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Thermocapillary and Natural Convection in Double Layer
Systems of Herschel-Bulkley and Newtonian Fluids, Exact
Solutions

O.M. Lavrenteva, Yu. Holenberg and A. Nir!

Abstract: A variety of exact analytical solutions describing natural and thermo-
capillary convection in a horizontal double layer system consisting of Newtonian
and Herschel-Bulkley fluids subjected to longitudinal temperature and concentra-
tion gradients is constructed. The lower boundary of the system is a solid wall with
no-slip, while the upper ones if either a solid wall or a free surface. It was demon-
strated that, depending on the governing parameters of the system, viscoplastic
layer is entirely yielded or unyielded, or it can be yielded partially, exhibiting up
to 5 flowing and quasi-solid layers. The dependence of the flow patterns (appear-
ance and position of unyielded regions), velocity and temperature profiles, on the
governing parameters have been studied.
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1 Introduction

Viscoplastic media exhibit a solid-like behavior being exposed to low levels of
stress and flow if the stress level exceeds a critical value, commonly known as
the yield stress. Such materials appear in various natural phenomena as well as
in a variety of technological applications. Known yield-stress fluids include mud,
cements, lava, glues and paints, various food stuffs, fermentation broths, foams,
suspensions, emulsions, gels, rocket fuels and other polymer mixtures. Many bio-
logical tissues exhibit viscoplastic behavior as well.

The analysis of the mechanics of yield stress materials has been of continuous in-
terest since the pioneering work of Bingham (1922), and several invariant models
for the rheology were formulated throughout the years (see e.g. Oldroyd (1947a,b)
and Prager (1954)). A popular generalization of the Bingham constitutive descrip-
tion is known as the Herschel-Bulkley model (see, e.g. Burgos, Alexandrou and
Entov, 1999).
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Many natural and industrial processes involve combined motion of yield stress and
Newtonian media, such as flow of the water over mud bottom, co-extrusion in
bi and multi layer polymer film production or gravity-induced sedimentation or
rise of drops and bubbles in a viscoplastic material. Frigaard (2001) and Moyers-
Gonzalez, Frigaard, and Nouar (2004) have demonstrated that using of viscoplastic
lubricant can stabilize multi layer sheared flows. These theoretical findings were
recently approved experimentally by Huen, Frigaard and Martinez (2007).

A number of results are available that concern the behavior of bubbles in a yield
stress medium. One of the early studies of fluid particle dynamics in yield stress
materials was reported by Bhavaraju, Mashelkar and Blanch (1978), who employed
perturbation in the Bingham parameter to study the motion of a non-deformable
bubble in an unbounded medium. Stein and Buggish (2000) applied perturba-
tion techniques to demonstrate that bubbles trapped in visco-plastic medium can be
made to rise by applying an external oscillatory pressure and reported experimen-
tal results confirming these predictions. Vasil’chenko and Potapov (1996) studied
the rise of large bubbles in a column filled with a viscoplastic fluid (with bubble
length scale being comparable or larger than the column radius) and observed that
the bubble rise velocity became constant beyond a certain size. A recent work by
Dubash and Frigaard (2004) addresses the buoyancy-induced motion of deformable
bubbles and uses variational principles (Prager, 1954) to establish bubbles stopping
conditions. Experiments involving the rise of air bubbles in a column of viscoplas-
tic fluid (Carbopol solution) are reported by Dubash and Frigaard (2007).

The motion of viscous inclusions in yield stress environment attracted less atten-
tion so far. Numerical simulations of deformation and rupture of a viscous drop in
an entirely yielded Bingham liquid was reported by Li and Renardy (2000). Simu-
lations of axisymmetric gravity-induced settling of single and multiple interacting
deformable viscous drops in a Bingham fluid were performed by Potapov, Spivak,
Lavrenteva and Nir (2006). The focus of this study was on the influence of the
drops deformations on the shape and extent of the yield regions and on the veloc-
ities of the drops. Recently Singh and Denn (2008) reported a numerical study of
the buoyancy-driven motion of bubbles and droplets in a Bingham fluid in two-
dimensional geometry that enables to explore non-axisymmetric configurations.

Numerous industrial processes and physical applications involving yield stress ma-
terials are accompanied by intensive heat and mass transfer and, thus, the study of
convective motion of such media is important. Cherkasov (1979) and Lyubimova
and Lyubimov (1980) investigated free and induced convection of Bingham plastic
in vertical layers. Nouar (2008) studied the combined forced and free convection
heat transfer of a yield stress fluid in a horizontal duct heated uniformly with a con-
stant heat flux density. A recent paper by Metivier and Nouar (2008) is devoted to
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the onset of the Rayleigh-Benard thermal convection cells for a horizontal layer of
viscoplastic fluid heated from below and for which an axial laminar flow is added.

Most of the studies of the motion of viscoplastic fluids are focused on macro scale
flows, where capillary effects on the viscoplastic-fluid interfaces are minor and,
thus, these effects in application to yield stress media are almost unstudied so far.
However, at smaller scales, capillary and thermocapillary effects are expected to be
important, especially for processes accompanied by intensive heat or mass transfer.

We report on a variety of exact analytical solutions describing natural and thermo-
capillary convection in a horizontal double layer system consisting of Newtonian
and Herschel-Bulkley fluids subjected to a longitudinal temperature and concen-
tration gradients. The dependence of the flow patterns (appearance and position of
unyielded regions), velocity, temperature and concentration profiles on the govern-
ing parameters have been studied. The constructed solutions generalize the well-
known Birikh (1966) solution, where the velocity is directed horizontally and de-
pends on a vertical coordinate, y, while the temperature and concentration fields
are sums of linear functions of a horizontal coordinate, x, and non-linear func-
tions of y. Birikh solutions were generalized to a two-layer flow by Napolitano
(1980) and to 3D case by Pukhnachov (2000). Note that most studies of this type
of flow assume non-deformable interfaces, neglecting normal stress balance. Re-
cently, Goncharova and Kabov (2009) constructed Birikh type solutions satisfying
all exact conditions at the interfaces between liquid and co-current gas flow and
demonstrated that the gas flow can be used to control convection in liquid. In this
work we follow the approach of Goncharova and Kabov (2009).

Physical and mathematical formulations for the problem under consideration are
presented in section 2. Basic equations, boundary conditions, scaling, governing
parameters and special type of solutions are introduced. In section 3, various pos-
sible regimes of the flow in viscoplastic layer are described and their dependence
on governing parameters is studied. In sections 4 and 5, results of computations of
velocity, temperature and concentration profiles for various sets of governing pa-
rameters are presented and discussed for the cases of free and solid upper boundary
of the system. Conclusions and discussion of possible further generalizations of
the results are given in section 6.

2 Problem formulation

Consider a horizontal two-layer system of an infinite extent in the longitudinal di-
rection x lying on a rigid plane y = —dpp, see Fig. 1.

From above the system is bounded at y = dy either by a solid wall, or by a free
boundary. The upper and lower layer consist of Newtonian and Herschel-Bulkley
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Figure 1: System schematics.

fluid, respectively. The temperature, T, and the concentration of a soluble sub-
stance, C, in the vicinity of the bottom are linear in x,

T =To+arx, C=Co+acx, y=—dusg. (1)

The surface tensions at the interface, oyp, and at the free boundary, oy, are as-
sumed to be linear with temperature and concentration

On = O+ Omc(C—Co)+0Omr (T —Ty), m=N,HB. ()

The flow is due to density gradient and thermo-capillary (Marangoni) effect at the
free boundary and the interface of the two fluids.

