MASS TRANSFER IN THE VOID SPACE OF A
FIXED GRANULAR BED
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The transfer processes in the void space of a granular bed are examined. The parameters
of the hydrodynamic model are experimentally determined.

In simulating processes in chemical reactors it is necessary to solve problems associated with the
flow of the reaction mixture through a fixed bed of nonporous particles. In this case it is important to con-
sider the hydrodynamic conditions in the void space of the granular bed, especially if the input parameters
of the process (temperature, concentration) vary with time,

1. Choice of Model. In order to understand the processes taking place in the void space and choose
an appropriate mathematical model, we made a Schlieren study [1} of the flow of a tracer gas using a Karl
—Zeiss Jena-80 instrument. The plane model represented the most characteristic part of the bed between
two transverse surfaces. During the experiment the gas flow velocity was varied on the interval 5-100 cm
/sec, which corresponded to Re = 20-600. It was established that over the entire range of Re numbers the
void space was nonhomogeneous: there are two regions — a flow region consisting of streams of gas in the
space between grains and a nonflow region in the vicinity of particle contact points, In the nonflow zones
formed as a result of the separation of the gas stream from the surface of the grain the gas is vigorously
mixed owing to thepresence of eddies, Accordingly, the concentration of tracer gas in the nonflow zones
is approximately constant over its entire volume., Mass transfer between zones is linked with eddy fluc-
tuations, whose intensity depends on the linear gas flow velocity.

On the basis of this experimental investigation, with allowance for the presence of molecular and
turbulent diffusion in the flow zone the material balance in an element of the granular bed may be written
in the following form
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The unknown parameters of this model are as follows: the fraction of nonflow zones in the bed, the
coefficient B of interzonal mass transfer, the turbulent diffusion coefficient Dy, and the tortuosity factor K.

It should be noted that a system of equations similar to (1) was previously proposed in [2]). However,
the unknown parameters of that model were determined from the same experimental data, for liquids only,
and on a narrow range of variation of velocity and particle geometry,

2. Turbulent and Molecular Diffusion, Mass transfer in the longitudinal direction of the bed is real-
ized only in the flow zones as a result of viscous flow and molecular and turbulent diffusion. The flow re-
gion is a system of intersecting streams, whose dimensions are determined by the geometric structure of
the bed. The available data (3] indicate that Dy can be quite accurately determined from the expression
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Fig. 1. Fraction of nonflow zones as a function of Re
-n for glass beads. Air—HyHe): 1) d = 1.3 mm; 2)
d=2mm; 3)d=5.0mm; 4 d=8.0mm, Atd=8.0
mm: 5) COy—Hy(He); 6) Ar—Hy(He); 7) Hy—Ny(Ar).

D, = qgh. (2)
The turbulent fluctuations q represent approximately 10% of the flow velocity [4], and the scale A is deter-
mined by the dimensions of the voids between grains. For rhombohedral packing A = (0.2-0.4)d.

The tortuosity K is exclusively determined by the structure of the bed and can be obtained as a result
of relatively simple constructions for a known coordination number or found from the empirical relation [5]

K=¢"°. (3)

The possible errors in determining D, and K are unimportant owing to the low sensitivity of the solu-
tion of system (1) to these quantities.

3. Experimental Determination of the Fraction of Nonflow Zones. The fraction of nonflow zones can
be determined on the basis of the geometric characteristics of the bed [6]

n(3sin? @, + 2cos® g, —2)
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However, the lack of data on the separation angles for such complex systems as a granular bed makes it
necessary to determine them experimentally.

We have determined the fraction &,/& for spherical packings and gas flows with different physical
properties on a certain range of linear velocities. A carrier gas is blown through the granular bed and at
a certain moment of time a tracer gas is introduced at the inlet, The time interval At that elapses before
this tracer gas is first detected in the sections I, and [, is determined. Then

Iy—1, \~!
szze——(—%—ATl—) . (5)

For a sufficiently steep tracer concentration front the accuracy of determination of the time of ap-
pearance of the tracer may be affected by the sensitivity of the measuring apparatus and, moreover, by
molecular and turbulent diffusion. Accordingly, in experimentally determining &,, on the basis of an anal-
ysis of system (1), we selected conditions such that the time of appearance of the tracer was practically
independent of its concentration at a given sensitivity of the measuring apparatus. In this case At is direct-
ly proportional to the length of the bed and inversely proportional to the gas velocity in the flow zone.

