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The Onsager model for the secondary flow field in a high-speed rotating cylinder is
extended to incorporate the difference in mass of the two species in a binary gas
mixture. The base flow is an isothermal solid-body rotation in which there is a balance
between the radial pressure gradient and the centrifugal force density for each species.
Explicit expressions for the radial variation of the pressure, mass/mole fractions, and
from these the radial variation of the viscosity, thermal conductivity and diffusion
coefficient, are derived, and these are used in the computation of the secondary flow.
For the secondary flow, the mass, momentum and energy equations in axisymmetric
coordinates are expanded in an asymptotic series in a parameter € = (Am/m,,), where
Am is the difference in the molecular masses of the two species, and the average
molecular mass m,, is defined as m,, = (o,1m; + pw2mz)/p,, Where p,; and p,, are
the mass densities of the two species at the wall, and p, = p,; + p.2. The equation
for the master potential and the boundary conditions are derived correct to O(€?).
The leading-order equation for the master potential contains a self-adjoint sixth-order
operator in the radial direction, which is different from the generalized Onsager
model (Pradhan & Kumaran, J. Fluid Mech., vol. 686, 2011, pp. 109-159), since the
species mass difference is included in the computation of the density, viscosity and
thermal conductivity in the base state. This is solved, subject to boundary conditions,
to obtain the leading approximation for the secondary flow, followed by a solution
of the diffusion equation for the leading correction to the species mole fractions.
The O(e) and O(€?) equations contain inhomogeneous terms that depend on the
lower-order solutions, and these are solved in a hierarchical manner to obtain the
O(¢) and O(€?) corrections to the master potential. A similar hierarchical procedure
is used for the Carrier—Maslen model for the end-cap secondary flow. The results of
the Onsager hierarchy, up to O(e?), are compared with the results of direct simulation
Monte Carlo simulations for a binary hard-sphere gas mixture for secondary flow
due to a wall temperature gradient, inflow/outflow of gas along the axis, as well
as mass and momentum sources in the flow. There is excellent agreement between
the solutions for the secondary flow correct to O(e?) and the simulations, to within
15 %, even at a Reynolds number as low as 100, and length/diameter ratio as low
as 2, for a low stratification parameter </ of 0.707, and when the secondary flow
velocity is as high as 0.2 times the maximum base flow velocity, and the ratio
2Am/(m; + my) is as high as 0.5. Here, the Reynolds number Re = p, $2R*/ 1, the
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stratification parameter &/ = \/m$§22R*/(2kgT), R and §2 are the cylinder radius and
angular velocity, m is the molecular mass, p, is the wall density, @ is the viscosity
and T is the temperature. The leading-order solutions do capture the qualitative trends,
but are not in quantitative agreement.

Key words: compressible flows, molecular dynamics, rarefied gas flow

1. Introduction

Centrifugal gas separation processes effect separation by utilizing the difference
in the mole fraction in a high-speed rotating cylinder caused by the difference in
molecular mass, and consequently the centrifugal force density. These have been
widely used in isotope separation because chemical separation methods cannot be
used to separate isotopes of the same chemical species. An important application
is the separation of trace radioactive isotopes of metals (molybdenum, tellurium,
iridium, cadmium, technetium, indium, etc.) for medical imaging, as well as use in
non-destructive testing using gamma cameras. These are also used in the nuclear
industry in the separation of uranium isotopes for power generation, as well as
zinc isotopes for corrosion resistance. More recently, centrifugal separation has also
been explored for the separation of gases such as carbon dioxide and methane. This
separation is of great commercial importance in the natural gas industry, because
natural gas reserves are often contaminated with small amounts of carbon dioxide
and hydrogen sulphide, and gas reserves with even 10% carbon dioxide and 1%
hydrogen sulphide cannot be economically exploited. Even though this separation
involves different gas species that can be chemically separated, chemical separation
typically involves organic solvents for scrubbing one of the species, and these
solvents are expensive and are not environmentally friendly. Moreover, the large
mass difference increases the difference in the centrifugal force density between the
two species, and thereby the efficiency of the centrifugal separation process. Current
studies seem to indicate that centrifugal separation is still not an economical option,
though the feasibility studies are hindered by the lack of good analytical models for
the centrifugal separation of gases of very different molecular masses.

As discussed below, the Onsager model traditionally used for centrifugal separation
assumes equal molecular masses for the two species in the flow analysis. This is a
good assumption for isotope separation, where the difference in molecular masses is
typically 100 times less than the average molecular mass, but is not a good assumption
for separation of dissimilar gases such as carbon dioxide and methane. The objective
of the present analysis is to examine the approximations in the Onsager model due
to the assumption of equal mass, and propose a method for systematically correcting
these approximations in order to make the model applicable to the separation of
dissimilar gases. The analysis is compared with results from molecular simulations
for hard-sphere gases using the direct simulation Monte Carlo (DSMC) procedure
(Bird 1994).

The Onsager model is extensively used for the simulation of high-speed rotating
flows (Wood & Morton 1980; Gunzburger & Wood 1982; Viecelli 1983; Wood &
Sanders 1983; Gunzburger, Wood & Jordan 1984; Wood, Jordan & Gunzburger 1984;
Wood, Mason & Soubbaramayer 1996; Pradhan & Kumaran 2011) owing to its clever
reduction of the complicated mass, momentum and energy equations to a relatively
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simple sixth-order equation for the ‘master potential’. In a high-speed rotating cylinder,
the base flow is a solid-body rotation, where the angular velocity is a constant
throughout the cylinder, and the pressure gradient for each gas species is balanced
by the centrifugal force density. The difference in the centrifugal force densities due
to the molecular mass difference causes a variation in the mole fraction across the
cylinder, with the higher-molecular-weight species preferentially concentrated near the
wall. However, for separation of the two species, it is necessary to have inserts for
inflow/outflow of gas, and there typically are temperature gradients at the wall as
well. These different types of external forcing cause a secondary flow in the cylinder.
This secondary flow has a strong effect on the efficiency of separation, and it is
important to formulate accurate models for the secondary flow.

A complete flow simulation involves the solution of the compressible mass,
momentum and energy equations for the gas velocity in the cylinder, along with
the ideal gas equation of state. There have been previous numerical simulations of
axisymmetric flows in a high-speed rotating cylinder (Lahargue & Soubbaramayer
1978; Soubbaramayer & Billet 1980; Berger 1987). Apart from the complicated
formulation of the differential equations for five variables (density, three components
of velocity and temperature), there are two important conceptual difficulties in the
numerical solution of the continuum equations. The flow in the cylinder is usually at
high Mach number, where the secondary flow is restricted to a region of thickness
Re 'R smaller than the cylinder diameter, where Re = p,,2R?/f1 is the Reynolds
number based on the mean density at the wall p,, the cylinder radius R and angular
velocity §2 and the viscosity for the base state p. While the continuum approximation
is valid in the radial boundary layer, the density in the central region is sufficiently
small that the flow is in the free-molecular regime. There is no simple way to
determine the boundary between the continuum and free-molecular regimes, and
to prescribe boundary conditions at this boundary. Another important issue is the
modelling of the wall slip in the simulations. While the no-slip conditions are
applicable to low-Mach-number flows, there is usually a substantial slip velocity at
the wall, which needs to be modelled in continuum simulations.

An alternative is to use a molecular simulation procedure. In the DSMC procedure,
the Boltzmann equation is simulated using a probabilistic Monte Carlo procedure to
obtain the velocity distribution function, and the density, velocity and temperature
are obtained by taking moments of the distribution function. Here, one ‘simulated’
molecule represents a large number of real molecules, and the collision probability is
chosen in such a manner that the collision frequency, mean free path and temperature
of the simulated molecules are equal to those for the real molecules. This procedure
can be used for the simulation of both the rarefied gas regime and the continuum
regime, and this has been used previously for centrifugal flows (Roberts 1985;
Roberts & Hausman 1988; Pradhan & Kumaran 2011). However, these simulations
are computationally intensive, owing to the requirement of having a large number
of simulated molecules in each differential volume in order to reduce statistical
fluctuations.

The Onsager model, which is considerably simpler than the solution of the
continuum equation, even admits analytical solutions in some cases, and can be
solved using separation of variables in the cases of sources and sinks within the flow.
The analytical solution is in error, of course, in the high-Knudsen-number regime
owing to the breakdown of the continuum approximation. However, the density and
the secondary mass flux decrease as the inverse of the exponential of the distance
from the wall where the local Knudsen number (proportional to the inverse of the
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number density) is large, resulting in a negligible contribution to the secondary flux
in the cylinder from the high-Knudsen-number regions where the analytical solution
is not valid. So the analytical solution has the advantage of being accurate in the
low-Knudsen-number regions where the secondary flux is largest, while at the same
time giving a uniform approximation throughout the domain. The starting point for
the Onsager model is the mass, momentum and energy conservation equations for a
rotating gas. The solid-body rotation with a constant angular velocity and temperature
is considered to be the base state, and the equations are linearized about the base state
on the assumption that the secondary flow velocity is much smaller than the velocity
of rotation of the cylinder. The equations for an axisymmetric flow are reduced to
one sixth-order equation for the ‘master potential’ for the radial boundary layer. Since
the operator, with the prescribed boundary conditions, is self-adjoint, it can be solved
using the separation-of-variables procedure, leading to an eigenfunction expansion
(Wood & Morton 1980; Pradhan & Kumaran 2011). It is also possible to solve the
equation using the finite-difference (Viecelli 1983) or finite-element (Gunzburger &
Wood 1982; Gunzburger et al. 1984) methods.

The Onsager model is not valid at the end-caps of the cylinder where there is a
radial flow in a thin axial boundary layer. Here, procedures similar to derivation of
the Onsager model, but with the assumption that the ‘axial boundary layer’ is much
smaller than the cylinder radius, have been used to derive the ‘Carrier—Maslen’ model
(Olander 1981), which is a fourth-order differential equation for the stream function.
This has been solved to obtain the flow profiles at the end-caps.

Though the Onsager and Carrier—Maslen models are simple and elegant, there are
significant approximations. It is assumed that the length of the cylinder is much
greater than the diameter, so that the axial variations can be neglected away from
the end-caps. The model is restricted to the limit of high Reynolds number and high
stratification parameter (stratification parameter based on rotation velocity and speed of
sound based on gas density and temperature at the wall), where the radial boundary
layer thickness is small compared to the cylinder radius. Here, the stratification
parameter &7 = /m$22R?/(2kzT) and the Reynolds number Re = p,,2R?/i1, where
m is the molecular mass, §2 is the angular velocity of the cylinder, R is the cylinder
radius, p, 1s the wall density, p is the viscosity and 7 is the temperature. The
difference in molecular masses of the two species is neglected in the secondary
flow calculation, though the predicted flow velocities are subsequently used in the
equations for the species mole fractions. When the difference in molecular mass
is neglected and the temperature is considered a constant in the base state, the
thermal conductivity and viscosity are also a constant, and the pressure decreases
exponentially with distance from the wall.

The generalized Onsager and Carrier—Maslen models (Pradhan & Kumaran 2011)
were formulated where the approximation of high stratification parameter was relaxed.
In this case, a generalized sixth-order operator was derived, which is applicable even
when the stratification parameter is O(1), though the assumption of high Reynolds
number was made. This operator is also self-adjoint, with real eigenvalues and
orthogonal eigenfunctions, though these have to be determined numerically. For the
secondary flow, it was found that the predictions of the generalized Onsager model
were in very good agreement with DSMC results even when the Reynolds number
is as low as 100 and the length/diameter ratio is as low as 2. However, this model
retains the assumption that the molecular masses of the two species are equal while
calculating the secondary flow.
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Here, we examine how the species mass difference can be incorporated into the
Onsager model to make it applicable to systems where the difference in molecular
masses is not much smaller than the average molecular mass. In the base state,
the flow is considered to be a solid-body rotation with constant temperature, but
the variation in the mole fraction is taken into account. Because of this, there is a
variation in the viscosity and thermal conductivity in the radial direction. In addition,
the total pressure is written as the sum of the partial pressures of the two species,
and is not approximated as an exponential function of the distance from the wall.
The dilute gas equation of state is used for the pressure, while the Chapman—Enskog
expressions (Chapman & Cowling 1970) for hard-sphere gases are used for the
thermal conductivity and viscosity.

In the analysis of the secondary flow, the equation for the master potential is
expanded in an asymptotic series in the parameter € = Am/m,,, where Am is the
difference in the molecular masses of the two species, and m,, is a suitably defined
average molecular mass. The leading-order equation and boundary conditions for the
master potential are nearly identical to the sixth-order differential equation of the
generalized Onsager model (Pradhan & Kumaran 2011). The important differences
are that the density is not assumed to decrease exponentially from the wall, but
the actual species densities are used, and the radial variation in the viscosity and
thermal conductivity due to the variation in mole fraction are incorporated. The
mean velocity and temperature obtained by solving the leading-order equations are
used in the species balance equations for the mole fractions of the two species, and
the corrections for the number density and mass density of the two species due
to the secondary flow are obtained. These appear as inhomogeneous terms in the
equation for the O(e) correction for the master potential; this equation is solved with
appropriate boundary conditions to obtain the O(e) correction to the master potential
and flow velocity. This is then used in the O(e) contribution to the species balance
equation, and the hierarchical procedure is repeated until the O(e*) correction to
the secondary flow velocity and mole fraction are calculated. A similar hierarchical
procedure is used for the Carrier—Maslen model for the end-cap boundary layers.

The results of the Onsager hierarchy, up to O(e*), are compared with the results of
DSMC simulations for the axisymmetric flow of a two-species hard-sphere molecular
gas. The constitutive relations for mass diffusion, viscosity and heat conduction
predicted by the DSMC simulations are compared with the Chapman—Enskog
expressions (Chapman & Cowling 1970) in order to validate the constitutive relations
used in the analysis. After this, the results of the O(e?) Onsager hierarchy for the
secondary flow are compared with DSMC simulations for three types of forcing, a
wall temperature gradient, inflow/outflow of gas along the axis, and mass/momentum
input due to inserts within the flow.

