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Abstract

Using a nonstandard version of the principle of virtual power, we develop
general balance equations and boundary conditions for second-grade materials.
Our results apply to both solids and fluids as they are independent of constitutive
equations. As an application of our results, we discuss flows of incompressible
fluids at small-length scales. In addition to giving a generalization of the Navier—
Stokes equations involving higher-order spatial derivatives, our theory provides
conditions on free and fixed boundaries. The free boundary conditions involve the
curvature of the free surface; among the conditions for a fixed boundary are gen-
eralized adherence and slip conditions, each of which involves a material length
scale. We reconsider the classical problem of plane Poiseuille flow for generalized
adherence and slip conditions.
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1. Introduction

1.1. Toupin’s results for a second-grade elastic material

In two monumental works, TouPIN [40, 41] derived general balance equations
and associated traction boundary conditions for an elastic body whose strain energy
depends on first and second gradients of the deformation. Toupin’s derivation is
based on a virtual work principle! asserting that the variation of the total elastic
energy be equal to the virtual work exerted on the body by tractions and body
forces.> A central consequence of Toupin’s work is the observation that Cauchy’s
hypothesis — that the surface traction at a point x on a surface S depend on S
through its normal field at x — is not valid in a theory involving second gradients
of the deformation, because in Toupin’s theory the traction depends also on the
curvature of S at x.

' We use the term virtual work when the principle describes equilibrium, and virtual power
when the principle describes an evolving body, allowing for inertia.

2 Toupin’s results were applied by MINDLIN [23] and MINDLIN & ESHEL [24] to lin-
ear elastostatics and were partially generalized by Popio-GuipucLi [32] to include third
deformation gradients. Precursors to Toupin’s work trace back to the introduction of couple
stresses by VOIGT [45] (cf. Section 1) and E. & F. COsserAT [5] (cf. Section 53).
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Unfortunately, because it assumes that the material is elastic and the body is
in equilibrium, Toupin’s derivation of the balance equations and associated trac-
tion boundary conditions cannot be applied to a general dynamical framework that
includes dissipation.’

1.2. The general virtual power principle for a second-grade material

Our goal here is to derive Toupin’s results within a framework that is indepen-
dent of constitutive equations. To do so we use a nonstandard form of the principle
of virtual power (GURTIN [12]).* Conventional versions of this principle are for-
mulated for the body B as a whole rather than for control volumes and as such
generally involve particular boundary conditions applied to the boundary d B of B.
Such formulations allow for a weak statement of the basic force balances and when
combined with constitutive equations result in weak statements of the resulting
boundary-value problems. Here the principle of virtual power is used instead as a
basic tool to determine the structure of the tractions and of the local force balances.
As such, conditions on d B play a role no different from those on the boundary of
any control volume. Basic to this view is the premise, central to all of continuum
mechanics, that any basic law for the body should hold also for all subregions of
the body.

Classically, the power expended within an arbitrary control volume R in the
region of space occupied by the deformed body has the simple form

Wim(R):/Tigradvdvz/Tijvi,j dv (D)

R R
with T the Cauchy stress and T: grad v the stress power. We generalize the classical
theory by including an analogous G: gradzv linear in the second gradient gradzv,

with G a third-order hyperstress, and therefore rewrite the power expended within
R in the form

Wint(R) = / (T:gradv + G':gradzv) dv = / (Tl] vi,j + Giiji,jk) dv. (2)
R R

Within our framework the grade of the material is defined to be the order (here 2)
of the highest velocity gradient in the internal power.

In conjunction with the internal power expenditure (2), we introduce a corre-
sponding external power expenditure

0
Wext(R) =/(t5-v+ms‘£) da+/b~vdv, 3)
S R

3 In this regard, TOUPIN [40] gave an alternative derivation of the basic balance that allows
for inertia, again for an elastic material, using an argument based on balance of energy.

4 Cf. ANTMAN & OsBORN [1] for a rigorous treatment of the classical virtual-work prin-
ciple for forces and a similar treatment of a corresponding principle for torques. The central
result of Antman and Osborn — the equivalence of these principles to the classical balances
for linear and angular momentum — is independent of constitutive equations.
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in which ts and mg represent tractions on the bounding surface S = 9 R of R, while
b represents the net inertial and noninertial body force acting within the body.
Here the term

av
ms- —,
S on
which is not present in classical theories, is needed to balance the effects of the
second-grade term Gigrad?v in the internal power.
The principle of virtual power we use is based on the requirement that

Wext(R) = Wint(R)

for all control volumes R and any choice of the velocity field v, here considered as
virtual. Consequences of the virtual power principle and the requirement that the
internal power expenditure be frame indifferent are that:

(1) the classical macroscopic balance div T + b = pv, with p the density and pni
the noninertial body force, need to be replaced by the balance

div(T — divG) +b" = pv (T3jj — Gijk jk + b™ = piy) 4)
with T symmetric as in the classical theory;

(ii) Cauchy’s classical condition t(n) = Tn for the traction across a surface S with
unit normal n need to be replaced by the conditions

ts = Tn — (divG)n — divg(Gn) — 2K (Gn)n, mg = (Gn)n, 5)

in which K is the mean curvature of S; equivalently, in components, for K the
curvature tensor of S,

(ts)i =Tijn; —2Gjjknj + Gijknjnign; + Giji(Kjx —2Knjny),
(mg); = Gjjknjng.

(6)

The results (4) and (5) (applied to the boundary of the body) are the same as those
given in equations (7.8) and (7.9) of TouPIN [40], but our derivation is independent
of constitutive relations and hence valid for both solids and fluids.

1.3. Application of the theory to liquid flow at small-length scales

We discuss in some detail applications of the general field theory defined by
(4) and (5), a discussion which we now summarize.

We consider a purely mechanical theory with an underlying “second
law” — a free-energy imbalance asserting that the free energy of an arbitrary region

3 Specifically, b accounts not only for the usual body forces like that due to gavitation but
also for accelerations terms treated, in the manner of D’ ALEMBERT [6], as reversed forces.
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that convects with the body increases at a rate not greater than the rate at which
work is performed.®

Consistent with the goal of developing a theory for liquids at small-length
scales, we restrict attention to incompressible materials, so that: (i) the density and
specific free energy are constant; (ii) the stress has the form

T=T,- Pl,

with Ty the traceless extra stress and P an indeterminate pressure; and (iii) the
hyperstress has the form

G=Go—1®n (Gijt = Goijk — 8ijmk)

with extra hyperstress G traceless in its first two indices and & an indeterminate
vectorial hyperpressure. More importantly, the free energy imbalance reduces to a
dissipation inequality

To:D + Goigrad?v > 0. (7

We restrict attention to linear isotropic constitutive relations which, in compo-
nents, have the form’

Toij =2uDij = pu(vij +vji),
e A, ®)
GOl]k = MV jk + 772(Uk,lj + Vjik — Virr jk)v
where isotropy rules out coupling between Ty;; and G;jx. Most importantly, (8)
involves only two constitutive moduli 77 and 7, in addition to the classical viscosity
W
With the constitutive relations (8) and noninertial body forces neglected, the
force balance (4) yields the flow equation

pv = —gradp + uAv — LAAV  (p¥ = —p; + pvijj — Cvijjrk) . (9)
where A represents the Laplace operator, while
p=P—divr and ¢ =mn —n. (10)

The flow equation (9) differs from the conventional Navier—Stokes equation only
by the term with coefficient ¢.

As a consequence of the dissipation inequality (7), we find that © = 0 and
¢ 2 0. Granted that & > 0 or ¢ > 0 our flow equation (9) is — like the Navier—
Stokes equation — parabolic. Further, a dimensional argument yields a material

length

L= |> (11)
%

relevant to the description of liquid flows at small scales.

6 1f the theory was based on continuum formulations of balance of energy and growth of
entropy (the Clausius—Duhem inequality), then this free-energy imbalance would be satisfied
in isothermal processes.

7 A future paper — based on constitutive equations more general than (8) — will discuss
turbulence.
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In addition to the flow equation, the theory also provides boundary conditions.
The classical no-slip boundary condition is replaced by what we refer to as the
generalized adherence conditions

v=0 and msz—ula—v, (12)
on
in which the constitutive modulus / = 0, a material length, measures the strength
of the fluid’s adherence to the boundary. Alternatively, the theory allows also for
slip and for a free surface, each of which involves the introduction of an additional
constitutive parameter.

To exhibit some features of the theory, we revisit the classical problem of plane
Poiseuille flow for generalized adherence and slip conditions. For the generalized
adherence conditions (12), the theory predicts a flow rate lower than that obtained
classically. When slip is allowed, the flow rate exceeds that obtained under weak
adherence but also lies below that obtained for the Navier—Stokes equations subject
to the Navier slip condition. These lower flow rates trace directly to the additional
sources of dissipation associated with the hyperstress and the boundary conditions.
As would be expected, these effects are important only for channels with sufficiently
small gaps.

