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In adopting a poroelastic model for a hydrogel, one views its constituent fluid and
solid phases as interpenetrating continua, thereby erasing the pore-scale geometry. This
gives rise to the need for additional boundary conditions (BCs) at the interface between
a hydrogel and a clear fluid to supplement the momentum equations for the fluid and
solid phases in the hydrogel. Using a thermodynamic argument on energy dissipation, we
propose three sets of BCs for the gel-fluid interface that link the normal and tangential
velocity jumps across the interface to the normal and tangential stresses on either side
of the interface. Using several flow problems—one-dimensional compression, two-layer
Couette and Poiseuille shear flows, and deformation of a gel particle by a planar extension
flow—as tests, we compare the predictions of these three BCs with that of a previously
proposed BC. Some differences are stark and reveal flaws in certain BCs. Others are subtler
and will require quantitative experimental data for validation. Based on these results, we
recommend one set of BCs over the other three for computing the flow and deformation of
hydrogels in contact with a clear fluid. In addition, we suggest benchmark experiments to
validate the BCs and our recommendation.

DOI: 10.1103/PhysRevFluids.7.093301

I. INTRODUCTION

Hydrogels are finding increasing use in biomicrofluidics. In organ-on-chip devices, for example,
hydrogels often serve as the scaffold and carrier for biological cells [1]. The gels are typically
exposed to a perfusing liquid stream that supplies nutrients and biochemical factors to the cells [2].
This has given importance to the mechanics of fluid-gel interfaces, and especially the boundary
condition (BC) on such interfaces.

In a microstructural view, the hydrogel consists of an elastic skeleton of crosslinked polymer
chains and an aqueous solvent. On such a microscopic scale, therefore, one could strive to represent
the geometry of individual pores and impose the no-slip BC appropriate for fluid-solid boundaries.
For large-scale hydrodynamic problems, however, such a microstructural approach is not feasible,
and a coarse-grained description is more appropriate. The poroelastic model is one such model
based on mixture theory, treating the solvent and skeletal phases as interpenetrating effective
continua occupying certain volume fractions at each spatial point [3—5]. Thus, separate momentum
equations have to be posed for each phase in the gel. Consequently, additional BCs are required at
the interface between the gel and a clear solvent to specify the momentum exchange between the
clear fluid outside the gel and the fluid and solid phases inside the gel.
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FIG. 1. A schematic for the fluid-hydrogel two-phase system, with n being the outward normal vector to
the gel domain, and 1 and g being the permeability and slip coefficients to be defined in Sec. II B.

This BC problem for hydrogels is closely related to that for rigid porous mediums, a long-
standing problem in the fluid mechanics literature [6-9]. The two essential questions concern the
velocity jump and stress jump across the interface, and various proposals have been made [10-13].
Based on a careful review of prior studies in porous medium, Minale [14,15] developed a set of
BCs that amount to continuity of the velocity across the gel-fluid interface and a traction partition
scheme that relates the fluid stress in the porous medium to the stress of the external fluid flow.

For hydrogels, an additional factor is the elastic deformation of the solid skeleton. Thus, the
motion and stress of the solid phase must be included in the velocity and stress jumps at the
gel-fluid interface. Toward this end, Young et al. [16,17] used an energy-dissipation argument
to suggest thermodynamically consistent BCs. By writing the interfacial dissipation as a surface
integral of the inner product of various pairs of velocity jumps and stress jumps, they proposed
proportionality between the two to ensure non-negative entropy production. This procedure yields
BCs that are sufficient but not necessary for satisfying the second law of thermodynamics, and
Feng and Young [17] compared the predictions of two such BCs, termed BC1 and BC2, with
that of Minale [15] in a one-dimensional (1D) two-layer shear flow driven by a moving plate.
Interestingly, BC1 and BC2 approach essentially the same steady Darcy-flow limit when the viscous
stress inside the gel becomes small. Thus, the BCs should be tested and compared in more complex
fluid problems, e.g., in multidimensions, with time-dependency or with a strong viscous stress in
the gel.

The current paper undertakes such tests using analytical and numerical solutions of four flow
problems: 1D compression of a gel layer by a normal fluid stream, steady and oscillatory two-layer
Couette flows with a clear fluid layer atop a hydrogel layer, steady two-layer Poiseuille shear flows,
and the deformation of a gel particle at the stagnation point of a 2D planar extensional flow. Aside
from BC1 and BC2, we propose a boundary condition BC3 using the same dissipation argument
of Young et al. [16,17]. Along with another boundary condition BCM, generalized from that of
Minale [15], the four sets of BCs are compared in the test flows to highlight their differences.
BC2 emerges as the most attractive of the four. Our theoretical comparison and recommendation
should be validated by future experiments to determine which BCs more faithfully represent the
true physics at the interface between a fluid and a hydrogel.

II. THEORETICAL FORMULATION

A. Governing equation

The physical system consists of a hydrogel domain €2; and a clear fluid domain €2,, separated by
an interface I" (Fig. 1). The hydrogel is treated as a poroelastic medium composed of a solid skeleton
and an interstitial fluid that is the same as the clear fluid outside. The fluid and solid volume fractions

¢y and @y satisfy ¢ + ¢y = 1.
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For the clear fluid in €2, inertia is negligible in typical microfluidic applications thanks to small
spatial dimensions and slow flow. Thus, the flow obeys the incompressible Stokes equation:

V.-V=0, (D

V- (T-PD)=0, 2

where V and P denote velocity and pressure of the fluid and £ = u[VV + (VV)] is the viscous
stress tensor, (o being the viscosity.

In the hydrogel domain ;, we define intrinsic phase-averaged fluid velocity v, and solid
velocity v, over the fractional volumes containing only the fluid and the solid phase, respec-
tively [10,11,15]. Due to continuity of each phase, the volume fractions satisfy the following
equations:

09y

- V. (ppvp) =0, 3)
W1V g =0, @)
Summing the two, we obtain a divergence-free condition for the composite velocity:
V (@pvy+ psvs) =0 5)
Each phase satisfies its own momentum equation:
V- (prop)—¢;Vp+F 7 =0, (6)
V- (¢s05) — ¢ Vp+ F/ 7 =0, (7)

where o, and o, are the fluid and solid stress tensors and p is pressure. The Darcy drag 7~/ or
F/=% is given by

Fl = —FIS = £ (v, — V), ®

with a constant drag coefficient &. The viscous stress of the fluid phase is 0y = u [Vv, + (va)T],
where . is the effective viscosity [12]. This stress appears in the Brinkman equation but not in
Darcy’s law, and will be called the Brinkman stress. The solid velocity vy is related to the solid
displacement u; by vy = du,/dt. For the solid stress o, we adopt the linear elasticity model:

05 = 2/¢LsE + )\str(E)Is (9)

where 1, and A, are the Lamé constants of the solid skeletal phase, and E = [Vu, + (Vuy)T1/2
is the linear strain tensor. Hyperelastic models can also be used, as in Li et al. [18], but the linear
model affords simplicity and ease of comparing the BCs in the current context. As the BCs will be
expressed in terms of the stress tensors, a different constitutive equation for the solid network will
not change the form of the BCs.