Adopting the Boussinesq approximation, the governing momentum and continuity
equations are of the form:

an 8U, B 8p (RC T 8T,~k
P (1 U5t ) == 57+ pus (BS (€~ o)+ B (7 =) + 5%, N
Yi_y xeQ, m=N.HB.
8x,~

Here U denotes fluid velocity, g is the gravitation acceleration, pg, = pm (70,Co)
is fluid density at temperature 7¢ and concentration Cy,

c__1 9Pn
m_pO,m aC

r_ 1 9pm

C=Co,T=Tp Pom OT |c—cy =1

i
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m = N for the Newtonian fluid and m=HB for the Herschel-Bulkley fluid, p is
the dynamic pressure and 7 is the excess stress tensor. For the Newtonian fluid
T = uyD, while for the Herschel-Bulkley viscoplastic medium

1)
T= <K\1)y n- ‘D‘> D |t]> 1y, @
D=0 7] < 1y,

Here D is the rate of strain tensor, D;; = (dU;/dx; +dU;/dx;) and |A| = , /ZA%]./Z
denotes a second invariant of a tensor A. THe rheological parameters of a Herschel-
Bulkley fluid are the yield stress, Ty, the consistency factor,K, and the power law
index, n. The viscosity of Newtonian fluid is denoted by Ly .

Mass and heat transfer is governed by

aC 8C 8 8C T&T
oT 8T d oT
Po,mCp e +U8x- = Kmx , X€Q,, m=N,HB.

Here D, D' and «k denote diffusivity, thermo-diffusivity coefficient and thermal
conductivity, respectively. At the bottom no slip boundary conditions

U=0, (6)

are satisfied, while the temperature and concentration are of the form (1).

At the inter interface separating the two layers I'yp, the velocity is continuous
U]=0, x€Tlus, (7

and the dynamic conditions are satisfied,

.n oT . oC
[Tik| fifik — OmB,T gh’ — GHB,CTxti =0,
1

®)

— [p] + (i) Aifix = HupOpp, X € Typ.

Here and below [ ] denotes jump at the interface, while fi and t are normal and
tangential unit vectors, respectively, H is the mean curvature of the surface.

Temperature, heat and mass fluxes are continuous at the interface, while the con-
centrations in the two layers are in local thermodynamic equilibrium,

[T] = 0, CN = O‘eqCHB, |:K§T

J oT
D—C+DT A =0, xeTlyg,
ox; ox;

] i =0,
©)
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where o, is the equilibrium constant.

The upper boundary of the double layer is either a free surface or a solid wall. In
the first case, the boundary conditions are

Tydifiy + O an—FG acf 0
s g7 ot _
ikt iltk N7Taxi i N,Caxi i ) (10)
— p+ Tyhifi = Hyoy — po,

oT oC oT
kv—~n; =0r, |(Dy=—+DL=— )A;=0Qc, xecly. 11
N&x,-n Or ( N8x,-+ N&x,-)” Oc N (11)

In the case of a solid upper boundary, conditions (10) are replaced by the no-slip
conditions

U=0, xely. (12)

For the temperature and concentration, we either consider the condition (11), or
replace one or both of these by the first order conditions

T=Ti+arx, C=Ci+acx, x€ely. (13)

We are looking for stationary solutions of the problems (1)-(11) and (1)-(9), (12),
(13) in the form

U=(V(y),0,0), T=To+arx+0O(y), C=Co+acx+P(y),

(14)
Txx:Tyy:sz:Tyz:Tzz:()v Txy:T()’)7 p:f(y)x+P(y),

with boundaries I'yp and I'y being the planes y= 0 and y = dy, respectively.

Introduce dimensionless variables scaling the length with Herschel-Bulkley fluid
layer depth dyp, stress, pressure and P, (y) function with the characteristic stress
induced by the density variations in viscoplastic medium,

T =| (arBiip+acBiip) gPo,HBd1213| .

The function f(y) is scaled with ©*/dyp, velocity with V* = dyp (T* /K)l/ " and
temperature with 7% = |ardyg|. The concentration is scaled by its characteris-
tic change at the length scale, C*, which equals |acdyp| if ac # 0 and |C} — G|
or |Qcdpp| in the opposite case. For simplicity of presentation, the notations for
scaled variables are the same as for the original dimensional ones. Thus, the lower
viscoplastic and upper Newtonian fluids occupy the domains (1,0) and (0,d), re-
spectively, with d = dy/dyp.
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It follows from the momentum equations that

f(y) = 6my*Bmv (15)
and, hence,
Sny?
T(y)zT—Bmy—i—Mm, yeQ,, m=N,HB, (16)
where
T C
Sup=1, 8y=6= “Putachy (17)

B aTﬁlgB + aCﬁSB ’

while B,, and M,, (m = N,HB) are constants of integration to be determined from
the boundary conditions. The choice dyp = 1 corresponds to the choice of the x
axis direction such that the density of the Herschel-Bulkley fluid increases with x.
Scaled stress and velocity field are related by

n—1
_ |av dv o AV
T= ‘ O ) a4y, T Bnsign (dy> , |t| > Bn,

(18)
‘fl—‘y/ =0, |t| < Bn,
for the viscoplastic medium, and by
av
T = -, 19
H dy (19)
for the Newtonian fluid. Here
Bu= = AV (20)
T* dHB’C*
Solving (18) and (19) with respect to dV/dy leads to
av . n
&y = Sign(s0)) [max(|e(y)| ~Bn,0)]'"", v € (~1,0),
(21)
av 1
— =—1(y), ye€(0,d).
o=t e

Substituting the presentation (14) into the transport equations (5) results in the fol-
lowing equations for the functions @(y)and®(y)

—— =PV, = =PV (22)
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where

Vd V*acdj, dusD},
pell = PomCpm? CHE - pc ¥ 4clhp  ACCHEDm p1 (23)
K D,  CD,

Note that while Pe! is always positive,Pe$ can be negative as well.

Function P(y) that determines the pressure distribution satisfies

dP(y)

= 8Pon [Bn® () + £ 0] 24)
Boundary conditions at the bottom, y = — 1, are
VHB(—l) = 0; @HB(—l) = 0; CI)HB(—I) =0. (25)

At the interface, y = 0,

THB(O) — TN(O) =Mayp = (GSBQT + GgBac) /T*, VHB(O) = VN(O),
Opp(0) = On(0), Pup(0) = tey®Pn(0), Opp(0) = kO(0), Pv(0) = Pyp(0),

B 0)+ L 01,,(0) = P} (0) + PN 04,0, f3(0) = fus ).

(26)
At the upper free boundary y = d,
ty(d) = May = (o§ar + ogac) /T%;  P(d) =Py = pam/T", f(d)=0,
O () =ar =2 o)+ DL ) (@) = ge = L2 (27)
In the case of an upper solid wall, at y = d, the velocity vanishes,
Vi (d) = 0. (28)

For the heat and mass transport at the upper solid wall, we specify either heat and
mass fluxes, resulting in boundary conditions analogous to (27), or temperature and
concentration distribution analogous to that at the bottom.

