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Friction factors and internal flow length scales of gas-solid magnetically
stabilized beds are discussed. Pressure drop and expansion data of beds
stabilized by axial magnetic fields are used. The concept of a variable fric-
tion factor of fluid-driven deformable packed bed is discussed. Scaling rela-
tionships of the internal flow length scale and the bed overall porosity are
developed through three approaches: (1) fluidization approach concerning
a length scale proportional to the particle size, (2) packed bed approach
based on a hydraulic diameters as a length scale, and (3) porous media ap-
proach based on the Forchheimer equation. The main result is that the bed
length scale ~¢", irrespective of the model used, where n is the exponent of
the Richardson-Zaki scaling law. These scaling estimates are used to ex-
plain the magnetic field effects on bed-to-surface heat transfer coefficients.
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Introduction

The paper discusses gas fluidization of ferromagnetic particles in presence of
external magnetic fields. The changes in fluidization behaviour of gas-fluidized coarse
particles are attractive for many scientists, since the magnetic field creates new regimes
that may be employed in different applications [1, 2].

Friction factors of magnetically stabilized beds in axial field and consequent re-
sults concerning heat transfer coefficients to immersed surfaces are at issue. The paper is
developed as follows. As a first step friction coefficients (Fanning factors) are deter-
mined experimentally. The use of Richardson-Zaki law allows to estimate scaling rela-
tions between the friction factor and the bed overall porosity. The second step considers
scaling relationship about the bed length scale with respect to the internal fluid flow.
Three models are used for that: (1) Pipe analogy of fluidized bed defining the Fanning
friction factor, (2) Packed bed model with a hydraulic diameter as a length scale, and (3)
Forchheimer equation employing the square root of the Darcy’s permeability as a length
scale.
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The results are used to explain the magnetic field effects on bed-to-surface heat
transfer coefficients determined experimentally. Modified Re and Nu numbers are devel-
oped based on scaling relationships concerning field effects on bed length scales.

Friction factor concept
The drag force of a fluid exerted on a bed of spherical particles [3, 4]:
F =AAP (la)
can be associated to fluid-solids contact area and the fluid kinetic energy:

pU’

F=f8 (1b)

The factor fis related to the contributions of the pressure distribution over the
contact area S and the shear drag caused by velocity gradients. For bed of spheres S =
=aV = AL, so:

2
ap=falLY (2a)
where 6
a=—-q(l-¢) (2b)
dp
Hence
d, 1 AP
fo=-Lt———=6f (20)
L1-¢ pU
2
The expression (2c) allows to derive two relationships [5]:
2
ap=c, L rY (3a)
and p 2
2
ap=£PY (3b)

The factors Cp and & are macroscopic parameters related to the friction factor f,
as follows:

B 1
Cp=/,o 20 (4a)
and d. 1
—f P
&=/o L 0@ (4b)

74



Hristov, J. Y.: Friction Factors and Internal Flow Length Scales of Gas-Solid ...

These expressions are classical for the fluidization practice and widely encoun-
tered in fixed and fluidized bed studies. In general, fluidized beds exhibit heights depend-
ing on superficial fluid velocity and particle orientation. A convenient measure of the to-
tal pressure drop, a major characteristic value of a fluidized bed, is the dimensionless
friction factor f, depending on the particle Reynolds number [3]. Its general form is:

B
SoxBy +— (5a)
Re

P
Here By and B are coefficients usually determined experimentally. In case of the Ergun’s
equation eq. (5a) can be presented as [3]:

fo=175+20 (5b)

Rep

The Reynolds number Re; is typically modified by a term related to the bed po-
rosity. For instance, Wentz and Thodos [3, 4] employed:

- (6a)
o) )

where G is the superficial mass velocity of the fluid, while the function @(g) is suggested
as:

83

D(e)=—o
l-¢ (6b)

Magnetic stabilization - facts related to the friction factor problem

The magnetic field assisted fluidization (MFAF) considers fluidization of mag-
netic solids controlled by external magnetic fields [1, 2]. The strong interparticle mag-
netic forces (fig. 1— A) hinder the fluidization and the bed exhibits a “meta” stable state
free of bubbles and mixing motions with bed expansion (fig. 1-B) in small steps. The dis-
cussion is focussed on this meta state termed “magnetically stabilized bed” (MSB). The
external field “induces” (fig. 1- C) particle arrangements along the field lines, thus
changing the structure of the porous medium and its hydrodynamic performance (fig. 1—
D and E).

Generally, MSB does not operate under compression but it expands due to fluid
drag forces [2, 6]. The MSB is a packed bed related to problems of porous media with de-
formable structures. The deformable bed packing alters the porosity function @(¢g) and
the total friction drag. Information about the friction factors of MSBs is needed for
MFAF engineering design. Such information has not been published yet.
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Figure 1. Fluidization in a magnetic field — schematically; case of axial field

Problem formulation

The paper has three goals:

e To calculate total friction factors of magnetically stabilized beds created by external
magnetic fields with axial orientations (parallel to the fluid flows) and fluidized by
air. This implies calculations of the factors Cp and & within the velocity range

bounded by U,; and U, (see fig. 1).

e To establish scaling functions describing bed length scales evolution during
deformation — based on different models of fluid flow through MSB.
e To find suitable explanation of the magnetic field effect on bed-to-surface heat

transfer coefficients through established /length
scale-porosity relationships.

