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We derive the homogenized governing equations for
a double porosity system where the fluid flow within
the individual compartments is governed by the
coupling between the Darcy and the Darcy—Brinkman
equations at the microscale, and are subjected to
inhomogeneous body forces. The homogenized
macroscale results are obtained by means of the
asymptotic homogenization technique and read as a
double Darcy differential model with mass exchange
between phases. The role of the microstructure is
encoded in the effective hydraulic conductivities
which are obtained by solving periodic cell problems
whose properties are illustrated and compared. We
conclude by solving the new model by means of a
semi-analytical approach under the assumption of
azimuthal axisymmetry to model the movement of
fluid within a lymph node.

1. Introduction

Flow of a Newtonian fluid inside a rigid porous
matrix can be macroscopically described by Darcy’s Law.

© 2023 The Author(s) Published by the Royal Society. Al rights reserved.
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The law was formulated by Henry Darcy based on the results of experiments on the
flow of water through beds of sand [1], and can be rigorously derived by a large variety of
upscaling methods such as mixture theory and asymptotic homogenization, see, e.g. [2] and [3,4],
respectively. An alternative approach that describes the fluid flow of a Newtonian fluid inside a
rigid porous matrix relies on the Darcy-Brinkman equation. The equation has been introduced by
Brinkman adding the so-called Brinkman term, that is, an additional viscous term to the classical
Darcy equation [5], represented by a Laplacian weighted by an effective viscosity .. This model
has been used widely to analyse high-porosity porous media. In particular, the Darcy-Brinkman
formulation allows us to specify the boundary conditions [6] and the interaction between a free-
fluid region and a porous region [7], having a differential form similar to the Stokes’ one. Despite
its practical feedback, the Darcy—Brinkman equation is more complex and less straightforward to
justify than Darcy’s Law via upscaling method such as homogenization, see, e.g. [3,8,9], and is
also computationally more demanding. Furthermore, the Darcy and Darcy-Brinkman equations
possess very different differential structures.

In this article, we derive a new macroscale model which is obtained by upscaling a system of
partial differential equations resulting from the coupling between Darcy’s and Darcy-Brinkman’s
models. This means that, while we are considering the interactions between two porous media,
pore-scale inhomogeneities are already ‘smoothed out’ from a geometrical viewpoint, and
the upscaling process is performed by considering the interaction between the two phases
at the mesoscale level. The two media are both considered intrinsically incompressible and
subjected to inhomogeneous body forces, which can, for example, arise from the application of
electromagnetic fields on e.g. magnetorheological fluids or electrolytes, see also [10]. We have
also assumed that the two compartments are exchanging mass through their interface, which is
modelled as a semi-permeable membrane. As a result, we obtain a double porosity macroscale
model which is equipped with an effective source. This latter comprises contributions related
to both the meso- and macroscale variations of the prescribed body forces mediated by the
properties of the mesoscale structure, as well as mass exchange terms involving the pressure
jumps between the two compartments at the macroscale.

The derivation of the macroscopic equations related to this problem is as general as possible,
so the model is applicable to a large variety of scenarios of interest involving multiscale fluid
flow in porous media. However, the chief motivation driving the present study is the application
of the results to fluid flow within a lymph node. The lymph node is an essential component
of the immune and lymphatic system, playing a critical role in safeguarding the body against
infection and disease. It accomplishes this by harbouring lymphocytes, including B and T cells,
which travel through the bloodstream and reside within the nodes. B cells are responsible for
generating antibodies that specifically attach to antigens, thus initiating an immune response.
When B cells are stimulated, they can transform into plasma cells, which secrete antibodies,
or memory cells that provide defence in future encounters. Additionally, antigen-presenting
cells, such as dendritic cells, capture and process antigens from various sources. These cells
migrate to the lymph nodes, presenting the antigens to T cells to activate them and start the
adaptive immune response [11,12]. These substances are transported inside the nodes (which
are scattered throughout the lymphatic system) by the interstitial fluid, called lymph once inside
the lymphatic system [12]. The main features of the lymph node from a mechanical point of
view are the presence of a thin channel near the wall (subcapsular sinus, SCS) where the fluid
can flow freely surrounding a porous core (lymphoid compartment, LC) that is the parenchyma
of the lymph node [13], where the fluid can enter from the SCS through a conduit system
network [14-16] formed by fibroblastic reticular cells (FRCs). We can see a reconstruction of this
conduit system in figure 1. The lymph flow inside lymph nodes has various important functions,
such as directing the distribution of macromolecules, enhancing ligand expression, aligning the
extracellular matrix and facilitating cell migration [11]. Additionally, the fluid flow through the
endothelial monolayers and fibroblastic reticular cell (FRC) network enhances the expression
of chemokines, that generate a chemokine gradient by entering the lymph node, which helps
in directing the localization and migration of immune cells [11,12]. Increased fluid flow also
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Figure 1. Reconstruction of the conduit system network (in yellow) and of the blood vessel network (in red) inside the lymphoid
compartment. This figure is taken from [15] and reproduced with permission from Bocharov.

enhances the proliferation and drug sensitivity of certain types of lymphomas [17]. The study
of fluid flow is significant in understanding tumour metastasis [18] and drug transport [19].
Furthermore, damage to or removal of lymph nodes can lead to lymphoedema [20,21], a condition
related to inadequate lymph transport [20]. In particular, in this paper we focus our attention
on the porous region of the lymph node (the LC) and the fluid exchange between the node
and the blood vessels, which are only in this part of the node [22-24]; using the hypothesis of
axisymmetry and isotropy of the porous medium, we find an explicit solution and analyse it by
varying physiological parameters related to the lymph node.

As far as we know, the lymph flow through a lymph node has not been extensively explored
from a mechanical and fluid dynamical perspective, and only a few models in the literature
try to describe the behaviour of a lymph node (LN) from a fluid dynamical point of view
[25,26]. In [27,28], they simulate the fluid flow inside the lymph node using an image-based
modelling approach to investigate how the internal structure of the node affects the fluid
flow pathways within the node. In [22], they developed a computational flow model based
on the mouse popliteal LN, and they identify the important system characteristics by doing a
parameter sensitivity analysis. In [15], they propose an object-oriented computational algorithm
to model the three-dimensional geometry of the fibroblastic reticular cell graph network and
the microvasculature, and then they analyse the lymph flow properties through the edges
and the vertex of the conduit network. In [16], they developed a computational modelling
algorithm that generates the conduit system graph network and then they study the fluid flow
inside them imposing momentum balance along each segment and mass conservation in every
node of the network. In [29], they developed a microfluidic platform replicating the lymph
node microenvironment, they simulate the fluid flow in this microenvironment and then they
visualize the direction of the fluid flow within the device using live imaging microscopy. Another
microfluidic platform was developed by Birmingham et al. [18] that recreates the fluid dynamics
of the lymph node’s subcapsular sinus microenvironment; they estimate the levels of wall shear
stress and evaluate how physiological flow patterns impact the adhesion of metastatic cancer
cells. Tretiakova et al. [30] developed an artificial neural network model to describe the lymph
node drainage function. The first attempts to describe the fluid flow in the lymph node from a
more explicit point of view are in [31,32], where an explicit and a numerical solution are presented
in a time-dependent setting in simplified geometries (a very idealized geometry for [31] and a
spherical geometry in [32]), without considering the drainage of the blood vessels. The model
presented in this work allows us to describe the blood vessel’s drainage function in the lymph
node considering the multiscale nature of the latter, obtaining a rigorous mathematical model
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using the asymptotic homogenization technique that describes the fluid flow inside both the FRC
and the blood vessels networks. Moreover, thanks to the fact that we start with a formulation that
is already smoothed out, we do not need precise information about the microstructure geometry
of the lymph node, which is in general very complex and hard to describe.

The work is organized as follows. In §2, we define the starting equations of our problem.
We formulate the balance equations of Continuum Mechanics and the corresponding boundary
conditions. In §3, we use the asymptotic homogenization technique to find the equations that
describe the motion of the fluid at the macroscale, one starting with the Darcy-Brinkman equation
and the other with the Darcy equation, and to describe the fluid exchange between them. In §4, we
find the macroscopic equations by averaging the leading order terms of the asymptotic expansion.
In §5, we analyse the difference in having as a microscale cell problem Darcy, Darcy—Brinkman or
Stokes, finding an explicit result to the microscale cell problem in a specific case. In §6, we find the
macroscopic explicit solution in a sphere with axisymmetry and isotropic permeability in terms
of Bessel’s and Legendre’s polynomials. Finally, in §7, we analyse the solution found in §6 with
lymph node physiological data obtained from the literature.

2. Statement of the problem

Let us consider a domain £2 = £2, U £2,;, where £2;; and 2, are the portions of the domain that
indicate two different phases. The labels m and v stand for the matrix and the vessel regions,
respectively.

