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Photoassisted Heterogeneous Catalysis

with Optical Fibers:

l. Isolated Single Fiber

RICHARD E. MARINANGELI
and

DAVID F. OLLIS

Department of Chemical Engineering
Princeton University
Princeton, New Jersey 08540

Recently reported varieties of photoassisted heterogeneous catalysts are
summarized. A cylindrical, light carrying, optical fiber coated with a catalyst
layer is evaluated as a novel configuration for all such light assisted catalysis.
Equations are obtained which describe the light intensity in the fiber and its
surrounding catalyst layer. A dimensionless group of the form ® =
(4aB.dL)/(dy) [d = d, for d. < A, d = O()) for d, > \] determines the rela-
tive influence of light loss by all absorption and scattering to light trans-
ported in the fiber length. An effectiveness factor ; for heterogeneous photo-
assisted catalysis is determined for reactions' which are first order in intensity
and without mass transport limitations. Asymptotic forms of »; are o; = 1.0

(@ << 1.0) and 9y = @~ 1 (@ >> 1.0).

SCOPE

Heterogeneously catalyzed photoassisted reactions oc-
cur at ambient temperature and low pressures. If the cor-
responding present or future photoassisted heterogeneous
catalysts are to be useful, scale-up configurations which
contain both high surface areas per volume and convenient
light-distribution to the catalyst phase must be developed.
One such general configuration, conceptually applicable to
all such reported catalysts, is an optical fiber which is
coated with a layer of the photo-utilizing catalyst. The
present paper evaluates the change in light intensity as a
light beam, entering the fiber end, is repeatedly internally
reflected down the fiber length, contacting the catalyst

coating at each reflection. The principles of fiber optics and
Internal Reflection Spectroscopy determine which factors
influence the transport of light in the presence of scattering
and absorption. A review of the extant photoassisted cata-
lysts indicates that the analysis should include thin (d. <<
A), thick (d. >> )), and intermediate catalyst films. In all
cages, an effectiveness factor for light transport is defined
and evaluated, its asymptotic forms being the same as are
well known for mass diffusion, even though the appropriate
equations are first rather than second order. Assembly of
such fibers into a macroscopic bundle is considered in a
subsequent paper (Marinangeli and Ollis, 1977).

CONCLUSIONS AND SIGNIFICANCE

For thin, thick, or intermediate thickness concentric cata-
lyst coatings, an equation of the form dy/d¢ + @) = 0 de-
termines the axial profile of light intensity  with axial
distance ¢ in the optical fiber. Thus, the appropriately de-
fined effectiveness factor for light transport depends on the

Correspondence concerning this paper should be addressed to David
F. Ollis.
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single dimensionless group @ which is a function of fiber
length, fiber diameter, catalyst film thickness, catalyst ab-
sorption, and illumination wavelength. The single fiber ef-
fectiveness factor offers a means for correlating experimen-
tal data obtained from single, optical, fiber-catalyst sys-
tems. Effectiveness factors for macroscopic (multifiber)
configurations including simultaneous influences of light,
heat, and mass transfer are reported in a subsequent paper.
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A photoassisted heterogeneously catalyzed reaction is
a reaction for which a photon excitable catalyst site is in
or on a phase distinct from that which supplies the reac-
tant(s). The photoexcitation step typically involves en-
ergies on the order of a few electron volts (for example,
400 nm = 8.1 eV), corresponding to promotions such as
semiconductor band gap excitation or metal complex
electronic transitions. At least one possible deexcita-
tion route drives the catalyzed reaction step, hence the
terminology photoassisted catalysis.

Noncatalyzed photochemistry is typified by energetic
reaction intermediates (for example, free radicals) and
by coupling of the momentum, mass, thermal energy, and
radiant energy conservation equations, which make reac-
tor design difficult (Cassano et al., 1967; Harano and
Matsura, 1972). In contrast, catalyzed photochemical
reactions appear to have relatively simple kinetics and
high selectivity, suggesting intermediates of lesser reac-
tivity. The rate typically is determined by the product
of the quantum yield, the radiant intensity, and a func-
tion depending upon mass concentrations. The observed
quantum yield may depend on the absorption coefficient
of the catalyst. Since the catalyst concentration is con-
stant, however, the absorption coefficient is constant for
a given wavelength. Design of homogeneous photochem-
ical reactors has received considerable attention, whereas
analyses of catalyzed photochemical reactors have not
yet been presented, except for certain photosynthetic
reactors which are not similar to the coated light fiber
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Fig. 1. (a). Structure: surfactant analog of tris (2,2' bipyridine)
ruthenium (11)2+ prepared by replacement of a 2,2'-dioctadecy! ester.
(b). Structure: chlorophyll (X-CH3 [chlorophyll al]), (X-CHO
[chlorophyll b]).
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concept. In particular, the dimensionless groups which
control the properties of noncatalyzed photochemical re-
actors have been elucidated (Dolan et al., 1969), and
light intensity profiles for various reactors have been
determined (Jacob and Dranoff, 1969; Matsuura and
Smith, 1970; Jacob and Dranoff, 1970; Zolner and Wil-
liams, 1971; lIrazoqui et al, 1973; Cerda et al, 1973;
Roger and Villermaux, 1975). In view of the recent ad-
vances in photoassisted heterogeneous catalysts, suit-
able catalyst and reactor configurations for these newer
catalysts are now logically considered. Heterogeneous
photocatalysis in a slurry reactor has been examined by
Hacker and Butt (1975); Laidler and Markham (1953),
and others. The present paper considers a novel con-
figuration which allows higher illuminated surface area
per reactor volume than a shurry.