Experimental and data treatment
Facilities

The experimental unit and materials employed
are well described elsewhere [7]. More detailed informa-
tion is available in [1, 6], but for clarity of explanation a
schematic set-up is shown on fig. 2. Iron powder, magne-
tite and INVAR particles fluidized by air are used. More
details are published elsewhere [1, 6].
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Experimental variables and data processing

The experimental data measured are: pressure drop across the bed, bed height,
mean particle diameter, gas density (air at ambient conditions). The experimental vari-
ables are the superficial gas velocity and the magnetic field intensity. All the data are
treated in accordance with eq. (3). The factors C,, and & are calculated at each point
where MSB exhibits a particular mechanical equilibrium (for detailed comments see [2]).

Development of relationships for the
friction factors
Total friction factors — Experimental data

In general, the packed bed friction factor (!!! The MSB has a fixed bed structure
at fixed gas velocity) depends on the particle Reynolds number, i. e. on the superficial
fluid velocity. All the results are presented as dimensionless ratios:

R, = i (7a)
Co(atH=0and U =U )
and 3
R: = ! (7b)
Eo(atH=0andU =U ;)

These dimensionless ratios employ the fact that the friction factors of the initial
fixed bed (before the deformation) are easy calculable through the standard relationships
(eq. 2c or 5b, for example). The magnetic field does not practically change particle pack-
ing in the initial bed [1]. Some examples are illustrated on figs. 3a and 3b, and 4a and 4b
where the effects of field intensity, bed height and particle size are demonstrated. The
plots indicate three principle characteristics of the total friction factors:

(1) The friction factor ratios decrease 10 times approximately with gas velocity increase.

(2)Initial bed heights have not practically effects on the friction factor evolutions during
bed deformation. This independence implies that homogeneous fields create almost
similar particle packings within the velocity range of MSB.

(3) The variations of the friction factor ratio are practically independent of the particle
size (see fig. 4b). The fact could be attributed to particle arrangements in packed beds
(porous media) that are statistically identical (similar). Really the friction factors
magnitudes are affected by the particle size (see the caption of fig. 4) but the
dimensionless ratio equalizes the differences between them. This can be attributed to
the fact that beds in homogeneous axial fields have similar internal structures that are
particle size independent.
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Figure 3. Dimensionless friction factor ratio variations with the dimensionless superficial gas
velocity U/U,,n for two high magnetic materijals

(a) Effects of the initial bed height and the field intensity on R. ratio. Details: Cy = 465.197 for
hyo = 65 mm bed and Cy = 310.75 for hyy = 100 mm bed; (b) Field intensity effect on R; ratio;
Eo=01683
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Figure 4. Dimensionless friction factor ratio R, variations with the dimensionless superficial
gas velocity U/U,n. Magnetite particle beds

(a) Effects of the field intensity. Cy = 302.32 for hyo = 100 mm bed; (b) Effect of the particle size.
Details: Cy for particle fractions 400-500 um = 71.39 and for 100-200 um = 302.32

Fluidization point of view on total friction factors — Data correlations

The friction factor ratio R. was correlated to the velocity ratio U/U,, only as:

R -Ciyf U
Co Umfo

)
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o Really, the bed deformation begins at U = U,1, so the exact correlation should use the
ratio U, but in axial fields U.; = U, [1], so the expression (8) is correct.

e The value U, of is easily calculable through numerous relationships available in the
literature or could be defined experimentally in absence of a field. Therefore, it can be
employed as an independent velocity scale.

Two simple forms of eq. (8) are developed:

M
R.=K, v +K ©)
mfo

that is equivalent to the classical relationship (5a), and

Ume

Data processing done by Origin’s non-linear regression tools yields:

~1.879
R, =113 Y —0041 (11a)
Umf'O
and 225
R, =102 Y (11b)
Ume

The expressions are based on processing of data obtained with (400-500 pm)
magnetite particles arranged as 100 mm deep bed in 65 mm ID glass column. The field in-
tensity was varied within the range (0-16 000 A/m).

Analysis through models

The following analysis considers three standpoints:

e [Fluidization approach concerning correlations of macroscopic data such as
superficial gas velocity, bed height and pressure drop, already used in the previous
point and expressed by egs. (1)-(6).

e Packed bed approach employing the bed hydraulic diameter as a length scale.

e Porous media standpoint concerning bed permeability through the Forchheimer
equation.