We use Darcy equation with inhomogeneous body forces to describe the fluid flow in the
domain £2, [10]:

2.1)

1, (x) = =Ky (x)(Vpy(x) — f,(x)) in £2,
V-uy(x)=0 in §2,.

The Darcy—Brinkman equation with inhomogeneous body forces in the phase £2;; can be written
as .
=Vpm(x) — Ky ()t (%) + pe Aty (x) + f,(x) =0 in £2;, } 2.2)

Vuy(x)=0 in §2y,.

Here we are considering two fluid phases: one in £2, and one in §2,. For y = v, m, u,, is the velocity
of the fluid, p, the pressure, f, the external force density, K, (%) is hydraulic conductivity tensor,
which is given by the permeability tensor divided by the viscosity u of the fluid, and p, is the
effective viscosity. We assume that the hydraulic conductivity tensor is symmetric and positive
definite, that is

I%,(x):f(i(x), Va#O:a-Ky(x) ~a>0.

As our starting points are the Darcy and Darcy-Brinkman representations, the pore structure
is considered already smoothed out, and the microscale geometry information is encoded in the
hydraulic conductivity ky (%).

The interface conditions are prescribed as follows:

uy(x) - n =ty (x) - n=Lyp(pm(x) — pu(x) —p) on Tl

——— 2.3
um(x) - 7= _%M[(n -V (x)] - T onl’, 2

where I' = 982, N 082, is the interface between the domains 2, and £2,,, n the outer normal to
£2;;, T any tangential vector to I', p is a constant and « is a constant that must be found with
experiments. The second equation of (2.3) is the Beavers—Joseph—Saffman boundary condition [33],
which is a quite general interface condition on the tangent component of the velocity; instead,
for the normal component of the velocity, we impose the interface condition described by the
first equation of (2.3). We impose this type of interface condition having in mind biological
applications of this model (such as lymph nodes, tumours); indeed, if we have p = o (1, — ),
we obtain the Starling equation [34,35], which describes the fluid exchange between two different
phases separated by a membrane, where o is the Staverman’s reflection coefficient, , the oncotic
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Figure 2. The cell problem domains £2,, (blue on the left) and £2,, (gray on the right), with the geometrical parameters in
dimensional form, where . is the radius of the cylinders, d is the microscale variable, and 7. = r, /d.

pressure of phase §2, and m;;; the oncotic pressure of phase §2,,. For simplicity, in this work, we assume
that the oncotic pressures m, and m;; are constant, although in general, they can depend on the
concentration of solutes which vary over time and space [36,37]. The quantity L, is given by
experimental measurements and depends on both the geometry and the tissue wall material of the
intersection I". Nevertheless, our model remains valid for other choices of boundary conditions.

Now we want to write the Darcy—Brinkman equation and the interface conditions in a non-
dimensional form; we define the following non-dimensional quantities (denoted with a prime
symbol):

/

p=Pp, u=Ud, x=Lx and e= I

where P is the characteristic pressure, U is the characteristic velocity, d is the fine scale length
and L is the coarse scale length. In particular, d physically represents the distance between two
vascularized regions. Here we are not resolving the fine details characterizing individual vessels
and we instead represent the vascular network region as a domain £2, geometrically consisting of
interconnected cylinders (figure 2), where Darcy’s Law holds. As such, 4 is then identified as the
distance between two such adjacent cylinders. C is a representative pressure gradient (with P = CL),
say:

u

c=—,
Kref

where K. is the representative (scalar) value for the hydraulic conductivity given by

d2
Kref ~—,
"
and we set
K f
K,==Y and f =-%,
v Kief fy C

where y = m, v. Substituting into (2.2) and omitting the primes, we obtain:

—Vpm(x) = Ky (01 (x) + AU (%) + £,,() =0 in 2y,

24
V- uy,(x)=0 in 2y, @4

where

Assuming that p, ~ 1, we have i ~ O(€?).
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Substituting these relations into (2.1) and (2.4), we obtain the non-dimensional equations:

1y (x) = =Ky (x)(Vpy(x) — f,(x))  in £2,
V- uy(x)=0 in Qv,} @5)
and
—Vpm(x) — K,;,l(x)um(x) + €21 Auy (x) +f,,(x)=0 in £y, 2.6)
Vo ty(x) =0 in 2, ’

where u* = p./u.
Now we want to non-dimensionalize the interface conditions (2.3): by the Starling equation,
the flux J,, passing through the interface between the two phases is given by

Jv= Lpg(Pm(x) - pv(x) - }_7)/

where S is the total exchange surface density. From the fact that 4 is related to the distance between
the vessels of the domain £2,, we have
1

€

S o

Ul

It is likely that the measured flux of a specific area of tissue will remain finite, even if the number
of capillaries and their total surface area within that volume increases; hence we need to scale the
interface condition by € to have a finite flux. The same conclusion can also be recovered for the
Beavers—Joseph-Saffman interface condition (see [36] for more details).

Then, if we non-dimensionalize and we substitute the previous fact into equation (2.3) we have

uy(x) - n=upy(x) n= ei‘p(pm(x) —pu(x)—p) onl

Vo7 2.7
Uy (x) - 7= —e%(x)[(n Vuy(x)] -t onl, @7

where ip =L, ul2/d3 [36].

3. Asymptotic homogenization

In this section, we employ the asymptotic homogenization technique [3,4] to derive a continuum
macroscale model for the systems (2.5)-(2.7). Since we suppose € = (d/L) < 1, we enforce the sharp
length-scale separation between 4 (fine scale) and L (coarse scale) and we decouple spatial scales
by introducing a new local variable

where x and y represent the coarse and fine scale spatial coordinates, respectively. They have to
be formally considered independent variables. From now on, p,, u,, K, and fy (where y =m, v)
are assumed to depend on both x and y.

Before we start with the asymptotic homogenization technique, we recall some assumptions
concerning the geometry of the multiscale problem:

— Local periodicity: we assume that p,, u,, K, and f,, are y-periodic. This assumption allows
us to study fine scale variations of the fields on a restricted portion of the domain. In
particular, we have that £2 is the periodic cell domain, and £2;; and £2, are the portions of
the domain §2 related to the two different phases.

— Macroscopic uniformity: we neglect geometric variations of the cell and inclusions with
respect to the coarse scale variable x. Thanks to this assumption, we can consider only
one periodic cell £2,, for every macroscale point x, and we have that

Ve ngc)dyﬁ Ve ()dy. (32)

Y
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The differential operator transforms accordingly
1
V> Ve + -V
€

Now we employ a power series representation with respect to € as follows
- [
wy (o, y) =S, (v, ) = > ul) (x, y)e,
=0

o0
py ey =pSxy) =Y pY e y)e,
=0

and fy (x/ }/) Ef; (x/ ]/) = ng/l)(x/ y)61~
1=0

(3.3)

(with y =m, v):

(3.4)

(3.5)

(3.6)

Substituting the power series representations (3.4)—(3.6) and the differential operator (3.3)
into the non-dimensionalized Darcy equation (2.5), the Darcy—Brinkman equation (2.6) and the

interface conditions (2.7), we have:

euy (x,y) + Ko (x, ) Vapy (x, )
+Ky(x, y)Vyp (x, y) — eKy(x, y)f 5 (x, y) =0 in £2,,
eVy -uy(x,y) + Vy - uy(x,y) =0 in £2,,
—€Vapl, (x,y) — Vypi(x,y) — €K, (x, y)us, (x, )
€3 Ayt (x, y) + wre Ayus,(x,y) + e Ve - (Vyus,(x, y))
+u*62Vy - (Vaul, (x, ) + €f 5, (x, ) =0,
€V -ty (x, y) + Vy - 1, (x,y) =0

uS(x,y) - n=us,(x,y) - n=eL,(pS,(x,y) — p5(x,y) — p)

Kne) [(n (vx + ;vy)) u;,(x,w] T

u,(x,y) - T=—

If we collect the terms of order €” in systems (3.7) and (3.8):

Vyp(uo) (y)=0= pio) = Pf)o) (%),

Vypfff) (x,y)=0= ng) = pfff) (%),

0
Vy ~usj)(x,y)=0,

and Vy - uly) (6, 9) =0,
and for the interface conditions (3.9):
”519)(35, y) n= ug;o)(X, y)-n=0 onI

and

VEKmn(x,y)
[07

MSS)(X, y) T=— [(n- Vy)ufff)(x, y]-t onr.

(3.7)

3.8
in 2, ©8)

in 2,

on I’

(3.9)
n .

