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Freeze-Coating Process for Producing Sulfur-Coated Urea
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A freeze-coating process has been developed for the continuous production of sulfur-coated urea. This process
consists essentially of immersing urea granules (initially at room temperature) in molten sulfur and removing the
coated urea from the melt by centrifugal action. The entire coating operation is completed in about 1 s compared
with 10 to 15 min for conventional spray-coating processes. The coating thickness and quality of coated urea
produced in a laboratory-scale unit were found to be, inter alia, functions of residence time in the melt (0.6-0.8
s) and sulfur temperature (130-144 °C). Products containing 20 to 50 wt % sulfur were examined. Pinhole
formation In the coats is not well understood and must be reduced to achieve high product quality.

Introduction
Urea is used extensively as a high-nitrogen fertilizer, but

agronomic tests have shown that 10 to 75% of the applied
urea may be lost due to leaching and could therefore be
unavailable to crops (Allison, 1955; Lundt, 1971). To in-
crease the nitrogen uptake of plants, the urea dissolution
should be controlled. One method of achieving this is to
encapsulate the urea particles with a coat of water-resistant
material such as wax, polymer, or sulfur. Sulfur is a

particularly good coating material because, in addition to
controlling urea release (Rindt et al., 1968; Powell, 1968),
it is an essential plant nutrient, it is deficient in many soils
(Beaton, 1971; Tisdale, 1977), and it is inexpensive com-

pared with waxes and polymers. Furthermore, sulfur-
coated urea (S.C.U.) has superior handling and storage
properties relative to ordinary urea.
The coating of urea with sulfur has been studied ex-

tensively by the Tennessee Valley Authority (TVA). Re-
sults of batchwise experiments were reported in two U.S.
patents (Blouin and Rindt, 1967a,b) and a one-ton-per-
hour pilot plant was described by Shirley and Meline
(1975). At present, there are two commercial plants pro-
ducing sulfur-coated urea by the TVA process; one is op-
erated by Canadian Industries Ltd. (CIL) in Ontario,
Canada, and another by Ag Industries Manufacturing
Corp. in Alabama.
In the TVA process the urea particles are preheated

before they are fed into a rotary drum, in which they are
sprayed with molten sulfur atomized under high pressure.
As the urea pellets pass through the spray zone, they are
covered by a liquid film of sulfur which subsequently
solidifies due to heat losses to the cooler urea and the
surrounding air. Repeated passage through the spray zone

causes the addition of further sulfur layers and hence
increase in coating thickness. Since the sulfur coats have
imperfections (mainly pinholes and cracks), a wax coat is
added in a separate unit. After the product is cooled, a
conditioner is applied to prevent agglomeration of the waxy
sulfur-coated particles. The final product typically con-
tains 18 to 26% sulfur, 2 to 3% wax sealant, and 2 to 3%
conditioner. (All percentages given in this paper are ex-

pressed in terms of weight percent.) The total retention
time is about 10 to 15 min.
In order to overcome some of the mechanical complex-

ities of the TVA process, a spouted-bed process was de-
veloped at The University of British Columbia, Canada
(Meisen and Mathur, 1978a,b). In this process a batch of
urea granules was charged into a conical-cylindrical vessel
and spouted with air (60 to 80 °C). Molten sulfur was
sprayed into the bottom of the cone and coating occurred
each time a particle passed through the spray zone. Sulfur
droplets deposited on the granule gradually built up a
continuous coat. A typical product contained 25% sulfur
and required about 13 min for manufacture.
Both of the above processes have the disadvantage that

the urea must be preheated and that the coating time is
fairly long. In addition, the TVA drum coating process
is mechanically complex; it has several processing steps
and requires repeated solids handling which can cause dust
problems. Although the spouted-bed process is simpler
and adaptable to continuous operation, it has not yet been
commercialized.
The general objective of the present paper is to describe

