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The axial dispersion coefficient of hexachlorobenzene in supercritical carbon dioxideAbstract
is invest igat ed in a fixed-bed packed with glass beads. The on-line chromatographic
pulse-response experiment is used in order to study the dynamics of a packed column under
supercritical condit ions. The radial dispersion is assumed negligible because of the packed
co lumn geomet ry. To est ima te th e axia l d ispe r sio n coe fficie n t , a pu lse in pu t of
tracer/supercritical fluid (hexachlorobenzene/carbon dioxide) mixture is injected into the column
and the effluent peak is analyzed using the moments of the chromatographic curve in the
Laplace domain. The range of the operating conditions for temperature, pressure and flow rate
of  su  per  cr  it  ica  l  flu  id  ar  e  25-500  oC ,  1  200 -400 0  p  sia  a  n  d  120 -16 0  m l/h  r  ,  r  e  sp  e  c  t  ive  ly.  T  h  e
experimental data indicate that the axial dispersion coefficient is a function of temperature,
pressure and flow rate. The axial dispersion coefficient decrease with increasing temperature
and increase with increasing pressure. This trend may be due to the increase of the density and
viscosit  y  of  t  he  su  per  cr  it  ical  car  bon  dioxide.  F  u  rt  her  m  or  e ,  t  he  a  xial  disper  sion  coefficient
increase with increasing interst it ial velocity. These resu lts suggest that the contribu tion by
convection is more important than molecular diffusion under supercritical operations. In order
to invest igate the authenticity of the dynamic model as well as the extent of accuracy of the
moment analysis which is used for parameter est imation, the experimental response peak is
compared with the dimensionless theoretical (numerical solut ion) curve. The small deviation
bet  ween  t  he  t  wo  cu  rves  is  well  wit  hin  t  h  e  r  a  nge  of  e  xperim  en  t  a l  error  of  axial  dispe  r  sion
coefficient measurements.
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RAnl pA ²k®�@C oTvM ð½ nj »¯AodM x±w �Mo�k¼v�@Aºj nj ¬q®½°o¦�@Aq¢µ ºn±d« »£k®�@AoQ K½oc ²k¼ña
¬±Tw ð¼«B®½j ³í§Bf« ºBTwAn nj ºA³jd§ »wAo£±UB«°o� »µB¢z½B«pC x°n pA /Swo£ nAo{ ³í§Bf« jn±« ºA³z¼{
nAoÇ{ oj¯kÇ« »îBíÇ{ »£k®Ç�@AoQ ,²k®�@C ¬±Tw »wk®µ jBíMA ³M ³]±U BM /k{ ²jBvTwA »¯AodM x±w e½Ao{ nj ²k®�@C
° ¬q®M°o¦Ç�@AqÇ¢µ) »Ç¯AodÇM x±Çw ¤B¼Çw ° JBÇ½jn pA »g±¦h« ,ºn±d« »£k®�@AoQ K½oc �¼ªhU ºAoM /Swo¢¯
»®d®Ç« ºnBÇ«C ºBµ³~iBÇ{ pA ²jBvTwA BM ¬±Tw pA »]°oi nAj±ª¯ ° k{ y½nqU oTvM ºj°n° ³M (�Mo�k¼v�@Aºj
x±w ¤B¼w »Mj ° nBzw ,B«j ºAoM »UB¼¦ªî e½Ao{ ¶j°kd« /k½jo£»wnoM (Laplace) tÀQ¿ ³®«Aj nj »wAo£±UB«°o�@
²k{ �¼¼íU SîBw nj ¨o£»¦¼« 16å »§A 12å °  psia 4ååå »§A 12åå ,jAo¢¼T¯Bw ³]nj 5å »§A 25 K¼UoU ³M »¯AodM
y½AqwA BM ³� K¼UoU�½kM /j±M »Mj ° nBzw ,B«j ³M ºn±d« »£k®�@AoQ K½oc»¢TvMA° ºB½±£ »µB¢z½B«pC [½BT¯ /j±M
S¦Çî ³ÇM kÇ¯A±T¼Ç« RAo¼¼rU �½A ³� k{ jB½p ¬C ¬Aq¼« nBzw y½AqwA BM ° ³TwB½ yµB� ºn±d« »£k®�@AoQ K½oc B«j
nj »Ç¯AodM x±w ¤B¼w Sîow y½AqwA ¬C oM ²°Àî /k{BM »¯AodM x±w �Mo�k¼v�@Aºj »£k®Lva ° »§B¢a y½AqwA
»½B\MB] ¨q¼¯Bñ« oTz¼M o¼YFU ºB½±£ SwA �ñª« [½BT¯ �½A /k½jo£»§±g »£k®�@AoQ ¬Aq¼« ¬k{ jB½p WîBM ²k®�@C oTvM
° »ñ¼«B®½j ¤k« nBLTîA »wnoM ºAoM /k{BM »¯AodM x±w »UB¼¦ªî e½Ao{ nj »§±ñ§±« l±v¯ BM ³v½Bz« nj ³v½Bz« nj
»®d®« ,j±M ²k{ ³Two£ nBñM oj¯ jn±« oT«AnBQ �¼ªhU ºAoM ³� ºnB«C q¼§B¯C x°n ¥ªî S{j ¬Aq¼« ³í§Bf« �¼®`ªµ
ºBfÇi S¦Çî ³ÇM k¯A±T¼« »®d®« °j �¼M q¼aB¯ tÀTiA ³� k{ ³v½Bz« ºn±ÃU [½BT¯ »®d®« BM »µB¢z½B«pC [½BT¯