1.4. Kinetic energy dependent upon the velocity gradient

The theory discussed thus far is based on a generalization of the classical vir-
tual-power principle (for a continuum) to include higher-order velocity gradients
and concomitant higher-order stresses and tractions. In accordance with this, we
conclude the paper by modifying the kinetic energy to account for dependence on
the velocity gradient. Specifically, assuming that the kinetic energy per unit volume
is of the form

LpIvI? + 1B |gradv|?,

where 8 = (constant) p, we seek to determine appropriate inertial and noninertial
components bi™ and b™ of the body force b, and t;“ and tgi of the traction ts. To
achieve this, we adapt the virtual power analysis used previously to the inertial
power balance

/(p~v +M:gradv) dv = —/bi“-vdv — /tg‘-vda, (13)
R R S
where p and M are (vectorial and tensorial) momentum-rate forces defined via
p=pv and M= ,Bgra{dv. (14)

We find that for an incompressible material,

b = —grad« — (p — BA)V — B[(gradv)Av + (gradzv)gradv] + b,
ts = [k1 — B(gradv — (gradv)gradv)|n + t§i
(15)
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and when noninertial body forces are neglected, the force balance (4) and the con-
stitutive equations (8) yield the flow equation

pv—p [A\" — (gradv)Av — (gradzv)gradv] = —gradp + uAv — L AAv,
(16)
where p = P + k — divz. In components, (16) reads
pvi = B (Vi jj — Vi, jVjkk — Vi jkVjk) = —P.i + WVijj — L Vi, jjkk-

The generalized adherence conditions (12) are unaffected by the inclusion of
gradient inertia, but, interestingly, the conditions at a fixed surface that allows for
slip and at a free surface contain inertial terms.

2. Preliminaries

To simplify our calculations, we use direct notation. However, for clarity, we
also present key definitions and results in component form.

2.1. Notation

We find it most convenient to work spatially i.e. to use what is commonly
called an Eulerian description. We write p (X, ) for the mass density, v(X, t) for the
velocity, and

D = ; (gradv + (gradv)") and W = j (gradv — (gradv)") (17)
for the stretching and spin. As is usual, we use a superposed dot for the material

time-derivative e.g. for (X, t) a scalar field

/ 9 + d
= — +v-grade.
2 91 gradg

Balance of mass is then the requirement that

o+ pdivy = 0. (18)

2.2. Control volume R. Differential geometry on 0 R

We denote by R an arbitrary region, fixed in time, that is contained in the region
of space occupied by the body over some time interval. We refer to R as a control
volume and write

S =0R

for the boundary of R and n for the outward unit normal on S. Unless stated to the
contrary, we assume that S is smooth, cf. Section 4.4. We let P = P(n) denote the
projection onto the plane normal to n:

P=1—n®n (Pij = §jj —I’lil’lj).
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The operator grads defined on any vector field g by
gradsg = (gradg)P  ((gradsg)ij = gi,j — &iknknj)
is the surface gradient;®
divsg = tr(gradsg) = P:gradg = divg — n-(gradg)n = g;; — gi.xnink
defines the surface divergence; d/dn defined by

d
2 _ (gradg)n
on

is the normal derivative. Then
0g . . og
gradg = gradsg + — ®n, divg =divsg+ — -n. (19)
on an
The surface divergence of a tensor field A is the vector field defined by
(divsA); = Ajj i Pyj. (20)

Using a smooth extension of the unit normal n to a neighborhood of S, gradn
is defined and the field

K = —gradsn = —(gradn)P,

which is independent of the particular extension used, is the curvature tensor of S;
as is well known, K is symmetric and satisfies

Kn = 0.
The scalar field
K = JuK = —1divsn

is the mean curvature of S.
Let A be a (second-order) tensor field and let g be a vector field. We make
considerable use of the identities

divs(AP) = divsA + 2K An, ] on
divs(Ag) = g-divsA + A:gradsg
and, in particular, their specializations
divgP =2Kn, divs (ATn) =n-divsA — A'K, (22)

which arise, respectively, on choosing A = 1in (21); and g = n in (21)5.
Given a third-order tensor field B and a vector field g, the product Bg is a
(second-order) tensor field defined by

(Bg)ij = Bijkgk- (23)

In view of the definition (20) of the surface divergence, it then follows that div s (Bn)
is the vector field with components

[divs(Bn)]; = Bjjk, jnk — Bijkminjng — Biji K jk. (24)

8 The domain of grad sg is then restricted to the surface S, and similarly for divsg, dg/dn,
and divgA.
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3. Power expenditures

Throughout this section R — with boundary S and outward unit normal n —
is an arbitrary control volume.

3.1. Internal power

In discussing the manner in which power is expended internally, bear in mind
that our goal is a theory that accounts explicitly for first and second velocity gra-
dients. To accomplish this we generalize the classical theory — which has internal
power of the form (1) with T the stress and T: grad v the stress power — by intro-
ducing a third-order hyperstress G with associated hyperstress power Gigrad?v,
and therefore write the internal power in the form

Wint(R) = /(Tigradv + G'-.gradzv) dv = /(Tijvi,j + Gijkvi ji) dv. (25)
R R

The fields T and G are defined over the deformed body for all time. Since grad v
is symmetric in its last two subscripts, we may, without loss in generality, require
that G be symmetric in its last two subscripts:

Gijk = Gixj. (26)

3.2. External power

Conventionally, power is expended on a control volume R by surface tractions
acting on § = dR and body forces acting over R, and each of these force fields
expends power (pointwise) over the velocity v. Conventional continuum mechanics
is based on a classical hypothesis of Cauchy asserting that the surface traction at
a point x on S and time 7 be a function t, (X, 7) of the normal n(x, 7). Here, as we
shall see, it is necessary to abandon this hypothesis and assume instead that for
each control volume R and each time ¢ there is a surface-traction field ts defined
over S = 9 R such that ts gives the surface force, per unit area, on S.

As is classical, we assume that the body force is given by a field b, and that
both ts and b are power conjugate to the velocity v. Further, we stipulate that b
accounts for inertia.

The external power expended on the boundary of the body sets the stage for
the formulation of boundary conditions; this power should therefore be based on
kinematical fields that — when restricted to the boundary — may be specified
independently. Further, since the internal power depends on grad?v, the external
power should include a boundary expenditure involving grad v. However, the fields
v and grad v are kinematically coupled on S, since a knowledge of v on S implies a
knowledge of the tangential derivatives of v on S; thus the tangential part of grad v
cannot be specified independently of v. Bearing this in mind, we consider a (vecto-
rial) hypertraction ms (X, t) that expends power over the normal part dv/on of the
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velocity gradient. Based on this discussion, we assume that the power expended
externally on an arbitrary control volume R has the form

av
Wext (R) :/ (t5~v+m$-a—n) da +/b-vdv. 27
S R
Since dv/dn = (gradv)n, we may write
av
ms- — = (ms®n):gradv; (28)

an

we refer to mgs ®@n as the true hypertraction, because its conjugate, grad v, carries
no information associated with the surface S.

4. Principle of virtual power

Most commonly, the principle of virtual power is used to generate weak for-
mulations of boundary-value problems. In this form, the principle is stated for the
body B as a whole and is contingent upon the provision of particular conditions on
the boundary d B of B. Here, we use the principle of virtual power to determine the
structure of the tractions and of the local force balances. This involves a nonstan-
dard formulation in which the principle is stated for an arbitrary control volume
R as opposed to the body as a whole. As such, conditions on d B play a role no
different from those on the boundary d R of any control volume R. Basic to this
view is the premise, central to all continuum mechanics, that any basic law for the
body should hold also for all subregions of the body.

