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Abstract

Experiments were conducted on laminar flow of non-Newtonian fluid through a packed bed of low column to packing particle diametel
ratio (3.8) to elucidate the wall effect on pressure drop and mass flux. Carboxy methyl cellulose (CMC) at different concentrations wa
passed through the packed bed and the pressure drop was measured at different CMC concentrations and flow rates. It was found that
pressure drop increases with the increase in CMC flow rate. The pressure drop also increases with the increase in CMC concentration
a given flow rate. The friction factor is plotted against Reynolds number and the data for different CMC concentration are found to be

scattered around a line expressedfas 1.03/R&87. The tri-regional model of Cohen and Metzner [1] predicted correctly the mass flux
in the packed bed at different pressure drop values and CMC concentrations with parégételsted to pore geometry) value of 1.5
andL¢/L (related to effective path length) value of 1.2, respectively. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction Middleman [6] modified the Blake—Kozeny equation for
non-Newtonian and viscoelastic fluid to determine the
Wall effect in laminar flow of fluid through a packed bed correlation between friction factor and Reynolds number.
with low column to packing particle diameter ratio gives Kemblowski and Mertl [7] modified Ergun equation for
rise to high mass flux in the transition and the wall region non-Newtonian fluid and tried to predict pressure drop in
compare to bulk region. This occurs due to the channeling transition and turbulent region. Mishra et al. [8] and Brea
of liquid over a region of five particle diameter from the et al. [9] studied the packed and fluidized bed considering
wall. The wall effect is more prominent in the case of flow high Reynolds number flow, non-power law pseudo plastic
of non-Newtonian fluid through a packed bed [1-3]. Thus fluid and the effect of non-Newtonian properties. All these
wall effect should be considered in design of a packed bed studies furnish friction factof, and Reynolds numbeRe
since the rate of heat transfer and mass transfer and residenceglationship as,f = C/Re whereC is a constant and it
time distribution may alter. However, the wall effect become varies between 1 and 1.3. The value®@faried in differ-
negligible for column to particle diameter ratio more than 50 ent studies becaudee is defined differently. Kemblowski
in the case of a power law fluid. The wall effect is prominent and Michniewicz [10] tried to resolve the difference in
in a packed bed with low column to packing particle diameter the value ofC by definingf andRein a different fashion
ratio. According to Cohen and Metzner [1], there are some by incorporating Rabinowitsch—Mooney correlation factor.
instances where a packed bed with low column to particle While developing these correlations, the wall effect was not
diameter is used. In this study, flow of non-Newtonian fluid considered in the definition of pore geometry and effective
through a packed bed containing uniform spherical particle path length. Further, these studies were conducted in high
with low column to packing particle diameter ratio is studied. column to packing particle diameter ratio bed. The influ-
Many investigators studied the laminar flow on non- ence of wall effect will be high in low column to packing
Newtonian fluid in a packed bed where capillary tube—bundle particle diameter bed. In the present study, a correlation
theory is used to model the flow. Christopher and Mid- betweenf and Re is determined following Kemblowski
dleman [4], Marshal and Metzner [5] and Gaintonde and and Michniewicz [10] for laminar flow of non-Newtonian
fluid in a packed bed with low column to packing particle
* Tel.: 4+91-11-659-1035; fax:+91-11-658-1120. diameter ratio. And it is compared with differehand Re
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Nomenclature

A cross-sectional area of the packed columR)(m

Ap  cross-sectional area of the bulk regior?jm

A cross-sectional area of the transition regiorf)m

A, cross-sectional area of the wall region?m

B(n) parameter defined in Eq. (12) (dimensionless)

D packed column diameter (m)

Dp packing particle diameter (m)

f friction factor defined in Eq. (4) (dimensionless

G mass flux in the packed column (kgRis))

G, mass flux in the bulk region (kg/(s))

Gt mass flux in the transition region (kg/trs))

Gw mass flux in the wall region (kg/(frs))

K consistency index (P&3%

Ko constant, related to non-circular nature of
the pore geometry (dimensionless)

K|  constant, related to effective path length
Le, (dimensionless)

L length of the packed region under
consideration (m)

Le effective path length=£ K1 L) (m)

n power law index (dimensionless)

m  aspect ration= D¢/Dp) (dimensionless)

P pressure (Pa)

AP pressure drop (Pa)

Re Reynolds number defined in Eq. (5)
(dimensionless)

Ry hydraulic radius in the wall
region defined in Eq. (11) (m)

h hydraulic radius£ Dpsp/6(1 — ep)) (M)

Ve  mean linear velocity (m/s)

Vo  superficial velocity (m/s)

X non-dimensional distance from the
wall w.r.t. Dp

Xt boundary of the transition region
(dimensionless distance)

04 relaxation time of fluid

~

Greek letters

& local porosity (dimensionless)

ep  bulk porosity (dimensionless)

ewav average porosity in wall region
(dimensionless)

p  fluid density (kg/ni)

[11] attempted to determine the dependencd ahd Re
on column to packing particle diameter ratio of a packed
bed. However, they have not studied for very low value of
column to packing particle diameter ratio.