a novel freeze-coating process which is based on the
principle that cool urea pellets, when immersed in molten
sulfur, cause sulfur to freeze on the urea surface, thereby
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forming a solid sulfur coat. The freezing occurs due to the
abstraction of latent heat of fusion from the sulfur by the
urea. The sulfur shell continues to grow as long as the urea
is capable of removing latent heat. When the bulk tem-
perature of the sulfur bath is maintained above the melting
point of sulfur (119 °C), the shell thickness reaches a
maximum and then decreases again as the shell regains
heat from the bath. Eventually, the shell disappears
completely leaving an uncoated urea pellet. To obtain a
desired thickness of sulfur, the coated pellets have to be
separated from the sulfur melt at an appropriate time. It
was observed that the time taken to deposit the maximum
amount of sulfur is usually much shorter than that for its
complete melting. It is therefore easier to separate the
coated pellets from the liquid sulfur bath during the
melting phase of the deposited coat.
It may also be noted that remelting of the coats does not

occur when the urea particles are immersed in liquid sulfur
which is kept at the melting point and in a perfect adia-
batic enclosure. In this case, the thickness of the sulfur
coat can be found by a simple heat balance.
After a simplified theory governing freeze coating and

(partial) remelting is presented, the experimental equip-
ment and its operation are described. Finally, the ex-

perimental results and their practical relevance are dis-
cussed.
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Ww = WuCp(Tm - T0)/AH (5)

For t > ff, the weight of sulfur remelted, Wm, is given by
a simple heat balance

Wm = hmA(T„ - TJ(t - tf)/AH (6)

Hence, the weight of sulfur remaining on the pellet is

Ws = Wmax - hmA(Ta - Tm)tm/AH (7)

where tm denotes the melting time, i.e.
(Wmax - WJ/AH

tm
hmA(T„ - TJ (8)

Equation 7 describes the melting of the sulfur coat and
can be used to estimate the coating weight as a function
of sulfur temperature and time, provided the heat transfer
coefficients for both the freezing and melting phases are
known. This equation can be simplified if an average heat
transfer coefficient is introduced for both the freezing and
melting phases, i.e., hf = hm = h. Since the total contact
time tc is given by

tc = tf+ tm (9)

Theory
The heat transfer problem in freeze-coating is similar

to that investigated by Ehrich et al. (1978), who studied
the immersion of sponge iron pellets into molten iron.
Their calculations predicted a short period for the growth
of the frozen shell and a much longer period for its melting.
As expected, their results also indicated that the maximum
thickness of the solidified shell and the total melting time
increased with the decreasing pellet and melt temperature.
The transient heat conduction in freeze coating can be

analyzed by the lumped-parameter method (Welty et al.,
1976). This method is based on the assumption that the
conductive resistance of a solid body is very small com-
pared with the convective resistance of the surrounding
fluid; i.e., the Biot modulus is less than 0.1. The Biot
modulus for sulfur-coated urea pellets in molten sulfur is
estimated to be 0.04, and the method of Welty et al. is
therefore applicable to freeze-coating of urea.
When a urea pellet, at temperature T0, at time zero, is

immersed into a sulfur melt at temperature T„, the mean
pellet temperature T is given by (Holman, 1976)

T-Ta i htAt )

Tw7‘“pr^ a)

The heat released by the freezing of the sulfur equals the
heat absorbed by the urea pellet, i.e.