2. Formulation

A cylindrical (r, 6, z) coordinate system is used to analyse the flow in a rotating
cylinder of radius R and height Z with constant angular velocity §2. The flow is
assumed to be axisymmetric, and there is no dependence on the meridional coordinate
6. We consider a binary gas mixture with number densities (n;, n,) and molecular
masses (mj, m;). The mole fractions are denoted N, = (n,/n) and N, = (n,/n). The
densities of the two species are p, = mn; and p, = myn,, while the total density
is p = p; + p2. The flux of species 1 in a binary mixture is given by (Chapman &
Cowling 1970)

Dlznmlmz

-~ (d;,+kV(Iog, T)), 2.1
Nlml—f—szz( 12 rV(log, T)) 2.1

j1:
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where k7 is the thermal diffusion coefficient, and d;, is,

N{N,(my — m
dyy= VN, + Nelm —m) o | 2.2)
,OkBT

It is appropriate to express Dy, = (D),/n), since D, is proportional to the inverse of
the total number density, to obtain

/
mlszlz

-~ (d;, +kV(og, T)), 2.3
N1m1+N2m2( 12 rV(log, T)) (2.3)

Ji=
where D}, is a function only of temperature, and is independent of the total number
density.

The flux is written as the sum of the mean flux in the absence of secondary flow
J, and the perturbation due to the secondary flow, j. In the following analysis, the
overbar x always represents the mean quantities in the absence of secondary flow, and
the hat % is the perturbation due to the secondary flow. The base flow is a solid-body
rotation about the axis, with a radial gradient in the density and the mole fractions
due to the centrifugal forces. The fluxes are zero, and the gradient of the pressure is
given by the centrifugal force density, p$2%r. The expression for the flux in the base
state is

(2.4)

D| - NINA
G = _mmDi, (VN—IZmV">,

_Nlml +N27112 : ﬁkBT
where Am =m; — m,. In the base state, the fluxes are zero, and the gradient of the

pressure is given by the centrifugal force density, p£2°r. Since there are only radial
variations in the base state, the zero-flux condition reduces to

le NlNzAmQZV i

b " 0, 2.5
dr kBT ( )
where the radial momentum balance equation
95
P _ 502 (2.6)
ar

is used to substitute for the pressure gradient.
Equation (2.5) is solved to obtain the mole fraction of the two components, subject
to the condition for the total holdup for each component,

R
231/ rdrmn; = M 2.7
0

where .#; is the mass holdup of the ith component per unit length of the cylinder.
With this condition, the expressions for the molar and mass densities and the mole
fraction are

7t = Tty exp (—m;$2*(R* — 17) 2kT), (2.8)
P = pui €Xp (—m; 22 (R? — 1?) /2kgT), (2.9)
7, exp (—m;$2*(R* — r2)/2kBT)

2 9
D g exp (—m2* (R — 1) /2ksT)

j=1

N; = (2.10)
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where
_ ;2% exp (m;$2°R* [ 2kyT)
7y = - - , @2.11)
2tk T (exp (m;22R? )2k T) — 1)
Mm; 27 22R2 2k T
P = —ihite OXP (r /2ksT) (2.12)

27k T (exp (m;$22R?/2ksT) — 1)

The calculation of the number density for a multi-component system is a little more
complicated. However, it can easily be verified that the solutions (2.10) and (2.12)
are still valid for a multi-component system, when the summations are taken over all
components.

Expressions for the mixture viscosity, thermal conductivity, diffusion coefficient
and thermal diffusion coefficient (Chapman & Cowling 1970) are listed in equations
(A1) in appendix A. In the base state, the temperature is a constant and all the
coefficients in (A 1) (which are listed in (A4) to (A21)) are independent of position.
Therefore, the position dependence of the transport coefficients in (A1) is due only
to the dependence of the mole fractions N, and N, on position in the base state.

In the following analysis, the species masses are defined in terms of the average
mass and the mass difference,

Mgy = blml + b2m2, (213)
Am =my — my = €my,. (2.14)

Here, the parameter € = Am/m,, is used as the small parameter for the asymptotic
expansion of the Onsager equation. The individual masses can now be represented in
terms of the average mass and the mass difference,

m; =mygy, + b, Am, (2.15)
my =myg, — b Am. (2.16)

The above expressions for the individual molecular masses are used to obtain
corrections to the Onsager equation and the flux equations in the parameter Am.
The expression (2.13) for the average mass can be used for different averages, such
as the arithmetic average (b, = b, = 0.5), mass average (b, = m;N;/(mN; + myN;),
b, :mZNZ/ (m;N, + myN,)) or mole average (b :f\ﬁ, b, =N,), or any other type of
average depending on the situation, where N; and N, are the average mole fractions.
The only restriction is that the averages should be based on the total mass/molar
holdup, and not on the local mass/mole fractions, with the restriction by + b, = 1.
Here, we define the average mass as m,, = (p,1m; + pPw2i2)/pyw, Where p,; and p,,
are the mass densities of the two species at the wall, and p,, = p,,; + pw2. The reason
for this choice is discussed after (3.27).

In the generalized Onsager model, the difference in molecular mass is neglected,
and the number and mass densities for the solid-body rotation (2.10) are independent
of the radial position. Since the temperature is also uniform, the viscosity and thermal
conductivity in (A1) are independent of radial position. In most of the analysis, we
do not explicitly expand @, K, p, p; and N; in a series in €, since it is easier to
solve the equation for the master potential using the forms (2.10) for the mass density
and mole fraction, and (A 1) for the viscosity and thermal conductivity. However, at
select locations in the analysis, an expansion is used in order to recover an equation
similar in form to the generalized Onsager equation as the leading approximation of
the hierarchy of equations. In all cases where the expansion is used, terms correct to
O(€?) in the expansion are retained in the analysis.
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The dimensionless parameters used in the analysis are as follows. The stratification
parameter is defined on the basis of the average mass and the mean temperature, and
is proportional to the ratio of the linear wall velocity and the speed of sound at the

wall,
2°R*  RQ
of = M 2.17)
ZkBT Cy

where ¢, =+/yksT/m,,. The wall density and viscosity at the wall are used to define
the Reynolds number,

_ QR

o
where [1,, is the viscosity at the wall in the base state. The other dimensionless groups
used are the Prandtl number, Schmidt number and the ratio of specific heats,

Re (2.18)

’

Coll

pr— v 2.19

r 3 (2.19)

Se=_Hr (2.20)
May D),

_r 221

14 C. (2.21)

which are O(1) for an ideal gas. Here, K, is the thermal conductivity in the base
flow at the wall, D/ is the value of the diffusion coefficient D, at the temperature
T in the base state, and at the mole fraction Nj,, at the wall, and C, and C, are the
specific heats at constant pressure and volume, respectively. Finally, the scaled radial
coordinate in the analysis is defined as

Mgy 22 (R> — 1?) P

where o7 is the stratification parameter (2.17).

In all the following analysis, all variables are expressed as * =+ %, where * is the
value in the base flow (solid-body rotation), and % is the additional contribution due
to the secondary flow. All equations are then linearized in the perturbation variables
x. In the base flow, the mean velocity ¥ = R§2ey, where e, is the unit vector in the
0 direction. The flux j; =0 for the solid-body rotation reduces to (2.5) for the radial
flux, and the solution is (2.10) for the mass density and mole fraction. The equation
for the perturbation to the flux due to the secondary flow is

V-5, +V-(p»)=0, (2.23)

)

where D), is the value of D), for T =T. Here, we have used the pressure gradient
Vp = pS£2*re, in the base state, where e, is the unit vector in the radial direction.

where the linear approximation for the perturbation to the flux is

. mymy D, < AmQ%e, [ -
J] = - VNl—i_ (Nz—Nl)Nl—
Nim; + Nom, kgT

~N|~
i

AmN\N,Vp ke VT
_ omnievp | frh ) (2.24)

pksT T
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The perturbation (2.24) is inserted into the balance (2.23), and the mass difference is
defined in terms of the small parameter € = Am/m,,, to obtain

m1N1 + m2N2 ar I(3kBT 5 B ?E
N €mg, 2°r Ny — NN, + T N 0
kBT 2 1 1 7—_, 5

m1m2D/12 <82N1 emavN1N2 82}3 kT 827A“>

1 0 [ mlmzb’lzr (8[\\71 GmaleNg 8]3 kT 3?
ror

Nlml —f—szz BZZ ﬁkBT 8722 B ?TZZ

L 100bp) 05

=0. 2.25
r or 0z ( )

The differential equation (2.25) can be solved using zero-flux boundary conditions
at the solid boundary to obtain the correction to the mole fraction N;, provided the
perturbation to the velocity v, temperature T, pressure p and density o are known.

3. Equations of motion

The compressible axisymmetric mass, momentum and energy equations (listed in
appendix B) are expressed in terms of the density p, the three components of the
velocity v,, vy, v,, the pressure p and the temperature 7. The disturbance to the base
state due to a temperature gradient at the walls, or due to a flux of mass, momentum
or energy, is incorporated by perturbing the base velocity and pressure profile as
follows:

p=p+p, (3.1
p=Dp+p, (3.2)
T =T+T, (3.3)
v = b, (3.4)
vy = r$2 + Uy, (3.5)
v, = b, (3.6)

Perturbations of the form given in (3.6) are substituted into the mass, momentum
and energy conservation equations, and the resulting equations are linearized in the
perturbation (hatted) quantities. Steady state is assumed, so that all the time derivatives
are zero. After subtracting the corresponding base state equations, and noting that the
density, viscosity and thermal conductivity in the base state are functions of r and
independent of z, we obtain the following equations for the mass and momentum:

19 _,
;E(rpvr) + (pvz) =S, 3.7
p D T V.
—/3er—2,5.(2{)9=—8£+,@ Vi, — o) 4 AV )
or 3 or

2y Aa‘l+2av’ L, (3.8)
—_— = V— N rs *
3 or or or
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252, =L (1l (W) 4 20, (3.9)
V= —F— r - — A A ) .
p 2or \"For \7 # a2 7’
p . LAV-P) di (D 9D,
0=— 4 avep, + L OO OB (00 00 L (3.10)
z 3 0z ar \ or 0z

Here we have considered a mass source density .#,, (mass input per unit volume per
unit time) in the mass conservation equation (3.7), and force densities f,, f; and f; in
the r, 0 and z directions, respectively, in (3.8)—(3.10). The term on the left in (3.8) is
the contribution to the » momentum equation due to the centrifugal force, while the
term on the left in (3.9) represents the contribution to the # momentum equation due
to the Coriolis force. The energy equation is

19 [ _aT _32T
0=—pV-p+|-—— |rK— | +K— | +.%, (3.11)
ror 072

where .7, is the energy input per unit volume per unit time. The above equation can
be simplified using the mass conservation equation,

I e o=
Vev="2—-5"%.Vp
0
S D, 0p
= I 0P (3.12)
o por
to give
po, 0p 1o [ -oT _ 9T
0=—— -—— | rK— K— S 3.13
0 8r+<r8r<r ar + 972 e (3-13)

Here, . = ./, — (p.%,/p), and .7, is the energy source. In the energy equation
(3.11), the first term on the right is the pressure work done due to the compression
or expansion of the gas. In the following analysis, it is important to note that the
pressure p, viscosity i, thermal conductivity K and diffusion coefficient D in the base
state vary only in the radial direction, owing to variations in the mole fraction. In
addition, the viscosity, thermal conductivity and D’ = Dn are independent of the total
number density, and they depend only on the temperature and mole fraction. Since
the temperature is uniform in the base state, the variation in @, K and D is due only
to the variation in the mole fraction with the radial coordinate.
The perturbation to the equation of state is

/61 /32 13 ,51 ,52 ?
—_—t == — 4+ — = . 3.14
m my kT (ml m2> (T) ( )

Using an expansion in the small parameter € = Am/m,,, we obtain

bt €(P2Pw1 — P1Pw2) + e2(p1p2, + P2P2))

15w Iavzv
P 2D P2 (E2+ 26 +2)\ T
:zi_ﬁ |4 EPmp z(é_+ £+2) r (3.15)
ksT 2p2 T

In (3.15), there is only one term that depends on the densities of the individual species
o1 and p,. Since the species mass balance equations are written in terms of the mole
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fraction N, and the total density p, it is necessary to convert the species densities g,
and p, in terms of the total density perturbation ¢ and the perturbation to the mole

fraction N;. The perturbation p; can be written as

pr = ml(lel-i‘Nlﬁ)
= my (M (pl +p2> + N (p‘+ m)) (3.16)
ny niy ny my

The above implicit equation can be solved for p,. For the present purposes, it is
sufficient to obtain an approximate solution up to first order in e,

p1 = pN, + pNy + €(DN\Ny + Ny (5:Ny — piN,)), (3.17)

and a similar expression can be obtained for p,. These can be inserted into the term
dependent on p; and p, in (3.15), to obtain, correct to O(€?),

€(P201 — P1Pw2) + €2(P12, + P20L))
;. P

L A N _w _N _w
=6<_N1p+p(2plﬁlf’2)>

- _ - _ 2 R
A N w _N w -~ - - 2 w
e (p (W) A, (,oN1+p1— p_‘”)). (3.18)

An expansion in € can be used for the mole fractions N, and N,, as well as the mass
densities p; and p,, to obtain the following expressions for the terms in (3.18):

N _W _N _w € _w _w
10 2_ 20wl _ _ ,0_10 2 _’_0(62), (3.19)
Pw Pw
—_ - 2__W G_W _W 1+2
GNy + py — PP PP z(_ ) 4 o). (3.20)
Pw € Oy

Substituting these into (3.18), and retaining terms up to O(e?), we obtain

€N, p +0(*). (3.21)

P oy Py

€(P2011 — P1Pw2) " e2(p1p2, + P2P2)) N €2ppw1 pua(1 + &)
= - )

Substituting (3.21) into (3.15), we obtain

A (1 i 6215\4/11514/2(1 +§)) _ ﬁmau = <1 + 621514/115w2($2 + 25 +2)>
P 52 T 2752
. . (3.22)
The above equation can be solved to obtain 4 in terms of p, T and N;, and truncated
at O(€?), to obtain

