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A Liquid flow for a fixed pressure device

Darcy’s law is normally applied to systems where the porous medium is fully saturated
by the fluid, however, assuming that the infiltration in the pores is instantaneous allows
us to use Darcy’s Law without taking into account the change in hydraulic conductivity
to determining the flux during the wetting process. The flow problem is given by
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where P* is the liquid overpressure, x* is the permeability of the packed bed and p* is the
liquid viscosity. The pressure at the inlet is specified by the pump. Due to the infiltrating
liquid being considerably more viscid than the air being displaced by it, we apply a zero
overpressure condition on the wetting interface at z* = s} (t*), giving

P*|sz0 = Py, and P~

Z*:S'Tu(t*) - 0 fOI‘ t* < t;‘;}, (A2)

The same condition for overpressure will be applied at the outlet z* = L* after the system
is fully wet,

PHlo_pe =0 for t* >t (A3)

From here, it’s straightforward to solve (A1)-(A3) for the flux ¢* and the position of the
wetting front sj;.



B Coffee conservation at the wetting front

As the water front advances into the bed, a fraction of the coffee solubles is moved from the
liquid into the pore space inside boulders and will remain there until dissolution begins.
The total space within boulders per unit volume of bed that can be infiltrated by liquid
is given by
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where ny is the number density of boulders. Consequently, we write the volume of space
in all boulders that is being swept by the moving front per unit time in a cross-sectional
area A of the bed located at the wetting interface,
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This space is filled with liquid carrying solubles at a concentration ¢;. To account for the
loss of these solubles that infiltrate the pore space within the boulders local to the front,
we define a sink term at the front:
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where §(n) is the Dirac delta function localised at the front. We define 7 to be the distance
from the water front, given by

] Pvibs (B3)

n=2z"—s,. (B4)
We modify (9) local to the front using the sink term, giving
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Let ¢ < 1 and the region [—e, +¢] extends just barely around the interface at n = 0 in
each direction. Applying the variable change (B4) and integrating (B5) over this region
gives
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Taking the limit of thickness ¢ — 0 and evaluating the integrals gives
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Since ¢} does not exist below the interface at > 0 and as ¢ — 0 we can approximate all
positions local to the front to be at n = —e, allowing an infinitely small error of size €, we
can write (B7) as
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C Diffusion from boulders - Diffusion in a sphere with a
time-dependent boundary condition

In this section, we relate the concentration cl(i()) at the surface of the boulders and the flux

.Flfi()) across their surface. We solve the boulder equations given in the main paper (68)—(69)

for each position z = 2z, 0 < zg < 1 where zy = s (tg). The initial condition is defined

at tg where 29 = s, (t9), by cl()%(s; (to),mp, to) and needs to be determined by matching

into region (ii). The surface concentration cl(i())(z(),t) is assumed known but needs to be
determined as a solution to (73) from the main paper. Thus the problem reduces to
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where ¢,(t9) denotes the radially uniform concentration in the boulders exiting region (ii).
The aim here is to solve for cl(;g)(zo, Ty, T, cl(l()](zo, t)), to evaluate the flux through the surface
: : e . .
]-'b(l())(zo, 1,¢, cl(l())(zo, t)) = —Dsbg—;”: ) and hence find G% = él()) 1/Qb and substitute
b b rb: b b rb:
into (67) in the main paper. To solve equations (C1)-(C3) the following substitution is
made
) =2 (C4)
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which reduces the diffusion equation to

= D (©5)
with boundary conditions
Why=o = Tl =0 = 0, wlrym1 = Tuchly =1 = e (20,1) = F(0). (C6)
and initial condition
wli=t, = TpCh(t0)- (C7)
Let
w(ry, t) = u(ry, t) + v(ry, t), and t=to+1 (C8)



where

u(ry, t) = 1o f (L), ulp,=0 = 0, Ulpy=1 = f(E), (C9)
where f(£) = f(f +tg). Then (C5) becomes the following BVP for v(ry,t):
R e R, (©10)
with boundary conditions
V|p,=0 = 0, Vlpy=1 = 0, (C11)
and initial condition
vli=o = m6o(to) — uli—o- (C12)

Now v(ry,1) can be found using an eigenfunction expansion. The eigenvalues and eigen-
functions are