/k{BM ºn±d« »£k®�@AoQ K½oc ºo¼£@²pAk¯A »µB¢z½B«pC

INTRODUCTION
In recent years, the re has been an increasing
interest in supercrit ical fluids (SCF) result ing

from po t e n t ia l ap p lica t ion s in chemica l,
petrochemical, pharmaceutical, environmental,
fo o d an d syn fu e ls p r o ce sse s, imp ro ve d
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separat ion me thods and as non-toxic, non-
carcinogenic solvents [1-9]. In orde r to use
supercrit ical fluids in a large scale system, the
re levant dynamic packed column paramete rs
such as t h e dispe r sion coe fficie n t unde r
supercritical condit ions should be investigated.
Although certain supercrit ical fluid processes
are already commercialized, fundamental data
on the dispersion coefficient and its dependence
upon the fluid physical properties, operat ion
var iab le s and t he fixe d bed geome t ry are
lacking.
Axial dispersion of a gas or a liquid has been

the subject of many investigations. Levenspiel
an d Smit h [10] st udie d t he longit u din a l
d isp e r sio n co e ff ic ie n t in t e rms o f t h e
dimensionless Peclet number. The radial and
axial dispersions of gas and liquid were studied
in pa cked an d flu id ize d beds a nd some
approximate relationships between the Peclet
group and the Reynolds and Schmidt numbers
were presented [11-23]. Westerterp et al.[24]
p r o p o se d a n e w 1-D wave mo d e l fo r
longitudinal dispersion as an alternative to the
Fickian-type dispe rsed plug-flow mode l. The
axial dispersion in Taylor-Coue tte flow was
studied and a correlation of Peclet number as a
function of Reynolds number for short and long
cylinders was developed [25]. Kohav et al.[26]
investigated axial dispersion of solid particles in
a continuous rotary kiln.
Even though the behavior of a supercrit ical

fluid lies between those of a gas and a liquid,
the in te rpolat ion of dispersion coe fficien ts
be twe en gas a nd liqu id fo r supe rcr it ica l
condit ions is questionable . Tan and Liou [27]
measured the axial dispersion coefficients under
supercrit ical operations by injection of a pulse
of methane in supercritical carbon dioxide. They
co r r e la t e d t h e de p en de nce o f t h e axia l
dispe rsion upon the R eynolds and Schmidt
numbers, through which it was found that the

correlations in terms of the Peclet , Reynolds,
and Schmidt dimensionless groups did not offer
sat isfactory prediction . Lee and Holder [28]
used toluene and naphthalene in supercrit ical
carbon dioxide in silica ge l packed beds to
gene ralize a mass transfer correlation which
considers both the effects of natural and forced
convection and the effect of axial dispersion at
0.3<Re<135.
The re is no t much in fo rma t ion on t he

dispe rsion at supe rcr it ical condit ions in the
literature. Therefore, the main objective of this
research was to expe r imentally measure the
axial dispersion under supercrit ical operation
and to investigate whether factors influencing
axia l dispe rsion fo r gases and liquids o ffe r
simila r e ffe ct s o n axia l d isp e r sio n o f a
supercritical fluid.

EXPERIMENTALAPPARATUS
AND PROCEDURE

A. Apparatus In order to carry out this study,
the dynamic system shown in Figure 1 is used.
This system operates at a temperature range of
25-50³C with a maximum pressure of 7500 psia.
T h e syst em is co n st r u ct e d so t h a t a n y
n o n -co r r o sive ga s ca n be u se d a s t h e
supe rcr it ical fluid. The expe rimental se t -up
con sist s of t he fo llowing: ( 1)n it rogen gas
cylinder, (2) carbon dioxide gas cylinder , (3)
valve (model 10V-4073, Autoclave Engineers),
(4) piston cylinder (model10V-4073,Autoclave
Enginee rs) , ( 7) p reheate r (Swage lok) , ( 8)
injection valve (model 7000, R heodyne Inc.),
(9) constant temperature circulator (model 70,
Fisher Scientific), (10) valve (model 10V-4073,
Autoclave Engineers), (11) saturator column
(model CNLX 1608, Autoclave Engineers), (12)
packed column (model CNLX 1608, Autoclave
E ngine e r s) , ( 13) p re ssu re gauge (mode l
BU -2581-AM, USG ) , ( 14) va lve (mode l
10V-4073, Autoclave Engineers), (15) computer
terminal (mode l IBM XT compatible clone ,
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Figure 1. The experimental set-up for the supercritical extractor system.

