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Photolysis was studied in Taylor � Couette flow, and a similarity law proposed for the
formation of a product from a fast photochemical reaction in the presence of laminar
Taylor ®ortices. The concentration of the product formed depended on both the dosage
of photons and a reaction-layer thickness, defined by the radiation penetration depth. In
particular, for a gi®en flow rate and radiation intensity, the UV photolysis of iodide
produced a maximum concentration of the product triiodide, when the radiation pene-
tration depth was equal to the ®elocity boundary-layer thickness. The latter conclusion
pro®ides optimum operating conditions to maximize yield in terms of the Taylor number
or frequency of rotation.

Introduction

The absorption of electromagnetic radiation by a gas or
liquid can increase the material temperature, cause fluores-
cence, as in the case of fluorescin, or produce a chemical
change. In primary photochemical reactions the energy of the
radiation measured in units of quanta is absorbed by the re-
acting species, that is, one quantum per molecule. The fate of
the excited molecule leads to a number of possible secondary
processes such as fragmentation or elevated electron states

Žthat can promote further chemical reactions Considine,
.1976 .

The photochemical processing of liquids requires radiation
absorption through transparent reactor walls. The efficiency
of such processes is improved with enhanced liquid-surface
renewal and contacting with the reactor walls, in particular,
for liquid reagents that strongly absorb the applied radiation.
For example, conventional plug-flow reactors operating in
laminar flow provide poor results if the absorptivity of the
applied radiation is large since liquid dosage is negligible in
the fluid interior. Attempts to redirect the flow with vanes or
static mixing elements that introduce turbulence at a low
Reynolds number cause potential scale-up problems in addi-
tion to obscuring the radiation flux. Moreover, alternative ge-
ometries, such as a stirred tank, will reduce a process photo-
efficiency because of both a significant increase in the radia-
tion path length and a reduction in the surface-to-volume ra-
tio, unless a large number of radiation sources are placed
within the reactor interior.

Correspondence concerning this article should be addressed to L. J. Forney.

An elegant alternative to the conventional reactors just de-
scribed is the case of flow between two concentric cylinders,
of which the inner cylinder is rotating and the outer cylinder
is at rest. In such a flow the unstable stratification caused by
centrifugal forces forms counterrotating vortices, known as

Ž .Taylor vortices Taylor, 1923 , whose axes are circumferen-
Ž .tial, as shown in Figure 1. In fact, Kataoka et al. 1975

demonstrated that such Taylor�Couette flows produce nearly
ideal plug-flow characteristics. T he potential of
Taylor�Couette geometries for chemical processing by en-
hanced heat and mass transfer was also demonstrated by Co-

Ž .hen and Marom 1983 .
Existing published experimental results for the surface

mass-transfer characteristics of homogenous fluids in
Ž .Taylor�Couette flows are summarized by Baier et al. 1999 .

The latter study uses CFD results and the boundary-layer
theory to predict experimental mass-transfer coefficients or
Sherwood numbers of the form discussed by Holeschovsky

Ž .and Cooney 1991 . Much less work has been done to charac-
terize mass transfer in nonhomogeneous fluids, that is, be-
tween immisible liquids such as dispersed and continuous

Žphases considered in a recent study by Forney et al. 1999,
. Ž .2002a or the novel two-fluid without dispersion Taylor vor-

Ž .tex extractor described by Baier et al. 2000 .
Three previous experiments are recorded to characterize

photoefficiencies in Taylor�Couette flow. Algal photosynthe-
Ž .sis was investigated by Miller et al. 1964 , who concluded

that higher photoefficiencies were obtained with larger cell
Ž .suspension densities. Recently, Sczechowski et al. 1995
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Figure 1. Taylor vortices between two concentric cylin-
ders.
Inner cylinder rotating, outer cylinder at rest; d � width of

Ž .annular gap Schlichting, 1979 .

studied heterogeneous photocatalysis to improve aqueous ox-
idation processes. As in the earlier experiment, the latter
study concluded that improved photoefficiencies were ob-
tained with larger weight loadings of the titanium dioxide
photocatalyst. Finally, the author’s motivation for the present
study was the observation that the dimerization of nucleic
acid strands in pathogens leading to their inactivation was
most efficient at low rpm, that is, Taylor�Couette flow as

Ž .described by Forney et al. 2002b .
In this article the geometry of a laminar Taylor�Couette

reactor is explored in the context of photochemical reactions.
In particular, fluid is irradiated through the transparent
cylindrical stator of a Taylor�Couette device. The yield of
fast UV-induced triiodide formed from aqueous solutions of
potassium iodide was measured for various operating condi-
tions. These results clearly indicate a number of advantages
for the Taylor column. Moreover, the criterion for optimum
operating conditions is proposed and supported by both pre-
sent and previous results.

