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Motivated by microfluidic applications, we investigate drag reduction in laminar pressure-
driven flows in channels with streamwise-periodic superhydrophobic surfaces (SHSs)
contaminated with soluble surfactant. We develop a model in the long-wave and weak-
diffusion limit, where the streamwise SHS period is large compared with the channel
height and the Péclet number is large. Using asymptotic and numerical techniques, we
determine the influence of surfactant on drag reduction in terms of the relative strength
of advection, diffusion, Marangoni effects and bulk—surface exchange. In scenarios with
strong exchange, the drag reduction exhibits a complex dependence on the thickness of
the bulk-concentration boundary layer and surfactant strength. Strong Marangoni effects
immobilise the interface through a linear surfactant distribution, whereas weak Marangoni
effects yield a quasi-stagnant cap. The quasi-stagnant cap has an intricate structure with
an upstream slip region, followed by intermediate inner regions and a quasi-stagnant
region that is mediated by weak bulk diffusion. The quasi-stagnant region differs from the
immobile region of a classical stagnant cap, observed for instance in surfactant-laden air
bubbles in water, by displaying weak slip. As exchange weakens, the bulk and interface
decouple: the surfactant distribution is linear when the surfactant is strong, whilst it forms
a classical stagnant cap when the surfactant is weak. The asymptotic solutions offer
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closed-form predictions of drag reduction across much of the parameter space, providing
practical utility and enhancing understanding of surfactant dynamics in flows over SHSs.

Key words: Marangoni convection, drag reduction, microfluidics

1. Introduction

Superhydrophobic surfaces (SHSs) offer a promising avenue for decreasing drag in
laminar and turbulent flows (Lee et al. 2016; Park et al. 2021). Hydrophobic chemistry
and microscopic topography on the SHSs entrap gas bubbles that lubricate the flow and
decrease the wall-average shear stress compared with solid walls. This design presents
numerous opportunities for industrial and environmental applications, including enhanced
cooling (Lam et al. 2015) and reduced emissions (Xu et al. 2020). Consequently, SHSs
have attracted significant attention in the academic literature (Park et al. 2014; Schonecker
et al. 2014; Tirk et al. 2014; Cheng et al. 2015; Seo & Mani 2018; Rastegari &
Akhavan 2019; Kirk ef al. 2020; Landel et al. 2020; Tomlinson et al. 2023b). However,
recent investigations have highlighted potential challenges. Interfacial displacement and
deflection (Ng & Wang 2009; Teo & Khoo 2010), gas-phase flow dynamics (Game et al.
2017) and heat- and surfactant-induced Marangoni stresses (Peaudecerf et al. 2017; Kirk
et al. 2020) have been shown to impede the anticipated drag reduction. Consequently, in
certain applications, SHSs may not outperform solid walls. Motivated by these questions,
this study investigates drag reduction in a surfactant-contaminated flow confined between
a SHS and a solid wall. Specifically, we focus on the computationally challenging regime
of weak bulk molecular diffusion, a regime which has remained largely unexplored in prior
literature.

Surfactants have been measured in both artificial (Hourlier-Fargette et al. 2018;
Temprano-Coleto et al. 2023) and natural (Pereira et al. 2018; Frossard et al. 2019)
environments. When a liquid flow becomes contaminated with soluble surfactant, these
chemical compounds are transported throughout the flow, adsorbing onto interfaces and
desorbing into the bulk. The surfactant distribution within the bulk is regulated by the
bulk Péclet number (Pe), forming concentration boundary layers when Pe is large. As
the flow carries surfactant towards the downstream stagnation point of an interface, it
accumulates, forming a concentration gradient. Depending on factors such as the flow
properties, surfactant characteristics and geometry, the resulting adverse Marangoni force
can cause the theoretically shear-free interface to behave like a no-slip (or partially no-
slip) wall (Peaudecerf et al. 2017). Experimental support for this mechanism can be found
in studies by Kim & Hidrovo (2012), Bolognesi et al. (2014), Schiffel et al. (2016),
Peaudecerf et al. (2017), Song et al. (2018) and Temprano-Coleto et al. (2023).

Peaudecerf et al. (2017) and Landel et al. (2020) conducted numerical simulations of a
two-dimensional (2-D) channel flow featuring streamwise-periodic SHSs using COMSOL,
employing surfactant properties that are characteristic of sodium dodecylsulphate (SDS).
Temprano-Coleto et al. (2023) extended this methodology to encompass a three-
dimensional channel flow featuring streamwise- and spanwise-periodic SHSs, while
Sundin & Bagheri (2022) investigated 2-D channel flow laden with surfactants over
streamwise-periodic liquid-infused surfaces. In all of these configurations, numerical
simulations of the Navier—Stokes equations and advection—diffusion equations for bulk
and interfacial surfactant incurred substantial computational costs, particularly in the
high-Péclet-number regime, where bulk-concentration boundary layers can be extremely
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thin. To address these challenges of high Péclet number values, we develop a numerical
method based on Chebyshev collocation. This numerical method clusters nodes around
the bulk-concentration boundary layers, reducing computational demand compared with
numerical simulations. We complement numerical simulations with asymptotic analysis
that reveals the underlying flow structures and offers direct predictions of flow properties.

The distinction between strictly insoluble and very weakly soluble surfactant can be
subtle. In the former case, there is no exchange between bulk and interface and the amount
of surfactant present on a SHS plastron must be prescribed as an input parameter. In the
latter case, adsorption and desorption processes control bulk and interface exchange and
the amount of surfactant present on a SHS plastron is determined by coupled transport
processes on the interface and in the bulk. In many practical applications, diffusive
effects are weak, and might not be expected to influence the manner in which surfactant
compromises drag reduction. However, the surfactant flux between bulk and interface is
mediated by bulk diffusion, enabling it to play a central role in determining drag reduction,
even at very high Péclet numbers. In such circumstances, weak bulk diffusion can be
the cause of weak apparent solubility, even when adsorption and desorption processes
are very fast. Furthermore, while bulk diffusion cannot be neglected, interfacial diffusion
can be, but then adsorption and desorption must be accommodated by weak stretching or
compression of the interface. Taking these factors together, we will see how structures such
as the classical stagnant cap, of some prescribed size when surfactant is strictly insoluble,
must be replaced by a more mobile structure that we term a quasi-stagnant cap.

Scaling theories have been developed to analyse the slip length over SHSs and
liquid-infused surfaces with streamwise-periodic gratings (Landel ef al. 2020; Sundin &
Bagheri 2022) and SHSs with streamwise- and spanwise-periodic gratings (Temprano-
Coleto et al. 2023). These theories typically assume small surfactant concentrations
and uniform shear stresses at the interface. For common surfactants such as SDS,
Temprano-Coleto et al. (2023) demonstrated a significant slip length when the grating
length exceeds a modified depletion length and a mobilisation length. The modified
depletion length depends on the depletion length (Manikantan & Squires 2020), the
height of the channel and the ratio of interfacial and bulk diffusivities. It characterises
the interfacial length above which interfacial diffusion is weak compared to bulk—interface
exchanges. The mobilisation length depends on the surfactant concentration and surfactant
properties through the Marangoni, Damkéhler and Biot numbers, and the SHS geometry
(Temprano-Coleto et al. 2023). The mobilisation length being generally larger than the
modified depletion length, it is the key length scale above which an interface can display
significant slip. Landel et al. (2020), Temprano-Coleto et al. (2023) and Sundin & Bagheri
(2022) used numerical simulations to calibrate the empirical coefficients linked to the
bulk-concentration boundary-layer thickness. Unlike these prior studies, our asymptotic
approach to the problem bypasses the need for empirical coefficient fitting, extending the
slip-length scalings identified in previous studies (Landel et al. 2020; Temprano-Coleto
et al. 2023) and uncovering new drag reduction regimes for surfactant-contaminated SHSs.

Tomlinson et al. (2023a) developed an asymptotic theory for laminar channel flow
featuring streamwise- and spanwise-periodic grooves and then investigated the impact of
spatio—temporal fluctuations in surfactant concentration over the SHS (Tomlinson et al.
2024). Their theory assumed that the channel is long and bulk diffusion is strong enough to
eliminate cross-channel concentration gradients. They derived a spatiallyone-dimensional
(1-D) long-wave model that accommodated non-uniform shear stresses at the interface
and enabled an analysis of the soluble stagnant-cap regime at low bulk Péclet numbers.
The numerical simulations performed at moderate bulk Péclet number by Sundin &
Bagheri (2022) show adsorption at the upstream end of the stagnant cap, but they did

1010 A58-3


https://doi.org/10.1017/jfm.2025.339

https://doi.org/10.1017/jfm.2025.339 Published online by Cambridge University Press

S.D. Tomlinson and others

not offer a scaling theory for this regime. Similar stagnant-cap scenarios, where there is
no adsorption at the upstream end of the interface, were studied by Baier & Hardt (2021)
and Mayer & Crowdy (2022) in the context of insoluble surfactant, with a linear and
nonlinear equation of state, respectively. These studies were extended to include protrusion
at the liquid—gas interface: Baier & Hardt (2022) found recirculating interfacial flows
for weak protrusions, which Rodriguez-Broadbent & Crowdy (2023) extended to larger
protrusions, deriving an effective slip length. Crowdy er al. (2023) investigated a linear
extensional flow between two fluids. Assuming that Pe is zero, they showed that solubility
and strong exchange with the bulk can reduce the length of the stagnant cap and make
the interface less immobile. We show how ‘remobilisation’ due to strong bulk—surface
exchange can also arise when Pe is large, revealing the coupling between the bulk-
concentration boundary layer and the underlying interface, which is particularly intricate
when Marangoni effects are weak.

Tomlinson et al. (2023a) delineated three key asymptotic regions of parameter space:
one dominated by Marangoni effects, with minimal drag reduction; and others dominated
by advection and diffusion, with significant drag reduction. They also identified when their
1-D long-wave model first breaks down due to 2-D effects. In this paper, we employ a
combination of asymptotic and numerical methods to investigate the impact of soluble
surfactant on a laminar pressure-driven channel flow confined between a streamwise-
periodic SHS and a solid wall. We assume that the period of the SHS is significantly
longer than the height of the channel and that the bulk and surface Péclet numbers are
large. To address the numerical challenges of these high-Péclet-number flows, we develop
asymptotic solutions for weak diffusion, which may offer insights into a broader range of
surfactant-contaminated flows than flows over SHSs. For example, numerical simulations
of flows involving soluble-surfactant-contaminated drops and bubbles exhibit velocity and
surfactant distributions reminiscent of stagnant caps at large but finite Pe (Oguz & Sadhal
1988; Tasoglu et al. 2008). However, the structure of these stagnant caps has only been
described in the insoluble limit (Harper 2004; Palaparthi et al. 2006).

Additionally, we construct asymptotic expressions for practical quantities such as the
slip length and drag reduction. These asymptotic expressions not only aid in understanding
the physics of surfactant-contaminated flows over SHSs but also facilitate the prediction
of the slip length and drag reduction in experiments.

In § 2, we formulate the 2-D problem. We non-dimensionalise the fluid and surfactant
equations in the long-wave limit and derive 1-D and 2-D long-wave models for bulk and
interfacial surfactant behaviour. The calculations underpinning drag reduction predictions
are laid out in appendices. In § 3, we present our main asymptotic and numerical findings.
We analyse the drag reduction and compare the predicted flow and surfactant fields with
results obtained from COMSOL simulations and experiments. In § 4, we illustrate the uses
of our study and discuss the key asymptotic results that may be generalisable to broader
surfactant-contaminated flows.