To establish reasonable catalyst dimensions for sub-
sequent analysis, the various catalysts must be considered.
The photoassisted electrolysis of water to hydrogen and
oxygen has been reported by several groups (Fujishima
and Honda, 1972; Wrighton et al., 1975; Hardee and
Bard, 1975; Wrighton et al., 19764, b, c; Ellis et al, 1976).
Water may be electrolyzed in a cell if a potential of
more than 1.26 V is applied. In principle, some or all
of the potential required for electrolysis could be pro-
vided by photons if an illuminated semiconductor with
a band gap of greater than 1.26 eV is used as one of
the electrodes. While many such semiconductors are
unstable during prolonged photoassisted electrolysis, titan-
ium dioxide is stable and active provided an independent
emf is applied simultaneously. Hence, a current is applied
and electrical energy is consumed for each hydrogen
molecule generated. Recent work has sought stable,
active, photoassisted semiconductor electrodes which pho-
tolyze water without an applied emf. Crystals of SrTiO;
(Wrighton et al,, 1976b) and the perovskites KTaO;
and Ktag7:Nby230; (Ellis et al, 1978) satisfy the last
restriction; the resulting current can be driven entirely
by incident photons.

The heterogeneously catalyzed photooxidation of one
to seven carbon alkanes has also been demonstrated con-
vincingly. Excellent selectivity for the partial oxidation
of alkanes to ketones and aldehydes can be obtained with
illuminated titanium dioxide (Formenti et al., 1971, 1973,
1974; Djeghri et al., 1974). These reactions are highly
exothermic, for example, for iC, to acetone, AH; = —962
kJ/mole, but the activity of the catalyst decreases sharply
at 110°C and drops to zero at 150°C (Formenti et al,,
1971, 1974).

Reactions such as deuterium exchange and carbon
monoxide oxidation (Murphy et al, 1976) have also
been studied over illuminated semiconductors. In these
experiments, the dependence of the catalytic activity
on wavelength can elucidate the energy of electronic
transitions involved in the catalysis. The principles of
photoassisted catalysis, deduced from such experiments,
have been reviewed (Wolkenstein, 1973; Freund and
Gomes, 1969).

The heterogeneously catalyzed photoassisted cleavage
of water by a surfactant complex of tris (2,2-bipyridine)
ruthenium (II)2+ has been reported recently (Sprint-
schnik et al., 1976). The excited states of the original
soluble ruthenium complex generally are not able to
reduce water to hydrogen, since excited state decay of
the soluble complexes is rapid. A stearate esterification
of the soluble complex yields a surface active mixture
which, in monolayer assemblies supported on glass, was
reportedly capable of photoassisted cleavage of water
to hydrogen and oxygen. The ruthenium complex appears

AIChE Journal (Vol. 23, No. 4)



structurally and energetically related to the natural photo-
assisted surface active catalysts, chlorophylls a and b,
as seen from Figure 1. In each catalyst structure, a cen-
tral metal ion is coordinated to the nitrogen atoms asso-
ciated with heteroaromatic structures. These delocalized
electron systems appear to be responsible for the initial
capture of photons, that is, for the absorption spectrum
of the catalyst.

A still more recent report from the same group (Sprint-
schnik et al., 1977) found that the purified form of the
major ruthenium surfactant of the first study was inactive,
these complexes clearly need further study.

The natural surfactants, chlorophylls a and b, have
been immobilized on platinum electrodes; the co-immobi-
lization, a redox compound (naphthoquinone or anthra-
hydraquinone) with the chlorophylls allowed operation
of a photoelectrolysis cell (Takahashi and Kikuchi, 1976).

Photoassisted catalysts may become practically useful
if a relatively cheap source of light with appropriate wave-
length is available, the obvious source being the sun.
Unfortunately, titanium dioxide has a band gap of about
3.0 eV; thus, alkane partial oxidation activity drops off
sharply between 350 and 420 nm wavelengths (For-
menti et al., 1971). As only a few percent of the solar
spectrum lies below 350 nm, stable photoactive catalysts
must be developed with smaller band gaps if utilization
of a larger fraction of solar illumination is to be achieved.
Practically, a semiconductor with a 1.4 eV band gap could
be active for the photoassisted electrolysis or cleavage of
water. Such a catalyst would use most of the solar spec-
trum. A catalyst with a band gap of 2.0 eV and a quan-
tum yield of 0.5 could use more than 10% of the incident
solar energy for the conversion of water into hydrogen
and oxygen (Paleocrasses, 1974). Similar comments apply
to surfactant metal complexes which are photo-catalysts.
If such catalysts have absorption maxima in the visible,
and if the catalytic action spectrum is the same as the ab-
sorption spectrum, as is true for chlorophyll, the surfactant
catalyst could clearly utilize a larger fraction of the solar

_spectrum than the metal oxide semiconductors. (The direct
solar spectrum peaks near 480 nm, dropping to zero at
about 300 nm.)

Solar energy can be concentrated tenfold by stationary
collectors (Rabl et al., 1974); higher concentrations re-
quire more expensive tracking systems. The use of artifi-
cial light sources could be justified, however, for the
production of more valuable products than hydrogen or
acetone. Both photoassisted catalysts and solar and artifi-
cial illumination are clearly available. The problem of
development of suitable scale-up configurations remains.

THE CONCEPT: CATALYST COATED
OPTICAL FIBERS

Scale-up of light consuming, heterogeneously catalyzed
reactions must anticipate several problems concerning
heat and mass transfer. Since the titanium dioxide oxida-
tion catalyst is limited to 110° to 150°C, a similar tem-
perature limit is likely to be present for the various
semiconductor electrodes. Considerable concentration of
illumination may overheat the surface, especially when
an exothermic partial oxidation occurs, so the appropriate
design must allow suitable temperature control. A mono-
layer of the ruthenium surfactant catalyst absorbs only
about 19 of a light beam at normal incidence; a useful
scale-up design must allow repeated contacting of catalyst
with the unconsumed transmitted rays.

A configuration satisfying both requirements is an
optical fiber coated with the appropriate photoassisted
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Fig. 3. Standing wave amplitude at a totally reflecting interface.

catalyst. The optical fiber might be considered to be
a pore carrying the reactant, light, to the catalyst
(Figure 2). The ratio of the cylindrical fiber surface to
the circular fiber end surface (light entrance area) is
4L/d,. Since fiber lengths greater than 1 km and fiber
diameters as small as 10 um are produced commercially,
evidently a very large catalyst area can be illuminated
by light piped down the fiber from one end.