Ap=nm, for n=1,2,.. Sp(ry) = sin(A\,rp). (C13)

Let
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and

v(ry, £) =Y dn () sin(Anry), (C16)
n=1

where S,,(f) and ©,(f) are the coefficients for the respective Fourier series. Then

PN sin(An7p), (C17)
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Substituting these expansions back in (C10),
ov 0% =
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and thus the following must be true for all values of n:

i (v*n + Dy A20, — s},,(i)) sin(Anrp) = 0, (C20)
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giving a system of ODEs for v, (r, t):
duy,
dt

I
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which we solve with an integrating factor. After multiplying by e
d P s
s (eDsb)‘%tv}l(t)> = eDsb’\%tSn(t).

Integrating this, we obtain
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The coefficients A,, we obtain from the initial condition:
oo
rp6p(to) — u(ry, 0) = Z Ay sin(Ap7p).
n=1

This is a Fourier sine series in which
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The flux at the boulder surface is given by

I

Evaluating at r, = 1 gives
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— Dy (f(f) + Z U (f)n cos mr)

n=1
o
=—Dg > _na(—1)" (1), (C29)
n=1
where sinnm = 0 and cosnm = —1™ have been used. The expression for v, () is known in

terms of S, (%), so it remains to calculate S,(f). We get and
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Then combining equations (C29), (C24), (C27) and (C30) gives
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Thus, we write down the solution

Fo
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Finally, we reverse the substitution (C4):
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In summary, the flux at the boulder surface required for equation (67) in the main paper
is given by

Fyo(z0,1,t, cfg(z0,1)) = 2Dsb2e*” D) (off) (57 (1), 1, t0) = ey (20, t0)

¢
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D Asymptotic analysis for unsaturation extraction

Here we present the modified structure of the asymptotically reduced model in the case
where a saturated region does not form, see §2.7 in the main paper. Here, we maintain
regions (i) and (ii), however, region (ii) is studied under the change of variables

€W = 2 — Sy, (D1)



which replaces (40) in the main paper, and w € (—00,0). We emphasize that in the
case of no-saturation the saturation interface, s4, does not exist and instead there is a
slender layer, region (ii), adjacent to the wetting front s,, in which the concentration in
the liquid changes markedly, but not so much as to fully saturate the liquid. The boundary
conditions of region (ii) are now as follows:

(ii) aCl(,l(l))

Folu=o = cro,  chglu=o = cho + Pucrolulos By o =0 (D2)
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The location of region (ii) is given by the wetting front and matching conditions to region
(i) given by (47) and (D2) result in the modification of (52) given by

. ¢l ii ii
(—swd)T—i-q> (cl(70)|w 0— Clo s / G( )ldw. (D3)

Performing the same order of operations as in (53) - (56), we integrate the concentration
of the fines over region (ii) to arrive at

0 1 Helid 0 y
. 27-f,0 _ o (ii)
Sw /oo/o U drdw /OO QsG} . dw. (D4)

Evaluating the integral on the left-hand side and substituting (D3) to eliminate the integral
of the fine dissolution rate, we write down
b (s )
3@ 1.0 7 Colz=s5 (1)

= ( Swjl +q> ( (i ’w 0— l,i()]|z:s;(t))‘ (D5)

Following the solution to the diffusion problem in the boulders given in appendix C,

(i)

gives the mass transfer rate Gbo, that is the relationship between cl(()) and the soluble

concentration in the boulders immediately after wetting the ¢, where &, = ¢ 0+vwci0 ]giio
The result in (D5) allows us to write the problem in region (i) independently of the
concentrations in region (ii) by writing the initial boulder concentration as,
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Thus, we write the problem in region (i),
(i) (i)
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and use (D5) to find the solution cl(j(i)) at the front.



E Numerical Methods

In this section, we discuss the numerical schemes and their implementation used to solve
the full (23)-(28) and reduced model (74) and (75). Section §E.1 presents the former and
§E.2 the latter.

E.1 Full model

Solution of the full model requires numerical treatment of the system (23)-(29) given in
the main paper. The equations in the liquid, i.e., those containing partial derivatives in
the macroscopic coordinate z, are discretised in space using a second order finite element
(FE) scheme. The equations in the grains, i.e., those containing partial derivatives in r,
are discretised in space using a second order control volume (CV) method.