Samsung) , (16) supe rcr it ica l mon ito r h igh
p re ssure UV de te cto r , M ilt on R oy) , ( 17)
pressure transducer (model A 006220 Th-1V,
H ydr o n ics) , ( 18 a nd 19) ba ck p r e ssu r e
regulators (mode l 26-1722-24, Tescom Inc.),
(20) constant temperature bath. The syr inge
pump operates in a constant flow mode and has
a digital display of pressure in psi or Mpa. The
syr inge barr e l and piston are made of 303
st ain le ss st e e l wh ich is more re sist an t t o
corrosive solvents and halogen acids. The pump
is designed for applications requiring accurate ,
pulse free delivery of liquids. Figure 2 shows the
detailed description of the packed column. As
shown in Figure 2, the column is packed with
glass beads with particle diameter of 0.1 cm and
bed porosity of 39% (Thomas Scientific LTD,
catalog no. 5663-R70) and a porous metal filter
(mode l 1003630-01- 050, Mott Metallurgical
Corp.) with a porosity of 0.5 micron is placed at
th e bo t tom of the co lumn . Th is is done to
prevent the movement of solid particles out of

the packed column which subsequent ly may
plug the system and cause a safety problem. The
critical extraction monitor used in this study is a
continuously variable wavelength UV-visible
spect ropho tome te r designe d for ent ra ined
solute measurement in supe rcr it ical process
studies. It is equipped with a high pressure fluid
ce ll (5000 psi at 60³C maximum allowable
working pre ssu re ) to de t ect and quan t ify
entrained organic compound extracts.

B. Procedure To measure the axial dispersion
coe fficient for HCB in supe rcr it ical carbon
dioxide, the following steps were followed. First,
the ext ract ion column was filled with glass
beads. Initially, the syringe pump (5) was empty
and fully retracted. The piston cylinder (4) was
charged with liquid carbon dioxide (850 psia).
The carbon dioxide in the piston cylinder was
then compressed using high pressure nitrogen in
order to fill the syringe pump with liquid carbon
dioxide. The syr inge pump was then isolated
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Figure 2. Description of extraction column.

through the shut off valve. The syr inge pump
was late r used to pump the carbon dioxide
through the system at the desired flow rate .
Next, one gram of standard hexachlorobenzene
(not 14C labeled HCB) as the tracer compound
was placed in the saturator co lumn (11) and
then high pressure carbon dioxide was fed to
the saturator column in order to disso lve the
hexach lo r obenze ne . The p re ssu re in t h e
saturator column was monitored by the pressure
gauge (13). Using the syringe pump, the high
pressu re carbon dioxide was cont inuously
passe d t h rough the packed bed wh ile it s
pressure and flow rate were monitored with the

pressure transducer (17) and the syringe pump.
The pressure in the system was maintained with
the back-pressure regulators (18 and 19). The
tempera ture of the supe rcr it ical flu id was
co n t ro lle d by t he co n st a n t t empe ra t u re
circu lat or (9) which was place d inside t he
constant temperature bath (e thylene glycol
bath, 0-90

å
C). Then using the injection valve

(8), a square pulse of tracer/supercrit ical fluid
(hexachlorobenzene/carbon dioxide ) mixture
from the saturator column was introduced into
the fixed bed filled with glass beads. The outlet
stream from the packed bed was passed through
a high pressure critical extraction monitor (UV
de t ect o r ) ( 16) wh ich was conne ct e d t o a
computer terminal (15). The response peak to
the pulse input of hexachlorobenzene/carbon
dioxide mixture was recorded as volt s ve rsus
time. By analyzing th is response curve by the
moments of the chromatographic peak, the axial
dispe r sion coe fficien t was de t e rmined for
d iffe r e n t o p e r a t in g co n d it io n s fo r t h e
supercrit ical fluid (pressure, temperature and
flow rate).

