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ABSTRACT

¥, H, KNILEAN

"RELATIONS OF THE FACTORS IN SPRAY DRYING"

The effects on the capacity and thermal efficiency of spray
drying equipment resulting from variations in rate of inlet air, inlet
air temperature, feed temperature, nozzle location and degree of atomiz-
ation, were investigated in a down-flow, vertical spray drying chamber,
5 feet high and 4 feet in internzl diameter. . two-fluid atomizing
nozzle was used. The results obtained during the evaporation of water
elone were compared with the drying of an actual solution under similar
operating conditions. Results showed that capacity and efficiency passed
through a sharp maximum at optimum values of the operating conditions and
that the latter hed pronounced effects on the physical properties and
particle size distribution of the dried.materiel, he effects observed
can be explained in the light of the fundamental prineiples of drying

and mass transfer in turbulent gas streams,




HISTORICAL REVIEW




INTRODUCTION

The purpose of this historical review is essentially to re-
cord and interpret the results of experimental investigations into the
operation of spray dryers.

It is no easy task to present a clear, comprehensive and well-
organized discussion of the published data because of the number and
complex inter-relationships of the variables involved, especially since
these relationships have not proven amenable to any general mathematical
formulation. As a rule, each investigation has been restricted to the
study of one or two variables over a comparatively narrow range of ex-
perimental conditions, and as a result, many of the published papers
are restricted in scope and frequently conflicting. This scarcity of
fundamental data and lack of uniformity of presentation makes a com=~
parative study of the experimental evidence very difficult

It has been one of the tasks of this research project to pre-
sent new relationships for efficiency and performance which will make
such comparative studies possible.

In a broader sense, however, it must be recognized that spray

drying is a complex unit operation involving problems in mass transfer,

heat transfer and fluid flow. Investigations have so far been restricted

mainly to the first of these fields and, as a result, a complete under-
standing of their inter-relationships has not been attained. Ir recent

years, however, it has become increasingly clear that the three processes



are intimately related, and that a sound knowledge of turbulence and
flow conditions near phase boundaries may be expected ultimately to
provide a firm basis for the development of a theory of spray drying
as a single subject involving simultaneous transfer of momentum, heat
and material. An attempt, therefore, has been made to present all re-

levant meterial necessary to provide a unifying approach to this prob-

lem.



SPRAY DRYING AS A COMPLEX UNIT OPERATION

DEFINITION

Spray Drying is the drying of a sprayed solution or slurry in
contact with a stream of hot gases under conditions permitting the re-
covery of the dried product. Most drying processes producing finely
divided materials usually employ three separate operations, namely:
bulk evaporation, drying, and grinding. In spray drying, however, we
have a direct conversion of the sprayed liquor into a powdered product
immediately suitable for packaging without further handling or grinding.

Spray drying should be distinguished from two other somewhat
similar operations: Flash Drying and Spray Cooling or Crystallization.
Flash Drying as defined by Gordon (65) is the practically instantaneous
removal of moisture from solid materials by the application of heat in
a turbulent stream of hot air. This operation may or may not be accom-
panied by simultaneous disintegration or grinding of the material. Spray
Cooling or Crystallization involves the atomization of a hot concentrated
solution into a cold medium to produce tiny crystals.

Spray drying is characterized by extremely high drying rates,
which render it particularly adaptable to the drying of heat-sensitive
materials. High drying rates are made possible by the intimate and
direct contact between the spray droplets and the drying medium, as well
as by the high specific surface of the sprayed material. As long as the

moisture content is above the equilibrium value, the temperature of the
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material will not rise appreciably above the wet-bulb temperature, re-
gardless of the dry bulb of the drying medium. Of course, prolonged
contact of the dried material with the drying medium will cause its
temperature to approach that of the medium, but sound design of the
unit should provide for immediate separation of the product.

The spray drying operation may be considered as composed of
three entirely distinct component parts: atomization of the liquid to
be dried into finely dispersed droplets; drying of these droplets in
contact with the drying medium; collection of the product which in-
volves its separation from the drying medium in which it is being con-

veyedo

I ATOMIZATION

(i) Historical Development

In the early history of spray drying, the question of the
atomization of the liquid feed posed a diffiocult problem (135). The
existing designs of spray nozzles were not adequate since they pro-
vided neither uniform nor sufficient atomization. Out of the needs of
spray drying operations, new designs of atomizers and nozzles were de-
veloped.

The earliest type of spray nozzles consisted essentially of
s disk of hard metal containing a minute orifice through which the 1li-

- quid was forced at pressures of 2000 psi. This type of nozzle was open
to many objections, most important of which was the nature of the spray
pattern. As the jet left the nozzle in a solid cone, penetration by
the drying gases was made very difficult, thus preventing intimate con-

tact between the two phases. Besides this, the small disk aperture was

1iable to obstruction and variation in size, meking spraying intermit-



tent and non-uniform. All this led to the development of special nozzles
involving new principles of atomization.

(ii) General Principles

In all types of nozzles, a film or filament of liquid emerging
from the nozzle, is broken up into micro-fragments due to the difference
in velocity between the liquid and the surrounding medium. The energy
of formation of the spray must obviously be supplied by the spray mechan=-
ism. This energy is composed mainly of three parts (88):

(2) Energy required for surface formation, which is simply the pro-
duct of the surface tension and the total area developed by the
spray. This energy can be easily calculated knowing the average
drop size in the atomized spray, and the physical properties of
the liquid. Thus, Edeling (ll;) has calculated that, for an ave-
rage drop size of 150 microns, the total surface developed in a
spray cloud of water will be 63 square meters per litre. The
energy of formation will, therefore, amount to only L.6 joules
or slightly over one calorie per litre. It is evident that

\

finer sprays will require a higher energy output, but the total
energy requirements are quite small.