Fluidization point of view

The regressions (10) and (11) indicate that we can assume R, ~ (U/U,p)* since
both exponents are very close to 2. Does the result is surprising? Certainly not, since we
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should take into account one special characteristics of bed expansion with stabilized bed
mode. As it was illustrated by fig. 1 the pressure drop remains almost constant if the stabi-
lizing field is axially oriented. In fact, the picture in fig. 1 is an idealization, while the real
data points oscillate slightly around an average value. This is well known fact and experi-
ential evidences are available elsewhere [1, 7]. If we consider the principles written in eq.
(3) and ask a condition of pressure drop independent on the fluid velocity, i. e. AP/0U =
=0 to be satisfied, the result is:

Cp Lo and &~ b
dy (pU? pU?
2 2
Therefore, the results seem as predictable ones. Still, there is a question. Both
Cp(L/d,) and & are complex characteristics of simultaneously changing bed length and its
internal particle re-arrangements. Thus, what happens with the bed length scale usually

presented by the particle diameter dj, in case of a non-deformable bed? Considering the
mass conservation of the solids L;(1 —¢&;) = Lo(1 — &) the ratio R; can be expressed as:

(12)

L;
“oig (e, YL Yd 1
Rgzﬁ_i:_ci :[_Di J[_]( COJ:RC[ i }qd (13a)
&o CDoLfo Cpo N Lo \ dei 1-¢
ch
where
ch
Rd:d (13b)

is the ratio of the internal bed length scales.

Usually, for a non-deformable bed the internal length scale equals (under a con-
vention) the particle diameter, i. e. d o = d,,.

The expanding bed structure becomes more anisotropic as the fluid-driven de-
formation develops. The latter implies particle aggregation into strings, extended almost
along the field lines and a fluid flowing preferentially through channels with low hydrau-
lic resistances. As the fluid velocity approaches the upper limit U,,, the fluid passes pri-
marily through channels thus bypassing the aggregates with porosities almost equal to
that of the initial bed — g,,. This fact indicates that the internal bed length scale varies as
the fluid flow increases.

Length scale evolution-particle diameter related scale

The following analysis employs some assumptions that have to clarify the ex-
planation. First, let us assume the porosity function @(¢); =1 —¢; as ineq. (2). Second, we
can use the recently proved scaling of the MSB expansion by the Richardson-Zaki power
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laws U/U, ~ &" [8] (see also [1, 2]). Third, both the particle terminal velocity U, and the
minimum fluidization velocity in absence of a field U, are field independent values. As
a result, we can combine the scaling estimation (12) with the Richardson-Zaki law [8]
and (13a) can be re-written as:

d —
R; =R, Do |[1z80 . ! ] (14a)
dci 1_8i 2n

U P
Ume

where
R, = L0C _p PE)
So@()g T D(e)
[y Vo[ 180 \ @@ [ 1=y (&)
dci Li l_gi @(8)0 dci l—gi £ (14b)
=1
so we have:

2 3 3 2 3 3
R & [lﬂj [ij LI G (I-_EJ (S_oJ 15)
dci l_gi =) gl.zn dci gl.zn 1_80 &
The porosity €, is within the range 0.39 <g, < 0.5 while g; varies with the inter-
val 0.5 <g;,<0.7. Hence, looking at the order of magnitudes in eq. (15) we can decide that

order of magnitudes O(1 —¢g) = O(g) are within the interval of variations. Thus, we can ap-
proximate the second term as (1 —&);/(1 — &)y = €;/¢y = 1, so the result from eq. (15) is:

d, 1
)l "o

1

The data of Rosensweig [9] and Foscolo et al. [10] indicate that n = 3, while the
recent results of Hristov [1, 2] indicate that:

n = ng— p(H/Ms) (17)

The second term of eq. (17) represents the field effect on the Richardson-Zaki
exponent through the dimensionless field intensity (H/Ms). For iron, magnetite and
nickel the ratio (H/Ms) varies from 102 up to10~'. In case of artificial magnetite (ammo-

nia catalyst “H. Topsoe” KM-1) the coefficients of eq. (17) are ny ~ 2.84 and p = 0.313
respectively [2]. Therefore, the scaling law derived from egs. (16) and (17) is:

d; ~ dpgi”o—P(H/MS) (18)
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Packed bed approach

Logically, we can expect that the expanding bed volume is a result of increased
distances between the particles. In magnetically stabilized bed two interrelated
phenomena occur:

e The particles are packed in aggregates with porosity close (or almost equal) to that of
the initial packed bed.

e The channels between the aggregates become longer as the deformation occurs. This
implies increasing channel lengths and wetted surfaces due to fluid drag forces.

Common approach for fluid flow through packed bed is to use eq. (3a) with the
bed hydraulic diameter as a length scale [11, 12]:

D, = 4wetted volume _ 4K (192)
wetted surface S

where for bed of isotropic packing [12] it is:

&o

19b
6 "l-g, (190)

With reference to the result presented by the scaling estimate (13a and b, 14a) we
have:
_Coi Li Do 1
* Cpoly Dy &

Dyo _Vo S _ A&l 11 L :[8_oj( 11; J (20b)

(20a)
where
Dy, Vi Sy AegiLi IhLy & \ 11
with wetted perimeters I1, and IT; respectively. Expression (20a) becomes:
R: :iL_l(g_OJ(i}N i (21)
Cpo Lo\ e; N1y ) &

Assuming a bed consisting of N, straight channels of diameter C,; and length L;
and that ¢; = go(aggregates) + Ag;(channels), eq. (21) can be expressed as:

Cpi \(20Cyu Ny V. L (Co (Vi) G ) 1 (22)
Cpo \2nCoNo ) & \Cpo A\ Ng NCpo ) &

Here C,; and C,, denote the channels diameters in the deformed and initial
packed bed respectively.
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Two situations can be suggested: (1) The number of the channels remain un-
changed (N; = N, ) and the fluid drag forces change only their diameters and lengths; (2)
The number of the channels varies (V; # N,) with the bed deformations.