After applying these spatial discretisations the system of coupled PDEs is converted
into a large system of coupled differential-algebraic equations (DAE) which can readily be
handed to any number of numerical integrators. In our case we chose to use MATLAB®’s
solver ode15s which uses adaptive time stepping. We choose this because during infiltra-
tion, the wet region is expanding with time causing a time-dependent domain defined by
the position of the boundary z = s,,(t). The moving domain is mapped to a static domain
defined by the current position of the wetting interface and by definition in the dry region
we have ¢; = 0, ¢ = ¢finit and ¢, = cpipie- In this sense, our approach is similar to the
so-called “method of lines”, albeit a multiscale domain.

E.1.1 Numerical discretisation in the liquid - FE

The transport problem in the liquid is given by (23). To reiterate, we have
¢ d | OF de

l
P Y G+ Gy, Fi= —Degot , E1l
T F+ Gy, F et T 4ci (E1)
—$we + Fy =0 for 0<t<1,
Wlth Cl’Z:(] = 0 and 8 Z:Sw(t) (E2)
a
— =0 for t>1.
0z lz=1

During the wetting phase, the domain in which we seek a solution for the concentrations
of solubles ¢;, ¢y and ¢, expands with the front. Before the coffee bed is completely wet at
t =1, ¢ is defined for z € (0, s). To avoid solving in a time-dependent spatial domain,
we introduce the following transformation:

z
= = E
t=m =y (E3)
such that n € (0,1) and
0 1 0 d Sw 0 0
g9 o gl 9 E4
0z 8,0’ and ot nsw on + or (E4)



From here, we will maintain using the variable ¢ for the simplicity of the notation. Under
the transformation (E3), the problem in the liquid (23)-(29) becomes

¢ 0c; ¢ swOc,  Deppd%c  q Oc
= a_ 4% . E
or Ot br s dn 5 O s On TG+ Gy (E5)

The boundary conditions supplementing (E5) are derived from (E2) transformed onto 7
coordinate:
dg
=0 d — =0 E6
clp=0 =0,  an an lys = O (E6)
where, upon applying the transformatiom (E3), the two cases of the boundary condition
(E2b) both collapse to (E6b). The initial condition is given by

C] |t:0 =0. (E?)

We begin by discretising the n-domain in n into N + 1 equally spaced grid points 7; for
i=1,..., N + 1. The width of the intervals between neighbouring points is denoted by A.
We also introduce N half-points denoted by 7;11/2 = %(771 + Miq1) for i = 1,..., N. From
now on, we will drop the subscript [ in order to simplify the notation and note that in
this subsection ¢ will refer to concentration in the liquid. We denote the values of ¢ by
¢i for i =1,..., N + 1 at the grid points. The spatial derivatives in (E5) are discretised
using a finite element scheme. Following the frequently used technique, we approximate
the concentration in the liquid as a linear combination of piecewise linear basis functions,
also referred to as “hat” functions. For the dependent variable ¢(n,t) we write

% for mi1 <n <y
c= ci(t)i(n) where ¢i(n) = ZHZL for g <p < (E8)
‘ 0 otherwise,

in which the denominators in the definition of the basis functions v;(n) in the right-hand
side of (E8) could be further simplified when choosing a uniform grid with 7,41 — n; =
AViel,...,N+1.

Our aim is to derive a system of spatially discretised equations from (E5). This is
done so by substituting the form (E8) into (E5), multiplying through by each of the test
functions v;(n) for j = 1,...,N 4+ 1 and integrating over the domain n € (0,1). Upon

denoting the time derivatives ¢; = 9. we arrive at

t
o) . ! D1 Sw 1 , ¢ 1 L
QZ)*T ZZ: Ci/o ¢i¢jd77 = ZZ: (CZQS’TS’LU/O U?/Jilz)jdn — Deﬂ‘? /0 ¢iwjd77

o (E9)
—q;;/o w;wjdn+/ (Gb+Gf)¢jd77>~

1
0
The integrals in (E9) that contain only the basis functions and/or their derivatives often
appear in FE schemes and they can be computed exactly.