2. Formulation
2.1. Governing equations of the 2-D model

We explore a steady 2-D laminar pressure-driven channel flow contaminated with soluble
surfactant, confined between a streamwise-periodic SHS and a solid wall (see figure 1).
The streamwise and wall-normal directions are represented by x and y coordinates
respectively, where hats indicate dimensional quantities. Assuming the fluid to be
incompressible and Newtonian, we define the velocity field & = (4 (x, ), 0(X, 3)),
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Figure 1. A 2-D laminar pressure-driven channel flow transporting soluble surfactant confined between a
streamwise-periodic SHS and a solid wall. We position the origin of the Cartesian coordinate system, (%, y),at
the centre of the liquid—gas interface. Each periodic cell has channel helght 2H and period length 2P . The SHS,
characterised by gas fraction ¢, has an interface region of length 2¢ P and a solid region of length 2(1 — )P,
the area above these regions defines subdomains 751 and ’ﬁz, respectively, as specified in (2.1).

pressure field p = p(x, y), bulk surfactant concentration ¢ =¢(x, y) and interfacial
surfactant concentration I" = I (%). Due to the periodicity of the SHS in the streamwise
direction, our analysis focuses on a single periodic cell with dimensions 2P in length
and 2H in height. At y =0, there is a solid ridge of length 2(1 — $)P and a liquid—gas
interface, or plastron, of length 2(,25}3, where ¢ is the gas fraction. The interface is assumed
to be flat. There is a solid boundary at y = 2H. The periodic domain is partitioned into
two subdomains,

={fe[—¢P, ¢P1} x {$ €[0, 2H]}, 2.1a)
Dy={telpP, 2—¢)Pl} x {y €0, 2H]}, (2.1b)

as illustrated in figure 1.

A comprehensive discussion of the equations governing fluid and surfactant behaviour
in a three-dimensional geometry featuring streamwise- and spanwise-periodic SHSs was
presented in Tomlinson et al. (2023a). Here, we provide a succinct overview of the model

for a streamwise-periodic SHS in two dimensions. Within domains 151 and 152, we have
Stokes equations with an advection—diffusion equation for bulk surfactant:

V.a=0, avVa—-vVp=0, DV*—a-Vié=0, (2.2a—c)

where [i is the dynamic viscosity and D is the bulk diffusivity. Linearising the equation of
state, we assume 6; = — AT}, where & is the surface tension and A is the surface activity.

For x € [—¢13, ¢13] and y =0, we impose the tangential stress balance, no penetration,
linear adsorption—desorption kinetics and an advection—diffusion equation for interfacial
surfactant:

iy — Al =0, =0, D¢
, (2.3a—d)
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where Dj is the interfacial diffusivity, K, is the adsorption rate and Ky is the desorption
rate. At ¥ = +¢ P and y = 0, there is no interfacial flux of surfactant:

4l — DT =0. (2.4)

For £ € [¢P, (2—¢)P] and $ =0, and likewise for £ € [—¢ P, (2—¢)P] and $ =2H,
we impose no slip, no penetration and no bulk flux of surfactant:

u=0, v=0, ¢ =0. (2.5a—¢)

For ¢ = (1, p;, ¢), continuity and periodicity conditions on bulk quantities are given by

§(@P)", H=G@P)", ). §(—pP, H =42 —¢)P, ), (2.6)
where the superscript — (4) indicates evaluation in 151 (252). The pressure field is

continuous across x = id)IS but is not periodic. Within Dy, the bulk surfactant equations
and boundary conditions, (2.2¢), (2.3¢) and (2.5¢), can be combined to give

d 2H . A .
= / (16 — Dé) dj — (Ryl — Raé(®, 0)) =0, 2.7
0

which, combined with the interfacial surfactant equation (2.3d), leads to an expression for
the total flux of surfactant, K, which must be uniform:

20
/ (¢ — D&)Ay + (X, 00 — D; 1) =K. (2.8)
0

Integrating the interfacial surfactant equation (2.3d) over the plastron and utilising the
no-flux condition (2.4) yields a constraint on net adsorption and desorption:

0P
/ (KgI' — K46(%, 0))dz =0. (2.9)
_¢P

Similarly, within 252, (2.3¢) and (2.5¢) can be combined to give
20 . )
/ (u¢ — D¢;)dy =K. (2.10)
0

From (2.2a), (2.3b) and (2.5b), it follows that the volume flux of fluid in ﬁl and 152, Q, is
also uniform, where

) 2H
0 =/ i ds. @11
0
The fluxes Q and K are prescribed in this model.

The flow is driven in the streamwise direction by a cross-channel-averaged pressure
drop per period, Ap = (p)(—¢P) — (p)((2 — $) P) > 0, where (-) = [ - d5/(2H). We
define the normalised drag reduction

Apr—Ap
DR= P 2F

Apr— Apuy
where A p = A p; when the interface is immobilised due to surfactant (DR =0)and Ap =
A py when the interface is unaffected by surfactant (DR = 1). We aim to determine the
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dependence of DR on the dimensional parameters of the problem (¢, P H , D, A 131,
Ka, Kd, K and Q) in the singular high-Péclet-number regime.

2.2. Non-dimensionalisation

We non-dimensionalise the governing equations (2.1)—(2.12) using Q/H for the velocity
scale, K/Q for the bulk concentration scale and K,K/(K;Q) for the interfacial
concentration scale. We write

x y i v
X ==, y = ~ 5 U= - ~ 9 V= ~ K]
P eP o/ €Q/H
; : F
=A,\LA, C=%, I'=—F—, (2.13a—g)
Q/(eH?) K/Q KoK /(KaQ)
where € = H / P is the slenderness parameter. The subdomains (2.1) become
={xe[-¢, o1} x{y €10, 2]}, (2.14a)
Dy={xelg, 2—9¢]} x{y€l0, 2]}. (2.14D)
In D; and D;, the bulk equations (2.2) become
uy +vy, =0, ezuxx +uyy — px =0,
€4Uxx + ezvyy —py=0, (ezcxx +cyy)/Pe — €ucy —evey =0, (2.15a-d)

with Pe= Q/D the bulk Péclet number. For x € [—¢, ¢] and y =0, the interface
conditions (2.3) give

uy—eMal, =0, v=0, c¢y—Da(c—1)=0,
ezfxx/Pel +Bi(c—T')—€eul), =0, (2.16a-d)
with Ma = AAIQQI%I-AI/([LI%d Qz) the Marangoni number, Da = Iealfl/ﬁ the Damkohler

number, Pe; = Q / bl the interfacial Péclet number and Bi = Ied H? / Q the Biot number.
At x = +¢ and y = 0, the no-flux condition (2.4) becomes

ul’ —ely/Pe; =0. (2.17)

For x € [¢, 2 — ¢] and y =0 (and for x € [—¢, 2 — ¢] and y =2), the solid boundary
conditions (2.5) give

u=0, v=0, ¢,=0. (2.18a—d)
For ¢ = (u, pyx, c), the matching conditions (2.6) become
q(¢_a y)=q(¢+’ y)a q(_¢a y)=4(2_¢, y) (219a’b)
For x e [—¢, 2 — ¢], the surfactant-flux conditions (2.7)—(2.10) yield
d 2( 6C")d Da _ex, 0)=0 in D (2.20a)
— uc — —— — — " —c(x, =0 in , .20a
dx Pe Y €Pe !
2
€Cy Da el .
——)d — , =1 Dy, 2.20b
/0 (”C Pe) Y Bire ( Pe1) mo (2206)
¢
/ (' —c(x, 0))dx=0 in Dy, (2.20¢)
—¢
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2
/ (uc— ﬁ) dy=1 in D, (2.20d)
0 Pe

and in D; and D, the volume-flux condition (2.11) gives

2
/ udy=1. (2.21)
0

Finally, the drag reduction (2.12) becomes
Apr —Ap
Apr—Apy’

where Ap = (p)(—¢) — (p)(2— ¢) and () = [} - dy/2.

In the limit € < 1, we proceed to solve the leading-order boundary-value problem
and flux constraints defined in (2.15)—(2.21) for u, v, p, ¢ and I" using asymptotic and
numerical methods. Subsequently, we evaluate the drag reduction (2.22) and investigate
its dependence on the seven dimensionless groups (€, Pe, Ma, Pe;, Bi, Da and ¢)
that characterise the geometry, flow, liquid and surfactant. Moreover, full solutions of
(2.15)—(2.21) obtained as COMSOL simulations are presented in § 3.

DR = (2.22)

2.3. The long-wave limit of the 2-D model at high Péclet numbers
We investigate distinguished limits of (2.15)—(2.21) to uncover different physical balances.
We assume that 1/Pe= O(¢), 1/Pej = O(€), Bi= O(¢), Da= O(1) and Ma= O(1/¢)
as € — 0, denoting this as the ‘2-D long-wave model’ in which streamwise and cross-
channel concentration gradients are comparable at leading order. We rescale 1/Pe =€/,
1/Pe; =€/ P, Bi =€ and Ma = ./ /¢, assuming that &2, &, B and .# remain O (1)
as € — 0. We substitute the expansions

(u, v, p, ¢, I') = (uo, vo, po, co. To)+€(uy, vi, p1, c1, T +--- (2.23)

into the governing equations (2.15)—(2.22) and take the leading-order approximation.
In Dy and D,, flow is driven by a streamwise pressure gradient, and wall-normal
diffusion is comparable to advection. The bulk equations (2.15) become

uox +voy =0, uoyy —pox =0, poy=0, coyy/P —uocox — vocoy (=2g4 o
LA d—

For x € [—¢, ¢] and y =0, the interfacial flow is inhibited by the surfactant gradient and
exchange is comparable to advection. The interface conditions (2.16) yield
uoy—///['oxz(), vo=0, coy —Da(co—Ip) =0,
PB(co — Iy) — (uolp), =0. (2.25a—d)
For x € [¢p, 2—¢] and y=0 (and for x € [—¢, 2 — ¢] and y =2), the solid wall
boundary conditions (2.18) become
up=0, wvo=0, coy=0. (2.26a—c)

Short 2-D Stokes-flow regions arise at the junctions between D and D;. In the present
long-wave theory, in which surface diffusion appears at the next order, we impose the
no-flux condition (2.17) at x = ¢ and y =0:

uolp=0. (2.27)
Continuity of bulk concentration (2.19) between D and D, requires
co(@™, Y)=col@®, y), col=, y)=co—¢, y). (2.28a.,b)
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In § 3, comparison with COMSOL simulations will allow us to investigate the effect of
these Stokes-flow regions. Streamwise surfactant transport in the bulk and interface is
dominated by advection and exchange, so (2.20a) becomes

d [? Da .

— / upcody — — (o —co(x, 0))=0 in Dy, (2.29a)
dx 0 X
/2 dy + 2% (uo(x, O =1 in D (2.29b)
uoc uo(x, = n ) .
A 0co dy B Mo 0 1
¢
/ Iy —cp(x, 0))dx=0 in Dy, (2.29¢)
—¢
2
/ upcody=1 1in Ds. (2.29d)
0
In D; and D;, the volume-flux condition (2.21) gives
2
f ugdy =1. (2.30)
0
The leading-order drag reduction (2.22) is given by
Apr — A
DRy= =PI~ 2P0 2.31)
Apr — Apuy

The leading-order pressure field simplifies to pgo= po(x) using the wall-normal
equation (2.24¢). The streamwise velocity field is driven by the pressure gradient pg, and
is inhibited by the surfactant gradient Ij,. Using linear superposition, we can write

uo=Upoy + #UTyy in Dy, up=Upox in Ds, (2.32a,b)

where U =y2/2—2, U=y —2 and U= y2/2 — y are velocity contributions satisfying
the following boundary-value problems:

Uy =1, subjectto Uy(0)=0, U(2)=0; (2.33a—c)
Uyy =0, subjectto l_]y =1, UQ)=0; (2.34a—c)
Uyy=1, subjectto U©0)=0, U(Q2)=0. (2.35a—c)

Substituting (2.32) into (2.30), the volume flux constraint gives
Opox +.#QIox=1 in D1, QOpo=1 in Dy, (2.36a,b)

where 0 =—8/3, 0 =—2 and 0= —2/3. Using the continuity equation (2.24a), the
wall-normal velocity field is forced by poxx and Iy, with velocity contributions that
complement those given in (2.32)—(2.34):

vo=Vpoxx + # VI in Dy, vy=0 in Dy, (2.37a,b)

where V =—y3/6+2y and V = —y2/2 + 2y (so that V, = —U, V(0)=0, \_/y =-U,
V(0) =0). The no-penetration condition (2.26b) is satisfied, as vo(2) = \7(2) Poxx +
MV ) Toyy = —Qp()xx — M QToex =0, using the volume-flux condition (2.36a).