The experimental apparatus consisted of a column of sufficiently large diameter (150-200 mm) filled
with granular material, A carrier gas was blown through the column, Then at a certain moment the tracer
gas was injected into the flow and its time of appearance at several points along the length of the column
was registered by detectors. The experimental curves were recorded simultaneously for all the sampling
points on an N-700 loop oscillograph,
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Fig. 2. The dependence St* = f(Re). Air-—Hy(He): 1}
d=13mm; 2)d=2.0mm; 3)d=5.0mm; 4)d=8.0
mm, Atd =80 mm: 5) CO,—H, 6) Ar—H,(He); 7) H,
~Ny(Ar).

The experiments were conducted with glass beads of diameter d = 1.3, 2.0, 5.0, and 8.0 mm, Dur-
ing the experiment the Re number was varied on the interval 10-400. The gases investigated included air
—H,, air—He, COy—H,, Ar—H,(He), H,~N,, H,—Ar (the second gas was the tracer). An analysis of the
experimental data based on expression (5) showed that the fraction &,/e depends on the linear flow velocity
in the void space and on the viscosity of the gas mixture, Varying the grain size on the interval 1.3-8.0
mm did not have much effect on the ratio &,/e, It was found that the results obtained are described with
satisfactory accuracy by a single dependence, if the expression Re n (wheren = L/d gives the number of
grains per meter) is plotted along the ordinate axis. It is clear from Fig, 1 that at Ren = 2500 &,/e= 0.31; if
Ren = 37,000, then g,/6 = 0.1. On the intermediate range of values

g,/e = 8,15 (Ren)™"* when 2500 < Ren < 37000. (6)

4. Investigation of Interzonal Mass Transfer. As a result of the presence of eddies mixing in the
nonflow zone is practically complete, As aresultof eddy fluctuations acertain amount of gasistransferred from
the nonflow to the flow zones, These fluctuations occur even at gas velocities corresponding to laminar
flow [7]. Only at a flow velocity quite close to zero may interzonal transfer become purely diffusional.

Physically, the transfer coefficient 8 in (1) coincides with the frequency of the eddy fluctuations in
the nonflow zones. In fact, on the interval T = 1/w (T is the fluctuation period) a certain fraction of volume
7V (n = 1) is ejected into the flow zone, as a result of which a volume of gas equal to FoT enters the flow
zone from the nonflow zone. Equating these two fluxes, we obtain

vV
T=1m—-
nFoc
or
0=-8 (0
8.

The coefficient 5 denotes the fraction of gas transferred to the flow zone during a time equal to one
eddy fluctuation period. On the basis of the experiments described in Sec. 1 it was found that =~ 0.2-0.3.

The Strouhal number St = wly/U; (I, ~ d/2 is the roughness of the granular bed) is known to be con-
stant for a given geometric structure [8]. On the basis of [8] it may be assumed that for a bed with a smooth
surface St ~ 0.3; then, using (7),

st— &, Pd

o U R

As follows from Fig. 1, the flow zone fraction increases with velocity by approximately 20%. The co-
efficient 77 is also approximately constant and chiefly determined by the geometric structure of the bed,
Accordingly, it follows from (8) that the mass transfer coefficient is directly proportional to the grain size.
For the indicated values of the parameters in (1)

d
St* = 37 - 0.15— 0.25. 9)
In order to check our results we experimentally determined the mass transfer coefficients. For this

purpose we used the experimental apparatus described in Sec. 3. At the entrance to the bed we introduced
a signal in the form of a tracer gas pulse, which was detected at several points along the length of the
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Fig. 3. The dependence Pe = f(Rep) for various gases [9]: 1)
air—mercury, d = 1.4 mm; 2) d = 0,434 mm; [10]: 3) air
—He; [11]: 4) N,—C,H,, Ny—H,, d = 3 mm; [12]: 5) Ny—He,
= 2,0 mm; 6) Ny—Hy; 7) Ar—Ny 8) Ny—Ar; 9) Ny—C,Hy;
d = 0.8: 10) Ny—He; 11) Ny—C,H,; [13]: 12) CH,~Kr; 13)

0,—Kr; 14) SO,~Kr; 15) H,—Kr.

column and recorded by two analogue—digital converters of a JRA-5 computer,

The computer processed

the experimental data in accordance with a special program and transferred the results in digital code to

a puncher.