MATHEMATICALMODELING AND
PARAMETERESTIMATION

The system in the packed column consists of the
glass beads, the supe rcr it ical flu id ( carbon
d i o xid e ) R a n d t h e t r a c e r c omp o u n d
(hexachlorobenzene). In this study, a one phase
(mobile) model is considered and the induced
convection and dispersion are the significant
t r anspo rt p rocesses r e sponsib le for t race r
migr a t io n . T h e dyn amic be h a vio r o f a
supe rcrit ical fluid system such as the packed
column, as described above, may be classified
according to the nature of the mathemat ical
mode l required to descr ibe the system. The
complexityof the mathematicalmodel depends
on the concentration level, heat transfer effect,
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and the choice of flowmodel. In this research,
the following cr ite ria are assumed. (1) Trace
systems. The t raceable component is present
only at low concentration in an ine rt carr ie r.
Change s in flu id ve locit y across t he mass
t r an sfe r zo ne a r e t h e re fo r e n e gligib le .
F u r t h e rmo r e , it is a ssume d t h a t r ad ia l
conce n t r at ion gradie nt s do not e xist . ( 2)
Isothermal fixed bed. Heat transfer resistance
ca n be n egle ct e d . T he sp re a din g o f t h e
concentration front is due entirely to the axial
dispersion and bulk flow effect s. This is the
usual situation in a chromatographic system in
which the traceable component is present only
at low concentration in an inert carrier (carbon
dioxide ) . ( 3) D ispe r se d p lug flow. Axia l
dispersion is significant and it must be included
in the mathemat ical mode l in contrast to the
radia l d ispe r sion wh ich can be negle ct e d
because of the packed bed geomet ry ( small
co lumn diameter). Thus, a one -dimensional,
unsteady-state dispersion model is considered
and the pressure drop through the packed bed
is neglected.

A. MATHEMATICALMODEL OF AN
ISOTHERMALPACKEDCOLUMN

For the described model, the concentration of
the traceable component as a function of axial
posit ion and time in the bed can be expressed
by the mass balance of the solute in the mobile
phase. Since the solute (HCB) is transported
through the differential column element by both
axial d ispe r sion and convect ion , t he mass
balance for the mobile phase becomes:

(1)DZ_____ - ____ ____ = ____Ã2CA
Ãz2

Q
ezAC

ÃCA
Ãz

ÃCA
Ãt

The parame te r of in te rest that needs to be
de t e rmin e d in e qu a t io n ( 1) is t h e a xia l
dispe rsion coe fficient (D z) . In studying the
dynamics of a fixed-bed column it is convenient

to consider the response of an initially tracer
free column to the injection of a small pulse of
tracer at the column inle t (pulse input) . The
response to a pulse input is often referred to as
the chromatographic response. In this project, a
pulse input of HCB/CO2 mixture is introduced
at the inlet plane into the supercrit ical carbon
dioxide flowing over a glass beads matrix. The
boundarie s of the packed column are taken
he re as closed for dispersion at the inle t and
outlet of the column. At the inlet of the fixed
bed the re is a square pulse input of t r ace r
(HCB). Therefore, the first boundary condition
for this system is given by:

at Z=0 ; CA =0 for t<0 & t> t and
(2)CA = CA0 for 0 Àt Àt (injection time)

At the outlet the second boundary condition is :

(3)at Z = L ; ____ = 0
ÃCA
ÃZ

This boundary condit ion can be understood
by realizing that no dispersion flux is assumed to
occur through the plane Z=L and continuity in
tracer concent ration of mobile phase is to be
expected on both sides of the plane at Z=L.

B. PARAMETERESTIMATION SOLUTION
IN THE LAPLACEDOMAIN

In th is study, the moment analysis is used to
determine the model parameter. The purpose
of this approach is to obtain a solution for the
chromatographic curve in the Laplace domain
which includes the effect of the axial dispersion
coefficient. This solution is then used to relate
moments of the chromatographic curve to the
dynamic parameter. First , the equation for the
mobile phase ( equa t ion 1) along with t he
b o u n d a r y co n d i t io n s ( 2) a n d ( 3) a r e
transformed to the Laplace domain.

(4)[DZ_____] - [_____ _____] = SCA*
Ã2CA*

ÃZ2
Q

eZ AC

ÃCA*

ÃZ
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(5)at Z=0; CA*= [___] [1-exp (-st)]
CA0
S

(6)at Z=L; _____ =0
ÃCA*

ÃZ
By applying the boundary conditions (5) and

(6), the solution for equation (4) in the Laplace
domain is obtained:

(7)CA*= [___] [1-exp(-st)] [exp (r2 z )]
CA0
S

where

(8)r2= [________]-[__] {[_______]2+4Ê}1/2
Q

2eZACDZ

1
2

Q
eZACDZ

(9)Ê= [___]
S
DZ

C. MOMENTS OF THE
CHROMATOGRAPHICCURVE

The moments of the chromatographic peak
leaving the fixed-bed column are related to the
so lu t io n in t h e Lap la ce domain by t h e
expression [29]:

(10)mn = (-1)n lim [_____]
ÃnCA*

Ãsns___0

where

(11)mn = ß CA tn dt

Then the n-th absolu te and cent ral moments
[23] are give n in equat ions ( 12) and ( 13) ,
respectively:

(12)= ___ = _______mn
m0

ßCAtndt
ß CAdt

mn

n

(13)mnÅ = ___________ = õ (-1)n-j [ nj] mj m1n-j
ßCA(t-m1)ndt

ßCAdt j=0

By applying equations (10), (12) and (13) to the
solution in the Laplace domain (equation 7),
t he ze ro t h , fir st and second momen ts ar e
de r ive d ana lyt ica lly. The ze ro t h re duce d
moment is :

(14)m0 = ______ = _____ = 1
m0

(m0)Z=0

CA0 t
CA0 t

where m0 is the measure of the total amount of
trace r in the effluent response peak and (m0)
Z = 0 is the measure of the to tal amount of
t race r in the pulse input. The first abso lu te
moment is :

(15)m1 - __ = [________]
t
2

L eZ AC
Q

The second absolute moment is :

m2-__=( t)[______]+ [2DZL][_____]3+ [______]2t2
3

LeZAC
Q

eZAC
Q

LeZAC
Q
(16)

The second central moment is :

(17)m2Å- ___ = [2] [_______]2 [________]
t2

12
LAC eZ
Q

DZ AC eZ
LQ

By assuming an instantaneous injection of
tracer (where the injection time, t, is assumed to
be ze ro) in to the flu id which is moving down
the packed bed a t Z = 0, equat ion ( 17) in
conjunction with equation (15) reduces to :

(18)___ = [_________]
m2Å
m1
2

DZ eZ AC
LQ

The first absolu te moment and the second
central moment of the chromatographic peak
are calculated directly from the experimental
data using fin ite summation by the fo llowing
equations:

(19)m1 = _______õticiDti
õciDti

(20)m2Å = __________ - m12
õ ti

2 ci Dti
õ ci Dti

Finally, substituting a value for the experimental
first absolute moment (m1) and the experimental
second central moment (m2Å) in equation (18)
results in one equation and one unknown which
is solved for the axial dispersion coefficient.

D. NUMERICAL SOLUTION

In order to demonstrate the authenticity of the
dynamic mode l and also t o invest iga te t he
extent of accuracy of the moment analysis which
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is u se d fo r p a r ame t e r e st ima t io n , t h e
comparison of the experimental response peak
t o t he dimension le ss t h e o re t ica l curve is
necessary. To obtain a numerical solution, first a
value for DZ obtained from moment analysis is
subst it u t ed in e qua t ion ( 1) and t h en t h is
e qu a t io n a lo n g wit h t h e two bo un da r y
condit ions (2) and (3) are transformed into a
dimensionless form by rewritting them in terms
of the following dimensionless variables:

X = __ , CA** = ___ , q = __ = __,
Z
L

CA
CA0

tu
L

t
j

(21)Pec = ________LQ
eZ AC DZ

Thus, the following dimensionless equations
fo r t h e mob ile p ha se a nd th e boun da ry
conditions are obtained:

(22)[___ ______] - [_____] = _____1
pec

Ã2CA**

Ãx2
ÃCA**

Ãx
ÃCA**

Ãq

(23)CA**= 0 for q<0 and q> __t
j

at x=0 ;

0ÀqÀ__t
j

forCA**=1

(24); _____ = 0ÃCA**
Ãx

x = 1at

U sing the me thod of lines (MOL), equat ion
(22) along with the boundary conditions (23)
and (24) is so lved nume rically t o obtain a
theoretical response curve for the glass beads
experiments. In the method of lines solution of
a PDE problem, th e dimensionle ss spat ia l
coordinate (x-axis) is discretized and the spatial
de r iva t ive s a re obt a in ed from five -po in t ,
fo u r t h -o r d e r ce n t r a l f in it e d i f f e r e n ce
approximat ions. This procedure re sult s in a
syst em of o rdina ry diffe r e n t ia l equa t ion s
(ODEÅs) which can be in tegrated using an
IMSL LIBRARY routine called DIVPAG that
is based on GearÅs method. This FORTRAN
program generates a theoretical response curve

in terms of the concentration of tracer in the
mobile phase (CA**) versus time ( q ). These
theoretical response curves are then compared
wit h the e xpe r imen t a l r e spon se peaks t o
investigate the validity of our dynamic model
and also to inve st igate the accuracy of the
experimental measurements.