Photochemistry
The reaction used in the present study is the fast UV pho-

tolysis of aqueous iodide, producing triiodide. Concentrated
KI solutions are optically opaque at wavelengths of 254 nm

Ž .and act as photon counters Rahn et al., 1999 . UV absorp-
tion by iodide leads to an aqueous or solvated electron via a
charge transfer-to-solvent reaction and the formation of an
excited iodine atom. The essential reactions are listed below

Iyqh� ™I�q ey 1Ž .
I�q ey™Iy 2Ž .
2I�qIy™Iy 3Ž .3

As noted, the UV-induced formation of triiodide is poten-
tially limited by the back reaction of Eq. 2. The quantum
yield for triiodide is significantly increased, however, by the
addition of potassium iodate. In the presence of iodate, scav-
enging of the bulk electron occurs and the following addi-

Ž .tional reaction is proposed Rahn, 1997

IOyq eyq2H O™IOyqH O qOH�qOHy 4Ž .3 2 2 2

The yield of the triiodide photoproduct is easily monitored
by spectrophotometry at either 350 or 450 nm, depending on
the concentration. The quantum yield of � s 0.75 mol
I reinstein is relatively constant with either temperature or3

Ž .reagent iodide concentrations Rahn et al., 1999 . With the
Ž .addition of a borate buffer pH 9.25 to minimize thermal

oxidation, stock solutions of 0.6 M KI and 0.1 M KIO with3
the borate buffer are stable and insensitive to ambient light
in the visible spectrum.

Taylor Couette Flow
Chilton– Colburn analogy

Radial mass transfer in Taylor�Couette flow has been doc-
Ž .umented in terms of a Sherwood number Sh of the form

Sh � Ta1r2Sc1r3 5Ž .

where the Taylor number

1r2Tas � Rdr� drR 6Ž .Ž . Ž .

The indicated exponents in Eq. 5 were determined by a num-
Žber of experiments Mizushina, 1971; Kataoka et al., 1977;

.Coeuret and Legrand, 1981; Holeschovsky and Cooney, 1991
and also confirmed by the recent numerical predictions of

Ž .Baier et al. 1999 . We also note that the torque coefficient,
C , for Taylor�Couette flow is of the formM

C s2 Mr ��� 2R4h � Tay1r2 7Ž .Ž .M

as shown in Figure 2 for the range of Taylor numbers Ta �c
Ta�400, where the critical Taylor number, Ta s41, indi-c

Figure 2. Torque coefficient vs. Taylor number.
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Ž .cates the onset of laminar vortices Schlichting, 1979 . Here,
Ž 2 .the moment Ms	 2� R h , and 	 is the shear stress on the

rotor.
Equations 5 and 7 suggest that the transport coefficients in

laminar Taylor�Couette flows are correlated by a
Chilton�Colburn analogy of the form

J sShr TaSc1r3 sC r2 8Ž . Ž .D M

for the values 40�Ta�400 and the Schmidt number Scs
�rD� �1. These conclusions are consistent with laminar
heat-transfer correlations on a spinning disk, but with Ta re-
placed by the Reynolds number based on the disk angular

Ž .velocity and diameter Schlichting, 1979; Bird et al., 2002 .
Now consider a laminar boundary layer with a linear veloc-

Ž .ity and concentration profile film model on the surface of a
Ž .Taylor�Couette flow Ta�Ta . Since the mass-transfer co-c

efficient k � D�r
 and the Sherwood numberc c

Sh � k drD� 9Ž .c

where 
 is the concentration boundary-layer thickness, d isc
the gapwidth, and D� is the solute molecular diffusivity, one
obtains

Sh � dr
 � dr
 
r
 10Ž . Ž .Ž .c c

Since a boundary-layer analysis confirmed by experiment sug-
gests 
 r
 � Sh1r3, one obtains a ratio of characteristic reactorc
length d-to-velocity boundary thickness

dr
 � Ta1r2 11Ž .

for Ta�Ta .c
Attempts to obtain Eq. 11 by stretching the characteristic

lengths d or 
 for a boundary layer on a flat plate by a factor
Ž .1r2of drR were unsuccessful by the present authors. There

is some evidence, however, that the Sherwood number
1r2 1r3Ž .0.17Sh � Ta Sc drR from the mass-transfer experiments of

Ž .Holeschovsky and Cooney 1991 but, again, the exponent
magnitude of 0.17 is inconsistent with our attempted bound-
ary analysis that would suggest larger values.