Then system of equations (1) was solved on a Minsk-2 digital computer for boundary conditions

corresponding to the experimental conditions, and a coefficient B that gave the best fit between the experi-

mental and theoretical curves was selected.

The mass transfer coefficients g were determined for the same conditions as ez/e. The results were
processed in the form St* = gd/U and are presented in Fig, 2 for various values of the Re number,

As follows from the figure, St* ig actually independent of Re and is a constant equal to 0.18, which

confirms our previous conclusions.

5. Investigation of Transfer Processes in the Bed.

In the nonstationary regime the longitudinal mass

transfer is uniquely determined by the residence time distribution function f(£, t') of the tracer gas, which

is introduced in the section £ = 0 in the form of a delta function 5(t).

boundary conditions (for a bed of infinite length)

=0 C=C,=0,
=0 C,=8()

It can be found by solving (1) for the

(10)

The solution of system (1) with conditions (10) in Laplace transforms takes the form

[n%

+£( v

FE 1) = exp | 22
e y=em | =

&

21
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(11)

VI

On the basis of an analysis of (11) we obtained the first four initial moments and from them the prin-

cipal statistical characteristics:

residence time

¢ =1U, (12)
variance
I 1 g?
=22 — = =, 13
E ( 2 v T 8? Pe ) ( )
coefficient of skewness
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A similar analysis was made for a diffusion model with the mathematical description
-1 eCc ¢ & OC_, : (16)
Pe og? 7} g, ot
at #'=0 C=0, E=0 C=38(), amn
t=1U, (18)
-, & 1
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: &  Pe
Sk=3VZ/VPet, (20)
e, = 30/Pet. (21)

Comparing (12) and (18), we find that the mean residence time for these two models is the same. The
variances are equal if

Po — L . (22)

L Ly &)y, 1 &
Re Sc’ K e St* g -

If (22) is satisfied, the coefficients of skewness and excess for the two models may differ consider-
ably even at comparativelylarge ¢, Accordingly, the distribution functions will also differ. An analysis
showed that these functions approach each other only at £ = 500-800.

There have been numerous experimental determinations of Pe under various conditions [9-13]. The
results of a comparison with relation (22) are presented in Fig. 3. The continuous curve corresponds to
the values of Pe calculated from (22).

As follows from the figure, the agreement between the calculated and experimental values of P is
quite good. It is interesting to note that the dependence obtained successfully predicts the values of Pe
over the entire range of variation of ﬁef. As follows from (22), the value Pe = 2.0 given in the literature
corresponds to a constant volume of the nonflow zones. Thus, substituting €,/e = 0.1 and St* = 0.18 in (22),
we obtain Pe = 1.8,

NOTATION

is the variable length of the bed, m;

is the grain diameter, m,;

is the gas velocity in the free cross section of the bed, m/sec;

is the gas velocity over the total cross section of the column, m/sec;
1 is the gas velocity in the flow zones, m/sec;

is the mass gas flow rate over the total cross section of the column, m3/kg- sec;
& and &, are the flow and nonflow zone fractions, respectively;

Qoo 8

B is the interzonal transfer coefficient, sec™

v is the volume of the nonflow zones, m3;

F is the interzonal transfer surface, m?

K is the tortuosity factor;

@ is the mass transfer coefficient referred to the transfer surface, m/sec;

Dy and D, are the molecular and turbulent diffusion coefficients, respectively, m?/sec;
£ is the time, sec;

Cy and C, are the tracer gas concentrations in the flow and nonflow zones, respectively, fractions;
S is the Laplace variable;

u is the dynamic viscosity, kg-sec/m?

v is the kinematic viscosity, m?/sec;
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6 is the angle between the sides of the rhomb formed by the lines connecting the centers of the spheres;
@ is the flow separation angle, ¢ = 180°~¢

D is the longitudinal diffusion coefficient, m2/sec;

Re = Ud/v:

Ref = Gd/u;

Sc' = v/(Dy + Dy.
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