~»

A

= ON;. 3.23
T+6,0 1. (3.23)

Amuv 62 _H/ _W 1+ - 62 _W _W’ 2+ 2
p a <1_|_ 1Y 1,0/622( 5)) _5 (1+ 1Y 1/02125(2 &) >
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First, we eliminate the density in the r momentum equation, (3.8), using the
equation of state, (3.15), to obtain

2%rmg,p €2py1 P (1 + Q4rpT €2 Py1 Pua (2 + £)?
p(1+ Pt Pwa( %‘))Jr P <1+ Pt Pz ( é))

ksT Oy 2p;,
~ op
— 527N, — 25020, + 8—”
p
_ . D oV -v) 2 L Ou 00, dji
(v, =) 4 B w0 O e 304
M( v r2>+3 ( ar 3( v)8r+ ar dr i (3:24)

9 (ﬁ)_aﬁ pap
Pz =7~ =
P

ar ar p or
aA p GUQZ 2_W _W’
_ W a2 (€ PnPig (3.25)
ar kBT p&

can be inserted into the momentum conservation equation, (3.24), and divided
throughout by rp, and the resulting equation is differentiated with respect to z,

to obtain
19 [(10p o0 20, KT N Q20T [ €2pipua(2+€)?
ror \ p oz oz \ r T T 0z 202

€My 22 P Pra (1 + 28) 3p , 0N,
— — —€f2

kT 52 0z 3
LR (g B\, A (PODY 2 VD)0
rp 0z r? 3rp 0zor 3ro 0z Or
2 9%0, 01 0 i
M Y (3.26)
rp draz dr 0z \ rp

Equation (3.10) is used to substitute for dp/dz in the above equation, and the equation
is divided throughout by [, to obtain

10 1 10 0, 1 00\ 0.7, 1 3p\> a0,
1o (1o _ L0 (qug B _ L (90)0% L (90)"00
ror \ p por oz r? 3rp3 \ or ) 0z 3rp3 \ or 07
1 ou . a(V.p 929 929, 1 v av,\ 0 10u
T/ AL e +— o+ < (R
ppr or 0z or:  0roz ar \ or dz ) or \ p or
20T <e25w15w2<2+s>2> a2 P Pua(1 +28) 0p _ €2% o
aT 0z 2p;, kT pp? iz

Q4d (20, QT 1 [0 1a [f
_E o o (A o (E). (3.27)
nodz r T npr \ 0z ardr \ p

It should be noted that the form of equation (3.27) depends on the choice of b, and
b, in (2.15) and (2.16). Owing to the choice b, = p,,/p, and b, = p,»/p, the only

1
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O(¢) term is proportional to Nl in (3.27), while the coefficients of all other O(¢) terms
reduce to zero. Other choices of b, and b, would have resulted in additional terms of
O(e), thereby making the algebraic manipulations more complicated.

The velocity components U, and 0, can be expressed in terms of a stream function
using the mass conservation (3.7),

—n oy

rov,=——+ [ rdr.%,, (3.28)
0z 0
0

rpt. = (3.29)

ar

The velocity is expressed in terms of the stream function, to obtain, from (3.27),
19 /139 a 1 92 1 oy
— A r— + — A A — T4
ror \pror \_ or 0 072 pr or
n 10 /10 0 +183 1 /oy 1 aﬁzazw
Y (e S B N (k. -7
pror \ror \_ 0z oroz2| \ pr \ 0z 3r2 or 07>
1 ou 02 19 02 190
LRy TN (Lo Loy
PILY OF or? pr or araz \ pr 0z
n 19 (lop d 1oy 1 3%y
Qwror \ p or or \ pr or por 072
10 /10 d 1 o’ 1 /[
- | r— + —— _/ r/dr/ym
oror \rar \ 9z prazd | \ pr Jo
1 0p o [ 1 9p 3
il A S, ) — ——
t 3 3r2p* <3r> <8z /0 ne ) 3rp3 dr 9z
1 oap [0 0? 1 [
Ti *ﬁ - _/ rdr' .7,
pr or \ 0z p ardz \ pr Jo

19 (19a) (120 Q20T [ €2pipua(2+ €)?
L2 f_i / e ) o T € P10 z_( +8)
ardr \ p or or 3z nT 0z 2p2

Ezmaugzﬁwlﬁwa(l + 2%) ap 6‘(22 aNl

ksTiipp? 90z [ 0z
29 (20 QT 1 rof d
S (e Yy, L Ji ~0. (3.30)
om0z r T M,or 9z ur ar
The stream function ¢ is expressed in terms of the ‘master potential’ ,
10
v =-% (3.31)
r or

to obtain, from (3.30),
19 10 d _|_182 1 0 [1ay 1 8[)282 18)(
I R -7 I B _ o
ror \ pror \ or 0 072 pror \ r or 3r2p* \or )/ 9z2 \ r or
10 1 d 0 1 33 1 0 [10dy
pror \ r ar \ 9z oroz2| | pr \ oz \ r or
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A e, 10y +a2 13 (lay
pjr or 3r2 ,or ar \r or aroz \ prdz \ r or
+18 lop 0 (1 10y 1 9% [1ay
[H or ,0 ar ) |or ,5r8 ror proz2 \r or
8 1 9 "
- — ) +t= / dr' S,
,or ar \ror 8z por a3 or
1 8 1 9p0.%,
il "dr ) — -
3050 ( ) (a e ) 3r5° ar oz
1 0 Jﬁm 82 1 g
+— / "dr S,
pr 8r 3z 19 8r8z

1 0 /13 19 22T (€ pi P (2 2
I (el o / ar .7, )+ 0L € Pw1P 2_( +§)
paror \ p or or 3z T 0z 202

My 22 pua(1 +2£) 3p €22 3N,
ksT i pp2 0z [ 9z

Q0o (20, 0T 1 /of 19
- - l = - —— i + —— fé =0. (3'32)
poz\ r T npr \ 0z Aror \ p

4. Axial flow

First, we consider the axial flow along the cylinder surface, and assume that the
radial extent of the boundary layer is small compared to the cylinder height. In this
case, the axial derivatives of 0, and T on the right sides of (3.9) and (3.13) are small
compared to the respective radial derivatives. The angular momentum conservation
equation, (3.9), is rewritten as

o5 = (L2 (ar (2)) 4 a2 4y @.1)
b, =|—=— — .
P r2 or Hr ar Z 972 o

In this equation, the velocity v, is expressed in terms of the master potential using
(3.28) and (3.31),

22 0 [0x 282 [T 19 /_.0 [0 _0%D,
- — = — 'dr Sy = —— (= . (4.2
r2 8r<8z>+ r /Or d (rzar </u” 8r(r>)+uaz2 +fo- (42)

The previous equation is multiplied throughout by 7%, and integrated once with respect
to the radial coordinate, with the condition dx/dz =0 and > 9(dg/r)/dr =0 at the
centre r =0, to obtain

9 r r
i YoRes —I—ZQ/ rdr [/ r’dr” jﬂm]
a9z 0 0
8 ~ r 82A r
—a(PrZ (%))« / a2 4+ / P2 drf,. 4.3)
ar 0 322 0
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The above equation is differentiated with respect to the z coordinate, and multiplied
by (2£2/*r*), to obtain

19 (2200 2gaﬁaﬁg+2ga 19 [
ror \ ar 9z ) pA29r 9z i 9z \ror \_r

202 3L ddy 42 %x 4> [T, [T ., 0T
= - — = + = rdr rdr’ ——
a2rr or 0z pPrt 0z2  prrt J, 0 0z

22 (7 2 4 _ 330, L 22 0 /’ Sy @.4)
- r-dr — — r-dr . .
2 ), oz ) T oz \, ’
The temperature perturbation 7 in (3.32) can be expressed in terms of the master
potential from the energy equation (3.13). In the temperature equation, the first term
on the right is expressed in terms of the pressure gradient as follows. From (2.10) for

the mean density of the two species, and the equation of state p = (p,/m, + po/my)ksT
for the base solid-body rotation, the coefficient of 0, in the first term on the right is

ezpwl pw2(2 + 52) ﬁ
202 dr’

where & is the scaled radial coordinate in (2.22). The gradient of the mean pressure
is

o
DEP — ksTh, exp (=&) <1+

5 or 4.5)

ap

= pR%r
ar p

2 2
€ PP (2+& )) ﬁ (4.6)

= kgTp, -&) (1 .
8T pwexp ( «S)( + 20 =

Using (4.5) and (4.6), we can write the coefficient of 0, in the first term on the left,
correct to O(e€?), as

p dp ap 2 Pt P
pp _ 0P (|, €Pubu
o or or P2

6215W115W2> (4 7)

= pS2’r (1 +—
O

Expressing the radial velocity ¥, in terms of the master potential using (3.28) and

(3.26), we obtain

%9 [y €2 D1 Pua g 19 (- oT _ 3T
() (1 S 2 [ vy = - (RS | + R |+
r 8r<8z>( + P2 ) /Or ' rar \"ar + 072 e

(4.8)
The previous equation can be multiplied by r, and integrated once with respect to the
radial coordinate with lower limit zero and upper limit », to obtain

9 2 Bt P _ T ' _ (0T r
Q2 <X> (1—!—6 10_12,0 2> = Kr—l—/ rdrK | — +/ rdr ]
32 pw ar 0 aZ2 0
r r
+ 2 / v dr’ / rdr’ .7,
0 0

. (4.9)
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Here, we have used the symmetry condition that the radial derivative of the
temperature perturbation is zero at the centre. The above equation is then multiplied
by £22/KuTr?*, and differentiated once with respect to z, to obtain

1o (229 (T _
ror \ g 9z \ T N

B KpTr?

(7

2219 9 (T)
+ 1=
nroraoz \T

/ / 7 83T
rdr | K—
073
r r 8<5ﬂm
/ v dr { / v dr” ] .
0 0 az

94

827)( 62/3w1 /5w2
KpTr? 9z 0

o2

/ v dr’ Z/>
0

(4.10)

2? 0
KpTr? \ 9z

We take the derivative (1/r) d/d0r of the equation for the master potential, (3.32),
and then insert (4.4) and (4.10), to obtain

10 |10 1 0
ror | rar \ pror

+18 1 0
ror | pror

10 1
ror \ 3r2p*

0 + 1
P -2
or p 972
10 0
R
ror \ 0z
ap\* 9*
or | 0z

82

r

)

18 [1dy

s (ar))
1311 /8 [1dy
5 2][3 (2]

10y

v))

@2t KaTr 52 322
22 [T, 33D Qr _ 3T
. /rzdr’ pole) _ 22 / radr [KES ) =7 +.7, @11
w2t J, 07 KnTr? J, 973

where the source term . and the inhomogeneous term .# are

g =

10 1 i
ror | pur or

1 9p/1 9 92 92
0%r or\ r dr 97> or?

1 d

n 1 0 /10 a
mror \ p or ar \ pr or

(ézﬁwl 15w2 (2 + 5)2

+.(228 T
w0z \T

29N,

L 0z

}_

10 0
=
ror\ or

)

1 d

(o
()

32

19 /1dy
+= ) (=25
972 poror\ r or

10y N 0 1 9 3%y
r or or \ pr? or 972
1 9 82)(]

B pr2 or 072

2%
22°RofL 9
a2rt or 9z

(

U
RS2

)

)

_ EzQZﬁwlﬁwZ(l + 25) i ( ﬁmav )
O Pw 3z \ puksT

2% T
Lok o (T (4.12)
nirordz \ T
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10 1 df; 1 0 z
7= oo i () - )
ror nor wror \ p
1 0 1 9° 1 g
r ror |pror \ror \ dz prozd| \ pr
1 ap a [ 10 1 9pdS,
- = —p / rdr ) | +—-— 9 7
ror \ 3r2p* \ or az Jo rdr \3rp3 dr 0z
4922 [ g 3.7, 22 9 y
+ = ¥ dr / A —= | + S5 — </ r*dr’ >
it Jo ( 0 0z ) a2t az \ Jo Jo
2> (9 4 g 3.7
+ = / rdr ) — / v dr / v dr” —y dr
KnTr? 3z KMTr2 0 0 0z

10 1 o [10.7, 1 dp 0 / L
- T L —_ - 4 - - 5 A dr c%n
ror | pur dor | p 0z po%r or 9z

0? 1 /[ 1 9 /1opn\[1 0
o o T | Ry o [ rarsalp. @
ardz \ pr Jo praor\ p or ) | pr az

The radial coordinate is expressed in terms of the scaled radial coordinate &, defined
in (2.22). With this transformation, it can easily be verified that

19 2.47% 9
-— == —. 4.14)
ror R? 03¢

In addition, the z coordinate is expressed in terms of the scaled coordinate n =z/Z,
where Z is the total cylinder height. The equation for the master potential (4.11)
is expressed in terms of the scaled coordinates, and multiplied throughout by

(R"p?2/64.27'%)(1/1,,R*Z) to obtain
e e (0-2) 5 )]+ o s o)
9E2 | p* 35 2 3e \ p* 9&2 +4%*422 9E2 \ p*2 9E2 a2
+a<132 <13325)>_3 ! <35*>23(32 )
9§ \ p* 0&* \ p* 9§ 9n? a& \3p** \ 0¢ ) 0¢
e (rszrae (on))
+16%8Z48§ 02(1 —2&/47?) 0 \ on*

N 4Re? N 247°Re*Pr(1 —y =) | €2 D1 Pu2 1 R?9%*x*
w21 — & /.a/?)? K1 — &)%) P2 649712 72 on?