Q

(3.10)
(3.11)
(3.12)
(3.13)

(3.14)

(3.15)
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Collecting the terms of order elin systems (3.7) and (3.8) and in the interface conditions (3.9),

we obtain:
) (x,y) + Ko, y)(Vapt ()
+Vyp e y) — O y) =0 in2, (3.16)
Vy - ufjo)(x, y)+ Vy - u(l)(x, y)=0 in £, (3.17)
= Vapi () = Vil () — K/ e ) ()
+u Ayu (x y) —|—f(0)(x, y)=0 in 2y, (3.18)
Vi - um (x, y)+ Vy - um)(x, y)=0 on 2y, (3.19)
ug)(x, y) -n= us,l)(x, y) -n= Lp(pm)(x) 0)(x) —p) onrl (3.20)
and ey v =D 09000 )

+n- Vy)um)(x, y)] -t onT. (3.21)
Applying the V- operator to equation (3.16) and using equation (3.12), we obtain
Vy - (K )Vl @) + Vypt (e, 9) = fP G )] =0 in 2, (3:22)
and the boundary condition (3.14) becomes
(Ko y)(Vapt () + Yyt () = e y))] - =0 on T (3.23)

Since the problem is linear and the vector function Vyp® is y-constant, we state the following
ansatz of the solution:

0 -
PPy =g, ) - Vap @) + gulx, y). (3.24)
Equation (3.24) is a solution of the problem (3.22) and (3.23) (up to a y-constant function),

provided that the auxiliary vector field g, and the auxiliary scalar function g, solve the following
cell problems:

Vy - [Vyg,(x Ko(x,y) 1= -V, - Ky (x, )", in2,
(3.25)
[Vygv (x/ y)KU(x/ y)T] -n=-K, (x/ y)T n on I,
and
Vy - [Ko(x, y)Vy@o ()] = Vy - Ko, y)f P (x ), in 2, } (3.26)
[Ky(x, )V, )] - =K (x, y)fOx,y) . m~ onT.

Moreover, we impose that (g,(x,y))e, =0 and (g,(x,y))e, =0 to ensure the uniqueness of the
solution, where (-), is defined as

1
ho =— hdy. 3.27
o, =i [, e 6.27)

To solve the Darcy-Brinkman problem in §2,, since the problem is linear and the vector
function Vyp(? is y-constant, we formulate the following ansatz for the solution:

P () = =8, (6 9) - Vbl (6) + G, y) (3.28)
and
(0) 0) -~
(X, Y) = —Wp(x, y) Vapy' (X) + Wi (X, y). (3.29)

Putting together equations (3.13)-(3.15) and (3.18), we obtain an auxiliary Darcy-Brinkman

system in (ufn),pm)) Hence, we have that (3.28) and (3.29) are solutions of the problem (3.13)-

LE108707 6L ¥ 205 2014 eds/feuinof BioBuiysiignd/iaposiefos



(3.15) and (3.18) provided that the auxiliary fields g,,, Wy, @y, and g, solve the following cell
problems:

K o, ) Wi, y) — i Ay Win(x,y) — 1
+(Vygx,y)T =0 in 2,
Vy  Wi(x,y)=0 in 2, (3.:30)
Wi(x,y)-n=0 onl,
VEKn(x,
Wi(x, y)t = _#[(Vywm(x/ y)nlt onT,
and
_K_l(x y)ﬁ?m(x y)+u* Ayﬂ’m(x/ y) — Vygm(x/ Y)
+fm)(x y) in §2y,

Vy - w(x,y) =0 in £2;,, (3.31)
Wy (x,y) - n=0 onl,
. v EKm(x, .
W (x,y) = —#[(Vywm(x, y)nlt onl.

Moreover, we impose that (g,,(x,y)) 2, =0 and (gm(x,y)) 2, =0 to ensure the uniqueness of the
solution.

4. The macroscopic model

Applying the average operator (-) o, to the ansatz (3.29), we obtain:

m

@D y) 2, = — (Wi, ) 2, Ve (%) + (@ (%, ) 210s 4.1)

where W, and @y, solve (3.30) and (3.31), respectively.
We recall the equation of order ¢! for the divergence (3.19):

0 1
V-t () + Vy 0y (x,9) =
Applying the average operator, we obtain, using the macroscopic uniformity assumption (3.2):
V- (G 9)) @, + (Vy - ) (5 y) 2, =0,

Moreover, using the divergence theorem and the interface conditions (3.20):

1 1
<vy~u$)>9ﬂ,=mj wD ) dy= 5 | ) nds
—lg |[Pm’(x) P -7l (42)

where |§2,] is the volume fraction of the cell phase m and S is the unit cell capillary walls surface;
hence we have

Ve 10, = -2 100 — pOx) — . (4.3)

IQI

For the Darcy problem, we apply the average operator to equation (3.16) and, substituting the
ansatz (3.24), we obtain

@O, y) 0, = (Ko, ) + Ko (x,9)(Vyg, & 9)) o, VipD ()
— (Ko, 9)Vydo(x v e, + K@ n)f O v, (4.4)
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Using the same technique, applying the average operator and the divergence theorem to equation
(3.17), it follows that

L,S i
Ve (), = 152 o @) - V) - (45)
v

where we considered that n, = —n.
We can write the total macroscale velocity uc as

e = |Q2ul ) () e, + 1210 x, ) e
= — 120 (Win(x, ) 2, Vaply) () + |2l (@ (¥, y)) 2,
— 120Ky (x, ) + Ko, 9)(Vyg, (6, y) e, Vapl ()
— 121Ky (%, Y)Vy2u (X, 9)) 2, + 1201 (Ko (6, 9)f D (x, ) 2, (4.6)

Remark 4.1. We notice that the fluid is macroscopically incompressible, as the macroscale
divergence of the leading-order average fluid velocity (4.6) reduces to zero by means of (4.5)
and (4.3). The two individual phases can have non-zero divergences due to the fluid exchange
between compartments, as in [36,38].

Substituting (4.1) into equation (4.3) and (4.4) into equation (4.5), respectively, we obtain

( Woi(x, y)) e, prm)(X))

=V - (@m(x, y)) 2 + |[pm)<x) PO -7, 4.7)

|2m

and
V- (Kot ) + Ko 9)(V8, (6, ) D, Vil )

=—Vy- (Kv(x/ ]/)Vygv(x/ y))ﬂ

Ve Kol ) O e, — 210w — pO ) - . (4.8)

IQ |

The equations (4.7) and (4.8) are the classical Darcy Law diffusion problem with additional
terms related to the multiscale forces [10] and the fluid exchange between phases. We note that if
the multiscale forces f,, and f, are zero, the unique solutions g, (x, y) and @, (x, y) of the systems
(3.25) and (3.30) are both zero. In this latter case, equations (4.7) and (4.8) reduce to the double
Darcy’s model with fluid exchange between phases as derived in [38] and subsequently solved
and generalized in [36,39], respectively. However, even when ignoring the contributions related to
the external volume loads, the final model that we have obtained differs from the one obtained in
[38] due to the Darcy—Brinkman type cell problem which is to be solved to compute the hydraulic
conductivity (W), for the matrix compartment £2,,.

Equations (4.1) and (4.3)—(4.5) are in non-dimensional form. We have the following relations:

|Qt0t| |Q§0t| d Stotd

|£2

[$2m] = |= an = , (4.9)
ST T o) 2]

where |£2| is the total volume of the lymph node, |20t is the total volume of the phase m, |$2!°| is
the total volume of the phase v, and Stot s the total vessel surface. Thanks to the above relations,
we have that equations (4.1), (4.3)—(4.5) in the dimensional form are

d? Ca?
(e, ) 2, = —;<wm<x, )52 Vot () =~ @ ) 2, (4.10)

W(@ P ) - pl. (4.11)

0
Ve (4, y)) 2, = - 9t°t|
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d2
@O,y o, = = Kaloy) + Ko )(Vag, e, Vaer' (x)

Cd? . a2 0)
- T(Kv(x/ YV, Y e, + ;(Kv(x, iy @& y)e,- (4.12)
o) LyS™ Oy O 5
and V- (' (X, ) e, = | 20ot] [P’ (x) — pu” (x) — p], (4.13)
v
and then we call
_ 42
Ky = ;(Wm(x, Y)) e, (4.14)
and )
_ d
Ky = (Kol y) + Ko, y)(Vy8, e, (4.15)

the dimensional hydraulic conductivity of the phase m and v, respectively.

5. A comparison between different fluid regimes

In this section, we want to study the differences in using Darcy, Stokes or Darcy-Brinkman for the
domain £2, in the cell problem. We can see the cell problem domain in figure 2.