(b) Considerably greater in magnitude but much more difficult to
assess is the energy required to deform the liquid prior to
droplet formation. Since the time during which droplet forma-
tion usually takes place is of the order of a few micro-seconds,
the rate of deformation is very high and the viscous forces re-
quired become very large.

(¢) Finally, there is a loss of energy due to nozzle inefficiency.

This last factor will obviously depend on the nozzle design.



(1ii) Types of Nozzles

Fogler and Kleinschmidt, in an extensive study of atomizing
nozzles (57), have adopted a classification based on the’fundamental
nature of spray formation. They distinguish two main types, depending
on whether thin flat sheets or films are initially formed, or whether
the jet issues from the nozzle in the form of filaments or threads.

Both forms are unstable and under the common action of & number of
factors such as surface tension, viscosity, impact, etc., break up into
a mist of fine droplets. These authors further subdivide the film or
sheet forming nozzles into four main types. Three of these are pressure
nozzles, in which the energy for atomization is applied directly to the
liquid through pressure, while the fourth is the rotating disk or cen-
trifugal nozzle, which was designed specially to meet'the needs of spray
drying operations (135). Of the three pressure types, the first con-
tains a whirl chamber. through which the liquid is fed under pressures
up to 2500 psi. and emerges in the form of a thin hollow conical sheet
which then breaks up into drops; the other two may be designated as
impact nozzles, one being an impinging nozzle and the other a double
jet nozzle. In the former a jet of fluid under pressure is made to
strike a fixed surface while in the latter the jet of fluid strikes a
This letter type is used in the Milkal plent. From these

second jet.

two latter types, it is possible to obtein hollow cone, fan or disk-

shaped fluid sheets (80). In the centrifugal nozzle, a sheet of fluid
is thrown from the rapidly revolving edge of a spinning cup or disk.
Speeds above 3600 and up to 20,000 R.P.M. are used. Rotating nozzles

are smong the most popular and are used in the Kestner, Krause, Ravo-



Rapid and Peebles drying plants (130). All these atomizers are capable,
under certain conditions, of producing hollow spherical droplets.

The second main class of nozzles, which depends on the initial
formation of thin filaments or threads, comprises one type only, the
gas-atomizing or two-fluid nozzle. The liquid is torn into this jet pat-
tern by impingement with a high velocity jet of compressed air, steam
or other gases. The impingement may take place internally or externsally.
The Dickerson tower type spray dryer (57) and all Bowen equipment use
this type of nozzle.

A simpler and more common classification of spray nozzles is
based upon the mechanical device responsible for atomization, rather
than on the physical principle of spray formation. According to this
division, there are three types of nozzles: Pressure Nozzles, Centri-
fugal Nozzles, and Gas-Atomizing and Two-Fluid Nozzles, all of which
have already been described.

(iv) Materials Handled

Fogler and Kleinschmidt have supplied data indicating that the
energy imparted to a pound of liquid by pressure alone is small compared
to the energy available in a high velocity jet of compressed air or
steam (57). Thus, the use of pressure nozzles is limited to materials
of relatively high fluidity which may be easily broken up, i.e. to
solutions of low viscosity and finely divided colloids. On the other
hand, the gas-atomizing nozzle can spray almost any fluid that can be

pumped. Rotating nozzles are also useful for spraying viscous liquids

and slurries.

(v) Drop Size and Size Distribution

In the field of spray drying, the question of drop size and

size distribution in the atomized liquid is one of tremendous importance.



Both the size of the dried particle and the rate of drying are largely
dependent upon these two factors. Generally, drop size and size distri-
bution are a function of the amount of energy which is imparted to the
fluid. This, in turn, will depend on the type of nozzles and on the
physical properties of the liquid.

The gas-atomizing nozzle gives the finest atomization of any
of the spray drying nozzles. According to Fogler and Kleinschmidt,
however, these nozzles exhibit a marked tendency towards non-uniform
particle formation, resulting from continually varying atomization con-
ditions (57). These guthors maintain that high frequency vibrations
due to the rush of air from such nozzles tend to liberate dissolved
gases in the form of fine bubbles distributed throughout the material.
There is also evidence of pulsations which are noticeable on an ordi-
nary pressure gauge, which again leads to non-uniform spraying action.
Furthermore, there is a large reduction in the temperature of the drops
emerging from such nozzles which may be estimated by the well-known

equation for isentropic flow of an ideal gas:

To = T} (%-)'1%1 \ (1)

It must be remembered, however, that for nozzles of this type, P> can-
not be less than the critical pressure, i.e. .53 P; for air and .58 P

for steam. Values for the temperature of air or steam following expan-

sion have been tabulated (57).
The views of Fogler and Kleinschmidt regarding the lack of

uniformity of drop size distribution from gas-atomizing nozzles are
not supported by theoretical considerations or by the experimental

evidence given by Houghton, in which he clearly shows that & narrower



distribution is obtained for a two-fluid nozzle than for a pressure
atomizer of the same capacity (80).