Ov(d) =0 =T/T", ®y(d)=¢=C,/C". (29)

The velocity field is governed by 7 parameters, Mayg, May, 0d, Bn, (i, and n for
the case of free boundary, and by the same parameters except for May for flow
between two parallel solid walls.



Thermocapillary and Natural Convection 49

The first and the last of the conditions (26) yield that Myp = M = My + Magp and
By = Byp = B, respectively. The stress distribution is, thus,
2 5)72

tn () =% ~By+ M, x(y) = -~ By+M —Mas. (30)

The problem is reduced to finding two constants, B and M, and the functions V,,(y),
D,,(y), O (y) and P, (y), satisfying equations (21), (22) and (24) with 7,,(y) given
by (30) and boundary conditions (25)—(27) or (25), (26), (28) and (29).

3 Regimes of the flow in the viscoplastic layer.

The viscoplastic fluid is yielded if |typ| > Bn,y € (—1,0), with Typ given by
(30). Hence, the regime of the flow is determined by a relation between 3 pa-
rameters: B, M and Bn. The Herschel-Bulkley medium flows or remains qui-
escent near the bottom if |Typ(—1)| = |M+B+1/2| > Bn, or [IM+B+1/2| <
Bn respectively. Similarly, the viscoplastic fluid is yielded or unyielded near the
interface if |ty (0)| = |M| > Bn, or [M| < Bn, respectively. Since Typ is a square
polynomial in y, it has a single minimum at y = B. If this minimum is located
inside the domain occupied by the Herschel-Bulkley medium, —-1< B < 0, and
|Thp (B)| = |B*/2— M| > Bn, a domain of yielded fluid is present inside the vis-
coplastic layer, which may be unyielded near the bottom and the interface. Sim-
ilarly, if —1< B <0, and |B*/2— M| < Bn, a domain of unyielded fluid is present
inside the Herschel-Bulkley layer, which may be yielded near the bottom and the
interface. It is easy to see that 9 different regimes of the flow with up to 5 alternating
yielded and unyielded layers are possible:

1. Entirely yielded, la: M < min(—Bn,—B —1/2—Bn) or M > Bn, B >0 or
M>-B—1/2+Bn,B< —1,0rB>/2>M+Bn,B € [-1,0].

2. Entirely unyielded, 1b: M < min(Bn,—B—1/2+Bn) or —-B—1/2—Bn <
M <Bnor —Bn <M< —B—1/2+Bn or B?/2—Bn < M < min(—B —
1/2+ Bn,Bn). This regime is possible solely if Bn > 1/16, i.e. if the stresses
induced by density variation are not strong enough to yield the fluid.

3. Two layers, lower one is yielded, 2a: |ty (0)| = M| < Bnand M < —B —
1/2—Bn, or max(B?/2—Bn,—B—1/2+4Bn) < M < Bn, B <0, or max(—Bn,
1/24Bn) <M < Bn, B> 0.

4. Two layers, lower one is unyielded, 2b: |typ(—1)| = |M+B+1/2| < Bn
and {M < —Bn or (M > max(B>/2—Bn,Bn), B> —1)or B < —1}.
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Figure 2: Maps of flow regimes in (B, M) parametric plane at various Bingham
numbers. (a) Bn = 1/36, (b) Bn = 1/16; (c) Bn = 1/8; (d) Bn = 1/2. Na and Nb
correspond to a N-layer regime with yielded and unyielded lowest layer, respec-
tively. Boundaries between domains of different regimes are marked by solid lines.
Dashed and dashed-dotted lines are the curves Qyg(B,M,n,Bn) = 0 for n=1 and n=
1/4, respectively.

5. Three layers, lower one is yielded, 3a: Bn—B—1/2 <M < —Bnor (-1 <
B < 0 and max(B*/2 — Bn,Bn,Bn—B —1/2) <M < B?>/2+Bn.) or Bn <
M < —-Bn—B—1/2.

6. Three layers, lower one is unyielded, 3b: —B < M < min(B?/2—Bn,Bn,Bn—
B—1/2)and —1 <B<0.
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7. Four layers, lower one is yielded, 4a: —1 < B<0and max(Bn—B—1/2,—Bn) <
M < min(B?/2 — Bn,Bn).

8. Four layers, lower one is unyielded, 4b: Bn < M < min(B?/2 —Bn,Bn—B —
1/2), -1 <B<0.

9. Five layers, lower one is yielded, 5a: max(Bn,—B—1/2+Bn) <M < B>/2—
Bn, —1+2+/Bn < B < —2+/Bn.

Maps of possible flow regimes at (B, M) plane for various constant Bn are presented
in Fig. 2. Fig. 2a corresponds to the cases of small Bingham number, Bn = 1/36, at
which stresses induced by density variation are strong enough and the viscoplastic
layer cannot be entirely unyielded. The interplay between stresses induced by sur-
face tension and density variation results in various regimes with up to 5 yielded
and unyielded regions. The configuration presented in Fig. 2a is typical for any Bn
< 1/16. In Fig. 2b, Bn = 1/16. Here 5-layer regime is not possible, as well as for
higher values of the Bingham number, and the domains corresponding to 4-layer
flow shrink. Figure 2¢ corresponds to the case Bn = 1/8. A region corresponding to
entirely unyielded Herschel-Bulkley fluid (1b, marked grey) is evident. This con-
figuration is typical for 1/16 < Bn < 1/4. In Fig 2(d) Bn = 1/2. One can observe
that the regions of 4 and 5 layer regimes disappear, and that corresponding to an
entirely unyielded plastic is extended. The configuration is typical for high val-
ues of the Bingham number, Bn > 1/4, i.e. for cases when Marangoni convection
dominates over the natural convection, e.g. under microgravity conditions.

As soon as the stress distribution is known, the velocity field in the Herschel-
Bulkley layer can be obtained by integrating equations (21) with no-slip condition
at the bottom, y = — 1, which results in the expressions

Virs(y) = [ sign [zs ()] {max s ()] — B 0]} /. ye (<1.0). (3D
-1

Several typical graphs of velocity in viscoplastic layer versus y are presented in Fig
3 for n=1 (Bingham fluid). In Figs. 3 (a)-(d) Bn = 0.02 < 1/16. For such small val-
ues of Bingham number, various multilayer regimes of the flow are possible. Each
of these figures illustrates the change of the regime with the relative magnitude of
Marangoni traction, M, for fixed value of the parameter B.