B. Boundary conditions

Based on the kinematics and continuity of fluid flow and a traction balance on the interface, one
can write the following three general BCs:

n-v, = r, (10)
n-(V—vy) =é¢m-(vy—v,), (11)
n- (X —PI)=n-(¢0,+ ¢pra; — pl), (12)
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where n is the outward unit normal vector on the hydrogel surface and vr is the normal velocity
of the interface. Equation (10) is a kinematic condition for interfacial movement and Eq. (11)
represents continuity of the fluid flow across the interface. Equation (12) balances the tractions
on both sides of the interface, with interfacial tension being neglected for simplicity. These need to
be supplemented by additional BCs that specify the interfacial velocity jumps. Young et al. [16,17]
showed that such BCs can be proposed based on the second law of thermodynamics. Absent external
energy input and work, the system’s energy spontaneously dissipates. Multiplying Eqgs. (2), (6),
and (7), respectively, by V, v, and vy, integrating over their respective domains, and summing up
the three products, we can identify an interfacial dissipation [16]:

I = / [V (2= PD) 4 v/ - (b0, — bypD) + Vs - (50, — bypD)] - nds, (13)
r

The energy dissipation principle requires Ir < 0. Young et al. [16,17] used different relative veloc-
ities to derive two different sets of BCs that ensure positive entropy production. In the following,
we will adopt more general notations to illustrate the generality of this procedure and then derive
three sets of BCs as special cases. Introducing a reference velocity ¥, we can express the dissipation
rate I in terms of the velocity differences from v. With the continuity condition Eq. (11) and the
traction balance condition Eq. (12), we rewrite Eq. (13) as

I = /ws(vs—m-(as—pI—E+Pl>+¢f<vf—m-(af—p1—>:+PI)
I

—(V— f’)” - X+ oy (vs — f’)” -0+ d)f(Vf — V)H . O'f] -nds, (14)

where the subscripts L and || indicate velocity components normal and tangential to the inter-
face. Note that the dissipation consists of products between various velocity jumps and tractions.
Following a procedure in irreversible thermodynamics [19], we assume the velocity jumps to be
proportional to the corresponding tractions, thus making all such terms quadratic and ensuring
Ir <0.

Taking ¥ = v,, we obtain BC1 proposed by Young ef al. [16],

(V=vy)-n=nn-[(X-PI)—(oy—pD]-n, (15)
V—vy)-t=8n-X-t, (16)
Gp(Vvp—Vy)-t=—Fn-os-t, 17

where 1 and § are positive interfacial permeability and slip coefficients, respectively. Although the
two tangential slip velocities can in principle have different slip coefficients, we use a single 8 for
simplicity for the rest of the paper. Similarly, taking ¥ = v, leads to BC2 of Feng and Young [17]:

(V=vg) n=nn-[(X—PI)— (o6, —pD]-n, (18)
(V=vp)-t=8n-X-t, (19)
@s(Vg —Vy) - t=—Bn-o,-t. (20)

Finally, we take v = V, and derive a new set of BCs hereafter called BC3:

¢s(vs —V)-n=nn- (65 —0)-n, 21
qbf(vf—V)-t:—,Bn-af-t, (22)
¢s(vi — V) - t=—Bn-o,-t. (23)
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In simplifying these, we have used the continuity and traction balance equations [Egs. (11) and (12)].
Note that the choice of ¥ is based on algebraic simplicity. The above three choices produce simple
BCs; other choices are possible but lead to lengthier expressions. These BCs require the injection
velocity to be proportional to normal stress jumps across the interface, and the slip velocities to
shear stresses on either side of the interface. The latter, in particular, recalls the familiar Navier slip
condition [20,21]. These observations impart certain physical meanings to the permeability and slip
coefficients.

Each of the three sets of BCs has one condition for a permeation velocity and two for slip
velocities. It turns out that the permeation BC is essentially the same among BC1-3. To see this, we
use the fluid continuity [Eq. (11)] and overall traction balance [Eq. (12)] to transform Egs. (15), (18),
and (21) into

BCl:(V—vy)-n=nyn-[(Z—PI)— (s, —pD)]-n,
@2
BC2:(V—vs)-nzn¢—£n-[(Z—PI)—(af—pI)]-n,

N

BC3:(V—vs)-n=n#n-[(Z—PI)—(af—pI)]-n. (24)
They are essentially the same in making the normal velocity jump proportional to the normal stress
jump between the clear fluid outside and the pore fluid inside the gel, differing only in the coefficient.
This difference is immaterial as the slip coefficient can be chosen independently for each BC. In
contrast, the two slip velocities are not equivalent among the BCs. By subtracting between the two
and using the overall traction balance of Eq. (12), we can obtain a third slip velocity for each BC
as a linear combination of two of the three shear stresses. The consequences of the differing slip
velocities among BC1-3 will be explored in two-layer shear flows (Secs. III B and II1 C).

In addition to the three sets of thermodynamically motivated BCs, we also include a set of BC
representative of the earlier proposals. Minale [15] summarized them into two ideas: continuity
of velocity across the interface, and a traction partition scheme that assigns the external traction
outside the gel to the fluid and solid components inside the gel. Based on Minale’s BCs, we pose
the following as the fourth set of BCs to be studied below, henceforth called the BCM:

V =¢pvs+ ¢y, (25)

n-(X—PI)=n-(o;—pl)=n-(o;— pl). (26)

These generalize Minale’s BC in the following sense. First, Minale has no solid velocity in his
rigid porous medium, and so our Eq. (25) is a generalization to deformable solid network. Note that
Eq. (25) can be recast as V — vy = ¢¢(vy — V,). Thus, it contains the fluid continuity of Eq. (11)
as its normal component, alongside a tangential component. Second, Minale expresses the traction
partition in scalar form for 1D shear flow (Eq. (56) in Ref. [15]), and Eq. (26) is a more general
tensorial form. Note, however, that Minale calculates the Brinkman stress using the phase-averaged
velocity (v) whereas we use the intrinsic phase-averaged velocity v¢, with (v) = ¢svs. Thus, in
connecting the two formulations, we have assumed V(¢,v,) = ¢;Vv,. This has been assumed by
Minale [15] as well, and should be acceptable if the volume fraction varies gently in space.

C. Limiting cases

It is interesting to examine some limiting cases to understand how the proposed BCs are related
to expected behavior under these conditions.

