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Ž .Annular packed beds APBs involving the flow of fluids
are used in many technical and engineering fields. Investiga-

Žtions using APBs have involved chemical reactors Yagi and
.Kunii, 1960; Cheng and Hsu, 1986; Song et al., 1994 , heat

Žexchangers and thermal systems Rimkevicius et al., 1991;
Choi and Kulacki, 1993; Kamiuto et al., 1993; Heggs et al.,

.1994, 1995; Sodre and Parise, 1998 , fusion reactor blankets
Ž .Dean, 1983; McWhirter et al., 1998 , and nuclear particle-bed

Žreactors Powell and Horn, 1986; Horn et al., 1986, 1987;
.Ludewig et al., 1996 . It is well known that the wall in a packed

bed affects the void fraction distribution. Correlations that
predict the radial void fraction for packed beds in cylindrical
containers have been formulated from experimental and ana-

Žlytical data Ridgway and Tarbuck, 1968; Martin, 1978; Co-
hen and Metzner, 1981; Govindarao and Froment, 1986; Ku-

.bie, 1988; Govindarao et al., 1990; Mueller, 1991, 1992 .
For accurate transport modeling of the hydrodynamics,

heat and mass transfer in packed beds, it is important to in-
Žclude the variation of the void fraction Vortmeyer and

Schuster, 1983; Cheng and Hsu, 1986; Vortmeyer and
Haidegger, 1991; Borkink and Westerterp, 1994; Papageor-
giou and Froment, 1995; Bey and Eigenberger, 1997; Sub-

.agyo and Brooks, 1998 . Since APBs have two walls that can
simultaneously affect the void fraction distribution, it is es-
sential to include this void fraction variation in transport

Ž .models Cheng and Hsu, 1986; Sodre and Parise, 1998 , who
used two exponential equations that are piecewise continu-
ous in an APB to model the radial void fraction. These expo-
nential equations do not model the well-known damped
oscillations of the radial void fraction. Therefore, the APB

Ž .near wall velocity profiles by Sodre and Parise 1998 do not
exhibit damped oscillations such as those obtained by Sub-

Ž .agyo and Brooks 1998 , where an accurate radial void frac-
tion model was used in the analysis. To more precisely model
the hydrodynamic, heat and mass transfer in APBs, a correla-
tion that closely predicts the void fraction distribution is re-
quired. Presently, there is no such published correlation.

The purpose of this study is to calculate radial void frac-
tion distributions of equal sized spheres in annular packed
beds and to obtain a radial void fraction correlation from
these distributions that can be incorporated in APB transport
models.

Void Fraction Development
Since there are no published data on radial void fraction

distributions in APBs, the objective of the void fraction de-
velopment is to use analyticalrnumerical methods to obtain
these distributions. This is accomplished by expressing the
local radial void fraction in any radial annular segment in
terms of the solid volume contributions coming from spheres
with center coordinates at positions within a particle radius

Ž .on either side of the annular segment. Mueller 1992 gives
the procedure used to determine the local void fraction for
the radial annular segments in cylindrical containers. This
procedure for determining the local void fraction is also eas-
ily applied to APBs. In the case of APBs there is only one
type of intersecting geometry which can occur for a sphere
and the radial annular segment that intersects the sphere
Ž .Mueller, 1992 . That geometry is for spheres with centers
that are at radial locations greater than a particle radius from
the center of the APB. The other three geometries described

Ž .by Mueller 1992 do not apply for this investigation since
they are for spheres that are at locations less than a particle
radius from the center of the container and this region does
not exist in the APBs.

The local radial void fraction is then calculated from the
total sum of solids from the spheres in the radial annular
segments. This process is performed for all the annular seg-
ments at a particular radial position to obtain the local radial
void fraction. The result is an accurate void fraction distribu-
tion as a function of the radial position in the packed bed
Ž .Mueller, 1992 .

Ž .The procedure by Mueller 1992 for calculating the radial
void fraction distributions requires knowledge of the sphere
center coordinates. The center coordinates for this study of
the equal-sized spheres in an APB are determined from an

Ž .analyticalrnumerical method given by Mueller 1997 . The
method numerically constructs packed beds of identical
spheres in right circular cylindrical containers by using a se-
quential packing model. The sequential model calculates the
center coordinates of each newly added sphere. The method
can easily be applied to APBs since they consist of concentric
right circular cylindrical containers. For this APB study, the

Ž .Bennett model Mueller, 1997 is used as the sequential
packing procedure. This procedure always selects the lowest
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vertical stable position to place a sphere. Spheres are placed
Ž .on three spheres inner spheres or on two spheres and a wall

Ž .wall spheres , as long as the position is a stable location
Ž .Mueller, 1997 . The center coordinates obtained from the
sequential numerical procedure are used in the void fraction
development to calculate the radial void fraction distribu-
tions.

