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Abstract

The flow of fluids with pressure-dependent viscosity in free-space and in porous media is considered in this study. The interest is to employ
the physical model of flow through a porous layer down an inclined plane in order to derive velocity expressions that can be used as entry
conditions in the study of two-dimensional flows through free-space and through porous channels. The generalized equations of Darcy,
Forchheimer and Brinkman are used in this work.
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1. Introduction

The realization that viscosity of a fluid depends on pressure can be traced back to the nineteenth century and works of Stokes, [1] and
Barus, [2], [3]. Dependence of viscosity on pressure has been argued to be exponential in nature, as proposed by Barus [2], [3], but many
other forms, including linear and polynomial expressions, have been proposed and used in the literature (cf. [4 - 7]).

Flow of fluids with pressure-dependent viscosity has been of interest due to its applications in lubrication theory, [8,9,10]. The past quarter
of a century, however, has witnessed an increasing interest in this type of flow through porous media. This stems from the many applications
in enhanced oil recovery and carbon sequestration, [11], [12], in filtration problems, [13], and in the pharmaceutical industry [14]. These
and many other applications emphasize the need to accurately model flow of fluids with pressure-dependent viscosities and to obtain
solutions to initial and boundary value problems.

In seeking solutions to initial and boundary value problems in fluid dynamics, the use of one- and two-dimensional flow configurations are
popular idealizations of the general three-dimensional flow problems as they provide us with valuable information and better understanding
of the flow properties and the effects of fluid, flow and domain parameters. Typically, flow between parallel plates and flow in pipes and
two-dimensional channels, and flow over circles provide us with the necessary benchmarks to better understand the full three-dimensional
flow.

In the through two-dimensional channels and through domains with constrictions or over obstacles, for instance, velocity entry conditions
are important, especially when the problem involves flow of viscous fluids. Uniform flow assumptions might no longer be valid as entry
conditions to a porous channel bounded by solid walls, and the popular parabolic entry profiles of the Navier-Stokes equations are approx-
imations at best in flow of fluids with pressure-dependent viscosities through porous channels. These situations provide us in part with
motivations for this work in which we derive and document expressions for the entry conditions into two-dimensional channels when the
flow is that of a pressure-dependent viscosity, and the channel is either free-space (as in the case of Navier-Stokes flow) or filled with a
porous material. Entry conditions to channels when the flow is that of a fluid with constant viscosity have been discussed by Hamdan [15].
In order to achieve our objective of deriving entry profile expressions for the velocity into a two-dimensional channel, this work is organized
as follows. In Section 2, we discuss equations governing the flow of a fluid with pressure-dependent viscosity both in free-space and in
porous media, and make the necessary assumptions on the flow. In Section 3, we discuss the flow configutation and obtain velocity ex-
pressions. In Section 4, we consider a dozen popular viscosity-pressure relations and derive appropriate channel entry conditions. Finally,
we provide concluding remarks and plans for future work.

2. Governing equations

The steady flow of a viscous, incompressible fluid is governed by two conservation principles, namely conservation of mass, which is
expressed as an equation of velocity continuity of the form, [14]:
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And conservation of linear momentum, given by the Navier-Stokes equations, namely:
p(V:-V)V=—Vp+ V- u(vv + (VW)T) + pg 2)

Where V is the velocity vector field, p is the fluid density, p is the pressure, p is the fluid viscosity, g is the gravitational acceleration, V is
the gradient operator and V? is the Laplacian. The Navier-Stokes equation are partial differential equations which describe the microscopic,
local motion of viscous fluid flow in space. The term uV?2V is the viscous shear term and (v - V)V is the convective acceleration.

Equations (1) and (2) represent an underdetermined system of four equations in the five unknowns v = (u, v, w), p and . In the absence
of additional conservation principles to provide an additional equation, it has long been recognized that viscosity can be expressed as a
function of pressure to provide an additional condition to render the governing system of equations determinate. Barus, [2], [3], provided
the following relation between viscosity and pressure:

n= uoea(p_po) (3)

Where p is fluid viscosity, p is pressure, L, is a reference viscosity at reference pressure p, , and a > 0 is a constant. Equations (1), (2)
and (3) now represent a determinate system of five scalar equations in five unknowns.