First, if the Brinkman stress is negligible (6 — 0 or u, — 0), we approach the Darcy limit,
in which case BC1-3 turn out to be essentially the same. After omitting the V>v, term from the
Brinkman equation [Eq. (6)], we no longer need the BC for v;. There are two methods for deriving
the reduced BCs for a Darcy flow. One may drop the term containing oy from the interfacial
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dissipation integral [Eq. (13)], and propose BCs to ensure the non-negativity of the remaining
terms [17]. Alternatively, one may start with the general forms of BC1-3 and drop the BC on
the slip velocity (vy — v;) - t. For BC2, one has to linearly combine two tangential velocity jump
conditions to eliminate v, and then keep the resulting condition in place of the original two. These
two procedures lead to the same BCs, albeit with slightly different forms of the slip coefficient. In
the notation of the second approach, the remaining BC for the tangential slip velocity becomes

BCl: (V—v,)-t=n-X-t,

BC2: (V—V‘Y)~t:ﬂ<1+#>n~2-t, Q7

s

BC3: (V—vy)- -t= £n~2-t,
¢
which are the same except for an inconsequential difference in the slip coefficient. As the permeation
condition is essentially the same in general [Eq. (24)], BC1-3 are essentially the same in the Darcy
limit. Interestingly, BCM does not have a proper Darcy limit. The traction partition of Eq. (26)
cannot be implemented as the fluid phase inside the hydrogel has s = 0 in Darcy flow and cannot
sustain any traction.

Moreover, BCM corresponds to the limit of zero energy dissipation on the fluid-gel interface.
This can be seen by substituting the velocity continuity of Eq. (25) and the traction partition of
Eq. (26) into Eq. (13), and obtaining I = 0. In addition, we examine the permeation condition of
BCI1-3 [Eq. (24)] in the limit of n — oo. All three reduce to

n-[(X—PI)—(of—pD]-n=0, (28)

which, together with the total traction balance of Eq. (12), stipulates zero normal stress jump across
the fluid-gel interface. This recovers the normal component of the BCM stress partition in Eq. (26)
and confirms that BCM coincides with the limit of the other BCs with vanishing resistance to fluid
permeation (n — o0). The consequences will be seen in the compression flow in Sec. IIT A.

For BC1 and BC2, Feng and Young [17] probed the one-phase limits of pure solid (¢ — 0) or
pure liquid (¢ — 1) in the gel. For BC1 and BC2 to conform to expectations when the gel becomes
an impermeable solid (no slip and no permeation on the interface) or a pure liquid (fluid velocity
continuity), the following limiting behavior are required of the two coefficients:

(1) Pure solid (¢y — 0): B — 0 and n — 0in BC1, g — 0in BC2

(2) Pure liquid (¢ — 1): B — 0in BC1, 8 — O and n — 0in BC2

The new BC3 can be easily shown to be identical to BC1 in the limit of ¢y — 0, and to BC2 in
the limit of ¢y — 1. We omit the derivation for brevity.

Finally, we consider the limit of a rigid solid network, in which case the gel deformation vanishes
(uy = 0, vy = 0) and the solid stress o, becomes indeterminate. BC1-3 reduce to similar forms,
with a normal velocity jump being proportional to a jump in normal stress at the interface, and two
tangential velocity jumps being proportional to the shear stress on either side or their difference
across the interface. Take BC2, for example,

(V—vp)-n=—1 (Z—fn “[(Z—PI)— (a7 — pD)] - m, (29)
(V—-vp)-t=8n-X-t, (30)
¢>vi-t=pn- (T —pra;)-t. (31)

We can identify Eq. (30) with the Beavers-Joseph condition for porous medium [6,12], where the
interfacial slip velocity is proportional to the pure-fluid shear stress. Similarly, Eq. (31) can be
likened to the condition of Ochoa-Tapia and Whitaker [10,15], where a slip velocity is related to the
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shear stress jump across the interface. The porous-media literature typically poses an additional BC
on the velocity, e.g., V = ¢ v, of Minale [15], in place of our normal velocity jump.

III. RESULTS AND DISCUSSION

Feng and Young [17] concluded that to discriminate among the BCs, one needs to compute flows
in complex geometries or transient conditions and with a prominent Brinkman stress. Partly for
this purpose, we have recently developed a finite-element algorithm for computing fluid-hydrogel
two-phase flows, using BC1 and BC2 as examples [18]. The numerical formalism can be easily
adapted to BC3 and BCM (see Appendix A). In this section, we use four test problems to compare
and evaluate the four BCs, BC1-3 and BCM.

The following scalings are used to render the governing equations and BCs dimensionless:

&5 = @ /L, (V, %, V) = (V, V5, V) Vo, T=1W/L,
ﬁx == uX/L’ (27 6Sv 6f7 Pv ﬁ) = (Z, U‘Yﬂ af, Pv p)/MS‘ﬂ (32)

where the overbar denotes dimensionless quantities, Vj is the characteristic velocity, and L is the
characteristic length. The dimensionless problem is then governed by the following dimensionless
groups:

e = le/1t, s = Ay/tts, E=EL/p,

(B, 7)) = (B, /L, Ca=Vou/(Lis), ¢s0,

where ¢y is the initial solid fraction in the undeformed hydrogel. Ca indicates the ratio between the
external viscous stress and the elastic stress of the solid skeleton, and can be viewed as an effective
capillary number. The following discussion will involve dimensionless quantities only and we will
omit the overbar.

Based on realistic material parameters, e.g., the porosity, permeability, and moduli of hydrogels,
we have estimated the dimensionless parameters of Eqs. (33). These values will be used and
sometimes varied in the numerical simulations below. Not all parameters are equally important
in a given problem. For example, A; and Ca affect the amount of solid deformation and are thus
unimportant insofar as we only consider moderate deformations. The solid fraction ¢, turns out to
have only mild effects on the flow field inside the gel. Depending on whether the external flow is
parallel or perpendicular to the gel interface, one of 8 and n may be irrelevant. Therefore, instead
of a comprehensive parametric study, we will only vary the parameters most important to each flow
problem.

(33)

A. One-dimensional compression

A layer of hydrogel of thickness L = 1 is compressed by a uniform flow along the x axis of
velocity Vy = 1 (Fig. 2). The hydrogel is constrained on its right surface (x = 2L) by a permeable
plate so as to have zero displacement there. A stress-free condition for the fluid phase is also
implemented at x = 2L. There is no flow or variation in the y direction and the problem is
one-dimensional (1D). For brevity, we will omit the subscript x for the x components. Thus, the
tangential or slip velocities vanish, and we need only consider BCs regarding the normal flow,
i.e., permeation into the gel. As noted in Sec. I B, these are essentially the same among BC1-3.
Therefore, we will use BC1 as a representative in the rest of this subsection.