Nukiyama and Tanasawa (120, 121, 122, 123, 124) have de-
veloped empirical equations for eaverage drop size and size distributiom
from small two-fluid nozzles, which, although not even dimensionally
consistent, appear nevertheless to fit the publi?hed experimental data
with reasonable accuracy. The first of these equations gives the ave-

rage drop diameter in terms of the operating wvariables, as follows:

Do « 384T 4 & (,a. )o.hs 1000 0 )"
N v/ (2)

where D, = diameter of a single drop with the same ratio of

surface to volume as the total sum of drops in microns

v = relative velocity between the air stream and the
liquid stream, metres/sec.
Ql/Qa = ratio of volume flow rate of liquid to volume

flow rate of air at the 'vena contracta'
© = liquid demsity, gnm./cc.
A = liquid viscosity, poises
g = liquid surface tension, dynes/cm.
vy, the absolute velocity of the air at the throat, may be calculated

from the well-established equation for the isentropic flow of an ideal

gas:

k-1
ve =] 2L [1-(%- T] (3)

where g = the acceleration of gravity, ft./éec./sec.
k = ratio of specific heats %2_
v

P; = inlet absolute pressure, 1by/sq.ft..
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V) = specific volume at inlet, cu.ft./lb.

F2 = absolute pressure at the throat, 1b./sq.ft.

A further equation by the above authors expresses the data

on distribution of drop sizes in liquid sprays, as follows:

@ . ape (1)

where x = diemeter of an individual drop, microns
n = number of drops with diameters between zero and
X in the total sample

&, b, g, p = constants

Nukiysma and Tanasawa found that the value of p was always 2
in the cases they studied. The value of q in most cases must be deter-
mined experimentally (101). Taking p as 2, and knowing the value of q,
enalysis of experimental data on liquid atomization is easily made by

converting equation (l;) into a log form:

1 dn bxdl
loglo(ggx-) = loglo a - 2.3 (5)

A plot of 1°810(i2'%2) egainst x4 should yield a straight line with slope

equal to E%?‘ Do can then be calculated by the use of tables which have

been published (101).
The validity of equations (2), (L) and (5) has been extensively

tested by L. W. Smith and co-workers, who have successfully applied them
to the results of Sauter (141), Houghton (80) and Lee (97), and to ex-

perimental work of their own (101), and have thus definitely proved

their usefulness.
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It is interesting to note that equation (2) establishes that

a definite minimum value for average droplet size is dictated by the

critical velocity at the throat of the nozzle, corresponding to the speed
of sound. Since under these conditions the value of the %&:ratio is
very large for low liquid rates, the second term in equatign (2) becomes
negligible, and v, in the denominator of the first term approximates

%36 meters per second. Thus, for water, Do would be equal to 15 micronms,
under normal conditions. Sauter has experimentally confirmed that as

the relative velocity between the liquid and the air increases, the
average drop diameter decreases until a constant diameter is approached
(1,0). Micrographic studies have definitely established that as the
relative velocity increases, more and more droplets of the minimum size
are formed (120, 121). Finally, Edeling in a very interesting paper,
(L4) has determined, purely from theoretical considerations, the rela~
tion between the factors which influence the drop size and size distri-
bution for two-fluid nozzles, which fully agree with the above dis-
cussion.

In considering the practical applications of equation (2), it
must be noted that D, is an average dismeter and does not represent the
minimum droplet diameter that will be formed in a spray, nor is it as-
sociated with the degree of uniformity of drop sizes. However, the
existence of such & minimum drop diameter has been clearly established

by Edeling and Sauter. The letter author (142) experimentally deter~

mined the minimum water drop size from e gas-atomizing nozzle to be 6

microns.

Information regarding the degree of uniformity of drop size
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is given by the value of the comstant "g" in equation (4). If the mass
distribution of the drops is concentrated within a relatively narrow
range of drop sizes, the value of q is high. On the other hand, low
values of q represent a wide variation in drop sizes.

A further implication of the above comsiderations suggests
that, beyond a certain optimum value of the relative velocity of the
two fluids, all additional power expenditures for atopization are
simply wasted (141).

It should be recognized that the accuracy of the expressions
discussed in the preceding pages is definitely limited by a number of
complicating factors, the effects of which are difficult to assess;
heat transfer between the two fluids in the nozzle, possible evapora-
tion of the liquid in the nozzle chambers, difficulty of estimating
the physical properties of the two fluids under the conditions pre-
vailing at the throat or at the vena contracta, all contribute to the
complexity of the fundamental mechanisms.

The previous discussion of drop size and size distribution
applies strictly to two-fluid atomizing nozzles. Considerably less
work has been published on pressure and centrifugal nozzles. It is
well established, however, that these two types of nozzles give simi-
ler drop size distributions, and are, as a matter of fact, quite
r as the mechanism of spray formation is concerned. It

similar as fa

has been proposed that for pressure nozzles the average drop size

should be inversely proportional %o the density and to the square

root of the pressure and surface tension, and directly proportional

to the square root of the viscosity (80). More recently, however,
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Smith and co-workers (101) have successfully modified the Nukiyama and
Tanasawa equations to apply to pressure nozzles as well. Extension of
this equation has not been made to apply to centrifugal nozzles. For
the latter 1t is known that high rotational speeds, low viscosity and
low discharge rates tend to reduce particle size (80). Very recent
articles furnish information of a theoretical nature regarding drop
size distribution in these nozzles (77, 152). In closing this dis-
cussion it might be useful to indicate the range of average drop dia=
meters met in actual installations; for two-fluid nozzles, a range of
'Dy' from 15 to 70 microns is most frequently reported. Pressure and
centrifugal nozzles give larger values ranging from 50 to 300 microns
(88, 101).
(vi) Relative Performance

The centrifugal nozzle is the most expensive. Power costs
to operate a nozzle rotating at speeds above 3600 R.P.M. are high. On
the other hand, replacement and shut-down due to clogging are infre-
quent. However, a heavy coating on the rotary disk will unbalance it
and cause non-uniform operation. Two-fluid nozzles cost little to
operate and, with proper handling, clogging and replacement are infre-
quent. Operating costs of pressure nozzles are intermediate but they
plug easily and require frequent replacement. Besides this, they

have relatively lower capacities than both centrifugal and gas~

atomizing nozzles.

