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Flow Through Permeable Beds Consisting of Layers of 
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TABLE 1. HEIGHTS OF BED LAYERS, ( M M )  

Bed 3 mm spheres 1 mm spheres Total height 

A 27.9 111.8 139.7 
B 55.9 83.8 139.7 
C 83.8 55.9 139.7 
D 111.8 27.9 139.7 

This paper is concerned with the flow-pressure drop 
characteristics for non-Darcy flow in permeable beds con- 
sisting of two horizontal layers of different size spheres. 
To identify the extent of the interaction between the lay- 
ers, the measured results are compared with those from a 
computational model which assumes that the constituent 
layers behave as if they are unrelated parallel flow paths. 
In the absence of alternative approaches, such a model 
would, in all likelihood, be employed to predict the char- 
acteristics of multilayer beds by making use of available 
information for single layer (that is, homogeneous) beds. 
Therefore, an experimental test of the computational 
model is of some practical relevance. 

EX PER IMENTS 

The layered beds were contained in a test section hav- 
ing a 14 x 14 cm2 cross section and a length of 35.6 
cm. The lower and upper layers, respectively, consisted of 
1 mmo and 3 mm spherical glass beads. Four layered beds 
were investigated, and the heights of the constituent lay- 
ers are listed in Table 1. Experiments were also carried out 
for beds consisting exclusively of either 1 or 3 mm beads. 
These homogeneous bed experiments encompassed bed 
heights of 27.9, . . . and 139.7 mm. 

The test section, made of Plexiglas, was instrumented 
with thirty pressure taps, fifteen in the top wall and fifteen 
in the bottom wall. The taps were spaced at 2.5 cm in- 
tervals along the spanwise center line of the respective 
wall. Packing of the spheres was accomplished by removal 
of the top wall. The packing process (see Bahrami, 1975) 

* Nominal value; the beads were sifted between 16 and 20 mesh 
sieves having openings of 1 and 0.841 mm, respectively. 

involved a succession of pourings and smoothings and, as 
a final stage, a tamping procedure. 

The working fluid was water. I t  was supplied to the test 
section by means of a constant head tank. Adjustment of 
the water level in the tank permitted control of the rate 
of mass flow through the porous bed. Measurement of the 
mass flow was accomplished by the direct weighing 
method. The water temperature was maintained constant 
in the range 20°C f 0.3” during the entire course of 
the experiments. Care was taken to remove air bubbles 
from the bed prior to the initiation of data collection. The 
pressure distributions were read from a manometer bank 
by a cathetometer capable of discriminating heights to 
within 0.05 mm. 

RESULTS AND DISCUSSION 

The homogeneous bed experiments were performed 
first, and the measured flow-pressure drop data were ex- 
amined with the aid of the Forchheimer relation, which is 
a nonlinear generalization of Darcy’s law. For data analy- 
sis, a particularly convenient form of the Forchheimer law 
is 

where dp/dx  is the streamwise pressure gradient. If data 
plotted on a graph of ( - d p / d r ) / p V  vs. V / V  yield a 
straight line relationship, then the Forchheimer relation is 
obeyed. Furthermore, the values of c and k can be de- 
duced from the slope and the intercept of the straight line. 

All of the homogeneous bed data were found to be well 
correlated by the Forchheimer relation (Bahrami, 1975). 
In round numbers, the respective permeabilities of the 1 
and 3 mm beds were 0.7 x and 7 >: om2. 
The c values were in the range from 0.3 to 0.5. 

For the layered beds, it may first be noted that for all 
the layer configurations and flow rates that were investi- 
gated, the pressure gradients measured along the top and 
bottom walls of the test section were within a fraction of a 
percent of each other. Furthermore, the p vs. x distribu- 
tions were linear. Thus, the flows in the two layers were 
driven by a common and constant pressure gradient. 