WSAH = WUCP(T - T0) (2)

Combining eq 1 and 2 to eliminate T gives

W8 =

J

1 -

exp| -^J j

WUCP(T„ - T0)/AH (3)

Equation 3 predicts the weight of solid sulfur deposited
on the urea pellet as a function of time during the freezing
process. The equation is valid up to the time (say £f) when
the mean pellet temperature reaches the melting point of
sulfur, Tm. After time £f, remelting of the sulfur coat
occurs. The weight of the sulfur coat is a maximum (Wmaj
at T = Tm. The time tt and maximum coating weight are
given by

substitution of eq 4 and 8 into eq 9 gives

tc
pCpV
hA

In
T„-Tj (Wmax - WS)AH

T„-T0\ + hA{T„ - Tm)

As discussed later, the heat transfer coefficient h can be
determined readily from experimental measurements.
Experimental Equipment
A schematic flow diagram of the freeze-coating process

is shown in Figure 1. The equipment consists of a
steam-jacketed tank for holding molten sulfur (capacity
20 L). The sulfur was forced by a centrifugal pump, whose
head was submerged in the tank, through a specially de-
signed, steam-heated float-in-glass rotameter into the an-
nulus of a coaxial tube feeder. A continuous, uniform
sulfur flow is desired in the annulus of the feeder to ensure
that all urea pellets are completely surrounded by molten
sulfur. This was achieved by inserting spacers in the an-
nulus and by placing a reducer at the feeder-tube exit to
lower the cross-sectional area available to flow (Figure 2).
Urea was introduced from a hopper at a rate controlled

by a Syntron Vibra Flow Model FTO-C feeder. Urea
pellets contacted the molten sulfur in the coaxial tube
feeder, and the mixture then discharged into the conical
basket of the centrifugal separator. The separator was
drived by a variable-speed motor. The mixture in the
separator flowed toward the basket wall due to its own
momentum and the centrifugal action of the spinning
separator. Since the density of the coated pellets was lower
than that of the melt, the pellets rose through the melt and
floated on the surface. As the liquid sulfur drained through
the perforated basket wall and flowed back into the feed
tank, the coated pellets rode up the wall and were blown
into a collection chamber when passing in front of an air
lance. The rectangular collection chamber, fabricated with
a conical bottom, was used to cool and collect the coated
pellets. Figure 2 shows the layout of the coaxial tube
feeder and the centrifugal separator; their important di-
mensions are summarized in Table I. All lines carrying
molten sulfur were steam-heated and metal parts in con-
tact with molten sulfur were made either of 316 stainless
steel or aluminum.
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Sulphur
Rotameter

Steam Heated

Figure 1. Schematic flow diagram of the freeze-coating process for
the production of sulfur-coated urea.

Urea

Figure 2. Arrangement of the coaxial tube feeder and the centri-
fugal separator.

Experimental Procedure
The temperature of sulfur in the feed tank and the

temperatures of other pieces of equipment were brought
up to the operating temperature (120 to 146 °C) by steam
heating. It was important to ensure that the perforations

Table I. Dimensions of Centrifuge Basket and
Coaxial Tube Feeder

centrifuge basket
diameter at base, mm 76
diameter at top, mm 152
angle of wall to horizontal ,deg 37.5
height of wall, mm 25.4
wall thickness, mm 3
number of perforations 2414
diameter of perforations, mm 1

coaxial tube feeder
inner tube i.d., mm 10
inner tube i.d., mm 8
outer tube o.d., mm 19
outer tube i.d., mm 16
reducer o.d., mm 13
reducer i.d., mm 11
reducer length, mm 21

distance between inner tube and 32
reducer, mm

Table II. Typical Operating Data for Freeze-Coating
of Urea with Sulfur

urea
type granular
size, Tyler mesh -6 +10
temperature, C 23
flow rate, g/min 15

sulfur
temperature, °C 144
flow rate, kg/min 3.4

air jet
temperature, C 32
flow rate, L (STP)/min 41.4

centrifuge sulfur temperature, °C 143
centrifuge speed, rpm 100
contact time, s 0.7
total retention time, s 1.1
product temperature, °C 50
S.C.U. production rate, g/min 21.6
sulfur in S.C.U., % 30.5
7-day dissolution rate, % 86.3

in the separator basket were not blocked by solid sulfur
so that, when the sulfur pump was started, the sulfur
drained freely through the basket wall. Sulfur was circu-
lated at the desired flow rate (2 to 5 kg/min). The cen-