I DRYING AND THE SFRAY CHAMBER PROCESSES

S —

Spray Drying differs from other forms of drying in one re-

spect only: the atomized condition of the feed. However, this dif-
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ference is so unique and far-reaching that it completely dominates vir-
tually every aspect of this operation: heat and mass transfer rates,
size of equipment, deeign of collector, physical properties of product,
etc. To the traditional problems of heat and mass transfer commonly
met in the older methods of drying, atomization of the feed now adds an
even more difficult one: the problem of flow conditions and turbulence,
and its effect on inter-phase transfer.

In its overall aspect, spray drying is clearly a crystalliza-
tion process. As such, it will involve both evaporation in the initial
stages, followed by drying when the water content of the solid formed
upon crystallization becomes sufficiently low. But no sharp distinction
is made between these two stages, nor is one needed, since the rate of
evaporation from a wholly wet solid does not depend on its water con-
tent, and is, in fact, the same as that from a free liquid surface.

It should be pointed out here that this statement is strictly true only
if a colloidal solution or suspension is being evaporated. It is not
strictly applicable for true solutions, because as the concentrations
of the latter increase, the partial pressure of the water at the tem-

perature of the droplet will decrease, thus decreasing the driving

force of the evaporation process and hence its rate. This in turn

affects both heat and mass transfer and greatly complicates the problem.

However, since the majority of spray drying applications deal with sus-

pensions and colloidal solutions, this added complexity will not be

considered in the following treatment, and the vapor pressure of the

droplet or of the wet solid will be considered as that of pure water

at that temperature. The reservation that this vapor pressure will be
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less when dealing with soluble materials must always be kept in mind.
Although it is not feasible at the present time to develop a

mathematical treatment from an analysis of the behaviour of a single

droplet, such an analysis, nevertheless, throws considerable light on

the complex processes taking place in a spray chamber.

(1) Droplet Path

Droplets emerging from nozzles possess very high initial re-
lative velocities, of the order of several hundred feet per second. The
emerging velocity is slightly smaller for two-fluid nozzles than for the
other types, but increases to a maximum at a distance of approximately
6 inches from the mouth of the nozzle. For all three types of nozzles,
this initial velocity rapidly decreases and is no longer measurable for
particles 100 microns in diameter, approximately 0.03 second following
emergence, and after a travel of about 2 feet (L4). Smaller droplets
will travel even shorter distances, while large particles of the order
of 300 microns may cover as much as 6 feet in approximately O.1 second
(L4). D. A. Smith (145) takes a travel of 12 inches from the nozzle as
a fair average value of the distance covered by the droplet in commercial
jnstallations, corresponding to a flight of approximately 0.01 second.
The bulk motion of the drying gases in the chamber has no effect on the
path of the spray until its initial velocity is practically spent, and

Edeling believes that no significant evaporation can possibly take place

during so brief a period. When the terminal velocity is reached, the

droplet now falls under the influence of the gas stream, which, in prac-

tically all spray drying installations, follows a circular path, with

naximum tangential velocity of from l; to 20 feet per second near the
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walls, steadily decreasing in walue as it nears the vertical axis of the
chember. The velocity of the gas stream right at the walls is, of course,
z2ero. The laws of particle motion, which would permit calculation of the
droplet velocity and of its path, are unfortunately not strictly applicable,
owing prinecipally to turbulence and the presence of eddy currents, and to
the fact that the diameter of the droplet continually changes with time.

In its simplest aspects, the system of forces influencing the motion of

the particle may be reduced to three: the gravitational force, due to

its own weight, the frictional force applied by the bulk motion of the

gases, and directly responsible for the tangential velocity of the drop-

let in its circular path, and the centrifugal force which tends to pull

it towards the wall. The magnitude of these three forces can be cal-

culated from the well-known equations:

gravitational force: F, =TrgD5((°s-€)/6 (6)

frictional force: Fp = TC uD2/8 | (7)

centrifugal force: Fo = Tp3(Cs-O)u /b1 (8)
where:

D = droplet diameéter, cm.
Ps = actual droplet demsity, gmy/cu.cm.

€ = gas density, gm./cu.cm.

C = dimensionless drag coefficient, function of Re

u * relative tangential velocity between droplet and gas

stream, cm./%ec.

r = radius of curvature, cm.