4.1. Statement of the principle of virtual power

To state this principal, assume that at some arbitrarily chosen but fixed time,
the region occupied by the body is known, as are the tractions ts and mg, the body
force b, and the stresses T and G, and consider the velocity field v as a virtual field
v that may be specified independently of the actual evolution of the body. Then,
writing

99
Wext(R, V) 2/(t3~‘7+ms-a—v) da+/b-\7dv,
n
S R

(29)
Win(R, V) = /(Tigradf' + Gigrad gradv) dv,
R

respectively, for the external and internal expenditures of virtual power, the prin-
ciple of virtual power is the requirement that the external and internal powers be
balanced: given any control volume R,

Wext (R, V) = Wint(R, V) for all virtual velocities V. 30)
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4.2. Consequences of the principle of virtual power

To determine the consequence of this principle, we first consider the individual
terms in the internal power. Using the divergence theorem, we obtain

/Tigradffdv = —/divT-Vdv—l—/Tn-Vda. 31

R R S

Similarly, the divergence theorem applied twice yields

/G‘.gradgrad\?dv = —/dithgradf/dv—i—/Gnigradf/da
R R S

= /(divdivG)i'dv +/(Gn:grad\7 — [(divG) n]-v) da.
R S

Thus,
Wint(R, V) = /(divdivG —divT)-vdv
R
+/ (Gn:gradv + (Tn — (divG)n)-v) da. (32)

S
Further, by (19)1,

- _ oV
gradv = gradsv + —Q®n;
an
therefore
- - v
Gn:gradv = Gn:gradsv + [(Gn) n]- ™
n

and (32) becomes

Wint(R, V) = /(divdiVG —divT)-vdv
R

+/ (Gnigradsff + [(Gn) n]- g + (Tn — (diVG)n)-ff) da.

(33)

Our next step is to establish an important identity for the underlined term in
(33); specifically, letting A = Gn, we now show that

/Aigradsff da = —/(divsA 4+ 2KAn)-vda. (34)
S S



524 EL10T FRIED & MORTON E. GURTIN

The verification of (34) is based on the surface divergence-theorem: let T be a
tangential vector field on S and let 7 be a subsurface of S with v the outward unit
normal to the boundary curve 972 then

/r-vds = /divsr da. 35)

0T T
To establish (34), note that
def

T = PAV
represents a tangential vector field, so that, by (35),
/r-vds = /divs (PAV) da. (36)
0T T
Further, by (21), — with A replaced by AP — and (21);,
divg (PATV) = v-divs (AP) + (AP):gradsv
= v-(divsA + 2K An) + A:gradsv;
hence (36) takes the form
/ T-vds = / ((divsA +2KAn)-v + A:gradsv) da. (37)
T T

Finally, if we take 7 = S, then 7 is empty and the left side of (37) vanishes; thus

(34) is satisfied.
Combining (33) and (34), we obtain

Wint(R, V) = /(divdiv(G —divT)-vdv
R
+/ ((T“_(diVG)“‘divs(Gn)—ZK (Gn)n)-w[(Gn)nl'gl) da.
n

(3%)

We are now in a position to apply the virtual-power balance (30): by (29); and
(38),

n
S ? ?
+/ ((T“ — (divG)n — divs(Gn) — 2K (Gym)-¥ + [(Gm)n]- §—V) da,
n

(39)

and rearranging (39), we have the “only if" implication in the next result.

9 So that v is tangent to S, normal to 97, and directed outward from 7.
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(#) Given any virtual velocity V and any control volume R, the virtual balance

9%
/(tsif—i-m.yi) da—i—/b-f'dv=/(Tigrad\7+(G':gradgradff)dv.
R R

Wext (R, V) Wint (R, V)
(40)

is satisfied if and only if

/ (ts — (Tn — (divG)n — divsg(Gn) — 2K (Gn)n))-vda
S
+/(ms—((Grn)n)- g_v da:/(divdiv(G—divT —b)-vdu. (41)
n
S R

The reverse implication, that (41) implies (40), follows upon reversing the argument
leading to (40).

4.3. Local force balance and traction conditions

Since the control volume R and the virtual field v in (41) may be arbitrarily
chosen, we may appeal to the the fundamental lemma of the calculus of variations
and arrive at the local force balance

div(T—divG) +b=0 (Tij,; — Gijk,jx + bi = 0) (42)
and the traction conditions'°
ts = Tn — (divG)n — divs(Gn) — 2K (Gn)n, mg = (Gn)n, (43)

which, in components, have the form

(ts)i = Tijnj —2Gijiinj + Gijrinjngn; + Giji (K jx — 2Kn jng),

(ms); = Gjjrnjny. ] “@4)

Next, recall our agreement that b includes inertial body forces. Thus, if the
underlying frame is inertial, then

b= —pv +b" (45)
with b" the noninertial body force and the local force balance becomes

pv = divT — divdivG +b"  (p0; = Tj,; — Gije,jx + b). (46)

10 Since ¥ is arbitrary, v and 0v/dn may be arbitrarily chosen independent of one another
on S (cf. the paragraph containing (27)).
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4.4. Traction conditions when the boundary of the control volume is not smooth

Thus far the control volumes R under consideration were assumed to have
smooth boundaries. We now consider a control volume whose boundary S is piece-
wise smooth: specifically, S is the union of a finite number of smooth surfaces,
smooth curves, and points, with the smooth curves referred to as edges. When this
is the case — writing C for the union of the edges — we allow for the possibility
of an edge traction f. measured per unit length along C and add the terms

/fc-vds and /fc~€7ds, @7
C C

respectively, to the right sides of the external power (27) and its virtual counterpart
(29),. The corresponding internal power expenditure remains (25), but the analysis
used in finding the consequences of the virtual-power principle must be altered.
Specifically, the identity (34) — which followed from the surface divergence the-
orem (35) with 7 = & — is no longer valid: we must now apply (35) on each of
the smooth surfaces Sy comprising S and then sum over all k. If we do this we find
that the term

/{{ (Gn)v}-vds (48)
C

must be added to the right side of (38), where {. .. }}, at each point x on C, denotes
the sum of the values of the enclosed quantity as x is approached from the surfaces
on either side of C. (If S is smooth, then the values of v on the two sides of each
edge are equal and opposite, while the values of n are equal; thus, granted that G is
smooth, (48) vanishes.) Continuing the analysis with the extra term (48), we find
that the edge condition

fe = {(Gn)v} (49)

on C must be added to the traction conditions (43) (cf. equation (7.10) ToUPIN)
[40].

4.5. Consequences of frame indifference

Frame indifference requires that the theory be invariant under all changes in
frame. In accordance with this principle we require that the internal power be
invariant under transformations of the form

VX, 1) = V(x, 1) + a(t) + Q)x, (50)
—
w(X,1)

where a(?) is an arbitrary scalar and €2(¢) is an arbitrary skew tensor, at each 7. It
then follows, as a consequence of the virtual balance (30), that the external power
is automatically consistent with frame indifference.
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Consider the internal power. By (50), the velocity gradient transforms accord-
ing to gradv(x, t) — gradv(x, t) + €2. We may therefore conclude from (25) that
for the internal power to be frame indifferent we must have

/Tiﬂdv =0

R

for all skew tensors 2 and all control volumes R; hence the stress T is symmetric:
T=T". (&2

A consequence of (51) is that the stress power T: gradv in the internal power (25)
may equally well be written in the form T : D, with D the stretching defined in (17);.

We now turn to the external power (27), which is automatically frame indiffer-
ent: invariance under (50) implies that!!

/tsda+/bdv=0,

/(xxts +nxmg) da +/xxb dv =0,
S R

which bears similarity to its classical conterparts in which ts = Tn and mg = 0.

Thus, bearing in mind the paragraph containing (28), the skew part of the true

hypertraction ms ®n represents a distribution of moments on S.

Our formulation of the virtual-power principle ensures that the classical bal-
ances (52) are satisfied automatically.

4.6. Locality of the tractions. Action-reaction principle

A consequence of (44) is that the tractions are local: at any point X on S, ts(X)
depends on S through a dependence on the normal n(x) and curvature K(x) at x,
while ms (x) depends on S through n(x) (where for convenience we have suppressed
the argument ¢). Thus, writing t(k n) and my for the corresponding functions, we
obtain

ts =tk n), mMs=my (53)

i.e. ts(X) = tKx),nx)) (X). Then, letting —S denote for the surface S oriented by
—n (which has curvature —K), we see that by (44), ms = m_s and

ts =—-t.s, Mmg®n=-—-m_s®(—n), (54)
or equivalently, m, = m_, and

tKn) = —t—K -n, Mp@®n=-m_,®(—n); (55)

11 When combined with (45), (52) represent balances for linear and angular momentum.
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(55) represents an action-reaction principle for oppositely oriented surfaces that
touch and are tangent at a point.

Consider an arbitrary surface S with orientation n and define the plus side of S
as the side into which n points and the minus side as the other side. In the definition
(27) of the external power the quantity Wey£(S) defined by

v
Waurf (S) Z/(ts'V‘l‘ms'a) da
S

(56)
= /(t(K,n)'V + (mp®n):gradv) da
S

represents the power expended on the boundary of a control volume. However,
because the tractions are local, this definition is also meaningful for an arbitrary sur-
face S with orientation n. In this instance, Wy, (S) represents the power expended
by the material on the plus side of S on the material on the minus side of S, so that,
by (55), we have the power balance

Wsurf (8) = _Wsurf(_5)~ (57)

The balance (57) written in the form Wyt (S) + Wiurt (—S) = 0 constitutes a
balance for the “pillbox” represented by the infinitesimally thin region bounded by
the oriented surfaces S and —S, a notion discussed in Section 8.2.