In flow through porous media, equations governing the flow of a fluid with pressure-dependent viscosity through a porous structure are
continuity equation, of the form of equation (1), and a balance of momentum equation that takes different forms depending on the porous
structure, the speed of the flow and the presence or absence of macroscopic boundaries. Generalized equations of flow through porous
media have been derived in [4 — 7], [12], [16 - 20] using mixture theory, thermodynamic balance, or otherwise homogenization. They are
summarized in what follows.

The generalized Darcy’s equation has been reported as, [20]:

A(p,X)U + Vp = pg 4)
Where

Ap,%) = B = 1o exp[Bs(p — po)] (5)

The function A(p, X) is the Darcy drag, which is a function of pressure and position, k(X) is the permeability function and Bg is the (exper-
imental) Barus coefficient.
The generalized Forchheimer’s equation has been reported as, [20]:

Vp + {2 explBsp] + By pllTl} T = pC ©)
Where

= oy _ WD) _
AU p,X) = o+ Belluill = - exp[Bap] + B pIIHl ©)
And (¢ is the Forchheimer drag coefficient. It is customary to write B¢ = \/% where Cg is the Ergun coefficient with value between 0.375

and 0.5.

The Darcy and Forchheimer generalized equations are characterized with the absence of viscous shear term (laplacian), hence not compat-
ible with the presence of solid boundaries on which a no-slip condition is imposed.

The generalized Brinkman’s equation can be written in the following form, [4], [7], [16], [19]:

p(V+ V)V = —Vp + V- 2uD(¥) — A(p)V + pg 8
Where
DE) = %(w + (V9 )

Where A(p) denotes the pressure-dependent drag coefficient and p is the density of the fluid. Subramanian and Rajagopal [19] rightfully
state that the viscosity pu(p) is a “measure of the frictional resistance in between fluid layers” while A(p) is a “measure of the friction
between the fluid and the solid, at the pore”. Clearly, u(p) and A(p) control variations in viscosity due to pressure, and variations in pres-
sure due to variations in porous parameters.

Equation (8) does not explicitly take into account the porous medium microstructure or permeability of the medium, nor does it distinguish
between one porous medium and another, or between a porous medium with constant permeability and one with a variable permeability.
Kannan and Rajagopal [7] proposed and tested various forms of u(p) and A(p), including exponential, linear and polynomial forms.
Alzahrani et.al. [23], considered the flow down an inclined plane through a porous medium with variable permeability, using model equa-
tions (8). It is worth noting that flow through variable permeability porous material is realistic since the pore structure is arbitrary, porosity
in natural media is a variable, hence one expects permeability to depend on position in much the same way as velocity and pressure.

3. Problem formulation and solution

In order to derive entry conditions to a channel of with h, we assume the channel is inclined at an angle 9 to the horizontal, where 0 < 9 <
g. If 9 = 0, then the channel is horizontal. The flow configuration is illustrated in Fig. 1 which shows the orientation of the coordinate
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system used. It is assumed that the channel is bounded by impermeable, solid walls on which the no-slip condition is applied. Furthermore,
if the channel is horizontal, 9 = 0, then p = p(x,y) and the flow is driven by gravity and by a constant pressure gradient, 3—2 = constant <

0.1f0<9< g we assume that the flow is driven by gravity and take 3—2 = 0, hence p = p(y). We discuss in this work flow through an

inclined channel, and leave flow through a horizontal channel for future work.

For the unidirectional flow at hand, continuity equation (1) implies that u = u(y). We assume that the pressure function also varies with

the lateral coordinate, k = k(y). Introducing the dimensionless quantities y* = %; ut = %; k* = % , where U is a characteristic velocity,

then the channel is of dimensionless width of unity, the permeability function and velocity are dimensionless. Conditions on velocity,
permeability and pressure, after dropping the asterisks “*”, are as follows:

u(0) = k(0) =0 (10)
u(1) = k(1) = 0; p(1) = po a1

Where p, is a prescribed pressure, such as atmospheric pressure.

__I'-;
Angle &
Fig. 1: Representative Sketch.

Flow in the above domain is governed by the equation of continuity (1) and one of the momentum equations (2), (4), (6) or (8), discussed
in Section 2, above. If we write these equations in components’ forms, then in each case the pressure can be determined from:

- Z—Z — pghcosd =0 (12)
Whose solution satisfying (11) is given by:

p =po + (1 — y)pghcos9 = [py + pghcosI] — pghcosd y (13)
Momentum equations (2), (4), (6) and (8) are discussed in the following subsections.