The capacity of a given chamber is mainly determined by the

requirement that no droplet or partially wet particle shall hit the
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walls to any appreciable extent under continuous operating conditions.
Analysed in the light of the above equations, this undesirable behaviour
will develop principally under the following circumstances: a) a large
droplet in the spray will hit the wall before it has reached its termi-
nal velocity; b) a large droplet, torn away from its normal trajectory
in the spray under the influence of eddies in the gas stream, while
still possessing a high velocity, will briefly assume a short radius
path which will impose a high centrifugal separation force upon it and

cause it to fly to the wall; c¢) a large droplet, having reached its

terminal velocity and assumed a circuler path motion in the bulk of the
gases, dries at such a slow rate that centrifugal action eventually
causes it to hit the wall. It is thus seen that the capacity of the
dryer is governed by the time required to dry the largest of the drops
formed. If these are well dried, the smaller drops will also be well
dried. The capacity of a given dryer will, therefore, be increased if
the average droplet diameter is kept small and the size distribution
narrow. |

Finally, it may be remarked that the diameter of a droplet
changes continually as it progresses along its path in the cheamber.
Whether initially hollow or solid, its diameter will steadily decrease
When the conventional stage of drying has been

as evaporation proceeds.

reached, however, the wet solid particle may now either remain constent
t4

in diemeter, expand or shrink, depending on the drying action.
(ii) Drying

Throughout the evaporation stage end as long as the surface
of the solid particle formed remeains completely wetted, evaporation or

drying proceeds at a constant rate which is limited by the rate of
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diffusion of the water vapor through the stagnant air film at the sur-
face. At steady state, the surface temperature of the particle assumes
the wet bulb temperature of the gas. This constant-rate period is then
followed by the falling-rate period, where the diffusion of the vapor
through the air film is no longer controlling. D. A. Smith believes
that the "unsaturated surface" stage from a partially wetted surface,
which, in normal drying processes, usuelly precedes the "internal dif-
fusion" stage during the falling-rate period, does not apply to spray-
drying (145). However, the existence of the internal diffusion period
is proven by the formation of punctured or fragmented hollow spheres,
so commonly found in micrographic studies of spray dried materials.
This phenomenon can be explained if the mechenism of evaporation res-
ponsible for the internal diffusion period is reviewed. The rate of
diffusion of water to the surface having decreased to the point where
it now controls the rate of evaporation, the latter presently takes
place from a continually receding spherical surface. With a great many
substances, the dried surface layer becomes relatively impervious to
the diffusion of the vapors formed. Since the conduction of heat
through a solid is relatively high, the rate of heat input to the drop-
let increases, ceusing expansion of the trapped air if the droplet was
originally hollow, or generation of steam within solid particles. This
results first in expansion of the particle if some plasticity is left,
and more generally in disruption and bursting of the particle (57).

Instead of expanding, dried particles may often exhibit marked shrink-

age effects, or surfece checking, which will also develop during the
]

jnternal diffusion period.
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Although of paramount importance for design purposes, date on
actual drying times are very meager. Authors do not seem to agree, and
the values reported for the overall duration of the process including col-
lection, which give little information, have been variously reported as
from 20 seconds (57) to L5 seconds (69). Edeling is the only author to
report actual drying times, ranging from 3.0 seconds for 100-micron to
6.3 seconds for 300-micron particles. Corresponding lengths of path
covered during drying were approximately 3 feet and 16 feet, respective-
ly. The material was not specifically neamed, but contained 80% water
injtially, and did not shrink upon drying. When shrinking occurred,

Edeling reported a 25% increase in both drying times and distance cover-

ed (LL).
Depending on the quality of the insulation, spray driers will

approach more or less adiabatic operation, that is, the relation between
decrease in temperature and increase in humidity of the gas medium will
follow epproximately the adiabetic cooling lines on a humidity chart,
end meximum utilizetion of the heat input will take place when the spent

gases leave the chamber saturated, or at the wet bulb temperature.

(iii) Mass and Heat Transfer

The rate of evaporation and of drying during the constant rate

period is controlled by the relatively slow process of molecular diffusion

across the'film surrounding the droplet. It has been common practice to

express mass transfer data in such systems in terms of a tramsfer coeffi-

gm.moleq/(sec.)(sq.cm.)(atm.), or Kz, gm.moles/(sec.)(sq.cm.)
Chilton and Colburn (33) first sug-

cient Kg,
(gm.mole/cu.cm.) where K¢ = KgRT.

gested that data be correlated in terms of the dimensionless group jp, where:
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Jp = KCPBM(z%/an)E/3 UoP = Fen. (Re) (9)

where Pgy = log mean pressure of inert gas, atmospheres
AL = gas viscosity, poises
P = total pressure, atmospheres

Dy = diffusion coefficient or diffusivity, cm.2/sec.

Yo

average velocity of the gas stream, cm./sec.
Re represents the Reynolds number, and the group in the first bracket
is the Schmidt number, Sc. For heat transfer a similer dimensionless

group, Jjyg, has been defined:

Jg = h('g‘/k)z/}/cuoP (10)
where h = heat transfer coefficient, gm.cal./(sec.)(sq.cm.)(°C)

c specific heat of the fluid, gm.cal./(gm.)(°C)

k = thermal conductivity, gm.cal./(sec.)(sq.cm.)(°C/cm.)

@ = gas density, gm./cu.cm.

Maisel and Sherwood (108), in a recent unpublished paper, re-
view the experimental evidence, and point out the remarksble correlation
that, for a great many results, jg= jp = £/2, the last equality apply-
ing if the friction factor, f, represents only that portion of total
drag due to skin friction at the wall. From experimental investigationm,

they show further, that for single spheres, the correlation is obtained:

ip = i = 0.43 Rg " (11)

Their work was done on spheres 3.48 and 2.55 cm. in diemeter, but agreed
extremely well with an identical correlation offered by Williams (153)

on liquid drops. Correlation with the friction factor, f, could not be

made beceuse data for skin frietion on spheres were not available.
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It is, therefore, strongly indicated that similar correlations
must apply to spray-drying, although no attempt to establish them has so
far been made. It is possible that some slight modifications will have
to be introduced to account for the fact that the relations were developed
specifically for constant drying or eveporation rates, and will, there-
fore, not hold strictly for the comparatively short falling~rate period.