In Figure 3 (a) B= -0.4, M= 0.28, 0.044 and 0.06 for dashed, solid and dashed-
dotted curves, respectively. One can see that with the growth of the Marangoni
traction in the positive direction the four-layer pattern (dashed line) changes to a
5-layer (solid line) and then to a 3-layer (dashed-dotted) one.
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Figure 3: Velocity profiles in viscoplastic fluid for various values of parameters.
(a) Bn=0.02, B= —0.4, M = 0.28, 0.044 and 0.06 for dashed, solid and dashed-
dotted curves, respectively; (b) Bn = 0.02, B =-0.28, M = - 0.032, — 0.01 and
0.002, for dashed, solid and dashed-dotted curves, respectively; (c¢) Bn = 0.02, B=
—0.78, M= 0.258, 0.272, 0.3 and 0.324 for dashed, solid, dashed-dotted and dotted
curves, respectively; (d) Bn = 0.02, B= - 0.52, M = 0.032, 0.056, 0.09 and 0.124
for dashed, solid, dashed-dotted and dotted curves, respectively, (¢) Bn = 0.068, B=
—-0.74, M= 0.16, 0.188, 0.22 and 0.338 for dashed, solid, dashed-dotted and dotted
curves, respectively; (f) Bn = 0.068, B =—0.32, M = — 0.086, — 0.066, — 0.04 and
—0.012 for dashed, solid, dashed-dotted and dotted curves, respectively.
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In Figure 3 (b) the magnitude of the parameter B is smaller, B = — 0.28, M = —
0.032, —-0.01 and 0.002, for dashed, solid and dashed-dotted curves, respectively.
In this case, the 3-layer pattern (dashed line) changes to a 4-layer (solid line) and
then to a 2-layer (dashed-dotted) ones.

In Figure 3 (¢c) B =—-0.78. At M = 0.258 (dashed line) the Marangoni traction
is relatively weak, and the negative direction of the flow is determined by natural
convection. Three-layer regime is evident. At M = 0.272 (solid curve) the traction
in positive direction is higher. The fluid near the bottom is unyielded, then flows in
the negative direction, then follow a second quasi-solid region, and a yielded layer
with changing flow direction. At M = 0.3 (dashed-dotted line) the region of the
flow with negative velocity disappears and a 2-layer regime with unyielded lower
region is observed. At M = 0.324 (dotted curve), the fluid near the bottom is again
yielded, but the velocity is positive.

In Figure 3 (d) B = - 0.52. At M = 0.032 (dashed line) quasi-solid regions are
presented near the bottom and near the interface while in the middle the fluid is
yielded and flows in the negative direction. At M = 0.056 (solid curve) a second
yielded region appears near the interface. At M = 0.09 (dashed-dotted line) a 5
layer pattern takes place and at M = 0.124 (dotted curve) a yielded region in the
middle disappears and a 3b regime is observed.

In Figs. 3 (e) and 3 (f) the Bingham number is higher Bn = 0.068 > 1/16 and a 5
layer regime is not possible. In Figure 3 (e) B = — 0.74. The flow pattern changes
from a 3-layer flow in the negative direction at M = 0.16 (dashed line) to a 4 layers
at M = 0.188 (solid curve), then to two layers with unyielded fluid near the bottom
at M = 0.22 (dashed-dotted line) and, finally, to a 3 layer regime with flow in the
positive direction at M = 0.338 (dotted curve).

In Figure 3 (f) B = — 0.32. The flow pattern changes from a 2-layer flow with
unyielded fluid near the bottom at M = — 0.086 (dashed line) to a 3-layer regime
M = - 0.066 (solid curve), then to a 4-layer pattern at M = — 0.04 (dashed-dotted
line) and to 2 layers with an unyielded one near the interface at M = —0.012 (dotted
curve).

4 Free boundary flow

Assume a free upper boundary. It follows immediately from (27), that

5 5
B=238d, M =May+Mayg+Byd— Edz = May +Mayp + Edz (32)

and, thus, the stress distribution is given explicitly by (30). Note that regimes with
more than 3 layers are possible only if B < 0 and, hence, 6 < 0, i.e. when the
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combined effect of temperature and concentration variation on the density of the
upper layer is negative (the density of the Newtonian fluid decreases with x).

As soon as the stress distribution is known, the velocity field can be obtained by
integrating equations (21) with a no-slip condition at the bottom, y = — 1, and
continuity at the interface, y = 0, which results in the expressions

¢
Virg (& /slgnrHB )] {max||t5(n)| — Bn,0)}/"dn, & € (~1,0),

0 ¢
W(&) = [ signleis(n)] {max [eus(n)| — Bn.0)}'"dn +d [ wy(n)an
-1 0

(33)

3 2 —Mayg
= Vi(0) + ‘Z‘ZL&* - B‘Zléz + Wé
a 3 3
=VH3(0)+MHNd§+Zi <5 §2+&j)

3
im0 +p5+1 (5248, geon)

where & =y for y < 0 and & = y/d for y > 0. Note that, while Vy is a simple
polynomial of the vertical coordinate, integration of (33) in elementary functions
is possible for the special case of a Bingham fluid, e.g., n = 1, in which case V ypis
a piecewise polynomial function. Explicit expressions in this case are given in the
Appendix.

It is evident from (33) that, while the velocity in the viscoplastic domain is a func-
tion of parameters M, B, Bn and n solely, that in the Newtonian liquid depends on
3 additional parameters, B = Mayd /i,y = 8d>/u and d. The dependence of ve-
locity profile on the parameter d is solely through the stretched coordinate &. The
effect of the parameters 3, y,n and Bn is illustrated in Fig. 4, where the velocity in
both phases is plotted versus the spatial coordinate &.

In Fig. 4a, Bn =0.02, B=-0.4, M =0.044, B = 0.02,7y = —0.1 and n= 0.8, 1 and
1.2 for dashed, solid and dashed-dotted curves, respectively. A strong influence of
the power law index is evident. Note that this parameter affects the motion in the
Newtonian fluid solely through the change of the velocity at the interface. Thus the
curves in the Newtonian region & > 0 are parallel.

Figure 4b illustrates the effect of the Bingham number on the velocity profile. Here
B=-04, M =-0.044, n=1, B =0.02 and y = —0.1. Dashed-dotted line is
computed for Bn = 0.05. A two-layer regime of the flow of the Herschel-Bulkley
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fluid is evident. For lower values of the yield stress at Bn = 0.015 (solid curve)
and Bn = 0.005 (dashed curve) one can observe a 5 layer and an entirely yielded
flows. The dependence of velocity on the Bingham number, in contrast to all the
other parameters, is not always monotonic. See the intersection of solid and dashed
dotted curves. Similar to Fig 4a, the curves in the Newtonian region & > 0 are
parallel, since the Bingham number does not enter the equations governing the
motion of Newtonian fluid and, thus, affects its motion solely through the change
of the velocity at the interface.

Figures 4c and 4d demonstrate the influence of the parameters 8 and y. These have
no effect on the flow of the viscoplastic medium. Thus, a single curve is seen at
& < 0 and all the curves corresponding to the Newtonian fluid intersect at & = 0.