BC1 and BCM exhibit some stark differences in their steady-state pressure and velocity profiles
(Fig. 3). BC1 incurs a large pressure drop across the interface [Fig. 3(a)], consistent with the
intuition of a fluid flowing from free space into small pores. This can also be understood from
Eq. (15), which in this geometry relates the pressure drop linearly with the free-stream velocity Vj.
In contrast, BCM predicts a slight pressure rise across the interface, from 0.1037 to 0.1102. This
is because BCM equates the fluid normal stress on either side of the interface, and the Brinkman
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FIG. 2. A diagram showing the 1D compression of a layer of hydrogel. The dashed red line denotes the
initial interface between the clear fluid and the hydrogel, and the solid red line the displaced interface under
compression. The length of the computational domain is 2L, the initial thickness of the hydrogel layer being
L = 1. The uniform velocity of the clear fluid is V) = 1. The right surface of the gel layer is constrained by a
fixed permeable plate (the black dash line) and has zero displacement.

normal stress inside the gel is tensile: oy = 2u.(dvy/dx) > 0 [Fig. 3(b)]. The larger pressure drop
for BC1, along with the Darcy drag, causes a larger compression of the hydrogel and a larger solid
stress in reaction, as is evident from the vertical dashed lines indicating the displaced interfaces. The
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FIG. 3. Comparison between BC1 and BCM in 1D steady-state compression. (a) Pressure profiles and
(b) fluid velocity profiles along the x axis. The vertical dash lines represent the location of the upstream interface
(at x = 1 before deformation) and show greater gel compression for BC1. The parameters are A, = 1, p, = 1,
& =4,Ca=0.025, ¢y = 0.5 and for BC1, n = 0.05. (c) Interfacial jumps in pressure and velocity as functions

of n.
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FIG. 4. The setup for a two-layer Couette flow with a layer of clear fluid atop a hydrogel layer. The lid
moves with velocity V,, = 1 while the bottom is fixed.

larger compression reduces ¢, for BC1, which in turn leads to a larger velocity jump at the interface
and faster vy inside the hydrogel [Fig. 3(b)]. For BCM, in contrast, the gel at the interface is not
compressed but stretched slightly, from the initial ¢ = 0.5 to 0.501. The solid normal stress being
tensile can be inferred from BCM’s traction partition scheme [Eq. (26)]: oy = o > 0. Of course,
the interior of the gel is compressed by the Darcy drag for BCM, resulting in the small interfacial
displacement in Fig. 3(b).

The pressure and velocity jumps at the upstream interface, Ap = p — P and Av = vy — V, are
plotted as functions of the permeability coefficient 1 in Fig. 3(c). BCM does not involve 7, and
its Ap and Av are represented by two horizontal dashed lines. For BC1, increasing n implies
decreasing interfacial resistance to the entry of the fluid. Thus, both Ap and Av decrease in
magnitude, approaching their respective BCM levels for large 5. This confirms the observation
that BCM represents the large-permeability limit. With BC1, the solid compression also decreases
with increasing 1 (results not shown).

To summarize the 1D compression test, we see similar results for BC1-3, but BCM predicts a
slight pressure rise instead of a pressure drop across the fluid-gel interface and a slight expansion of
the gel at the interface. These counterintuitive results can be attributed to its underlying assumption
of zero resistance to fluid permeation into the hydrogel. The 1D compression test, therefore, favors
BC1-3 over BCM.

B. Two-layer shear: Couette flow

Our second test, the two-layer Couette flow of Fig. 4, focuses on the tangential velocity jumps,
or slip velocities, across the fluid-gel interface. A layer of clear fluid lies atop a layer of hydrogel
and the thickness of both layers is unity: L = 1. The shear flow is driven by the lid moving with
a constant velocity Vy = 1. The bottom of the hydrogel is fixed where the fluid velocity and solid
displacement both vanish. The initial volume fraction ¢4y = 0.5. The solid network inside the gel
being linearly elastic, its displacement will be 1D simple shear with no vertical displacement. Thus,
¢r = ¢ = 0.5 holds at all times, and the flow and deformation will be 1D along the x direction.
Another consequence of the one-dimensionality is zero fluid permeation into the gel. Thus, we
need only concern ourselves with the slip coefficient 8 here. The slip velocities of BC1 [Egs. (16)
and (17)], BC2 [Egs. (19) and (20)], BC3 [Egs. (22) and (23)], and BCM [Egs. (25) and (26)] can
all be simplified into 1D forms. It turns out that the 1D steady shear flow can be solved analytically
for all the BCs; see Appendix B for details.
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FIG. 5. Two-layer Couette flow: (a) Steady-state profiles of velocity V and v, for the four BCs and
(b) steady-state profiles of the solid displacement u,. The dimensionless parameters are u, = 1,& = 10, 8 = 1,
Ca = 0.1, and ¢, = 0.5. The second Lamé constant A, does not appear in the simple shear.

Figure 5(a) compares the velocity profiles V (y) and vy (y) of a typical steady-state Couette flow
predicted by the four BCs. As noted before [17], with BC1 no flow can be generated inside the
hydrogel. This is because BC1 relates the slip velocity V — v, outside the gel to the shear stress of
the clear fluid outside [Eq. (16)], and the slip velocity vy — v, inside the gel to the Brinkman stress
inside [Eq. (17)]. Thus, the external and internal flows are effectively decoupled and no viscous
stress from the clear fluid can be transmitted to the fluid phase of the hydrogel. The profiles for
BC2 and BC3 are similar, although BC3 predicts a larger velocity jump V — vy across the interface
for the current parameter set. Numerical experimentation shows that reducing the slip coefficient
B tends to suppress the flow and Brinkman stress inside the gel. Then BC2 can produce a larger
velocity jump than BC3 [cf. Eqgs. (19) and (22)].

BCM stands out for predicting a negative velocity jump V — vy < 0 across the interface due
to the BC V = ¢,v; [Eq. (25)]. Recall that v, is the intrinsic phase-averaged velocity, i.e., the
velocity of the pore fluid averaged over fluid elements alone, without the solids. As the pore fluid is
hindered by the solids whereas the external fluid is not, the prediction of vy > V by BCM appears
counterintuitive. We will discuss experimental evidence related to this point in Sec. III C.

Figure 5(b) depicts the displacement profiles u(y) for the four BCs. They are qualitatively the
same, and all predict the solid to slide to the right (1, > 0) in the direction of the external flow. The
relative magnitude of u, can be understood from the external shear stress X. First, the magnitude of
ug corresponds roughly with the solid shear stress 7y, which in turn appears to correlate with X or
the external velocity gradient dV/dy of Fig. 5(a). Thus, BCM predicts the largest u,; because of the
largest dV/dy at the interface, and BC1 has the second largest. The exact relationship between ¥
and oy varies; BCM assumes X = o, [Eq. (26)], while BC1 has ¥ = ¢,0, with the pore fluid at rest
[Eq. (12)]. With BC2 and BC3, the shear stresses X, oy and o, are all smaller [see velocity gradients
in Fig. 5(a)], and so is their solid displacement u;.

