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Transport models for forced, single phase fluid convection are reviewed for non-uniformly and
randomly structured highly porous media. Special attention is given to the evaluation of a two-
temperature energy model. For means of comparison, a one-temperature, effective thermal
diffusivity model is developed, emphasizing local solid phase morphology using analytic techniques.
Random characteristics of the porous medium are simulated by the use of regular and unspecified,
pre-assigned solid phase morphologies. An overall coefficient of drag resistance is determined by
implementing a multiple-regime superposition approach. Coefficient models are evaluated using
the governing averaged transport equations set and solved numerically. Variability of the
morphology descriptors is shown to potentially govern large fluctuations in transport parameter
values and distributions. Results generally compare favorably among work by Koch and Brady;

Fand and Thinakaran; Adnani, Raffray, Abdou, and Catton; and Watanabe.
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Description of the events occurring in a porous medium undergoing thermal and inertial
phenomena can often be accomplished with acceptable error using averaged values of physical
quantities. Kovalenko (1991) argues that heterogeneous real disperse media may be treated as
continuous and the principal laws may be stated in terms of averaged quantities when the criterion
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is satisfied, where * is the observed or assumed micro-scale inhomogeneity and 1 is the macro-scale.
Koch and Brady (1985) note that the description of macro-transport, not transport by microscopic
process , is the "primary interest." For such emphasis, assessment by averaged quantities is
acceptable.

Treating a mechanical mixture as a homogeneous continuum entails the use of effective transport
coefficients. Selection of effective transport coefficient models appropriate to the situation under
study is most relevant under such treatment. Hence, "appropriate selection" is dictated by the matrix
microstructure, which greatly influences both the transport coefficient magnitudes and spatial
behavior of transport parameters. The current study analyzes both parameter magnitude and
behavior involving a two-temperature energy statement, the values of the overall drag coefficient,
cy the effective thermal conductivity for a one temperature, local thermal equilibrium energy
statement, k., and the heat transfer coefficient at interphase boundaries for the two-temperature
energy statement, ¥ .

Consideration is given to steady, two-dimensional momentum and heat transfer within a two-phase
system. A flat channel is fully occupied by an unconsolidated highly porous medium composed of
uniform packed spheres. Immediate interests lie in the prediction of phenomena pertaining to the
case of large k/k, ratios, thus the specific case and physical parameter values considered best
describe that of a steel spherical-bead matrix with incompressible air entering the interstices by
forced, non-Darcy convection. Free convective heat/mass transfer processes are assumed negligible.
Interphase boundaries are impermeable to the fluid. Wall channeling is determined to be
inconsequential for the current bulk process evaluation using criteria established in experimental

work by Fand and Thinakaran (1990).



ANALYSIS
Morphology Description

Three packings with distinct characteristics are considered:

1.) Regular packing of solid spheres with assigned morphology characteristics (Fig. 1(a)),

2)) Simple cubic unit cell structure with solid spheres at the lattice nodes and exact expressions
for the morphology functions (Fig. 1(b)),

3) Bi-porous structure (depiction of a representative capillary in Fig. 1(c)).

Rigorous descriptions of the morphologies employed for the three structures are offered in Gratton

et al. (1993).

The Governing Equations

The statement for momentum exchange is obtained by the simplification of a generalized two-
dimensional development for flow in a randomly homogeneous porous medium confined to a layer.
Derivation of the generalized equation for developed flow in a monodisperse porous medium is
performed by stochastic averaging and further detail is offered by Travkin and Catton (1992b and
1995). The consideration of a regular medium allows omission of the morpho-fluctuation terms,
which account for solid-microstructure deviation from an idealized configuration. The
hydrodynamic problem is further simplified by the assumption of no interphase penetration and the
introduction of a closure process for the momentum equation involving the mean developed
turbulent velocity averaged over the fluid portion of a representative elementary volume (Travkin

and Catton, 1992a,b and 1995). The resulting governing statement for developed flow is given by,
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where the overall drag coefficient, c,, is defined
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The mean turbulent eddy viscosity, K, , is determined from

R (2 =c"lb"@) (4)

where 1(z) is the turbulent scale function, defined by the assigned porous medium structure, C, is
the turbulent exchange coefficient, and b(z) is the mean turbulent fluctuation energy function, which

satisfies the closure scheme
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The turbulent scale function, 1(z), is calculated as a function of morphology descriptors (see Travkin
and Catton, 1992 a and b).

The heat transfer problem is governed by the generalized two-dimensional, two-temperature
statement for energy transport in a porous layer, providing one governing equation in the fluid
phase and a second in the immobile, inpenetrable phase (Travkin and Catton, 1992b and 1995). The
closure process given in work by Travkin and Catton (1992a,b and 1995) allows reduction of the
integral terms to differential terms with dynamic coefficients. Restricting attention to regular media
further simplifies the problem in a manner analogous to that seen for the hydrodynamic statement.