The final two terms in (E9) are a linear functions of ¢; due to our choice of a mass
transfer function. In the future, we hope to gain a more complete perspective of the dy-
namics of solubles and their transport through the surface of the grains and be able to
adjust the functional form of the mass transfer without significantly changing the numer-
ical scheme. To perform the integration independent of our choice of a mass transfer rate,
we approximate the dependent variable ¢; in the integrand as a piecewise constant over
each interval between grid points. The error introduced by this approximation is O(A?)
and is comparable to the error incurred by the approximation in (E8) and consequen-
tially it will not decrease the accuracy of the scheme. The value of the concentration c;
over the interval (n;,7;+1) is approximated as the value it takes at the midpoint of the
corresponding interval, 7; /5. This gives

Gri+ Grin N Gri+ Grin

5 5 (E10)

G =Gyiy12+Grit12 =
where we introduce G to be the sum of the extraction terms for easier notation.
Upon evaluating the the integrals in (E9), we write the full discretised system of
equations to be solved in the liquid by substituting j = 1,...N + 1 in (E9) and evaluating
the sum. The boundary conditions (E6) are imposed as follows:

CN+1 — CN

. _ o Ell
"o . (B11)
At j=1:
¢ =0, (E12)
Atj=2,..,N:
d . A 2A A b1 sw
oo (001G g Haiaig) = 5ot (e ) (e = )
Deg (61;1 —2¢; + Ci+1)
+ 2 = (E13)
_ i(ciﬂ — Crl> + AGi*% + G”%
Sw 2 2
At j=N+1:
A A 5.
(f;(cN—H?) + CNE) = 6?);;:( — CN(277N+1 + 77N) + CN(277N+1 + 77N)>
q DeH‘(CN —CN+1)
_ 4 E14
SwCN+1 + 8121} A ( )
a w) A
* sw( 2 T Oy

Imposing the boundary condition (E11) introduces an algebraic equation to a system of
ODEs. This DAE system is written in matrix form Mc = f(c) and implemented in
MATLAB®’s solver ode15s.
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E.1.2 Numerical discretisation in the grains - CV

The dimensionless equations for the coffee grains (25)-(26), repeated here, are

8Ck; 1 a 2 aCk
~ 2 (12F) =0, F.=-Dgu2k E15
ot + r2 Ory, (rk7) Tk ork (E15)
with  Fi 0 =0 and Fy . = QrGp. (Elﬁ)
Te= TE=—

for k = b, f for boulders and fines respectively. The initial condition for the fines is

crli=0 = cf,imit- (E17)
The surface fluxes (27) are given by

; 0 if 2> su(t)
Gk = ?k L—¢ if cplp=12>1 (E18)

Ck"?‘k=1 —q if Ck?|7'k:1 <1

The condition for the boulders at the front (28) is given by

Coly—sz1 () = Coinit T Clly—gz1(2)Plb- (E19)

In order to impose the initial condition in the boulders as the front passes and fills them
with liquid at a concentration ¢; we would require a boundary condition that depends
on the solution at the last step. The built-in solver does not have these options but an
alternative would be to assume saturation and impose a condition on boulders being filled
up at saturation concentration immediately after wetting. To avoid the complication
or inaccuracy that this would pose to the implementation of these numerical schemes,
we apply ¢ = 0. This may not be a realistic value for this parameter, however for the
purpose of comparing asymptotic solutions and solutions to the full model, it is not crucial
for parameter values to be completely physical. An alternative suggestion would be to
assume saturation and impose cp| 2=su(t) = Cb,init T CsatPib-

We discretise the radial coordinate r; into M + 1 equally spaced points r; for ¢ =
1,...M 4+ 1 and denote the distance between any two neighbouring points Ar and the
concentration of solubles in the grain ¢; at the grid points, where ¢ indicates the index of
the grid point, not to be confused with the earlier notation for grain species. The problem
in both grain types is solved in the same manner, therefore we write down the generalised
solution by omitting the species specific parameters. We thus write (E15) as

0c 0 5 0c
"ot~ or <Dr 81“)' (E20)

Applying the procedure derived by Zeng et al. [2], we obtain the discretised equations in

the grains as follows.