Among the parameters, we have explored the effects of ¢y0, £, and 8. They turn out to have
mostly quantitative effects that can be anticipated from intuition. For example, reducing the solid
fraction ¢y increases vy in the gel but decreases the velocity jump V — v, for all BCs. Increasing
the Darcy drag coefficient £ or the slip coefficient B tends to increase V — vy, the former owing to
the greater hinderance to vy and the latter directly to the BCs such as Eq. (19). Thus, we will not
present these results.

We have further studied an oscillatory Couette flow by imposing a time-dependent velocity on the
lid: Vs (t) = Vj sin(wt ). Although one expects the pore fluid velocity v, and solid velocity v, to vary
periodically, the different BCs reveal different phase behaviors (Fig. 6). For BC1, the oscillatory
flow in the clear fluid does drive a Brinkman flow inside the gel; this is because the solid velocity
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FIG. 6. Temporal evolution of the interfacial velocities V, vy, and vy in oscillatory Couette flow with dif-
ferent BCs: (a) BC1 (the vertical dashed lines mark the troughs of each curve and illustrate the phase difference
among them), (b) BC2, (c) BC3, and (d) BCM. The lid velocity V,(¢) = V; sin(wt ), with dimensionless angular
frequency, scaled by the characteristic time L/Vjy, @ = 5. The other parameters are the same as in the steady
Couette flow.

v; # 0 serves to connect the external and interstitial flows. Note that v, and v, are phase locked,
and both lag the external V somewhat [Fig. 6(a)]. This can be rationalized by the BC of Eq. (17):
¢r(vy — vy) = —Boy, which relates the interphasic slip velocity to the pore-fluid shear stress at the
interface. As oy stays in phase with vy, so does v;. In contrast, both BC2 and BC3 show that v lags
behind v, [Figs. 6(b) and 6(c)]. This is because both BCs relate the velocity difference to the solid
stress oy [Egs. (20), (22), and (23)], which is in phase with the solid strain but out of phase with
the solid velocity v,. This phase lag, therefore, is a manifestation of the viscoelastic response of the
gel. BCM similarly shows a phase lag of v, behind vy, thanks to the involvement of both the solid
and fluid shear stresses in the traction partition scheme [Eq. (26)]. Because BCM directly constrains
the three velocities V, vy and v; at the interface [Eq. (25)], V equals the average of vy and vy for
¢r = ¢ = 0.5, and the magnitudes of the three interfacial velocities are close at all times. Thus,
the oscillatory shear test distinguishes BC1 from the other BCs for its lack of a phase lag. This is
another shortcoming of BC1 that can potentially be verified by unsteady-shear experiments.

C. Two-layer shear: Poiseuille flow

Now we drive the two-layer shear flow by a constant pressure gradient dp/dx = p, < 0 over the
entire flow domain, including the clear fluid layer and the gel layer. Taking the characteristic velocity
to be Vo = |pc|L?/ 1, we define a capillary number Ca as before to represent the magnitude of the
flow. Figure 7(a) compares the velocity profiles predicted by the various BCs for a representative
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FIG. 7. Steady velocity profiles in the two-layer Poiseuille flow. (a) V(y) and v, (y) for the four BCs at
B =1.(b) V(y) and v/(y) for the four BCs at 8 = 100. The other dimensionless parameters are u, = 1,& =1,
Ca =1, and ¢4 = 0.5.

parameter set. The velocity in the clear fluid shows the characteristic parabolic shape, while that
in the gel is composed of exponential forms (see details in Appendix B). The most interesting
feature is the sign of the velocity jump V — vy across the interface. BC2 stands out in predicting
V > vy, while BC1, BC3, and BCM all predict V' < vy. Since the same pressure gradient drives the
flow in both layers, and inside the gel the flow is hindered by the solid skeleton, V < v, appears
implausible.

As BCM enforces V = ¢ vy [Eq. (25)], its prediction of V < v reaffirms the same flaw as noted
in the Couette flow. For BC1-3, the tangential velocity jumps can be rewritten from the respective
BCs [Egs. (16)—(22)]:

Uf
BCl:V—-v, =82+ —),
‘ ¢y
BC2:V —v; =83, (34)

i
BC3:V —vy=8—,
o

where ¥ and o, are the shear stresses of the clear fluid and the interstitial fluid at the interface.
As ¥ > 0 is guaranteed by the Poiseuille flow in the clear fluid, BC2 always predicts V > vy. For
BC1 and BC3, the sign of the velocity jump depends on the Brinkman shear stress. In the solutions
of Fig. 7(a), o is sufficiently negative to yield the unphysical V' < vy. This outcome is parameter
dependent, however. By increasing the Darcy drag coefficient £, for example, the flow inside the
gel can be suppressed to reduce the magnitude of a negative o for BC1 or yield a monotonic vy (y)
profile with oy > 0 for BC3, thereby resulting in V > v,. In addition, a large 8 would produce
an essentially freely slipping interface on which both ¥ and o vanish. In this case, the velocity
profiles for BC1-3 approach the same limit with V > v, [Fig. 7(b)]. Appendix B further discusses

the parametric effects on the velocity jump and plots V' — vy as a function of £ and B in Fig. 13.
Several experiments have attempted to measure the steady-state velocity profiles in shear flows
over rigid porous media [13,22-24]. But determining the velocity jump V' — v turns out to be chal-
lenging. A conceptual difficulty is the separation of length scales required by a continuum theory:
the volume averaging should use a length scale much greater than the pore size and simultaneously
much smaller than the macroscopic length scale of interest. Such separation becomes difficult in
defining and measuring the average fluid velocity near the interface [10]. If one uses the same box
size for such averaging at the interface as in the bulk, it would enclose more of the clear fluid nearer
the interface. Thus, one naturally obtains a continuous profile for the average fluid velocity [13,23],
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FIG. 8. (a) Comparison of measured velocity profiles in a two-layer Poiseuille flow with model predictions
by BC2. The experimental data are from Fig. 7(b) of Arthur et al. [24] for a solid volume fraction ¢; = 0.22.
In our model, the only fitting parameter is the slip coefficient 8 = 3.57 x 1073, chosen to match the flow in
the porous medium. Their clear-fluid velocity corresponds to our Ca = 1 and their permeability in the porous
medium to our § = 1424. The other model parameters are @, = 1, and ¢, = 0.22. (b) Magnified view of the
interfacial velocity jump for the region marked by the rectangular box in (a).

which may explain the popularity of Eq. (25) of the BCM [7,10,15]. In addition, a technical
challenge is to access flow fields in small pore spaces in often opaque porous mediums [13,22—
24]. In possibly the most successful attempt so far, Arthur et al. [24] matched the refractive index
between solid obstacles and the fluid to achieve optical transparency for particle image velocimetry,
and constructed a highly regular porous medium made of parallel solid cylinders arranged on a
regular lattice. The macroscopic lengths, the periodicity of the flow field and the geometric regularity
allowed a line-averaging scheme that bypassed the issue of separation of length scales. Thus, they
managed to measure the averaged velocity (v) inside the porous medium as well as the velocity V
of the clear fluid outside. After converting their average fluid velocity (v) into an interstitial velocity
vy = (v)/(1 — ¢,), we compare a representative data set with our model prediction with BC2 in
Fig. 8.