Void Fraction Correlation
The radial void fraction correlation is formulated from the

radial void fraction distributions that are obtained from the
void fraction development. The correlation is restricted to
randomly packed beds in annular cylindrical containers of

Ž . Ž .outside diameter m D , inside diameter m D , equivalento i
Ž .diameter m D s D y D , consisting of equal-sized spherese o i

Ž .of diameter m d, with diameter aspect ratios of 4F D rdFe
20. The radial void fraction correlation is represented by the
following principal equation
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Results and Discussion
37 APB radial fraction distributions with diameter aspect

ratios ranging from 4F D rdF20 were generated from thee
Žanalyticalrnumerical methods presented by Mueller 1992,

.1997 . The only error involved in applying these analyticalr
numerical equations is due to the numerical integration tech-
nique needed to completely solve the equations. Although the

Ž .Gauss-Kronrod method Davis and Rabinowitz, 1984 is used
in this study for the numerical integration, any high-order
numerical integration algorithm will provide results with er-
rors that are so small as to be practically zero.

It is well known that the radial void fraction reaches a con-
stant value at a distance of approximately 4]5 particle diame-
ters from the wall of packed beds with diameter aspect ratios

Žgreater than 10 Benenati and Brosilow, 1962; Ridgway and
Tarbuck, 1968; Goodling et al., 1983; Govindarao and Fro-

.ment, 1986 . As a result of this property, APBs with a thick-
U Ž .ness R greater than 10 particle diameters D rd)20 aree

not included in this study since the two walls are far enough
apart to act independently and will not simultaneously affect

the radial void fraction distribution. In addition, radial void
fraction distributions were generated for APBs with a thick-

U Ž .ness R less than two particle diameters D rd-4 . How-e
ever, these void fraction profiles were significantly different
from those with RU greater than two particle diameters and
were not included in this investigation.

Ž .Mueller 1992 gives a correlation that accurately predicts
the radial void fraction in packed beds from a wall of a cylin-
drical container. Since APBs have two walls, the general form
of the radial void fraction correlation given by Eq. 1 was ob-
tained from a modified linear combination of the function

Ž .given by Mueller 1992 . In addition to Eq. 1 other regression
equations were evaluated in the analysis. In the evaluation
process three criteria were used to assess the predictive value
of an equation. First, in order to make the equation useful
for modeling purposes the equation had to include as many
variables as feasible so that R2 was as close as possible to the
value of one. Secondly, to make the equation useful for pre-
dictive purposes the number of variables were held to a mini-
mum. Thirdly, the one principal equation would have to
closely predict the void fraction in the entire region between
the two walls of the APB. There were several regression
equations that met two of the three criteria. However, Eq. 1

Figure 1. Annular radial void fraction distributions.
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was the one that met all three criteria and is capable of mod-
eling all 37 different radial void fraction distributions with R2

values greater than 90%. The R2 coefficient for the correla-
tion equation is a measure of the goodness of fit to that of
the analyticalrnumerical distributions. The closer the value
of the R2 coefficient is to 1.0, the better the statistical mea-
sure of the fit for the correlation.

In evaluating the coefficients, Eqs. 2]4, the above first two
criteria were again used. In selecting the final equations for
the coefficients a compromise was used between the oppos-
ing requirements of the two criteria. The compromise was to
select an equation for a variable that had a minimum number
of terms, but still had a reasonably high R2 value.

Figure 1 shows the results of the analysis for three of the
37 APB radial void fraction distributions. As shown, the two
walls of the bed simultaneously affect the radial void fraction
distributions for APBs. The solid circular dots represent the
distributions obtained from the analyticalrnumerical method
and the solid lines from the correlation given by Eq. 1.

Because of the different curvatures of the two walls and
the particular sphere packing that occurs in an APB, the ra-
dial void fraction distributions are not symmetrical between
the two walls. This non-symmetry becomes less pronounced
for small thickness APBs with large bed diameters as com-
pared to small bed diameters. However, the difference is rel-
atively small and the correlation in general closely predicts
the radial void fraction profiles for all cases.

In conclusion, this investigation presents radial void frac-
tion distributions for annular packed beds and a correlation
equation that can closely predict the radial void fraction as a
function of the radial position for diameter aspect ratios of
4F D rdF20.e

Notation
J sBessel function of the first kind of order zeroo
rsradial position from outside wall, m

rUs dimensionless radial position from outside wall, Eq. 5
ascoefficient, Eq. 2
bscoefficient, Eq. 3

e scoefficient, Eq. 4o
e sradial void fraction, Eq. 1r
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