For simplicity, we focus on the case f, =0, replacing the interface boundary conditions with
the no-slip condition u#, =0 and assuming the isotropy of the porous medium, that is K, = K, 1.
Hence the Darcy cell problems (3.25) and (3.26) reduce to

Vy - [Vyg,(x,y)]=0, ing,

(5.1
Vyg,(x,y) -n=—n on T,
while the Darcy-Brinkman cell problems (3.30) and (3.31) reduce to
K TWDB(x, ) — Ay WDB(x, ) — T+ (VygPB(x,y) =0 in g2,
Vy  WDB(x,y) =0 in £2,, (5.2)
WDB(x,4) =0 onl,
where K* = K, u1/d?. Finally, the cell problem for the Stokes equation is [3]
—AyWitey) — 1+ (Vygy(xy) =0 in 2y,
Vy - Wi(x,y)=0 in £2,, (5.3)

WS(x,y)=0 onI.

We want to solve and compare the problems above in the cell domain £2,; therefore, we
need to compare the same quantity at the macroscale. For Darcy—Brinkman and Stokes, the
dimensionalized macroscopic velocity is given by (4.10):

2
DB/S d= DB/S
Uy / )2, =——(Wy / ).Q“pr(o)/
w
where WDB/S takes different expressions in Darcy-Brinkman’s and Stokes’ cases. On the other
hand, for the Darcy case we have, by equation (4.12):

dZ
(), = —K*;a[ +(Vyg )N a, Vap.

Hence we compare (WDB/S) @, for the Darcy-Brinkman and the Stokes problem and K*(I +
(Vygv)T)gu for the Darcy problem.

If we consider cylinders with a small radius, so that they have a small overlap region, we can
analytically solve the previous systems up to a small error. The differential problems (5.2) and
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(5.3) written in terms of the auxiliary tensor W, can be shown to correspond to three standard

Darcy-Brinkman and three Stokes” systems of equations, respectively, see also [10,39]. Using the

rotation invariance property of our geometry, we can choose one arbitrary row (i.e. direction) of

I, say e3 (the third row of I), and we set W3 , = We3. In this case, the solution is non-zero only in

the branch directed along e3, which means the only non-zero component is W3 ,e3 = W33 ,,.
Hence the solution of the system (5.3) is [39]

S ;'c _1,2

330 = 1

S _ WS _— >
and W3 =W; =0, 0=<r=<f,

where 7. is the radius of the cylinder (non-dimensional). Hence we have that the resulting
permeability is

1 (b 2 (eR_p i3
(W3 Vo, = J dzJ deJ ¢ rdr=—<¢. 5.4)
TN M o 4 8152, (

For the system (5.2), the problem reduces to
wRkn 1
wHK* - w*

" ]. DB /
WP (r) + SWE () -
and the solution is

Jo (i\/Wo

W (=K [1-——— L |, WHE =W =0,

o (R ||

where ]y is the Bessel function of the first kind of order zero. Hence we have (using the property

XJy—1 = (d/dx)(x"], (x))):

1l 27 e Jo <1Wr>
W=y [ e[ [ [l - mm} -

72 Ji (v (@/pw*K*)r
i 2 TR
v

-~

Jo (V71K )

To solve system (5.1), we recall that n = (11, 12,0) = (cos 8, sin 8, 0). First of all, we focus on the
case n1 = cos ), and we call the solution g, 1. From the periodicity condition in the ez direction,
we have that g, does not depend on the z variable. Hence the problem reduces to

19 <ragv,1) 1 82gv,l .

3 p 2902 =0 0<r<t, 0<0<2m.
r or T T

(5.5)

Using the separation of variables g, 1 = R(r)®@(0) and substituting into the equation above, we
obtain
r*R"(r) + 1R (r) — cR(r) =0,

(5.6)
0" (6) +cO) =0,

where c is the constant obtained by the separation of variables. From the second equation of the
system (5.6), we have

®(0) = Asin(nf) + Bcos(nd), neN.

From the boundary condition of the system (5.1), it follows that 7 = 1. Hence the solution of the
first equation of the system (5.6) is

C
R(r)= 71 + Cor,

and, from the boundary condition of (5.1) and the non-degeneracy condition in r =0, we have
C1=0and C, =1. Hence we have

vl = —rcoso.
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Figure 3. (a) Darcy—Brinkman/Darcy comparison with respect to /4, for K* = 6.67 x 10~°. (b) Darcy—Brinkman/Stokes
comparison with respect to K*, for u* =1.

Table 1. Comparison between Darcy—Brinkman and Darcy (left), Darcy—Brinkman and Stokes (right).

relative error

In the same way, for the case 1o =sin 6 we get:
v =—rsinb.

Hence it follows:

1 2
(Vyg) e, = —— Lz (Vyg,) dV = -3 (5.7)

e

These results are shown in figure 3, where we set 7. =7.7 x 1073, |82y| =37 R2I. (the volume
is indeed a bit smaller, but we are supposing that the intersection between the cylinders is
negligible).

As expected, the Darcy-Brinkman equation has a Stokes/Darcy duality behaviour. Indeed,
suppose we decrease the relevance of the Laplace operator in the Darcy-Brinkman cell problem
(5.2). In that case, we have that the solution tends to the solution of the Darcy cell problem (5.1).
We can see this behaviour in figure 3a. The resulting permeability of the cell problem (5.2) tends to
the one of the cell problem (5.1). We can see this behaviour even if we decrease the permeability
instead of the relevance of the Laplace operator because, in this case, both the Darcy and the
Darcy-Brinkman equations tend to zero. In figure 3b, we can see that if we increase K* in the
Darcy-Brinkman cell problem (5.2), the solution tends to that of the Stokes cell problem (5.3).
Table 1 shows that, if the permeability is not too small or the Laplace operator is relevant, then
the Darcy (resp. Stokes) and the Darcy-Brinkman equation give very different results; otherwise
the solutions of the two problems are similar.
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Table 2. Physiological and estimated parameters.

name physiological range/value description

macroscopic radius [18,32]

Ly 5475 x 1072 — 3,67 x 10" mms~" mPa~" hydraulic conductivity of the blood vessel walls
[22,27,28,30]

N 1310 number of cells (electronic supplementary
material, appendix B)

I, 17 x 103 mm microscale  cylinders  radius  (electronic
supplementary material, appendix B)

d 2% 1072 mm microscale cylinders mean distance (electronic
supplementary material, appendix B)
e i R ength .........................
CO ............................ 56Kozenyconstant[39] .............................................
e Mx10Smmsmg’  hydraulicconductivityofthe blood vesselsusing

the Kozeny—Carman formula [50,51]

body forces

macroscopic interstitial hydraulic conductivity
(solving system (3.29))

macroscopic  blood hydraulic  conductivity
(solving system (3.24))

6. The explicit solution

In this section, we find an explicit solution to the macroscopic problem given in §4. More details
about this section are given in electronic supplementary material, appendix A. For simplicity, we
assume that the multiscale forces f¢, and f, vanish and that both porous media are isotropic, that
is:

K,=K,I and K, =K.,
where, from equations (4.14) and (4.13), K, and K, correspond to (d2/ ) Ky + Ky (Vygv)T) o, and
(2] W)W 2., respectively. We recall that the base value for the dimensional vessels” hydraulic

conductivity Kyd? /u is computed according to the Kozeny Carman model, i.e. ——5 see
Slol
Co ( I _?‘t!oq ) .
table 2 and supplementary material, appendix B for further details. We have that K, and K,
are constants due to the geometry and the hypotheses used, and they are found solving the cell
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problems (3.24) and (3.29), respectively, using COMSOL Multiphysics, with & =1 (see electronic
supplementary material, appendix C for more details). We consider a spherical domain £2,
denoting by r the radial coordinate, 6 the polar coordinate, and ¢ the azimuthal angle. Moreover,
we assume axisymmetry with respect to the azimuthal angle ¢. Hence our problem is:

Apy(r,0) = =Mylpm(r,0) — pu(r,0) —pl r<R, 0€]0,2x],
Apu(r,0) = Myulpm(r,0) — pu(r,0) —pl  r<R, 6 €[0,2x[,
Pu (Rre) = f_’v (9)1 Pm(R; 0) = f’m(e) 9 € [Or 271 [/

non-degenericity r=0,0¢€]0,2x],

(6.1)

where R is the radius of the spherical domain, M, =L,/ (121YK,), and My, =
L,S©t/ (1204K,).
We define the quantity
w(rle):pm(rle) - pv(”re)/ (62)

and, taking the difference between the second and the first equation of the system (6.1), we obtain
the new problem

AY(r,0)=M[y(r,0) —p] r<R, 0€l0,2x],

V(R,0) =pm(0) —pu(0), 0 €[0,27], (6.3)
non-degenericity r=0, 0 €[0,2x],
where M = M, + M,;. Defining R
v(r,0)=v(r0)—p, (6.4)
we can reformulate the first equation of the system (6.3) as
AV (r,0) = My (r,6). (6.5)