When the velocity is known, the temperature and concentration distributions are
determined by integrating equations (22) with boundary and interfacial conditions
(25)-(27), which results in:

d 0
BOup(y) =« qT—Peva/V(n)dn (y+1)—Pesz/[1+min(y,n)}V(n)dn,
0 e

d
Ov(y) =x | ar —Pek [Vin)n | +ary
0

. , (34)
—PeEB/(l +1)V(1n)dn —Peva/min(y,n)V(n)dn,
—1 0
Dy DLT* c 7 DL,T*
Dpp(y) = Dus ( €~ DyC qr +P3N/V(77)d77 - WG)HB(O)
B (35)
D{T* c .
F N 00(0) ) (v 1) = Pep [ (14 min(y )]V (m)d.
HB

-1
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Figure 4: Velocity profiles in Herschel-Bulkley and Newtonian fluids for free
boundary flow. (a) Bn =0.02, B=-0.4, M =0.044, 3 =0.02,y=—0.1,n=0.8, 1
and 1.2 for dashed, solid and dashed-dotted curves, respectively; (b) B=—0.4, M
=-0.044,n=1, 8 =0.02,7y = —0.1,Bn = 0.005, 0.015 and 0.05 for dashed, solid
and dashed-dotted lines, respectively; (c) Bn = 0.02, B= - 0.44, M= 0.044, n =1,
Y= —0.1,8 =0.02,0.025 and 0.03 for dashed, solid and dashed-dotted curves, re-
spectively; (d) Bn=0.02, B=-0.44, M =0.044,n=1, B =0.02,y= —0.05,—0.06
and — 0.07 for dashed, solid and dashed-dotted lines, respectively.
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If the temperature/concentration distribution is specified on the upper boundary
instead of the corresponding flux, in the above formulae

d 0

ar = | @1 +Pef, [ (k=m)V(m)an +Pely [ (1+m)V(nyan | /(c+d).
p K

g = | @1+, [ (k=mVn)an +Peyy [ (14+m)V(midn | /c+d)
0 -1

the explicit expressions for the temperature profile in the case of Bingham fluid
with various types of boundary conditions are given in the Appendix.

The results for the temperature field corresponding to zero flux condition at the
upper boundary and to the velocity profiles presented in Fig. 4 are given in Fig.
5. In Fig. 5a, Bn =0.02, B=-0.4, M = 0.044, B = 0.02,y = —0.1 and n= 0.8,
1 and 1.2 for dashed, solid and dashed-dotted curves, respectively. The velocity is
positive (see Fig 4a), hence, the temperature is convex and temperature deviation
is negative everywhere. The magnitude of temperature deviation increases with the
velocity.

Figure 5b illustrated the effect of the Bingham number on the temperature profile.
Here B=-04, M =-0.044, n=1, B = 0.02 and y = —0.1. Solid, dashed and
dashed-dotted lines are computed for Bn = 0.0015, 0.005 and 0.05, respectively.
One can see that the curves computed for low Bingham numbers almost coincide,
though the velocity profiles are essentially different. At higher Bn, the velocity and
the temperature deviation magnitudes are considerably smaller.

Figures 5c¢ and 5d demonstrate the influence of the parameters 8 and 7 that have
no influence on the flow of the viscoplastic medium (see Figs. 4c and 4d). How-
ever, the effect on the temperature distribution is evident. In contrast to the cases
presented in Figs 5a and 5b, here the flow changes its direction and the temperature
profiles are not monotonic, but exhibit several maxima and minima.

For all the examples we chose a heat insulated upper boundary, g7 = 0, and equal
thermal properties for the two fluids, Pe=1 and k¥ = 1. If g7 # 0 an appropriate
linear function should be added to the temperatures calculated for zero heat flux.
Different thermal conductivities result in a jump of d®/dy at the interface. Due
to the similarity of the equations for the temperature and concentration the latter is
proportional to ® (for homogeneous boundary conditions) and we do not present
its distribution separately. However it is worth noting that while the Peclet number
for the temperature is positive, in the presence of the Soret effect, the combined
Peclet number for the concentration, see (23), can be negative as well and result in
a negative proportionally coefficient between the temperature and concentration.
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Figure 5: Temperature profiles in Herschel-Bulkley and Newtonian fluids for gy =
0, k =1, Pe =1 and various values of other parameters. (a) Bn=0.02, B=-0.4, M
=0.044, B =0.02,y=—0.1, n= 0.8, 1 and 1.2 for dashed, solid and dashed-dotted
curves, respectively; (b) B=-0.4, M =-0.044, n=1, § =0.02,y = —0.1,Bn =
0.005, 0.0015 and 0.05 for dashed, solid and dashed-dotted lines, respectively; (c)
Bn=0.02, B=- 044, M= 0.044, n =1, y= —0.1, = 0.02,0.025 and 0.03 for
dashed, solid and dashed-dotted curves, respectively; (d) Bn = 0.02, B= — 0.44,
M =0.044, n=1, B =0.02,y = —0.05,—0.06 and — 0.07 for dashed, solid and
dashed-dotted lines, respectively.

A popular approximation employed by most of previous works on Birikh solutions
for the Newtonian is that of non-deformable interfaces, which normal stress bal-
ance at free boundary and interfaces. The misbalance in the boundary conditions at
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the flat interfaces results naturally in its deformations. The non-deformable inter-
face approximation is consistent with the case of very large surface tension (small
capillary number) providing that the induced deformations remain negligibly small.
In this paper we concentrate on exact solutions satisfying all the boundary condi-
tions. A brief discussion on possible modification of these solutions to the case of
non-deformable interfaces is given below.

Neglecting the normal stress balance leaves 2 parameters, By and By, free. Choos-
ing these parameters allows to prescribe the fluxes of the both fluids. Normally,
these fluxes are chosen to be zero, to model the flow in a container of finite exten-
sion.

The fluxes of each phase are

y 0
Oup = /VHB(y)dy :/ysign [t5(y)] {max [|Ta5(y)| — Bn,0]}/"dy,
) i (37)
58d* Byd® Mayd®
+ N + aNd
12p 3u 2u

1
Onv=d / Vyp(§)dE = — +Vyp(0)d
0

Note that Qgp is a function of parameters M ,Byp, Bn and n solely,
QOup = Qup(M,Byp,Bn,n).

Hence, the parameter Byp can be determined specifying the flux of the Herschel-
Bulkley fluid. The flux of Newtonian fluid, Oy, depends on 3 additional parameters
d,u and May, On = Oy (M,Byp,Bn,n,d,u,May,By). When Qy is known By is
found from (3) explicitly. An interesting case of zero flux of the Herschel-Bulkley
fluid modeling the flow in a finite length container (far from the lateral boundaries)
corresponds, for given values of Bn and #, to the curve

QHB(MvBHBaBnan) = 07 (38)

in the (Byp,M) plane. Examples of such curved are presented in Fig. 2 (dashed
lines, B=Byp).

If the Herschel-Bulkley fluid is entirely unyielded, it does not flow and has a zero
flux. Hence equation (38) is satisfied by any (M, Byp) corresponding to the regime
1b (see Fig 2). Thus for Bn > 1/4,0 < B < 2Bn — 1/2, any M € (Bn, Bn — Byp —
1/2) satisfies (38). Similarly, in the case Bn > 1/4, and — 2Bn — 1/2 < Byp < 0, the
solution is M € (max(B2;/2 — Bn, —Bn— Byp — 1/2), min(Bn,Bn — Byp — 1/2)),
while for any pair Byp € (—2v/Bn,—1+2v/Bn), M € (B2, /2 — Bn, min(Bn,Bn —
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Bpp —1/2)) satisfies (38) if 1/16 <Bn< 1/4. If Ba < 1/16 or 1/16 < Bn < 1/4 and
Bug ¢ (—2v/Bn,—1+2v/Bn) or Bn > 1/4 and Byp ¢ (—2Bn—1/2,2Bn—1/2),
equation (38) has a unique solution M(Bn,n,Byp). Examples of sets defined by
(38) are presented in Fig 2 for n = 1 (dashed lines) and n = 0.25 (dashed-dotted
curves). Any point of domains marked by grey, belongs to this set as well.