Ati=1

3 1
TVic1 + gVaca = 0. (E21)
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At i=2

1 6 1
Zvlél + gvzcé + §V30'3

c c c c (E22)
2 €3 —C2 9 C2—C1
= 47rD7“5/2 Ay 47TDT3/2 A
Ati=2,....M
1 . 6. . 1 .
gVi-1eim1 + gVici + Vinicin
Ciy1 — C Ci — Ci—1 (E23)
i+1 T &g i — Ci—
Ati=M
. 6 . .
gVM—ch—l + gVMCM + ZVM+ICM+1
CM+1 — CM CM — CM—1 (E24)
2 +1 — 2 — CM—
= 47TD'I"M+1/2T — 47TDT'M_1/2T.
Ati=M+1
1 . 3 )
gVMCM + EVM+1CM+1
(E25)

CM4+1 — CM
Ar '

Similarly to the problem in the liquid, equations (E11)-(E14) are written in matrix form
and coupled to the problem in the liquid when implemented in MATLAB®

= —Amr3 1 QG — 47TD7’J2\4+1/2

E.1.3 Coupling the problems

The model could sensibly be described as 141D, meaning that the spatial dimensions
are almost entirely independent, coupled only by the extraction rates. We design a grid
in (z,7), such that at each point in z, denoted by z;, sits an orthogonal grid for one
representative fine and one boulder. At each grid point in z; we seek a solution for the
concentrations of solubles in the liquid at each point and the corresponding concentration
profiles across the radii of the fines and boulders. The diffusion problem in the grains is
easier to solve numerically as it is not stiff and the concentration gradients are strictly
non-negative and therefore it converges numerically for a much smaller number of grid
points than the problem in the liquid. Choosing the sparsity of the grids in z and r is
crucial because refining the grid spacing in r is computationally expensive.

We seek the solution of the concentration in the liquid ¢;(n,t) on the transformed grid
defined by (E3), and the solution in the grains c¢(z,7¢,t) cy(2,7,t). We always discretise
7 in the same number of points, however the grid spacing between points in 7 when
projected onto z would increase as the front advances. Advancing the front in time in this
manner guarantees that it will land at a grid point in n at each time step and during the
initial stages of infiltration, we expect to see rapid increase in the concentration in the
liquid in the newly wetted region which needs to be resolved on a large number of points.
The difference in the coordinate systems is handled by interpolating the source terms G/
and Gy at each step by doing the following:

12



1. Find the vector of surface concentrations of the grains at the current position of the
front and in the entire wet region given by (0, sy );

2. Interpolate the surface concentrations onto n = (0,1) coordinates by “stretching
out” the vector on the same number of grid points N + 1 as is n;

3. Evaluate the extraction terms (in 1) according to (27) and substitute in (E11)-(E14)
to couple to the concentration in the liquid and;

4. Interpolate the extraction terms back onto z coordinates to couple the system to the
grains (E21)-(E25) in the wet region while all grains in the dry region remain idle.

This procedure allows us to have high resolution of the solution in the wet region and save
computational time in stepping forward grains that are in the dry region. We use linear
interpolation and the error introduced by this step is consistent with the FE spatial dis-
cretisation and using a higher order interpolation method is redundant since the variables
have already been approximated as linear functions in the sub-intervals.

E.2 Reduced model

Here we present the first order discretisation of the reduced model in region (i) that leads
to a system of linear equations implemented and solved for in Python and the solver is
available online at GitHub [1]. As described in §4.5 of the main paper, the asymptotically
reduced model requires a coupled PDE and an ODE to be solved, namely (74) and (67)
given in the main paper. The former is an ODE that predicts the position of the saturation
interface and the latter, a PDE for the evolution of the concentration in the liquid in region
(i). The two are coupled by the boulder diffusion problem (68)-(70) and we will need to
solve (74) many times to obtain a full picture of the solution in region (i). Since it is
only necessary to evaluate the solution in region (i), we will drop the superscript (i) for
an easier notation.

The numerical solver is based on a finite difference spatial discretisation and a for-
ward Euler-based method in time for the microscopic equations (68)-(70) and a backward
Euler method with upwind approximations of the spatial derivatives for the macroscopic
equation (67) and a forward Euler method for determining the location of the saturation
interface (74). The two scales are combined by defining a system of the microscale equa-
tions at each grid point in the macroscale grid. We note that the analytical solution to the
diffusion problem in the boulders is directly available from the analytical solution (71),
however a numerical solution is easier to implement in the computational solution as it
does not require summation of the series. Overall, as a forward Euler method, the scheme
exhibits first-order accuracy.