trifugal separator was set to a speed of about 100 rpm and
the air jet was turned on. The air flow was adjusted so
that the coated pellets disengaged from the sulfur melt
while minimizing the carry-over of liquid sulfur. It was
found that the best separation was obtained with an air
lance having a cross-sectional area of 28 mm2 and an air
flow rate ranging from 35 to 45 L (STP)/min. When
operating with sulfur at 130 °C or higher, the use of room
temperature air was adequate, even though the cold air
had a cooling effect in the separator.
The feed hopper was charged with urea pellets at room

temperature. The urea was fed at a rate of about 15 g/min.
After coating and discharge from the basket, the product
cooled as it fell to the bottom of the collection chamber.
The total measured time for the urea pellets to travel from
the feeder to the bottom of the collection chamber was
approximately 1.1 s. A set of typical coating conditions
is given in Table II.
Product Evaluation. The coating weight was deter-

mined by crushing a known amount of product (10 g) and
dissolving the urea in water; the insoluble sulfur was fil-
tered, washed, and dried to a constant weight in an oven
at 65 °C. The weight of sulfur represented the coating
weight of the S.C.U.
The urea dissolution was determined by immersing ap-

proximately 10 g of the product in water for 7 days at 37.8
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Table III. Comparison of 7-Day Dissolution Rate of S.C.U. Produced by Different Coating Processes

process product
7-day

dissolution, % ref

freeze-coating 30% S 90
ICI 30% S 72 Meisen and Mathur (1978a)
spouted-bed 30% S 48 Meisen and Mathur (1978a)
ICI 30% S, 2% wax 32 Davies (1974)
TVA 10% S, 2.1% wax, 30 TVA (1978)

2.4% conditioner

Figure 3. Effect of sulfur coating weight on 7-day urea dissolution
rate.

°C and measuring the amount of urea dissolved by re-

fractometry. This 7-day dissolution test had been de-
veloped by TVA (Shirley and Meline, 1975) and was used
to compare the quality of different products.
Results and Discussion
Freeze-coated urea containing 20 to 50% sulfur was

produced. Figure 3 shows that the dissolution rate of
freeze-coated urea decreased linearly with increasing
coating weight. The dissolution ranged from about 90%
for a product containing 30% sulfur to about 60% for 50%
sulfur. Table III shows a comparison of 7-day urea release
rate for sulfur-coated granular urea produced by different
coating processes. Though freeze-coated urea has a higher
release rate than other products, it would be quite satis-
factory if a wax coating were to be applied. It has been
brought to our attention that the coated prills produced
by CIL containing 26% sulfur have a release rate between
80 and 90% and the application of 2-3% wax can bring
the release rate down to 15 to 30% (Lynch, 1982).
The freeze-coated urea pellets were therefore examined

with the aid of a scanning electron microscope. The cross
section shown in Figure 4 indicates that the sulfur is
present as a single layer as opposed to spray coats which
are built up by repeated deposition of sulfur films. The
exterior surface of the freeze-formed coats is quite smooth
but some minute crystalline patches are present (Figure
5). Pinholes are common defects and are the principal
flaws through which urea is released when exposed to
water. Since the pinholes are quite circular, they are

probably caused by poor wetting of urea with molten sulfur
and/or by air adhering to the urea surface during the
freezing of sulfur. Figure 6 shows an air bubble which

Figure 4. Cram section of S.C.U. granule showing relatively uniform
coating of sulfur.