Page 194 January, 1976 AlChE Journal (Vol. 22, No. 1) 



I 
1.2x10~ 

I .0 

YE 0.0 

-I% 

0 - 
3 4  
& -  

0.6 

0.4 

- 

- 

- 

- 

d/  
k, cm2 ,I c 

6.0 

6' , P 

8 I I I I I ,  I 
- 

* I 

0 100 200 300 400 
0.2' 

V / Y ,  cm-' 
Fig. 1. Examination of the applicability of the Forchheimer relation 

to layered beds. 

A Erst approach to organizing and correlating the strati- 
fied bed results is to consider the use of the Forchheimer 
relation. In this connection, one point of uncertainty is the 
proper method of evaluating the mean filter velocity V ,  
especially since the respective mean velocities for the two 
layers are significantly different (by a factor of 4 or 5 in 
the present experiments). From the standpoint of applica- 
tions, a mean velocity based on the overall mass rate of 
flow through the bed (that is, through both layers) and 
on the total cross-sectional area is the most practical 
choice. Mean filter velocities evaluated in this way were 
employed in conjunction with the measured pressure 
gradients to compute ( -  dp/dx)/pV and V / V  for all the 
stratified bed data runs. 

This information is presented in Figure 1, where dashed 
lines have been passed through the daba points to provide 
continuity. The respective beds A, B, C, and D are identi- 
fied in Table 1. Inspection of the figure shows that for all 
of the beds, the variation of ( -dp/dx) /pV with V / V  is not 
linear; rather, there is a small but unmistakable curvature. 
As can be seen from Equation ( l) ,  the presence of the 
curvature is an indication that k or c, or both, are not 
constant; rather, they are velocity dependent. Thus, the 
constant coefficient Forchheimer relation does not appear 
to hold for a layered bed when the velocity V is evaluated 
as the average for the cross section as a whole. 

If the curvature were to be ignored and least-squares 
straight lines were passed through the data, then effective 
values of k and c could be found. These are listed in 
Figure 1. The effective k values for the layered beds are 
bounded between the k values for the constituent single- 
layer beds, 0.7 x and 7 x an2, respec- 
tively. On the other hand, the effective c values are sub- 
stantially higher than those of the constituent beds (0.3 
to 0.5) and than those reported elsewhere for single-layer 
beds. 

An alternate approach to interpreting the layered-bed 
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results is to examine them in light of a computational 
model which assumes that the constituent layers behave 
as if they are unrelated parallel flow paths. One way of 
using such a model is to write the Forchheimer relation 
(1) for each of the layers. With these equations, it can be 
shown, in agreement with the experimental results of 
Figure 1, that the flow pressure drop characteristics of a 
layered bed are not representable by a constant coeffi- 
cient Forchheimer relation in which the velocity is the 
average for the entire bed cross section. 

Such a model can also be used for predicting the mass 
flow through layered beds by employing flow-pressure 
drop information for the constituent beds. Suppose that 
for a specific fluid, flow-pressure drop information is avail- 
able for single-layer beds consisting of particles of size i. 
This information can be plotted in the form (m/A)i vs. 
(dp/dx)  i. Suppose also that similar information is avail- 
able for flow of the same fluid through single-layer beds 
that are made up of particles of size i. To maximize the 
usefulness of the single-layer information, the fluid den- 
sity p and viscosity p for the j bed data should be the 
same as for the i bed data. 

Next, consider a two-layer bed in which one layer con- 
sists of particles of size i and the other layer consists of 
particles of size i. The respective layers have cross sections 
Ai and Aj. Furthermore, suppose that the pressure grad- 
ient dp/dx, common to both layers, is known. Then, for a 
fist  estimate, the mass flow rate h through the bed may 
be evaluated as 

(2) A = (h/A)iAi + (h/A)jAj 

where (h /A) i  and (&/A)j are for the single-layer beds 
and correspond to the aforementioned common value of 
dp/dx. The respective single-layer inputs to Equation ( 2 )  
are for cross sections which closely approximate the Ai 
and Aj of the two-layer bed. Equation ( 2 )  superposes 
the mass flows from the two constituent layers as if each 
layer were a separate entity, replete with its bounding 
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Fig. 2. Comparison of predicted and measured mass flow rates for 
layered beds. 
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walls. In effect, the actual interface between the con- 
stituent layers is replaced by a rigid wall that separates 
the layers. 