Cohen and Metzner [1] proposed tri-regional model
to accommodate wall effect in predicting mass flow rate
through a packed bed. Their model is tested for flow of

non-Newtonian fluid in a packed bed with low column to
packing particle diameter ratio. The model accommodates
porosity variation near the wall of the packed bed. The pa-
rameters involved in the model equation, i.e. the constant
term related to the non-circular nature of the pore geometry
Ko, and the ratio of the effective path length followed by
the fluid to the length of the columin./L, were determined.
These two constant are lumped together and it is expressed
as, B(n) = Ko(Le/L)"Y/", wheren is the flow index
property of the non-Newtonian fluid. According to Cohen
and Metzner [1], it is important to determine the value of
B(n) for non-Newtonian fluid and in the presence of wall
effect. In this study, the value @&in) is determined for low
value of D¢/Dp, ratio, whereDc is the column diameter and
Dy is the packing particle diameter.

2. Experimental
2.1. Material

Carboxy methyl cellulose (CMC) solution in distilled
water was used as non-Newtonian fluid. Uniform sized
spherical particle of 0.0135 m diameter was used as packing
material. These particles were made of ceramic material.
The CMC solution with appropriate concentration was
used as the manometer fluid. The rheological equation for
non-Newtonian purely viscous fluid (Sabiri and Comiti
[12]) is given by, T = Kjy", whereT is the shear stress
value for the corresponding shear rate and K; and n;
are, the consistency and the behaviour index, respectively.
The rheological properties of CMC solution at different
concentrations are given in Table 1 [13].

2.2. Experimental setup

The experimental setup used is shown in Fig. 1. A glass
column @) of inner diameter 0.05m and of length 1 m
packed randomly with uniform sized spherical ceramic ball
of diameter 0.0135 m was used. The packed bed is connected
to a storage tank (E) through a pipe of 0.0127 m diameter.
The pipe is connected to the packed bed through a nozzle
just above the packing support. The nozzle is connected to a
distributor in side the packed bed. The bottom of the packed
bed is connected to a pipe (G) to drain liquid from the packed
bed after the experiment is over. A centrifugal pump (C) and
globe valve were connected to the line as shown in Fig. 1.
An orifice meter (B) is also connected in the line to mea-
sure volumetric flow rate. There is a bypassing arrangement
after the pump, which returns back to storage tank. The top
of the packed bed is open to atmosphere and attached to a
wide diameter funnel shape structure from where an outlet
pipe (F) is connected to the storage. A U-tube manometer
(D) is connected to column just below the packing support
by inserting 2 mm glass tube through a rubber cork. A flexi-
ble rubber tube joins U-tube manometer and the glass tube.
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Table 1

Physical properties (298 K) of carboxy methyl cellulose (CMC) solution

Carboxy methyl cellulose concentrations (wt.%) Density (Ky/m Flow index property if) Consistency K, Pa$')
0.3 1005.0 0.9787 0.0614

0.5 1007.0 0.914 0.1358

0.7 1007.2 0.835 0.26

for flow of power law fluid through arbitrary cross-section.
They incorporated Rabinowitsch—Moony correlation factor,