Details about the computations can be found in electronic supplementary material, appendix
A. The solution to the problem (6.5) is the following:

. 1
V0.0 = 3 An—hsa) (VM) Pac), (6.6)
n=0

where ¢ =cos6, I, (12 is the modified Bessel polynomial of the first kind, Py(¢) is the Legendre
polynomial of the first kind [40], and with the boundary condition from the second equation in
the system (6.3)

[e.¢]

YR, &) =pm(¢) — pu(¢) =D b"Py(0). 6.7)
n=0

We have that A, is given by the boundary conditions (6.7), and it is

) _ 3 - (n)
ozm forn=0, Anzi forneN,n #0. (6.8)
Iy (VMR) Ly: (VMR)
The solutions of the system (6.1) are
|, MnAn 1
pm(r,¢) = 712:;) |:C1 4+ M ﬁln+(1/2) (mr)i| Pu(2) (6.9)
and
. ~
) MyAy 1
W(1,0) = d — —I Pu(2), 1
pu(r,¢) 1;)[ 1T M /2 (x/IT/Ir)} () (6.10)

where the constants an) and d(ln) are found explicitly in electronic supplementary material,
appendix A.
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7. Application to the lymph node

In this section, we show the results given by the explicit solution with physiological data
obtained or estimated by an idealized spherical mouse popliteal lymph node [32]. The lymph
node is basically formed by two parts: a porous bulk region called LC and a thin layer against
the wall where the fluid can flow freely, called subcapsular sinus (SCS) [11,41]. Owing to
the fact that the whole blood vasculature in the lymph node is in the LC [22-24], in this
section, we apply the explicit solution found in the previous section to the LC, implemented
in Matlab.

Here we have that 2, is the blood vessels phase, and 2, is the interstitial phase. The fluid
exchange between these two phases is described by the Starling equation, which corresponds
to choose p = o (7, — my). The physiological data used in this work are explained in electronic
supplementary material, appendix B and are summarized in table 2.

To find the hydraulic conductivity K, and K;; of the dimensional macroscale equations (4.12)
and (4.10) defined in (4.15) and (4.14), we solve the cell problems (3.25) and (3.30) with the body
forces f,, =f, =0, « =1, and using the microstructure parameters described in table 2, using
COMSOL Multiphysics (see electronic supplementary material, appendix C for more information
about the numerical simulations). In [22], they used an interstitial hydraulic conductivity similar
to those measured in LS174T tumours of the value of ~2 x 10710 mm3s~! mg_l. In [27], they
found an average permeability of ~3.8 x 107> mm? fitting the results found in their model to the
data of a canine popliteal lymph node from Adair & Guyton [46]. In our model, we obtained the
hydraulic conductivity Ky =3.65 x 1072 mm3s~! mg~!, starting with a permeability of 3.84 x
10~? mm? for the Darcy-Brinkman equation, taken from [16,29]. The strength of our model is to
obtain a permeability for the macroscale using a rigorous homogenization method (i.e. asymptotic
homogenization), taking into account the geometry and the differential equations used in the
microscale. Moreover, we found the hydraulic conductivity and the fluid flow inside the blood
vessels too in order to better describe the fluid exchange between the blood vessels and the lymph.

As boundary conditions we choose:

po(R,¢)=py and pm(R,¢)=pm(C),

where p, is a constant value given by the literature (mean blood vessels pressure), and p;({) can
be any function sufficiently regular of ¢.

To begin with (and for simplicity), we assume that p;;({) =pm is a fixed constant value. In
this case, we can see the direction of the fluid exchange between the interstitial space and the
blood vessels explicitly. Indeed, in this case, remains only the n =0 term (from equations (6.7), the
computations in electronic supplementary material, appendix A, and from the fact that Po(x) =1
we have b0 = bﬁg) — bﬁ,o) = Pm — Pv), and this implies that equation (6.6) reduces to

P=A L (mr> B VvRL («/1\717> .
U NGV (\/MR) e o

From the fact that (4.5) can be written as Vy - (#”(x, y) e, = (L,S*°/ |21t))4(r) and recalling
that I1,2(x) = /(2/7) sinh(x)//x is positive for every x > 0, we have that the divergence in (4.5)
has the same sign as

Pm —pv — o (Tm — m), (7.1)

which is the opposite sign of the divergence in (4.3); this gives us information about the direction
of the fluid exchange.

The work [52] measured that the average pressure in a lymph node is about 6.86 +
0.56 cmHO = 6.7 x 10° + 5.5 x 10* mPa, so, for now, we fix py, = 6.7 x 10° mPa. With this value,
0 =0.88 and Am =1.02 x 10°mPa, we have that the sign of (7.1) is negative for p, < 1.5676 x
10° mPa ~ 11.8 mmHg (which means that the fluid goes from the interstitial space to the blood
phase), and start to have an inversion of the flow at p, ~ 1.5676 x 10 mPa~11.8 mmHg.
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Figure 4. The variation of p, and p,, inmPaat & = 5t /2, for some values of the Kozeny constant ¢o, with 7, — 77, =1.02 X
106 mPa, p, = 1.066 x 10° mPa, L, = 5475 x 10~ mm s~ mPa~", b, = 6.7 x 10° mPa and the parameters in table 2.

5, =6.66x10°
- p,=7.66x10°

5, =8.66x10°

5, =9.66x10°
- p,=1.066x10°

p,, (r, m/2)

R

Figure 5. The variation of p,, in mPa at & = 7z /2, for some values of the blood vessel pressure p,, in mPa, with 7w, — 77, =
1.02 x 10° mPa, L, = 5.475 x 10~ mm s~ mPa~", o, = 6.7 x 10° mPa and the parameters in table 2.

In figure 4, we can see the resulting pressures p;; and p, varying with respect to the Kozeny
constant ¢g. In this case, the range specified in figure 4 is used for ¢y rather than solely the base
value reported in table 2. Increasing cp means increasing the tortuosity of the blood vessels [39],
and this is related to an increase of p, and pj, at the centre of the node, and that means that there
is less flow from the interstitial space to the blood vessels (remembering that Darcy’s Law linearly
relates the fluid discharge to the pressure difference, so the lymph moves accordingly to the
pressure, see figure 12 and below for more details). This is related to the fact that increasing cg in
the Kozeny-Carman formula (electronic supplementary material, appendix B) means a decrease
in K,. Consequently, an increase of the pressure p, at the centre of the node means an increase of
pm; we can see this behaviour better in figure 5. This is a parametric study with the variation of
co related to the tortuosity effect [39]; however, to study the role of the tortuosity in more detail,
we need to take it into account in the geometry of the microscale problem, which we did not do
in this case.

In figure 6, we can see the resulting pressures p;, and p, varying with respect to the hydraulic
conductivity of the blood vessel walls L. Increasing L, means a decrease of p,; and an increase of
pv at the centre of the node, meaning a higher flow from the interstitial space to the blood vessels
(as expected).
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Figure 6. The variation of p,, and p,, inmPaat & = 7 /2, for some values of the hydraulic conductivity L, in mms™' mPa~"
with 77, — 71, = 1.02 x 10 mPa, p,, = 1.066 x 10° mPa, b, = 6.7 x 10° mPa and the parameters in table 2.
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Figure 7. The variation of p,, and p,, in mPa at & = 7z /2, for some values of the oncotic pressure difference Aw = 77, —
7 in mPa, with p, =1.066 x 10° mPa, L, = 5475 x 10~ mms~"mPa~", p, = 6.7 x 10° mPa and the parameters
in table 2.

In figure 7, we can see the resulting pressures p;; and p, varying with respect to Amw =, — 7.
Increasing Am means increasing the concentration difference between the interstitial space and
the blood vessels, and consequently the increase of the fluid flow from §2;, to £2,.