Dimensional arguments
Fast photochemical reactions must occur near transparent

reactor walls. The thickness of the reaction layer, however, is
not confined to a fraction of the velocity boundary thickness,
but rather to the radiation penetration depth. The latter
depth, in fact, can exceed both the boundary thickness or
characteristic reaction dimension, depending on the ab-
sorbance of the reacting solution.

Since the solution absorbance is defined by

As�� C 12Ž .

where the intensity of radiation is IrI s10yA, � is the ex-o
tinction coefficient, C is the absorbing species, and � is the
radiation depth, the reaction layer is, therefore, confined to a

( )Figure 3. Velocity boundary-layer thickness magnified
and radiation penetration depth within annu-
lar gap.

layer on the order of

� � 1r� C 13Ž .

as shown in Figure 3.
An additional dimensional parameter is the maximum pos-

sible concentration of a photochemical product formed. The
latter is equal to the product of the number of photons intro-
duced into the reactor and the quantum efficiency of the re-
action. The maximum concentration of the product formed is
thus

CmsnI A �r
 q 14Ž .o l

where n is the number of lamps, I is the intensity of radia-o
Ž 2.tion Wrcm , A is the area of a single lamp, � is the reac-l

Ž .tion quantum efficiency mol productreinstein , q is the reac-
Ž .tor volume flow rate, and 
 Jreinstein is the conversion fac-

tor from a mol of photons to joules of energy.
Dimensional arguments suggest that the concentration of

photochemical product formed C is of the form�

C rC I � f CmrC I ,�r
 15w xŽ . Ž . Ž .� i i

Ž .provided the Taylor number Ta�0, where C I is the con-i
centration of reactant iodide in the inlet stream. Simplifying
Eq. 15 somewhat, since a mass balance implies C � Cm, one�

obtains

w xC rC I � CmrC I f �r
 16Ž . Ž . Ž . Ž .� i i

Defining Co as the product concentration with no rotation,
one now obtains an expression that isolates the effects of ro-
tation in the form of the dimensionless quantity

C yCo rCos f �r
 17Ž . Ž .Ž .�

Experimental Apparatus
A Taylor vortex column, as shown in Figure 4 was con-

structed, consisting of a bronze rotor 3.43 cm in diameter by
5 cm in length centered within a fused quartz beaker with an
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Figure 4. Experimental apparatus.

inside diameter of 4.1 cm, providing a gapwidth of ds0.334
Ž .cm. The holdup volume irradiated was 12 mL, with a range

of flow rates between 15� q � 50 mLrmin. Four cold-
Žcathode, low-pressure mercury UVC lamps Gilway Techni-

.cal Lamp with effective lengths of 3.1 cm were positioned
around the quartz beaker and surrounded by an aluminum
reflector with an UV radiation reflectivity of over 90% as
shown in Figure 4. The intensity of radiation for each lamp
Ž . 2wavelength �254 nm was rated at 4.0 mWrcm at one cm
from the lamp surface, providing a range of power input from
0.78 W to 0.31 W, depending on the number of lamps en-
gaged.

Ž .A solution of 0.6 M potassium iodide KI and 0.1 M potas-
Ž . Ž .sium iodate KIO buffered pH 9.25 with borate was3

Figure 5. Measurements of triiodide absorbance vs.
Taylor number with two spectrophotometers.
Flow rate is 31.2 mLrmin with inlet aqueous concentrations
of 0.6 M KI and 0.1 M KIO .3

pumped through the Taylor column. The absorbance of triio-
dide at the outlet was measured at either 350 or 450 nm for
low or high concentrations, respectively, depending on the
number of lamps engaged or liquid flow rate. The rpm of the
rotor, controlled by a permanent magnet DC motor, was var-
ied between 0�rpm �75, providing a Taylor number cover-
ing the range 0�Ta�200, as shown in Figure 5.

The triiodide absorbance in Figure 5, as expected, clearly
indicates a large increase of roughly 60% for Taylor numbers
Ta�Ta , where the lower limit of Ta �40 corresponds toc c
the onset of Taylor vortices at low axial Reynolds numbers.
Since the cross-sectional area for the flow within the gap is
3.9 cm2, the axial Reynolds number was Re�10 for all ex-
periments, and, thus, had no effect on the critical Ta .c

Results and Discussion
Plug-flow reactor

When the Taylor number Ta�Ta and laminar vorticesc
are present within the Taylor column, the flow can best be
described as approximating that of an ideal plug-flow reactor
Ž .Kataoka et al., 1975 . Assuming a zero-order rate expression
at steady state, one obtains

udCrdxs r 18Ž .

w xwhere the constant rate molrL-s

rsnI A �r
 V 19Ž .o l

and V is the irradiated holdup volume of the reactor. Thus,
the concentration of triiodide formed from Eq. 18 with dxru
sdVrq is

C I s� rVrq 20Ž .Ž .3

where the factor � �1 accounts for both the loss of input
radiant energy to liquid heating and surface absorption and
the effects of back reactions from tri-iodide to iodide deplet-
ing the product, as described later.