L _ 4n/(3n + 1) in the expression for mean linear velocity. The
’_U mean linear velocitys, is given by
F
X 4 AP\ "
c A b Vem — I (200 @)
3n+ 1Ko\ KLe
OB wheren and K are power law index and consistency, re-
spectively,AP is the pressure drop. Introducing, the defini-
— - 5 tion of hydraulic radiustn (rh = Dpep/6(1—¢p), Whereep
Yy v - L is the bed porosity), effective path lengthy (Le = K1L,
A X whereK; is a constant), and mean linear velocity,(ve =
vG voLe/(epL), Wherevy is the superficial velocity) in Eq. (1),
Fig. 1. A schematic diagram of packed bé2(= 0.05m,Dp = 0.0135m, the SuDemClaI veIOC|ty IS given by
€p = 0.41) apparatus. 2
Ve — 4n Dpeg
7 31+ 16(1— en)Ko (Le/L)
The manometer is attached to the structure of the column AP Dyepy 1/n
such that it can be moved upward and downward according X P (2)
6(1 — ep)K (Le/L) L

to the range of pressure drop to be measured in the packed

bed. The other end of the manometer is opened to the at-The Eq. (2) is rearranged and it is presented as follows:
mosphere since the top end of the packed bed is open to the

atmosphere. _

P f= Re )
2.3. Experimental method where friction factor is defined as

CMC of different concentrations b i AP ngs
y weight (0.3,0.5and ,_ _—" “P"b (4)
0.7 wt.%) was prepared in distilled water. The storage vessel LpVo?(1 — ep)
was filled with CMC solution. The CMC solution is fed into 514 Reynolds number is defined as
the packed bed by using the centrifugal pump. The volumet-
ric flow rate was measured by the calibrated orifice meter Dy V" dn \" g2
presentin the pipe line. The CMC solution moved up through R€= - A—ep)" <3 ) pr— ] (5)
)" \3n+1) K26"+1(Le/L)

the packed bed and the overflowed solution returned to the
storage vessel through a pipe. The U-tube manometer con-The value of k and L¢/L is determined from the experi-
nected to the packed bed was used to measure the pressui@ental results of the packed bed. It is possible to guéss
drop across the bed at different flow rates and CMC concen-value by visualizing flow behaviour in the packed bed and
trations. The manometer was shifted upward or downward K value from the exact shape of the pore geometry. Most
accordingly to measure different ranges of pressure drop. of the investigators [7] uselo andLe/L value of 2.5 and
/2, respectively. It is to be noted that the Eq. (5) does not

3 Model yield the definition ofRefor Newtonian fluid at = 1.

3.1. Capillary bundle theory 3.2. Tri-regional model

Christopher and Middleman [4] used the Hagen—Poiseuille Cohen and Metzner [1] considered wall effect in their
equation as the starting point to derive the Blake—Kozeny tri-regional model to accommodate the discrepancy in the-
equation for power law fluid. However, Kemblowski and oretical prediction and experimental data for mass flux ob-
Michniewicz [10] used more general form of the equation served in packed bed. The wall effect in packed bed is
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observed because of porosity variation near the wall. The Here ¢ is calculated using Eqgs. (6) and (7) aAg is the
porosity variation is mainly due to the phase shift in the area of the wall regionRy, is the hydraulic radius in the
porosity oscillation, whose magnitude is at the most 0.2 par- wall region and it is expressed as

ticle diameter. The porosity variation near the wall in a ran-
domly packed column is described by curve fitting the data g}, =
available in Roblee et al. [14], Ridgway and Tarback [15], m +6xt(m — xt)(1 — ewav)

Hanghey and Beveridge [16] and Zou and You [17]. They \wherem — D¢/Dp andsyay = §, & dA. The total mass
found that the porosity, varies for randomly packed col-  fiyyx in the packed bed is given by = Gp+ Gt + Gw. The
umn from the wall to packing particle diameter up to 10.  getail derivation of Egs. (8)—(11) is worked out by Cohen and

Dp(m — xt)xtewav

(11)

The variation in porosity is described by Metzner [1]. TheB(n) in Egs. (8)—(10) is a constant, where

1—¢ 7, two unknown parameters are lumpé@fn) is expressed as
=45(x—=x°), x<025 (6)

1—¢p 9 L, n+1l/n

€ — &b B(n) = Ko <f) (12)

= 0.3463e 0427¥ c092.4509 — 2.201)7  (7)

1-ep whereKg accounts for the inadequacy in the choice of proper

where 05 < x < 8 effective diameter of the pores inside the packed bed. The
Le is effective path length traveled by a fluid element to

& = &b, 8<x =00 move in the axial direction of the packed bed of the length

wherex is the distance from the wall, non-dimensionalized L. These two parameteky andLe/L are determined from

with respect to the particle diameter. The above equationstN€ experimental dat&(n) is a function of power law index,

are valid for uniform sized spherical particle. n for npn-NeMOnlan ﬂUId.. The porosity variation near the
Cohen and Metzner [1] divided the cross-section of the Wall will bring a change inB(n) value for low column to

packed bed into three regions to consider the porosity varia-P2cking particle diameter ratio bed.