The strength of the explicit solution we found in §6 is to take into account the variation
with respect to 6 of the boundary condition p;; to mimic the pressure distribution in the SCS.
Unfortunately, as far as we know, there are no precise physiological data available for the pressure
distribution in the SCS. Hence, inspired by Grebennikov et al. [15], we take a linear variation of
the pressure along the 6 coordinate between the values py,max = 3.9 mmHg ~ 5.2 x 10° mPa and
Pm,min = 3mmHg ~ 4 x 10° mPa; these values are taken from the resulting pressure in [22]. Hence
we can write:

pm (f) = F_’m,min + é'T—’_l(ﬁm,max - f’m,min)~ (7-2)
Given this boundary condition, if we use the physiological values used in [22] (o =0.88 and
7y — 7 = 1.02 x 10° mPa), we have an inversion of the flow at~ 1.4 x 10® mPa ~ 10.5 mmHg, the
same found in [22]. We can see this behaviour in figure 8.
In figure 9, we show the interstitial pressure distribution in the whole domain (recalling
that we assume axisymmetry) varying the hydraulic conductivity of the blood vessel walls Lj,.
As we can see, we have that the position and the value of the minimum of the pressure vary
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Figure 8. The variation of p,, in mPa at & = 5z /2, for some values of the mean blood vessel pressure p,, in mPa, with 7z, —
T =1.02 x 10° mPa, L, = 5.475 x 10~ mm s~ mPa™", the boundary conditions (7.2) and the parameters in table 2.
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3.723 2.215

180° 3.512 180° 1.789

Figure9. The variation of p, in mPa n all the domain, for some values of L, with 7r,, — 7 =1.02 X 106 mPa,p, = 6.66 x
106 mPa, the boundary conditions (7.2) and the parameters in table 2.

with respect to Lp; as L, increases, the minimum of the pressure decreases (figure 6) and moves
towards the centre of the node. This is due to a combination of the pressure variation given by
the boundary conditions (7.2) and the fluid exchange between phases. These results confirm that
the 6 dependence in our explicit solution is essential to describe the fluid motion and the pressure
distribution inside a lymph node. The value of the minimum pressure is related to a sink term due
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Figure 10. The variation of p,, in mPa in all the domain, for some values of p,, in mPa, with 7, — 77, = 1.02 x 10° mPa,
L, = 5475 x 107 mm s~" mPa~" the boundary conditions (7.2) and the parameters in table 2.

to the blood vessel’s drainage function; here we have that the blood vessel’s effect is less relevant
with respect to the one found in [22], but the behaviour is the same. This is in line with the results
of [22], because the permeability that we obtain with our multiscale formulation is bigger than
the one used by them.

In figure 10, we can see the interstitial pressure distribution in the whole domain varying the
blood vessel pressure p,. As we can see, we have that increasing p, increases the minimum of the
pressure p;; and moves the minimum from the centre to the lower part (¢ = —1 where we have
the minimum in equation (7.2)) of the node. This behaviour is the opposite of what we have in
figure 9, in accordance with the results found in figures 5 and 6.

As we mentioned before, we can choose as boundary condition p;;({) what we want; hence we
can choose the more complicated pressure distribution found with the stream function approach
in the steady case (see [53] for more details):

2201+ 1) +1) o, 22(1+1) =3)

00
f’m(R/{):Csteady_MZ[ o nrl

n=1

DZR‘"—l] Pu(¢)  (73)

where the constants Cseady, C;, and Dj are calculated in [32] in a steady case without
fluid-exchange (div-free solution), where we fix the pressure at one point p;;(Rp, —1) =6.18 x
10° mPa and with an inlet and outlet boundary condition defined in the domain [-1,—1+

o] (outlet condition) and [1 — ¢y, 1] (inlet condition), where ¢y = cos[arcsin(Rry/ R%V + R%)] =

R/, /R%V + R%, Ry =0.04mm and Rp = 0.5mm. The boundary pressure distribution is plotted
in figure 11. We can see that we have a fast increment of pressure near the inlet boundary
condition (and a fast decrement near the outlet boundary condition). With these boundary
conditions and the parameters p, =1.06 x 10° mPa, 7, — 7 = 1.02 x 10 mPa and L, =5.475 x
10" mms~! mPa~!, we obtain the pressure and the velocity distribution shown in figure 12.
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Figure 11. The pressure distribution in mPa of equation (7.3) with the values calculated in [32].
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Figure 12. The pressure distribution of p,, (left) in mPa and the velocity distribution (right) in mms~" with boundary
conditions (7.3) (values calculated in [32]), p, =1.06 x 10° mPa, 7, — 7, =1.02 x 10 mPa and L, = 5.475 x
10" mms~"mPa~".

Varying the parameters that regulate the fluid exchange, we obtain the same behaviour obtained
above. As we can see, we have a pressure distribution similar to those found earlier, but we have
a higher (lower) pressure distribution near the inlet (outlet), and we have the same behaviour
for the velocity magnitude. In this case, we have an inversion of flow with the mean blood
vessels pressure p, ~ 1.53 x 10° mPa ~ 11.476 mmHg, similar to the one found with the constant
value Py, ~ 6.7 x 10° mPa. The pressure values found here are in range with the ones measured
in [52] and found in [32]. In this case, instead of observing a pressure gradient that varies from
a high-pressure region near the inlet to a low-pressure region near the outlet, we find that the
low-pressure zone is closer to the centre of the LC. This particular region experiences reduced
pressure due to the exchange of fluids between lymph and blood vessels, and this phenomenon
is represented by a sink term. Owing to this, we have that lymph moves toward the low-pressure
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zone in the centre of the node, and we can see this from the velocity plot in figure 12. Moreover,
the velocity behaviour is very similar to the one found in [22], although the velocities found here
are slightly higher: this is due to the fact that we used a higher L, than the one used by them and
because we found a higher hydraulic conductivity.

8. Conclusion

In this article, we have proposed a macroscopic model using the asymptotic homogenization
technique resulting from the starting equations (2.1) and (2.2) and the interface condition (2.3),
which account for blood transcapillary exchange across the vessels walls, under the assumption
of local periodicity and macroscopic uniformity in a steady setting. Our starting point is the
Darcy/Darcy-Brinkman equation, so we have considered the pore structure already smoothed
out, and that simplifies the model because we do not need precise information about the
microscale geometry (this information is encoded in the hydraulic conductivity I%,,, y =m,v).
After that, in §5 we have analysed in detail the differences between using Darcy, Darcy-Brinkman
or Stokes as our starting point, and we have found that the Darcy—Brinkman equation has a
Darcy-Stokes duality behaviour depending on the value of the permeability (and the relevance
of the Laplace operator). Although it is less theoretically justified than the Darcy equation, the
Darcy-Brinkman equation is a valid starting point for our multiscale formulation since we have
a Stokes-like structure of the differential equation, which allow us to specify in more detail the
boundary condition without the need for a precise structure of the microscale, which is described
by the permeability parameter (that in most cases is easier to obtain). Moreover, the coupling
between the Darcy and Darcy-Brinkman equation has allowed the separation of the cell problem
into two distinct phases, one involving the blood vessels and the other involving the FRC network
so that we could solve the cell problems in the two domains separately.

After this model analysis, in §6 we have found the macroscopic explicit solution of the
resulting equation of the proposed model (described in §4) in a spherical domain (under certainly
simplified hypothesis) in terms of Bessel and Legendre polynomials. Then, in §7 we have applied
this explicit solution to an idealized spherical lymph node using physiological data from the
literature; our multiscale formulation of the problem has allowed us to study the fluid behaviour
in the interstitial space and in the blood vessels within the node, allowing us to study the
interaction and the fluid exchange between these two phases in more detail. We have mainly
focused on the porous part of the lymph node (the LC) and on the fluid exchange between the
interstitial space of the lymph node and the blood vessels, which are only in this part of the node
[22-24]; despite the blood vessel pressure being higher than the interstitial pressure of the node,
we have that the blood vessels have a higher concentration of protein too, and this leads to the fact
that the lymph goes from the node to the blood circulation, making the lymph nodes important
in the fluid regulation within the lymphatic system [21]. We have analysed how the parameters
affect the fluid absorption and the pressure (i.e. the velocity) with different boundary pressure,
and the behaviour of the results is in line with those found in the literature [22,46-48,52].

The current work is open for improvements. First of all, in this analysis, we have considered
only the LC and we have supposed a given pressure of the SCS; in general, we need to couple
these two motions.

We have assumed that the multiscale forces vanished when we applied our model to a lymph
node for the sake of simplicity. In general, these forces can be relevant, for example, when electro-
magnetic fields are used (see, e.g. [54,55] in the context of cancer hyperthermia) so that the role
of inhomogeneous volume loads as considered in [10] should be considered when physiological
data become available.

We study the fluid flow in a steady case, but in general, we have a time dependence of the
flow given by the time-pulsation of the lymphangion [20,42,56]; it will be of crucial importance to
address this aspect in future works [31,32].