The piping effect, which establishes the utility of
optical fibers as light wave guides in the communications
industry, is based on the principle of internal reflection
(Figure 3). When light in medium 1 strikes an interface
between medium 1 and medium 2 at an angle 9 to the
surface normal, total internal reflection occurs if n, > ng
and sind > na/n;.* Although the light wave is reflected,
the incoming and outgoing waves superimpose to form
a standing wave in medium 1 which decays exponentially
into the external medium 2 (Born and Wolf, 1965). The
penetration of this evanescent wave is of the order of
the wavelength of the light. Reflection is perfect if
medium 2 is non-absorbing; a loss of reflected intensity
occurs otherwise. This loss by an absorbing second me-
dium is the basis for Internal Reflection Spectroscopy
(IRS) (Harrick, 1967; Haller et al., 1976). Additional light
losses can occur if the interface is rough (scattering)
mindex of refraction of semiconductors is greater than
the index of refraction of glass in the nonabsorbing (long wavelength)
region of the spectrum. In the absorbing (short wavelength) region, how-
ever, which is important for this application, the index of refraction for
semiconductors such as titenium dioxide is less thon that of glass (n1 >
n2). Nevertheless, at the absorption edge (hv = band gap energy), the
index of refraction is very much greater than that of glass (infinite if
the edge is sharp). Thus, a portion of the useful light may be internally

reflected in the semiconductor layer (nz > ni and ns > n3) (Cardona
and Harbeke, 1965).
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or if absorption and scattering within the fiber occur
due to impurities or bulk inhomogeneities (French, 1975).

These additional surface and bulk losses are very small
for typical optical fibers. If an absorbing powgler is at
the reflecting surface, however, additional scattering losses
may occur (Harrick, 1967). IRS, typically using a pol-
ished slab with parallel reflecting surfaces, has demon-
strated that internal reflection can be used to contact
repeatedly a large swface area of an absorbing phase,
including either surfactant monolayers or powders (Har-
rick, 1967). Thus, the concept of the optical fiber coated
with a heterogeneous absorber for photoassisted hetero-
geneous catalysis is based on experimental results which
are reasonably described with internal reflection theories.

The apparent local heat of reaction AH,,, consists of a
term due to light absorbtion and a term due to chemical
reaction (Marinangeli and Ollis, 1977). In gas-solid
systems, such as the catalytic partial oxidation above,
Prater numbers [= (—AHapp)D.Ao/k.T,] greater than
unity may arise. Since the titanium dioxide activity drops
for temperatures above 110°C, a large bulk gas/solid
interface such as obtained by catalyst powder distribu-
tion over an optical fiber surface may aid catalyst tem-
perature control and thus catalyst specific activity.

It is possible to saturate some photoassisted catalysts
with relatively low light intensities. Saturation was ob-
served for the Dy-H, reaction on magnesium oxide for
intensities greater than 2 X 10-5 w/cm? (Harkins et al.,
1969) and for titanium dioxide at high intensities { Wrigh-
ton et al, 1976¢). Saturation occurs when the rate of
photuexcitation to higher energy states in the catalyst is
much greater than the sum of all rates of deactivation,
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including reaction (Figure 4). If catalyst saturation occurs,
optical tibers could be used for distribution of concen-
trated light to larger catalyst surface areas.

Another potential advantage of distributing light within
optical fibers is that the light does not pass through most
of the reactant and product phases in the reactor. This
may be advantageous when the product is generated as
bubbles, as has been observed in the semiconductor elec-
trolysis of water at moderate intensities (Ellis et al,
1976; Wrighton et al., 19764, b). Since light is scattered
and reflected at gas-liquid interfaces (such as bubbles),
some of the incident radiation will be lost if it approaches
the catalyst through the bulk liquid phase.

EXPERIMENTAL TECHNIQUES FOR
FIBER-CATALYST ASSEMBLY

Technology for coating optical fibers with a porous,
high-surface area, semiconducting layer already exists.
In the soot deposition process for the production of high
silica fibers (French, 1975; Keck and Schultz, 1973;
Ikeda et al,, 1974), the hydrolysis of silicon tetrachloride
and titanium tetrachloride in a gas-oxygen flame produces
a_silica-titanium dioxide soot which is deposited on a
silica rod, Similarly, the titanium dioxide catalyst particles
for the catalytic partial oxidation of alkanes were pre-
pared by the hydrolysis of anhydrous titanium tetra-
chloride in a hydrogen-oxygen diffusion flame. The par-
ticle diameter could be controlled between 6 and 150 nm
by variation of the flame temperature and titanium tetra-
chloride flow rate (Caillet et al., 1959; Long and Teich-
ner, 1965; Juillet et al, 1973; Formenti et al, 1972),
Thus, deposition of titanium dioxide particles on optical
fibers is clearly feasible. Van der Waals forces for par-
ticles of diameter less than 100 nm are sufficient to give
permanent adherence (Davies, 1973); slight sintering
to make the titanium dioxide layer continuous assures
a permanent coating. For oxides of metals which do not
have volatile halides, vaporization of the pure metal
from a heated filament or an electron beam evaporation
source followed by oxidation could be used (Bunshah
and Raghuram, 1972).