5. Free-energy imbalance. Dissipation inequality

Let R(¢) be an arbitrary region that convects with the body. We restrict attention
to a purely mechanical theory based on the requirement that the temporal increase
in free energy of R(t) be less than or equal to the power expended on R(t). Pre-
cisely, letting ¢ denote the specific free energy, this requirement takes the form of
a free-energy imbalance

d
x| Y dv = Wext (R(1)) = Wine(R(1)). (58)

R(t)

Balance of mass implies that (d/dr) fR(z) pydv = [ R(Z)plﬁ dv. Therefore, using
the expression (25) for the internal power Win (R (¢)) in conjunction with the sym-
metry of T, we may localize (58) to yield the local free-energy imbalance

py — T:D — Gigrad?v £ 0 (p¥ — T;jDij — Gijrvijk < 0), (59)
where D is the stretching defined in (17)1. The difference

I © T:D + Gigrad®v — pyr 20 (60)
represents the dissipation and allows us to rewrite (58) in the form
d
5 [ v Wa®o =~ [raso (61)

R(t) R(t)
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6. Explicit form of the inertial body force. Kinetic energy

6.1. Inertia and kinetic energy

We assume that the underlying frame is inertial and, for convenience, neglect
noninertial body forces, so that

b= —pv. (62)
Granted this, the local force balance (42) reduces to a local momentum balance:
div(T — divG) = pv. (63)

The power expended by the body force has the form

and we may rewrite the external power expenditure as the sum of a noninertial
expenditure minus a kinetic-energy rate:

av d
Wext (R(1)) = / (tS'V+m.s-a) da—d—t / Tolvidv. (64)
IR() R(@®)
noninertial power expenditure kinetic energy

6.2. Imbalance of free and kinetic energy

By (64), the free-energy imbalance (61) — for a control volume R(¢) that
convects with the fluid — takes the form of an imbalance of free and kinetic energy

d ov
5 p(Y+1Iv?) dv— / (ts.v+m,s. a_) da=— / Fdv <0. (65)
n
R(1) IR(1) R()
———
net energy rate net dissipation

Further, appealing to (#) on page 525, we may rewrite (65) as an imbalance for a
control volume R:

d
% p(gﬁ—i—%Ivlz)dv—i-/p(w+%|V|2)V'ﬂda
R S

9
—/(ts-v+m$-a—v) da:—/rdvgo. (66)
n
S R
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7. Application of the theory to the flow of an incompressible fluid
at small-length scales

7.1. Constitutive equations for an incompressible fluid
We assume that the fluid is incompressible, so that
divv =trD =0, p = constant, 1 = constant. 67)
Without loss in generality, we may then suppose that
Tij = Toij — Péij, Tokk =0 (68)
and
Gijk = Gojjk — 8ijmk, Goiik =0, (69)

where the pressure P and the hyperpressure w are constitutively indeterminate
fields that do not affect the internal power (25)'? and where the fields Ty and Gy,
respectively, represent the extra stress and the extra hyperstress. Then

T:D =Ty:D, Gigrad’v = Goigrad?’v, (70)
and the local free-energy imbalance (59) reduces to the dissipation inequality

I “ Ty:D + Goigrad®v = 0. 71)
The field ' represents the bulk dissipation, measured per unit volume.

We consider constitutive equations giving T and Gy as linear isotropic func-
tions of D and grad ?v. Specifically, since coupling between Ty and Gy is ruled out
by isotropy, we consider constitutive relations of the form

Toij =2uDij = pu(vij +vj,i), 72)
Goijk = mvi jk + M2 k,ij + Vjik — Virrdjk)-
The relation (72); for T is of the form Ty = 2uD, familiar from the theory of
incompressible, linearly viscous fluids.!3

Using (17), we can rewrite the constitutive relation (72); for Gy in terms of the
gradients of the stretching and the spin and the Laplacian of the velocity field:

Goijk = (m +m2) Dijr + (n1 —n2) Wiji
+n2 (Dri,j + Wai,j) — mavirrdji. (73)

12 A5 we shall see, the pressure relevant to the local balance of linear momentum is the
effective pressure p = P — divr.

13 we conjecture that (72), is the most general linear, isotropic relation possible between
Gg and grad2V (cf. (2.4) and (2.18) of MINDLIN & ESHEL [24]).
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Thus the dissipation (71) has the form
' =2uD;jDi; + (m + 2n2) DijrDijk
+ (m — 2n2) WijxWijk — m2vijjvikk = 0. (74)

Further, by expanding D;; and W;; into deviatoric and spherical parts with
respect to the indices i and k (j fixed), it can be shown that the following condi-
tions are both necessary and sufficient for the dissipation to be nonnegative:

w=0, m+2m20, n—6n=0. (75)
Important consequences of (75) are the inequalities
m=0, m—-nmn=z20, n—2nn0. (76)
Conversely, by (71) and (72), the dissipation has the form
I = 2u|D|? + ni|gradv|®> + n2(2|gradD|? — 2|grad W|? — |AV]?)  (77)

and is nonnegative as long as (75) are satisfied.
Finally, using (68) and (69), we may rewrite the constitutive relations (72)
taking into account the pressure P and hyperpressure :

T;j =2uDij — Péjj, ]

(78)
Gijk = Mmvi jk +12Vk,ij + Vj ik — Virrdjk) — Tkdij-

7.2. The flow equation
Bearing in mind (67);, we may use (78) to yield
Lij,j = wpvijj— P,
Gijkk = MVi jkk + M2 Wjikk — Vi, jkk) — 8ij Tk k> (79)
Gijkkj = (M — M)V, jjkk — 7}, ji-
Thus, letting
(=m-m=z20, (80)
we may conclude from (79) that
div(T — divG) = —grad (P — dive) + nAv — L AAv, (81)

and — neglecting noninertial body forces as in Section 6 — the local momentum
balance (63) takes the form

pv = —grad p + pAvV — L AAV (82)
or, in components,

PV = —pi + 1 jj — SV jjkk (83)
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where
p=P—divr (84)

is the effective pressure. We refer to (82) as the flow equation. Provided that ¢ > 0,
the flow equation is parabolic. Moreover, for the choice n = 0, the flow equation
reduces to the conventional Navier—Stokes equation pv = —grad p + nAv for an
incompressible fluid.

Consistent with the expectation that gradient effects should be important only
at small-length scales, we introduce the gradient length

L= |% (85)

7

7.3. Spin and vorticity equations

Assume that the noninertial body force b™ vanishes. Then the flow equation
leads to an interesting equation for the spin W. A well-known kinematical relation
for the spin has the form (for example cf. GURTIN [11] pp. 80)

W + DW + WD = skw (grad v), (86)

where skwA = % (A — AT) for any tensor A. Next, since the operators grad and A
commute, (67) and (82) imply that

pgradv = —gradgrad p + puAgradv — ; AAgradv.
Taking the skew part of this relation we find that since grad grad p is symmetric,
pskw (gradv) = uAW — ¢ AAW,
thus, by (86), we have the spin equation
o(W +DW + WD) = uAW — LAAW, (87)
or, in components,
pWij + DixWij + Wik Dij = uWij ik — & Wij ikl (88)
which, when ¢ = 0, reduces to the classical spin equation (for example cf. GURTIN
[11] pp. 152).
Equivalently, writing @ = curlv for the vorticity and making use of the relations
divv = 0, dive = div (curlv) = 0, Lv = grad (%|V|2) + wxv,and W = 0, we

have the vorticity equation

o® —Dw = uhw — A \w. (89)
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7.4. Free-energy imbalance

Next, provided that the noninertial body force b™ vanishes, we may use (60) to
write the free-energy imbalance (66) (for a control volume R) in the form

d 0
I %p|v|2dv+/%p|v2|v-nda—/(ts-v+ms~a—2) da
R S S

—— [ uIDF + mlgradvP
R
+12(2|grad D|* — 2|grad W|* — |Av[?)) dv £ 0. (90)

8. Formulation of boundary conditions

This section is independent of constitutive equations and is valid for both com-
pressible and incompressible materials. Even so, the boundary conditions we con-
sider are most relevant to liquids and, for that reason, we find it convenient to refer
to the body as a liquid.

Let B(t) denote the region of space occupied by the liquid at an arbitrarily
chosen time and let n(x, ¢) denote the outward unit normal to d B(¢). Further, let
V(x, t) denote the scalar normal velocity of d B(¢), so that

V =v-n. 1)

Unless mentioned to the contrary, we assume that d B(¢) is smooth. In Section 8.2.5
we discuss boundary conditions for situations in which 9 B(#) is not smooth.