We substitute (2.32) and (2.37) into the bulk and interfacial surfactant equations
(2.24)—(2.29) to derive the 2-D long-wave model. To facilitate its numerical computation,
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Coefficient =~ Name Definition Physical interpretation
1 DP Bulk diffusi
o Bulk diffusion coefficient —_= 2wk Qrrusion USI,OH
€Pe  QH Bulk advection
D K Adsorption
B Partition coefficient .a =— P -
BiPe  HK, Desorption
eMaDa  AHKK 2 Marangoni effects
y Surfactant strength - =—7 - p
BiPe 0 K3 PQ? Interfacial advection
Da DK, P Interfacial diffusion
8 Interfacial diffusion coefficient - = A7a” § -
€BiPePe;  H2K,Q Interfacial advection
D K, P Adsorption
v Exchange strength == z 71)
ePe 0 Bulk advection

Table 1. A summary of the transport coefficients in the 2-D long-wave model, (2.38)—(2.42), with their
definition and physical interpretation. The transport coefficients «, 8, ¥, 6 and v are written in terms of Pe, Da,
Bi, Ma, Pe; and € defined in § 2.2. Compared with the three-dimensional transport coefficients in Tomlinson
et al. (2023a), azp x 2a, B3p X B, y3p Xy, 83p X €28 and V3p X €2y,

we retain O (e?) bulk and interfacial streamwise diffusion operators to make the problem
more elliptic, simplifying the continuity conditions and smoothing the flow between D
and D,, later seeking the limit in which these effects are weak. The bulk surfactant
equation (2.24c) gives

3 3y?
a(EZCOXx + cOyy) - <_ - L) COx

4 16
1 3y? 2 3 '
B S P,
(2.38a)
3y 3y? )
a(EZCOXX + COyy) - (Ty - %) cox =0 in Dy,
(2.38b)

where «, B8 and y are given in table 1. This table defines the five primary parameter
combinations that we use below and gives their physical interpretation. For x € [—¢, ¢]
and y =0, the boundary condition specifying continuity of surfactant flux and the
interfacial surfactant equation (2.25¢,d) become

) 3 1
coy = —(co—=T0) =0, v(co—T0) = 70 + 5y TocT0)x + €28y =0,
(2.39a,b)

where v and § are given in table 1. At x = £¢ and y =0, no flux of interfacial surfactant
(2.27) gives

3 1
2B = Sy Tl = €28, = 0. (2.40)
For x € [¢p, 2—¢] and y =0 (and for x € [—¢, 2 — ¢] and y =2), no flux of bulk
surfactant (2.26¢) becomes

coy =0. (2.41)
1010 A58-10
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The surfactant-flux conditions (2.29a,b,d) become

1 3y2
(A e R L

—v(Ip—co(x, 0))=0 in Dy,

(2.42a)
2 2 2
3 3 1 3
f((G-38)a+5( -3 -5 ) = caan o

3 1
+Z/3F0——Vfoxfo—€25F0x=1 in Dy,

2
(2.42b)
2 2
3 3
(G )orcun)ormrm 2.
(2.42¢)

and in D U D;, the volume-flux condition (2.30) becomes

Opox + (y/B)OTox=1 in Dy, Qpoy=1 in Ds. (2.43a,b)

To summarise, the seven-parameter Stokes-flow system (2.15)—(2.21) involving five
variables (i1, 0, p, ¢, I') has been reduced to the seven-parameter long-wave system
(2.38)—(2.42) 1nvolv1ng two variables (¢, r ) Further, by neglecting streamwise diffusion
in the bulk, —e2acoy,, and at the interface, —e28 Iy, the system reduces to a five-parameter
system (&, B, ¥, v, ¢). This long-wave model disregards short (but passive) inner regions
associated with the small parameters € and §.

The numerical solution of (2.38)—(2.42) (Appendix A) is generally less expensive
(in terms of memory and runtime) than COMSOL simulations. The numerical method
iteratively solves linearised bulk- and interfacial-concentration problems until convergence
is achieved. Convergence in the nonlinear problem can be slow, necessitating small
tolerances. Accurate resolution of singularities at x = +¢ is essential to achieving
convergence; accordingly, we employ domain decomposition and Chebyshev collocation
techniques that cluster nodes around y =0, 2 and x = —¢, ¢, 2 — ¢. Once cg and I are
determined, u¢ and vg can be calculated using (2.32) and (2.37), respectively.

Following Tomlinson et al. (2023a), we express the leading-order drag reduction
(DRp) in terms of the transport parameters and geometry (,B y and ¢) as follows.
When the interface is unaffected by surfactant, Apy = —2¢/0 — 2(1 — ¢)/ 0. When the
interface is immobilised by surfactant, Ap; = -2/ Q Between these two limits, Apg =
—2¢/0—-2(1-9¢)/Q+yQAIy/(BQ), where Al =1Io(¢) — I'o(—¢). Substituting
these expressions into (2.31) gives the leading-order drag reduction as

yAlp
38
When evaluated using COMSOL, we write DRo= DRys. An alternative measure used

commonly in the SHS literature is the effective slip length, 4g, which can be evaluated
from D R using (Tomlinson et al. 2023a)

_ DRy(Ap; — Apy)
Api[ApyDRo+ Ap;(1 — DRy)]’

DRy=1~ (2.44)

(2.45)
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(a) Strong cross-channel b) Strong cross-channel
log () diffusion log () diffusion
DRy~ /y| DRy~ 1/y| DRy~ €%a/y DRy~1/y | DRy~ 1/y 1)212(}~
€o/y
2
y~€a 2D 1D 1D y~es
M2P MP M2 Mg Mg M
pa N
y~allsE M log (@) y~1[€ > log ()
D" 2D 1D )
42D A Az A} D!
1-DRy~ [1-DRy~y| 1-DR,~ 1 - DRy~
y3/3/al/10 y/%a 1-DRy~y |1-DRy~y /€%
N
— —
Weak cross-channel a~1/e Weak cross-channel §~1/é
diffusion diffusion

Figure 2. Maps of (o, y)-parameter space for € <« 1, using parameters given in table 1, showing the
magnitude of drag reduction (DRp) across different asymptotic regions. Existing predictions from the 1-D
long-wave model of Tomlinson et al. (2023a) are combined with predictions derived in Appendix C from
the 2-D long-wave model for (a) strong exchange and (b) weak exchange. The Marangoni-dominated region
(M) incorporates subregions M ', M }ED , M?P and M éD , for which DR < 1; the advection-dominated region

(A) incorporates subregions AlD, AL-D , A2D and A%D, for which 1 — DRy « 1; and the diffusion-dominated

region (D) incorporates subregions D'P and D"ED , for which 1 — DRo <« 1. Here it is assumed that o ~ §
and 8 ~ 1.

Before presenting the results of the 2-D long-wave model, it is helpful to recall key features
of the problem at low Péclet numbers, when a 1-D description applies.

2.4. The 1-D long-wave model

Figure 2 shows maps of («, y)-parameter space, illustrating how the present 2-D model
relates to existing 1-D results. In the strong-cross-channel-diffusion limit, for which o >
1 (with €20 = O(1) and €28 = O(1)), cross-channel concentration gradients are small.
Expanding the bulk and interfacial concentration fields

co=7co(x)+ci(x, Yo+, To=Tox)+ M@ /je+---, (2.46)
equations (2.38)—(2.42) reduce to the ‘1-D long-wave model’, given by

Cox — 2€%acoxy —v(I) —G0) =0 in Dy, (2.47q)

3 -1 - - _ — .
2 BT0x = 57 (TocF0)x = €8 e +v(Tp = G0) =0 in Dy, (2.47b)

3 -1 - - _

Co — 2€%acoy + 2P0 = 5y Toclo - €28l =1 inDy, (2.47¢)
¢o—2€’acpy =1 inDs. (2.47d)

The system in (2.47) is solved subject to continuity of bulk surfactant, continuity of bulk-
surfactant flux and no flux of interfacial surfactant:

co(p™) =3Co(p™), (2.48a)

Co(—p) =02 — ), (2.48b)

Co(¢™) — 2€%acoy(¢7) = Co(¢p™) — 2€%aco (9T), (2.48¢)

o(— ) — 2€%aoy (—¢) = (2 — ¢) — 2€2a oy (2 — ¢), (2.48d)
R 1 - _ _

2 BT0GES) = Sy To(E¢) o () - €28 Moy (£¢) = 0. (2.48¢)
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The system of ordinary differential equations in (2.47)—(2.48) can be solved numerically
using the method outlined in Appendix A of Tomlinson et al. (2023). The drag reduction
can be evaluated using (2.44). As illustrated in figure 2, the 1-D long-wave model
(2.47)—(2.48) exhibits multiple asymptotic regimes in the («, y)-parameter space, which
provides useful context for the results to follow. We highlight regions dominated by
Marangoni effects (M), interfacial advection (A) and interfacial diffusion (D); a subscript
E denotes cases in which I(x) and co(x, 0) can be out of equilibrium. We summarise
key asymptotic results from Tomlinson ef al. (2023a) that apply in the strong-exchange
(co =~ I, large v) and weak-exchange (co # I, small v) limits in Appendix B, in regions
labelled with superscript 1D. We now proceed to investigate the emergence of 2-D flow
structures as bulk diffusion weakens, i.e. for & small (<« 1) or at intermediate values ~ 1.

3. Results

In §3.1, we investigate the leading-order drag reduction (D Rg), interfacial and bulk
surfactant concentrations (I and cg), as well as the streamwise and wall-normal velocity
components (#p and vyp), for strong bulk—surface exchange (v = 100). We vary the bulk
diffusion () and surfactant strength (), exploring both strong- and weak-cross-channel-
diffusion regimes by solving the 2-D long-wave model (2.38)—(2.42). We focus primarily
on the weak-cross-channel-diffusion regime (¢ =68 <« 1), as the strong-cross-channel-
diffusion regime (§2.4) was addressed in Tomlinson et al. (2023a). For simplicity,
we constrain the partition coefficient (8) and interfacial diffusion (§), assuming that
a=4, f=1 and ¢ =0.5 throughout. However, asymptotic solutions are derived in
Appendix C for generic variables «, 3, § and ¢, which we use to validate numerical
simulations and identify dominant physical mechanisms. In § 3.2, we consider the weak-
exchange limit (v = 0.01). As illustrated in figure 2, in both strong- and weak-exchange
limits, we identify regions of parameter space dominated by Marangoni effects (M),
advection (A) and diffusion (D). Additionally, we compare numerical solutions of
the 2-D long-wave model (2.38)—(2.42) with numerical solutions of the Stokes and
advection—diffusion equations (2.15)—(2.21) in the weak-cross-channel-diffusion limit.

3.1. Strong exchange

Figure 3 summarises the surfactant concentration profiles and drag reduction in the strong-
exchange limit, computed using the 2-D long-wave model, (2.38)—(2.42). For large values
of y, with strong Marangoni effect, the interface is almost immobilised (figure 3a,b),
the Iy profile is almost linear and the bulk surfactant concentration transitions from
a 2-D (figure 3a) to a 1-D (figure 3b) distribution as « increases. Surfactant adsorbs
onto the interface across the upper half of the plastron and desorbs from it in the
lower half. In contrast, for small y with weaker Marangoni effects, interfacial surfactant
accumulates near the downstream end of the plastron, lengthening the adsorption region
and compressing the desorption region (figure 3f).