E. PROPAGATIONOF RANDOM ERROR

Once the fin al re su lt for an expe r imen t is
calculated, the investigator is faced with the task
of de te rmining the unce rtain ty to which the
experimental result is subject . Let the desired
result, for which the experiment was carried out,
be designated by F and let the directly measured
quantities be designated by x, y and z. The value
o f F is de t e rmine d by su bst i t u t in g t h e
experimentally determined values of x , y and z
into a formula:

(25)F = f(x,y,z)

Obviously errors in x, y and z produce an error

in F,

DF = e(F)

(26)= F(Calculated by measured x)-F(true)

the value of which is given by :

(27)e(F)= ___ e(x) + ___ e(y)+ ___ e(z)ÃF
Ãx

ÃF
Ãy

ÃF
Ãz

In the case of random errors, th e actual
values of e(x), e(y) and e(z) are not known and
the actual value of e(F) can not be determined.
But it is possible to determine error in terms of
the var iance and subsequent ly the standard
deviat ion of F. Thus, the variance in F using
Taylor series expansion is given by :

[e(F) ]2 = [___]2 [e(x)]2 + [___]2 [e(y)]2
ÃF
Ãx

ÃF
Ãy

(28)+ [___]2[e(z)]2
ÃF
Ãz
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In this study, we had +/- 0.5% uncertainty in
the flow rate and our reproducibility in the first
and second moments were + /- 0.8% and + /-
2.1% , re spe ct ive ly. Th e axia l d ispe r sion
coefficient was estimated from the following
equation:

(29)DZ = (___) (_______)
m2Å
m12

LQ
2 eZ ACwhere

DZ = f(Q,m1, m2Å ), m1=f(Q), and m2Å=f(Q)

By applying equation (28) to equation (29), we
determined how the error in flow rate affected
t h e e n d r e su lt fo r t h e a xia l d isp e r sio n
coefficient:

= {(___)(______)}2[e(Q) ]2
m2Å
m12

L
2eZ AC

[e(D Z)]2

+ {-(___) (_____)}2 [e(m1)]2
m2Å
m13

LQ
eZ AC

(30)+ {(___) (_______)}2 [e(m2Å)]2
1

m12
LQ

2 eZ AC
By Substituting e( m1), e( m2Å) and e(Q) in the
above equation, the error in the axial dispersion
coe fficient as + /- one standard deviation was
determined.

RESULTS AND DISCUSSIONS

To study axia l dispe r sion in a packed bed
expe r imen t a lly, by u sin g gla ss be a ds we
e liminated the adsorpt ion/desorption e ffect
from the extraction process which subsequently
resulted in only one paramete r, name ly, the
axial dispersion coefficient. The response curves
obtained in the glass beads expe riments were
very sharp and they contained no tailing at the
end of the peak. In th is study, the following
operating var iables of were varied to observe
their effects on the axial dispersion coefficient:
pressure, temperature and flow rate.

A. TEMPERATUREAND PRESSURE
EXPERIMENTS

To inve st iga t e t h e behavio r o f t h e a xia l

d isp e r sion co e ff ic ie n t a s a fu n ct io n o f
temperature and pressure of the extracting fluid
( carbon dioxide ) , th ree diffe rent se r ie s of
experiments were carried out. In the first series,
the temperature was held constant at 298 K
while the pressure was varied from 1.2 kpsia to
4.0 kpsia. In the second series of experiments,
the temperature was increased to 308 K and
he ld const an t wh ile t h e p re ssu re o f t h e
extracting fluid was varied from 2.5 kpsia to 4.0
kp sia . T he t h ir d se r ie s o f e xp e r ime n t s
determined how the axial dispersion coefficient
varied as a function of pressure (from 2.5 kpsia
to 4.0 kpsia) at 323 K. The flow rate of carbon
dioxide was held constant at 160 mL/hr for all
three series of experiments. The results of the
temperature and pressure experiments of the
axial dispersion coefficient are shown in Figure
3. E ach data point is the ave rage of at least
three independent measurements with +/-8.6%
st a n d a r d de via t io n o b t a in e d fr om t h e
propagation of errors.

Figure 3. The effect of temperature and pressure of CO2
on the axial dispersion coefficient.
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TABLE 1. The Density and Viscosity of Carbon Dioxide at Different Temperatures and Pressures.

_______________323 K

Density Viscosity
_______________308 K

Density Viscosity
_________________298 K

Density Viscosity
(P,kpsia)