Note first the relatively small magnitude of v, in the gel [Fig. 8(a)], owing to the low permeability
in the experimental porous medium. This also requires a small slip coefficient B in our model.
Under these conditions, BC2 predicts a small velocity jump V — vy > 0, more easily visible in
the magnified view of Fig. 8(b). If we extrapolate the nearby data points toward the interface,
the experimental data also show a positive velocity jump V — vy of comparable magnitude, thus
casting doubt on the velocity continuity of BCM. Finally, with one fitting parameter §, the model
captures the experimental profiles remarkably well, including the transition layer just inside the
porous medium that has been a focus of past studies [6,11,13,23].

To summarize the findings in 1D Couette and Poiseuille flows, BC1 effectively decouples the
clear fluid from the pore fluid in steady shear flows. In steady Couette flows, BC1 predicts no flow
inside the gel at all. BCM may be faulted for its implication of zero interfacial dissipation. It predicts
a velocity jump across the interface that is opposite in sign to BC2 and BC3. In oscillatory Couette
shear, BC2, BC3 and BCM all predict a phase lag of the solid velocity relative to the fluid velocity
in the gel, whereas BC1 does not. In steady Poiseuille flow, BC2 always predicts the correct sign for
the interfacial velocity jump (V — v, > 0), supported by available experimental evidence, whereas
BCM always the wrong sign. BC1 and BC3 can produce either sign depending on the values of the
Darcy drag coefficient £ and the interfacial slip coefficient 8. Thus, our shear flow tests favor BC2,
and reveal clear flaws in BC1 and BCM.
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FIG. 9. (a) Computational domain for a hydrogel particle being deformed by a planar extensional flow. The
polar angle 6 is measured from the x axis, with the hydrogel subject to compression at § = 0°, predominently
shear at = 45° and stretching at & = 90°. (b) Streamlines and pressure contours in a steady flow with BC2,
at u, =1, A, = 1, & = 10, Ca = 0.0025, ¢p5o = 0.5, 8 = 0.2 and n = 1. The red dashed line marks the initial
position of the interface, but the amount of deformation is minute. The apparent discontinuity in the streamlines
is due to the velocity jump across the interface.

D. Deformation of a hydrogel particle in extensional flow

For its more complex 2D geometry, the final test problem requires a numerical solution, with
the computational domain depicted in Fig. 9(a). More details of the finite-element formulation and
numerical validation can be found in Li et al. [18]. A hydrogel particle with a circular undeformed
shape is placed at the center of a planar extensional flow. Thanks to symmetry, we only compute
the first quadrant of the flow. We choose the radius of the particle R as the characteristic length
and V) = €R as the characteristic velocity, € being the extensional rate of the undisturbed flow.
The outer boundary is an arc of radius 20R, on which the undisturbed flow field V = e(—x, y) is
imposed. Numerical tests show the domain to be large enough for the results to be independent of
the domain size. On the left and bottom boundaries, symmetry conditions prevail. The hydrogel
particle is squeezed horizontally and stretched vertically by the external flow.

Recall that in the limit of Darcy flow, BC1-3 are essentially the same (Sec. IIC). Now we
investigate how BC1-3 and BCM may produce different results in Brinkman flows. We use a low
Ca = 0.0025 to maintain small deformation of the hydrogel particle, such that ¢; does not deviate
much from the initial volume fraction ¢5 = 0.5. Thus, if we choose the slip and permeability
coefficients to match BC1-3 based on ¢y, the three BCs should produce approximately the same
Darcy solutions. More specifically, we use Eqgs. (24) and (27) to set ngc1 = npc2 = 4nc3 = 1 and
Beci = S5Pec2 = 4Bsc3 = 1. Then BC1-3 are the same for Darcy flow based on the undeformed ¢y.
This common baseline facilitates the comparison below. The Brinkman solutions can still differ, of
course. We have also explored large-deformation solutions, with strains up to 10%. The results are
qualitatively the same and confirm our observations below of the differences among the BCs.

The flow around the gel particle is 2D and more complex than the other test problems. Figure 9(b)
depicts the flow and pressure field around the gel particle in steady state. The solid deformation
changes from predominantly compression at the upstream stagnation point on the particle (6 = 0°)
to predominantly shear at the 45° point, and finally to stretching at the downstream stagnation point
(6 = 90°). In what follows, we will focus on the solution in the two regions around 8 = 0° and 45°.
For the relatively small deformations involved, the stretching at & = 90° is roughly a mirror image
of the compression at & = (0°, and offers no new insight.
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FIG. 10. Comparison of the predictions of BC1-3 and BCM: The fluid velocity profiles v(x) and
V(x) along the incoming streamline (8 = 0°). The dimensionless parameters are u, =1, A, =1, £ = 10,
Ca = 0.0025, and ¢, = 0.5. The interfacial slip and permeability coefficients are matched among BC1-3
in the Darcy limit: npc; = npc2 = 413 = 1, Bec1 = 5Bec2 = 4PBpcs = 1. The Darcy solution is also shown
for comparison. The interfacial compression is on the order of u; ~ —0.006 for all BCs, and hardly visible in
the plot.

Figure 10 compares the horizontal velocity profiles v(x) and V (x) along the x axis. We observe
essentially the same trends as in the 1D compression test of Sec. IIT A. For instance, BC1-3 predict
essentially the same solution. There are small differences in the vy profiles, especially for BCI.
This is because the permeability parameter is matched for the Darcy flow using the undeformed
¢s0, whereas we are showing results of Brinkman flow, with small solid deformation. Besides,
BCM predicts smaller compression of the gel than the other three BCs, although the interfacial
displacement is too small to be visible in Fig. 10. As noted before, this is because BCM allows free
permeation. Unlike in 1D compression, here BCM predicts a slightly larger interstitial velocity v
than the other BCs. As the fluid can go around the gel particle in the 2D geometry here, the greater
compression for BC1-3 yields a smaller v;. Finally, for all BCs the velocity v is reduced from that
of the Darcy flow by the fluid viscosity inside the gel. The velocity outside V is also reduced as
required by fluid continuity [Eq. (11)].