3.1. Navier-stokes flow

Equation (2) takes the following form:

d’u | ldpdu + pgh?sing _
dy? ' pdydy up

0 (14)

Substituting (3) in (14), with p — py = pghcos9(1 — y) from (13), we can write (14) as

d? d _ _

Where

A, = apghcos?d (16)
__ pgh*sind

Ay =PI (17)

Solution to (15) satisfying the no-slip conditions (10) and (11) takes the form:

— _AeMO-D[YX __1 1 1 JeAw
u(y) = —Aze™ [A1 (A1)2]+A3 [(Al)zem Al(l—eAl)]e '

1 2
sl ~ el (18)

This represents the entry velocity profile into a free-space channel.
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3.2. Darcy flow

Equations (4) and (5) yield the following generalized Darcy equation for the configuration at hand, where we have used p — p, =
pghcosd(1 —y):

pgh® . Ho
=, sind — {m. exp [BgpghcosdI(1 —y)ju =10 (19)

Equation (19) gives the velocity profile

__ pgk(y)h?sind

u(y) = P oxp [~ pgheost(1 - )] (20)

Darcy’s equation is not compatible with the presence of solid walls on which a no-slip condition is imposed. However, in equation (20), if
permeability is a variable function of y and is chosen such that k(0) = k(1) = 0, then u(0) = u(1) = 0. If permeability is constant, say
ko, then the slip velocities at the lower and upper walls are given, respectively, by

u(0) = 229 o [~y pghcoso)] (21)
And

__ pgkoh?sind
w(1) = 2otern? 22)

3.3. Forchheimer flow

Equations (6) and (7) yield the following generalized Forchheimer equation for the configuration at hand, where we have used p — p, =
pghcosd(1 —y):

2 2 Ko _ _ pgh* .
ph*BsUu +{k(y).exp[ﬁgpghcosﬁ(1 y)]}u— ,—Sind (23)

Solving (23) algebraically for u(y), we obtain:

2
_{#o _ _Ho_ — 2p4 i
{k(y).exp[BBpghcosﬁ(l y)]}+J{k(y).exp[,Bprhcosﬁ(l y)]} +4p2h*gBfsind

2ph2BsU

u(y) = (24)

Forchheimer’s equation is not compatible with the no-slip condition on solid walls. The slip velocities at the lower and upper walls are
obtained from (24), respectively, as:

2
—{ﬂ.exp [ngghcosﬂ]}+\/{“—O.exp[ﬁgpghcosﬂ]} +4p2h*gBysind

o =
u(1) = i {@;:f;mg%na )
3.4. Brinkman flow

Equation (8) yields the following generalized Brinkman’s equation for the configuration at hand:

d’u | 1dpdu M—Mzo .

dy? = pdydy Up u

In their elegant and thorough analysis of (27), Kannan and Rajagopal [7] provided solutions using Maple for various choices of u(p) and

A(p) that include combinations of Ae“? and B(pﬂ)", where A and B are positive constants. Pazanin et.al. [21] employed expressions of the
0

forms Many other forms A(p) = A,e", and u(p) = uye, where Ay, o, n > 0.

In the current work, we assume that u(p) = pye*®=Po) and A(p) = Ae?P~Po), where a, ¥, ug, Ao > 0, and p — py = pghcosd(1 — y).
Equation (27) thus takes the form:

2
i A Agem M) — g, ey = 0 #9)

Where A; and A5 are as given by (16) and (17), and

A, =Mk (29)
Ho

Ay = (y — a)pghcos? (30)
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Interpretations of A;, A,, A3, and A, have been provided by Kannan and Rajagopal [7], which we directly quote so that we do not inad-
vertently alter the meanings, as follows:

A; “is a measure of the effect of gravity versus the effect of the pressure on the viscous dissipation within the fluid”,

A, “is concerned with the relative magnitudes of the rates of dissipation within the fluid due to its viscosity versus that due to drag at the
pores”,

A “compares the relative effects of gravity and viscosity”, and

A, “is a measure of gravity versus the relative effects of the viscosity and the drag at the pores”.