Figure 3(c—e) illustrates the variation of DRy with @ and y. In the present strong-
exchange limit, drag reduction decreases as o decreases and the bulk concentration
becomes more 2-D. Reduced bulk diffusion promotes the formation of bulk-concentration
boundary layers, while slowing fluxes between the bulk and interface. We characterise
this transition by comparing the established large-or asymptotes (in regions M'? and
D'P of the (a, y) plane; see (B1), (B2)) with new small-« limits (derived below) in
regions M?P and A?P. We use these limits to characterise the immobilisation of the
interface as y increases, highlighting in particular the transition from region A2? to region
M?P for small «. The central asymptotic subregions M'? and A'? for | € o < 1/€? in
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Figure 3. The leading-order drag reduction (D Ry), bulk (co) and interfacial (/) surfactant concentration
fields for B =1, e =0.1, v=100 and ¢ =0.5, computed using (2.38)—(2.42) when bulk—surface exchange
is strong. In the Marangoni-dominated (M) region, the SHS is no-slip (DRy < 1), and in the advection-
dominated (A) and diffusion-dominated (D) regions, the interface is shear-free (D Ry = 1). Fields co, 10, (co)
and ¢o(x, 0) are plotted in (a) M2P and (b)) M'P. (¢) Contours of DRy, (d) plots of DRy for different y and
(e) plots of DRy for different o, where (c,d,e) are compared with asymptotic predictions (B1b) in M 1D (B2b)
in D'P_(C22b) in M?P and (3.2b) in A%P . The dashed line in (e) represents the largest y for which Iy(—¢) =0
when o < 1. Fields co, I, (co) and co(x, 0) are plotted in (f) A?D (notice the quasi-stagnant-cap profile) and
(g) D'P, where x = xq is plotted using (C55).
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Figure 4. Schematics of the asymptotic structure of the bulk-concentration boundary layer. Weak diffusion
ensures that ¢ is approximately uniform in the core of the channel, varying primarily in a thin concentration
boundary layer near the SHS. Blue (pink) regions illustrate regions where surfactant is drawn from (released
into) the bulk onto (from) the interface. (a) The bulk-concentration boundary layer when Marangoni effects are
strong (region M?P) and the surfactant distribution almost immobilises the entire interface. (b)) The bulk-
concentration boundary layer when Marangoni effects are weak (region A?P), creating a slip region with
low surfactant concentration upstream of a quasi-stagnant region in which interfacial surfactant accumulates.
Details of each asymptotic region are provided in Appendix C.

figure 2(a), which formally provide a bridge between the 1-D and 2-D long-wave models,
are smoothed out by transitional effects associated with the nominally small geometric
parameter € taking the value 0.1 in figure 3. We now discuss these new regions, starting
with M2P.

Region M?P (figures 2a and 3a) emerges when o < 1 and y is large. In this region,
Marangoni effects dominate, with weak bulk diffusion resulting in a bulk-concentration
boundary layer near y = 0. We provide a scaling argument for DRy as follows, with a
detailed derivation given in Appendix C.I and a schematic of the asymptotic structure
in figure 4(a). At the interface, I is in equilibrium with cg, and the interface is nearly
immobile, exhibiting a linear surfactant distribution with a slope of size 1/y. The bulk
concentration is close to unity, and Iy < 1 (I > 1) in the upstream (downstream) half of
the plastron, leading to adsorption (desorption). Perturbations to the bulk-concentration
boundary layer are driven by the linear surface concentration distribution, giving the
boundary layer a self-similar structure. The thickness of the boundary layer is «'/3 < 1
(characteristic of a shear flow), resulting in fluxes of size acy, ~a?/3 onto and off
the interface. Adsorption and desorption are accommodated by weak stretching and
compression of the interface, generating smaller contributions to I of size o*/3/y? and
to DRy of size «*/3/y, using (2.44). The constraint & < 1 ensures that the boundary layer
is thin and we require y > 1 and ?/3 « y for the correction to Iy to be small (although a
more precise condition will emerge below). The leading-order surfactant distribution and
drag reduction are given by

3 2/345/3
oo, O~ Tl + P (12 2) . pRro~™EO (.1a,b)
2y 5 14

where the coefficient m1 ~ 0.79 is given explicitly in Appendix C.1. The range of validity
of the leading-order solution in (3.1) is extended from y > 1 to y ~ 1 in (C22), where the
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extension must be evaluated numerically. Therefore, we give the simpler formula above,
but compare (C22) with numerical results from the 2-D long-wave model at small « in
figure 3(c—e), which capture numerical results successfully. In particular, decreasing y
leads to a steepening of the interfacial surfactant gradient until I approaches zero at the
upstream contact line. This transition provides a lower bound on region M2P, namely
I'n(—¢) =0 when y =9¢8/5 (see vertical dashed lines in figure 3¢). Hence, we plot
asymptotic predictions up to this limit in figure 3(e).

When « < 1 and y is sufficiently small, we transition into region AP (figures 2a
and 3f), where advection dominates Marangoni effects at the interface, while interacting
with a strongly coupled bulk-concentration boundary layer. We distinguish two primary
regions along the interface: (i) a slip region, x € [—¢, xp) (for some xp), at the upstream
end of the interface, where Marangoni effects are weak and surfactant adsorbs from the
bulk; and (ii) a quasi-stagnant region, x € (xp, ¢], at the downstream end of the interface,
where surfactant gradients decelerate the interface through Marangoni effects without
completely immobilising the interface (in contrast with a classic stagnant cap), while
desorbing the accumulated surfactant. We now provide a scaling argument for DR that
is supported by a detailed derivation in Appendix C.2; a schematic of the asymptotic
structure is given in figure 4(b). In the slip region, of length xo + ¢ = O(1), ¢ varies
by O(1) across a boundary-layer thickness y ~ a!/2, yielding a flux per unit length of size
acoy ~ «!/2 onto the interface. This allows I to grow along the slip region from zero to
O (a'/?). Although cq is effectively zero at the interface at leading order, it is coupled to
Iy through an O (« 1/2y correction. The slip region therefore delivers an interfacial flux of
size O ('/?) at x & xo, which is carried through short regions across which the interface
decelerates rapidly at the leading edge of the quasi-stagnant region (i.e. at x =~ xg). The
sizes of the short regions are indicated in figure 4(b). Across the quasi-stagnant region, of
length L = ¢ — x (to be determined), I is approximately linear with a slope of size 1/y,
setting co and Iy to be of size L/y. In the bulk, diffusion balances shear-flow transport
over a vertical length y ~ (¢ L) 1/3 and therefore acyy ~ (aL)?/3 /v . Integrated over L, this
accommodates the O(a!'/?) interfacial flux, resulting in L ~ y3/3 /a!/1°. Consequently,
the drag reduction arising from the surfactant adsorbed and desorbed in the slip and
quasi-stagnant regions is proportional to DRo ~ y A" ~ L.

In Appendix C.2, we present a more detailed analysis showing that

o (x + §))'/2
T for xel—¢, xo), Y
1
cole. O~ To~ | 4y VITP DRy=1- S,
> (x —x0) for x€(xo, ¢,
Y

3/4 for xe[—¢, x0),

3 G X —XxQ _lf
- —_ or X~ X,
wo(x, O~ {4 \yal? ‘

53 _\5/3
w<(x_xo)2/3_u) for x € (xo, ¢].
Sﬁ X — X0

(3.2a—c)

The coefficient a; = (—51/(6C'(0)))3/°/(2¢) in (3.2b) where A= (16(xo+ ¢)/
(37rﬁ2))1/ 2. C'(0)~ —0.92 in (3.2¢) is given explicitly in Appendix C.2; the function
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Figure 5. The leading-order streamwise velocity field (u¢) and surfactant concentration fields (co and Ip)
for =1, v=100, € =0.1 and ¢ =0.5 evaluated using (2.38)—(2.42) (lines) and COMSOL simulations
(2.15)—(2.21) (symbols), when bulk—surface exchange is strong. (a,c) Plots of ¢ and ug, respectively, for o =
0.1 and y = 1, when the flow is in the Marangoni-dominated region with weak cross-channel diffusion (M2).
(b,d) Plots of ¢o and ug, respectively, for « =0.1 and y = 0.1, when the flow is in the advection-dominated
region with weak cross-channel diffusion (A%P), where x = xq is plotted using (C55).

G in (3.2¢) is given implicitly in (C41). The length of the quasi-stagnant cap is

2¢a1y>>

L=¢—xo=—"—1"_—
¢ —xo 1710

(3.3)
In (3.2), x e[—¢, x0), x ®xp and x € (xg, ¢] are shorthand for the slip, deceleration
and quasi-stagnant regions shown in figure 4(b); the leading-order approximations in
(3.2) match together as explained in Appendix C. Equation (3.2¢) highlights the role of
interfacial compression in the quasi-stagnant region, accommodating desorption.

Asymptotes for DR, co(x, 0) and I in figure 3(c—f) are evaluated numerically for a
given o and y and capture the behaviour exhibited by the numerical simulations of the 2-D
long-wave model. Increasing y from low values causes lengthening of the quasi-stagnant
region, pushing x( towards the upstream contact line and reducing D Ry. Figure 3(e) shows
how (3.2b) applies almost until xo approaches —¢. For small o, co(—¢, 0) = IH(—¢) ~0
for y « 1, causing the ¢ field to develop a singular first derivative at the upstream contact
point. This concentration-gradient singularity significantly impacts the numerical solution
(in terms of both the required resolution and run time) of the 2-D long-wave model and
COMSOL simulations (below).

Further insight into the M?? and AP solutions is provided in figure 5, which compares
ug, co and Iy computed using the 2-D long-wave model, (2.38)—(2.42), with the Stokes
and advection—diffusion equations in COMSOL, (2.15)—(2.21), with the same parameters
as the examples shown in figure 3(a,f). For the solution in the M2 region, ug exhibits
a slight deviation from no slip at the liquid—gas interface (figure 5¢), generating a weak
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vertical flow towards the interface. The concentration profiles in the two simulations match
well (figure 5a), with the leading-order drag reduction predicted from the 2-D long-wave
model, DRy = 0.106, in close agreement with the COMSOL simulations, DR s = 0.109.
For the solution in the region A2”, depicted in figure 5(b,d), the liquid—gas interface
is nearly shear-free and ug =~ 3/4 in the slip region, where the interfacial surfactant
concentration is low, before falling towards zero across the quasi-stagnant region, where
the gradient of I is large. The asymptotic predictions (3.2¢) capture respectively the slight
decrease of the slip velocity in the deceleration region and then the rapid fall towards zero
across the quasi-stagnant region; the shift parameter in (C41) was chosen as Xo =0.5 to
minimise the error against the COMSOL simulations.

Figure 5 illustrates the distinction between a classical stagnant cap of a strictly insoluble
surfactant, for which u( vanishes abruptly in the cap region where I has a large gradient,
and the present quasi-stagnant-cap structure, where desorption of the soluble surfactant in
the bulk boundary layer is mediated by molecular diffusion, and which leads to a small
but non-zero slip velocity (3.2¢) across the quasi-stagnant-cap region. The predictions for
the drag reduction and concentration field from the 2-D long-wave model and numerical
simulations in COMSOL agree, with DRy =0.745 and DRys = 0.747. Both methods
capture weak interfacial stretching (allowing adsorption) in the slip region (uo, > 0 for
x € [—¢, xp] in figure 5d) and stronger compression (allowing desorption) in the quasi-
stagnant region (ug, <0 for x € [xg, ¢] in figure 5d). There are discrepancies in uq at
both the upstream and downstream contact lines. At the upstream contact line, the 2-D
long-wave theory does not capture the Stokes-flow region, where ug transitions sharply
from zero to the slip velocity. At the downstream contact line, the retention of weak
streamwise diffusion in the 2-D long-wave model leads to a small but non-zero value
of ug, ensuring zero surfactant flux. In contrast, the small-o asymptotic solution, which
neglects streamwise diffusion, correctly predicts that the slip velocity vanishes at the
contact line. Since the small-o solution represents a limiting case of the 2-D long-wave
model as streamwise diffusion vanishes, the two solutions align in the limit € — 0, where
the 2-D long-wave model’s prediction for uo(¢, 0) also tends to zero at the downstream
edge. Further features of the surface velocity profile at the tip of the quasi-stagnant region,
which explain the dramatic thickening of the boundary layer in figures 3(f) and 4(b), are
discussed in Appendix C.2.