Figure 5. Surface of S.C.U. showing crystalline structure of sulfur
and pinholes through the sulfur.

could have formed a pinhole if it had not been completely
covered by frozen sulfur. Intercrystalline cracks were
found in some, but not many, samples (Figure 7). These
defects are probably due to the increase in density as sulfur
changes to the stable orthorhombic allotrope.
Process Variables. The primary dependent variable

in the coating process is the coating weight. Since
freeze-coating is based on the rate of heat transfer from
the melt to the urea pellets, the independent variables are
those parameters which affect this rate of heat transfer,
i.e., contact time, sulfur temperature and flow rate, urea
temperature and flow rate, air jet temperature and flow
rate, urea type, and size.
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Table IV. Experimental Data of Coating Weight and Calculated Values of Heat Transfer Coefficient, Freezing Time, and
Melting Time for Products Manufactured at = 32 °C, S = 3.51 kg/min, fc = 0.7 s

coating W% x h, W/
-.°C wt, % 10J,g mJ K Nu tf.* .8
132 36.0 3.15 99.6 45.3 0.545 0.155
134 36.0 3.15 94.9 43.1 0.538 0.162
136 34.5 2.95 91.0 41.2 0.531 0.169
138 32.6 2.71 88.5 40.0 0.526 0.174
140 30.6 2.47 84.5 38.1 0.519 0.181
142 28.6 2.24 81.8 36.7 0.512 0.188

Figure 6. An air bubble trapped under the sulfur coating.

(a) Contact Time. The contact time between urea and
sulfur consisted of two parts: a short period of about 0.2
s in the coaxial tube feeder and a longer period (about 0.4
s at 100 rpm) in the centrifugal separator. In theory, it
is possible to control the contact time by varying the ro-
tational speed of the separator. In practice, only speeds
between 60 and 120 rpm were found to be suitable. Since
the bulk density of sulfur-coated urea is less than that of
molten sulfur, it is not possible to separate these phases
easily by just centrifugal action. An air lance was therefore
used to help disengage the coated particles from the melt
and carry them over the basket wall. At rotational speeds
above 120 rpm, molten sulfur was ejected together with
particles over the wall of the separator, whereas at speeds
below 60 rpm, some particles fell back into the separator.
Thus the contact time in the separator could only be
controlled within these limits of rotational speed. Fortu-
nately, it was not necessary to vary the rotational speed
to effect changes in coating weight, since the latter could
be easily controlled by varying the sulfur temperature.
Thus the process can be designed to perform coating with
the separator running at a constant speed.
(b) Sulfur Temperature and Flow Rate. As seen

from Figures 8 and 9, the coating weight was found to
decrease linearly with sulfur temperature at approximately
0.9% per degree in the range of 130 to 144 °C. Equation
7 was used to analyze the experimental data, a set of which
is given in Table IV. Since Wm„ is constant for a given
urea size and feed temperature, plotting IV, vs. (T„ - Tm)
resulted in a straight line with a slope (hmAtm/ AH) and
an intercept (W„..) having values of 1.12 X lO4 g/°C and
0.005 g, respectively. Using this value of lVm.. and tc =

0.7 s, the heat transfer coefficient h was calculated from

Figure 7. Minute cracks on the sulfur coating.

Figure 8. Effect of air temperature and sulfur flow rate on sulfur
coating weight at different sulfur temperatures.

eq 10, and the corresponding values of tf and fm were
determined from eq 4 and 8, respectively.
The experimental Wm„ was much smaller than the

theoretical value (0.0193 g for a 2 mm diameter urea pellet)
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Figure 9. Effect of sulfur temperature on sulfur coating weight at
three different air flow rates.

obtained from eq 5. This discrepancy may be attributed
to the temperature rise of the pellets as they fell through
the coaxial tube feeder prior to contacting the liquid sulfur.
A further reason may be the decrease in sulfur temperature
in the basket due to the air lance.
Table IV shows that the calculated heat transfer coef-

ficient and Nusselt number both decreased with increase
in feed temperature. This trend does not agree with the
equation for heat transfer coefficients of spherical particles
(Welty et al., 1976)