tion. The region extended from wall to one particle diameter

is the wall region and from one particle diameter to five par-

ticle diameter region is the transition region. Beyang 5,

is the bulk region where the porosity remains constant and

it is equal to bed porosityp, determined from the exper-

imental measurement. The voidage variation between five S
and eight particles diameter is less than 5% and it can be Fig. 2 shows the pressure drop(dX) against liquid flow

4. Results and discussion

4.1. Pressure drop

neglected. Thus a packed bed with/D, < 5 only wall rate for three different CMC concentrations. It is seen that
and transition region exists. the pressure drop increases with the increase in liquid flow
The porosity in the bulk region is constant and the expres- fate. Further, the pressure drop increases with the increase
sion for mass flux through the bulk regi@s is given by in CMC concentration for a given flow rate. The increase of
CMC concentration leads to the increase in consistéqcy
AT an Dp nrlnr o rtn and thus the Reynolds number decreases (Eq. (5)). The fric-
b= 0 [ﬁ} [3,1 + 1] [?} [1 _ gb] tion factor increases with the decrease in Reynolds number
- and therefore pressure drop increases (Eq. (4)) in the packed
X |:ZB(n)i| (8) bed. A similar behaviour was observed by the previous in-

vestigators [5,9,12,18].
In the transition region, porosity varies withand the last

two terms in Eq. (8) is a function of area of the transition 4.2. f versus Re
region A;. The mass flux in the transition regi@s is ex-

pressed as In Fig. 3, friction factorf (Eq. (4)), is plotted against
1 Y Reynolds numbeRe (Eq. (5)), for flow of non-Newtonian
_ [ﬁ} ! [ 4n ] [ﬂ}n ! fluid in a packed bed db./Dy value of 3.8. It is seen from
Gi=p ' Ly
2KL 3n+1]] 3 the figure that the friction factor—-Reynolds number plot for
1 e \"tYn oda 0.3, 0.5 and 0.7wt.% CMC concentrations coincides on a
x !A_yg (1 — 8) 2B } 9) line. The data are shown by the symbols for different CMC
t/ A concentrations and line is fitted to the data points. The equa-
where local porosity is given by Eq. (7). In the wall region, ~ tion for the line is given byf = 1.03R&%. Ko and K,
the mass fluGy is given by used in the correlation are 2.5 aR@®, respectively which
is given in Kemblowski and Michniewicz [10]. It is seen
G — AP 4n | (2Rpy)"H/n 1 dA (10) in Fig. 4 that data do not coincide witfi = 1/Reline. A
w=p 2KLe | [3n+1 2B(n) Ay AWS different f-Re correlation is determined may be due to the
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Fig. 2. Plot for pressure drop vs. liquid (CMC) flow rate at different CMC concentrations.

low column to packing particle diameter ratio used in the model, which is discussed later on.The viscoelastic effect is
present study. It is to be noted that the variation in porosity checked by estimating the Deborah numtépd,) for the
near the wall is not considered in the definitionf@hdRe present system. Marshall and Metzner [5] pointed out that
In other words, thé andReis not a function oD/Dp. The the viscoelastic effect is not important for very low value of
porosity variation near the wall is considered in tri-regional Npep («0.1). The Deborah number is defined a&ep =

100

® CMC 0.3% wt
[ A CMC 0.5% wt

m CMC0.7% wt

Friction Factor(f)

0.01 0.1 1 10

Reynolds Number(Re)

Fig. 3. Friction factor and Reynolds number plot at different CMC concentrations.
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Fig. 4. Tri-regional model prediction for mass flux in the packed bed at different CMC concentrations.

0 VelDp, Wherefy is the relaxation time of the fluid. In  Whereas, in high column to packing particle diameter ratio
the present study the flow of CMC is considered to be in bed, the influence of wall diminishes within five particle
the laminar region. In the laminar region of non-Newtonian diameter. Thus th&o value is different from that used by
fluid flow, theNpepis much smaller than 0.1 sind&/D is of previous investigators for high column to packing particle
the order of 102 and thefy is of the order of milliseconds.  diameter ratio bed.
Carman [19] conducted flow visualization experiment in
4.3. Tri-regional model a packed bed withD;/Dp = 4.0. He observed that the
average fluid path line is approximately “4&ith the axis