R€2R4 201/2 0 ﬁg
16/ Mz (1 — S/MV/ CA &/ <a3 <R.Q>>

Re*R* s (8T
+ —— g’ | — [ =
1280/ 74 (1 — & /.272) J o2 a3\ T

R8 52
_ T+ DR, (4.15)
64/ 21,2
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where x* = x/(ii,R?*Z) is the scaled master potential, p* = 5/p,, L* = i/, K* =
K/K, and

_IRE, 9 [ Vet e ENAN R 9
64/ 20,7 0E | o 0E |\ 9E 7 ) 9 ) T 4tz a2
Loy R 1 ap (0 oy
X E— —_ J—
p* 0E2 47472 p*2 3 \ OE On?
1/2 1/2 1 92y
(BN (e (1
7)) 9 7?)  9E \ o og?
B (A (e
49°72 F?)  9E \pr(1 — &/ /)2 9E o

Lo (A—g/ah Pop [ &\ <1<82x*>>
+ﬁ*8§< 7 35) (‘M) a \ 5 g2

R | 9 a%*}
427472 p*(1 — £/ /?)/? 3E an?
G <T> @i+ e — RER N,
64727220 on \ T wi 64972721 On
RER® €2, pty(1 +28) 0 (pm )}

64/ 222 5 o \ puksT
N Re*R? - e\ opr 0 [ b
16471022 12 o? 3& an \ RQ
RAR: ap*d (T
e 2] (4.16)
327107212 3¢ oan \ T

where 0%, = p,.i;/p.. The source term, expressed in dimensionless form using the scaled
sources .7 = SR/ [y, [ =10uR 2, f7=Ff.puRY RAZ, [ =foR/W$2 and 7F =
SIR?IK,T, is

YRS,Efv _ R? 0 1 af’ +2;Z/2£ jz
64720, Z 32197298 \ prpr(1 —&//2) \ an w* 0§ \ p*
R 9 (/13 /1 ad [*

. o - d /y*
" T6/ 72 08 (,3*352 </3*8n - E ’"))
R4 9 83 3
o 1_ .!Z{Z —2/ d / *
Y o7 g (( S0 ) 55/’”)

R? ) 1 /ap*\> /0 [¢
o . d / *
BT T <3ﬁ*4 (as> (8n /M S‘y’”)
Lo (1 apaz, RER?
0 \3p* 3¢ 0Jn 64271972 1*2(1 — & | o/ %)*

£ 134 * £
y ( / 0’ / ds"an—a< / dE'(1 =& D) 9))
o2 2 n on \Jun
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N Re’R? 1 a [* a7
128/ 72 K*fi* (1 — & [ .27 2)? an Jop ‘

SR L B RZ 9 1 [1 87
+ [ d&' | d& - — 1 — -
o o an 167872 06 | p*u* 9§ | p* 91

—~x & 2
L 9p a/ & — (=)

— o2 3& 8777 L T
1 § 1 9 (1—5/%2)1/28/1*>
g )| o L2 (A=8/FH7
1 0 § o
[ﬁ*(l —s/;zﬂ)l/za,,/dz dg y]} 4.17)

The Onsager model is obtained in the limit of high aspect ratio R/Z « 1, where
terms proportional to Re’R*/.a/'?Z* are retained, but terms proportional to R"/.a/*"Z"
for n>2 and Re*R"/«/'?Z" for n > 4 are neglected. In this case, the equation for the
master potential reduces to

219 lgalazx* 4
g2 [/3*85 (( _@ﬁ) € (/5* 982 )ﬂ " (ﬁ*2(1 —£/a?)?

2P =) (1 ezﬁwlﬁwz» RERE %y
K — /) 72 )) 64"z o
(S + IR G2

T a2,z

(4.18)

where the approximation for the inhomogeneous term .# is

IRPE B Lm0 ((,_&\D 1 82x*
64/ 21,7 0§ {ﬁ*ﬂ* 08 Kas (( Uzﬂ) 8&)) (ﬁ* 852)
e\ o N0 /1 9%
" (“M) as((“M) as(&* asZ)
9 (1—%/42{2)1/2 8,[1* | g 1/2 3 1 82X*
(=) | 0-) % (G GE))

aE " ok

N RER: 0 (T [€Xprpr,2+E)? €Re*R: AN,
6472720 an \ T 2 64972721 9

RER 5,5ty (1+26) & (pm )}

job)

1
i*

64/ 2221 5 an \ puksT
N RE*R> - e\ o a [ b
16471072 %2 o? 3& an \RR2
RAR*  opt o (T
~ Sz g oy \7) @.19)
327197202 98 oan \ T
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while the approximation for the source term is

SR RER? / & / e 3.7
64/ 21,7 6472 p2(1 — £/ \ ).
_i (/ d%. (1 5//@{2)1/2 9*))
an
RER? 1 a [, .
T 287 K1 — £/ <_ (877 | )

+ / dg’ / ' d&”a%’f). (4.20)
o o an

Equation (4.18) can be rewritten as

R€2R2 82 *

* 4 I 4.21
LI gz g =7 T #21)
where the operator %% is a sixth-order differential operator that is a function only of
£,
19 & 0 1 9°
R U 1— =) — , 4.22
’ 08> [ﬁ*as (( M) 0% <p aszm 22
jRSﬁZ
I =F 4.23
649721, 7 (423)
and SRS
R°p
Sr=F 4.24
649721, 7 (4.24)
where
4 24°Pr(1 —y~! > D1 P
ﬁ:(_z 2 by )<1+€p_12p2)). (4.25)
(1 —E/dD? T R - E)e?) 52

Here, we choose to incorporate the term €20, 0,2/ ,5&, into the function .%, rather than
using an expansion in the parameter €, since this term is just a constant.

The sixth-order differential equation (4.21) requires six boundary conditions in the
& coordinate. Of these, the symmetry conditions 0, =0 and 99,/dr =0 at the centre
r=0 reduce to

d dx*

S =0 = (4.26)

9 (1 9%y

5 (/5* a; ) — 0 at &= 4.27)
Y =0 at &= (4.28)

The third boundary condition (4.28) arises because we can set x* equal to zero
at any location in the flow, since the velocity and temperature fields are related
to derivatives of x* and it is convenient to choose x* = 0 along the axis. For a
long-cylinder approximation with Z > R, the boundary condition (4.26) reduces to
dx*/0& = 0 if we assume that there is no variation in x* along the axis. The
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boundary conditions at the wall of the cylinder are the no-penetration condition
0, =0, the no-slip/slip condition 9, =V, and the temperature boundary condition. The
no-penetration condition is

90 dx*
29X 0 ate=o0. (4.29)
on 0§
The velocity slip condition in the axial direction can be written as
1 82 *
— X v, atg=o, (4.30)
p* 0&*

where V, is the slip velocity. The temperature boundary condition can be obtained
from (3.32), assuming that 0, = 0 at the wall. If we neglect terms of O(R*/Z*) or
O(ReR*/Z*) or smaller, equation (3.32) can be written as

op*

7 3 £\ 9 1 9%y
51+ g Kas (=) 5e))+ (%)
1/2 £ 12 9 1 82x*
< ) ( M) as(ﬁ* asz)
19 (1—5/;272)1/28/1* & 29 /1 [0y
_/:c*as< p* as) (‘M) as( <852>>

RR® 9 (T) < €2p :;1,5:;2(2-0-5)2) €Re’R? 0N,

64/ 12727 3 2 6472720 an

RR* € pi pry(14+28) 8 ([ pmg,
649/ 1272 1 p* on \ puksT

RAR* 9§ (T
i ——— 4.31)
64712220 an \ T

Equation (4.31) can be simplified at £ =0, considering that ©* =1 and p* =1, since
the viscosity and density are scaled by their values at the wall,

wr +{ % s Kaas <<1 7)) (5 5)

1 12 AN 1 9%y *
Iz 35 p* 352
19 Maw L ENT e
w* 9§ p* 0 o? d& \ p* \ 0§?
__ ReR 87](]1 __RSR? e pwlﬁwz pmav
64712720 on 6427 o* pka
RER: 9 (T 2e2p* pF
L 1 wl w2 , 4.32
64/ 22 3n< ) ( +< I )) *32)
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where the fifth-order operator %5 is

_ 0 1 0 & 0 1 92
%= 5 (p 9 ((“w) 8s<pas>>> (339

The solution of (4.21) is obtained using an expansion in the small parameter € for
the master potential, the velocities and temperature of the form

' =x O +exV 4+, (4.34)

In the inhomogeneous term (4.19), it is clear that the largest contribution is O(e). This
is because the viscosity of the base flow, i, is independent of position when the mass
difference in the two species is neglected, and so di*/dé is O(e). Using this, the
inhomogeneous term can be written as

I =e IV 429D (4.35)

where

o G ((-5) %)) (o)
LR 1—
35{65*;1* 08 Kas 0c ) ) \p* 08>
%_ 1/2 9 1/2 1 82 0)
~(1-25) as((l ) % ()
Lo (=g op\ [(,_ &\ 1 (92O
6u3$< P as) ( M) as<<as>>
RAR* AN© RER? L £ 2apra [0
C 64/2Z2[1% 9 + 16;27‘022;2*%( +M> 3& an \ RQ

Re*R? Lt 9 T<°>
A2 IE In ’

d 1 ou* d & 82 “)>
IO = —— 1 -
it L e LG (17 27) ae)) (G-
S 1/2 8 1/2 8 1 2 (1)
i <1‘¢2) 9 ((1_@%2) 3 \5 0 >>]
13 (A—E/aY)'dj 8\ 1 /92D >
e as( " as) ( M) 8E <p< 98> >

L ReR 0 (TON (Bp0nQ+E)
64222 an \ T 2

_ RERE AN RER i (1428) 9 (P Oma
645/12720% Oy 6497272 [0¢ o* on \ pyksT

(4.36)
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N Re*R* 1+g 2apra o
16471022 172€ o? 3¢ an \ RS2

Re*R: 9p* 9 (TD “37)
327122 1%% 9 ap \ T |’ '

The hierarchy of equations for x©@, x and x® can be written as

Re’R? 9% x©
(0) o _ 0)
x4 ey g =" 438)
ReZRZ 82X(1)
(€8] _ (e8]
LI T Gy = (39
R 2R2 82 2)
Lox® + X = 50 (4.40)

6471272 o]

The boundary conditions at the centre of the cylinder, (4.26)—(4.28), and the boundary
conditions (4.29) at the wall are applied for x ?* for i=0, 1 and 2. The slip boundary
condition for the axial velocity (4.30) can be expanded as

1 92y©
Lox” oy (4.41)
p* 0&? )
1 924y®
Ta JS— (4.42)
p 082

2.2

Lox™ . (4.43)
p* 9EY

where V, is the slip velocity at the wall. The temperature condition (4.32) can be
expanded as

RAR* & (T
Lix V= — | = 4.44
SX 32 71222 <T>’ ( )

77
vl e e ((-22) ) + (5% )
X {eﬁ*ﬁ* o \ae U722 ) 5 )) T3 o
s 1/2 9 S 1/2 9 1 azx(())
+<_M> 9% 1‘%2) as(& 852)

1 9 ((1—5/%2)”23#)
et 0F p* 3

A0
RER? aNP}: 0

& 2y (1 (924
(‘szﬂ) as(&(aw >>

(4.45)

ORI ap
1 ou* 0 & d 182)((1)
?2) . 2 ) .
X +{épu 9% Kas (( o > 8€)>+(5* 282 )
1/2 1/2 2., (1)
s 1 9%y
(- ( ) W <pas>>]
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Lo (A=g/adop\ [, &\ o (1 (0%
( ) <_M> 35(5*<8$2>>

et 08 p* &
RR* AN RER® €2pi, %y 0 (P Omg,
64272720% 9y 642720+ pr On \ puksT
RE’R* 9 T 205105 4,46
T 324272207 3y (446)
o Oy

Once the solutions for x® are obtained, the fluid velocity components 0 and 0"
are obtained using (3.28), (3.29) and (3.31). The velocity v(’) is calculated from (3.9),
where the axial derivatives are neglected consistent with the approximation in the
Onsager model,

250209 = 4 (1—&)d W +10, (4.47)
RZ(I—S/M)WS as (1 =&/ o

where the leading-order force density is assumed to be the applied force density,
f(o) =/fy, and f(l) = (2) = 0. The above second-order differential equation is solved
with two boundary condltlons v =0 at the wall £ =0 (r=R), and 8ﬁ(§') /0 =0 at
the centre £ =.&/? (r=0), to obtaln velocity 0y. The temperature field is determined
from (3.13), where the axial derivatives are neglected,

PO s At 9
5 ar = R 3t

(i)
0= <K(1 — &) — oT ) AN (4.48)

&

where the leading-order contribution to the energy source is equal to the total

energy source, S = S/, and S = S = 0. The above second-order differential
equation is solved with boundary conditions 7@ = T,, TV =0, T® = 0 at the

wall £ = 0 (where T, is the wall temperature), and 97®/39& = 0 at the centre
£ = /%, to obtain the temperature field. The axial pressure gradient is calculated
using (3.10), with the axial velocity derivatives neglected for the radial boundary
layer. The mole fraction IW) is calculated from the diffusion equation (2.25). In
this, the divergence of the velocity times the mass density can first be simplified as
follows:

19(0,.0 (0,0 10 0 8 ad
1 (v ,01)+ (v.01) _ 19 _T W / rar., /01 W
rar 9z ror p \ 0z 0 Bz pr ar
8 o 1 o1 [
= w(lo 'OTI _1a /0_1/ rdr' %,
9z \rar P ror \ p Jo
10 (p 192 1
_ (12 ()1 x 19 pl//dry
ror \ p rordz rar \ p Jo

This is inserted into the diffusion equation (2.25), and the spatial coordinates are
expressed in terms of & and 7, to obtain

(4.49)
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3 [ Dymamimi(1 — &7 (4%4 <3N1 ema,NiN, 3p Ky a?)