3.2. Weak exchange

When bulk—surface exchange is weak (v =0.01), 2-D effects are again prevalent in bulk-
concentration profiles at small « (figure 6). However, the impact of bulk boundary layers
on the drag reduction is more modest than in the strong-exchange limit, in that they
have less of an effect on the leading-order drag reduction. Solutions at large y again
have approximately linear interfacial surfactant profiles that immobilise the interface
(figure 6a,b). These profiles are almost decoupled from the bulk. They act as a weak
sink/source combination driving adsorption/desorption. Solutions with weak Marangoni
effects (small y) show the formation of a more classical stagnant cap at small « (figure 6f),
which is smoothed by streamwise diffusion as o = § increases (figure 6g).

Figure 6(c—e) illustrates the dependency of DR on « and y, evaluated against existing
limits M }ED and D}ED (see (B4), (BS)) for large o and introducing new limits M%D and
AZED at small «. Importantly, weak coupling between the bulk and the interface suppresses
the dependence of D Rg on « in the limit of very small bulk diffusivity, making the drag-
reduction contours horizontal in figure 6(c) for « — O.
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Figure 6. The leading-order drag reduction (D Ry), bulk (co) and interfacial (/) surfactant concentration
fields for 8 =1, € =0.1, v=0.01 and ¢ = 0.5, computed using (2.38)—(2.42) when bulk—surface exchange is
weak. In the Marangoni-dominated (M) region, the SHS is mostly no slip (DR < 1), and in the advection-
dominated (Ag) and diffusion-dominated (Dg) regions, the interface is mostly shear-free (DRg =~ 1). Fields
co, 10, (co) and co(x, 0) are plotted in (a) MéD and (b) M }SD . (¢) Contours of DRy, (d) plots of DRy for
different y and (e) plots of DR for different o, where (c,d,e) are compared to (B4b) in M }5D ,(B5b) in DIP,
(B4b) in M%D and (3.4b) in AZED . The dashed line in (e) represents the largest y for which IH(—¢) =0 when
o K 1. Fields cg, Iy, {(co) and co(x, 0) are plotted in (f) AZED (notice the classical stagnant-cap profile) and
€9 D}SD (where streamwise diffusion has smoothed the stagnant cap), where x = xq is plotted using (C62).
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The following scaling argument applies to region AZED (figures 2b and 6f), where
Marangoni effects and bulk diffusion are weak. Here, the interfacial concentration is
approximated by the classical distribution for nearly insoluble surfactant, which is close
to zero along the interface except at the downstream end where it forms a stagnant cap of
length L and slope 1/y. Thus, I is of magnitude L/y, and its integral over the whole
interface is O (L?/y), while the bulk concentration remains close to unity. The surfactant
flux-balance constraint (2.29¢), which matches net absorption to net desorption over the
interface, therefore requires L?/y = O(1), implying that Iy is O(y~'/?) and DRy is
O(y'/?). This scaling argument, which mirrors the 1-D case, is supported by asymptotic
calculations in Appendix C.3, which yield

0 for xe[—¢, xol, 2y 1/2
co~1, Iy~ 38 DR();‘\“Jl—(—> s

g(x —xp) for x€l[xp, ¢], 39p

(3.4a—c)

where ¢ — xo = (8¢y/ (3ﬂ))1/ 2 is the length of the stagnant cap. Bulk diffusion has a
higher-order effect, influencing exchange via adsorption and desorption, and hence weak
stretching and compression of the interface. In figure 6(c—f), dashed black asymptotes
for co, Iy and DRy match those results from the 2-D long-wave model, almost up
to y =3B¢/2 in figure 6(e) (see vertical dashed lines), which denotes the conditions
where the stagnant cap reaches x = —¢ and the slip region of this nonlinear distribution
vanishes. The disappearance of the stagnant-cap distribution with increasing y is linked
to a rapid decrease in DRg, owing to the loss of the slip region. The same rapid
transition is recovered if we approach region A2P from region M2, using (B4b), i.e. for
decreasing y .

A comparison between the solutions evaluated using the 2-D long-wave model,
(2.38)—(2.42), and COMSOL simulations is given in figure 7, focusing on the examples
discussed in figure 6(a,f). Figure 7(a,c) shows cg, Iy and ug in region M%D . The slip
velocity is approximately zero for both symbols and lines, as the interfacial surfactant
gradient effectively immobilises the interface. The 2-D long-wave model predicts DRy =
0.027, while the numerical simulations yield DR ygs = 0.056 (due to the 4 % difference
in ATy shown in figure 7a). Figure 7(b,d) depicts stagnant-cap solutions in region A%D .
The upstream end of the liquid—gas interface (x € [—¢, xo]) is shear-free, resulting in
a slip velocity ug =3/4 (substituting Iy, =0 into (2.32a), (2.36a), ug = U Pox, Where
U(0) = —2 and po, = —3/8). Conversely, the downstream end of the liquid—gas interface
(x € [xg, ¢]) does not exhibit slip, leading to a near-zero streamwise velocity at the
downstream stagnation point. The transitional and downstream regions induce a strong
wall-normal flow that drives bulk surfactant into the core of the channel. We find DRy =
0.650 and DR ys =0.662, demonstrating agreement between the predictions of the 2-D
long-wave model and COMSOL simulations, validating the model’s accuracy under a
wide range of conditions.

3.3. Comparison with experiments

To facilitate comparison with experiments, in table 2, we convert DRy to slip lengths
(4¢) using the non-dimensionalisation in Temprano-Coleto et al. (2023). Temprano-Coleto
et al. (2023) proposed that for microchannel applications, 1, ~ (¢/€)*/ L%l (using our
notation), where ¢ /€ = ¢13 / H is half the length of the liquid—gas interface divided by
the channel height, L2 = (ﬁ]éflegéo) / (ﬁﬁ[&g) is the squared mobilisation length and
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Figure 7. The leading-order streamwise velocity field (1¢) and surfactant concentration fields (co and Ip)
for =1, v=0.01, € =0.1 and ¢ =0.5 evaluated using (2.38)—(2.42) (lines) and COMSOL simulations
(2.15)—(2.21) (symbols) when bulk—surface exchange is weak. (a,c) Plots of ¢o and ug, respectively, for « = 0.1
and y = 1, when the flow is in the Marangoni-dominated region with weak cross-channel diffusion (M%D ).
(b,d) Plots of ¢o and ug, respectively, for « = 0.1 and y = 0.1, when the flow is in the advection-dominated
region with weak cross-channel diffusion (AZED ) and x = xg is plotted using (C62).

Ade ~ (¢p/€)Ag in (2.45). The slip-length formulae in Landel ef al. (2020) and Sundin &
Bagheri (2022) have the same dependencies in this limit. We find that, in all regimes, the
slip length shares the same dependence on 1/ Lfn, with quadratic dependence on ¢ /e only
when | € o <« 1/€? and y > 1 (region M'P). However, when o < 1 and y > /6, A

has a stronger (8/3 power) dependence on ¢ /¢ (region M2P), and when « > 1/€* and
¥ > €%a, we find a weaker (linear) dependence (region M'P). The remaining asymptotic
solutions for DRy are summarised in figure 2. When 1 — DRy < 1, the slip length
simplifies to 4, = (Ap; — Apy) /(e Ap;Apy) (A'P and A2P). Hence, outside of the
specific microchannel applications considered in Temprano-Coleto et al. (2023), whose
predictions agree with those in region M!? (as discussed below), we have found new
parameters in regions M>? that influence surfactant impairment of SHS drag reduction.
As diffusion weakens, the deviation between the drag-reduction predictions in M'? and
M?P will increase.

For laboratory experimental studies documented in the literature, we can use our
2-D long-wave model to estimate surfactant effects via the drag reduction, employing
parameters typical of microchannel applications in laminar flows. Estimates for these
parameters, based on the surfactant SDS, using models and experimental data from
Temprano- -Coleto et al. (2023), are given in table 3. The remaining parameters P,0 H
and K vary across experiments. Peaudecerf et al. (2017) use o ~ 1 and 4.7 x 10! SYR
2.9 x 10* (at the M'P/M?*P boundary; figure 2) and Temprano-Coleto et al. (2023) use
a~25and 107! Sy $3.7 x 10? (at the A'P/M'P boundary; figure 2). Qualitatively,
all of these studies report surfactant effects, which is consistent with their location in the
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M?P(a < 1) MP(1<a<k1/e?) MP and MP (> 1/€%)
5/30,2/3 5/3 pS/3 13 H1/3 PHO 2 g2
Drag-reduction scaling 97 = ¢ — 0 ¢ = ¢A AQ g _ ~
L2 D3 Yy  LiD v L
4 , bR (/) b(@/e) /e
Slip-length scaling — 1z T

m m m

Table 2. Summary of the leading-order drag reduction (DRg) scaling in regions M2, M'P and M ED

and the corresponding leading-order slip length (4.) scaling using the non-dimensionalisation in Temprano-

Coleto et al. (2023), in terms of the mobilisation length L,. Hats denote dimensional quantities.

The drag reduction is converted to the s11p length usmg (2.45) for DRo <1 and A, ~ (¢p/€)Ay, where
= (ART H*K2&0)/(DiK3), ¢ /e =¢P/H, Ly =Ly/H and b= Q/D.

Quantity Symbol Units Value
Adsorption rate @ ms™! 3.4x1074
Desorption rate Ky s ! 0.75
Surface activity A J mol™! 4913.6
Dynamic viscosity m kgm~!s7! 8.9 x 1074
Surface diffusivity D m?2s~! 7 x 10710
Bulk diffusivity D; m2s! 7% 10710

Table 3. A summary of the parameters in the dimensional problem, (2.1)—(2.12), with their values based on
the surfactant SDS, models and experimental data from Temprano-Coleto et al. (2023).

non-dimensional parameter space. All of these studies operate within the strong- -exchange
regime for the values of K, and K4 given in table 3. However, as K, and K, are merely
estimates based on fitting to microchannel experiments, weak exchange could be achieved,
for instance, when Iéa =3.4x108ms~! and I%d =7.5%x1073s71, Quantitatively, we
compare predicted values of slip velocity using our theoretical model with experimental
results in table 4. Using the experimental parameters from Temprano-Coleto et al. (2023),
where o &2 25 and € ~0.002, we confirm 1 < o < 1/€? and they are within the regime
M'P_ From (B1b), we calculate DRy, convert to A, using table 2 and then to u ;. /uClean
following Temprano-Coleto et al. (2023). Agreement is observed across ¢ /e =253, 418
and 587, which is remarkable as our theory does not include any fitting parameters.
The deviation from Temprano-Coleto et al. (2023) at ¢ /e =762 could be attributed to
experimental error, which is consistent with the expected behaviour of increasing slip with
grating length.

4. Discussion

In this study, we develop a long-wave theory to analyse the behaviour of a 2-D
laminar pressure-driven channel flow contaminated with soluble surfactant. The channel
is bounded by a SHS with streamwise-periodic grooves and a solid wall. We linearise

1010 A58-22


https://doi.org/10.1017/jfm.2025.339

https://doi.org/10.1017/jfm.2025.339 Published online by Cambridge University Press

Journal of Fluid Mechanics

¢/e =253 ¢/e =418 ¢/ =587 b/e =162

Peaudecerf et al. (2017) — — 0.1410 —
Temprano-Coleto et al. (2023) 0.0661 0.1187 0.1903 0.1450
Current 0.0610 0.1164 0.1859 0.2716

Table 4. A comparison between the slip velocity normalised by the clean (surfactant-free) value, u;./ u?lce"“,

predicted using the current model (2.38)—(2.42), and experimental data from Peaudecerf er al. (2017) and
Temprano-Coleto ef al. (2023).The parameter ¢ /¢ is half the length of the liquid—gas interface divided by the
channel height.

the equation of state and adsorption—desorption kinetics, solving Stokes and advection—
diffusion equations in the long-wave limit. Our investigation focuses primarily on
regimes where concentration gradients in the streamwise and cross-channel directions are
comparable. By numerically solving the 2-D long-wave model, we delineate asymptotic
regions within the parameter space. Under conditions of strong cross-channel diffusion,
our findings align with the 1-D results in Tomlinson et al. (2023a). Conversely, when
cross-channel diffusion is weak, we reveal new regions of the parameter space, where the
drag reduction exhibits a non-trivial dependence on the thickness of the bulk-concentration
boundary layer and surfactant strength (discussed below). We derive asymptotic solutions
for the boundary-layer problem, validating them against both the numerical solution
of the 2-D long-wave model (2.38)—(2.42) and the full Stokes and advection—diffusion
equations (2.15)-(2.21) in COMSOL. These complementary methodologies, ranging
from asymptotic solutions to long-wave numerical simulations, give physical insight for
applications where numerical simulations can be computationally prohibitive.