Finally, we have proposed to use a spherical geometry for the sake of simplicity and to
find an explicit solution, but, in general, the LNs are not characterized by a spherical shape
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and it is reportedly more similar to an ellipsoid [22,27,28,31]. Assuming that more realistic
information concerning the shape, e.g. suggested by medical images, become available, our
modelling framework could be in future exploited to compute the macroscale solution of the
model numerically in order to formulate physiologically relevant predictions.
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A. Explicit solution

In this section, we find an explicit solution to the macroscopic problem given in Section 3. For
simplicity, we assume that the multiscale forces f; and f;, vanish and that both porous media
are isotropic, that is:

I_{v :RUH, I_{m :Rmﬂy

where, from equations (3.15) and (3.14), K, and K, correspond to 1K+ +-Iﬁ(—va-gT)T}9? and
<%Wm) 2, respectively. We have that K, and K, are constants due to the geometry and the
hypotheses used, and they are found solving the cell problems (2.25) and (2.30), respectively,
using COMSOL Multiphysics, with o = 1. Our problem is

Apy = — My [pm — Pv —]5] in 02,

Dv=Dv, Pm =DPm on 042,
LpStOt Lpstot
where M, = m, and M, = O e

We consider a spherical domain 2, denoting by r the radial coordinate, 6 the polar coordinate,
and ¢ the azimuthal angle. Moreover, we assume axisymmetry with respect to the azimuthal
angle ¢. Hence problem (A1) becomes:

Apy(r,0) = =My [pm(r,0) — pu(r,0) —p] r <R, 0€]0,2n],
Apm (r,0) = My [pm(r,0) — po(r,0) —p] r <R, 0€]0,2n],

(A2)
p’U(R7 9) :ﬁv(0)7 pm(R, 0) :ﬁm(e) 66 [0,271'[,
non-degeneracity r=0, 0 €[0,2n],
where R is the radius of the spherical domain.
We define the quantity
¢(T7 0) =DPm (Ta 9) — Pv (T7 0)7 (A3)

and, taking the difference between the second and the first equation of the system (A2), we obtain
the new problem

A’L/)(T,Q)ZMW}(T, 0) _ﬁ] T<R7 66 [07 27T[7
'l/)(R7 9) = ﬁm(e) - ﬁ’U (9)5 0 S [Oa 271—[7 (A4)
non-degeneracity r=0, 8 €0,2n],

where M = My + Mp,. Defining

w(ﬁ 9) = ¢(7”7 0) - D, (AS)
we can reformulate the first equation of the system (A4) as
A (r,0) = M (r,0). (A6)

In spherical coordinates, we have:

19 (Tz&ﬁ(ﬂ@)) 110 <sin98¢<39)

r2 or or

calling ¢ = cos 6, we obtain

18 ( 20%(r,¢) 10 2\ 0O\ _ .0
ﬂ@r(r or )*ﬂag((lc} ¢ )‘MW‘ )

10000000 v 90S Y 901dedsi/euinol/Bio-BuiysyandAisioosiefos


giros
Barra
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We search for a solution in the form

we obtain (multiplying by r2, dividing by 121 and rearranging the terms):

roar (o) M=z (0-9)%50) @)

and we obtain the two differential equations:

r? 628%7") 12020 (e i+ 1) RO =0, (A8)
0 2\ 9Z(¢) _
o (1= 22 nnr n2c) = (A9)

where n € N.
The differential equation (A8) is in the form of a spherical Bessel equation, of which the
solution is
R(r) = Aj_p_1 (zmr) 4 By_n_1 (zmr) , (A10)
where j_,_1 and y_,_1 are the spherical Bessel function of the first and second kind, respectively,
and are connected to the classical Bessel function with the relations:

l
2x

s

J—n—1 (m) = J_n_1+% (x) s Y-n—1 (33) = %Y_n_l_g_% (m) s (A11)

where J_, _ 1 and Y_, _ 1 are the Bessel function of the first and second kind. The differential
equation (A9) is in the form of the Legendre differential equation, of which the solution is

Z(¢) = CPa(C) + DQn(C), (A12)

where Pp, and Qy, are the Legendre polynomials of the first and second kind, respectively. From the
non-degeneracy at r = 0, we obtain

Using the following property

and the fact that
In(iz) =i"In(z),

where I, is the modified Bessel function of the first kind of order n, we have that the solution is
oo
D=3 Ay (VIY) Pa(Q), (A13)
n=0
and then, using (A5), we obtain
= -1
VO =P+ 3 An iy (Var) Pa(0), (A14)
n—=

with the boundary condition from the second equation in the system (A4)

7/)(R7 O :lﬁm(o _lﬁv(g)~ (AlS)

From the properties of the orthogonal Legendre polynomials [39,52], we can rewrite
pm(C) = pu(Q) =D b Pa(0), (Al6)
n=0

where L

B = L (an 4 1) L [ (€) — Bu(C)] Pa(C)dC, (A17)
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and, recalling that Py(¢) = 1, we can rewrite equation (A15) as:

W(R.C) — (Pm(C) = Pu(C)) = {p + Ao—=I, 11 (VMR) - b“”} Po (0)

\/’ n+
+§:1 {Anﬁfwé (\/MR) —b(”)} Pa(€) =0,

and using the linear independence of the Legendre polynomials, we obtain, for n = 0:

[0 -5 vE
A= —F———, (A18)
1y (VAIR)
and forn e N, n > 1: .
c b\"™VR
Ap = 7n+ 1 (\ﬁR) (A19)

Exploiting the function v found in equation (A14) with (A18), (A19) and (A5), we can rewrite the
first two equations in the system (A2) in this way:

Apm(r: Q)= Mot (r: Q) = Mon 3 AL 3, (VIIr) Pa (0 (A20)
=0
R .1
Apy(r,¢) = —Myih(r, ) = — M, HZ;;AHWIH% (\/Mr) P (€). (A21)
Now we search the solutions of equations (A20) and (A21) in these forms:
Q)= mn(r)Pa(Q), (A22)
) =>_ va(r)Pu(C). (A23)

We focus on the equations for py, (A20) and (A22), but for the equations in p, the computations
are similar. Substituting (A22) into the equation (A20), we obtain (in spherical coordinates):

nf: (%% <r28m87’;(’")>) Pa(C) + %a% ((1 -¢*) aPaLC(O) M ()

=0
— MmAp—I_. 1 (VMr)Pn(¢) =0,

S
using the fact that P, () is the Legendre polynomial and the form of the Legendre differential
equation (A9), we have

5 ([ (#25) st ]

n=0

and, from the linear independence of the Legendre polynomials and for every n, we obtain:

n(n+1)
,,-2

2
mi(r) + Sl (r) -

The homogeneous part of equation (A24) is

mn(r):MmAnr%In_i_% (\/Mr) . (A24)

n(n+1)

2
min(r) + 2y (r) = S (r) =0,
and the solution is

m%o) (r)= cgn)rn + cén)r_n_l. (A25)
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Looking for a particular solution of equation (A24), we compute the Wronskian Wr:

_ —2n-—1

Wr
2

’

hence a particular solution is given by

mP) (r) =" (r)y (r) + 257 (r)ya(r),
where y1 and y2 are the independent solutions of the homogeneous equation and

0 == [ &0 = [ e
We have

_ M, A a1
0= Gt [y ()

calling t = v Mr we obtain

~ ~ 3
MmAn —n+1 - MmAn 1 —nta —n+1
2+ 1 JT ey ( MT) =1 \Var L (t) dt, (A26)

and using the property
Jx_p+llp(x)d1’ = xl_plp_l (z)dz,

we have
~ 3 ~ 3
MmAn (1 —ntjy s (t)dt = MnAn (1 i t—n-‘r%[ (t)
2n+1 \VM nts VT a1 \VM nod D

and it follows that

_(n) _ Mm Ay —n+1
¢ (r)—7(2n+1)mr 2In7% (\/Mr)

(n)

For ¢, ’(r) we have

Eén)(r) = —];{Lmiﬁ JrnJr%In_’_% (er) dr,

calling t = v Mr we obtain

-

MmAn n+% _ MmAn 1 n+§ n+%
o] Jr Lypy (VIIr) dr= -5 i L (1) dt,

and using the following property of the Bessel function
pr+1lp(x)dm = xp+1fp+1(z)dx,
we have

MmAn 1 n+% n+32 MmAn 1 n+g n+2
Tont1 Vi t 2],”_’_% (t)dt:—2n+1 Wivi T2 n+%(t)7

and it follows that

_(n) _ Mmi‘in n+3
=g v (varr).

Finally, the particular solution is

mP) (r) = m (In_% (\/Mr) ~I,.s ( Mr)) _ M An ifn% (\/Mr) . (A27)

where we used the fact that
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Hence we have that the solution is:

1 n) n n) —m-— MmAn 1
mn(r):mglo)(r) —&—m%p)(r):cg )y +cé )y 1y M i n+ (\/71") (A28)

By similar computations we obtain that vy, (1) in (A23) is
g gt MoAn 1
on(r) = d{"r" gyt - S Jelned (\/ 7«) (A29)
We impose the boundary conditions (A2). To have non-degeneracy at r =0, for every n we

need that
Cén) _ d(2n) -0

on the other hand, rewriting the boundary condition at r = R in terms of Legendre polynomials

pm (R, ) = Z b5 Py Q) Pu(R, Q)= Z b P, (OF
n=0 =

where
1 1
0 =5 a1 [ pu(@Pa©dc 87 =Lea+ | pOPIOL,
1 -1

we obtain, using the linear independence of the Legendre polynomials:

o [0 s (V9TR)]

MVR
o , (A30)
bg}n) MvAn n \/7R :|
dﬁ”)—[ MVE "t ( ) . (A31)

Rn

B. Lymph Node Data

The aim of this section is to justify the choices made on the values of the parameters of Table 2.