Nu = ^ = 2 + 0.6 (Re)1/2(Pr)1/3 (11)k

For a given sulfur flow rate, the product (Re)1/2(Pr)1/3 is
fairly constant and, according to eq 11, the Nusselt number
should be constant. This discrepancy may again be due
to the lowering of the sulfur feed temperature in the
basket. It should be noted that the temperature of sulfur
in the basket was measured and found to be 3 to 4 °C lower
than the feed temperature. The primary reason for this
was the cooling effect exerted by the air lance.
As shown in Figure 8, increasing the sulfur flow rate

decreased the sulfur content of the product. The reason
for this was the greater sulfur holdup in the basket at high
sulfur flow rates which, in turn, resulted in higher basket
temperature.
(c) Air Flow Rate and Temperature. The air lance

was found to be essential for separating the coated particles
from liquid sulfur. It is obvious that higher air flow rates
result in lower separator temperatures and therefore higher
coating weights; this effect is demonstrated by Figure 9.
When operating with liquid sulfur below 130 °C, it was

necessary to preheat the air lance to about 55 °C to avoid
sulfur freezing on the wall of the basket. As expected,
higher air temperatures resulted in lower coating weight.
(d) Urea Flow Rate and Temperature. The urea flow

rate could be controlled accurately by the vibratory feeder
from a flow of one granule at a time up to 120 g/min.
However, flow rates less than 20 g/min gave the best re-

sults because agglomeration of particles in the centrifugal
separator was negligible. In most experiments, the coating
was performed at a flow rate of 15 g/min.
The feed temperature of the urea pellets also affected

the amount of sulfur freezing on the granules. Observa-
tions showed that the higher the urea temperature, the
lower the coating weight, provided all other variables were
held constant. All granular urea used in these experiments
was fed to the coating unit at ambient temperature.
(e) Urea Type and Size. Most of the coating work was

performed with commercial granulated urea particles be-
tween -6 and +10 Tyler mesh. This type of urea had a

rough surface and was somewhat irregular in shape.
Forestry grade (-4 and +7 Tyler mesh) urea was also
tested. However, because of its smaller area to volume
ratio, forestry grade urea produced a thicker coat and,
therefore, lower dissolution than the smaller, granular urea.
For example, with a 30% sulfur coat, the 7-day dissolution
of granular urea was 90% compared with 70% for forestry
grade. Prilled urea in the size range of -8 and +10 Tyler
mesh was also studied. However, to achieve complete
coating of the urea surface, it was necessary to precool the
prills in an ice bath before feeding them into the coating
unit. Under identical operating conditions, room tem-
perature prills absorbed less heat than precooled ones and
the coats melted before the prills could be separated from
the liquid sulfur. By precooling the prills to a temperature
of about 0 °C, longer freezing and melting times were
obtained. Most of the dimples in prilled urea were not
sealed by the sulfur and the product was therefore of poor
quality. It was found that small dimples were particularly
difficult to cover with sulfur; air trapped in these dimples
appeared to form pinholes in the coating.
Effect of Additives. From the electron micrographs

it is clear that pinholes in the sulfur coats are the primary
cause of the fast and undesirable dissolution of urea. One
basic approach to solving this problem is to use sulfur
additives. Silicone (Dow Corning 200, 5 cSt) was used in
concentrations from 1 to 1000 ppm in sulfur and was found
to give only slight reductions in the dissolution rate.
Naphthalene addition was also unsuccessful.
Another approach was to modify the urea surface with

different materials so that sulfur wetted and bonded more
strongly to urea. Substances such as carbon powder, sulfur
powder, solutions of dodecylamine hydrochloride, sodium
lauryl sulfate, cetyl alcohol, lauric acid, didodecyltrimethyl
ammonium chloride and thiourea were used to treat the
urea granules before coating. Only granules treated with
thiourea showed some (10-15%) improvements in quality.
Studies are currently underway to find substances which
promote the wetting of urea by sulfur.
Conclusions
A process for the continuous production of sulfur-coated