According to the first hypothesis the channel diameter and following eq. (22), it
is possible to scale (with a mean value of n = 3):

Cpo NCuo ) €™
The problem that arises is about the ratio (Cp;/Cp,). The scaling estimates (12a
and b) include a fixed value of the bed length scale d;, and a macroscopically measured
bed depth ; that permits to calculate the values of Cp,;. Thus, replacing d;, by Dy; in eq.

(3a) we receive a second variable that does not allow to calculate directly Cp;. Equation
(22b) teaches that:

Dy ~ Do & (24)

where Dy can be calculated from eq. (19b).
Hence, the result from eq. (22) is:

ﬁ L (25)
CDO an
that confirms the general scaling estimates (11) and (12). Therefore, the ratio of the
channel diameters is about unity (C,;/C,o) ~ 1. Thus, the suggestion N; = N, leads to a
result indicating that the fluid drag only extends the channels but does not affect their

diameters (this also implies increasing wetted surfaces of the channels).
The second hypothesis (N; # N, ) leads to:

(&J{&}q:iyﬁ (26)
No N Cpo So &9

i. e. the wetted surface of the bed increases with the increase of the porosity. This result is
physically more general and includes also the case when (C,;/C,,o) ~ 1.

Brief comments on the results from fluidization and
packed bed approaches

Both examples employing the so-called tube (pipe) analogy to calculate bed
friction factors provide similar results. In fact, these models operate with effective pa-
rameters well describing (approximating) experimental data. The two results, eq. (18)
and (24), indicate that when the porosity approaches unity (¢ — 1) the internal bed length
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scales become d,; — d,, and Dy; — Dy = D respectively. The former results strictly indi-
cate that the particle diameter is a length scale in dilute systems with porosity close to
unity. As the porosity decreases the size of cavities and the throats of the channels be-
tween particles become more important for the fluid flow than the particle diameter. Ac-
tually, the real length scale is — see eqgs. (4a) and (6b), d* = d,,/D(¢). Thus, the real defini-
tion of (see eq. (13b) is:

R, _dp 1o 27)

d,;l-gg

On the other hand, the general model employing hydraulic diameters gives R; =
=D HO/ D Hi-

Taking into account that for non-deformed bed (the initial bed packing) the hy-
draulic diameteris[11, 12] given by eq. (19b) the hydraulic diameter of a deformable bed
in accordance with eq. (24) can be expressed as:

& &
Dy ~D — |= Dy =——"—d 28a
Hi HO(SOJ Hi 6(—z9) P (28a)

Introducing the field effect on the Richardson-Zaki exponent n —see eq. (17), we

have: .

d ny— / Ms
DHl = P 2 0P (H/Ms) (28b)
61—\ U,

Porous media approach

The well known one-dimensional Forchheimer equation of a fluid flow through
a saturated porous medium [13-17] is:

U? (29a)

where K is the porous media permeability.
Rearranging eq. (29a) as:

AP 1 Esz:LH (29b)
L p,U* F Re’

we obtain friction factor — Reynolds number type of correlation which is “presumably”
universal — and resembles eq. (5b) — with Re’ =F(pgK1/2/,u)U.
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Algebraic solution 28
Equation (29a) with 1/ K'? =7 can be expressed as:
-AP = L(wUZ* + Fp,U*Z) (29¢)

The general condition that can be imposed on eq. (29), in case of expanding
magnetizable bed, is a constant pressure drop. This implies that the derivative of the
right-hand side with respect to the velocity U has to equal to zero.

The condition d(AP)/6U =0 provides Z; = 0 and a non-trivial solution Z, as:

Zz=Z={&]U 1+8L L ={prjU(1+/3) (30)
He LU 4L He

ou

In other words, the first term of eq. (30) gives that (1/Z)? = K oc 1/U?. Taking into
account the mass conservation of the solid phase Li(1 — &;) = Lo(1 — &) the derivative
OL;/0U can be expressed as:

oL oL oe _ , 178 0&
oU e dU  “(1-g)20U

(€1)

The substitution of 0L;/0¢ and 0L;/0U from eq. (31) and 0g/0U through U/U,=¢"
[8, 18] in eq. (30) yields 8 = Li/[L; + U(OL/0U)] = n(1 — ¢)/¢. Therefore, the solution is:

Z=~[prJU{1+H(I_8}:>|Z|=F&U, g”{nm} (32)
Mg & Mg &

Since K = (1/Z)? the negative sign of Z in eq. (32) is not a confusing result (see
subsubsection Comments on the negative sign of Z) and we have a positive permeability

that is physically correct:
1V (1utY ’
K=| | =| 2K || & (33a)
V4 FpU ) |n(l-¢)+¢

Equation (33a) allows to express the porous bed length scale as:

R=‘l‘=_ﬂf 11y e (33b)
Z| Fp;U, " |n(l-g)+¢

2 2
SORED
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can be developed faster if a derivative JAP/0U = 0 from the left-hand side of eq. (29a) is
taken. In this case the variations of the bed height with the velocity 0L/0s are not
considered.