8.1. Free energy imbalance for a boundary pillbox

Consider an arbitrary evolving subsurface S(¢) of d B(¢) and let Vs (x, 1) denote
the normal velocity of the boundary curve dS(¢) in the direction of its outward unit
normal v(x, t) (cf. Footnote 9, pp. 524). We view S as a boundary pillbox of infin-
itesimal thickness containing a portion of the boundary — a view that allows us to
isolate the physical processes in the material on the two sides of the boundary. The
geometric boundary of S consists of its boundary curve 3S. However, S viewed as
pillbox has a pillbox boundary consisting of '#:

(i) asurface S with unit normal n; S is viewed as lying in the environment,
(ii) asurface —S with unit normal —n; —S§ is viewed as lying in the fluid adjacent
to the boundary;
(iii) a “lateral face” represented by dS (see Figure 1).

4 Tna forthcoming paper on turbulence, we find it more convenient to use a pillbox with
surface S lying at the interface between the fluid and the environment.
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—n
Fig. 1. Pillbox corresponding to a subsurface S of the boundary d B of the region B of space
occupied by the body. Only a portion of dB is depicted. Whereas n is oriented into the
environment, —n is oriented into the fluid. The outward unit normal on the lateral face 9S
of the pillbox is denoted by v.

We base our discussion on a free-energy imbalance for the pillbox S(#) requir-
ing that the temporal increase in free energy of S(t) be less than or equal to the
power expended on S(t) (cf. (58)). We let ¥* denote the excess free energy and o
the surface tension of the fluid at the boundary, so that |, s V™ da represents the net
free energy of the pillbox, while |; 250 Vas ds represents the power expended by the
fluid on the lateral face of the pillbox by surface tension. Further, in view of the
paragraph containing (56), Wyf (—S) represents the power expended by the fluid
on the pillbox surface —S. Finally, denoting by Weny (S) the power expended by
the environment on the pillbox surface S, we express the free-energy imbalance
for the pillbox as

d
T / Y da = Waurt (=S ()) + Wenv(S(1)) + /0 Vis ds. 92)
S(1) AS (1)
Assuming that ¢* is constant, we use a standard transport theorem to yield
d X X X
I Yrda=— [ 2¢y*KVda+ Y Vs ds
S@) S) aS (1)
(e.g. CERMELLI, FrRIED & GURTIN [4] equation (3.10)), so that (92) becomes

Wit (—8) + / 2KV da + Wen (S) + / (0 —Y")Visds 2 0. (93)
S S

Thus, since V,s may be arbitrarily specified at any time without affecting the other
quantities in (93) at that time, we must have the classical result

o=y*

and, using (56), (57), and (91), we find that the inequality (93) reduces to

—/((ts—ZUKn)-V—i-ms-z—Z) da + Weny(S) 2 0. 94)
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8.2. Boundary conditions for a passive environment

We restrict attention to situations in which the environment expends no power
on the body. Such an environment, termed passive, is defined by the requirement
that, for any motion of the fluid and any evolving subsurface S(¢) of IB(Y,

Wenv (8) = 0.

Granted this, the free-energy imbalance (94) becomes

av
/((ts—ZaKn)-V+m$-a—) da £0, 95)
n
S

and, since the choice of S is arbitrary, (95) is equivalent to the boundary dissipation
inequality

av
Y & —(ts —20Kn)~v—ms'8—
n

20, (96)
a condition basic to the formulation of passive boundary conditions for the fluid.
The field y represents the boundary dissipation, measured per unit area.

We consider three classes of passive boundary conditions.

8.2.1. Boundary subsurfaces that are free. A simple set of boundary conditions,
trivially consistent with (96), are the free surface conditions

ts =20Kn and ms=0 onS. 97)
These conditions place no constraint on the velocity or its normal derivative. In the
terminology of the calculus of variations, (97) represent natural boundary condi-
tions.

By (44), at a free surface

Tijnj = 2Gijkinj + Gijkanjnins + GijiK jk = 20 Kn;, ©98)
Gijxnjng =0,

where we have used (98);, to simplify (98);. Thus the conventional traction Tn
generally does not vanish; in fact,

Tijnj =2Gijkinj — Gijrnjngn; — Gijx K jp +20 Kn;,

so that, interestingly, surface tension is not the sole source of curvature dependence.

15 An example of a nonpassive environment is that associated with Couette flow.



536 EL10T FRIED & MORTON E. GURTIN

8.2.2. Boundary subsurfaces that are fixed and that do not allow for slip. A
boundary subsurface S(¢) is fixed if the normal velocity of the fluid vanishes on
S()'°. Classically, a fixed boundary without slip is characterized by the require-
ment that v = 0. Here such a boundary condition is not sufficient to ensure sat-
isfaction of the boundary dissipation inequality, which may be satisfied by taking
av/on = 0, or by taking ms = 0, or by allowing for an appropriately signed
relation between dv/dn and mg. Since the third of these includes the first two, we
consider the generalized adherence conditions

B
v=0 and m,5=—u,la—V onS, 99)
n

in which the constitutive modulus / = 0 represents a material length scale charac-
terizing the strength of the adherency. We refer to [ as the adherence length. We
consider two potentially important special cases of (99): weak adherence (I = 0),
for which

v=0 and ms=0 onS; (100)

and strong adherence (I = c0), for which

0
v=0 and —V=0 onS. (101)
on

Thus — in contrast with the classical no-slip condition — our more general theory
allows for a one-parameter family of no-slip conditions.

8.2.3. Boundary subsurfaces that are fixed and that allow for slip. The clas-
sical condition of Navier for such a boundary has the form

PTn = —%v (102)

in which the constant constitutive modulus A > 0 represents the slip length; since
PTn is the tangential traction, this condition implies that

v-n=0.

Since KPn = 0, within our theory the natural counterpart of (102) is APts = —puv,
a condition we combine with ms = 0, which places no constraint on the normal
derivative of the velocity. We therefore consider the slip conditions

Ptsz—%v and ms=0 ond. (103)

with A > 0.

16 This condition does not require that S(¢) be independent of #, only that S(¢) depend on
t at most through a dependence of its boundary curve dS(¢) on ¢. Note that, since v-n = 0,
it follows that (gradv)'m = Kv and hence that (gradv)n = 2Wn = 2Dn. In particular,
dv/on = 2 x n and hence ms-(dv/dn) = (2n X mg)-w represents a torque 2n X mg that
expends power over the vorticity .
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8.2.4. A more general condition for a boundary subsurface that is fixed. The
adherence and slip conditions may be generalized by the condition!”

3
Pts = —%v—uaa—v, v.on=0,
n (104)
ms = —pupv — pul —,
on
with
A>0 and [ 2 1(a+ B)A. (105)

For B = A = 0, (104) reduces to the generalized adherence conditions (99); for
o = f =1=0,(104) reduces to the slip conditions (103).

8.2.5. Conditions when 0B is not smooth. In this case, the discussion in Sec-
tion 4.4 and, in particular, (47) lead us to conclude that

/((ts—ZaKn)'V+ms-g—Z) da + /fc~vds§0 (106)
cnS
for every subsurface S of d B, and hence that the edge dissipation inequality
fov=0 (107)
should join the boundary dissipation inequality (96) as a condition basic to the

formulation of passive boundary conditions.
For § a free surface we would supplement (97) with the boundary condition

fc == 0
on C NS, so that, by (49),
{(Gmv} = 0.
For § a fixed surface the adherence conditions (99)—(101) are appropriate on &
away from C, and continuity would require that v = 0 on C N S, so an additional
condition would not be needed.

A discussion of slip conditions in the presence of an edge is delicate and beyond
the scope of this study.

17 Choosing o = B in (104) gives conditions consistent with the reciprocity relations of
ONSAGER [27].
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9. Weak formulation of the flow equation and boundary conditions
at a prescribed time

Because we work within a framework based on the principle of virtual power,
it is fairly straightforward to derive a weak (variational) formulation of the flow
equation and the boundary conditions (113). Here rather than work with an arbitrary
control volume R, we work with the region B occupied by the body at a fixed time
t.