In order to solve (28) analytically, we consider the special case of y = a. This case is based on selection of viscosity and drag forms by
Pazanin et.al. [21]. Equation (28) reduces to:

d?u du
dy? 1 dy

— Ayu = Aze~4107Y) = g e~ Aig A1y (32)
Solution to (31) satisfying (9) is given by

u = cjexp [% + %1/ (4% + 4A2] ¥y + cexp [% - %,/(Al)2 + 4A2] y — 2_23/11(3/—1) (32)

Where

A
¢ = ﬁ{ EXP(_%V (141)2"'41‘12—971 ) (33)
174 eAl[(exp(—%‘/(A1)2+4A2)—(exp(§\/(A1)2+4A2)]
4 1
2 — =/ (41)%2+4A
¢ =2y o Lo (R ) (34)

T A, e [(exp(—%‘/(A1)2+4A2)—(exp(%\/ (A1)2+4A2)]

Taking y = a in (28) results in A, = 0. This has the effect of increasing the velocity and bringing the velocity profile closer to that of a
Brinkman velocity profile when viscosity is constant.

4. Other forms of viscosity and drag

There exists a large number of choices for viscosity as a function of pressure, the most popular of which are exponential, linear, and
polynomial forms. Some of these are discussed in the next subsection. For the drag function, however, it is not obvious what A(p) should
be, except possibly trying different forms. Unlike Brinkman’s equation with constant viscosity and a Darcy resistance proportional to
viscosity, the case of generalized Brinkman’s equation possesses a drag function that seems independent of shear viscosity. It is a function
of pressure, however. So is shear viscosity. In addition, for a given porous medium, it is not obvious how the drag function should be
chosen so that one distinguishes between one porous medium or another, or between a porous medium with variable permeability and one
with constant permeability.

To circumvent, we propose here to approximate A(p) by constructing a function of pressure and position that is the ratio between the
pressure-dependent viscosity x(p(y))and the permeability function k(y). This idea is not strange since it appears in the velocity-independ-
ent drag term of the generalized Darcy’s equation.

If we assume that i = u(p) = f(y) and A(p) = L& = L&

ko)~ )’ where k(y) is the dimensionless permeability function, then equation (27)
takes the form

u fl@)du  u_ _ pgh’sing
dy? pghcos? f@ady kG Uf(p)

(35)

Equation (35) is a general differential equation that governs the flow of a fluid with pressure-dependent viscosity through a porous domain
down an inclined plane. Given f(p) and k(y), we obtain specific forms of (35).

4.1. Forms of f(p):

The literature reports on many popular forms of f(p), where yg > 0,py > 0, @ > 0, b > 0 and n is a positive integer. Some of these
forms are:
) up)=fp) =ap
@) p=f(p)=ap”
i) u) = f() = uo(1+ ap)
w) p=f(p)=pe?
V) 1= f(p) = poee*®Po)
vi) 1= f(p) = po(1+ be)
vii) u(p) = f(p) = uo(1 + ap™)
vii)u(p) = f(p) = po[1 + a(p — po)"]
ix) p) =@ = uoll +alp —po)l"

p
0 = @) = e
: a(Zy"
xi) p=f(p)=pee o
xii) = f(p) = po(®/Po)"
Upon substituting the above forms of viscosity in (35), the following differential equations are obtained and tabulated in Table 1.
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Table 1: Pressure-Viscosity Relations and Associated Differential Equations

Form of Variable Viscosity Governing Differential Equation
u= f(p) =ap dz_u _ pghcosddu  u _ _pghzsi‘m?
dy? 14 dy k() Uap
u= f(p) = ap™ d*u _ npghcosddu _ u _ _ pgh’sind
dy? P dy k() Uap™
u= f(p) = Ho(l + ap) dz_u _ apghcos9du _ u_ - _ pgh?sind
d;ﬂ (1+ap) dy k() Uﬂu(1+zap>
1= fP) = poe® LY _ apghcosy L — L — _pahsind
dy? dy k() Unge®
u= f(P) = Hoea(pfpo) dz_u — apgh_cosﬂ @_ 2 _ _7pghzsim9
dy? d k a(p-p
— — ap a;’ hcos9beP d © o h? '039
©=f() = po(1+ be®) At 0O NCOSTDEadc v SR BRI 0 ] [1a S UL
dy? (1+be®P) dy k() Upo(1+be®P)
u=f®) = po(1+ap™ du_ T du_ u _ __pghisind_
ay? GG (1+ap") ay k() Upo(1+ap™
1) = f(p) = uo[1 + a(p — po)"] @w  pmemeesilpmiren | @ | seddus
d;f [1+a(p-po)™] dy k() UﬂoU*“(I;Po)"]
1= f@) = o[l + alp —py)l" dat __n  dw_w ___ pghfsind
» d22 GG [1+a(p polldy k() i Hol1+a(p—po)™
= = poe”%o @u N R N 1511)
u=f(p) = ppe vo P — apghcos? = o dy v =2
a(l)n d?u @ u pgh?sind
= = — apghcosd ———— =
u f(P) Hge Po dyz PYg @ )n dy k@) U,ugea(%)n
u= f(P) = #O(P/Po)n a _ gh(;osﬂ BEE_ B = _7pgh25im9
ay? pdy k@) Uno(0/p)™