The tri-regional model of Cohen and Metzner [1] was of the column. Based on this observation and on geometric
tested for the present experimenta| data. Sincm}q)p — ConSiderationLe/L is equal to\/2 This value Sllghtly hlgher
3.8, the packed bed is divided into wall and transition re- than (1.2) used in this work to predict the experimental data.
gions. The total mass flux in the bed is given by the sum of Le/L value of 1.2 corresponds to 5&ngle between fluid path
mass flux in the transition region Eq. (9) and the mass flux line and column axis. It is seen in Fig. 4 that the experimental
in the wall region Eq (10) In F|g 4, the mass flux is p|0t_ data is under predicted by the model for 0.7 wt.% of CMC.
ted against pressure drop for three different CMC concen- This may be because of channeling occurring at high CMC
trations. The symbols are experimental data whereas linesconcentrations and pressure drop.
are the model predictions of Cohen and Metzner [1]. The
unknown parameteB (B = Ko[Le/L]*+1/"), is fitted such
that the model predicts the experimental data well. 5. Conclusion

The K value of 1.5 is used in the present study. Kige
value of 2 is used for pore geometry of circular in shape. Experiments were conducted on flow of non-Newtonian
TheKg value of 2.5 is used for spherical packing particle in fluid through packed bed with low column to packing parti-
the packed bed with high column to particle diameter ratio cle diameter ratio to study the wall effect. CMC at different
(Cohen and Metzner [1]). In the present case Kh&alue is concentrations was used as non-Newtonian fluid. The col-
small compare to high column to packing particle diameter umn to packing (spherical ball) particle diameter ratio used
ratio bed. It is to be noted that the shape of the pore nearis 3.8. CMC is passed through the packed bed at differ-
the wall is different from that in the bulk. In low column to  ent flow rates and concentrations and the pressure drop was
packing particle diameter ratio bed, the walls are couple of measured. It was observed that the pressure drop increases
particles away from each other and thus the pore geometrywith the increase in CMC flow rate. Further, the pressure
for the entire bed is affected by the presence of the wall. drop increases with the increase in CMC concentrations for
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a given flow rate. The friction factor—Reynolds number plot [6] N.Y. Gaitonde, S. Middleman, Ind. Eng. Chem. Fundam. 6 (1967)
at different CMC concentrations coincide on a line and the 145. _ _
correlation is given by, = 1.03RL87. The tri-regional [7] Z. Kemblowski, J. Mertl, Chem. Eng. Sci. 29 (1974) 213.

. [8] P. Mishra, D. Singh, I.M. Misha, Chem. Eng. Sci. 30 (1975) 397.
model of Cohen and Metzner [1] predlcted the total mass 9] F.M. Brea, M.F. Edwards, W.L. Wilkinson, Chem. Eng. Sci. 31

flux in the packed bed at different pressure drop values with (1976) 329.

Ko value of 1.5 and_¢/L value of 1.2. [10] Z. Kemblowski, M. Michniewicz, Rheol. Acta 16 (1979) 730.
[11] B.K. Srinivas, R.P. Chhabra, Int. J. Eng. Fluid Mech. 5 (1992)
309.
References [12] N. Sabiri, J. Comiti, Chem. Eng. Sci. 50 (1995) 1193.
[13] S.V. Dharwadkar, S.B. Sawant, J.B. Joshi, Can. J. Chem. Eng. 65
[1] Y. Cohen, A.B. Metzner, AIChE J. 27 (1981) 705. (1987) 406.
[2] R.P. Chhabra, Powder Technol. 77 (1993) 171. [14] L.H.S. Roblee, S.M. Baird, J.W. Tierney, AIChE J. 4 (1958) 460.
[3] R.P. Chhabra, J.F. Richardson, Non-Newtonian Flow in Process [15] K. Ridgway, K.J. Tarbuck, Chem. Eng. Sci. 23 (1968) 1147.
Industries, Butterworth—Heinemann, London, 1999. [16] D.P. Haughey, G.S.G. Beveridge, Chem. Eng. Sci. 21 (1966) 905.
[4] R.H. Christopher, S. Middlemen, Ind. Eng. Chem. Fundam. 4 (1965) [17] R.P. Zou, A.B. Yu, Chem. Eng. Sci. 50 (1995) 1504.
422, [18] D.L. Gregory, R.G. Grisky, AIChE J. 13 (1967) 122.

[5] R.J. Marshall, A.B. Metzner, Ind. Eng. Chem. Fundam. 6 (1967) 393. [19] P.C. Carman, Trans. Inst. Chem. Eng. 15 (1937) 150.