We consider boundary conditions in which a portion Sgee of 9B is free and the
remainder Sgyq is fixed:

Tn — (divG)n — divs(Gn) = 20 Kn s
and (Gn)n =0 On Ofree;

9y (108)
v=0 and (Gn)n = —ul— on Sgq;
on
cf. (98) and (99).
We refer to an arbitrary virtual field v as kinematically admissible if
v =0 on Skgq. (109)

Given such a field, the virtual-power balance (30) applied with R = B, with b
given by (45), and with the replacements indicated by

av
ts — 20 Kn and mg — 0 on Sfree, Mg — —Mla— on Stxd (110)
n

yields the virtual balance:

. ov oV s -
20Kn-vda — ul—-—da— | pv-vdv+ [ bp-vdv
on on

Sfree Sfxd B R

= /(T:gradfl—l—G’.gradgradf') dv. (111)
B

The result (#) on page 525 then implies that given any kinematically admissible Vv,
(111) is equivalent to (41), also with the replacements (110):

/ (2o Kn — (Tn — (divG)n — divg(Gn) — 2K (Gn)n))-vda

Sfree
ov 0 ov
—/(Gn)n~—vda—/ Wl 4+ @mn )Y da
on on on

free Sfxd

=/(divdivG—divT+,o\"—b“i)-€fdv. (112)
B
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Thus, arguing as in the steps leading to (42) and (43), we see that the momentum
balance (63) is satisfied in B, while

Tn — (divG)n — divg(Gn) — 2K (Gn)n = 20 Kn

and (Gm)n =0 ] on Siree:

(113)

9

(Gn)n = —Mza—v on Sixd.
n

Conversely, (63) and (113) imply that (112) and (hence) (111) are satisfied for all
kinematically admissible v. Finally, as is clear from the discussion in Section 7.2,
granted the constitutive equations (78), the momentum balance is equivalent to the
flow equation (82). We have therefore established a weak formulation of the flow
equation and traction boundary conditions: granted the constitutive equations (78),
the virtual balance (111) is satisfied for all kinematically admissible virtual fields
Vv if and only if:

(1) the flow equation (82) is satisfied within the fluid,
(i1) the boundary conditions (113) are satisfied on the boundary of the fluid.

10. Plane Poiseuille flow

We now reconsider the classical problem of steady, laminar flow through an
infinite, rectangular channel formed by two parallel surfaces separated by a gap h.
Specifically, using the notation of Figure 2, we assume that the fluid velocity v has
the form

v(X) = v(y)ey (114)

and is hence consistent with divv = 0 and obeys v = 0. In view of (114), the flow
equation (82) yields

%y 9%v _op p _dp

4 — = , = =0. 115
é‘8y4 “ayZ ax’ 9y 0z (15

Since v depends only on y, (115) implies that
grad p = —fe, with B = constant; (116)

without loss of generality we assume that the effective pressure decreases with
increasing x, so that

B> 0. (117)

Using a prime to denote differentiation with respect to y, we express the flow
equation (118) as

_LZU//// + V' = _é' (118)

7

We next discuss the behavior, according to (118), of the fluid subject to the
generalized adherence conditions (99) and slip conditions (103) at the points y = 0
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T ~v(y)

Y
€, ‘

Fig. 2. Schematic of the channel for the problem of plane Poiseuille flow. The coordinates
in the directions downstream and out of the plane are x and z.

and y = h corresponding to the floor and ceiling of the channel. To facilitate this
discussion, we record here the general solution of (118), which has the form

2
v(y):c0+c1y—ﬂi—}—czsinhz—i—qcoshl, (119)
21 L L

with cq, ¢, ¢, and ¢3 constants.

10.1. Generalized adherence conditions

For a channel of the assumed geometry and a velocity field of the form (114),
the generalized adherence conditions (99) become

v(0) =0, vh)=0, ['O)=L*"0), V() =-L>"Hh). (120)

Applying these conditions to (119), we find that the velocity profile has the form

h* b h h—
v = 212 X(1—X)—ﬁ(sinh——sinhl—sinh y) ,
2p | h h % sinh L L
(121)

2L !
T + -

b= ———=—
1+%tanh%

(122)

a nonnegative dimensionless measure of the effective adhesion length. As might
be expected in view of the geometry of the problem and the boundary conditions
(120), v as defined by (121)—(122) obeys

v(y) =v(h—y), 0Zy=h, (123)

and, thus, is symmetric about the midplane of the channel.
To facilitate the discussion of (121), we note that

v(y) = ve(y) +vg(y), (124)



Tractions, Balances, and Boundary Conditions for Nonsimple Materials 541

where
Bh*y ( y
=222 (- —) 125
ve(y) 2 h 3 (125)
is the classical solution of the analogous problem for a Navier—Stokes fluid and
h*  bL h h—
ve(y) = _pnT b . (sinh 2 _sinh 2 —sinh y) . (126)
2p hsinh L L L

arises from higher-order terms characterized by the gradient length L.
Importantly, since

L
bp—0 as ——0 and — — 0
h L
it follows from (121) and (126) that
L [
v(y) = ve(y) as . — 0 and T -0, 0y<h. (127)

The theory therefore yields the correct classical limit when gradient length is negli-
gibly small in comparison to the channel gap and the adherence length is negligibly
small in comparison to the gradient length. Although this result is confined to the
problem of plane Poiseuille flow subject to weak adherence conditions, it is not
unexpected and we anticipate that it will carry over to general flows. When the
channel gap h is large compared to the gradient length L, so that L < h, v, =
O(L?/ h?). Hence, gradient effects are important only for channels with sufficiently
small gaps.

Consistent with (100) and (101), the specialized conditions of weak and strong
adherence arise, respectively, on setting/ = 0 and ! = oo in (120). The correspond-
ing expressions for v follow on taking appropriate limits in (122). In particular, since

2L
bl—>7 as!/ — 0,

the specialization of (126) to weak adherence conditions is

h? 212 h h —
v (y) = FhZ )y (1 — X) - (sinh 2 _sinh 2 — sinh
2u | h h h?sinh L L

y ) ]
(128)
Further, since

h
by — coth— as — — oo with 0 < L < o0,
2L L

the identities sinh 2A = (1+4cosh 2A) tanh A and (cosh A+cosh B) sinh(A+B) =
(sinh A 4 sinh B)(1 4 cosh(A + B)) allow us to express the specialization of (126)
to the strong adherence conditions as

Bh? y( y L h y h—y
m=Pr1y 1——)— 1 h— — cosh 2 — cosh .
v (y) o | w) e % + cos I cos 7 cos 7

(129)



542 EL10T FRIED & MORTON E. GURTIN

For 0 < L < o0, b; is a monotonically increasing function of //L and obeys

2L h
— < b; £ coth —. (130)
h 2L

Thus, since

h
sinh%+sinh y§sinhz, 0<y<h, (131)

a straightforward argument shows that
vw(y) Zv(y) 2 vs(y) 0=y =h. (132)

Hence, the solution (121) to the generalized adherence problem is bounded above
by the solution (128) to the weak adherence problem and below by the solution
(129) to the strong adherence problem. Furthermore, it can be shown that

ve(y) 2 vy(y) and vs(y) 20, 0y < h, (133)

and, thus, that the solution (125) to the corresponding problem for the Navier—
Stokes equations provides an upper bound for the weak adherence solution and
that solution (129) to the strong adherence problem is never negative.

For all choices of the characteristic lengths L = 0 and /! 2 0, it can be shown
that v behaves much like the classical solution v, increasing monotonically from
its value of zero at the channel floor y = 0 to a maximum at the channel midplane
y = h/2 and then decreases monotonically to its value of zero at the channel ceiling
y = h.

Plots of v, vy, vy, and v, normalized by 24/ Bh?, as functions of y/ h are pro-
vided in Figure 3. For each of these plots, we take L = h/5. Also, for the plot
of v, we take 4/ = 3 coth(5/2). These plots display the general features of v as
determined by (121) and discussed above.

To gain further insight concerning the influence of gradient effects, we integrate
v over the channel gap and divide by the flow rate foh ve(y)dy = Bh3 /12 for the
classical velocity v, to obtain the dimensionless flow rate

h
1211 12L%b; ( h h
= dy=1-— — —tanh — . 134
¢ ﬂh3/v(y) Y 2 (ZL an 2L) (134)
0

Since b; > 0 and A = tanh A for A = 0, it follows that Q < 1 for all values of
L/h > 0. The flow rates corresponding to the solutions v,, and v, of the problems
for strong and weak adherence are given by

1217 2L h
and
1212 h h

respectively. Thus, in view of (130),
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Fig. 3. Velocity profiles, normalized by h? /2 and plotted versus the dimensionless height
v/ h, arising from solutions of the flow equation (118) subject to weak (right), generalized
(left), and strong (far left) adherence conditions. For each of these plots, L = h/5. Also,
4] = 3L coth(5/2) for generalized adherence. Shown for comparison is a plot of the classical
solution (far right) normalized by ,8h2 /2 and plotted versus the dimensionless height y/ &.