In order to cast the equations of Table 1 in more recognizable differential equations, we provide a change of variables by letting

Y=p=po+p1~-y) (36)
B = pghcos? (37)
Where

ay

T=-8 (38)
d _ dady d

T wa= P (39)
& _ g2 4

dy? P o (40)

The following table of transformed governing equations is obtained, wherein:

§ = pgh?sind (41)

Table 2: Transformed Governing Differential Equations
Form of Variable Viscosity Governing Differential Equation
pw=fp)=ap ﬁ2%+ﬁ722—3_$:_%
w=rf@) =+ ap) B Zyl; (ﬁizy) Z; K?Y) = _ﬁ
u=f®) = pe® B B~ %5 = T
= f(p) = poe®®0) B? Z; +ap? = - = m
1= f®) = po(1 + be?) B i :ﬁz:;yv)z_,; - ﬁ m
w=f®) = p(1+ap" ﬂzﬁ - —
1@) = f() = po[1 + a(® — po)"] gy 4 @B 0po)" du _ w 8

dY [1+a(Y-po)™] dY  K(Y) Upo[1+a(Y—po)™]
= f®) = wo[1 +a(p — p)I" B e
w=f(p = ﬂoea(’%) ‘82 de g ;_Z_: B ﬁ - Uﬂoj“(%)
n-1

w=f(p = ﬂoea(’%)n ‘82 dYZ i ((Yp)n)" Z: %Y) T Uuogi(;TYU)n
1= f®) = uo(p/po)" et

Solutions to the equations of Table 2 depend on the form of K (Y). While we can always rely on a numerical solution, we will make the
following assumption so that we can obtain closed form solutions to the equations of Table 2.

Hamdan and Kamel [22] introduced a permeability function for Brinkman’s equation and showed that a quadratic velocity profile is tiled
to a quadratic permeability. This translates into a proportionality between the variable permeability and velocity. We can then write K(Y) =
kou, where k, is a reference constant permeability.

Accordingly, equations of Table 2 are transformed into the following forms:
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Table 3: Final Form of Governing Differential Equations

Form of Variable Viscosity

Governing Differential Equation

d?u 1du 1 5
w=f({p) =ap avz ' ydy Bk, UaB?Y
- = 77fE d’u ndu _ 1§
p=f®) =ap arz ' ydr  B%ko  UaBPyn
d?u a du 1 5
#=fw®) =pn+ap) avz | (+av)dy  B%ke  UmoBZ(1+ay)
d?u du 1 8
w=f) = poe™ arr b Y = B T Gapen
_ d?u du 1 8
u=f(p) = noe @) 2 T o = Bore T Unapentro)
d?u abe® du 1 8
_ — ap padiig e .
u= f(p) - Ho(l + be ) dy? (1+be?¥)dy B2ky  UpoB2(1+be®)
- - n dPu any™dy 1 )
p=fp)=pl+ap™) dyz ' (1+ay™)dy  B%ke  UuoBZ(1+ay™)
_ _ _ o dz_u an(Y—pD)”'l]d_u _ 1 E)
1) = f(p) = uo[1 + a(® = po)"] a2 T e ar — B2k UmeBiratr—poml
d?u na du _ 1 8
1=Ff®) =uol[l+al—pol" av? " [L+a(—pldY  fPke  mopa[lta(Y—po)l"
a(i) dz_u & du = 5 s
1= fp) = poe v N O
d*u M tdu 1 )
P yn n - - Y n
1= f(p) = e %o ar? @™ A T ko g GO
Solution to this equation WI|| not be provided in Table 4.
d?u ndu 1
uw= f(P) = Ho(p/po)n dYZ + 2 YdY = szo ﬁzUMo(Y PO™
4.2. Solutions to governing equations
In order to solve the governing equations in Table 3, we use the method of reduction of order by letting Z = — and E = ﬁ Each of the
differential equations is reduced to a first order, linear ODE of the form:
dz
Z+AIMNZ = f,(Y) (42)