We have explored how the interfacial concentration (1), bulk concentration (cp) and
leading-order drag reduction (D Ry) are influenced by bulk diffusion («), surface advection
(B), surfactant strength (y), interfacial diffusion (§) and bulk—surface exchange (v)
(figures 3 and 6); the dimensionless parameters «, 8, y, 6 and v are given in table 1.
In cases where cross-channel diffusion dominates, we recover the Marangoni-dominated
(M'P and M ]15D ), advection-dominated (A'? and A}ED ) and diffusion-dominated (D!?
and D}ED ) regions identified in Tomlinson et al. (2023a) (see figure 2). However, under
weak cross-channel diffusion, we reveal new subregions dominated by Marangoni effects
(M?P and M %D ) and advection (A2P and A%D ). In these regions, a concentration boundary
layer forms in the bulk, influencing the drag reduction when bulk—surface exchange is
strong. When Marangoni effects dominate, the interface is immobilised and the surfactant
distribution along it is approximately linear. The asymptotic solutions for DR are
summarised in figure 2.

When both bulk diffusion and Marangoni effects are weak, part of the interface is
shear-free and the surfactant distribution forms either what we call a quasi-stagnant cap
(when bulk—interface exchange is strong) or a classical stagnant cap (when exchange is
weak). The classical stagnant cap for an insoluble surfactant-contaminated SHS has been
described in Baier & Hardt (2021) and Mayer & Crowdy (2022). The quasi-stagnant
cap has received much less attention and has a particularly intricate structure, illustrated
in figure 4(b). Surface stretching and compression accommodate weak adsorption from,
and desorption to, the bulk across thin concentration boundary layers, ‘remobilising’ the
interface (analogous to a mechanism described by Crowdy et al. (2023) at low Pe —
and so without the involvement of bulk boundary layers — for a linear extensional
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flow). The upstream ‘slip’ region has a bulk-concentration boundary layer of thickness
O (a'/?), which is to be expected above an almost fully mobile interface. Weak stretching
draws surfactant from the bulk to the interface via diffusive adsorption. The slip region
transitions abruptly to a quasi-stagnant region, which grows to a thickness O (y '/2a>/19).
This differs from a classical stagnant cap (of a fully insoluble surfactant) in having weak
surface compression at a rate that balances diffusive desorption. The transition from the
mobile to the quasi-immobile interface takes place across two nested regions at the tip
of the quasi-stagnant cap: a short deceleration region, where the surface velocity falls
abruptly, displacing the bulk boundary layer upwards towards the core; and a slightly
longer transition region, across which shear in the boundary layer balances weakening
surface advection (figure 4b). Shear then dominates in the bulk-concentration boundary
layer along the quasi-stagnant region.

It is likely that the physical balances arising in these regions may emerge in other flow
configurations involving soluble surfactant transport near confined interfaces at high Péclet
numbers, such as the cap forming at the rear of a rising drop or bubble. For example,
computations by Oguz & Sadhal (1988) and Tasoglu et al. (2008) revealed quasi-stagnant
caps at large but finite Pe. Interfacial flux balances between diffusion-limited adsorption
(slip) and desorption (stagnant region) were given by Harper (2004) and Palaparthi et al.
(2006), treating the size of the cap as a parameter. Here, we determine the size of the
cap by solving the bulk-concentration boundary layer, which leads (for example) to the
interfacial surfactant concentration being of size 8/(y*a!/19) in the AP regime.

In summary, our study compares asymptotic and numerical solutions for a 2-D laminar
pressure-driven channel flow, confined by a streamwise-periodic SHS and a solid wall,
and contaminated with soluble surfactant. While numerical solutions demand significant
computational resources, our asymptotic solutions provide a cost-effective alternative,
particularly in regimes at high Péclet numbers where accurate numerical solutions of very
thin boundary layers are computationally very demanding. These asymptotic solutions
offer accurate predictions devoid of empirical fitting coefficients and provide physical
insights into the mechanisms governing drag reduction across a large part of the parameter
space, including in particular high-Péclet-number flow regimes.
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Appendix A. Numerical solutions for weak cross-channel diffusion

The numerical solution to (2.38)—(2.42) can be divided into two subroutines, employing
Chebyshev collocation techniques as outlined by Trefethen (2000). First, given I 6’1 , we
evaluate ¢;™ in Dy and D;. The subdomains of the periodic cell are mapped to the 2-D
canonical Chebyshev collocation domain, D, ={£ € [—1, 1]} x {n € [-1, 1]}, using the
transformations

1, &2, M=((x+P)/p—1, (x—¢)/1—¢)—1, y—1). (A1)
We then discretise using N = (Ng + 1) x (N, + 1) nodes in each subdomain, at points
(&1,is 62,1, nj) = (cos(im/Ng), cos(in/Ng), cos(jr/Ny)), (A2)
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where i =0, 1, ..., Ngand j=0, 1, ..., N;. Continuity boundary conditions (2.28)
are enforced on ¢ at i =0 and Ng, supplemented with continuity of bulk diffusive
surfactant flux between subdomains:

new new
new __ _new aCO, 1 _ 36‘07 2
€,1 ="C0,2> = .
981 962

Boundary conditions (2.39)—(2.41) are enforced at j =0 and N,;, ensuring continuity of
surfactant flux at the liquid—gas interface, no flux of surfactant at the solid wall in D; and
no flux of surfactant at the solid walls in D,. Discretising the bulk surfactant equation
(2.38) in conservative form in domains D; and D; and incorporating the discretised
matching conditions (represented by M 1> and M) gives

Al M) (1) _(f Ad
My Ay J\erew] \ 0 ) Aad
0,2
where f is the forcing due to the interfacial surfactant concentration FOOId in (2.39a).
Second, given a ¢;®", we evaluate " for x € [~¢, ¢] and y =0. The liquid—
gas interface is mapped to the 1-D canonical Chebyshev collocation domain,
D; ={& €[—1, 1]}, using & in (Al), discretised using N¢ 4 1 nodes at points &1 ; in
(A2). Discretising the interfacial surfactant equation (2.39b) for x € [—¢, ¢] and y =0
and incorporating the discretised no-flux conditions (2.40) results in

B(ryHre™ =g. (AS)

where g is the forcing due to the bulk surfactant concentration ;™" in (2.39b).

Therefore, to evaluate D R for a given «, 8, y, §, €, v and ¢, we choose an initial guess
based on the 1-D long-wave model discussed in § 2.4. The initial guess can be substituted
into the forcing f in the bulk-concentration subroutine and the linear system inverted to
calculate ¢;*". The bulk concentration can then be substituted into the forcing g in the
interfacial concentration subroutine and the linear system inverted to calculate I'y™"'. We

then set I' 8"1 = I' " and repeat the above steps. This procedure of updating ¢ and Iy is
then continued until convergence is achieved for both the bulk and interfacial concentration
fields.

(A3a,b)

Appendix B. Key results of the 1-D long-wave model

Here we outline key limits of the 1-D long-wave model, (2.47) and (2.48), exploiting
analogous findings as in Tomlinson et al. (2023a). For strong exchange, with o > 1
and y > max(l, €2a), a region dominated by Marangoni effects (M'?; figure 2a) is
characterised by the immobilisation of the liquid—gas interface. The surfactant distribution
and drag reduction are given by

3B ¢ (E + 1)) R~ 2

50%1;0%14——()6 E—-1) D 0~;<62(2(X+5)+

2y (E—-1)

(Bla,b)

¢>(E+1))

where E =exp((1 — ¢)/(e?a)). Thus, DRy~2¢/y for 1 K a < 1/€* and DRy~
2¢2(2a +8)/y for a > 1/€2. Region M'P transitions into a diffusion-dominated region
(D'P; figure 2a) when « > 1/€? and y ~ €2a, and into an advection-dominated region
(Alllf; figure 2a) when 1 € o K 1/€? and y ~ 1. For y < €% and a > 1/€2 (region
D),
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3 4o +28(1 — ¢) e y(1—9)
a(d+3pp) +26(1—¢) 0 2(a(d+3B¢) +25(1— @)

(B2a,b)
and for y <« 1 and 1 < o < 1/€2 (region A'D),
- 4 3 443 —
co~ Iy~ + P exp @3 —9) , DR()%l—;.
3+4  3B8+4 4€2 2 + 8) $»(3BB+4)
(B3a,b)

The onset of 2-D effects in the 1-D long-wave model was estimated in Tomlinson et al.
(2023a) to arise via the emergence of shear dispersion, wherea ~landy < lora ~1/y
and y > 1. We refine such estimates by solving the 2-D long-wave model, which reveals
regions M>P and AP shown in figure 2(a).

A similar picture emerges when bulk—surface exchange is weak. A region dominated
by Marangoni effects (M I{:D ; figure 2b) arises for § > 1 and y > max(1, €2a). Here, ¢
decouples from I and is approximately equal to its background value (i.e. ¢y ~ 1). The
surface concentration [ varies around this value to fulfil the net adsorption—desorption
condition, (2.29), decreasing the drag reduction compared with the strong-exchange
problem: 38x , 2e2s

— 4+ 0(e”), DRy~ .
2y

The region M }ED transitions to a diffusion-dominated region (D}ED ; figure 2b) when
y ~ €28 and 8 >> 1/€? and an advection-dominated region (A}ED ; figure 2b) when y ~ 1
and 1 < § < 1/€% For y < €28 and § > 1/€? (region D}P),

- - 3px 14
%1, F %1"_ 5 DR %1_ )
0 0 € 0 2¢28

co~1, Ty~1+ (B4a—c)

(B5a—c)

and for y < 1 and 1 <8 < 1/€? (region ALP),

0 for xel[—¢, xol,

. 2y 1/2
co~1, Iy~ 3 DRy~1—| — ,
0 0 £<x—xo> for x € [x0, }], 0 (W)

(B6a—c)
where xo = ¢ — (8¢y/(38))'/? gives the length of the stagnant cap.

Appendix C. Asymptotic solutions for weak cross-channel diffusion

We derive asymptotic solutions to the 2-D long-wave model, (2.38)—(2.42), when bulk
diffusive effects are weak and confined to a boundary layer along y =0. In this limit,
streamwise diffusion terms do not appear at leading order, which means that we do not
resolve inner regions around x = —¢, ¢ and 2 — ¢. First, we consider the strong-exchange
regime, where Marangoni effects (Appendix C.1; figure 4a) and advection (Appendix C.2;
figure 4b) dominate. Second, we consider the weak-exchange regime (Appendix C.3).
Throughout, we assume § = O(1) and ¢ = O(1).