The two-dimensional governing equation in the fluid phase subsequently assumes the form,
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when (x,z) 0 ) S,. The thermal eddy conductivity, K., for Eq. (6), is determined
Kr = ppc, K, + ks, (8)

valid for Pr; ® 1. For treatment under a local-thermal equilibrium assumption, a simplistic energy
model is governed by a one-temperature equation for a continuum with assumed homogeneity and

effective thermo-physical properties,
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which is effective over the entire domain (x,z) 0 ) S. The effective properties, D and Cp, efr ATE

defined
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Equations (2), (5), (6), and (7) are subjected to the following boundary conditions
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corresponding to constant heat flux, hydrodynamic no-slip, and no variation in the magnitude of the
turbulent fluctuation energy at the wall. Symmetry conditions for all profiles are imposed at the
channel mid-plane. Use of the one-temperature model (Eq. (9)) merely requires the use of boundary

conditions similar to those used for the fluid-phase energy equation in the two-temperature statement

_ (12)
h: 0<T> .

For means of comparison with the one-temperature equation results, an equivalent local temperature

is defined for the two-temperature system by volume fraction weighting
Ty = <m@>T@ +[1 -<m@>T @) . (13)

The Overall Drag Coefficient
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Various models and correlations are offered in determination of the overall drag coefficient, c,,

used in the hydrodynamic equation (Eq. (2)). Travkin and Catton (1992a and b) discuss the

Ap _ f( Sy )(pfﬁg) ’ (14)
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applicability in the bulk laminar regime of a commonly used experimental relationship

for the pressure drop in packed beds, yielding a theoretical drag coefficient approximation for

constant or large-scale nonuniform porosity

g = f (15)

where f is the hydrodynamic resistance coefficient for packed beds taken from experimental
correlations. The sensitivity of Eq. (15) to the variation of, at minimum, the morphology functions
m and S,, is noted. Consideration is now given to calculation of ¢, in the combined and turbulent
regimes by similar treatment.

Watanabe (1989) suggests a formula for the overall drag resistance of a packed bed consisting of

spheres

g = f = [%(1 -<m(2)>)|Cqpn > (16)

where ¢, 4, 1s the coefficient of drag resistance for a single isolated bead of diameter d,. To
implement Eq. (16), a particle Reynolds number (Reg) dependent family of correlations is assembled
from a review by Boothroyd (1971) to approximate the mean drag resistance (cg,,) over a single,
isolated sphere in various flow regimes. The various correlations for ¢, and the respective Reg

ranges of usage are provided in Table 1.



Flow Regime

Reg #0.2

0.2 <Reg #3.0

3.0 < Reg < 400

400 # Reg # 500

2211+ 0.197 Rel®

Re,
b 4

+ 0.002

5
500 < Reg < 2010 ¢y = 044

5
Reg $ 2010 0.1

cd, sph

Table 1. Expressions and ranges of validity used to determine the drag coefficient for a
single, isolated sphere.

Equations (17)-(22) provide an effective means of calculating the flow resistance for packed beds
when combined with Watanabe's correction (Eq. (16)).

Additional empirical expressions may be used to close the hydrodynamic equation (Eq. 2). Table
2 provides a brief summary of the remaining globular morphology drag coefficient models used in

the analysis. For spherical obstacles, the Reynolds number based upon characteristic pore size is

defined

o~
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Equation (23) is used to define the parameter Re;, used in Egs. (24), (25) and (26). Use of Eq. (23)
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in lieu of the Reynolds number originally defined by Klenov and Matros (1990) results in the
modified form given by Eq. (25). The Klenov and Matros (1990) formula is experimentally
determined for 0.3 # <m> # 0.4 and O(2) # Re,, # 1700 for spherical particles.

I Relation | Expression for the Overall Drag Coefficient I

Ergun (1952)
-f=-4 . B, 4-3333, B=( (24)
Re
Klenov and Matros (1990) A
= f = +B, A=363, B: (25)
Re,
Fand and Thinakaran (1990) 7 2 4 B
c, = = = + =
a 9Re, 3 (26)

Table 2. Additional expressions used to determine the overall drag coefficient for sphere
packed beds.

Correlations are presented by Fand and Thinakaran (1990) for randomly packed cylinders
107° < Re, = 0Q) ,
enclosing solid matrices composed of uniform spheres, valid over the range of Reynolds numbers

whereby the modified friction factor, f', is given by
-dpP <m>3 _ 4 —<m>) |
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Manipulation of Eq. (28), using Egs. (14), and (23) provides the alternate form of Fand and
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Thinakaran's (1990) empirical correlation for fin terms of Re, which is presented in Eq. (26). The
coefficients A and B in Eq. (26) are flow regime dependent (e.g. Darcy, Forchheimer, turbulent),
whereupon the reader is directed to the reference for the determined numerical values.
Progression to capillary channel models extends the number of available formulae for c¢,. For a
tube morphology consisting of straight circular channels of equivalent diameter, Travkin and Catton

(1992a and b) show that

~ A
c; = ¢, = ik (29)

If it is assumed that the characteristics of the path through the voids in the interstices of neighboring
spheres have equivalent expression in a system of straight parallel smooth tubes, Nikuradse's (1950)

formula may be used

23 % (0.0032 +0.221 Rec;"'z”) . (30)
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Should the added effects of wall roughness in the tubes better simulate those corresponding to the

morphology under consideration, then Nikuradse's (1950) formula for rough tubes provides

2
L +1.74
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4 4
For Eq. (31), d;, is defined
4<m>
d, = ,
c” S (32)

rendering the general definition of Re,, for Eq. (30), in lieu of the more specific form used hitherto

(Eq. (23))