Values of were evaluated from Equation ( 2 )  by 
using the data from the homogeneous bed experiments for 
the 1 and 3 mm spheres. The resulting mass flow pre- 
dictions* for each of the layered beds are shown as solid 
lines in Figure 2. The experimental data for the layered 
beds are plotted as open circles and are connected by 
dashed lines for continuity. For each layered bed, the in- 
formation represented by the solid and dashed lines thus 
involves the results of three separate sets of experiments. 

Inspection of Figure 2 indicates that, in general, the 
measured mass flow for the two-layer bed is smaller than 
that predicted by adding the flows that would pass 
through the constituent layers if they were separate en- 
tities. The deviations are of the order of 10%. The finding 
that the measured mass flow is smaller can be made 
plausible by comparing the local permeability in the zone 
adjacent to the interface between the layers with that ad- 
jacent to a solid wall. In the interface zone, owing to the 
intermeshing of the larger and smaller spheres, the local 
permeability will be diminished and the mass flow corre- 
spondingly reduced. On the other hand, for a bed of 
spheres, the packing is less dense adjacent to a solid wall 
than in the interior of the bed. As a consequence, the per- 
meability for streamwise flow is relatively high adjacent 
to a solid wall. Inasmuch as the predictive model, in ef- 

The area A in the ordinate variable is the total cross section of the 
layered bed. 

fect, replaces the actual interface with a solid wall, the 
foregohg arguments are suggestive of an overpredictioii 
of the mass flow, although it is not likely that such argu- 
ments can fully account for the magnitudes of the devia- 
tions evidenced in Figure 2. Any intrusions of smaller 
spheres into the bed of larger spheres would lower the 
local permeability and reduce the mass flow. 
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NOTATION 

A = cross-sectional area 
c = Forchheimer inertia coefficient 
k = permeability 
liz = mass flow rate 
p = pressure 
V 
x = axialcoordinate 
p = viscosity 
v = kinematic viscosity 
p = density 

= mean filter velocity (superficial velocity) 
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Chemical Absorption Kinetics Over a Wide Range of Contact Time: 
Absorption of Carbon Dioxide into Aqueous Solutions 
of Monoethanolamine 
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When a gas, after being absorbed in liquid, may react 
not only with a reactant dissolved in the liquid but also 
with a product of this first reaction, then the second (gas 
with product) reaction will only influence the rate of gas 
absorption after an exposure time long enough for the 
product of the first reaction to form. This situation would 
be expected in many processes involving chemical ab- 
sorption. However, previous experimental investigations 
on chemical absorption have been restricted to those with 
short contact times. In the present work, experiments for 
the carbon dioxide-monoethanolamine system were per- 
formed by using a laminar liquid jet, a wetted wall col- 
umn, and a quiescent liquid absorber in order to examine 
the gas absorption mechanism and the reaction kinetics 
over a wide range of contact times. It is suggested from 
measured values of the enhancement factor that the pres- 
ent absorption process should be discussed by gas absorp- 
tion with an irreversible consecutive reaction of the sec- 

Correspondence concerning this article should be addressed to Eizo 
Sada. 

ond order and that the reaction rate constant ratio can be 
estimated. 

CHEMICAL ABSORPTION MECHANISM 

The overall reaction occurring in the liquid phase is 
expressed by ( Astarita, 1967) 

COZ + 2RNHz += RNHCOORNHs ( 1 )  

COP + RNHCOORNH3 + 2H10 + 2HC03RNH3 ( 2 )  

where R refers to (HCOHzCHz) . 
The rate constant of the reaction (1)  has bcen obtained 

by several investigators (Jensen et al., 1954; Emmert and 
Pigford, 1962; Clarke, 1964). However, the reported 
value of the reaction rate constant at 25OC ranges from 
5 400 to 8 500 1/ (g-mole) (s) . In the present work, the 
reaction rate constant was measured with a laminar liquid 
jet absorber and applied to analyses of chemical absorption 
data. 
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