urea by freeze-coating has been developed and demon-
strated in a laboratory unit. This process is more suitable
for the coating of granular urea and forestry grade urea
than prilled urea. The total coating time of about 1 s in
this process is very short compared with spray-coating
processes. The coats consisted of a single sulfur layer. Due
to imperfections in the sulfur coats, freeze-coated urea
exhibited higher urea release than that manufactured by
spray-coating processes. However, it is hope that the
pinhole problem can be overcome by the addition of
suitable additives.
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Nomenclature
A = heat transfer area, m2
Bi = Biot modulus, hV/Ak
Cp

= heat capacity, J/g K
D = diameter of urea pellet, m
Nu = Nusselt number, hD/k
Pr = Prandtl number, Cpp/k
Re = Reynolds number, pvD/p
S = mass flow rate of sulfur, kg/min
T = temperature of pellet, °C
T0 = initial temperature of pellet, °C

= temperature of sulfur, °C
Tm = melting temperature of sulfur, °C
V = volume of urea pellet, m3
Wmai = maximum weight of sulfur shell, g
Ws = weight of sulfur shell, g
Wu = weight of urea pellet, g
h = heat transfer coefficient, W/m2 °C
h{ = heat transfer coefficient for freezing, W/m2 °C
hm = heat transfer coefficient for melting, W/m2 °C
k = thermal conductivity, W/m °C
t = time, s
tc = contact time, s
t( = freezing time, s
tm = melting time, s
v = velocity, m/s
Greek Letters
p = density, g/m3

p = viscosity, Pa s

Registry No. Sulfur, 7704-34-9; urea, 57-13-6; thiourea, 62-56-6.
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Convective Diffusion with Reaction in Developing Flow of a
Non-Newtonian Fluid*

Chlttur Venkatsubramanlan* and Raghunath Mashelkar*

Chemical Engineering Division, National Chemical Laboratory, Pune 411 008, India

The pragmatically Important problem of convective diffusion with reaction in a non-Newtonian fluid which flows
in a tube under developing flow conditions has been investigated by using a finite difference technique. The influence
of process variables such as the reaction parameter (a), Schmidt number (Sc), and the extent of shear thinning
(typified by the power law index n) has been examined. It is concluded that the maximum influence of flow
development is felt in the case of a low Sc number system. For high Sc number systems, the calculations approach
those in the case of a fully developed flow. The implications of the findings are that the influence of flow
development in non-Newtonian systems of practical relevance could be neglected and calculations based on those
for fully developed conditions.

The analysis of a laminar flow tubular reactor where a
homogeneous reaction takes place in a Newtonian fluid has
been considered by various workers. Thus Bosworth (1948)
gave conditions under which molecular diffusion effects
may be neglected. Denbigh (1951) derived an expression
for conversion in a second-order reaction system under
conditions in which the reactant and the product diffusion
may be neglected. An exact solution of the convective
diffusion equation for a first-order reaction was obtained
by Cleland and Wilhelm (1956) over an extensive range
of variables. Other related papers include those of Lau-
werier (1959), Wissler and Schechter (1961), and Hsu
(1965).
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The problem of a homogeneous reaction in a non-New-
tonian fluid flowing under laminar conditions has an im-
portant bearing in various industrial applications. The
thermal pasteurization of liquid food products is a typical
example, where the liquid behavior is non-Newtonian and
the death rate of the microorganisms is proportional to the
population density of the microorganisms implying first-
order kinetics. Similarly, the case of a tubular polymer-
ization reactor is another outstanding illustration of its
importance although the complex kinetics and enormous
changes in consistency in radial as well as axial direction
implies that simple constant property analyses are prob-
ably not directly relevant.
Homsy and Strohman (1971) considered the exact so-

lution of flow and reaction of power-law and Prandtl-
Eyring fluids in a tube under fully developed conditions
and found that the non-Newtonian behavior of the fluid
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