0=0,=0=0y= 1L (137)

Consistent with our discussion of the velocity field, the flow rate for generalized
adherence is always less than or equal to its classical counterpart, while the flow
rates corresponding to strong and weak adherence provide lower and upper bounds
for all flow rates possible under generalized adherence conditions. Importantly,
since Q = 14 O(L?/h?), the impact of gradient effects on the flow rate is sig-
nificant only for channels with sufficiently small gaps. This is consistent with our
discussion of the velocity field v. Plots of Q (with 4/ = 3L coth(h/2L)), Oy, and
Q; as functions of the ratio L/ h of the gradient length L to the channel gap / are
provided in Figure 4.

Under generalized adherence, the net dissipation includes contributions from
both the bulk and the boundary. For v of the assumed form (114), the bulk dissipa-
tion I' per unit volume, as defined by (77), simplfies to ' = u (|v’|2 + L2|v”|2).
Integrating this expression over the channel gap and dividing by the dissipation
7 foh [v.(y) 1> dy = B%h3 /124 per unit channel height for the classical velocity v..,
we obtain a dimensionless measure

h
def 1244
= / (WP + L2 0P) dy,

1+12L2 . blh+bl2ht W
= — — — + —tanh —
h? L L 2L

of the net bulk dissipation. Using the definition (122) of b;, we have
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Fig. 4. Dimensionless flow rates, normalized by Bh3 /12 and plotted versus the dimension-
lessratio L/ h of the gradient length L to the channel gap /, for weak (right), generalized (mid-
dle), and strong (left) adherence conditions. For generalized adherence, 4/ = 3L coth(h/2L).

bih  b*h h bih bk h
2 T anh — = 1= 22 2% () — by tanh —
L L 2L 2L 2L 2
/ h h h h
_ g (g —tanhyp) b (5 —tanh 57)
1+%tanh£ l—l—%tanh%
bi+L /n h
:—i—%(——tanh—)
T"‘Z 2L 2L

and, on recalling the expression (134) for the flow rate Q, we find that

b+ L 2
L 2L

2L | 1 2

2L 4 h 2L

o (138)
+ L

—l-5—501-0)
"I
Simple calculations show that

Qs =T" = Qu, (139)

with the upper and lower bounds being attained for the respective cases of weak
and strong adherence. Next, by (99) and (114), for v of the assumed form (114)
the boundary dissipation y per unit area, as defined by (96), simplifies to y =
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ul (Jv'(0)1> + |v'(h)|?) = 2ul|v'(0)|*. Normalizing as in the case of the bulk dis-
sipation, we obtain a dimensionless measure

24121
EVE

*

[v'(0)[?

= —_—, (140)

of the net boundary dissipation. It can be shown that y* vanishes for both weak
and strong adherence and achieves a maximum when the adherence length takes
the value / = L coth %

The net dimensionless dissipation I'* 4+ y* can be shown to differ from the
classical amount 8243 /12 by terms of O(L?/ h?). Hence, as with the velocity and
the flow rate, the impact of gradient effects on the net dissipation is significant only
for channels with sufficiently small gaps.

10.2. Slip conditions

For a channel of the assumed geometry and a velocity field of the form (114),
the slip conditions (103) become

pv(0) = Alpv'(0) — ¢v”(0)],  v"(0) =0, ]

(141)
pv(h) = =A[uv'(h) — v (b)), v"(h) =0.

Using (141) in (119) and noting from (85) that m/uwL? = /¢, we find that

v(y) = phs + v (y), (142)
2p
which differs from the expression (128) obtained for weak adherence conditions by
the classical value BAh /2 of the effective slip-length for the analogous problem
for a Navier—Stokes fluid.
In view of (142), the dimensionless flow rate for slip conditions is simply

h
121 (8
Q=W/U(Y)dy=Qw+7,
0

(143)

which exceeds the flow rate (135) obtained for weak adherence by the amount
61/ h. As in classical theory, an allowance for slip is therefore accompanied by an
increased flow rate.

Finally, the net dimensionless dissipation for slip coincides with the dimension-
less flow rate (143). This is consistent with what occurs for weak adherence and
observations analogous to those made in connection with that problem apply here
as well.
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10.3. Role of the pressure

An interesting nuance of the generalized adherence and slip problems is that a
detailed characterization of the pressure P and hyperpressure & is not necessary
to determine solutions to these problems consistent with the constraint divv = 0.
Rather, it suffices only to determine the effective pressure p = P — divr. By
(116), the hyperpressure r must satisfy the partial differential equation divx (x) =
P(x) 4+ Bx. In the generalized adherence problem, the condition involving mg
requires in addition to (120)3 4 that = -n = 0 on the channel walls. Hence, for the
generalized adherence problem, = and P must satisfy divr(x) = P(x) + Bx in
the interior of the channel along with m -n = 0 on the channel walls. There exists
an infinity of choices of & and P satisfying this boundary-value problem. For the
slip problem, the boundary conditions involve neither P nor . Hence, these fields
may be chosen as arbitrary solutions of divr (x) = P(x) + Bx.

10.4. Brief summary of results

For the generalized adherence conditions (12), the theory predicts a flow rate
lower than that obtained classically. When slip is allowed, the flow rate exceeds
that obtained under weak adherence but also lies below that obtained for the Na-
vier—Stokes equations subject to the Navier slip condition. These lower flow rates
trace directly to the additional sources of dissipation associated with the hyperstress
and the boundary conditions. Importantly, the reduced flow rates predicted by the
theory are important only for channels with sufficiently small gaps. Specifically,
for a channel with gap £, the flow rate decreases by terms of O(L?/h?) where L is
the gradient length.

11. Applicability of the theory to liquid flow at small-length scales

An understanding of the flow of liquids at small-length scales is of central
importance in a wide variety of disciplines, including biology [2, 25, 39], chemis-
try [8, 10, 16], and the rapidly expanding fields of micro- and nanotechnology [9,
37, 38, 44]. Recent experiments indicate that the Navier—Stokes equations and their
classical boundary conditions accurately describe the flow of incompressible, New-
tonian liquids through smooth channels with cross-sectional dimensions as small
as 50 um [14, 35], a conclusion supported by atomistic simulations. What is more
important, such simulations indicate that the classical theory breaks down below 10
molecular diameters [3, 18, 19, 22, 26, 42, 43], and therefore it could be asked: can
a continuum theory such as ours be applicable at such small-length scales? In fact,
materials science is replete with examples where extensions of classical continuum
theories have been exploited to capture effects at nanometer length scales. As a
striking illustration of this, RASTELLI, VON KANEL, SPENCER & TERSOFF [34] use
a continuum theory to characterize the formation of faceted islands of nanometer
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size during molecular beam epitaxy'®; their results show that theory agrees well
with experiments for quantum dots of 2 nm high and 80 nm wide (cf. [34] Figure
2b). A similar approach is used by SIEGEL, MIKSIS & VOORHEES [36] to study the
formation of wrinkles on the surface bounding a void of radius 10 nm.

Aside from possibly describing flows in nanometer scale devices and to prob-
lems of nanolubrication, our theory might also apply to flows in micron scale devices
with rough walls. For such applications, the gradient length L would be small com-
pared to the characteristic linear dimension of the region of flow. However, to
model wall roughness, the adherence length / would exceed L. With such a choice
of scales, differences between our theory and classical theory should be confined
to regions close to fixed boundaries. In particular, reduced flow rates of the sort
predicted in our analysis of plane Poiseuille flow are consistent with experiments
performed in microchannels with rough walls [15, 17, 20, 21, 28-30, 33].

12. Kinetic energy dependent on the velocity gradient

The theory discussed thus far is based on a generalization of the classical virtual-
power principle to include higher-order velocity gradients and associated higher-
order stresses and tractions. In accordance with this, it would seem reasonable to
modify the kinetic energy to account for dependence on the velocity gradient. We
consider that modification here.

12.1. Gradient kinetic energy. Inertial power balance
We now consider
701V + 3B |grad v|?

as the a kinetic energy, per unit volume, so that the kinetic energy of any region
R(t) that convects with the fluid is given by

K(R(1)) = /% (pIv? + B lgradv|?) dv. (144)
R@)

To simplify the analysis, we assume that 8 = (constant) p throughout, so that, given
any field ¢ and any region R(¢) that convects with the fluid,

d dv = pd
a/ﬂfﬂ v—/ﬂfﬂ v,

R(t) R(t)

and the kinetic-energy rate takes the form

18 Rastelli, von Kiinel, Spencer & Tersoff allow the surface energy of the film to depend on
surface curvature (HERRING [13]; DICARLO, GURTIN & Popio-GUIDUGLI [7]); in all other
respects their theory is conventional.
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%K(R(t)) - / (pv-v ! gra{dv:gradv) dv. (145)
R(t)

Our goal is to determine inertial components of the body force b and the traction
ts appropriate to the kinetic-energy rate (145). Bearing in mind that the argument
leading to the virtual balance (40) is independent of what specific form the inertia
might take, we assume that

(i) ts, ms, and b continue to satisfy the virtual balance (40), so that (42) and (43)
are satisfied.