It is easy to see that for a given Bn, the curves Qyp(Bn,n,M,Byp) = 0 intersect at
the point (Byp = 0, M= — 1/4). For a free boundary flow, Byp = 0 correspond to
a special case of the absence of natural convection in the upper layer (i.e. a single
layer flow and the case when the upper layer has constant density).

Note that not all the flow regimes described in section 2 are compatible with the
zero flux condition, which requires that velocity is either identically zero or it
changes sign. Since the velocity vanished at the bottom, the stress should change
sign as well, hence zero flux is possible only for 3, 4 and 5-layer regimes.

5 Flow between two solid walls.

When the system is bounded from above by a solid wall instead of free boundary,
the first two conditions (26) are replaced by the no-slip condition V(d)=0 and by
specifying the total flux in the lower layer, Qgp. This flux can be fixed arbitrary,
but in this paper we concentrate on the case Qyp = 0, that corresponds to the mod-
eling of the flow in the container with final horizontal extension. In this case the
parameter M and B that govern the flow regime in the viscoplastic medium can-
not be determined independently from the velocity field, but should be obtained by
solving equations

QOug(Bn,n,M,B) =0, (39
Vy—a(Bn,n,Mayp,u,8,d,M,B) =0, (40)

with respect to M and B.

The effect of the parameters 0, t,d and Magp on the flow pattern is illustrated in
Fig. 6, where the velocity in both phases is plotted versus the spatial coordinate &.
All the curves are computed for n= 1, Bn = 1/36. For a given velocity field, the
temperature distribution is given by (14). Temperature distributions corresponding
to velocity fields presented in Fig 6 are illustrated in Fig 7. Solid lines are computed
for 6=—1,d = 1, u= 20 and Mayp= 0.3. This choice of parameters corresponds
to a 5-layer flow regime for the Herschel-Bulkley fluid. As in the previous section
we chose a heat insulated upper boundary, gr = 0, and equal thermal properties
of the two fluids, Pe=1 and x = 1. The effect of these parameters is similar to
that discussed in section 4. The deviation of concentration is proportional to the
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deviation of temperature, with the proportionality coefficient that can be negative
(see the discussion in section 4).

In Figs. 6a and 7a, 6=—1,d = 1, u= 20 and Magp= 0, 0.16 and 0.3 for dashed-
dotted, solid and dashed lines, respectively. Dashed-dotted lines correspond to the
flow induced by natural convection solely. The Newtonian fluid flows in negative
direction. The velocity in this layer is a monotonically increasing function of y.
With the growth of the Marangoni traction, the velocity near the interface increases.
At Maypg= 0.16 (dashed curve), flow in different directions is observed and the ve-
locity profile exhibits internal minimum and maximum. At higher Marangoni trac-
tion Magp= 0.3 (solid line), the Newtonian fluid flows in positive direction, with the
velocity monotonically decreasing with y. For the range of parameters presented in
Fig 6a, the velocity of the Herschel-Bulkley fluid decreases near the bottom and in-
creases near the interface. The corresponding temperature profiles computed with
heat insulated upper boundary presented in Fig.7a change from positive monotoni-
cally increasing (dashed-dotted line) to positive with an internal maximum (dashed
curve) and, finally, to a monotonically decreasing negative one (solid line).

Figures. 6b and 7b illustrate the effect of the Newtonian fluid viscosity on the flow
and heat transfer. Here, 6= — 1, d = 1 and Mayp= 0.3. u =2 and 20 for dashed
and solid lines, respectively. Dashed-dotted line presents a limit 4 — co. In the
latter case, the Newtonian fluid is almost quiescent, and a 5-layer flow is evident
in the Herschel-Bulkley medium. The corresponding temperature deviation grows
in the viscoplastic layer and almost does not change in the Newtonian region. At
relatively high viscosity, = 20 (solid line), the Newtonian fluid flows in the pos-
itive direction and the velocity monotonically decreases with y. The corresponding
temperature deviation profile is negative. At lower viscosity, i = 2 (dashed line),
the velocity profile in the upper layer is not monotonic, and a region of flow in
the negative direction is evident. The corresponding temperature deviation profile
exhibits several alternating concave and convex regions. The velocity in the lower
layer grows with u near the bottom and decays near the interface.

Figures 6¢ and 7c demonstrate the influence of the parameter 9 that characterizes
the natural convection in the Newtonian fluid. Here d = 1, u=20 and Magp=0.3. In
the case when the natural convection in the upper layer is absent, 6= 0 (dashed line),
the velocity profile in the upper layer is a quadratic parabola (Couette — Poiseuille
flow). At 6= -1 (solid curve), the velocity in the upper layer changes its direction
and regions of convex and concave profile are evident. At 6= 1 (dashed-dotted
curve), the density in the upper layer grows with x, in contrast to all the other ex-
amples described so far. Here a 4-layer flow regime in the Herschel-Bulkley fluid
is observed. The velocity profile in the upper layer has a convex shape. The tem-
perature deviation profiles change from negative corresponding mostly to positive
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Figure 6: Velocity profiles in Herschel-Bulkley and Newtonian fluids for the flow
between two solid walls: (a) = -1, d = 1, u= 20, Magyp= 0.16, 0.3 and O for
dashed, solid and dashed-dotted lines, respectively. (b) 6=—1,d = 1, Mayp= 0.3.
Dashed, solid and dashed-dotted curves are computed for t = 2, 20 and g — oo,
respectively; (¢) d = 1, u= 20, Mayp= 0.3, 6=-1, 1 and 0 for solid, dashed-dotted
and dashed lines, respectively; (d) 6= — 1, u= 20, Mayp=0.3,d = 1.5, 2 and 1 for
dashed, dashed-dotted and solid curves, respectively.
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Figure 7: Temperature profiles in Herschel-Bulkley and Newtonian fluids for the
flow between two solid walls: (a) 6=—1,d = 1, u=20, Magg= 0.16, 0.3 and O for
dashed, solid and dashed-dotted lines, respectively; (b) 6=—-1,d = 1, Mayp= 0.3.
Dashed, solid and dashed-dotted curves are computed for y = 2, 20 and U — oo,
respectively; (¢) d = 1, u= 20, Magyp= 0.3, 0= — 1, 1 and 0 solid, dashed-dotted
and dashed lines, respectively; (d) 6= — 1, u= 20, Mayp=0.3,d = 1.5, 2 and 1 for
dashed, dashed-dotted and solid curves, respectively.
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velocity at 6= — 1 (solid line), to positive concave shapes for mostly negative ve-
locity (dashed and dashed dotted lines).

Figures 6d and 7d illustrate the influence of the Newtonian layer width. o= —
1, u= 20, Mayp= 0.3 and d = 1, 1.5 and 2 for solid, dashed and dashed-dotted
lines, respectively. One can observe a strong retardation effect of the upper wall at
small d (solid line). In this case the flow in the Newtonian layer is weak and has
an almost linear profile. With the increase of d, the retardation becomes weaker.
The flow in the Newtonian fluid is intensified, together with the velocity in the
viscoplastic medium near the interface. In contrast to this, the velocity near the
bottom decreases with the growth of the upper layer width, and at d = 2 one can
observe an unyielded quiescent region adjacent to the bottom. The temperature
deviation in these cases is negative.