E.2.1 Numerical discretisation in the liquid

As the saturation front s; advances down the bed, the spatial domain of region (i) expands
so that z € [0,s4(¢)] until the front reaches the outlet, thereafter the domain remains

13



z € [0,1] for the remainder of the brew time. To deal with the expanding domain, we
introduce the following variable transform:

_Z E26
n= (E26)

such that z € [0, sq] and 7 € [0, 1]. Under the transform (E26), we denote the source term
on the right-hand side of (67) defined on 7 coordinates to be Gy, the problem in the liquid
(67) becomes

0 t a ) O G
= | S (B27)
(¢7T + @) Sd d n br + @
with initial and boundary conditions derived from (67b)
Cl|77:0 =0 and Cl’t:() =0. (E28)

We discretise the time domain into Ny equally-spaced collocation points, such that the
intervals separating them are of width A¢, and denoting the points ¢t = ¢; for i =
0,1,...,Ny — 1. ' The ODE (74) is discretised using a forward Euler method yielding

. -1
St = s g (S I A i )=, (E29)
¢r 3Qr 1—cjl—siq

allowing us to find the subseqgent position of the saturation front given present information.

We now determine the evolution of ¢; by discretising the spatial domain n € (0,1)
into IV collocation points and denote A to be the distance between any two neighbouring
points. We denote the values of ¢(n,t) at these points by c;'*l for j =0,...,N—1,so
that the superscript indicates the value of ¢t and the subscript denotes the value of 1. We
discretise spatial derivatives by a first-order upwind approximation and apply a backward
Fuler method to evolve the solution in time. This yields the following system to solve for
¢i(n,t) in the liquid:

e i - gt R 541 _
J At Bsff‘lA sil'HA

é ' i+1 ¢ it el
] CZ»+1 _ q + 77] 'd A + J 7 E30
At j—1 BS?_lA Sfi—‘rl B ( )
with
=0, (E31)

'To aid the reader when referring to the code on Github [1], we have adopted different notations in
the indexing used the numerical schemes for the full and reduced model. Indexing in the full model starts
from 7 = 1 and for the reduced model from i = 0. We chose this indexing due to the implementation of
the full model in MATLAB® and the reduced in Python.
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— by 1
where B = o T 507 18 shortened for compactness.

The spatial domain transformation (E26) and the discretisation of 7 cause the number
of grid points to remain constant but their positions and spacing in the original domain
in z will change at each time step. To obtain a solution for the boulder concentration,
however, we require a fixed grid in the bed. We discretise z identically to n into N
collocation points and denote them by z; for j =0,...,N — 1.

E.2.2 Numerical discretisation in the boulders

The transport of solubles (68)-(70) inside the boulders is solved at each grid point in the
bed z; on a uniform grid in r. We discretise the radial domain into M points, r; for
k =0,..M — 1. The problem is essentially radial diffusion in a sphere and we apply a
finite-difference approximation. It evolves in time simultaneously with the liquid, and we
apply a forward Euler method. The discretised equations for ¢;(z;,7,t) at each z; are:

it _di v <(k + )¢} g1 — 2kl + (k+ 1)Cé7k—1) , k#0,M,
: N = =4 Daals,, k=M, (E32)
0, k=0

The problem in the liquid and the problem in the boulders are coupled by the source term
G(z,t) which is given by the flux condition (70)

Dsy e
Qb or lr=1"

Allowing a “time lag” of At, we can compute the boulder concentration using concentration
in the liquid cé-fl at the surface from the previous time step. Doing this allows us separate
(E30) and (E32) and to solve the boulder diffusion in advance to the liquid transport in
order to compute G;- directly from the flux condition (E33). The source term is defined

G=-— (E33)

on the two macroscopic spatial domains as G(z,t) for the boulders and as é(n,t) in the
liquid. To account for this transformation, at each time step t = t*, we interpolate between
the two grids using linear interpolation. The boulders are located at all discrete points
zj, however, only the ones in region (i), i.e. in the domain z € (0,s%) will be dissolving
and there will be no soluble extraction from those outside this region. To account for
the different domains, we first identify all points z; for which z; < sfi and we use linear

interpolation to “stretch” the values of G; € (0,s}) onto n € (0,1). Now C;’; is used
directly in (E30) to obtain the solution in the liquid in n € (0, 1).
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