Equation (42) can be solved using integrating factor method. Solutions for the velocity distributions are shown in Table 4, below, where

¢, and c, are arbitrary constants to be determined using the no-slip conditions of (10) and (11).

Table 4: General Solutions to the Governing Differential Equations

Form of Variable Viscosity Governing Differential Equation

Y2

w=f@ =ap U= Ua32+cllnY+cz
_ o _ y?2 _ oz cy! .
p=f(@)=ap = e vapaay T o Y n# 2
— — _y? _1 2%
u=fp)=u,1+ap) U= o —Zaﬁzko auunﬁ2] [Y ln(l + aY)] ~md+a)+c,
= L = Yy L
1= f®) = e U= Wnﬁz[
_ _ (- _ Y e~ y 1
©=f(p) = poe®P7Po) U= ok, + Upof2e-av0 Lo az
5y be®™
u=f(p) =uy(1+ be*) - [BT{O_WOBZ aﬁzko] 1
. [1+be®¥] [1+be®]
Take n=2
i —_ n
u=f)=po+ap™ u= —tan‘l(\/—Y) + [2a132k m] In|1+ aY?| + sz. [Y —ilnll + aY2|] +c,
Take n=2
= =po[l+alp— =il 2 _ 1
gSQ] f(@) = po[l +a(p = “Ltan (Va(r —po)) + [Mzkn — /32] 1+ a(Y —po)?| + 35 [ =po) = i1 +

ﬂY—m)ﬂ+Q

_ Y(l—wno)myz—2 8 {[1+u(Y—p0)]2’" +( 1) [1+a(Y—pU)]1’"} [1+a(Y—po)]t ™"
a2l ato—m) (U

= =u[1 — n — .
1= f(®) = o[l +al—po)l Fraaii D g a2 e L M E L2
a®) _ Y s Y (po)’y oY clepn
b= F®) = e s N
Y2 8(o)" 2-n C1Y1_
— — n —_ —_ .
w = f(p) = no(p/po) U= oD o Y i ten# 12

Table 4 represents the entry pl’ofile to a porous channel the flow through which is governed by the generalized Brinkman’s equation. For

the case of p = f(p) = yee (Do

sions for viscosity in terms of pressure, we have provided a closed-form profile for the entry velocity.

5. Conclusion

, the resulting differential equation needs to be solved numerically. For the eleven other popular expres-

In this work, we considered flow of a pressure-dependent viscosity fluid down an inclined porous plane with the objective of deriving entry
velocity profiles to either a free-space channel or porous channel. This work is important in the study of two-dimensional flow through
channels when the fluid is of a pressure-dependent viscosity. To achieve the said objective, we considered Navier-Stokes equations with
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pressure-dependent viscosity, and the generalized forms of Darcy, Forchheimer and Brinkman equations. We derived entry velocity ex-
pressions for a dozen cases of viscosity-pressure relations. From the above work, we can highlight the following findings.

a) Inusing the Barus viscosity-pressure relation, one needs an experimental Barus coefficient, Bg.

b) Generalized Darcy’s and Forchheimer’s equations are not compatible with the presence of solid walls on which a no-slip velocity is
imposed. In this work, we derived expressions for the slip velocities at the walls.

c) In using the generalized Brinkman’s equation, a closed-form solution might not readily avail itself, depending on the form of vis-
cosity and drag function in terms of pressure.

d) Generalized Brinkman’s equation does not explicitly provide information on how to distinguish between one porous medium or
another. In this work, we provided a methodology in which we tied the drag function to the medium variable permeability and
obtained velocity expressions for a dozen viscosity-pressure relations.

The main emphasis in this work has been on flow through an inclined channel. We leave for future work to consider flow through a
horizontal channel.
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