9§

2.9 em,, 2* W — R + T N 0
kBT 2 1 1 ]—., ,5

N Di,my, mims (82N1 €myyNi N, 82A 82f>

miN, + miN, R\ a9 pkyT 0t T 0¢

7 Nymt + Noms \ on? pksT 877 87772

1 92 19 (p 19 ’
SR Ay (U (AR WA / rdr's, | =0. (4.50)
rordz \ror \ p ror o Jo
The axial derivatives are neglected in comparison to the radial derivatives in the

limit R?/Z*> « 1, and the master potential is defined in terms of the scaled master
potential x = [1,,R*Zx*, to obtain the equation

4dl*ma @ | Digmimy(1 =&/ (N, emaN\N, 0p Ky 8T
R? & miN, 4+ m5N, 0E pksT & T OE
€My 22R* @y = Ff+ T N )
20/ 2ksT S A
o 02X a (pf M O :51 :
il dg’.7* ) =0. 451
+R28$8n (as( +R28§ o 5 (4.51)

Substituting for o from (3.23), the above equation becomes

4e/*my,Dyy 3 | Dmimi(1 —£//?) (0N, em,N\N, 8p  kp 8T
R? 0 miNy + miN, 0 pkgT & T 0
Gm(szRz N N X Amav 2 1 + wlMw
- —(NZ—NI)NH-If v 1+M
2d2kBT pkBT pw
_ECHonpa T\ | X (D (A
o3, T R dgon \ 0
My O pf / )
dg’.7* ) =0. 4.52
TR e < o ’") “22

Scaling the above equation, we obtain

9
9

m N] +m2N2 3§ ﬁkBT E B 7%
emw.{ﬁRz

24 %ksT

Diymimi(1 — & /.o/?) <8N1 ema NNy 3p  kp 0T

x ~ X Amav 62 1+ _w _w
<—(N2—N1)N1+l_) = <1+ ( ;2)'0 12 2)
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_€Q+Epupa T
p? T

o (i (5)) 732 (5 [Loe 7))
S PN LD (P o)) =0, 4.53
+C<8san 5 \5)) og 5 )87 (>3

where Sc = ([Lw/mavb;), equation (2.20), is the Schmidt number based on the
viscosity, diffusivity and number density at the wall in the base state, m} = m;/my,
and m3 =my/myg,.

Equation (4.53) can be expanded in a series in € and solved at each order to
determine Nl:

3 | Diymims(1 — & /7% (aﬁf{m ky 9T©

dE miN, + miN, 0E T 0
F*x® (o (b a (b} [°
s GO E(E [
_Lagan \ag \ p & \p* Jor
8 | Dymimi(1 —&/a/%) (AN m,N\N, 9p©@  ky 8T
o€ miNy + miN, 9 pkgT 06 T 0§
WQsz ~ . ~(0) " 92y D 9 =
i+ e )| s (2 (2)) o
2%k T okgT 0Edn \9& \ p
(4.55)
3 | Dymimi(1 —&/a/?) (OND mg,Ni\N, 9pD ky 9T
0 miN, + miN, A& pksT 36 T 3&
My §2°R?

_ .. »Dm 32X(2) 9 /31
LU B (NG VAN 8 VIO B L I 2 (1)) =o.
ZMZkBT( N2 = NON A+ = = “ogan \oe \ 5
(4.56

Equations (4.38)—(4.46) are inhomogeneous linear differential equations with
inhomogeneous boundary conditions. These are solved as follows. The solution
is first separated into two parts,

X = Xn+ Xp (4.57)

where ¥, is the solution for the inhomogeneous equation with homogeneous boundary
conditions, and y, is the solution of the homogeneous differential equation with the
inhomogeneous boundary conditions.

The solution for y; is of the form

Re*R* 9%y, _ 50

Z — , 4.58
6Xn + 64772 a2 (4.58)
with boundary conditions
9 Xn
L2 =0 at&=0, 4.59
o€ at § (4.59)
% X
T =0 at &=0, (4.60)
Lsyn, =0 at £=0, (4.61)
xn =0 at&=g"> (4.62)
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9 Xn
08 0 até , (4.63)
Ly = 0 at & =972, (4.64)

which is calculated using separation of variables,
xn==G(&)H(n). (4.65)

It can be shown that the operator .% is self-adjoint when the inner product of two
functions of & in the domain 0 < & < &/ is defined with the weighting function .#
(4.25),

52{2
(4, B)=/ dé 7 (§)A(5)B(&). (4.66)
0
With this definition, the inner adjoint operator for %% is evaluated as
dz
a2p) = [ deae zie)
0
. dA @A o
= a© 2867 - B gy + A9 g
dg £=0 dg £=0
B “ 4B o )
- —(f)zsA(S) + 89 gae) — BE)LA®)Z,
d§ £=0 dé £=0
52{2
+ / dEB(&) LA (8). (4.67)
0

It is evident that the operator %% in (4.67) is self-adjoint if the inner product is defined
in (4.66) and if the functions A(§) and B(&) satisfy the boundary conditions (4.59)—
(4.64). The eigenvalue problem is expressed as

LG = — Y, (4.68)

where the eigenvalues «, are real and the eigenfunctions are defined to be
orthonormal,

(gmv gm’) = S - (469)

The solution for x,, with zero normal velocity conditions at the end-plates in the z
direction, can then be written as

Xn=Y_ Amn(&)(V2sin (nmy)), (4.70)

m,n

where the coefficients A,,, are

1
o, + (nTtReR /847 °Z)?

ot? 1
/ aé / dn F(&).7 0, m)Gn(E)(VZ sin (nn)).
0 0

“4.71)
For the homogeneous equation with inhomogeneous boundary conditions, the
differential equation is of the form

Amn =

R62R2 82)(}, _

Az o 72

Loxp +
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For a linear temperature gradient at the wall, x, is also a linear function of 5. The
solution is of the form
xo =), (4.73)

where Ty is the wall temperature at n =0, T" is the wall temperature gradient and 7
is the solution of the equation

L (£) =0, (4.74)
with boundary conditions

o
T 0 atE=0 4.75
T at &£ =0, (4.75)

1 3>
FYS: . at§=0, (4.76)

Re* R*1 dT

_ o028 tE= 4.77
LA = AT 4 arg=0, “4.77)
H =0 até=g" (4.78)
fj =0 at&=.g7 (4.79)
LA =0 at &£=g7, (4.80)

with (d7/dn)|,, the temperature gradient at the wall, and 7, the average temperature.
The form of the inhomogeneous boundary condition, (4.78), is derived from the
boundary conditions (4.46) at the wall.

5. Radial flow at end-caps

For the radial flow, the axial distance from the end-caps is small compared to the
radius of the cylinder. The starting point is (3.30) for the stream function, where the
velocity 0y and temperature T are substituted from the right sides of (3.9) and (3.13)
as follows. The calculation is carried out without considering internal sources and
sinks, because these are not usually relevant for the axial flow at the end-caps. The
momentum equation in the 6 direction, (3.9), is written in terms of the stream function

as
20y 1 9 [ 5_0 [0 _ 0%y
- == — — | — —. 5.1
r 0z r28r<rﬂar<r))+ﬂaz2 SR
This is multiplied by —2§2/i’r and integrated with respect to the z coordinate with
the boundary condition ¢ =0 at the end-cap z =2z, to obtain

202 00, 4827 ©2020 (4,0 (Ve
- ==Y+ | === |r=(—=)). (5.2)
ar 9z @*r? o rdor ar \_r
The temperature equation (3.13) is expressed in terms of the stream function to obtain
p apoy 1o [ -aT _ 9T
- —+—— [ rK— K—=0. 53
0%r dr 9z + ror ’ or + 072 (5.3)
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This equation is integrated once with respect to z, and multiplied by 22/KiT, to

obtain
20T %0 9p QY ¢ 19 [ -oT
- P %, / dz - — <r1<>. (5.4)

ﬁaiz_l_(ﬁf"ﬁzr ar _I_(ﬁj’ ror or

20
The expansion

i@ _ i@ 1+ €2l5w115w2
pirdr — pror o2

. |
— (1 + ”‘2”2> (5.5)
p3

is used in the above expression to obtain

2 51 P (2 2\ 207
(1+€,01/02( +$))

2p2 aT 9z
04 €2pm1 pua(R+E)>+2
== (14 ,01/02((_ &) ))1//
KiaT 2p;,

2_w _w 2 2 Qz ‘ 1 8 _3’?1
_ (4 €PnP2+8) ___/dz “2kE) ). e
2,0& KILT 20 ror or

Equations (5.2) and (5.6) are inserted into the equation for the stream function,
(3.30), to give

10 1 0 d 1 92 1 oy
ror (mar (a) *pazz) (m)
19 /19 9 1 9 1 /oy 1 3p\* 9%y
[ G () + 58] (5. (G2)) -5 ()
(v ie) Geor )+ ()
or? pr or ordz \ pr 0z
0

N 1 d 7 a ([ 1y 1 0%y
r or r or \ pr or por 072
4£2° 04 €2((248)2 +2)pui P
oy (B2 (( é)_ ) Pw1 P2
wrr - KpT 2p2
Q2N €Pma 2 pun Pl +26) 0p / L2220 <3a (%))
- = = — i —(r— =
n 0z kgTpp? 0z o M or or \ ' r
o2 21 a2+ £)? 19 [ _aT
_ 2 (14 EPubnl2FE) /dz k2= | =o. (5.7)
KuT 2p2 w ror or

Equation (5.7) can be simplified by including only the highest derivative of ¥ with
respect to z in the limit where the boundary layer thickness §7 is small compared to
the radial extent R. The resulting equation is scaled using r* = r/R, 7* = z/§z and
Vv* =1 /i,8z and multiplied by p285R*/f1, to give
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1oty ( 4RSS, 29/°Re*Pr(1—y 18 <1 L €@ty +2>ﬁwlﬁwz>>

)5*2’,-*2 az*4 [L*Zr*ZRét R4[_(>kﬂ>k 2[5&
€Re*82 Ny €’Re*82 plpiy(14+28) 0 ( pmay \ 0 5.8)
Rps 9z R wpr o 0 \puksT ) ‘

Equation (5.8) cannot be solved autonomously, but it is necessary to couple this
with the diffusion equation in order to obtain the stream function. We return to the
solution of (2.25) for the species mole fractions, where (4.49) is used for the velocities.
If (2.25) is scaled in a manner similar to (4.50), we obtain

R rort |mN, +miN, \ ar
2e/*NiN, 9p* kr a?) Diymg,  mims
Re2p*  orr T or* 82 Nymi+ Nyms
5 (azﬁl 2e/’N\N> 32" ky aﬁ*) 247, 8Y" <a (,5;*)) 0

072 T T Repr 02 T 022 R> 0z \ 9 \jp*

D/ w 1 9 ® ok ok 8N _ . R Ak
=7 ol ( Lt 2e <—(N2 — N+ 77+ ‘f)
o*

In the leading approximation in the limit §z/R <1, the above equation can be reduced
to

9 Dj,mim dN; eN|N, 9 Dy, ky T
T 3z

az* NlmT + N2m§ az* p*  9z* \ puksT
24°Sc82 (9 (pf
_ 2 R S | =0, 5.10
R <3€ (5*))1/[} 10

where Sc =,/ (mavD/W) is the Schmidt number (2.20). Equation (5.10) can be solved,
subject to the zero-flux conditions at z* =z, to obtain

8N1 _ €N1N2 0

97+ p* 97"

Py, kr T  2.07%Sc82 m!N, +miN, (9 pi -
pwksT T 9z R? mimiD’, A& p* '
(5.11)
Equation (5.11) is substituted into (5.8) to obtain

1 9ty *<4Re28§ 24/°Re*Pr(1 — y~")8; (1 +62(<2+s>2+2)ﬁwlﬁw2)>

15*2'.*2 aZ*4 ﬂ*Zr*ZRét R4I_{*/1* 2[5&
€’Re* 87 9 [ pmy, o = PPl +28)
+ 7% A% % * <_ _> (NINZ_ 12_2)
w*p* R> 9z \ pyksT Py
_ €RAG ky 0T 2e/’Re*Sc 8y (miNi+msNy\ (0 ([} "
@*R? T dz* it R* \  DLmm} A& \ p*
=0. (5.12)

We can use the following approximation correct to leading order in € to simplify the
prefactor of the pressure gradient term in (5.12),
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SR wlMw! 1 2 2 wl Fw!
<N1N2 W) M (5.13)
pW pH/
Equation (5.6) can be used to substitute for the temperature field,
19T 1 e2p* pr
= — =2a"Pr(1 —y )L — 1+ 2222 )y~ 5.14
o r(1—y )RQK ( v (5.14)
The above equation is substituted into (5.12) to obtain
1 9*y*  Y*Re*s; 4 24°Pr(1 —y=h
'5*2,.*2 8z*4 R4 ll*Zr*Z i{*ﬂ*
224 8)% 4 2) f1 P 2e.97%8 Ny + m;N.
« (1—2€k7+6(( +£) _‘L‘ )P 1,02>_ 6_ C<m1_*1+*m2* 2)
2p; w* Diymim;
o [pf 2Re* 82 9 o 201 Pw
()b () (o) e
d& \ p* wrp* R?dz* \ pksT oy

The pressure in the above equation can be substituted from the z momentum
conservation equation,

op av,0p dp (30, 97,
— nwVau, - — +
0z 3 podr Or \ 0z ar

190 i1 9pd? LI 1 ] 1 92
_ v (LAY e L OpoW On WA LIV 516
pr or 3 p%r Or 972 ar \ oar or or or 972

Retaining only the highest z derivatives on the right side of the above equation, and
suitably scaling all the terms, we obtain

3 [ Pa 4o/* [(* 0 v 9pt 19 A2y
(L ) Ll AR e L (5.17)
az* \ puksT Re> \p* 0  3p2 36 85 dz*?