Comments on the negative sign of Z in eq. (32)

The negative sign of the root Z derived in egs. (31) and (32) needs special com-
ments. The fluid-driven expansion of MSB and the non-magnetic A powders (according
to Geldart [18]) are typical examples of deformable porous media obeying conditions of
constant (velocity independent) pressure drops. Obviously the result ofeq. (32)is K=
= (1/2)?, so the permeability is positive and no contradiction with the classic porous me-
dia results exists. Let us explain why the sign of Z is negative and that the positive perme-
ability is not a result of mathematical manipulations. Figure 5 illustrates typical pressure
drop- fluid velocity curves in two versions. The version A demonstrates the total pressure

Flow-dependent hydraulic resistances
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Figure 5. Negative differential resistances demonstrated by homogeneously expanding
fluidized beds with strong interparticle forces and non-linear electric resistances. Shematic
presentations and analogies

Upper half: Flow dependent hydraulic resistances — Version A — MSB (left) and A powders (right)
with positive static resistances. Version B (center) — Negative differential resistance of deforming
bed. Present author interpretation

Bottom half: Examples of negative differential resistances exhibited by current-dependent
non-linear resistors. According to Philippow [20]

86



Hristov, J. Y.: Friction Factors and Internal Flow Length Scales of Gas-Solid ...

drop evolution with the increasing fluid velocity. Version B presents the pressure drop
gradient P* = AP/L as in the case of the Forchheimer equation. Hence, if AP remains
practically unchanged while L increases the function P* = ¢(U) will exhibit a negative
slope OP*/0U. A system exhibiting such negative slope has a negative differential resis-
tance. At a fixed point of the descending curve the ratio P*/U define a positive static bed
resistance that is proportional to 1/K, while the differential resistance OP*/0U is nega-
tive. This fact is well-known from the non-linear electrical circuits [19] and especially
from those describing thermistors (see fig.5) as current-dependent resistors and electrical
oscillators with non-linear resistors. Negative differential resistance is a strong indicator
that the system is at a transition regime and tends to a point where it may “jump” into a
new stable state. Therefore, the differential resistance 0P*/0U < 0 characterizes the tran-
sition regime between the naturally stable initial fixed bed (with OP*/0U > 0) and the
fluidized state. The expanding particle bed, irrespective of the type of the stabilizing
forces (native cohesion or induced magnetic forces), is a system approaching its instabil-
ity point at U = U,,r(with bubbling) as the fluid velocity increases. It is well known that
magnetically controlled beds in axial fields [1] do not change their heights after the
fluidization onsets as the fluid velocity is increased. From the standpoint of the present
analysis at U > U, the gradient P* = AP/L is practically constant (or slightly positive)
that results in 0P*/0U = 0 or 0P*/0U = 0. The latter means that the bed dynamic resistance
becomes almost positive beyond U = U,,.

Both the fixed and the fluidized bed can be considered as two stable regimes ei-
ther from thermodynamic or mechanical point of view. The interparticle forces can alter
the transition between them and the “life” (the velocity range where it exists) of this
“shift” depends on their strengths. Therefore, low bed cohesion — fast transition into a
fluidized bed and vice versa. The magnetic stabilization is just an artificially created
“long” transition from fixed into fluidized bed. In the case of A powders the native cohe-
sion plays the same role. The negative differential resistance of particle beds undergoing
fluidization is a problem attractive for investigation and research studies, except the pres-
ent comments, are not published yet.

The negative sign of Z has more simple but formalistic explanation. The nega-
tive differential resistance is equivalent to the first derivative of the friction factor with
respect to the velocity. The general definition of the Fanning friction factor (see eqgs. 2c,
Sa, 5b, and 29b) defines it as a flow-dependent hydraulic resistance or more exactly as a
positive static (specific) hydraulic resistance (per unit bed length). Thus, for rigid porous
media the differential resistance is Jf/0U = 0/0Re ~ —1/U? while for deformable porous
structures 0f/ou ~ —1/U™ but the exponent m should depend on the fluid flow-bed defor-
mation mechanism. In case of MSBs in axial fields 0f/ou ~ —1/U° — see eq. (12).

Simplification of the porosity function 28

The applications of the porosity function directly in Re and Nu numbers result in
“clumsy” formulae. An attempt to simply @(¢), for engineering use through expansion as
a power series (function series of Maple 7 — symbolic mathematics) yields:
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D)= | — & |aLp o L 2 ed o) (34a)
el n(l-g)+e| n n>
and especially for n = 3:
cb(g)zlg‘z T DL I P (34b)
3 9 27 81

Taking into account that 0.4 <& < 0.8 and the order of magnitudes (O) of the
terms of the series we can use the first terms only:

B(e)~te D (34c)
n

This approximation is that is close to @(¢) zl/ &" coming from eq. (33c).