A catalytic surfactant complex will obviously re-
quire a large surface area for production of substantial
quantities of reaction products. The technology for
coating fibers with surfactant monolayers dates from the
Langmuir-Blodgett technique (Blodgett, 1935). Currently,
monolayers of stearic acid, an 18 carbon surfactant, may
be coated onto optical fibers which are formed into fiber
bundles (Allan, 1973). Chlorophyll and the ruthenium com-
plex are surface active owing to similar carbon chain
is (Figure 1). In addition, IRS has been used to
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Fig. 5. Close-up of optical fiber showing pertinent variables and
dimensions,
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study absorbed monolayer and submonolayer quantities
of stearic acid (Sharpe, 1961; Haller and Rice, 1970;
Yang et al, 1974) and several fatty acids (Loeb, 1965),
thus confirming the absorption of the piped light wave
by adsorbed surfactant. Therefore, principles for making
optical fibers coated with the surfactant catalytic com-
plexes or more complicated multilayer assemblies are al-
ready evident, and the possibility of supplying light to an
absorbing surfactant monolayer has been demonstrated.

Light transport analysis should reveal the important
dimensionless group(s) and predict the axial (fiber) and
radial (catalyst) light profiles. Three distinct cases arise
corresponding to catalyst thicknesses d. much less than,
much greater than, or of the order of the light wavelength
A A monolayer of surfactant gives d. ~ 2.5 nm; thus,
d. << ) ~ 400 nm, With oxide semiconductors, develop-
ment of the full space-charge region needed to retard
electron-hole recombination (Hardee and Bard, 1975)
might lead to d, >> \. Finally, semiconductors not need-
ing a full space-charge region, or surfactant monolayers
cast into multilayer assemblies, may lead to d. ~ X.

The physical geometry of the optical fiber suggests
that the fiber may be considered to be analogous to a
catalyst pore with reaction at the surface of the pore.
The problem is then to analyze how the reactant, light,
is transported through the pore and consumed in a cyl-
indrical shell of active catalyst sites.

LIGHT TRANSFER AND CATALYST ABSORPTION:
ISOLATED SINGLE FIBER

The photoassisted catalyzed rate will depend on the
concentrations of reactants and on the light intensity in
the catalyst film. In the following analysis, only an isolated,
isothermal, single fiber will be considered. Subsequent
papers consider various multiple fiber and nonisothermal
situations, as well as electron (hole) transport.

The correct description of light transport arises from
consideration of Maxwell’s equations. Electromagnetic ra-
diation of a large number of photons may be described
by a transverse plane wave with associated electric and

magnetic fields. The electric field vector E and the mag-

>
netic field vector H are orthogonal to each other and
to the direction of the propagation; their amplitudes have

a constant ratio |E./H,] = \/u/e. The intensity of an
electromagnetic wave is given by the amplitude of the
- - - - -
Poynting vector |S,| = L(E, X H),| = |Eo||Ve/n E,|. The
time average value of the Poynting vector equals the flow
of electromagnetic energy. Since u equals 1 for optical
fibers and typical semiconductors, and the dielectric
constant equals the square of the refractive index in
medium i, n;, then

>
I=niE,?

To evaluate the intensity in the fiber and in the cata-
lyst, a relationship between the electric field inside and
outside the fiber is needed. Since the catalyst-fiber inter-
face is exactly analogous to the sample (internal reflection
element) interface for IRS, the approach of Harrick (Har-
rick, 1967) and others yielding this relationship applies.
The analyses of thick, thin, and intermediate catalyst
layers are developed from these principles in the follow-
ing section,

Thin Films (A >> d.)

Consider an optical fiber of diameter dy coated with a
thin catalyst film of thickness d.. Conservation of energy
requires that over a cross section Az long (Figure 5)
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Flux|.+ s, — Flux|, 4 Losses = 0 (1)
The flux of light across the fiber cross section is

1«*1ux=1.,--;'—d;2 _ (2)

As a first approximation only, the loss due to the ab-
sorption of photons by the catalyst film will be considered.
Losses due to impurity absorption in the fiber or wave
scattering by defects at the film-fiber interface are in-
cluded later.

In IRS or with a laser source, a single collimated light
beam is used, whereas in applications using collected solar
illumination or most artificial sources, light waves may
arrive at the fiber-catalyst interface at angles varying from
the critical angle for total reflection to 90 deg. A total
absorption loss for the latter case can be determined by
solving the single beam case and integrating over the
appropriate angular distribution. Harrick’s single-beam
analysis involves an approximation that the absorption
per reflection is small enough that the radial light intensity
profile in the absence of absorption may be used in the
local expression to calculate the absorption loss. He has
determined that this approach is valid when the absorp-
tion per reflection is less than 10%. The absorption by
a monolayer of the ruthenium complex on glass was
0.1to 1.% (Sprintschnik et al., 1976).

The Lambert-Beer law may be used to determine the
absorption loss in the monolayer:

dIc = - acchy

For a small absorption and a thin catalytic film, it may
be assumed that I, is constant through the film at a par-
ticular value of 2. Then

do
a=—AIc=J; achy

a=aJld, (3)

The intensity of the beam in the catalyst film must be
related to the axial intensity in the fiber, For a single
interior beam striking the interface at an angle 6 to the
normal

-
Io = nllEoflz
The axial component of the intensity is

Ia = Io Sino
-
=n; SiDOIEo;lz (4)
In the catalyst film
-
I.= nZlEocI2 (5)

-
Harrick has calculated the value of |E[? for a unit

incident E,;. The result depends on the polarization of the
light as well as the indexes of refraction. Only isotropic
absorption is considered below. (If the absorption is
anisotropic, the losses for both parallel and perpendicular
polarization can be developed leading to separate equa-
tions of identical form.)

For isotropic absorption

- - ->
[Eud? = [Beeft + [E, P
4 cos28

(1 — n%y)
4 cos20[ (1 + nt3,)sin20 — n?g]

[Eocf? =

ol (g)
(1 — n%) [ (1 + n?;)sin?0 — n?y;]
Combining Equations (4) (5) and (6), we get
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I, 4ny; cos2d
L. sing(L — n%)
4, N2 — n2
[1+ (1 + n#s)sin%d nhal ]Eﬁc )
(1 + n231)sin20 —_ nzgl
where 8. = f(ny, na, n3, 6). The result of these defini-
tions is

a= acﬂcladc

The differential loss is the amount absorbed per fiber
surface area @ multiplied by (#d;az):

Loss = acBclod dsmaz
Substitution into Equation (1) yields as Az — 0
wdf dl,

cdcd IG = 0 8
4 dz + acBetotym (8)
Defining
4o 8.d.L
¢=2/L, =1/, and ¢ =——
]

we get the dimensionless form of (8):

s

+ o =0 ®
T !