Equation (5.17) is inserted into (5.15) to obtain

1 94y w*ReZS;[ 4
In

/3*2,,-*2 82*4 R4 '*2,,-*2
24/°Pr(1 —y~! 2((248)% +2) pui
4 f(_ ) 1—2€k7+€(( +%‘)_+ ) Pw1 Pu2

2e.of?Sc <m’{]§’1 —i—m’;Nz) < d (pl ))}
w* l_)}‘zm’fmﬁ d&
+462~<274 82 [ 2pw1puak “r L proap* 1 apr\ oty _
15*2 RZ I5v2v az*z -

p* 06 | 352 0 p* 0f
(5.18)

The boundary layer thickness is defined as §,/R = Re~'/?, to obtain the final scaled
equation:
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1ty 4 2.07°Pr(1 —y~! 2(24+8)% 4 2) pwi pw
] Iy v | +427f(_y ) 1_26kT+6((+é)_+)puoz
o* 2 ggxd M*Zra& K*p* ngv
_2ed/?Sc (miN+m5N2\ (9 (p}
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42 * (2P pw TA it apt 1 At A%yt
- 552 < § 1—2) 25) (lf* /f*z g T ok , ) fz =0. (5.19)
Rep o o* 0E  3p** 0& po* 0& 07
Equation (5.19) is solved using an expansion of the form
v =y +ey®. (5.20)
The equations for @ and ¢@ are
1 9*y©
LYy
p*2 r*2 8Z*4 M*2r*2
2.57°Pr(1 —y~! (24 8)* 4 2) pui o
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2e.97°8 *N 5N a (pr
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Ty Diymim3 9§ \ p*

49/t (2pnpnE (F D pF 3pt 1 apt 3y

Reﬁ*Z 15;% ﬁ* as 3[5*2 85 ﬁ* 8&- 82*2

We have chosen to include the O(e) term in the O(1) equation (5.21), since this is a
z*-independent term that can be directly integrated to obtain @,

The leading-order solution ¥ is similar to that for the Carrier—Maslen solution.
With this definition, we obtain the generalization of the Carrier—Maslen equation,

=0. (5.22)

yr=C (1 e It ;L‘e—“-”f/ﬁ), (5.23)

where the scaled coordinate z' is a function of the radial coordinate,

4 2.47°Pr(1 —y~! 2248 +2)pwi pw
RN n f(_ Y ) 1—2€kr+€(( +€)_+ ) Pw1 P2
M*Zr*2 K*M* 2pv2v
2e.0/Sc (m*l‘Nl +m;1v2) ( d (ﬁf))}m 5.2
e Dimims ) \9& \p* ' '

In the solution (5.24), we have neglected the exponentially growing solutions, since
we require that ¥© — 0 for 7/ — oco. The boundary conditions at the end-cap z* =0
are the no-slip conditions, v, =0 and v, = 0. Both components of the velocity are
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proportional to 9y ®/9z" (through the dependence of z' on r and z). Therefore, one
of the constants in the solution has been fixed from the condition 9y /3z" =0 at
7" =0. The fourth constant is determined from the total mass flow rate condition,

Y(r,z=00) —yY(r,z=0) = —/ rdz pv,
0

_F (5.25)

2’ '
where F is the total mass flow rate. This can be expressed in terms of the
dimensionless variables as

_F
S 2np©8,’
where C is the constant of integration in (5.23). Here, we have assumed, without loss
of generality, that V*(r, z— o0) =0.

Equation (5.22) for 1@ is evaluated numerically with two boundary conditions, the
normal velocity condition 9y /3z" =0 at z' =0, and the condition on the flow rate,

v O®>r,z=0=C (5.26)

v P(r,z=0) =0, (5.27)

since we have assumed that the flow leading-order solution accounts for the total flow
rate in the boundary layer.

6. Results

The DSMC method is used to simulate the two-dimensional axisymmetric gas
flow in the r—z plane. The details of the DSMC simulation and validation are
provided in appendix C. The initial gas mixture contains 50 % mole fraction of
each component for two different values of €, = 2Am/(m; + my) = 0.2 and 0.5.
The diffuse reflection boundary condition with thermal accommodation coefficient
1 is used in all the simulations. The simulation time step is selected to be small
compared to the inverse of the collision frequency (time between collisions). The
mean collision time, calculated from the mean free path and the molecular velocity
at the wall, is approximately 2.752 x 10~ s. The time step used in the simulations is
1.0 x 107! s, which is less than the mean collision time. The simulation procedure
is not provided here, since it has been discussed extensively earlier (Bird 1994).
The number of intervals along the radial direction is 400, with clustering towards
the rotating sidewall, while there are 1600, 3200 and 6400 intervals along the axial
direction, with clustering towards the top and bottom end-caps for aspect ratio
Z/D =2, 4 and 8, respectively. Results are shown here only for Z/D = 2, since
this shows the poorest agreement between theory and simulations. There are 100
molecules per cell on average.

The stratification parameter .7 is varied in the range 0.707-3.535, and Reynolds
number in the range 10>-10°. There is better agreement between simulations and
theory as the aspect ratio and Reynolds number increase, and so results are reported
only for the smallest aspect ratio Z/D =2 and Re = 10* and 10*. There are four
types of forcing for the secondary flow: a wall thermal gradient, inflow/outflow of
gas along the axis, momentum source inside the flow domain, and mass source/sink
inside the flow domain. The flow geometry and coordinate system for the four types
of forcing for the secondary flow are shown in figure 1 here and in figures 10 and 13
of Pradhan & Kumaran (2011).
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FIGURE 1. Computational domain and coordinate system for forcing due to wall thermal

(@)

(b)

(©

gradient.

In the case of a wall thermal drive, a linear temperature gradient is imposed at
the rotating wall, as shown in figure 1. The wall temperature influences the gas
temperature through the diffuse reflection boundary condition, where the velocity
of the reflected molecules is chosen from a Maxwell-Boltzmann distribution with
mean velocity and temperature equal to those of the wall. The non-dimensional
parameter Fr = (Z/T)dT/dz is used to quantify the temperature gradient, where
T is the wall temperature averaged over the height.
In the case of mass input/output along the axis, there is an inflow of gas at the
cylinder axis at n = 0.5, as shown in figure 10 of Pradhan & Kumaran (2011).
There is a radial expansion of the gas due to the centrifugal acceleration, and then
a separation into two streams upwards and downwards at the wall of the cylinder.
The streams flow radially inwards at the end-caps, and there is an exit of gas at
two locations on the axis, one near the bottom end-cover (n =z/Z =0.15) and
the other near the top end-cover (n =z/Z =0.85). Here, Z is the total cylinder
height and z is the axial distance from the bottom end-cap. A dimensionless feed
rate F* is defined by scaling the feed rate F' by the gas holdup H and the angular
velocity £2,

F*=F/(HS$). (6.1)

The dimensionless feed rate provides the magnitude of the perturbation to the
base flow due to external feed. Simulations have been carried out for F* =0.1
and 0.2.

The DSMC simulation procedure outlined in Pradhan & Kumaran (2011) is
used to model the internal sources of mass, momentum and energy for the
configurations previously studied in Wood & Sanders (1983); the configurations
are shown in figure 13 of Pradhan & Kumaran (2011). These are added in a
region of radius 107> times the cylinder radius R, in order to approximate a delta
function. The input/output of mass is accomplished by randomly adding/removing
molecules at a predetermined time interval determined on the basis of the mass
input/output desired. In the case of addition of molecules, the molecular velocity
is randomly chosen from a Gaussian distribution with the same mean velocity
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and temperature as the gas. To ensure no change in momentum and energy, the
mean velocity and the fluctuating velocity of all other molecules in the domain
are scaled by a suitable factor. The earlier results of Wood & Sanders (1983)
are used to first validate the simulations using a mass source and sink placed
symmetrically at (n=0.25, & =38) and (n=0.75, £ =8). After this, calculations
are carried out for two configurations, one with source/sink outside the radial
boundary layer at (n=0.25,£*=0.25) and (n =0.75, £* =0.25), and the second
inside the radial boundary layer at (n=0.25,£*=0.01) and (n =0.75, &£*=0.01),
respectively. Here, £* =& /.a7°.

(d) A momentum source is also simulated for the configuration studied earlier in
Wood & Sanders (1983), where a source is placed at (n=0.5, £ =8), as shown in
figure 13 of Pradhan & Kumaran (2011). In order to exert a force on the flow at
a point, a constant acceleration is imposed on all the molecules at each collision
step in the desired direction, and the acceleration magnitude is chosen so that
the sum of the rates of change of momentum of all molecules is equal to the
applied force. In order to add energy, the fluctuating velocity of all molecules
in the domain is scaled by a constant factor. The factor is determined such that
the desired energy input/output rate is equal to the increase/decrease in energy
divided by the time between collisions.

First, the simulation results are validated against the analytical results for the mole
fraction profiles in the absence of forcing, and then the results for the secondary
flow due to forcing are provided. We have verified that the temperature is a constant,
and the angular velocity increases linearly with radius. The comparison of number
density results obtained from DSMC simulations with those of analytical solution for
stratification parameter ./ in the range 0.707-3.535 are shown in figure 2(a—d). There
is excellent agreement between analytical and numerical results for lower values of the
stratification parameter, and near the wall. The maximum difference is less than 5 %
near the centre, where the number density is orders of magnitude smaller than the wall
number density for higher values of the stratification parameter. We have also carried
out simulations for different holdups, and found similar agreement between analytical
and numerical results. The variation of the local Knudsen number, which is the ratio
of the local mean free path, (ﬁn(m +n,)d?)~!, and the cylinder radius R with the
radial coordinate is shown in figure 3. This figure shows that the Knudsen number
could be greater than 100 at the centre of the channel for the highest stratification
parameter used here, but could be smaller than 1072 for the smallest stratification
parameter. For comparison, the global Knudsen number based on the average number
density (total number of molecules divided by the cylinder volume) is 7.6622 x 102
for &/ =0.707, 1.5323 x 107! for &/ = 1.414, 2.2985 x 107! for &/ = 2.121 and
3.8309 x 107! for &/ =3.535.

6.1. Wall temperature gradient

The results for the secondary flow are determined as a function of the parameter Fy =
(Z/T)dT/dz, where T is the average temperature. A relatively large value of Fp =
0.2 is used in the simulations. In the presence of secondary flow, there is an axial
velocity slip and a temperature slip at the wall. This axial velocity slip is shown in
figure 4(a), where the axial velocity at the rotating sidewall, non-dimensionalized by
RS2 and scaled by Fy, is plotted as a function of stratification parameter at the axial
location 1 = 0.5. The slip velocity for a two-component gas mixture is observed to
be larger than that for a single component with the same mean velocity, and it is
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(b)
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(d)

ny (m=3)

r/R

FIGURE 2. Variation of number density of (a,c) component 1 (r;) and (b,d) component
2 (n,), expressed in molecules per m® along the radial coordinate (r/R) at n=0.5, aspect
ratio Z/D=2 and Re=10* and for (a,b) €,=0.2 and (c,d) €, =0.5. The symbols show
the DSMC results for o7 =0.707 (O), &/ =1.414 (), & =2.121 (A) and &/ = 3.535
(V). The lines show the analytical solution for &/ =0.707 (——), &/ = 1.414 (- — -),
o =2.121 (----) and &/ =3.535 (—--— - ).

found that the slip velocity increases as the difference in molecular mass increases.
In agreement with the previous study (Pradhan & Kumaran 2011), it is found that
the slip velocity shows very little dependence on the Reynolds number, but increases
proportional to Fr. In figure 4(b), the axial slip velocity at the wall is shown at n=
0.675 for inflow/outflow of gas along the axis. The qualitative features are similar to
those for a secondary flow driven by an axial temperature gradient. It is important
to incorporate the axial velocity and temperature slip in order to obtain quantitative
agreement between the analytical results and simulations.

It is a rather counter-intuitive result that the slip velocity is decreasing as the
parameter o/ decreases. There are two reasons for this. Firstly, the magnitude of the
secondary flow velocity is increasing as the parameter A decreases, as can be seen
from plots of the mass fluxes in figures 6 and 7 below. In fact, these figures plot the
ratio (pv,/p,$2R)(Re/427/*), which increases by a factor of approximately 3 when A
increases from 0.707 to 1.414. So the actual secondary flow velocity is increasing by
approximately 3 x £2 x «/* when Re and the wall density are a constant. Secondly,
what is plotted in figure 4 is the ratio of the slip velocity and the angular velocity £2.
The angular velocity is also increasing linearly with A. The ratio of the slip velocity
and the maximum secondary flow velocity actually decreases as &7 is increased.
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FIGURE 3. Variation of Knudsen number along the radial coordinate (r/R) at n = 0.5,
aspect ratio Z/D =2, Re = 10* for (a) €, =0.2 and (b) €, = 0.5. The symbols show
the DSMC results for &7 =0.707 (O), &/ =1.414 (1), &/ =2.121 (A) and & =3.535
(V). The lines show the analytical solution for &/ = 0.707 ( ), o =1.414 (- - -),
o =2.121 (- - —-) and & =3.535 (- --— --). The average Knudsen number, based on
the average number density (total number of molecules divided by the cylinder volume),
is 7.6622 x 1072 for &/ = 0.707, 1.5323 x 107! for & = 1.414, 2.2985 x 10! for
o/ =2.121 and 3.8309 x 10! for & =3.535.
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FIGURE 4. Axial slip velocity at the curved surface, scaled by R2F; and RS$2F*,
respectively, for (a) wall thermal forcing at n =0.5, and (b) inflow/outflow of gas along
the axis at n =0.675. The symbols show the DSMC results at Re = 10%, F; or F*=0.2,
for a single component () and a binary gas mixture with €,=0.2 (o) and 0.5 (A).