It is interesting to note that the volume of wvapor formed upon
removal of 1% of the water content of a droplet will be approximately 17
times the volume of the particle. The heat supplied for evaporation
causes a rapid cooling of the surrounding ges, and it has been estimated
that the 1% of water evaporated will surround the droplet - if suspended
in still eir - with a layer of cool gases equal to about five times the
drop radius. However, the motion of the particle through the gas will
provide eddy diffusion of this layer, but a stagnant or laminar film,
through which molecular diffusion of the vapor must take place, will
still surround the particle. The thickness of the film will decrease,

as the relative velocity of the drop with respect to the gas stream.
inoreases.
Johnstone and co-workers (84), in treating the heat transfer

problem involved in falling cloud particles, have developed the follow-

ing mathematicel relation:

h = o.71h/ Pe (12)

and Pe = Peclet number DQZPG°

where h = the individual coefficient of heat transfer, gm.cal./

(hr.)(sq.cm.)(OC)

Dp = diameter of particle, cm.
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w
"

thermal conductivity of the fluid, gm.cal./(hr.)
(sq.cm.)(°C/%m.)
¢ = specific heat of gas, gm.cal./(gm.)(°C)

G

Vv = particle velocity, in cm./hr.

gas density, gm./cu.cm.

This relation is similar to the known heat exchange relations for
natural gas convection. Edeling (LL) supplies a relationship which
permits the calculation of 'h! during the free fall of small spherical
droplets:
h = 0.22W (13)
where h = individual coefficient of heat transfer, Kilocalories/
(hr.)(sq.m.)(°C)

W = water evaporated, Kg./(hr.)(sq.m.)

This author points out that values of 'h' given in equation (13%) are
from L4 to 10 times higher than those observed under similar conditions
of natural gas convection. Edeling believes that this is explained by
the fact that drying proceeds faster from spherical surfaces than from
flat surfaces having similar film thicknesses and under similar condi-
tions. Although the high drying rates involved in spray drying are ad-
mittedly considerably larger than those observed in other evaporation
processes, it is certain that these increased rates are due to the
vastly greater area of transfer, and certainly not to larger wvalues of
The values of h calculated from equation (13) are probably 100 to

h.

1000 times too large. As far as the effect of curvature on vapor pres-

sure and the evaporation rate is concerned, this will not begin to

operate until drops less than 102 microns are encountered.
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(iv) Mixing and Turbulence

In the preceding section considerations have been limited to
molecular diffusion across the stagnant layer surrounding the droplet.
Once the water vapor has diffused through this leyer, its transfer
across the turbulent gas stream is mainly by eddy diffusion, which is
very rapid as compared with molecular diffusion. Maisel and Sherwood
(109) have recently suggested that the degreé and scale of turbulence
in the gas stream might influence the rate of evaporation by affecting
the thickness of the stagnant or leaminar leyer. Their experimental re-
sults certainly indicate that an increase in the rate of evaporation
(or in the value of K defined on page 20) of from 20 to 25% may be
obtained when turbulence is induced in the gas flow by means of per-

forated plates.

In the light of this evidence, it appears that an increase
in the value of the relative velocity, or in the degree of turbulence
in the gas stream, will cause an effective decrease in the thickness
of the leminar layer. While the importance of this effect is sometimes

minimized (145), other authors (20) emphasize it %o & considerable ex-
tent. However, application: of these concepts to practical installations

jnvolves certain complicating problems: counter-current flow, which at

first sight appears highly desirable, however, causes the fully dried

product to come in contact with air at a higher temperature with pos-

sible damage to heatl sensitive materials. A possibility also exists

that such dried particles might hit droplets or other partially wet

material. Use of additional turbulence in the gas stream must be

cerefully controlled, as eddy currents might easily direct partially or

f the chamber.
completely dried particles towards the walls o
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(v) Chember Design

The spray drying chamber must accommodate the drying paths of
the sprayed material in the turbulent drying medium. The size of a cham-
ber for a given capacity will be determined by the condition that the
largest particles issuing from spray nozzles will not hit the walls of
the chamber, before being thoroughly dried. Thus, uniformity of particle
Bize becomes a critical factor. The height of the chember will be deter-
mined by the trajectory of the spray and the aerodynemics of particle
flow in turbulent air streams (57).

Actually, the greatest variation in design of spray drying
chambers depends on the initial relative directions of spray trajectory
and drying gases, although a number of other factors contribute to minor
differences in design. D. A. Smith has accordingly divided spray drying
chambers into five distinct types (145).

(a) Mixed Flow Type

In this type of spray dryer, both concurrent and countercurrent
drying occurs. The drying gases initially enter tangentially to the cham-

ber and travel concurrently with the descending spray. They then reverse

their direction of flow and ascend the chamber in the center, meeting the
spray countercurrently, and are finally exhausted through a duct at the

top, while the product is collected at the bottom.
There are certain advantages to this type of dryer, most im-

portant of which is the lower outlet temperature and consequent increase

in thermal efficiency. This dryer is used extensively in the production

of whole and skim milk powder. Early designs are associated with the

names of Gray, Jensen, and Douthitt (4,3, 67, 68), while later designs

have been produced by Swenson. Moreover, the chamber acts as a cyclone
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separator,and certain authors (69) have used this distinction as a

method of classification.