Comments on the friction factor evolution
with the porosity increase

According to eq. (12) and the comments in subsubsection Comments on the nega-
tive sign of Z, the friction factors of MSB decrease faster with the fluid velocity unlike in
cases of rigid beds, i. e. the derivative df/0U oc 1/U? for expanding bed while for a rigid bed it
is 0floU o 1/U>. The bed friction factor of the Forchheimer equation (29b) through the re-
sults in egs. (33) taking into account that U/U = 1/¢" is:

Re'=lgs 2 g2 +.40E"™) (35a)
n n2
f’:i+1:1+ﬂq>(g)*‘ L (35b)
Re’ U 1 2 -
—&+—¢
n n2

Both the approximation (34¢) and the field effect on through eq. (17) provide a

more simple expression:
A 5s)
"~ H as
.\ (35¢)

Therefore, the friction factor decreases as the porosity increases that is a physi-
cally correct result. In the same time at fixed values of ¢ an increase of field intensity
leads to reduced friction factors. The latter is consistent with the fact of preferential flow
through axially oriented channels. The use of oversimplified function ¢(g) = 1/&" yields
unrealistic result f'=2.
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Case of independent coefficients of
Darcy-Forchheimer equation

We now turn to the Darcy-Forchheimer equation in its general form:

—%zaU+bU2 (36)

where the coefficients @ and b are experimentally defined values. Generally, we may
suggest that the coefficients @ and b in eq. (36) are independent unlike the specific case
expressed by eq. (29a) where both of them are expressed through the permeability K.

The general question is: If the pressure drop, especially the derivative
0(AP)/dU,, is preliminary defined by experimental results, what functional relationship
should satisfy the coefficients a and b if the bed expands (fluid-driven expansion) and the
Richardson-Zaki Law is valid.

Let differentiate both sides of eq. (29a) with respect to the velocity U:

_0AP L, vy 2LiU+U2% (37)
ouU oU oU

Generally the slope AP/AU is negative (see fig. 5) so we have AP/AU=m <0 and
the results is

m=| L +1 |bU)| L, vt +bUL; (38)
bU oU

We have options to vary the conditions affecting the terms of eq. (38) and conse-
quently the functional relationship that should be satisfied by the coefficients « and b.
The main options are: (1) to vary the value of m; (2) to control the last term of eq. (38b)
representing the bed rheology. The further analysis considers the term L, +U (8L; /0U in
eq. (38) representing bed rheology during deformation. Taking into the results (31) and
(32) and introducing the variable § we can read eq. (38) as:

m{ﬁJr(bU)[lﬂﬂLi (39)
B B
The solution of eq. (39) with respect the coefficient b is:
b= Lfm_a) B (40)
U\L pN+p

This is the condition that should be satisfied by the coefficients ¢ and b if
O(AP)/oU is preliminarily defined. This general result will be discussed below in two spe-
cific cases.

89



THERMAL SCIENCE: Vol. 9 (2005), No. 1, pp. 73-98

Case 1. Fluid velocity independent pressure drop m = 0 (axial fields)
This is the dominating practical case and the condition m = 0 leads to:

1 a

il 5) “v

However the Darcy term defines the coefficient ¢ as a = u/K so from egs. (41)
and (36) we have:

AP _ - AP ol skl (42)
L 1+p L 1+ ) K

A substitution of 8 =n(1 —¢)/e and the Richardson-Zaki law into eq. (41) yields
the coefficient b:

po b L1
Kuy,s" l+n(l_8)
€

(43)

The last arrangement of eq. (42) allows obtaining the friction factor as follows:

AP lJE:L/FL[l—LJ (44a)
pU?*L K pU 1+
and
_1 B
f_Re(H,Bj (440)

where f = (AP / pU 2 )1/ L)K Y2 and Re=UK "2/ v are the friction factor and Reynolds
number defined in a classical manner in accordance with the Darcy-Forchheimer
equation in a form presented by eq. (29a). Equation (44a) allows reading the permeability

Kas:
L Jéj N L 2l n(l-g)
K_APuU[HﬁJ:K Attt [8+n(1—5)} )

as € — 1 (empty tube) the permeability approaches the Darcy definition K = u U/(AP/L)
Case 2. General case with m =0
The solution of eq. (39) with m # 0 yields :
ol i)
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This allow to present the pressure drop AP/L; as :

£=a[LjU+(iij 47
L 1+p 1+p

at m =0, the results is eq. (42).
The solution of eq. (47) with respect to the coefficient a = u/K is:

AP 11+
a=| AL LIHB g H (48)
LU B e+n(l-g)AP 1 .
n(l-g) L, U
as € > 1 and m — 0 (empty tube) and 125 A oo Nickel, 250-400 um
the permeability approaches the Darcy ¢ 3 - 2000; 4 - 3000; ah
definition K = uU/(AP/L). § 100 L 5-4000 I (iuidized
E bed)
75 L
Heat transfer applications of the 50 |- o
results (MSB)
25
Bed-to-surface heat transfer coeffi-

cients /4, in magnetically stabilized . . . . .
beds have been determined experimen- 0.1 0z ¥ ol 05 Ulmis
tally with probes of three uncompli- = ) (‘\‘%\6
cated geometries — plates, cylinders, <2t a ,__ Points of

; T | Fixed p [ R
and spheres. .The. experimental data S | ?f]ai)éize A bod)
were re-examined in [20, 21]. The re- | b e é
construction of the experiments [20, 4 '
21] provides an important fact irrespec- f \
tive of the field line orientation and the 6 p °