The master potential and axial mass flux profiles correct to O(1), O(e) and O(e?)
are shown in figures 5 and 6 for €, = 2Am/(m; + my) = 0.2 and 0.5. The results
are shown for o/ = 1.414 and &/ = 0.707, and better convergence is obtained for
o/ =3.535 and 2.121 (for which results are not shown here). Figure 5 shows that the
first correction to the master potential could be quite large, nearly equal in magnitude
to the leading-order solution for the lowest Reynolds number and stratification
parameter considered here. However, the second correction is always significantly
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FIGURE 5. Master potential scaled by (Re?/64.47'%)(R?/Z*) as a function of £* at n=0.5,
for a linear wall temperature gradient with Fr=0.2, and (@) &/ =1.414 and (b) o/ =0.707.
The lines show the analytical solutions with wall slip correct to O(1) (- - —-), O(¢) (- — -),
and O(e?) (—), and the symbols show the results for €, =0.2 (A) and €, =0.5 (O).

smaller than the first correction, indicating the possibility that the expansion in €
is convergent even for €, as large as 0.5. The analytical solutions are compared
with the DSMC results for the axial mass flux in figure 6. The results correct to
O(e?) are in significantly better agreement with simulations in comparison to the
leading-order results, and the trends indicate that the effect of including the mass
difference is to increase the axial mass flux in the secondary flow in comparison
to the generalized Onsager model, which does not include the mass difference. For
the lowest Reynolds number of 100 and the lowest stratification parameter of 0.707,
there is a difference of approximately 15-20% between the O(e?) analytical results
and the DSMC simulations. For higher Reynolds number and stratification parameter,
the agreement is much better. The secondary flow mass flux in simulations is always
higher than that predicted theoretically up to O(e?), indicating that higher-order
corrections may further increase the magnitude of the secondary flow.

6.2. Inflow/outflow along the axis

The axial mass flux profiles for the O(1), O(¢) and O(e?) solutions are shown
in figure 7 for €, = 2Am/(m; + mp) = 0.2 and 0.5 for the mass inflow/outflow
along the axis. As in the case of the wall thermal drive, the O(e) correction to the
master potential is comparable to the leading-order solution for the lowest Reynolds
number and stratification parameter for ¢, = 0.5. However, the second correction
is significantly smaller than the first correction, implying convergence of the series.
The O(e) and O(e?) solutions for the mass flux do consistently converge towards
to the DSMC results in all the cases we have analysed. There is a difference of
15-20 % between the O(e?) solution and the DSMC result for the lowest values of
the stratification parameter considered here, but the difference is negligible for higher
values of the stratification parameter. In all cases, it is consistently observed that
the solution correct to O(e?) is in much better agreement with DSMC results in
comparison to the Onsager model with no mass difference.
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FIGURE 6. Axial mass flux, scaled by p, 2R, 4</*(Z/R)Fr/Re, as a function of £* at
n=20.5 for (a,c) o =1.414 and (b,d) &/ =0.707 for (a,b) €, =0.2 and (c,d) ¢, =0.5.
The symbols show the DSMC results for Re =10% F; =0.1 (®), Re=10* F;=0.2 (A),
Re=10%, F;=0.1 (O) and Re=10%, F;=0.2 (O). The lines show the analytical solutions
correct to O(1) (= - —=-), O(e) (- — =) and O(€?) ( ).

6.3. Radial flow at end-caps

The Carrier—-Maslen solutions, incorporating the O(e?) correction due to the mass
difference, are compared with the results of DSMC simulations for the radial flow
at the end-caps. It is necessary to specify the total mass flow rate at a fixed radial
location in order to specify the boundary condition in (5.26). The mass flux is
specified as one-half of the rate of inflow along the axis, since the inflow at the
axis separates symmetrically at the cylindrical wall and one-half of the inflow goes
upwards/downwards and inwards along the end-caps. The flow at the end-caps could
not be modelled for a linear temperature gradient, because there is circulation with
upward flow along the cylindrical surface and downward flow closer to the axis,
resulting in a varying flux along the radial end-caps. This results in a variation in
the radial mass with position, and consequently the mass flux in the generalized
Carrier—Maslen equation cannot be set equal to a constant. Therefore, we compute
the end-cap solutions only for the secondary flow due to an axial mass source. The
wall slip for the radial flow at the wall is found to be much smaller than that for
the axial flow. The radial velocity at the end-caps, non-dimensionalized by RS2, is
plotted as a function of scaled axial coordinate n* at £*=0.1, 0.2 and 0.5 in figures
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FIGURE 7. Axial mass flux, scaled by (p,, 2R)(4.</*(Z/R)F*/Re), as a function of £&*
at n = 0.325 and 0.675 for (a,c) & = 1.414 and (b,d) o/ = 0.707, for (a,b) €, =0.2
and (c,d) €, = 0.5. The symbols show the DSMC results for Re = 10*, F* = 0.1 (®),
Re=10* F*=0.2 (A), Re=10?, F*=0.1 (O), Re=10% F*=0.2 (O). The lines show
the analytical solutions correct to O(1) (= - —-), O(¢) (- — =) and O(e?) (—).

8 and 9. Progressing inwards from the wall of the cylinder, it is observed that there
is an expansion of the boundary layer by a factor of 5 when the distance from the
cylinder wall is increased from £* = 0.1 to £&* = 0.5, while the mass flux remains
a constant. The prediction for the radial velocity correct to O(e?) is in quantitative
agreement with the DSMC solutions. The leading-order result (neglecting the mass
difference between the two species) does capture the trends, but the magnitude is
somewhat lower than the DSMC results.

An interesting feature is that the relative difference between the solutions correct
to O(1) and O(e?) for the Carrier—Maslen solutions is much smaller than that for
the generalized Onsager model. There are two reasons for this. Firstly, the O(e)
corrections to the Carrier—Maslen equations could be incorporated within (5.21) for
Y@ since these were known functions of the number and mass density in the base
flow. Secondly, the inhomogeneous term in (5.22) for ¥® contains a factor of 1/Re,
which is small in the high-Reynolds-number limit. For these two reasons, the leading
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FIGURE 8. The radial velocity, scaled by RS2, as a function of scaled axial coordinate
Z*, at (a) €*=0.1, (b) 0.2 and (¢) 0.5, for &/ =3.535, Re =100, F*=0.2 and ¢, =0.5.
The DSMC results are shown by symbols (O), and the lines show the analytical solutions
correct to O(1) (- - —-), and O(e?) (—).

approximation for the generalized Carrier—Maslen equations gives a significantly more
accurate solution in comparison to that for the generalized Onsager equation.

6.4. Internal sources

Next, we consider the axial flow generated by a momentum source in the 6 direction.
The analytical solution is independent of the Reynolds number and aspect ratio if the
axial mass flux is scaled by (p,22R, 42/*(Z/R)/Re). This scaled axial mass flux is
plotted as a function of normalized radial scale height (§*) for different stratification
parameters and Reynolds numbers for an isothermal sidewall in figure 10. In the
simulations, there is an increase in the frequency of collision of molecules when
the wall is close to the momentum source, resulting in heating (close to the source
there is an increase of 90% in the temperature of the wall). In order to maintain
a constant temperature, additional energy is removed from the wall at the location
close to the source. It was earlier observed (Pradhan & Kumaran 2011) that there is
much better agreement between simulations and theory when the constant-temperature
boundary condition is enforced by energy removal from the wall. It should be noted
that energy removal is necessary because the energy dissipation term (double dot
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FIGURE 9. The radial velocity, scaled by RS2, as a function of scaled axial coordinate z*,
at (a) £*=0.1, (b) 0.2 and (¢) 0.5, for .« =0.707, Re =100, F*=0.2 and ¢, =0.5. The
DSMC results are shown by symbols (O). The lines show the analytical solutions correct
to O(1) (- - —-) and O(e€?) ( ).

product of the viscous stress and rate of deformation tensors) is second-order in the
velocity perturbation. This is not included in the linearization approximation that we
have used, as can be seen from the energy equation (3.11). Therefore, the viscous
heating is not captured by the Onsager model, and it is necessary to explicitly remove
energy to maintain a constant temperature at the wall.

The results with wall energy removal are shown at the axial location n =0.45, which
is close to the source, and where the axial slip velocity is a maximum. The mass
flux is significantly higher when the source is placed inside the radial boundary layer,
owing to the larger number density and the higher frequency of molecular collisions.
In all cases, the solutions correct to O(e€*) are in much better agreement with DSMC
results than the O(1) solutions, which do not incorporate the mass difference. There
is a maximum difference of approximately 25 % between the analytical and DSMC
results for the lowest stratification parameter 0.707 and Reynolds number 100 within
the axial boundary layer, but there is quantitative agreement between analytical and
DSMC results for higher values of the stratification parameter.

The scaled axial mass flux, non-dimensionalized by (p,,£2R)(4.27*(Z/R)/ReF*), for
a mass source and sink within the flow are plotted as a function of & for different
stratification parameters and Reynolds numbers in figure 11. The results are plotted
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FIGURE 10. Axial mass flux, scaled by p,,2R, 427*(Z/R)/Re, as a function of £* at the
axial location n=0.45, scaled source strength = 0.2, for ¢, =0.5 and for (a,b) o/ =2.121
and (c,d) o/ =0.707, when the source is at n =0.5 and is (a,c) within the radial boundary
layer at £ =0.01 and (b,d) outside the radial boundary layer at & =0.25. The symbols
show the DSMC results for Re =10%, & =0.01 (¢), Re =10*, £* =0.01 (A), Re =107,
£ =0.25 (O), Re=10% &*=0.25 (0O). The lines show the analytical solutions correct
to O(1) (- - —-), O(e) (- —-) and O(e?) ( ).

only at the axial location n = 0.18, where the axial velocity slip was found to be a
maximum, and the difference between analytical and numerical results is a maximum.
The qualitative trends in the mass flux are well captured by the leading-order solution,
but the results are not in quantitative agreement with simulations. The O(e?) solutions
are higher, by a factor of approximately 3/2, than the O(1) solutions when the
parameter €, is 0.5. However, the difference between the O(e) and O(e?) solutions
is much smaller, suggesting that the ¢ expansion is convergent even for ¢, = 0.5.
There is good quantitative agreement between the O(e?) solutions and the DSMC
simulations, to within approximately 20 % for the lowest stratification parameter of
0.7071, aspect ratio 2 and at Re =100. The results for higher aspect ratios, not shown
here, are in even better agreement with the simulation results.

7. Conclusions

In this study, we examined how the species mass difference can be incorporated
into the Onsager model to make it applicable to systems where the difference in
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FIGURE 11. Axial mass flux, scaled by (p, 22R)(4/*(Z/R)/ReF*), as a function of
&* for F* =0.2 and ¢, = 0.5 at the axial location n = 0.18 for (a,b) &/ = 2.121 and
(c,d) o/ =0.707 when the source is (a,c) within the radial boundary layer at £ = 0.01
and (b,d) outside the radial boundary layer at £ = 0.25. The symbols show the DSMC
results for Re = 10%, &' = 0.01 (¢), Re = 10%, & =0.01 (A), Re = 10, &' = 0.25 (o),
Re=10% &*=0.25 (0). The lines show the analytical solutions correct to O(1) (- - —-),
O(¢) (- — -) and O(€?) ( )-

molecular masses is not much smaller than the average molecular mass. In the base
state, the flow is considered to be a solid-body rotation with constant temperature,
but the variation in the mole fraction is taken into account. Owing to this, there is a
variation in the viscosity and thermal conductivity in the radial direction. In addition,
the total pressure is written as the sum of partial pressures of the two species, and
is not approximated as an exponential function of the distance from the wall. The
dilute gas equation of state is used for the pressure, while the Chapman-Enskog
theory (Chapman & Cowling 1970) for hard-sphere gases is used for the thermal
conductivity and viscosity. It is important to note that all of the analysis has
been carried out only for the simplest hard-sphere molecular model, in order to
enable quantitative comparisons between the simulations and analytical solutions. For
simulating real systems, it is necessary to use more realistic collision models, such
as the variable hard-sphere model, which provide more realistic molecule—-molecule
and molecule—wall interactions.

In the analysis of the secondary flow, the equation for the master potential is
expanded in an asymptotic series in the parameter ¢ = Am/m,,, where Am is the
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difference in the molecular masses of the two species, and m,, is a suitably defined
average molecular mass based on the wall mass densities of the two species in the
base state in order to simplify the algebra.

An important point to note is that this is not a regular perturbation expansion,
where all quantities are expanded in a series in €. Rather, we have attempted to
use numerically accurate representations where possible. For example, a regular
perturbation expansion would involve using e expansions for (2.10) and (2.12) for
the number and mass densities, and consequently expansions for the mean viscosity,
thermal conductivity and pressure in (3.8)—(3.12). Here, we have chosen to use the
actual functional forms for the mean quantities, and use an € expansion only where
it is absolutely necessary to reduce the equations to the generalized Onsager form.
Owing to this, our solutions contain terms that would normally be higher-order in a
regular € expansion. For this reason, the solutions are expected to be more accurate
than those obtained for a regular perturbation expansion.

The leading-order equation and boundary conditions for the master potential are
nearly identical to the sixth-order differential equation of the generalized Onsager
model (Pradhan & Kumaran 2011). The important difference is that the density
and mole fraction are not assumed to decrease exponentially from the wall, but
the actual species densities and mole fraction are used. The mean velocity and
temperature obtained by solving the leading-order equations are used in the species
balance equations for the mole fractions of the two species, and the corrections for
the number density and mass density of the two species due to the secondary flow
are obtained. These appear as inhomogeneous terms in the equation for the O(e)
correction for the master potential. This equation is solved with appropriate boundary
conditions to obtain the O(e) correction to the master potential and flow velocity.
This is then used in the O(e) contribution to the species balance equation, and the
hierarchical procedure is repeated until the O(e*) correction to the secondary flow
velocity and mole fraction are calculated. A similar hierarchical procedure is used for
the Carrier—Maslen model for the end-cap boundary layers.

The results of the Onsager hierarchy, up to O(e?*), are compared with the results of
DSMC simulations for the axisymmetric flow of a two-species hard-sphere molecular
gas. The constitutive relations for mass diffusion, viscosity and heat conduction
predicted by the DSMC simulations are compared with the Chapman—Enskog theory
(Chapman & Cowling 1970) in order to validate the constitutive relations used in the
analysis. After this, the results of the O(e?) Onsager hierarchy for the secondary flow
are compared with DSMC simulations for three types of forcing: a wall temperature
gradient, inflow/outflow of gas along the axis, and mass/momentum input due to
inserts within the flow.