(i) There are inertial and noninertial tractions tén and th‘i as well as inertial and
noninertial body forces b™ and b™ such that

b=+b", ts =t 4 ¢l (146)

(iii) The kinetic-energy rate (145) is balanced by the negative of the power expended
by b™ and tg' in the sense of the inertial power balance 19,

/(p\'hV +5 graldvigradv) dv = —/~vdv — /t;“~vda, (147)
R R S

where in writing (147) we have, without loss in generality, replaced R by an arbi-
trary control volume R and 9R by dR = S.

12.2. Inertial virtual-power balance. Inertial body force and surface traction

With a view toward making use of experience gained in the virtual-power anal-
ysis of Sections 3—4, we define (vectorial and tensorial) momentum-rate forces p
and M through

p=pv and M= fgradv, (148)

in which case we may rewrite (147) in the form

/(p-v+M:gradv) dv = —/bi“~vdv —/t};l-vda. (149)
R R S

Guided by our discussion of virtual power in Section 4 (in particular, in the para-
graph containing (29)) and comparing (149) to the virtual power relation defined by
(29) and (30), we assume that at some arbitrarily chosen but fixed time, the region
occupied by the body is known, as are the inertial traction t;“, the inertial body
force b™™, and the momentum-rate forces p and M, and consider the velocity field

19°Cf. Pobro-GuipuaL [31], who bases his discussion of classical kinetic energy on a
balance between the rate of kinetic energy and the power expended by an inertial body force.
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v as a virtual field v that may be specified independently of the actual evolution of
the body®":

/(p-€7+MIgrad\7) dv = —/bi“-vdv —/t;“-Vda. (150)
R R S

Writing n for the outward unit normal to S = 9 R, if we integrate the term in
(150) involving M: grad v by parts we find that

/(bin+p_divM).{,dv+/(tin3R+Mn).\7da=O; (151)
R S

since this relation is to hold for all virtual fields v, we arrive at explicit expressions
for b and tg:

b" = —p + divM,
(152)

tjg“ = —Mn.

Next, using (146), (148), and (152), we may express the net body force b and the
net surface traction ts in the forms

b = —pv + Bdiv (gram) + b,

. . (153)

ts = —p (gradv) n+tJ'.
Since, by (i), b and ts are given by (42) and (43), the rglations (153) may be viewed
as expressions for the the noninertial fields b™ and tg'.

12.3. The flow equation and free-energy imbalance for an incompressible,
linearly viscous fluid

We now return to the topic of incompressible fluids. For an imcompressible
body, it follows from the constraint divv = 0 that the tensorial momentum-rate
force M is determined only up to an additive spherical factor. In analogy to the
decomposition (68) of the Cauchy stress, we may therefore replace (148); by

M = —«1 + fgradv, (154)

where « is an indeterminate kinetic pressure. Consider the argument leading to the
representations (153) for b and t};“. When v satisfies divv = 0, it is not necessary
to require that the v entering the balance (150) be divergence free. Indeed, since
the kinetic pressure « is indeterminate, we may, without loss in generality, consider

20 This paradigm represents an intrinsic method of decomposing the rate of the kinetic
energy into the negative of a power expenditure by a body force field b™ and a traction

field tg‘, with each of these fields uniquely determined. As a bonus, this treatment of inertia
guarantees a variational framework for the resulting partial differential equation.
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k as a Lagrange multiplier and require that the balance (150) holds for all virtual
fields v on R. It then follows that

b = —gradk — pv + Bdiv (grz{dv) + b™,

— . (155)
ts = (/cl - ,Bgradv) n+tg'.

With a view toward writing (155) in terms of the acceleration v, we note that

. 31)- .
(gradv) =/ + Vi, jk Uk,

ij dt
= (%) + (Vi kVE),j — VikVk,j,
o )
= (Vi),j — VikVk.j (156)
and hence that
[div (graTv)]i = Abj — i AV — Vi Uk (157)

Thus, on defining
[(grad2v) gradv]' &f Vi kjVk,js
l
we may write the identities (156) and (157) in direct notation as follows:

gra{dv = gradv — (gradv)gradv,
div (gra.dv) = Av — (gradv)Av — (gradzv) gradv. (158)

Thus, by (155),

b = —gradk — (p — BA)V — B[(gradv)Av + (gradzv) gradv] + b™,
ts = [k1 — B(gradv + (gradv)gradv)In + tgi.
(159)

We continue to work within the constitutive framework set out in Section 7.
With this provision and (159)1, the local force balance (42) specializes to yield the
flow equation

pv — B[AV — (gradv)Av — (gradZV)gradv]
= —grad p + uAV — AAV + b, (160)
with effective pressure now given by

p=P+«k—divr. (161)
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Assume now that b™ = 0. Then, arguing as in the steps leading up to (90) we
find, using (147), that

d
d—t/%(,olvl2 + Blgradv|?) dv
R

i 0
+/%(P|V|2+ﬂ|gradv|2)v.nda_/(tgl.v_'_ms_a_z) da

S S
_ / (21D + n1|gradv]?
R
+12(2lgrad D|* — 2|grad W|* — |Av[?)) dv £ 0. (162)

12.4. Boundary conditions for a passive environment

‘We now generalize the boundary conditions derived in Section 8.2 to account for
the gradient kinetic energy. In this more general theory the inequality (94) remains
valid, but the discussion of a passive environment is delicate, as we must account
for the inertial power expended by the environment. With this in mind, we assume
that Weny (S), the environmental power expended on the pillbox S of Figure 1,
admits a decomposition

Weny (S) = Wi (S) + Wi (S) (163)

into inertial and noninertial power expenditures Wt (S) and W2 (S). Granted

this, we refer to the boundary as passive if for any motion of the fluid and any
evolving subsurface S(t) of 9 B(¢):

(i) the noninertial power expended by the environment at the boundary vanishes,
Wen (8) = 0;

(ii) the inertial power expended by the environment at the boundary is balanced by
the inertial power expended in the body at the boundary,

Win (S) = / t".vda,
S
cf. (94). Then, for a passive environment, (94), (146), and (163) imply that

; 0
/((tg'—ZaKn)-v—i-ms-a—v)dagO, (164)
n
S
and since the choice of § is arbitrary, (164) is equivalent to the boundary dissipation
inequality
ni ov
—(t‘S —20Kn)~v—ms~£ >0, (165)
where, by (43); and (155),
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% = Tn — (divG)n — divs(Gn) — 2K (Gn)n — (Kl _B gra{dv) n. (166

As in Section 8.2 the dissipation inequality (165) may be used to motivate
boundary conditions. The only difference between this dissipation inequality and
the inequality (96) of Section 8.2 is that the relevant traction here is t rather
than ts. Consequently, each of the boundary conditions specified in Section 8.2
has a direct counterpart for the theory discussed here: we simply replace ts by tf;i.
Thus, because they do not involve the surface traction ts, the generalized adherence
conditions (99) as well as its weak and strong counterparts (100) and (101) are
unchanged.

On the other hand, the boundary conditions for a free surface are ms = 0 (as
in Section 8.2) and tg‘i = 20 Kn, or equivalently, by (44) and (166), G;jxnjn; =0
and

Tijnj —2Gijrxnj+Gijknjngn+Gijix K jr+B (vi j)nj =20 Kn;. (167)

Thus, interestingly, in this more general theory the boundary condition at a free
surface involves the inertial term

B ( gra{dv) n.
Similarly, the boundary conditions for a surface that is fixed but allows for slip are
mg = 0 and PtJ' = —(u/A)v, the second of which, by (166), includes a term of
the form

BP ( graidv) n.

12.5. Plane Poiseuille flow revisited

Granted that the fluid velocity is of the form (114) assumed for the problem of
plane Poiseuille flow, kinematics alone yields the conclusion that

gradv = 0. (168)

Thus, when gradient kinetic energy is accounted for and inertial body forces are
neglected, it follows from (158) that the flow equation (160) reduces to the form (82)
of the theory without gradient kinetic energy. In addition, as noted in the paragraph
following (166), the generalized adherence condition (99) is unaltered. As a fur-
ther consequence of (168), it follows from (166) that the conditions at a surface
that allows for slip reduce to the form (103) in the theory without gradient kinetic
energy. The problem of plane Poiseuille flow for the theory with gradient kinetic
energy therefore reduces to the problem considered in Section 10 and the resulting
solutions for generalized adherence and slip conditions are therefore unchanged.
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