(b) Horizontal Concurrent Type

In this type of dryer the spray and air enter horizontally at
one end of a rectangular chamber. This represents an early design and
is associated with the names of Merrell-Soule (112, 113, 147) and

Fleischer (5,).

(¢) Vertiocal Up-Flow Countercurrent Type

The air is admitted at the base of this drying chamber, while
the spray enters at the top. Usually the product is collected at the
bottom, while the exhaust air leaving the top will contain the fines
which may be recovered by some suitable device. This type of chamber
is used for spray drying soap and detergents. On the continent it is

represented by the Ravo-Rapid design (1%0).

(d) Vertical Down-Flow Concurrent Type

In this dryer the inlet air enters approximately at right

angle to the spray, and both streems flow concurrently down the chember
generally with a swirling motion, imparted by the tangential entrance of

the drying medium. The Dickerson tower type of spray dryer, based on the

Holliday and Lamont patents (78, 9L), and used in the soap powder industry,

is of this type. Both air end powder leave at the bottom. The Mojonnier

dryer is also representative of this design (69).

(e) Vertical Up-Flow Concurrent Type

Both air and spray enter at the bottom while the powder tends

to be classified, the coarser particles falling to the bottom and the

fines being carried out with the exhaust gases at the top.
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Special Types

The patent literature abounds in various other types of spray

dryers, many of which may be distinguished by special methods of powder

collection and will be discussed in s later section. However, there are

a few dryers whose special designs merit attention. Among these is the
Bowen spray dryer (20, 21), in which the air is introduced through long
vertical slots into the drying chamber, in such a manner that a "con-
trolled turbulence” results, preventing the accumulation of dried pro-
duct on the walls of the chamber. Another design is the Peebles (127,
120) used by the Western Precipitation Co. This dryer utilizes two
concentric currents of air, both entering the chamber tangentially but
revolving in opposite directions. One of the most efficient dryers,
used extensively in England, is the Kestner (130). This dryer is itself
a cyclone separator and has a very efficient patented system of air dis-
tribution and withdrawal. The air stream passes downward into the atom-~
ized feed sprayed from a centrifugal nozzle. The Kestner also employs e
wet collector, utilizing the heat in the waste flue gases to preheat the
liquid feed. It should be noted that the increased efficiency of these
newer types allows equal capacity with smaller chambers than older types

of dryers.

In general, it is customary to provide the feed lines with

steam and water for cleaning prior to shut-down, as well as for fire

control. Also, it is common practice to commence and end the operation
\

with water. Nozzles, of course, should be mounted so as to facilitate

maintenance and handling, and inspection ports should be provided. Spray

chambers are often run under suction in order to avoid loss of powder

when inspection ports are opened (57).
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III COLLECTION OF THE PRODUCT

The necessity for separating the dried material from the spent
gases as quickly as possible should be obvious from previous considera-
tions. Certain drying chambers act themselves as cycléone separators
and classifiers (68, 69, 130). But it should be noted that all atomizers
produce air-float material which will be invariably carried out with the
exhaust gases. Thus, it is always necessary to provide auxiliary col-
lection equipment in all spray drying plants.

In most spray dryers, the bottom of the chember tapers into
exhaust ducts of sufficiently small diameter to impart high conveying
velocities to the gas stream. This discharge duct normelly leads to
cycloné separators, very often followed by auxiliary collection devices
like shaking fabric filters, bag collectors, scrubbing towers, electro-
static separators and pre-concentration chambers.

Where the product is relatively cheap and the nuisance situa-

tion low, single cyclone separators may be used (57). Their efficiency

is 1imited and newer types of separators have been evolved. The parallel

multi-tube design is the most efficient of these. The Sirocco type 'D,

the Western Precipitation Company's "Multicone' and the Aerotec Industrial

Collector are all in popular use. Collection efficiencies over 95% for

particle sizes over 82 microns are possible with these units.

The use of fabric filters, especially of the continuous type,

js limited, due to the deleterious effect of the hot exhaust gases on the
9

febric as well as on the collected product. Moreover, the collected pow-

der may be wetted by the moist exhaust gases, jmpairing the filter perme-

ability and causing jncreased resistance.

A very popular method of collecting fines which escape in
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exhaust gases is to pass them directly to a wet collector either of the
scrubber or preconcentration design (57). They are then returned to the
dryer with the feed. 1In this way, there is both heat and product re-~
covery. However, the problem in each case will be an economic balance
between the value of heat and product recovery and the increased operat-
ing and capital costs of additional recovery equipment.

Certain spray dryers employ special collection methods. In the
Rogers dryer (69) the chamber bottom terminates in a hopper with shaking
bag filters feeding one or more conveyors which continually remove the
powder. The Ravo-Rapid design (130) utilizes a scraping device for re-
moving powder from the walls of the drying chember. In connection with

this, scale problems in spray dryers are discussed by T. K. de Haas (%8).



PRACTICAL ASPECTS OF SPRAY DRYING

HEATING OF THE DRYING GAS

The drying gases must be heated by some suitable device to
the required entrance temperature which, im practice, ranges from 300°
- 1200°F. 1In general, there are two main classes of heaters used: di-
rect heaters where the products of combustion pass directly into the
stream and indirect heaters which will involve the use of some form of
heat exchanger.

