



Fig. 10. Average flow rate (x-axis) – pressure drop (y-axis) data at the starting bed bulk density of (a) 360 kg m�3 (b) 400 kg m�3 and (c) 480 kg m�3; particle size
distributions A (s), B (h), C (r) and D (⁄) The solid lines represent the best-fit lines (R2 > 0.97 for all cases) from the data to Eq. (1), rearranged to make Q the independent
variable. The error bars represent the standard deviation of the measurement on three independent beds of each particle size distribution.

Table 2
Experimental permeability estimated from Eq. (1) and the collected flow rate – pressure drop data. The values represent the average of the measurements performed on three
independent samples of each particle size distribution ± the standard deviation.

Particle size distribution qbulk 360 kg m�3 qbulk 400 kg m�3 qbulk 480 kg m�3

A 7.65 ± 0.82 � 10�14(a,b) 4.94 ± 0.32 � 10�14(c) 2.59 ± 0.25 � 10�14(d)

B 1.37 ± 0.08 � 10�13(e) 1.18 ± 0.09 � 10�13(e) 4.87 ± 0.09 � 10�14(c)

C 2.39 ± 0.49 � 10�13(f) 1.93 ± 0.10 � 10�13(f) 6.44 ± 0.35 � 10�14(b)

D 3.36 ± 0.58 � 10�13(h) 4.38 ± 0.40 � 10�13(g) 8.95 ± 0.75 � 10�14(a)

Different letters indicate significant differences for different particle size distributions and qbulk.
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achieved by adding 2.30 extra grams to the bed, caused the perme-
ability of the bed to decrease between 3 and 4-fold. Particle size
distribution has a much bigger effect on permeability when the ini-
tial bed bulk density was 360 and 400 kg m�3 than for the case
when the initial bed bulk density was 480 kg m�3. For initial bed
bulk density of 360 kg m�3 the permeability of the coarse particle
size distribution (D) is 4.4 times that of the fine one (A), whereas
this ratio is reduced to 3.4 when it comes to initial bed bulk density
of 480 kg m�3. This becomes more obvious if the permeability val-
ues are plotted against d[3,2] (Fig. 11). It is observed that the perme-
ability-d[3,2] dependency is significantly different in the case of
initial bed bulk density of 480 kg m�3 and this difference becomes
more obvious the bigger the particle size. It has to be noted that, as
previously shown in Fig. 7, higher forces (especially for coarser dis-
tributions) were applied to obtain an initial bed bulk density of
480 kg m�3, as compared to the lower density beds. Therefore
the different dependency may be explained due to a more dramatic
modification of the initial packing structure of the bed caused by
such forces.

4.5. Calculation of intrinsic density, open, closed and bed bulk porosity

The intrinsic density for coffee particles was found to be
1337 ± 2.31 kg m�3. Fig. 12a shows the cumulative volume of mer-
cury intruded into the total pore space (penetrometer pore
space + pore space of the particles) during porosimetry experi-
ments. The vertical line delimits the border between the outer
(right region, dpore P 40 lm) and particle pore space (left region,
dpore < 40 lm). Open porosity was found to lie between 0.37 and
0.47 (Fig. 12b) without a clear tendency; the relatively high error



Fig. 11. Dependency of experimental permeability (logarithmic y-axis) on d[3,2] (x-
axis) for the starting bed bulk density of 360 (s), 400 (h), and 480 kg m�3 (r). The
error bars represent the standard deviation of the permeability as measured in
three independent samples of each particle size distribution accounting also for
error propagation.
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in open porosity measurement can be attributed to the intrinsic
variability of the microstructure of natural products. Closed poros-
ity increased with particle size from 0.07 to 0.14 (Fig. 12b) and we
infer that this is due to the larger particles maintaining greater pro-
portion of intact cell pockets. The total porosity (between 0.50 and
0.57) of the particle size distributions was obtained by adding both
the calculated open and closed porosity (Fig. 12b). The average
total porosity of the four particle size distributions, 0.53, was taken
for the calculation of qparticle with Eq. (6b). Estimations of the bed
bulk porosity were obtained from Eq. (6a) and were subsequently
corrected according to Eq. (9) to account for bed consolidation.
Fig. 13 shows the corresponding estimates for the bed bulk poros-
ity accounting for consolidation. All the values were found to be lie
between 0.12 and 0.33, being far below 0.36, the minimum empir-
ical porosity that can be achieved in random close packed bed of
mono-sized spheres (Scott, 1960).

It is also unclear to what degree swelling of the cellulose matrix
occurs in a pressurised packed bed, which has undergone strong
mechanical and hydrodynamic consolidation (c.f. Figs. 6b and 7).
We therefore use the bed bulk porosity values calculated from
dry grains and corrected to account for consolidation as input
parameters for Model 1 and Model 2 and test how well these mod-
els predict the experimental permeability data.
Fig. 12. (a) Cumulative specific volume of mercury (y-axis) for particle size
distributions A–D, as a function of pore size (x-axis). The vertical line (dpore -
� 40 lm) delimits the particle and penetrometer pore space; (b) porosity of coffee
particles (y-axis) as a function of d[3,2] (x-axis); open porosity (s), closed porosity
(h) and total porosity (r). The error bars represent the standard deviation of the
porosity as measured in three independent samples of each particle size distribu-
tion accounting also for error propagation.
4.6. Comparison of Model 1, Model 2 predictions against experimental
data