Figure 6 illustrates the validity of Eq. 16 for the outlet tri-
iodide concentration for increasing flow rates at fixed rpm

Figure 6. Normalized outlet triiodide concentration vs.
nondimensional dosage.
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Figure 7. Fractional increase in outlet triiodide concen-
tration vs. Taylor number.
Radiation dosage is 0.164 W and flow rate is 16 mLrmin.

Ž . Ž Ž .Tas100 and the standard stock solution C I s0.6 M io-i
.dide , where Cm is defined by Eq. 14. It is evident from Fig-

ure 6 that although the photoefficiency of the reactor is high,
Ž .C I �Cm, so that axial variations in the iodide reactanti
Ž .C I , and, thus, the radiation penetration depth, are small,i

which is consistent with the analysis.

Effects of rotation
In the present work, the effects of rotation are isolated by

comparing the product concentration at fixed Taylor num-
bers Ta�Ta , with the product formed at zero rpm or Tas0.c
Because of the large surface-to-volume ratio for the reactor,
one would expect a considerable enhancement in the magni-
tude of the transport coefficients without vortices. One such
plot of experimental data is shown in Figure 7, where it is
demonstrated that a nearly constant 70% improvement in
product yield occurs for all Ta�Ta .c

Figure 8 compares the percentage increase in the reaction
product at fixed Tas100 for various values of the radiation
dosage. These data were obtained by engaging one to five

Figure 8. Fractional change in outlet triiodide concen-
tration for a radiation dosage from 0.078 W to
0.31 W.
Inlet concentration is 0.6 M KI and 0.1 M KIO . Lamp se-3
quence was varied.

UV lamps and changing the flow rate between 16 and 32
mLrmin. There is some scatter in the data, possibly due to
channeling through the reactor for the Tas0 case, since the
reactor inlet and outlet were located on the same side but 45�
apart. Thus, the sequence of lamps in the circumferential di-
rection was varied for several experiments with the same to-
tal power input leading to the indicated scatter. However, it
is apparent from Figure 8 that the concentration of the prod-
uct formed due to rotation is independent of the dosage of
radiation supplied, as suggested by Eq. 17.

Optimum rotation
The similarity law proposed by Eq. 17 was tested by vary-

ing the reactant concentration, that is, the concentration of
iodide fed to the reactor inlet. Since the absorbance As

Ž .�� C I is 200 for a 0.6 M KI and 0.1 M KIO solution, thei 3
extinction coefficient � at a wavelength of 254 nm was calcu-

y1 y1 Ž .lated to be �s333 M cm Rahn et al., 1999 . Setting the
absorbance As1, which represents a radiation depth over
which 90% of the UV photons are absorbed, one calculates

Ž .the radiation depth to be �s1r� C I .i
The stock solution of 0.6 M KI and 0.1 M KIO , along with3

a series of additional solutions with KI and KIO in the same3
ratio but diluted by a factor of up to 100, were fed to the
reactor. The product triiodide concentration was measured
at both Tas0 and 100 for each inlet solution, and these re-
sults are plotted in Figure 9. The normalized fractional change
in the product Iy concentration is plotted in Figure 10 as a3
function of the ratio of radiation depth-to-velocity boundary
thickness.

As clearly demonstrated in Figure 10, the reaction yield is
inhibited if the reaction layer lies within the velocity bound-
ary layer or �r
 �1. Under these circumstances the large
concentration of Iy within the boundary is reduced by the3

y - Žsolvated electron e back to I via the reaction Daintonaq
.and Logan, 1965

eyqIy™IyqIy 21Ž .aq 3 2

and the product yield of Iy is diffusion limited.3
In contrast, if the reaction-layer thickness is greater than

the velocity boundary layer or �r
 �1, the product Iy is3
formed throughout the gap and the advantages of the circu-
lating vortices are substantially reduced. It should be noted
that the left data point in Figure 10 corresponds to a reaction
layer that is 15% of the velocity boundary thickness, where
the latter is 10% of the gapwidth. In contrast, the right data
point in Figure 10 represents a radiation depth that is 150%
of the gapwidth d.