6 Conclusions and discussion

A variety of exact analytical solutions describing natural and thermocapillary con-
vection in a horizontal double layer system consisting of a Newtonian and Herschel-
Bulkley fluids subjected to longitudinal temperature and concentration gradients is
constructed. The velocity is directed horizontally and depends on a vertical co-
ordinate, y, while the temperature and concentration fields are the sums of linear
functions of horizontal coordinate, x, and non-linear functions of y. This type of
solutions that was first found by Birikh (1966), is widely used to model thermo-
capillary flows in single and multi-layer configurations. Birikh (1966) and most of
subsequent studies employed this solution to model experiments, where the flow
takes place in a container of finite extension, requiring zero flux condition. Re-
cently, Goncharova and Kabov (2009) constructed Birikh type solutions satisfying
all exact conditions at the interfaces between liquid and co-current gas flow and
demonstrated that the gas flow can be used to control convection in liquid. In this
work we follow the approach of Goncharova and Kabov (2009).

The lower boundary of the system is a solid wall with no-slip, while the upper one
if either a solid wall or a free surface. It was demonstrated that, depending on the
governing parameters of the system, viscoplastic layer is entirely yielded or un-
yielded, or it can be yielded partially, exhibiting up to 5 flowing and quasi-solid
layers. The dependence of the flow patterns (appearance and position of unyielded
regions), velocity profile, mass and heat transfer rate on the governing parameters
have been studied. Regimes with partial yielding and unyielded regions located
near the interface are of special interest. As was demonstrated by Frigaard (2001)
and Moyers-Gonzalez, Frigaard, and Nouar (2004), in a somewhat similar isother-
mal flow, such configurations can suppress interfacial instability and result in a
super-stable flow.
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In this work all the physical parameters of the media, except for the interfacial ten-
sion and density, are assumed temperature and concentration independent. How-
ever, the rheological characteristics of many viscoplastic fluids exhibit strong de-
pendence on the temperature and on the concentration of some chemical species.
The constructed solutions can be generalized to the case of, say, concentration de-
pendent parameters, if the flow is induced by a longitudal temperature gradient,
concentration being a function of vertical coordinate solely. We plan to study such
solutions in our future work.
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Appendix

The temperature profile in the Newtonian fluid layer is given by

2 3 5 4
y* Mayy o [y vy 3
Oy = Oz (0) — Cry + Pely | Vigg (0) 2 Yoo (r_r
v = Opnp (0) —C1y + Pey HB()2+ i 6+12u<10 2+JV>}7

y €[0,d],
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where C :qT—Pe}\} (VHB(O)d—f—MﬁN%Z-F% (%—d;-f—d;))

The velocity and the temperature profiles in Herschel-Bulkley fluid are given by
(31) and (34) respectively. For the case of Bingham fluid, n = 1, these integral pre-
sentations can be simplified. The results are given below for various flow regimes,
which are numbered according to section 3 (see Fig. 2)

1. Entirely yielded, 1a.

3 2 _
y+1_By 1
6 2

1 y5 y2 9 B y4 y2 5 y3 y2 1
Oupn=Pel |-+ 2V _2 (2 2 + Z Vaopm(rl
HB = “°HB [6 <20+ 2 20) 2\ 2t ) ™Me 273

—KC1(y+1),

Vup = +M(y+1), ye[—l,O]

2. Entirely unyielded, 1b.

Vg =0, ®HB:—KC1(y+1), yE[—l,O]

Herschel-Bulkley flows if |Typ| > Bn. The pass from yielded to unyielded regime

canoccuraty=a, b, c or h, where a= B+ +/B% —2(M — Bn),b=B++/B*—2 (M + Bn),
¢c=B—/B2—2(M+Bn)and h = B— \/B—2 (M — Bn).

3. Two layers, lower one is yielded, 2a
We define the depth of unyielded region by d; -1 < d; (a or ¢) <O0.

y3grl_By2271+M(y+1)7 ye[_ladl]
Vg = di+1 Bd%fl M(di+1) =
6 b3zt (di+1)=V1i, ye€ld,0]
® 1.d
Ons(y) = up1(y), y€[—1,di]
Oup2(y), ye€[di,0]
1 yS y2 9 B y4 yZ 5 y3 y2 1
=Pl |-+ | - [ M+ — =
Oz 6H3[6 2072720) 2\ 2" 12)"M\6 T2 73)| 7
+C2<y+1)7 ye[_Ldl]
P ufd N B &
C2:—KC1—|—V1P6HBd1—PeHB 8 Z—i—dl —5 ?—dl +M ?—I-dl
)
vy —d
g—KC1(y—dl)-Hame,l(611)7 y € [d1,0]

@)HB,Z = leely_}B
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3. Two layers, lower one is unyielded, 2b
Let d; be the depth of yielded region, -1 < d; (b or h) < 0, then

oo ye[-1,d]
TV B e M(y—dy), yed,0]

I

Ons(y) = {@)HB,] ) =GCy+1), ye[-1,di]

Oup2(y), y € [d1,0]
1 B M
C3 = Pely [Sdf - gdf + zd%} — KCy,

2

{ Onpo = Pel, { (i df%) 2 (— By ) +M (% —dlé)} — KC1y+Cs,
Cy =C3(dy+ 1) — Pelyg [— 2d7 + 3} — 2 d}| — kCd,
3. Three layers, lower one is yielded, 3a

Let the unyielded region lay between d; and d;, —1 < d1< d2< 0. In this case d; and
drcanbeaand borcandd.

sign(m[ ~ B! +M(y+1)}, € [~1,di]
Vyp = sign(‘cl) d?gl— ] Vi, yE d] dz]

sign (13) | 5% Y "2+M<y &) +Vi, y€ (0]

Here and further denotes the sign of shear stress function at the yielded (unyielded)
region i.

Oup1(y), ye[-1.di]
Oup(y) = { Oupa (v), y e l|di,d]
Oups(y), yE€da,0]

| L(Y ¥ 9\ B(Y ¥ 5 y o1
HB, 1 eHBSIgn(Tl)|:6<2()+2 2()) 2(12 2+12 + 6+2 3
+C5(y+1

Cs = — Pel zsign (11) [— df + d3 d}z]

— Pel psign (13) {— dy+ dz—zdz] KCi + Vi Pelp (dy — dy)
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G)HBZ = V]Pe‘HB 5 +C6y+C7,
1 B M
Cs = —Pejypsign (73) {—8073 + gdg - zdg} — PeppVidy — KCy,

C7 = Opup 1 (di) — Cedy — Vi Pelypdi /2

LY 5\ By 5y YooY
@HB3—P€HBS1gn(T’§) |: <20—d§2 —E E— %E +M g—dZE
2

+P€IT_}BV1y* -

C C
) KC1y+Cs,

: 3 5B M d?
Cg =sign (‘53) |:_4Od:25 + ﬁdg — 3d2:| P€H3V1 + Opgp 2 (dg) + xCd,

3. Three layers, lower one is unyielded, 3b
Yielded region is between d; = b and d» = c. —1 <d;< d»< 0.
07 ye [_17d1]
. y3_d3 y27d2
Vyp = Slgﬂ(Tz)[ 5 —BTITLM(y—dl)}, y € [di,do]
. d3—dj dj—d}
Slgn(Tz) [ 26 ! —B% —I-M(dz —dl)] =V, ye€ [dg,O]