The group ¢ is the ratio of the maximum absorption rate
per reflection ocB.d.l, to the available absorption rate
per reflection 1,/ (L/dy). The ratio, which may be called
the Harrick number, is similar to the Thiele modulus
which relates the maximum rate of reactant consumption
to the available rate of reactant supply. With

‘f’a(o) =1

the solution for (9) is

Yo = exp(—¢¢) (10)
Photoassisted heterogeneously catalyzed reactions are
typically first order in incident intensity, provided that
deexcitation is fast relative to absorption (saturation does
not occur). For such a first-order dependency, an effec-
tiveness factor is defined as the ratio of the average
value of the intensity in the catalyst film to the intensity
in the film without light transport limitations:

T T
" T B

In dimensionless terms
N =Y/ Be = Y

For a fiber of length L

o= J vale)e

1
")=-;-[1—8XP(—¢)] (11)
For¢ <<1
exp(—¢) ~1—¢
Thus, for (¢ << 1)
1
~—J1—(1-— ~1
= [1-(1-4)]

For (¢ >> 1), exp{(—¢) = 0, so

~1
=%

An effectiveness factor can be obtained for reactions
which are ntt order in intensity (¢ is replaced by ng).
The first law of photochemistry (Calvert and Pitts, 1966)
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states that the fundamental step in a photochemical reac-
tion requires one photon. Since it is conceivable that a
series of steps invoiving successive promotions of excited
species could occur, the ntt order effectiveness factor is

given by

1

1= l-ep(-m)l (1>1)  (12)
The same limiting form arises as saturation is approached
{(n < 1). In the limit as n — 0 (saturation), v — 1
again. For monochromatic illumination with an angular
distribution of intensity, the initial intensity at 2 = 0
will be I,R(#), where R(4) is a normalized distribution
function

J; R(6)do=1
Then, the initial condition is
¥a(0) = R(6)

Since 8. = B:(6) and ¢ depends on 8., then

¥a(0, £) = R(0) exp [£4(8)]
The total intensity profile is then given by

/2
4el®) = J, R(6) exp [—e4(0)1d0

since the range of possible angles of incidence is . to
7/2 [where the critical angie is defined by 6. =
sin~1(ny/ny) ],

For polychromatic radiation, the possible wavelength
dependence of the absorption coefficient may be included.
In this general case, ¢ = ¢(#4, A). If the initial normalized
distribution of intensity vs. wavelength and angle is
R(), 8), then

Ya(, ), €) = R(6, ) exp[—£4(6,))] (18)
The total intensity profile is given by

7/2 (*Amax
Ya(€) =‘£, J;m R(0, \)exp[—£4(6, \) 1drds
(14)

The effectiveness factor is

T/2 (Nmax 1
ﬂ=L.&JW”ﬁaW“

— exp[—né(6,)2)1}drdg  (15)

Thin Films (d. >> 1)

In a thick film, the radial decline of intensity in the
catalyst film must be included. Harrick’s approach (Har-
rick, 1967) may again be used. In the alkane oxidation
studies (Formenti et al., 1971), a thickness of 10 to 15
pm of titanium dioxide powder reduced direct incident
illumination to a negligible level. With internal reflec-
tion, the predominant catalyst illumination arises from
the evanescent (not scattered) wave which penetrates
to only the order of 0.4 um. Thus, the absorption is ex-
pected to be less than 109 in this region.

The loss in the film is

a= —f dIc=facchy

I. = nZIEclz

The electric field of the evanescent wave decreases expo-
nentially in the absence of absorption (Born and Wolf,
1965):

AIChE Journal (Vol. 23, No. 4)



-3

E, =Eqe /'t (16)

M
(1[1 2W(Sm20 - 11221)1/2 <17)
Since Harrick’s approximation of small absorption per
reflection is being used, the decrease in the electric field
due to absorption locally by the catalyst can be neg-
lected, but the radial decay term in (16) remains,

The decrease in intensity due to the increasing cylin-
drical area through the annular catalyst film is negligible
if d, << dy. As d, is of the order of A (say 400 nm),
this approximation is good for commercially available
optical fibers (diameters 10 to 1000 pm). (If the wave-
length is of the order of the fiber diameter, the transport
of light is similar to transport in hollow conductors; only
certain modes are permitted. )

Placing (16) into the expression for the absorption,
we get

© ->
a=) achg|Eoc|?e =2/ drdy

-
_ acn2|Eoclzdp
2
_ aolocdp
2
As in the thin film case, I, the intensity in the film

at the interface, must be related to the axial flux by the
relationship

Ioc = ﬁc,Ia
The interface relationships are (4) and (5):

I, = n; sinf I_IEIO,]Z

-
I.= n2IEoc|2

For a unit electric field incident at angle 6, Harrick has

calculated I-I:J,,clz in the presence of a thick film for a

unit incident Ey:
- -
|Eoc? = |E | |* + [E-]?