Assuming that co~ 1 in the core of the channel, we anticipate that the transport
equations (2.38) for the bulk surfactant involve a diffusive boundary layer near y = 0. The
diffusive boundary layer is made up of components over the interface and ridge, which are
governed by
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3 1 2 _
aCoyy — (Z + % (_5 + y) FOx) Cox — % (% - %) FOxxCOy =0 in Di, (Cla)

acoyy —3ycox/2=0 in D,, (Clb)
where we have assumed y « 1 and have neglected second-order (third-order) terms in
0(y?) (0(y?)) in the streamwise (wall-normal) velocity. For x € [—¢, ¢] and y =0, the
bulk—interface flux condition and the interfacial transport equation for the surfactant in
(2.39) give
@-r=8| (5- L) (&)
acoy = v(co — = - — = .
0y 0 0 1728 ox ] 10 }
At x ==£¢ and y =0, the no-surfactant-flux conditions at the stagnation points (2.40)
become

3 vy
———1Tox | [0=0. C3
( 1728 Ox) 0 (C3)
For x € [¢p, 2 — ¢] and y = 0, the no-flux condition at the solid wall (2.41) gives
coy =0. (C4)

For x e [—-¢, 2 — ¢] and y — 1 (shorthand for y values in the core of the channel, far
outside the boundary layer along y = 0), the core condition is

co— 1. (C5)

The boundary-layer equations (C1)—(C5) can be integrated across the boundary layer to
derive excess-surfactant-flux conditions. The total flux constraint (2.42b,c) is satisfied at
leading order in the core of the channel, implying that

3—Vr>r+ l<3+y<—1+ F) —1)dy=0 in D;. (C6
ﬂZﬁOxO/OZE EYOx(CO)y—m 1, (C6a)

¢ ¢
/ Coy dx=/ (co—ITp)dx=0 in D;, (C6b)
-9 -9

1
3
/E)’(CO—I) dy=0 in D, (Co6c)
0

provided co — 1 sufficiently quickly where the boundary layer meets the core flow.
Equation (C6b) is derived by integrating (C2) and using (C3). The condition in (C6a)
indicates that the extra surfactant flux carried by the flow at the interface balances the
flux deficit in the boundary layer (where co < 1), which happens over the upstream part of
the interface. Conversely, over the downstream part of the interface, the reduced interfacial
surfactant flux is compensated by a surplus of bulk surfactant in the boundary layer (where
co = 1). This can be seen in the boundary-layer profiles at small « values, as depicted
in figures 3(a,f) and 6(a,f). The condition in (C6b) specifies that the total amounts of
surfactant adsorbed and desorbed along the interface must match, with continuity between
the bulk diffusive flux (first integral) and the adsorption—desorption flux (second integral).
Motivated by the simulations and scaling arguments provided in § 3.1, we propose the
asymptotic structures for regions M2 and A%? outlined in figure 4 and derive asymptotic
solutions of the surfactant distributions in the following subsections for the different
regions in the parameter space where boundary layers exist.
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C.1. Strong Marangoni effect and strong bulk—surface exchange: region M 2D

We first consider the boundary-layer equations, (C1)—(C6), in the limit where bulk
diffusion is weak and bulk—surface exchange is strong, i.e. « < 1 and v large. Suppose
the interfacial surfactant gradient leads to a significant adverse Marangoni effect,
immobilising the interface. Surfactant adsorbs onto the interface along its upstream part
and desorbs along the downstream part. Motivated by the scaling arguments given in
§ 3.1, we set

3
o= M; + % —a?PG(x) 4+, c=Cx, Y), (C7a,b)
Y

where y = «!/3Y balances advection and diffusion in the bulk-surfactant equation (C1)
and M, is a constant to be determined. Substituting (C7) into (C1)-(C6), (C1) becomes,
at leading order,

Cyy —3YC,/2=0. (C8)
For x e [—¢, ¢] and Y =0, we enforce Iy = ¢y as bulk—surface exchange is strong, so
that (C2) becomes
Cy — g [Gx (%JFMNX:O. (C9)
At x = +£¢ and Y =0, the no-flux conditions (C3) at the stagnation points are
G, =0, (C10)
and for x € [¢, 2 — ¢] and Y = 0, the no-flux condition (C4) at the solid wall is
Cy=0. (C11)

In the bulk of the periodic domain, for x € [—¢, 2 — ¢] and Y — oo, the core condition
(C5) becomes

C—1. (C12)
The excess-surfactant-flux conditions (C6) reduce to
3y Gy (3
/ —(C-1dy +—= ﬁ—i—yMl =0 in Dy, (C13a)
0o 2 2 2

3y .

/ > (C—=1)dY =0 in D,. (C13b)
0

We construct a similarity solution to (C8)—(C13), assuming that the length of
the interface is long compared with the boundary-layer thickness, and that there is
no interaction between adjacent plastrons. The bulk concentration is split into two
contributions that grow from the leading edge of the plastron:

3 3

C=1—<1—M1+ﬂ> F(n)+—'3(x+¢)H(n) (C14)
2y 2y

for some functions F and H depending on the similarity variable n = Y /(x + ¢)!/3. The

function F captures the response of the bulk field to the sudden drop in concentration

along Y =0 at x = —¢; H captures the response to the linear profile of Iy in x > —¢.
Substituting (C14) into (C8)—(C12) leads to the boundary-value problems
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Fm,—l—nzF,]/Z:O, F0)=1, F(o0)=0, (Cl15a—c)

Hyy+n*Hy/2—37H/2=0, HO)=1, H(co)=0, (Cl6a—c)

which have solutions

r (1, n3/6> @+nHr (l, n3/6) — 6*3nexp(—n?/6)
F 3 H 3

R

Here I'(z) is the gamma function and I"(s, z) is the upper incomplete gamma function.
We then use the surfactant-flux conditions (C13) to calculate the response of the interfacial
concentration field to the bulk field (C14):

vGx (3px _3 2/3 ﬂ/
> (2)/ +M1>_2(x+¢) ( M+2y) A nF dn

(Cl7a,b)

- z—ﬁ(x + ¢)/3 /oo nH dn. (C18)
% 0

The total flux of surfactant must be continuous between domains. The no-flux condition
(C10) at x = ¢ requires that

Ml_l—f—ﬂ(/ Fdn—Z/OOr]Hdn>// ann—l—wj. (C19)
2y \Jo 0 0 10y

Integrating the total-flux condition (C18) across the plastron reveals that

AG=/ {ﬂ( +¢>)2/3fooann
— 0

28 5/3 B _?
—4y(x+¢) /0 ann}/ |:2 <1+2y < 5))] dx. (C20)

Hence, in region M 2D substituting (C7) into (2.44), the leading-order interfacial
concentration and drag reduction are given by

3 2BAG

Ro=1+ P (x—2) ... Dpry=Y*"AG (C21a,b)

2y 5 308
The leading-order interfacial surfactant distribution I in region M2P is a linear profile
with mean value close to 1, as found numerically (see figure Sa). This approximation
requires I > 0 at x = —¢, so that y > 98¢/5. For y > 1 (C21) reduces to

_81BQ2p)%° [ 27/9(2@8/3
3B ¢ 3 a2/3AJ(/3, ¢) _ m1a2/3¢5/3

where m1 = 81(3/2)%/3/(50I"(1/3)) ~0.79, as in (3.1). This expression for the leading-
order drag reduction (C23b) assumes strong Marangoni effects (y >> 1), weak diffusion
(¢ <« 1) and strong bulk—surface exchange, and shows how drag reduction in this limit
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arises from differences between the two self-similar components F and H of the bulk-
concentration field. As mentioned previously, this asymptotic prediction agrees with the
numerical simulations in the M2 region shown in figure 3(a,c—e).

C.2. Weak Marangoni effect and strong bulk—surface exchange: region A*P

We now consider the boundary-layer equations (C1)—-(C6) when y < 1 and o < 1. Weak
Marangoni effects imply that the interface cannot support any stress over most of its
length. Consequently, there exists a slip flow along most of the plastron, characterised
by a slip velocity in (Cla) close to 3/4. A short transition region, mediated by surface
diffusion, exists between a no-slip and a slip flow at the upstream contact line, but this is
disregarded here. Surfactant adsorbs onto the interface in the slip region (in —¢ < x < x,
say) and accumulates (and desorbs) in a region at the downstream end of the plastron
(in xo <x <¢). Across this ‘quasi-stagnant’ region, the surface velocity smoothly
decreases to zero at the downstream contact line. Motivated by simulations and the scaling
arguments given in § 3.1, we propose the asymptotic structure illustrated in figure 4(b),
in which ‘deceleration’ and ‘transition’ regions are nested at the tip of the quasi-
stagnant region over length scales indicated. The formal requirement that the deceleration,
transition and quasi-stagnant layers are nested (ya!/? « y3/%a!/8 « y3/5 /0110 < 1) is
y < a~3/%. We now discuss these regions in turn.

C.2.1. The slip region (—¢ < x < xq)

In the slip region, surfactant adsorbs onto the interface, causing the interface to carry a
spatially growing component of the overall flux. Consequently, the bulk advective flux
falls with x. Here, we set

N=a?G(x), co=C(x,Y), (C24a.,b)
where y = «!/2Y balances advection and diffusion in the bulk-transport equation (C1).
When we substitute (C24) into (C1)—(C6), the bulk-transport equation (C1) in D becomes

Cyy —3C,/4=0. (C25)

At the interface «!/2G(x) = C(x, 0) in the strong-exchange limit and the flux condition
(C2) reduces to

Cy(x,0)=38G,/4. (C26)
The no-flux condition at the upstream stagnation point (C3) is
G(—¢)=0. (C27)
For x € [—¢, xo] and Y — o0, the core condition (C5) is
C—1. (C28)

We construct a similarity solution to (C25)—(C28) by expanding the surfactant fields for
aklas

C(x,Y)=Co(n) + (@(x +oN'2Ci(m) +---, Gx)=(x+¢)"/?C1(0), (C29a,b)

with the similarity variable given by n=Y/(¢ 4+ x)'/2. Substituting (C29) into
(C25)—(C28) yields the boundary-value problems
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Cy+31C)/8=0, Co(0)=0, Co(c0)=1, (C30a—c)
C/ +3nC}/8—3C1/8=0, 3BCi(0)=8C)(0), Cj(c0)=0. (C3la—c)

These are solved by
Co=erf(v/3n/4), C) = dierfc(v/3n/4)/(V3B), (C32a,b)

where erf(z) is the error function, erfc(z) is the complementary error function and

ierfc(z) = e /+/7 — zerfc(z) is the integrated complementary error function. We find
that the interfacial concentration field in the slip region is given by

4 (a2
FO_E(T) e, (C33)

contributing to (3.2a). The interfacial surfactant distribution Iy in region A?P s a
nonlinear boundary-layer profile scaling as o!/2x !/ in the slip region of the interface (up
to xg), as found numerically (see figure 5b). There is a large vertical concentration gradient
across the boundary layer. Adsorption of surfactant onto the interface is accommodated by
the horizontal gradient of the advective flux Sugly ~ 381y/4. Marangoni effects remain
subdominant, so the slip flow is uniform to this order, but the concentration rises with x to
accommodate the adsorbed material. The total flux adsorbed across the slip region, up to
the location x = x (to be determined), is given by

X 12
/ OCOy(x’ 0) dx = (W) 4o, (C34)
—¢ T

which is subdominant to the flux in the core. The slip region terminates abruptly, meeting
a very short deceleration region near x = xg nested at the start of the quasi-stagnant region
(figure 4b).