The computation of bed permeability with Model 1 and the
measured bed parameters (i.e. Fig. 13 and Table 1) shows that
there is a strong disagreement between model predictions and
experimental data (Fig. 14a). The error, normalised to the experi-
mental data, increases with particle size (31% for particle size dis-
tribution A as opposed to 521% for particle size distribution D). The
disagreement, which in the case of coarse particles is comparable
to that reported by Macdonald et al. (1979), is not surprising, as
the particle size distributions are bimodal. Furthermore it is unli-
kely that axial compression and hydrodynamic consolidation of
the bed can be taken into account just as a mere decrease in bed
bulk porosity. When the dependency of tortuosity on porosity is
considered (Model 2 with n = 0.5, as found by Dias et al. (2006)
for a random close packed bed of bi-sized spheres), Fig. 14b shows
that the prediction is still poor but there is a notable effect on coar-
ser particle size distributions (relative error of 338% for particle
size distribution D as opposed to 521% found with Model 1).

Therefore the tortuosity exponent, n, in Model 2 was varied in
an attempt to fit to the experimental data with a single value of
‘n’ applied to each distribution over the range of initial bed bulk
densities. Model 2 was transformed into a polynomial of ebed

whose exponents included the parameter ‘n’. This parameter was
fitted with least error against the experimental data presented in
Fig. 13 and Tables 1 and 2. The fitted parameter (R2 > 0.81–0.98)
was found to lie between 0.27 and 1.01 and increased with particle
size distribution (Fig. 15). As discussed in Section 4.3 and 4.4, and
taking into account that ‘n’ accounts for bed packing structure, the
values are consistent with the fact that higher axial forces were
applied to coarser particle size distributions to pack the beds
(Fig. 7) and thus the original packing structure (i.e. tortuosity, par-
ticle shape) may be more affected than in the case of fine particle
size distributions. The Kozeny–Carman pre-factors (c.f. 180 in Eq.
(5a)) calculated as shown in Section 2 but with fitted ‘n’ parameter
were between 196 and 1330; they are in good agreement with the
reported values for other consolidated beds (Macdonald et al.,
1979) and beds made up of other non-spherical packing materials
(Nemec and Levec, 2005).



Fig. 13. Steady-state bed bulk porosity (y-axis) as a function of d[3,2] (x-axis) at the
starting bed bulk density of 360 (s) 400 (h) and 480 (r) kg m�3. Steady-state
porosity was calculated from Eq. (6a) and corrected with Eq. (9) to account for bed
consolidation. The error bars represent the standard deviation of the bed bulk
porosity as measured in three independent samples of each particle size distribu-
tion accounting also for error propagation.

Fig. 14. Comparison between the experimental permeability for particle size
distribution A (s), B (h), C (r) and D (⁄) at the starting bed bulk density of 360, 400
and 480 kg m�3 (x-axis) and the theoretical permeability (y-axis) as predicted with
(a) Model 1 (i.e. Kozeny–Carman equation); (b) Model 2 with n = 0.5. The solid line
represents y = x.

Fig. 15. Comparison between the experimental permeability for particle size
distribution A–D at the starting bed bulk density of 360, 400 and 480 kg m�3 (x-
axis) and the theoretical permeability (y-axis), as predicted with Model 2 and the
fitted values of the parameter n for each particle size distribution.
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5. Conclusions

The permeability of coffee packed beds in steady-state was esti-
mated from experimental flow rate–pressure drop data which was
successfully fitted to Darcy’s law. Permeability was found to be
very sensitive to particle size distribution measured dry and bed
bulk density (i.e. bed bulk porosity); the influence of permeability
on mass transfer, and thus on under or over-extraction, needs to be
considered when analysing the effect of process/formulation
parameters on brew quality.

Disagreement between the experimental and theoretical per-
meability values, obtained using the Kozeny–Carman equation
(Model 1), although improved with Model 2 (n = 0.5), suggests that
consolidation of the bed appeared to have a larger effect on the
packing structure (i.e. bed tortuosity) than a mere decrease in
bed bulk porosity that was accounted for in the analysis. In a fur-
ther attempt to improve the model based on dry measured size
distribution, the exponential parameter, n, of the tortuosity func-
tion in Model 2 was fitted. The fitted values increased the coarser
the particle size distribution; this variation of tortuosity is consis-
tent with the fact that higher forces were applied to pack coarser
particle size distributions. Kozeny–Carman pre-factors (c.f. 180 in
Eq. (5a)) calculated with fitted parameter were between 196 and
1330, which compared well to values reported for other consoli-
dated and non-spherical packing materials beds. Further work to
assess the potential influence of swelling of the cellulose matrix
on the porosity of coffee packed beds is under progress; this may
provide a separate route to improve the model. As noted earlier,
alternative methodologies to characterise particle size distribution
(e.g. wet dispersion measurements as opposed to the dry disper-
sion used in this work) may result in different particle size distri-
butions; however our preliminary wet measurements show that
d[3,2] values resulting from wet measurements significantly under-
estimate permeability.

A transient regime was observed to last over the first 60–80 s of
the application of flow. Since a typical espresso extraction occurs
within the time scale of this transient, we are developing the
method to measure the permeability changes during the transient
regime.

This study constitutes the first step of a new approach into cof-
fee technology. It is hoped in time that predictions about prepara-
tion times and required pressures can be made with more
information than empirical evidence.
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