4 cos20 [
(1 —n?y)

| E;P _ 2 5in20 — ny ]

(1 + n2y)sin20 — n2y

(18)
A. combination of Equations (4), (5), and (18) gives
4 cos26 ngy [ 2 s5in20 — n2y ]

sin0(1 - 1’1221) (1 + n221)5m20 — n221
(19)

As a result, the loss over a differential interfacial area,
nd;Az, is

B =

Loss = B/ dpladmnz/2

With this expression, the equation for the loss of light in
the fiber becomes

dys
+ Y =0 (20)
dz g
with ¢, and ¢ as before, and
¢ = eyl (21)
dy
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Integration with ¢,(0) = 1 gives the dimensionless in-
tensity in the fiber:

Yo = exp(—¢'¢) (22)
The dimensionless intensity in the catalyst film is
Yo = BcYae™% (23)
_ Y
Y= —

4,

Thus, the complete expression for the dimensionless in-
tensity in the film is

be = B exp[—¢'¢ — 27] (24)

The average value of . at £ is
J:) 'Ilcd')’

de

(Since ymax = do/dy >> 1, the integration is taken from
0 to o« for convenience)

Yel€) =

B exp(—¢’¢€)
2d,

A reaction effectiveness factor is defined as for the
thin film case:

We(€) = (25)

1
I et 1mae

T T e (0) T

7= (1 exp(=n9)] (26)

A more general effectiveness factor must be derived
when mass or heat transfer limitations also intrude. This
may occur in thick catalyst layers; the problem is con-
sidered in a second paper (Marinangeli and Ollis, 1977).

As in the thin film case, the possible angular distribu-
tion of intensity and wavelength dependence may be
included:

'I’a = (0, )" f) = R(e, )‘)eXP[_f‘ﬁ’(o: X)] (27)
T/2 Amax

@) =f, S RO Nexpl—£# (601 (28)

Ye(€,v) = B'Ya(§)exp[—2y] (29)

The effectiveness factor is

Ami

f 8 f}\m.‘ 1{(6 “‘)ﬁ ! {1 exp|“’¢,(6 h) l}dad}\
% n ’ ¢ ng’ ’

T/2
0o Bc d0
(30)

Intermediate Film Thickness

This analysis is similar to the thick film case, with
two differences. When the absorption in Az is calculated,
the integration is from 0 to d,, the catalyst film thickness:

do -
a=) achy|Eqc|?e~%/%dy

In addition, the relationship between the incident intensity
in the film and the intensity in the catalyst changes:
Ioe = Bc”Ia

A value of B.” can be determined for an intermediate
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film thickness by applying the formulas of Hansen (Han-
sen, 1968). These formulas are relatively complicated
and are not reproduced here; they are suitable for digital
computation. As a result of these changes, the Harrick
number becomes

e -%%ép—g—[ 1- exp( — %?—) ] (31)

where the axial light intensity is given by
i '
——+ ¢"Ya=0 (32)
d¢

The same solutions for Y. and 7 result as for the thick
film case:

Yo = B” exp(—¢"6 — 2y)

where now 0 = 5 = d./dp, = ymax. Equation (30) gives
the general effectiveness factor.

Impurity Absorption and Scattering

In optical communications, absorption at the interface
is avoided by coating the fiber with a nonabsorbing di-
electric. The only losses are due to scattering by bulk
inhomogeneities, absorption by impurities in the fiber,
and scattering losses due to imperfections at the inter-
face. For a reflecting beam traveling through the fiber,
these internal losses may be expressed as (Allan, 1973)

—-L cosd
Iy/I, = exp oy as + By 4 )

The loss due to bulk absorption and scattering depends
exponentially on ay the fiber absorption coefficient, mul-
tiplied by the beam path length L/sinf. The loss due to
scattering at the wall is related to By, an intrinsic surface
loss per reflection, multiplied by the number of times
the beam strikes the wall in a length L, (L/ds)cotd. In

differential form
to
+ Bico ) L=0

dl, +( af
dx sinf d;

Thus, the equation including intrinsic losses and catalyst
absorption is

dy, ( asL BsL cotd ) _
d¢ AN sind + dy ba=0 (33)

A new dimensionless group may be defined:

L L
(I):(d)-}-a{ n B COta)
sind df

Clearly, this group is a function of 6, and possibly A. If
this group replaces ¢ (or ¢’ or ¢”) in Equations (9),
(20), or (32), the analyses for the light profiles in the
fiber remain the same.

An additional term must be added to include a scattered
(as well as evanescent) wave in the catalyst:

L t6
Voo = Befa + LM COO)

dy
Thus, the light intensity in the catalyst is the sum of the
evanescent wave contribution and the scattered wave con-
tribution (almost all of which does not return to the
fiber). The two contributions decay exponentially but
with different characteristic depths; that is

Pee = Bohae ™

for the evanescent wave and

(34)
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Lnsy coth
— ﬁf 2_1 . lpae — el

Yies = 4

for the scattered wave with Lambert-Beer absorption.
Defining

8 =agy (85)
T= ﬂjLnZI COtﬁ/d; (36)
we get
Pres = TPae™8

The final expressions for the dimensionless intensity of
light at any point in the catalyst is

Y = ‘Pa(ﬁce—zy + 79_6) (37)
o = €™ (38)

Of course, these expressions can be integrated over ap-
propriate angular or wavelength distributions for poly-
chromatic light incident at many different angles,

In general, the value for o is so small that it will be
negligible for this case (Allan, 1973). It is much more
difficult to judge a priori the relative magnitude of gr.
Dust particles (French, 1975) and trapped air bubbles
(Tynes et al, 1971) at fiber optic interfaces enhance
scattering losses. The effect of surface irregularities in-
creases as the fiber diameter decreases; the scattering
losses increase almost as 1/(ds)?2 (Tynes et al, 1971).
Pitted depressions smaller than several hundred ang-
stroms in diameter or depth do not exert a significant
reflection loss, though (Allan, 1973). For bulk scattering
by irregularities much smaller than the wavelengths, Ray-
leigh scattering predominates. When bulk irregularities
are much larger than the wavelength, forward Mie scat-
tering predominates (French et al, 1975; Ostermayer
and Benson, 1974). Unfortunately, the open literature
does not described the variation in B; with the size of
the interfacial disturbance. It is evident, however, that the
size of catalyst particles and of the coated fiber itself
ought to determine the scattering loss. Thus, control
of the catalyst particle size, as may be accomplished with
the soot deposition technique, offers an opportunity to
increase the intensity of light supplied to a less absorb-
ing catalyst and to supply light to catalyst particles
located outside the evanescent field.