____________628.00.7801.2

____________726.00.8501.7

715.00.760744.00.840801.00.8952.5

780.00.810824.00.890867.00.9273.2

855.00.860900.00.920913.00.9504.0

Viscosity= [g/(cm.sec)] (106)Density =g/cm 3

At t he t empe ra tu re o f 298 K, t he axial
dispersion coefficient was increased by 34.1% as
t he p re ssu re o f t h e e xt r act ing f lu id was
in cr e ase d fr om 1.2 t o 4.0 kp sia . A t t h e
temperatures of 308 and 323 K, as the pressure
was increased from 2.5 to 4.0 kpsia, the axial
dispersion coefficient was increased by 18.3 and
19.0% re spe ct ive ly. The axia l d ispe r sion
co e f f ic ie n t in a p a cke d b e d may be a
comb ina t io n o f t h e e ffe ct s o f mo le cu la r
diffusion and convection. If we assume that the
molecular diffusion decreases with increasing
pressure , as predicted by the Wilke -Chang
equation, then the measured results in this study
suggest that the contribution by the convection
is more important than the molecular diffusion
under supercritical operating conditions. At 2.5,
3.2 and 4.0 kpsia, the axial dispersion coefficient
was de cr e a se d by 17.7, 15 .5 a nd 13.0%
re sp e ct ive ly, a s t h e t emp e r a t u r e o f t h e
extracting fluid was increased from 298 to 323
K. This dependence is again opposite to that of
the molecular diffusion. Hence, the molecular
diffusion might not play an important role for
the axial dispe rsion coe fficien t as compared
with the convection. Table 1 lists the density
and viscosity of carbon dioxide at diffe ren t
operating temperatures and pressures. Since the
mole fraction of hexachlorobenzene in carbon

dioxide was quite small, the density and viscosity
of the carbon dioxide and hexachlorobenzene
mixture could be regarded the same as those of
the pure carbon dioxide. F rom Table 1 and
Figure 3, it can be seen that the axial dispersion
coefficient increases with an increase in density
and viscosity of carbon dioxide. The viscosity of
carbon dioxide was calculated using Thodos et
al.[30] correlation.

Figure 4. The effect of carbon dioxide flow rat e on the
axial dispersion coefficient at 298 K.
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TABLE 2. The Comparison of the Experimental Peclet Number With the Empirical Correlation Values
at Different Operating Temperatures and Pressures.

________________323 K

Exp. Correlation
________________308 K

Exp. Correlation
________________298 K

Exp. Correlation
(P,kpsia)

____________0.4300.4031.2
____________0.4410.4701.7
0.4320.4360.4730.4430.4460.5202.5
0.4800.4410.5290.4450.4500.5683.2
0.5330.4450.5800.4500.4520.6134.0

____ is Listed for Experimental and Empirical Correlation.
1
pecÅ

B. FLOWRATE EXPERIMENTS
The next set of experiments investigated how
the axial dispersion coefficient was influenced
by the flow rate of the ext ract ing flu id. Two
se r ie s o f e xpe r imen t s we re conduct ed in
thisstep . The first se r ie s of expe riments was
carriedout at a constant temperature of 298 K.
At three different operating pressures of 1.2,
3.2 and 4.0 kpsia, the axial dispersion coefficient
was measured at three different flow rates of
120, 140 and 160 mL/hr. Figure 4 shows that the
axia l dispe rsion coe fficien t increase s with
increasing flow rate . For gases and liquids, the
increase of axial dispersion coefficient with flow
rate was also observed [12,31,32]. The second
se r ie s of e xpe r iment s was car r ie d out at a
syst em t empe ra t u re o f 323 K. The axia l
dispe rsion coe fficien t was measured at two
diffe ren t ope rat ing pressure s of 3.2 and 4.0
kpsia. Figure 5 shows that the axial dispersion
coefficient again increases with increasing flow
rate at 323 K. The operating flow rates for this
ser ie s of expe riments were 120, 140 and 160
mL/hr.
If the Peclet number (pecÅ) for the packed

bed is de fined as udp/D z, it is reported in the
lit e rature that it is usually le ss than 2.0 for
liquids and greater than 2.0 for gases [22,31-33].
The measurements in this study showed that the

Figure 5. The effect of carbon dioxide flow rat e on the
axial dispersion coefficient at 323 K.

Peclet number lies between 1.50 and 2.50 for all
combinations of operating variables. Since it has
b e e n r e a l ize d t h a t t h e b e h a vio r o f a
supercriticalfluid lies between those of a gas and
a liquid, the measured values in this study seem
reasonable.
Yang [34] reported an empirical correlation

fo r t h e a xia l d isp e r s io n co e ff ic ie n t in
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Figure 6. T he compa r ison o f t h e nu me r ica l a nd
experimental response peaks to a pulse input of HCB/CO 2
mixture for the glass beads experiments at 1.2 kpsia, 298 K
and 160 mL/hr.

packedbeds. In th is corre lat ion , the Pecle t
number is correlated with

(31)____ = ______ + _____________1
pecÅ

0.3
Re Sc

0.5
1+3.8/(Re Sc)

where
Re = ____ and Sc = ____rudp

m
m

rDm
R e yn o ld s a n d Schmid t n umb e r s . T h is
corre lation is valid for 0.008 < Re< 400 and
0.28< Sc< 2.2 and is capable of descr ibing a
peak in Peclet number and the asymptotic value
o f 2 fo r P e cle t numbe r a t h igh R eynolds
number. The diffusion coefficient (Dm) of HCB
in supercrit ical carbon dioxide is calculated by
using the fo llowing equat ion deve loped by
Rosset et al.[35]:

(32)Dm = ________________(8.6/1015) (TMs
0.5)

(mV0.6)
Where T is the temperature in Kelvin, Ms is

the molecular weight (g) of the solvent, m is the
solvent viscosity (Pa.sec) and V is the molar
volume of the solvent at ambient temperature
and pressure. Table 2 shows the Peclet number
e xp e r imen t a l va lu e s comp ar e d t o t h o se
obtainedfrom the empirical correlation. Even
though the above correlation was not developed
for the supercritical conditions and the required
Schmidt number range was not satisfied, the
de via t ion be twe en t he e xpe r imen t a l and
emp ir ica l va lue s se ems re a son able . T he
deviation between the two values increases at
h igher pre ssures which may be explained by
considering the change in the value of Schmidt
number (Table 3). The above correlation can be
satisfied if the Schmidt number varies the range
of 0.28 and 2.2. But the values for the Schmidt
number in Table 3 show that we are operating
outside the required range and this deviat ion
increases with increasing pressure. For instance,
at 298 K, t he expe r imenta l P ecle t number
de viate s form the cor re lat ion value a t 1.2
(Sc= 3.34) and 4.0 kpsia (Sc= 5.8) by 6.3 and
26.3% respectively. Table 3 also shows that the
diffusion coefficient decreases with increasing
p r e ssu r e a nd in cr e ase s wit h in cr e a sin g
temperature . F igure 6 shows the numerical
response peak and the experimental response
curve for the glass beads expe r iments. The
numerical r e sponse curve was obta ined by
solving the HCB mass balance diffe rent ia l
equation. The small deviation between the two
curves is well within the experimental error of
axial dispersion coefficient measurements.

CONCLUSIONS

The axial dispersion coefficients of supercritical
carbon dioxide were measured in a fixed-bed
packed wit h glass be ads u sing t he on-line
chromatographic pulse-response experiment.
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TABLE 3. The Diffusion Coefficient and the Schmidt Number at Different Operating Temperatures and Pressures.

___________________323 K

Dm Sc
___________________308 K

Dm Sc
___________________298 K

Dm Sc
(P,kpsia)

____________3.340.24081.2
____________4.10o.20831.7
4.100.22904.560.20194.740.18882.5
4.600.20994.880.18905.360.17443.2
5.190.19155.650.17305.800.16564.0

Dm = [cm2/sec] [103]

The range of the ope rat ing condit ion s for
t empe ra t u re , p r e ssu r e an d flow ra t e o f
supercritical fluid were 25-50³C, 1200-4000 psia
a n d 120-160 mL /h r , r e sp e ct ive ly. T h e
expe r imenta l da ta indicate d tha t th e axial
dispersion coefficient is a function of
temperature , pressure and flow rate of carbon
dioxide . T he axia l d ispe r sion coe fficie n t
decreased with increasing temperature and
incre a se d wit h incre asing p re ssu re . Th is
trendmay be due to the increase of the density
andviscosityof the supercritical carbon dioxide.
Furthermore, the axial dispersion coefficient
increased with increasing interst it ial velocity.
This result may suggest that the contribution by
convect ion is more important t han that of
mo le cu la r d if fu sio n u nde r su pe r cr it ica l
ope rations. Much work needs to be done in
order to correlate the dependence of the axial
dispersion upon the fluid physical properties,
ope rat ion variable s and the packed column
geometry applicable for supercritical fluids.
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NOTATION

Packed column cross sectional area, cm2AC
Concent rat ion of solute in the mobileCA
phase, g/cm3
Concentration of solute in the influent,CA0
g/cm3
Laplace transformation of CACA*
dimensionless variable, CA/CA0CA**
diameter of spherical particle, cmdP
axial dispersion coefficient, cm2/ secDZ
diffusion coefficient, cm 2/secDm
arbitrary functionF
length of the extraction column, cmL
molecular weight of the solvent, gMs
Peclet number, dimensionless, uL /DZPec
Peclet number, dimensionless, udp /DZPecÅ
volumetric flow rate, mL/hrQ
Reynolds number, dimensionless, rudp/mRe
Laplace transformation variables
Schmidt number, dimensionless, m /rDmSc
time, sect
temperature, kT
interstitial velocity, cm/sec, Q/Ac eZu
molar volume, cm3/ molV
axial dimensionless variable, Z/LX
axial dimension of the packed bed, cmZ
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Greek Letters

in je ct ion t ime o f t h e squ a r e pu lset
input, sec
experimental error in the quantity xe(x)
equal to L/u, secj
void fraction of the packed bedeZ
dimensionless variable, t/jq
density, g/cm3r
viscosity, g/cm.sec, Pa.secm
zeroth reduced momentm0
first absolute moment, secm1
second absolute moment, sec2m2
second central moment, sec2mÅ
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