We assume a radius R = 0.49mm of the LC [18,23]. The lymph that flows inside the lymph
node is modeled as an incompressible Newtonian fluid similar to water [20] with viscosity p =
1 mﬂrlr%s and density pg =1 % The interstitial permeability is considered homogeneous [16]
with value K, = 3.84 x 1072 mm? [29]. The effective viscosity is taken as e = % [43,45], where
¢ is the porosity taken as ¢ = 0.75 [29].

The parameters that regulate the fluid exchange between the lymph node and the blood vessels
are very heterogeneous in the literature, but we try to summarize them here. The Staverman’s
reflection coefficient o is estimated between o = 0.88 — 0.9. In [41,46,47] they estimate the oncotic
pressure difference 7, — 7y, in a canine popliteal lymph node as ~ 2080 Pa = 2.08 x 10° mPa,
in [22] they estimate the values 7y ~ 1.53 x 10 mPa and 7, = 5.06 x 10° mPa in a mouse using
the assumption that the protein content of lymph is 40% of that of the plasma, [27,28] found
Ty — Tm A~ 3.41 x 10° mPa by fitting the wild type mouse model to experimental data, [48]
measured the value my — mm ~ 1.5 x 10% mPa in the skin of mice and [30] estimates 7y — 7, &
1.69 x 10° mPa.

For the hydraulic conductivity of the blood vessel wall L, we have that [22] assumed a value

of Lp =5.475 X 10_12 mm based on the measured hydraulic conductivity of rat mesenteric

venular microvessels, [27,28] assumed a range of Ly~ 1.02 x 1071 —6.7x 10710 sr?nma from

1
s mPa

the values of the blood capillaries, [30] estimates directly LP% ~1076 (that means, in

our case, Ly ~ 3.667 x 10~8 anf,la, see below).
Moreover, we have that the mean blood vessels pressure p, in the node is estimated as p, ~
6.67 x 10° mPa in [22], as p» &~ 9.73 x 10° mPa in [27,28] and as p, ~ 1.06 x 10° mPa in [30].
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The surface of fluid exchange S™' between the lymph node and the blood vessels is given by
an average of the values found in [23] and it is

St =13 4mm?; (B1)

the volume of the blood vessels inside the node |2{*!] is about the 6.15% of the whole lymph node
volume [23,24], and hence we have (supposing that the SCS height is ~ 10~2 mm [18,22,32])

025 = 0.0322 mm®. (B2)

We suppose the geometry of the cell domain is as in Figure 1. This microscale geometry is
simpler with respect to the physiological one [23,24]; we can assume this simplified microscale
geometry because we start with a formulation that is already smoothed out (our starting point
was a Darcy/Darcy-Brinkman formulation). Hence, we do not need precise information about
the microstructure geometry. What we want to keep in the physiological geometry are the surface
area of the blood vessels S and the volume of the blood vessels [£2!°!|. For this reason, we
estimate the normalized radius of the cylinders 7. = r¢/d, where r¢ is the radius of the cylinders
and d is the microscale variable that indicates the distance between the centers of the cylinders, in
such a way that we keep the physiological parameters S*' and |2{°!|. For a spherical lymph node
as in our case, the total volume is

|2| = 0.5236 mm?>. (B3)
It follows that
|02 = 0.4914 mm?®. (B4)

From these values, we have that

1% 0.4914mm?

2| = = ~=0. B
|2m] [2] — 0.5236 mm3 09385, (B5)
|2 0.0322 mm?
[£20] 1O = 0.5236 mm? 0.06149, (B6)
and hence we have

We have that the cell volume is d°, and hence for N cells we have
Nd®=10|. (B8)

The radius of the normalized cylinders that gives us the volume fraction values |{2;,| and | {2, |
is found numerically using COMSOL Multiphysics, and it is

Feo = % =0.0869, (B9)

and it follows that
re = 0.0869d. (B10)

We have that the surface area of the tricylinder of our cell problem is
3 [27rrcd (16— 8\/5)7«2} , (B11)
and for N cells, we have that the total surface of the blood vessel network is
3N [2md — (16— 8\/5)1«3] : (B12)

using the relation (B10), equation (B12) becomes

2

Tc 7 - 2
3N {2%.0869 (16 8\/5)%}. (B13)
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Figure 1. The cell problem domains (2, (left) and {2, (right) in a non-dimensional form. The cube has side 1 and the
tricylinder has radius 7 = r. /d.

Imposing that the total surface of the tricylinders (B13) equal to the blood network surface area
S'ot (B1), we obtain

NrZ=0.1981. (B14)

Putting together equations (B8), (B10) and (B14), we obtain a system with three equations and
three unknowns:

Nd® =10,
re = 0.0869d, (B15)
Nr2=0.1981;

solving this system gives us the values d ~ 0.02 mm, r. ~0.0017 mm and N ~ 1310. Thanks to
this estimation, we have that, at the macroscale, S*' and |2!°!|are the same as in the physiological
data. Hence we can use these parameters to estimate the hydraulic conductivity of the blood
vessels K, using the Kozeny-Carman formula [49,50]:

K= — 1 (B16)

27
S
0 (m)

where cg is the Kozeny constant and depends on the tortuosity of the vessels [38]. In the case with
little tortuosity, we can take into account the tortuosity effect by varying only the constant ¢y and
not the geometry of the cell problem. However, to study the role of tortuosity in more detail, we
need to take it into account in the geometry of the microscale problem, which we did not do in
this case. With no tortuosity effect, co = 5.6, and this implies K, =03 x 10~ % mm?.

Moreover, with these data, we have

d 2
=—=1 .
€ 17 0

C. Numerical Simulations

In this section we discuss the numerical simulations used to find the solutions of the cell problems
(2.25), (2.26), (2.30) and (2.31). We can see the geometry of the cell problems using the data
found in Appendix B in Figure 1. For the sake of simplicity, we assume that the multiscale
forces f;, and f7;, vanish; hence the unique solutions of the cell problems (2.26) and (2.31) are
zero (remembering that (Gm (x,y))n,, =0 and (jv(x,y)) o, =0). Moreover, we assume that both
porous media are isotropic, which means that the solutions of the cell problems (2.25) and (2.30)
are in these forms

Wi =Wnl, Vggy=Gyl,

where Wy, and G, are constants due to the geometry symmetry of the cell problems and the
hypotheses used.
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Figure 2. The velocity solution of cell problem (2.30) in the geometry (2, in a non-dimensional form using the
physiological data found in Appendix B.

We solve these cell problems using COMSOL Multiphysics, with a = 1. For the cell problem
(2.30) in the geometry {2, we use the Brinkman equations module of COMSOL, with a P% - P
discretization for the fluid and the pressure variable, respectively; moreover, we use the PARDISO
solver. We can see the solution (the velocity) in Figure 2. This solution is calculated in the direction
ey, but thanks to the geometry symmetry and the isotropy of the porous medium, we have the
same solution for every direction.

To find the hydraulic conductivity in (3.1) we need to calculate (Wi ), , which is the average
of the velocity calculated above, and the value is

W), ~9.1163 x 107°. (C1)

To study in more detail the mesh of the previous solution, we perform an adaptive mesh
refinement study. After this process, we find a value of

(Wieh o, ~9.1187 x 107°, (C2)

giving a relative error of ~ 0.026%.

The cell problem (2.25) in the geometry (2, is in the form of Poisson’s equation. We use
Poisson’s equation module in COMSOL with a quadratic element order for the discretization,
and we use MUMPS as a solver. We can see the solution in Figure 3. The solution is calculated in
the direction e; but, as in the previous case, we have the same solution for every direction thanks
to the symmetry of the geometry and the isotropy of the porous medium.

We need to calculate (Gv) g, to find the hydraulic conductivity in (3.4), which is the average
of the gradient of the solution calculated above, and the value is

(Gv) 0, ~ —0.60060. (C3)

We perform an adaptive mesh refinement study for this problem as in the previous one. After this
process, we find a value of
(G~ —0.60054, (C4)

giving a relative error of ~ 0.01%.

10000000 v 905 Y 2014 edsi/eunol/Bio-BuiysiandAisioosieAos



Volume: g,
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Figure 3. The solution of cell problem (2.25) in the geometry £2,, in a non-dimensional form using the physiological data

found in Appendix B.
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