Entrance Effects

A brief consideration of geometric optics will relate
the intensity and angular distribution of light incident
on the collecting end of an optical fiber to the initial
internal intensity and angular distribution (Allan, 1973).
A beam (in a less dense medium) incident at angle o
on the fiber end will be split into a refracted beam, which
enters the fiber, and a reflected beam as shown in Figure
6. From Snell’s law

N, sinw = ny sine’

N, sinw = n; cosd

Therefore
™m
@ = sin™? cosa) (39)
fio
fe—r— e e e —
N INTERNALLY
ol 618 REFLECTED
REFLECTE REFRACTED
BEAM BEAM
@ —
w
OPTICAL FIBER
INCIDENT
BEAM @« — — — — —

Fig. 6. Passage of a meridional light ray into an optical fiber.
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or

n

§ = cos™! (-—o sinw ) (40)
ny

Equations (39) and (40) provide the relationship be-

tween internal and external beam angles.

The relationship between the incident and transmitted
intensities for a beam impinging at an angle o are given
by the Fresnel formulas (Born and Wolt, 1965). The
Fresnel transmissivity differs for parallel and perpendicu-
lar polarization:

g
I"’J. - TLI“’_L
1(4)0’ = T"Ia)n
sin 2w sin 20’
T = (41)
L sin?(w + o)
sin 2w sin 20’
sin?(w + @) cos? (o — ')

If the polarization of the incident light is known, these
equations may be used to determine the Fresnel loss

TJ_Im_L + Tulon

Io + Io
L

When the polarization of the light is not known, the
approximation below may be adequate for small angles, o
(Born and Wolf, 1965)

T =4n/(n + 1)2
For a given external light distribution
I(w) = IS (w)
the internal distribution 1,R(8) is given by
I(6) = T*(w);R(w)

, ny
o =sin~! cosé
No

The fiber will capture a fraction of light which is in-
cident within a core defined by a critical capture angle:

. g
@, = sin~! ~ cosf,
0

Ly/l, =

=7° (43)

Light incident at angles greater than . will enter the
fiber but will not be totally reflected at the fiber wall,
that is, will not be well piped down the fiber.

Part of the incident light cannot be captured owing
to the reflection loss and the restriction that o < e, The
capture cone is centered on @ = 0; the Fresnel reflection
loss is also minimized for = 0. Fortunately, the intensity
of the incident light will often peak at » = 0. For in-
stance, diffuse light which is incident on a fiber end
which is perpendicular to the fiber axis has a distribution

Hw) = I; cose

The optical fiber will capture a fraction of this light
equal to

1/ Tgora = j; " T (0) cos () da

For typical parameters n, = 1, n; = 1.5, and n; = L3,
with diffuse light centered at = 0, the fiber will cap-
ture 63% of the incident light. For directed light in-
cident at @ = 0, the fiber captures 94% of the incident
light. Thus, a fiber can capture most diffuse light as well
as most direct light within a critical angle w.. (An addi-
tional loss arises in bundled fibers due to space between

fibers.)
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For any particular incident light distribution, such as
from a solar collector, the preceding equations can be
used to determine the fraction of light collected

Ul =, T*(@)R (0)do (44)
. ny

we = sm“l( cosb, ) (45)
2

and the internal angular intensity distributions:

1(8) = T*(w)iR(w) (46)
@ = sin~! ( e cosf ) (47)
L

Partially Reflected Rays

The preceding discussions have considered only totally
internally reflected light beams. Light which strikes the
fiber-catalyst interface at § < §. will be partially trans-
mitted; the remainder will be internally reflected down
the fiber. The proportions of transmitted and reflected
light depend on the Fresnel transmissivity [Equations
(41) and (42)]. For perpendicular polarization, the
fraction of partially reflected light remaining in the fiber
at an axial distance z from the fiber end is

IJ_/IOJ_ =(1- Tl)z/dr tand

For parallel polarization
L./1, = (1 — T,)%/dr tand

These ratios are the fractions of light reflected per en-
counter with the interface, raised to the power of the
number of reflections.

The contributions of the transmitted light to the in-
tensity in the concentric catalyst layer are

ICJ_ = I_LTJ_ exp(—acy)
I» = LT. eXP(—acy)

or
Ic_L = IOJ_T_L(]‘ - TJ_)Z/df tanfexp (—acy)  (48)
Ic" =1 Iy:T»(l - T”)z/df tﬂnoexp(.—acy) (49)

The Effect of Fiber Curvature

It is possible to flex optical fibers. This will be useful
if it is desirable to confine a long fiber (or fiber bundle)
to a limited space by coiling the fiber. Obviously, the
incident angle between a light beam and the normal to
the fiber-catalyst interface will change. The consequences
of Dbending optical fibers have been considered pre-
viously (Allen, 1973).

If a meridional ray enters a curved section of optical
fiber with a radius of curvature R at a distance from the
axis of A,(—dy/2 = A = dy/2), the relationships be-
tween the angle of incidence in the straight fiber 6, and
the angle of incidence for the external interface §; and
for the internal interface 6, are (Allen, 1973)

R+ (di/2)
infy = —————————sinf 50
sinfy R—(dy/2) s, ( )
R+ A
infy = ——————sinf, 5
sinfy R (d/2) sin (51)

From these equations, it follows that
02 = [*] = 01

Thus, a ray which is internally reflected in a straight
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fiber may escape at the outer surface of a coiled fiber
for a sufficiently small radius of curvature. When R
is smaller than (Allen, 1973)

A sind, + (d;/2)
1 — sind,

the reflected ray does not strike the internal interface at all.
The path length for a reflected beam is decreased by
bending the fiber. The ratio of path lengths between
rays in curved and straight fibers is (Allen, 1973)
2 — in (s — 6
Le/L = R2 — (df/4) sin(6: — 61) (52)
R2+ Ra 0 — 0
In addition, the number of reflections per length may
change. The number of reflections per unit length in
a straight fiber is