. . Ue2

probe configuration: during bed defor- ! Un)
mation the value of &, increases mo- g I Uerd

notonously and reaches its maximum in
the marginal zone of transition from Figure 6. Field effect on bed-to-surface heat
stabilized into fluidized bed. Two ex- transfer coefficient with a reconstructed phase
amples are shown on figs. 6 and 7. The dlagram: f&dapted from [23] and developed
. here. Original data of Amaldos [26]

value of max 4,, depends on the field in- - . .

tv. The followi lationshi Upper half — h,, = f(U) at fixed field intensity —
tensity. The tollowing re atlong P WS Magnetization first mode (see definition in [1, 22,
developed [20, 21] on the basis of ex-  73);

perimental data published in literature:  Bottom half — Reconstructed phase diagram

91



THERMAL SCIENCE: Vol. 9 (2005), No. 1, pp. 73-98
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————————————— Figure 7. Field effect on bed-to-surface
heat transfer coefficients. Data based on
the measurements of Neff and Rubinsku
[27]
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(b} Air flow velocity, U [m/s]

h,d k
Nu, =— P =A0Ref;PrO'8 Ar| == (1—i) (49)
kg k, Ms

The last term represents the effects of field intensity and magnetic properties of
solids through the dimensionless intensity H/Ms (introduced in [23]; see also [2]). Equa-
tion (49) was derived as settlement of compromise [20, 21] due to absence of reliable data
concerning bed porosity published in the literature.
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The geometry of the immersed surface (probe) does not affect significantly the
overall heat transfer coefficients [20, 21]. The following analysis attends to correlations
between heat transfer coefficients to plate-type probes and deformation characteristics of
MSB. Let us consider an immersed probe (plate) oriented vertically along both the field
lines and gas flow. Beckerman and Viskanta [24] described by the Forchheimer equation
a momentum boundary layer (of thickness 6) along the impermeable surface (probe or
column wall).The single parameter characterizing the flow is a modified Reynolds num-
berRe=(U _K Y2/ V)F, whereU ¢ =[—(dP/dx)K]/ p ; —is a characteristic Darcian veloc-
ity. The thermal boundary layer of thickness §is governed by a modified Prandtl number
Pr=v/a4F. The heat transfer rate at the impermeable wall (of the probe) are represented
as Nusselt number [24]:

VK

k eff

Nu (50)

If the result (32) and the approximations (34c) are applied the corresponding
Reynolds and Nuselt numbers are:

E [

v Ut n 811—1

and

Nuz—hwﬁz(h—wll)l 1 (52)
keff keff F Ut }’lgn_l

For an undeveloped thermal boundary layer at very small Pr numbers (the
case of MSB is the same, i. e. 57> . The latter is equivalent to 0 < Pr < 1 (for values
0.5 < Pr <1 of in MSB, see [22]). In this case the thermal boundary layer is
Or = 60(x/RePr u.,)"'?, that yields:

Nu:L RePru, (53)
X

Taking into account the expressions (52) and neglecting all parameters being
constants we read:

Nu= RePro. =] o L v L L _ fU T, (54a)
X kg FU, Jng'! U )n
and [,,,l]
h,=Ane' 2 (54b)

The incorporation of the field intensity on Re and Nu numbers is through the
Richardson-Zaki exponent n = ny — p(H/Ms). Applying the same procedure to the results
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obtained in subsection Case of independent coefficients of Darcy-Forchheimer equation,
the heat transfer coefficient can be scaled as:

(55)
(1-g)*

Comments of the magnetic field effects on the
Re and Nu numbers

The expressions (52) to (55) indicate that Re increases while Nu decreases as the
bed voidage is increased at fixed field intensity. The latter could seem strange, but the last
results of egs. (52b) and (55) explain that there is an augmentation of the heat transfer co-
efficient with the porosity increase since the exponents n— 1/2 and n/4 are always positive
with a range of moderate field intensities. The porosity increase leads to increased gas
convection, larger voids and as a result increased heat transfer coefficients. The field in-
tensity increase leads to reduced bed expansions, i. e. to hindered growth of porosity,
which affects both Re and Nu numbers. In general, the magnetic field effect on #,, is due
to the control of the bed length scale with respect to the internal gas flow. In other words,
the field controls the expansion of the voids of the beds and consequently the gas convec-
tion within them.

These above comments explain the upward branch of the curve in the upper half
of fig. 6. The descending branch corresponds to strong fields, i. e. to slow bed expan-
sions; slow growth of cavities and consequent formations of channels with preferably gas
bypass.

Brief conclusions

The problem with the friction factor of magnetically stabilized beds is relevant
to a more general problem of fluid-driven deformation of saturated porous media. The
problem has been investigated with foams and fibrous beds [14, 17], but under compres-
sion due to the flowing fluid. The problem discussed here is just the opposite — a bed ex-
panding due to the fluid drag. This allows to formulate a special problem:

e Fluid flow though a deformable porous media (fluid drag driven deformation under a
constant pressure drop. Really, this is a special case since any field orientations
different from axial one do not allow this special condition to be created.