Oup1(y) =Co(y+1), ye[-1,di]

Oup(y) =< Ougpa (y), y € [d1,da]
Oups (y), yE [dz,o]
1 d &, d?
Cy = — Pel;psign (1) —2+d d | —= i—dldz +M |2 —dido ||+
4 2\ 3 2
1
+ Pel psign (12) [ §d + d3 dlz] + V1 Pelpdy + xCy
2 4 2 3 2
y 3Y B[y y y
®ppy =P (=) -2 (= ML —d=
g2 =Pepgsign (1) [6(20 12) 2<12 z>+ <6 12)]
+Cioy +Ci,

(1 /d} B (d} dz
Cy= —PeIEBsign(Tz) 6 <42 +d%d2> - 5 <32 —d%dz) +M (22 _d1d2>:|

+ Vi Pelpds — kCy,

: [ 3 5B M
C1=—- PEZIBSlgIl (Tz) __Edls + ﬂd? — 3d13:| =+ ®HB,1 (dl) —Ciod;

2
d
®HB,3 = VlPeIEByE —kCiy+Cp, Cip= ®HB,1 (dg) VIPeHB > + xC1d>
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3. Four layers, lower one is yielded, 4a

-1 <di=a<dy=b<dz=c<0. Yielded regions are between -1 and d; and between
d2 and d3,

sign(71) ! H —BY— = +M(y+1)} y€[—1,d]
v sign (1) E H Bd‘ Ly M(d, +1)} =W, y € [d1,d>]
HB — r 3 2
sign (1) |22 — B d2+M(y—d2)}+V1, V€ [da, ds]
F3 B3
sign (73) % B% d2+M(d3 dz)]+V1 Va, y€lds,0]
Oup,(y), ye[-1,di]
C) , yEl[d,d
Onsy) = 4 OHB2 y), ¥ { 1 2}

] 1 y5 y2 9 B y4 y2 5 y3 y2 1

Oup, =Pel; (L o)LL M(+2 -

HE! eHBSlgn(T‘)&(zoJrz 0) 2\ 2712)™M\6 273
+ PejipCi3 (y+1),

2
: y
Opp2 =ViPejpsign (1) 5t Cuay+Cis,

2

Ons3 :Pe,T,BVIyE

_ 1/y 2 B y4 2 y3 2
* Penpsign(n:) {6 (20 23 )2\ %%) " 6 )
+C16)’+C17a
. 1 di‘ B df’ df
Cis ——51gn(’cl) |:6 <4+d1> —5 (3—d1> +M<2—d1>:| —
1 B M 1 /d} B (d] d?
—si ——di4 =d3 — —d3+— Bdy )| —= (2 —d3dy | +M | =2 —dod
s1gn(r3){82+32 22+6<4+23> 2<3 hd3 |+ > 2d3
—Vidy —Vid; +Vods — K'CI/Pe[]_}B—f-Vl (dy—dp)
1 B M
C14 = —Pe,EBsign(Tg,) |:—8d§+ gdg — 261’22] —PeIZ_}Bvldz—
. 1 /d} B [(d3 d?
— Pel psign (13) {6 <43 +d%d3> —>5 (33 —d§d3> +M <23 —d2d3>] -
— PeITtil d;+ V2P€£Bd3 —kCy -V, PegIBdQ,

dZ
Ci5 =Opyp, (di) — V1P€Z1371 —Cyd,,
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1 [(d} B (d3 a3
— _pol i _ 23 3 _Z2 (3B _g2 3 _
Cig = PeH351gn(T3) |:6 < 4 +d2d3> 5 ( 3 d2d3> +M< > d2d3>:|

— Pe,T,Bvl d;+ VzPeIY_}Bd_g — kC;

2

. 3 5B M d
Ci7= —Pe,7;351gn(1:3) |:—40d§ + ﬁdé — 3d§] —Pe,EBvl 72 —Cieda +®HB,2 (dz)

2 d2
Onpa = VzPe,ZByE —kC1y+Cig, Cig=0pp3(d3)— V2P€1T1373 + xCid3

3. Four layers, lower one is unyielded, 4b

-l1<di=b<d,=c<d;=d<0. Yielded regions are between d; and d, and
between d3 and 0.

07 MAS [_17d1]
. y37d3 y27d2
sign (o) [ — B0 M (v - dy)] v € dido]
Vyp = 313 2.0
HE sign (’L’Q) [d26d1 —B% —I-M(dz —dl)] =V, ye [dz,d3]
. Y- y'—d}
s1gn(r4)[ - —BT+M(y—d3)} YV, ye[ds,0]

[ 1

) ®upa(y), y € [di,dy)]
Ons(y) = Ougp3(y), y € [da,d5]
Oupa(y), y € [d3,0]

) 3 5B M ) 1 B M
Cio =Pelp {mgn(‘cz) [—400?15 + ﬁdf - 3df’} +sign (14) [—807;‘ + gdg — Zd%} }

1/ds 4 B(d , d3
- |:6 <4 +d1d2> —5 (3—d1d2 +M T—dldz

—{-PeITJB —xC; —I—VIPeIT[B (dz —d3) ,
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' 1 y5 y2 B y4 2 y3 y2
_pel Sl (=N D (R ML —al
Onp2 =Peypsign () [6 (20 iz )3\ 12 a5 )+ )

+Croy + Cot,s
A a4, d2
Cyp=— |:6 ( 1 +dj dz) —5 (3—61 d2> +M<2—d1d2>:|
1 B M
+V1Pely (dy — d3) + Pelypsign (1) [—861;‘ + gdg — 2d32} — kCy,

Cr1 =Opp,1 (d1) — Crody

: 3 5B M
~ Peysien(s) | gt + i - 5

g : 1, B, M
®HB,3 = VIPeITIBy? +Cpy+Cz, Cyp= PeZIBSIgn(Q) |:—8d§ + gdg — 2d§]
2

ds
—KCi —ViPeljpdy, Ca3 =@y (dy) — lPeHBE—szdz,

) 1 y5 y2 B y4 2 y3 2
_ p,T (2 B3 \_=Z2(2 S
2

+ PepVi yE — KC1y+Co,

r . 3 5B , N d3
Cyyy = ®HB,3 (d3) + xCid3 — Peyp | sign (T4) 40d3 d3 3 d3 — Vl?

3. Five layers, 5a

-1 < dy=a < dy=b < d3=c < ds=h < 0. Yielded regions are between -1 and d;, d
and d3, and between d4 and 0.

sign (y) [ — g2t +M(y+1)} ye[-1,d]
sign (1) |4 L dl 1+M(d1—1)} -, y € [di,do]
Vyp = | sign(13) # —B@ —&—M(y—dz)} +Vi, y € [da,d5]
sign (t3) | A2 — BEB 4y (dy— &) +Vi=Va, ye(ds,di]
sign (7s) yggd‘? —B% +M(y—d4)} + WV, y € [da,0]

[ 1
) [ ]
Oup(y) = { Oups(y), v € [d2,d3]
») [ ]
») [
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