In all cases, the comparison with DSMC simulations reveals that the analytical
solution correct to O(e?) is in quantitative agreement with the DSMC results in all
cases. There is agreement to within 15-20% even at the lowest Reynolds number
of 100, the lowest stratification parameter of 0.707, the lowest aspect ratio Z/D =2,
a large mass difference ¢, = 0.5 (corresponding to a mixture of CO, and CH,,
for example) and for scaled secondary forcing as large as 0.2 in all cases. The
leading-order solutions do capture the correct trends in all cases, but the magnitudes
of the secondary flow are only a fraction (between 1/2 and 2/3) of the solutions
correct to O(e€*). This shows that the Onsager model, which was originally formulated
for isotope separation where the mass difference is negligible, can be fruitfully
extended using an expansion in the ratio of the mass difference and average mass, to
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predict the secondary flow in binary mixtures with relatively large mass differences
at low rotation speeds in systems of practical interest.
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Appendix A. Expressions for the viscosity, thermal conductivity and diffusion
coefficient

For a hard-sphere gas, the viscosity, thermal conductivity and diffusivity can be
expressed as functions of the mole fractions of the two species as (Chapman &
Cowling 1970)

N2 +NR,+N\NoR),
(NiRi/111) + (N3Ry/ 1t2) + N1 NoR1p
_ NiQ\K) + N;0:K, + NN, O,

’

N12Q31E_||—N%Q2 +N1N2Q12 (A 1)

= 2n(my +my)
_ 5CN\N; (NiS; — N,$))

 NIQI+N2Q, + NiN,Qy,'

I

Dy,

T

where 1; and pu, are the viscosities of the pure components at temperature 7,

5 mikBT
=] , A2
Fi= %62\ ™« (A2)

K, and K, are the thermal conductivities of the pure components at temperature T,

15 kT a3
"e4d? \| wm;”

and the coefficients in equations (A 1) are

M, = my/(m +my), (A4)
M, = my/(m; +my), (A5)
1/2
E — 2kl’i”r(’nl + m2)3 / 1 , (A 6)
UM, Ny 2(d, + d»)?
Q1 = P (6M; + 5M? — 4M?B + 8M,M,A), (A7)
Q) = P,(6M? + 5M3 — AM3B + 8M,M,A), (A8)
01 = 3(M, — M>)*(5 — 4B) + 4M ,M>A(11 — 4B) + 2P, P>, (A9)
30ksE
o= BT [P+ Py+ (11 — 4B — 8A)M,M,], (A 10)

12 4(M, + M)
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Appendix B. Conservation equations in cylindrical coordinates

353
(A11)

(A12)

(A 13)
(A 14)
(A 15)
(A 16)
(A 17)

(A18)

(A 19)
(A 20)
(A21)

The mass conservation equation for an axisymmetric flow in cylindrical coordinates

at steady state is

V- (pv) =S,

(B 1)

where .7, is the mass source (rate of addition of mass per unit volume per unit time).
The radial, meridional and axial momentum conservation equations at steady state are

v, vl v, op [100rt,) 1o 0T
'O<vr8r r+vZ8z>_ 8r+_r or r+8z
vy v vy 1 0(r%ty) 07y,
P <v, ar + r + 8z> B [,,2 or * 0z o
v, dv.\  dp  [1d(rtn) Ot
p(v’ar+vzaz> T

] +f.  (B2)
(B3)

(B4)

where f,, f; and f, are the force densities (force per unit volume) in the r, 6 and z
directions, respectively. The energy conservation equation is

oT aT
lOCv Ta. +Ur7+
t r

where .¥, is the rate of addition

aT
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of energy per unit volume per unit time. Here,

(B6)
B7)

(B3Y)
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av 2
.= 2——ZV.v|, B9
T, = U < 3z 3 V> (B9)
0 Vy
Ty = (rar (r)) : (B 10)
Jv, dv,
= = |, B11
T H ( 0z + 3r> ( )
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Appendix C. DSMC simulation

Before proceeding to simulate the centrifugal separation of gas mixtures, we first
compare the DSMC result for the viscosity and thermal conductivity of a gas mixture
with the theoretical prediction of the Chapman—Enskog theory (Chapman & Cowling
1970) for a dilute gas for a plane Couette flow in order to validate the simulation
procedure, and compare the transport properties with the theoretical expressions given
in appendix C. The fluid is a hard-sphere gas mixture in which both species have
equal molecular diameter d = 5.5 x 107!° m, average molecular mass m,, = (m; +
my)/2=58.4426 x 102 kg/molecule, specific heat ratio y = 1.66 and average number
density 1.4 x 10°° m™3. The pressure is set equal to a constant value, p = nkzT =
0.5275 N m~2, throughout the simulations. Two different relative masses for the two
components, €, =2(m; —m,)/(m; +m,)=0.2 and 0.5, are used in the simulations. The
DSMC simulations are performed with different mole fractions of component 1 (Ny),
which is the lighter component, to predict the variation of transport properties with
composition. The viscosity, thermal conductivity and diffusivity of pure components
based on the Chapman—Enskog theory (Chapman & Cowling 1970) using the first two
terms in the Sonine polynomial expansion, and from DSMC simulations are given for
€, =2Am/(my +my) =0.2 and 0.5 in table 1.

The computational domain consists of the flow between two parallel plates, in the
x—z plane separated by a distance L, = 0.01 m in the y direction (a specific aspect
ratio L, :Ly: L, =2:1:1 is chosen to facilitate the DSMC simulations), as shown in
figure 12. One surface is stationary, while the other is moving with a velocity v, =
300 m s~ in the x direction. The surfaces are maintained at a constant temperature
of 300 K. Periodic boundary conditions are used in the x and z directions, while the
boundary conditions at the walls y =0 and y =L, are diffuse reflection conditions
with accommodation coefficient 1 (the post-collisional velocities of the molecules at
the wall are chosen from a Maxwell-Boltzmann distribution with mean velocity equal
to the wall velocity and temperature equal to the wall temperature). The number of
cells along the x, y and z directions are 100, 50 and 50, respectively. There are eight
subcells in each cell. The average number of simulated particles in each cell is 100.
For the densities simulated here, the number of real molecules per simulated molecule
varies between 10'® and 10'8. The cell arrangement is shown in figure 12.

The velocity, temperature and mole fraction profiles for plane Couette flow are
shown in figure 13 for wall temperature 300 K. The viscous energy dissipation
results in an increase in the temperature in the gas, and the maximum temperature
of 428 K is observed at the mid-plane between the two walls. It should be noted
that there is both a small velocity slip as well as a temperature slip at the wall.
The pressure and shear stress are uniform throughout the gas, and the temperature
variation leads to a variation in the density in accordance with the ideal gas equation
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FIGURE 12. (Colour online) Computational domain and coordinate system for a plane
Couette flow. The two parallel plates are separated by a distance L, =0.01 m in the y
direction, and periodic boundary conditions are used in the x and z directions. The top
plate velocity is v, =300 m s~!, and the bottom plate is stationary. Both plates are at the
same temperature T,, =300 K. The average molecular mass m,, = (m; +m,)/2=158.4426 x
1072° kg/molecule, and average number density 1.4 x 10° m=3, with 50 % mixture.

Property €, Analytical DSMC

i 02 2721 x107° 2717 x 107
7% 0.2 3.007x10~° 3.002 x 1073
U1 0.5 2.488x107° 2.484 %107
%3 0.5 3.202x107° 3.197 x 107
(nD), 0.2 6.205x 10"  6.195 x 10"
(nD), 02 5.616x10"Y 5.610x 10"
(nD), 0.5 6.812x10"Y 6.781 x 10"
(nD), 0.5 5.261 x 10" 5.257 x 10"
K 0.2 2.676x 1073 2.660 x 1073
I:(z 02 2422x1073 2421 %1073
I_{l 05 2.927x103 2918x 1073
K> 05 1.932x1073 1.930x 1073

TABLE 1. The coefficient of viscosity u (kg m~

1

s~!), number density times diffusion

coefficient nD (m~' s~') and thermal conductivity K (W m~' K~') of pure components,

with average molecular mass mg,, = (m; + m,)/2 = 58.4426 x 1072 kg/molecule, and
with €, =2Am/(m; + my) =0.2 and 0.5 based on Chapman—Enskog theory (Chapman &
Cowling 1970) and DSMC simulations at temperature 300 K. The system was discretized
into 100 intervals in the flow direction and 50 intervals each in the other two directions,
and there were 100 molecules per cell on average. Averages were obtained over 10°
collisions per molecule.

of state. Since the number density is changing with position, there is a variation
of mole fraction with position as well, as shown in figure 13. The results of the
simulation are compared with the results of the continuum equations,


https://doi.org/10.1017/jfm.2014.365

https://doi.org/10.1017/jfm.2014.365 Published online by Cambridge University Press

356 V. Kumaran and S. Pradhan

(b) 1.0
0.8
0.6
0.4
0.2 1
(LI L L L DL L B R BN B 0 AT
0 50 100 150 200 250 300 300 325 350 375 400 425
u(ms_l) T (K)
(©) 1.0
0.8
.. 0.6
<]
Ny i
=04
0.2
O7““|““|““|““
0490 0495 0500 0505 0510

ni/n, ny/n

FIGURE 13. (a) The velocity, (b) temperature and (c) mole fraction profiles in the plane
Couette flow of a binary mixture with average molecular mass m,, = (m; + m,)/2 =
58.4426 x 10726 kg/molecule, €, =2Am/(m; + m,) = 0.5. The symbols show the DSMC
results for the velocity and temperature profiles in panels (a) and (b), and n;/n (A) and

ny/n (O) in panel (¢). The line (— - -— - -) shows the analytical solution for slip boundary
conditions.
dv,
rxy l’l’ ’ (C 1)
dy
d (47 N dv, 2_0 ©2)
o \ay) ey T
dN,  kpdT
TR, (C3)
dy T dy

where the mixture viscosity and thermal conductivity are given in (A 1) in appendix A.
Equations (C 1)—-(C3) are solved with the boundary conditions for the velocity and
temperature and no-flux conditions at the wall, and symmetry conditions at the
axis, to obtain the final velocity and temperature profiles shown in figure 13(a,b).
The mole fraction profiles, in figure 13(c), show the effect of diffusion due to a
temperature gradient, where the lighter component diffuses towards the region of
higher temperature, and the heavier component moves towards the region of lower
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FIGURE 14. Mole fractions n;/n (A) and ny/n (o) as functions of position (y/L,) for
(a) concentration diffusion and (b) thermal diffusion for €, =2Am/(m; + m;) =0.5.

temperature. In all cases, the simulation results are in quantitative agreement with the
theoretical solutions of (C 1)—(C 3).

The mass and thermal diffusion coefficients for a binary mixture are studied using
the same configuration as that in figure 12. For the mass diffusion, instead of using
solid walls at y=0 and y=L,, we consider two pure component gases of species 2
at y <0, and species 1 at y > L,. The molecules are allowed to diffuse in the channel,
with the restriction that there are only molecules of species 1 and 2 entering from
y <0 and y > L,, respectively. The system is permitted to equilibrate until the
concentration field is independent of time and the temperature is a constant. The
results of the simulation are compared with the equation (Chapman & Cowling
1970)

o n? n?
¢, —¢ = ———Dpd;, — ——DrV(log, (T)),
niny niny
D12 N1N2(m2 _ml)
= — VN — -V krV (1 T s C4
N1N2( 1+ s p +krV(log, (T)) (C4)

where ¢, and ¢, are the species averaged velocities. Since the temperature and
pressure are independent of position in the simulation, the diffusion coefficient can
be evaluated as D, = —N{N,(¢; — ¢;)/(dN;/dy). In order to determine the thermal
diffusion coefficient, the walls at y =0 and y = L, are maintained at two different
temperatures, y =0 at 300 K, and y =L, at 360 K. The system is equilibrated and
the mole fractions of the two species are calculated. The thermal diffusion coefficient,
or = kr/N1N,, is then determined from (2.1) for the flux. The mole fraction profiles
for mass and thermal diffusion are shown in figure 14(a,b).

A more microscopic comparison is provided by plotting ratios t,,/(T"/*(dv,/dy))
and g,/(T'*(dT/dy)) as functions of the mole fraction in figure 15(a,b). Here,
the stress and heat flux are calculated from the second and third moments of the
molecular velocity distributions (Chapman & Cowling 1970). Equations (A1) in
appendix A show that the mixture viscosity and thermal conductivity are proportional
to the square root of the absolute temperature and independent of the number
density, so the ratio z,,/(T"*(dv,/dy)) and ¢q,/(T"/?(dT/dy)) are functions of only
the mole fraction. Figure 15(a,b) shows that there is excellent agreement between
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FIGURE 15. The ratios (a) t,/(T"*(dv,/dy)) and (b) q,/(T'/*(dT/dy)), (c) the thermal
diffusion factor a7 = (1/(Ny No)ky = (1/(Ny N»)) (AN, /dy)/(T~'dT/dy) and (d) the ratio
nDlz/\/T as functions of mole fraction of component 1 (N;). The symbols show the
DSMC results for €,=0.2 (A) and ¢,=0.5 (), and the lines show the analytical results
for €,=0.2 (- --) and ¢,=0.5 (- --—--). DSMC results are shown at y/L, =0.5. The
error bars show the standard deviation over four different DSMC runs carried out after
equilibration, each for 10° collisions per molecule.

the theoretical predictions and the simulation results for the thermal conductivity
and viscosity for hard-sphere gases. Next, we compare the results of (A1) for the
thermal diffusion coefficient kr with experiments. The thermal diffusion coefficient
is independent of temperature and number density, and is a function only of
the mole fraction. It is more convenient to compare the thermal diffusion factor
ar =ky/NiN> = (1/N,N,)(dN, /dy)/(T~'dT/dy) as a function of the mole fraction of
component 1 (V;), as shown in figure 15(c). From (A1), the diffusion coefficient is
proportional to /T /n, and independent of mole fraction, while a; is independent of
number density and temperature. Therefore, ar and nDy,/ JT are plotted as functions
of mole fraction of component 1 (N;) in figure 15(c,d). The error bars show the
standard deviation over four different DSMC runs carried out after equilibration, each
for 10° collisions per molecule. There is excellent agreement between the simulations
and the Chapman—Enskog theory to within the error bars in the simulations.
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