At the optimum operating conditions �r
s1 one obtains
a maximum 150% increase in the product concentration. Un-
der the latter constraint, if

�r
sTa1r2r d� C I 22w xŽ . Ž .i

Ž y1.setting �r
s1, one obtains an optimum frequency f Hzop
of rotation equal to

1r2 2 2f s �r2� drR � C I 23Ž .Ž . Ž . Ž .op i
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Figure 9. Absorbance of outlet triiodide concentration at
both Ta=0 and 100 vs. inlet iodide concentra-
tion; flow rate is 16 mL/////min.

Pre©ious experiments
Ž .Sczechowski et al. 1995 studied a heterogeneous photo-

catalysis process within a Taylor column. In these experi-
ments, a semiconductor photocatalyst powder, titanium diox-
ide, was illuminated with long-wave UV light to produce a
strong oxidizing species such as hydroxyl radicals. The de-

Ž .composition of total organic carbon TOC by such species
was measured as a function of operating conditions for a Tay-
lor column, mainly T O powder loading and rotation rate.i 2

The experimental determination of 90% attenuation in 2
mm of a 1-grL slurry of T O provided a radiation penetra-i 2

Ž .tion depth ��1rC T O for a series of four T O loadingsi 2 i 2
from 0.5 grL to 10 grL. Each T O loading was subjected toi 2
a Ta range from 124�Ta�7,445. The raw data in terms of
the rate of TOC removal for a fixed set of operating condi-
tions was determined by sampling at four ports along the axis
of the reactor designed with a gapwidth ds1 cm.

Calculating 
 , the velocity boundary-layer thickness, from
Eq. 11 by introducing their recorded rotator rpm and com-
bining these results with the calculated radiation penetration
depth, one obtains the plot of Figure 11. Estimates of the
values of �r
 for maximum TOC removal are plotted in Fig-

Figure 10. Percent change in outlet triiodide concentra-
tion vs. ratio of radiation penetration
depth-to-velocity boundary-layer thickness.
Ž .Data taken from Figure 9 .

Figure 11. Removal rate of total organic carbon vs.
ratio o f rad iation depth -to -ve loc ity
boundary-layer thickness.
w Ž .xData replotted from Sczechowski et al. 1995 .

Figure 12. Ratio of radiation penetration depth-to-
velocity boundary-layer thickness at maxi-
mum TOC removal vs. Taylor number.
Ž .Data taken from Figure 11 .
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ure 12. Clearly, there is much scatter to these plots, but the
data confirm the suggested similarity law of Eq. 17.

Conclusions
Taylor�Couette flow provides excellent liquid-surface re-

newal for the application of electromagnetic waves to chemi-
cal processing. The photoefficiency of such processes is af-
fected by the depth of radiation penetration into the fluid
relative to the velocity boundary-layer thickness. The sec-
ondary flow caused by the presence of laminar vortices de-
creases the boundary-layer thickness so that the dosage of
radiation is substantially increased for fluids with large radia-
tion absorptivities. The maximum photoefficiencies occur
when the radiation penetration depth is equal to the bound-
ary-layer thickness.
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Notation
Asabsorbance

A ssingle UV lamp area, cm2
l

Cstriiodide concentration, molrL
C sinlet iodide concentration, molrLi

C smaximum triiodide from all photons, molrLm
C storque coefficientM
Cosoutlet triiodide concentration Tas0, molrL
C soutlet triiodide concentration Ta�0, molrL�

dsgap width, cm
D�smolecular diffusivity, cm2rs
f soptimum rotation rate, Hzy1
op
hsrotor length, cm
Isradiation intensity, Wrcm2

I sinitial radiation intensity, Wrcm2
o

J sj-factor, mass transferD
k smass-transfer coefficient, cmrsc
nsnumber of lamps
qsvolume flow rate, mLrmin
rsrate constant, molrL � s

Rsradius of rotating cylinder, cm
Resaxial Reynolds number in gap
ScsSchmidt number
ShsSherwood number
TasTaylor number

Ta scritical Taylor number for laminar vorticesc
TOCstotal organic carbon, ppm

usmean axial fluid velocity, cmrs
Vsirradiated reactor holdup volume, mL
xsaxial position in reactor, cm

Greek letters

 sconversion factor, 4.72�105 Jreinstein
�snondimensional factor
�sextinction coefficient, My1 �cmy1


svelocity boundary thickness, cm


 sconcentration boundary-layer thickness, cmc
�sradiation penetration depth, cm
�sangular velocity of cylinder, radrs
�squantum efficiency, 0.75 mol triiodidereinstein
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