C.2.2. Deceleration region (x — xo = O(yal/z))

In the deceleration region (figure 4b), ug(x, 0) varies by O (1) over a short horizontal
scale Ax and Ip~al/? (where ~ denotes ‘scales like’), based on continuity with
the slip region. Thus, Ax ~ ya'/? for y Iy, to vary by O(1) in (C2). Bulk diffusion
balances advection by ug over a vertical length scale y ~ (a Ax)!/? ~ 11203/ ysing (C1).
Diffusion therefore influences the concentration field near the interface, while advection
dominates transport in the upper part of the boundary layer. At the downstream limit of
this region, ug falls towards zero, with Iy, &~ 38/(2y). The deceleration region is too short
for there to be appreciable desorption so flux conservation requires that ug ~ o'/ /Iy ~
al/ 2)/ /(x — x¢) at the outlet of the region. We write the interfacial flux as

Ot(xo+¢))1/2=3061/2 1 <X0+¢>1/2
== ,

A, where A=—
3 3

3
up(x, O)F():E( 5

(C35a,b)
asug=3/4+--- and Iy is (C33) in the slip region. We then rescale, using

x:xo+ya1/2X, y:y1/2a3/4Y, Fozal/z/lG(X), cozal/z/lC(X,Y).
(C36a—d)

1010 A58-31


https://doi.org/10.1017/jfm.2025.339

https://doi.org/10.1017/jfm.2025.339 Published online by Cambridge University Press

S.D. Tomlinson and others

Substituting (C36) into (C1)—(C6), the bulk-surfactant equation (C1) in Dj is given by

3 A AY
Cyy — (— - _GX> Cx — ﬁGXXCY =0, (C37)

neglecting terms of O (a>/#). We have G(X) = C(X, 0) in the strong-exchange limit and
the interfacial-surfactant equation (C2) simplifies to

3 2
G|-—=—=Gx =0. (C38)
4 28 x
Integrating (C38) and matching it to the slip region, where G — 1 for X — —o0, gives
3G 1 GGy = 3 (C39)
Y I
which can be solved directly to give
G +1log(G—1)=BB/2))(X — Xo) (C40)

for some Xg (as in Jensen & Halpern (1998), for example). Substituting G into (C35a),
we compare up(x, 0) with the COMSOL simulations in figure 5(d), showing how u falls
steeply from 3/4. The core condition (C5) becomes

C—>o00 as Y — oo. (C41)

Equations (C37)—(C41) constitute a nonlinear boundary-layer problem that describes
the abrupt ejection of bulk concentration towards the core of the channel in figure 3(f).
We only consider the downstream limit of (C37)—(C41) here. The upstream condition on
C is provided from the near-wall component of the concentration in the slip region, which
grows in amplitude with Y in (C32). The downstream limit has self-similar form:

3 3 A
G%ﬁ(X—XoH---, cw%(X—Xo)C(nH.--, (C42a.b)

where the similarity variable is given by n=Y/(X — Xo) for some Xp and c
satisfies érm = (/1/2,8)6’ , which has solutions exp[%+/4/28n]. Concentration contours
are constant along lines Y = /28/4(X — X¢), representing ejection of bulk surfactant
away from the interface. Expressed in terms of the original variables using (C36), the
downstream limit (C42) of this region yields

3 1 1/2
Fomz—’g(x—xox uo(x, )~ ——— Y for ya? «x —xg <y B,
14

20 (C43a,b)
a,

which delivers an interfacial advective flux 31a!/?/4 into a very short transition region
near x = xo. Surface diffusion is a subdominant effect in this region provided € <
y/a'/?. The leading-order interfacial concentration profile in the deceleration region,
(C43a), contributes to the second part of (3.2a) (for xg < x) and (C43b) explains the steep
fall in surface velocity in figure 5(d) at the end of the slip region; the incident boundary
layer of thickness o 1/? is thickened to «'/? /uq as uo diminishes (see the arrow in figure 3f).
The surface velocity in this regime, computed using (C35) with Iy evaluated using (C39),
is shown in figure 5(d).
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C.2.3. Transition region (x — xo = O(y3/4a1/8))

In the transition region, there is a balance in the bulk between vertical diffusion, advection
by ug (which is O(1)) and advection by shear (which is affected by viscous and
Marangoni effects). Hence, over a horizontal length scale Ax, a/y ~ug/Ax ~ y/Ax;
thus y ~ ug ~ (@ Ax)'/3. Matching ug to the deceleration region requires ug ~ «'/?>y / Ax,
implying Ax ~ y3/4a!/8 and y ~ ug~ y/4a3/8. The interfacial concentration is linear
at leading order (/o ~38(x — xg)/(2y)) with a correction of size ugAx/y ~ /2. The
bulk concentration is set by the dominant interfacial concentration and is O(Ax/y) ~
a'/8/y1/4 The region is again too short for there to be appreciable desorption, so the
interfacial flux is still O («'/?). To provide a bridge between the deceleration region and the
quasi-stagnant region further downstream, we reintroduce shear 3Y /2 to the bulk transport
equation, using the scaling

x=xo4a /834X, y=a8y 1y,

3‘3 12 1/8
In=—x—x9)+a’°G(X), co=—7C(X,7Y). (C44a—d)
2y yl/4
Substituting (C44) into (C1)—(C6), the bulk transport equation (C1) in D; simplifies to
Gy 3Y Gxx
C — —— | Cx——=YCy=0. C45
vy + ( %2 ) Y Y (C45)
Again C(X, 0) = G(X) and the interfacial transport equation (C2) becomes
36X
— |:'3—GX] =0. (C406)
4 X

Using (C46), there is no exchange of surfactant with the bulk to leading order. Integrating
(C46) in X and matching to the deceleration region, XGx — A as X — —oo. This can
be integrated in X to give G = —Alog X + A; for some constant A, which we substitute
into (C45), to obtain

Cry - 2 (Lo = XEr) 3yey—o (C47)
vy =3 5\ X X~ S P ex =0
This linear boundary-layer problem bridges the scalings ¥ ~ X for X <« 1 and ¥ ~ X1/3
for X > 1, but we do not solve the full problem here. Expressed in terms of original
variables using (C44), the downstream limit of the transition region demonstrates that
3B(x — x Aal/?
PO e LY o 3Gl x —xy < 1. (CASab)
2y 28(x — xo)
Note that the interfacial concentration profile in this subregion, (C48a), remains linear and
exactly the same as in the deceleration region, see (C48a), by continuity. Over this part of
the interface, the interfacial flux is dominated by advection: ug(x, 0) I =~ 3012 /4. This
flux is delivered to the rest of the interface, in the last region that we call the quasi-stagnant
region for xop < x < ¢. The drag reduction can only be determined once the interfacial
concentration profile across the whole interface is determined.

Iy

C.2.4. The quasi-stagnant region (xo < x < ¢)

In the quasi-stagnant region, compression of the almost immobile interface promotes
desorption, returning surfactant to the bulk. Therefore, the interfacial flux of surfactant
decreases and the bulk flux increases with x. Following the scaling arguments and
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numerical simulations outlined in § 3.1, we write
3 3
F():—'B(x—xo)—i—---, coz—ﬂ(x—xo)C(n)—i—---, (C49a,b)
2y 2y

where the similarity variable n=7y/(o(x — x0))'/3 is obtained by balancing advection
and diffusion in the bulk-transport equation (C1). Substituting (C49) into (C1)-(C6), the
bulk-surfactant equation (C1) in D; simplifies to

Cpy +1n°Cy/2—=30C/2=0, C@O)=1, C(c0)=0. (C50a—c)

Equation (C50) is the same as (C16), whose solution is given in (C17b). At the interface
x € [xg, ¢] and Y =0, the interfacial-surfactant equation (C2) becomes

B luo(x, 0)(x = xp)], = (a(x — x0)**C’(0). (C51)
Integrating (C51) and applying the no-flux condition ug(¢, 0) =0 gives
3a?3C'(0) ((¢ —x0)°?
- ( —(x—xo)2/3>,
X — X

where C’(0) = —3°3/(2*3I(1/3)) ~ —0.92. This profile successfully captures the
COMSOL prediction in figure 5(d). In figure 5(d), the small discrepancy between the
asymptotic results (C35), (C52) and the 2-D long-wave model arises from the retention of
surface diffusion in its numerical approximation. Matching (C52) to the surface velocity
in the transition region (C48) yields

51y = —6a'/5C"(0) (¢ — x0)*/>. (C53)

The constants 4 and xo have to be evaluated numerically for given o, 8, y and ¢ using
(C35) and (C53). Thus, in the quasi-stagnant region of A%?, the interfacial concentration

is given by
38 38 —5y \*P°
To~ == (x —x0) = — | x — — , C54
0¥y =g, (x ot (6al/6C/(0)> (@

Buo(x, 0) = (C52)

using (C53). As anticipated, the leading-order interfacial surfactant concentration (C54)
obtained in the quasi-stagnant-cap region is linear and equal to the profiles obtained in
the two previous short subregions: the deceleration (Appendix C.2.2) and the transition
regions (Appendix C.2.3). This linear profile agrees with our numerical results in region
AP for the quasi-stagnant part of the interface, i.e. for xo <x < ¢, as depicted in
figure 5(b). Only now can we substitute (C54) into (2.44), to obtain the leading-order
drag reduction in region A%?, which is given by

1 ( -5 )3/5 Y35 ary3/s

DRO—I_% 6C'(0) «1/10 =1- @1/10°° (C55)
as in (3.2b). Equations (C54) and (C55) show how bulk diffusion, captured in the
non-dimensional coefficient «!/1°, has a weak but non-zero influence on the interfacial
surfactant profile that determines DRg. The solution is valid as long as the layers are
nested (y < a3%) and x¢ > —¢, such that 1 — DRy < 1. In order to determine xg, A and
ai, we solve (C35) and (C53) numerically to get A and x¢ for given «, 8, y and ¢, from
which we can evaluate a; = (—54/ (6C/(O)))3/5/(2¢) and therefore DR.

In summary, to acquire the solution in the quasi-stagnant region, where the surfactant
gradient decelerates the flow towards the downstream stagnation point, (C54)—(C55),
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we have resolved a nested asymptotic structure which includes deceleration
(Appendix C.2.2) and transition (Appendix C.2.3) regions. The nested asymptotic
structure has been matched to a slip region at the upstream end of the plastron (Appendix
C.2.1), where the surfactant gradient has a weak effect on the flow and slips from the
upstream stagnation point. These four asymptotic regions are detailed in figure 4(b), which
we used to describe and explain the numerical solution that we see in figure 3(f). Using the
expressions for ug(x, 0) and A in the quasi-stagnant and slip regions, (C52) and (C35b),
respectively, the surfactant desorbed across the quasi-stagnant region is given by

¢ 12
/ coy(x, 0) dx = — (w) TR (C56)

0 3

which matches the total amount of surfactant adsorbed in the slip region in (C34), as
required by the conservation of surfactant.

; oo 2D
C.3. Weak Marangoni effect and weak bulk—surface exchange: region A%

In region A%D , we simplify the boundary-layer equations (C1)-(C6), where bulk diffusion
and bulk—surface exchange are weak compared with Marangoni effects and advection, i.e.
o < 1 and small v. In this regime, there is a one-way coupling of the bulk concentration
onto the interfacial concentration, with cg & 1 everywhere, and the interfacial surfactant
distribution is in the classical stagnant-cap regime (He et al. 1991), with a streamwise-
averaged concentration imposed by the bulk concentration that is approximately equal to
1. Here, the surfactant gradient generated by the flow renders the downstream end of the
interface no slip and the upstream end of the interface shear-free. We expand the surfactant
field as follows:

co=1+aCi(x, y)+---, To=Gox)+aGi(x)+---, (C57a,b)

and substitute (C57) into (C1)—(C6). In the interfacial surfactant equation (C2), there is no
flux of bulk surfactant onto the interface, such that co, =0. For x € [-¢, ¢] and y =0,
we have
3B
4
at leading order, and where we used the no flux of interfacial surfactant condition (C3).
The surfactant flux condition (C6b) in D; with cg ~ 1 reduces to

Go— gGOX Go=0, (C58)

¢
/ Go dx =2¢. (C59)
—¢

A piecewise linear solution to the nonlinear ordinary differential equation (C58) exists for
2¢ > 4y /38, such that in AZED the interfacial-surfactant distribution is given by

0 for —¢ <x<xg,
Go—{ P <x<x0

Co60
%(x—xo) for xp<x <o. ( )

This piecewise linear stagnant-cap profile for the interfacial surfactant concentration
agrees with our numerical results shown in figure 7(b). We evaluate xp using the
no-net-flux condition (C59), such that

3 172
xX0=¢— (;Lﬂy) , (Ccel)
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where xo > —¢ to ensure existence of the no-surfactant part of the profile in (C60). Hence,
for 2¢p > 4y /38, the leading-order drag reduction calculated by substituting (C60) into
(2.44) is given by

2y 12
DR0:1—<%) . (C62)

This solution for the A2ED region, already given in (3.4¢), is equivalent to that in region
A}ED in the strong-cross-channel-diffusion problem (Tomlinson et al. 2023a). It agrees
with numerical results shown in figure 6.
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