The flow in the shear-dominated region along the 6 = 45° radius, depicted in Fig. 11, largely
mirrors the features observed in the 1D shear flows. BCM is distinct from BC1-3 in predicting a
negative slip velocity: V — vy < 0. This has been analyzed in the 1D Couette and Poiseuille tests,

0 0.5 1 1.5 2 2.5

FIG. 11. Comparison of the predictions of BC1-3 and BCM: The tangential velocity profiles v/(r) and
V (r) along the radius 8 = 45° for the same solutions as depicted in Fig. 10.
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FIG. 12. The tangential velocity profile along the 6 = 45° radius shows a boundary layer inside the gel
surface as the effective viscosity u, decreases: w, = 1, 0.1, 0.01, 0.001 (grey lines; black arrow indicates
decreasing pt.). The black profile is the Darcy limit (i, = 0). This feature is common to BC1-3 and the BC2
solution is shown here for illustration. The other parameters are the same as in Fig. 10.

and requires no more discussion here. The velocity profiles vy(r) for BC1, BC2, and BC3 are
similar, all exhibiting a curvature reminiscent of that in the Poiseuille flow of Fig. 7(a). This is
perhaps to be expected, as the fluid injected into the gel along the x axis flows under a pressure
gradient in the interior of the gel particle. The curvature is most pronounced for BC1, as its tangential
slip velocity is directly related to the local Brinkman shear stress [Eq. (17)]: vy = —(B8/¢s)os. Thus,
for vy to be positive, oy must be negative at the interface. This, in turn, requires the nonmonotonic
shape for the v/ (r) profile.

In summary, the 2D flow around the gel particle largely confirms observations from 1D compres-
sion and shear flows. Although this 2D test adds little to our assessment of the BCs, it suggests that
the conclusions drawn from the 1D tests will likely carry over to multidimensional flow problems.

We end this section by pointing out an interesting common feature of the solutions predicted
by BC1-3: a boundary layer in the Brinkman velocity profile near the gel surface. Using BC2 for
illustration, Fig. 12 shows that with decreasing effective viscosity u, for the interstitial fluid, the
bulk velocity vy increases toward the Darcy limit, while on the interface vy is pinned down by the
BC. The resulting boundary layer on the gel side of the interface reflects the fact that a small g,
in the Brinkman solution represents a singular perturbation of the Darcy solution. This scenario is
analogous to the classical boundary layer that bridges an exterior inviscid flow to a solid boundary
at which the velocity must vanish.

IV. CONCLUDING REMARKS

A mixture theory offers the convenience of ignoring the geometric details on the pore scale,
at the price of requiring additional constitutive equations governing the transport across phase
boundaries. In the fluid dynamics of hydrogels, these new requirements amount to additional BCs at
the interface between a hydrogel and a clear fluid, the latter being the same fluid as permeates the gel.
Specifically, such BCs may describe the normal and tangential velocity jumps across the interface,
i.e., differences among these three velocities: V for the external fluid, v, for the interstitial fluid in
the gel, and v; for the solid network in the gel. This paper aims to test four such BCs (BC1-3 and
BCM) in several flow scenarios: 1D compression, 1D shear driven by a sliding lid (Couette flow) or
a constant pressure gradient (Poiseuille flow), and a planar extensional flow around a gel particle.
Our main findings can be summarized as follows:
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(1) For 1D compression, BCM stands out as potentially flawed for its counterintuitive predic-
tions, including a pressure rise as the fluid enters the gel and a local expansion of the gel at the
interface. The overall compression of the gel layer is also very small.

(2) For 1D Couette flows, BCI is flawed in decoupling the flow of the interstitial fluid from
that of the clear fluid. This leads to zero steady-state flow inside the gel and the lack of viscoelastic
response in oscillatory shear. In steady Couette flow, BCM is suspicious for predicting a counterin-
tuitive velocity jump: a higher fluid velocity inside the gel than in the clear fluid.

(3) For 1D Poiseuille flow, BC2 is the only one that guarantees a higher fluid velocity in the
clear fluid than in the gel, which is expected on physical grounds and supported by experimental
evidence. BCM always predicts a faster fluid flow in the gel than outside, as do BC1 and BC3 for
certain parameter ranges.

(4) The 2D planar extensional flow around a gel particle largely confirms the above observations
in 1D compression and shear tests, and adds little new evidence for judging the BCs. But this
suggests that the conclusions drawn from the 1D tests will probably hold in multi-dimensional flow
problems as well.

(5) The failings of BCM can be traced to its assuming zero energy dissipation on the fluid-
hydrogel interface. The different predictions among BC1-3 are due to algebraic details in their
formulation.

Based on these, we recommend BC2 for studying the fluid dynamics of a hydrogel interface with
a surrounding fluid. A finite-element algorithm for computing fluid-hydrogel two-phase flows has
recently appeared [18].

For testing the BCs, we have used simple flow geometries in the above and made additional
simplifying assumptions. First, we have used a linearly elastic constitutive equation for the solid
network, which holds in the limit of small strains. For more complex flows with large strains,
hyperelastic models should be used, such as the Saint Venant—Kirchhoff model used by Li et al. [18].
Then the solutions may show novel nonlinear features. For example, the simple shear of Sec. III B
will incur normal stress effects and transverse deformation of the gel layer. Such features may
provide additional tests for the BCs. Moreover, we have assumed the fluid-gel interface to be
without surface tension or surface rheology. In reality, such interfacial effects may be important
factors [25,26].

This paper has evaluated the different behaviors of the BCs by analytical and numerical solutions.
It will be desirable to test them by experiments as well. Such experiments will serve as the ultimate
test for the various BCs and our theoretically based recommendation. There have been efforts to
measure the velocity profiles in steady two-layer shear flows over a rigid porous medium, especially
pressure-driven Poiseuille flows [13,22-24]. But most have encountered difficulties in defining a
properly averaged velocity near the interface and in accessing pore-scale flow fields. The most
reliable data so far [24] suggests a positive velocity jump V — vy > 0, with faster flow on the clear-
fluid side of the interface than on the porous side, in support of the predictions by BC2. But more
evidence needs to be collected in future experiments with higher spatial resolutions, especially in
stochastic geometries and microscopic length scales pertinent to hydrogels. In addition to steady
shear, oscillatory shear experiments similar to that of Hobbie ef al. [27] may shed light on the phase
lag between the fluid and solid deformations inside the gel. Compression experiments may clarify
the correlation between solid strain and fluid flow.

Interfacial instability may provide another class of flows for testing fluid-gel interfacial BCs.
There is a rich literature on elastohydrodynamic instability of compliant solid walls under the impact
of flow [28-30]. More recently, linear instability over a poroelastic wall has been examined [31].
By making the permeability and slip coefficients vary with the porosity ¢, the BCs considered here
can be extended to the limit of impermeable walls as ¢ — 0 [17]. Thus, one can use the BCs to
study interfacial instability with impermeable and permeable walls, and the results may shed new
light on the suitability of the BCs.
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APPENDIX A: FINITE-ELEMENT FORMULATION

In recent work [18], we developed a finite-element algorithm to solve the coupled motion and
deformation of a fluid-hydrogel system, using BC1 and BC2 as BCs. The code is based on an
open-source finite-element library deal.Il [32]. In the following, we briefly summarize the weak-
form formalism, with special attention to BC3 and BCM as these were not considered in the earlier
publication.