_ 1
" d;tand,
In a curved fiber
1
N® = (53
' (6 — 6,)dy )

df tan01 + 5

Of course, the effectiveness factor for a curved fiber
will change. The value of B, the ratio of the intensity in
the catalyst to the intensity in the fiber, is a function
of the angle of incidence. Clearly, 8 will vary with the
polar angle about the fiber axis, and an average value
can be calculated.
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NOTATION

a = absorption loss per area = —Al

A, = reactant concentration

d. = catalyst thickness

d; = fiber diameter

d, = depth of penetration of the evanescent wave

D, = eftective diffusivity of reactant A in the catalyst

E, = electric field amplitude

->

E = electric field vector

-

E; = electric field vector in the catalyst

>

E,, = parallel component of electric field vector in
the catalyst

-

E L& = perpendicular component of electric field vector
in the catalyst

-

E; = electric field vector in the fiber

>

E,. = electric field vector at the interface in the catalyst

-

Eo, = electric field vector at the interface in the fiber

-

H = magnetic field vector

-

H, = magnetic field amplitude

AH .y, = apparent enthalpy of reaction

AH; = enthalpy of formation

I = light intensity

I, = axial light intensity

I; = incident light intensity

I, = initial light intensity in the fiber
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I., = light intensity in the catalyst at the fiber-catalyst
boundary

R = radius of curvature of curved fiber

Is = light intensity of an internal beam incident at ¢

I, = light intensity of an external beam incident at

ke = eftective thermal conductivity of catalyst layer

L = fiber length

n = reaction order

n; = index of refraction in medium 1

ni; = ni/ nj

n, = ambient index of refraction

n; = fiber index of refraction

ny = catalyst index of refraction

ng = outermost phase index of refraction

R(\) = normalized wavelength distribution

R(6,\) = normalized internal angular and wavelength
distribution

S(w) = normalized external angular distribution

T, = ambient temperature

T. = Fresnel transmissivity for parallel polarization

T| = Fresnel transmissivity for perpendicular polar-
ization

T* = total transmissivity

y = radial coordinate into catalyst from the interface

z = axial coordinate

>

S = Poynting vector

Greek Letters

a = absorption coefficient
oc = absorption coefficient of catalyst
@y = absorption coefficient of fiber
Be = ratio of I;,/I, for the thin film case
.’ = ratio of I./I, for the thick film case
B:” = ratio of I,,/I, for the intermediate film thickness
case
Bs = intrinsic surface loss per reflection
y = dimensionless distance into the catalyst from the
interface (characteristic for the evanescent wave)
= y/dy
A = distance between the axis of the fiber and the
point of entry of a beam into a curved section of
fiber
b = dimensionless distance into the catalyst from the
interface (characteristic for the scattered wave)
= a
€ = dielectric constant
n = effectiveness factor
9 = angle between reflecting beam and nommal to
the interface
8. = critical angle for reflection
A = light wavelength
p = magnetic permeability
v = frequency of light
£ = dimensionless axial distance (z/L)
T = ,B;Lngl/ df
4dacB.d.L
¢ =——
dy
241(: i cL
y ool
' d
) 2a.8.”d.L [ ( —2d, )]
=] 1—e
¢ 4 P 4,
(4] = ((f) + a,L/sin& -+ ﬁfL coté’/d,)
or (¢’ + e;L/sing + B;L cotf/dy)
or (¢” + a;L/sind + BL cotd/dy)
¥ = dimensionless light intensity
Yo = axial dimensionless light intensity
e = dimensionless light intensity in the catalyst
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Yee = evanescent contribution to ¥,
WYes = scattered contribution to 4.
o = angle between the light beam incident on the

end of the fiber and the fiber axis (meridional
ray)

o’ = angle between the light beam refracted into the
fiber and the fiber axis. (meridional ray)

Superscripts

’ = thick film

” = intermediate film

- = vector

° = bent fber

Subscripts

@ = axial

¢ = catalyst

e = evanescent

f = fiber

0 = related to ambient phase or initial property
P = penetration

s = scattered

1 = fiber phase

2 = catalyst phase

3 = medium suppling reactants
1 = perpendicular polarization
” —

parallel polarization
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Vertical Distribution of Dilute Suspensions

in Turbulent Pipe Flow

Closed-form expressions are presented for predicting vertical concentra-
tion distribution of the dispersed phase in the turbulent core of pipe and
channel flow. Experimental data obtained with spherical particles, of mean

A. J. KARABELAS
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Houston, Texas 77001

diameter ds, comparable to the Kolmogorov microscale, are in good agree-
ment with model predictions. The average value of dimensionless lateral
particle diffusivity, { = ¢/Ru., determined from these data is approximately
0.25, that is, fairly close to previously reported measurements with much

coarser particles.

SCOPE

In steady horizontal pipe flow, the density difference
between a dispersed solid or liquid phase and the continu-
ous fluid phase can cause a nonuniform distribution of the
dispersion in the pipe cross section. From a theoretical
point of view, an accurate method for calculating particle
or droplet concentration distribution can be very helpful
in modeling dispersed two-phase flow systems. From a
practical standpoint, prediction of flow conditions associ-
ated with large concentration gradients is often desirable,
for example, in the design and operation of transfer lines
in process units and of long distance pipelines transporting
slurries. The particular problem motivating the present
work is the development of flow criteria for a sufficiently
uniform distribution of sediment and water in crude oil
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pipelines which are necessary for capturing a representa-
tive sample.

A simple diffusion type of model, proposed many years
ago (O’Brien, 1933; Rouse, 1937) for vertical sediment dis-
tribution in open channels and rivers is usually applied to
steady flow in closed conduits as well. This model, how-
ever, has some serious limitations, especially in the case of
relatively concentrated suspensions of a wide size spec-
trum. Hunt (1954, 1969} has presented a more complete
description of solids distribution in turbulent flow and
has applied it to open channel flow. The main objective
of this study was to use Hunt’s formulation for pipe flow
and to develop a general expression, predicting concentra-
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