The main result of the present study is the fact that the length scales of the flow
are proportional to the bed porosity. The particular value of the scaling exponent depends
on the type of the model employed to describe the pressure drop across the bed. These
models are macroscopic and do not consider the rheology of the granular medium. Actu-
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ally, this requires a more deep analysis, which cannot be performed with the models
discussed here.

The term porosity was used here under a very strong simplification of the physi-

cal situation that presupposes a homogeneous bed expansion. At amicro scale, where the
fluid drag takes place, the bed consists of channels dividing deformable particle aggre-
gates elongated along both the fluid flow and field lines. Obviously, this behaviour is a
“self organization” of the porous medium in order to minimize the fluid drag exerted by

the fluid.
The scaling estimated developed through experiments and models allow to de-

velop basic relationships required for engineering design of MSB and to explain the ex-
isting data on bed-to-surface heat transfer.

Nomenclature

A, — cross-sectional area of the bed, [m’]

Ay — coefficients in eq. (49), [-]

Ar — Archimedes number, [:d;, Pe(Pp—Pg g / ,ué ][]

a — specific contact area of the packed bed, [m*/m”]

B — magnetic field induction, [T] (in fig. 7 the old dimension [gaus, Gs] is used as in the
original source)

Cp — friction factor defined by eq. (3a), [-]

Ci — diameter of the effective channel diameter in a deformed bed, [ m]

Co — diameter of the effective channel diameter in the initial bed, [m]

Chi — friction factor of a deformed bed in accordance with eq. (13a)

Cpo — friction factor of the initial bed at U = U,, in accordance with eq. (13a)

D — tube (pipe or column) diameter — see the context, [m]

Dy — hydraulic diameter of the deformed bed, [m]

D — hydraulic diameter of the initial bed, [m]

dg — length scale of the deformed bed inaccordance with eq. (13a)

de — length scale of the initial bed at U = U, in accordance with eq. (13a)

dy — particle diameter, [m]

F — inertia factor of Forchheimer’s equation, [—]

f — friction factor, [—]

fi — friction factor of deformed bed (at a given fluid velocity U> U, or more precisely
U> Ue])9 [7]

/! — friction factor defined by eq. (29b) (through the coefficients of the Forchheimer
equation), [—]

fo — friction factor defined by eq. (2¢), [-]

H — magnetic field intensity, [A/m]

hpo — initial bed height, [m]

h, — wall-to-bed heat transfer coefficients, [W/m’K]

K — porous bed permeability, [m?]

K, K;p  — factors defined by eq. (9), [-]

Kr Kry  — factors defined by eq. (10), [-]

k — thermal conductivity, [W/mK]

L — length, [m]
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current (deformed), bed length, [m]

initial bed length, [m]

exponent in eq. (9), [-]

pre-factor in eq. (10), [-]

magnetization at saturation, [A/m]

numbers of channels with a diameter C,; (deformed bed), []

numbers of channels with a diameter C,y (non-deformed bed), [-]

Nuselt number (see the context for the specifically defined length

scale Iy and conductivity k), (=h,,ly/ k)

Richardson-Zaki exponent of a magnetizable bed, [—]

Richardson-Zaki exponent of a non-magnetic bed, [—]

Prandtl number, (= ucy/k), [-]

pressure drop across the bed, [Pa]

pre-factor in eq. (17), [-]

ratio defined by eq. (7a), [-]

length scale ratio defined by eq. (13b), [-]

ratio defined by eq. (7b), [-]

Reynolds number (see the context for the specifically defined length / and velocity U,
scales), (= Uply/v), [-]

particle Reynolds number, eq. (5a), (= p,Ud,, / Hg ) [-]
fluid-particle contact area or wetted surfgce (see the context), [m?]
superficial fluid velocity, [m/s]

velocity at the onset of the stabilized bed, [m/s]

velocity at the break-down of the stabilized bed, [m/s]
minimum fluidization velocity, [—]

minimum fluidization velocity in absence of magnetic field, [m/s]
characteristic velocity, [= —(dP/dx)K/u], [m/s]

particle terminal velocity, [m/s]

wetted volume of the initial bed, [m”]

wetted volume of the deformed bed, [m’]

axial co-ordinate (parallel to fluid flow and field lines, [m]

GreeRr letters

Aesr
€

&o

effective thermal diffusivity, [mz/s]

porosity, [-]

porosity of the initial (non-deformed) bed, [—]

porosity of the deformed bed, [-]

porosity increment due to the bed deformation, [—]

friction factor defined by eq. (3b), [-]

friction factor of a deformed bed according to eq. (3b), [-]

friction factor of the initial bed at U = U,,, in accordance with eq. (3b), [-]
fluid dynamic viscosity, [Pa-s]

fluid kinematic viscosity, [m*/s]

wetted perimeter (of the cross-sectional area) of the initial bed, [m]
wetted perimeter (of the cross-sectional area) of the deformed bed, [m]
density, [kg/m’]

porosity function defined by eq. (6)

undefined function, eq. (8), [-]
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Subscripts

eff — effective

f — fluid

g — gas

p - particle

s — solid phase
Abbreviations

ID — Internal diameter

MFAF — Magnetic field assisted fluidization
MSB - Magnetically stabilized bed
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