To obtain a weak solution of V, P, vy, vy, ug, p, and ¢, we define the corresponding test functions
Wy, Wp, Wy, Wy, Wy, W), and W, , respectively. The weak form of Eqgs. (1), (2), and (5)—(7) can
be obtained by taking the inner products of Eq. (1) with Wp, Eq. (2) with Wy in ,, Eq. (5) with
V,, Eq. (6) with Wy, and finally Eq. (7) with W, in €;. Summing all these inner products and
integrating by parts, we obtain the weak form for the governing equations:

(2, VWy)g, = (E—=PI)-n,Wy)yo, — (P, V- Wy)g, +(V -V, Up)o, + (¢pror, VW5 ),
—(¢r(oy — pI) - n, Wy, )aq, + (@505, VU o, — (¢s(oy — pI) - n, Wy )y,
- (P, V. (¢f‘pvf + ¢s"IJVA))Q,< + (V . (¢fvf + ¢svs)v \I/p)Qi

+ (E(bf(px(vf - Vs)y q"vf - lIva)Q,- = 07 (Al)

where (-, -) denotes the inner product over the region specified by the subscript. The bulk terms are
straightforward, and we focus on the boundary terms. Noting that n points outward of each domain
in the above, we convert to a uniform notation with n pointing from the gel domain to the fluid
domain, and denote the fluid-gel interface by I'. Now the three boundary terms can be collected into
the following:

S= (X =PI -n Wy)r — (¢r(oy — pD -0, ¥y )r — (¢s(05 — pI) -, Wy )p. (A2)

Following the same procedure as outlined by Li ef al. [18], we obtain the weak form for BC1-3 as
follows:

Spc1 = (l(V —Vy)-n, (Wy — Wy ) - n) + (l(V —vy)-t, Wy — ‘-I-’vA>
n r B r

¢ )
+ | o (v —v) -t Wy — Wy ), )
B r

1 1
Spc2 = <—(V —vp)en, (Wy — W) -Il) + (—(V —vp)-t, Wy — ‘I’v,>
n r B r

¢2
+ <_S(Vs —vp)-t, Wy — %) , (A4)
B /r
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¢? ¢?
Spc3 = (—S(Vs —-V)-n, (¥, —Wy)- n> + (—x(Vs -V)-t, ¥, — ‘IJV)
n r B r

¢2
+ (Ff(vf —V)-t, W, — qzv> , (AS)
r

where t is the tangential vector on the interface.
BCM differs from BC1-3 in its continuous velocity [Eq. (25)] and scheme of traction partition
[Eq. (26)]. First, the test function for velocity should satisfy the same constraint as Eq. (25):

Uylr = (¢r Wy, + &sWy)Ir. (A6)
Substituting Wy | into Eq. (A2), we have
Sgem = (¢p(X — PI— (067 — pD) - m, Wy )r + (¢5(X — PI — (05, — pI)) - n, Wy )r. (AT)

But the stress partition of Eq. (26) ensures that (X — PI — (6 — pI)) -n = 0and (X — PI — (o, —
pI)) - n = 0. Therefore, the boundary terms in the weak form for BCM amount to Sgcy = O.

APPENDIX B: ANALYTICAL SOLUTIONS OF STEADY SHEAR FLOWS

In the 1D Couette and Poiseuille flows (Sec. IIIB and IIIC), ¢ and ¢, do not deviate from
their uniform initial values and can thus be treated as constants. The governing equations [Egs. (6)
and (7)] can be simplified thus:

de

— . —Epv, =0, Bl
dy DPx — Edsvy (BI)
40 +Eprv=0 (B2)
dy Px Uy = U,

with the solid stress o, = psdus/dy and fluid stress oy = u.dvy/dy. The Stokes equation for the
clear fluid reduces to

dx =0 (B3)
dy Px =Y,
in which ¥ = udV/dy in dimensionless form and p, = dp/dx is the constant pressure gradient.
From these equations, we obtain the general solution for the velocity profiles V (y) and vy (y):

Vo) =22 ray+a. (B4)
2p
vr(y) = C3e«/€¢s//tey 4 CM—«/E%/M& _ E%‘ (B5)

The four-integral constant Cj ;34 can be determined by the no-slip BC on the top and bottom
boundaries and the interfacial BCs. The top and bottom BC can be written as

VQ2L)=Vy, vs(0)=0. (B6)
Along the interface y = L, BC1-3 and BCM can be simplified into the following:

BCl:V=82%, ¢rv=—pooy, (B7)
BC2:V —vy=p8%, —¢uy=—po;, (B8)
BC3: ¢p(vy = V)= —pioy, —¢V =—poy, (B9)
BCM: V =¢rvy, X =o0y. (B10)
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FIG. 13. Parametric dependence of the tangential velocity jump V' — v across the interface for BC1-3 and
BCM in steady Poiseuille flow. (a) Variation with the Darcy drag coefficient £, with 8 = 1. (b) Variation with
the permeability coefficient 8, with £ = 1. BCM does not have a § parameter and is thus absent. The other
dimensionless parameters take the same values as in Fig. 7.

After lengthy but straightforward calculations, the velocity profiles V (y) and v(y) can be obtained.
We omit the full expressions for their algebraic complexity, and focus instead on the tangential
velocity jump V — vy across the interface to provide supporting details to an argument in Sec. III C.

For the 1D Poiseuille flow, we study how V — v, may change signs with the Darcy drag
coefficient £ and the interfacial permeability 8 for the different BCs. To simplify the algebra, we
take concrete values for the dimensionless effective viscosity 1, = 1 and the solid fraction ¢, = 0.5.
Then the velocity jumps for the four BCs can be written as

__ B 2V2B (@ — 1)’

S 2(B+D VE@? - D+ V2B + DI

BCr vy = BE@ = D+ V2BE 2@ + 1) — 4v2BE (@ — 1)7] B12)
T BIAHSA@ - D+ VEBB+ D@+ D]

2V2BIBE(@ + 1) — (4B + D)(a — 1)?]

BCI:V — v, (B11)

BC3:V — vy = Bl
GV VEIL+48)@? — 1) + 22828 + D(@? + )] B9
BCM:V_Uf:_(a—1)(ﬂ(a+1)+2ﬁ(a—1) B4

2(VE@ — 1)+ V26(@? + 1))

in which « = ¢v%/2. In Fig. 13, we compare the velocity jumps among the four BCs as functions
of & and B. As stated in Sec. IIIC, only BC2 guarantees V — vy > 0 for all parameter values.
BC1 and BC3 can both predict V — vy < 0 for smaller values of B and &. They also both vary
nonmonotonically with 8. BCM always predicts V — vy < 0 according to its velocity continuity
BC [Eq. (B10)].
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