In direct heaters, either waste flue gases which have been
cleaned by one of the available methods (51), or the products of com-

bustion of gas or of clean grades of oil and coal, are mixed directly

with air. According to Bowen (20), the best method is a 'carbofax'

lined oil furnace while other plants use natural gas (1) and coal-

fired furnaces (9).-

Exhaust gases from combustion reactions often contain soot,
ash snd other undesireble by-products of incomplete combustion pro-
cesses, which may contaminate the spray-dried material. This diffi-

culty may be overcome by filtering or scrubbing the gases or by improved

combustion methods. In some cases it is necessary to limit the diluent

eir in order to reduce the emount of free oxygen, and thus prevent the

oxidation or explosion of susceptible material.

The indirect type of heater is available in several types.

Steam is sometimes used but is often too expensive for high temperature

work. A steam pressure of 160 psia. gives a temperature of enly 160°C.
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Above this pressure, considerable increase in pressure is required for
useful increases in temperature (130). In general, about 2% to 3 pounds
of steam are necessary to evaporate one pound of water (130). It would,
however, be possible to use small oil or gas-fired heaters as boosters
(57)« Superheated steam possesses the disadvantage of having low heat
transfer coefficients and thermal capacities. The use of oil, diphenyl
or other high temperature heat transfer media which would permit higher
ope rating temperatures may well come into use. Electrical heating is

usually limited by its expensiveness, to small laboratory and experi-

mental dryers (154).

NATURE AND PROPERTIES OF SPRAY-DRIED MATERIALS

Spray drying owes its unique applications mostly to the
nature of the spray-dried product. Due to the short period of contact
and the low temperatures encountered, the physical and chemical proper-

ties of spray-dried materials tend to be unaffected by the drying pro-

cesSSB.

Fogler and Kleinschmidt (57) have done a study of the nature

and properties of spray-dried particles formed by various types of

nozzles. According to their analysis the pressure nozzles will produce

thin-walled hollow spherical particles. Sometimes the hollow spheres

have one or two tails and often collapséd spheres are formed due to the

expansion of entrapped air or vapor. It is also not uncommon to find

one sphere within another. This tendency is prohibitive in the spray

drying of such materials as gelatin since the final material encloses

too much air. The result is a very low bulk density end the production

of s frothy solution when re-dissolved.
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T« B. Philip (130) has given a qualitative picture of the
physical properties of materials formed by a rotating disk spray
mechanism. As an example he chose the spray drying of saponin which is
a material with a low surface tension. At low speeds of disk rotation
solid and spherical particles are formed upon drying. As the speed is
increased the particles decrease in size but remain solide During this
period the bulk density remains relatively constant. At a certain disk
speed, a larger but hollow spherical particle is formed. Now as the
disk speed continues to increase hollow spherical particles of increased
diameter are formed until the particle eventually bursts. In this second
period the bulk density is not constant.

It is also pointed out that most solutions sprayed with rotat-
ing disks will go through the above wvariation, depending, of course, on
their surface tension and viscosity. With certain solutions only a li-
mited range is available. For example they may only give the hollow
range, while with others the hollow range cannot be reached with the
available disk speeds (130).

The control of bulk density, which is one of the most import-

ant properties of the dried material, does not usually follow so simple
e rule as for saponin. D. A. Smith (145) provides the following general

variation in bulk density of most spray-dried products. The bulk density

tends to decrease with increasing inlet temperatures and decreasing dry-

ing rates, while it tends to increase with increasing feed concentrations,
]

pon-uniform etomization and increasing liquid feed temperature. Actually,

the best method of controlling this variable is by control of the atomiza-

tion.
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It is pointed out (57) that suspensions tend to produce dense
free running powders. An interesting application of this principle was
utilized by a certain food stuff industry where an intimate mixture of
a number of materials was required. Ordinary drying did not produce the
desired intimate mixture, whereas this was accomplished by spray drying
a previously mixed suspension (57).

Due to the very large surface area per unit weight of spray-
dried products, properties like solubility are increased above products
of other drying methods. The grading stendards of the American Dry Milk
Institute (2) specify that the solubility index of Extra Grade non-fat
spray-dried milk solids shell not exceed 1.25 ml.,while the same grade
of drum-dried milk solids has & similer index of 15 ml. The uniformity
and degree of atomization tend to affect the solubility.

The beneficial effect on stability and preservative powers of
spray-dried products has been discussed in a number of articles. The
conservation properties of digitalis were improved over the material
produced by vacuum drying (12). Addition agents which tend to promote
stability have been successfully utilized (69, 92). Greene et al (69)

discuss various techniques for the improved quality and stability of

spray-dried egg powders. R. Ladisch (92) discusses and cites examples

of strengthening the walls of hollow particles by the addition of alco-

hole or benzene. He also discusses the improvement on product properties

of maltose by the addition of alcohol end hydrochloric acid. The bulk

density was radically affected.

in an article on the spray drying of potato mash, Burton (26)

discovered an inverse correlation between the pH of the reconstituted

A group of I. G. Farben chemists (91)

powder and jts color marking.
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discovered that a small amount of s volatile ammonium salt added to sSus-

pensions prior to sprey drying produced remarkable constant volume-weight

values.

There seems to be no doubt that the scope of control over the

properties of spray-dried material can be radically extended.

EFFICIENCY OF SPRAY DRYERS

(i) General Principles

The theoretical efficiency of a spray dryer will depend on the
extent to which the spent drying gases approach a condition of equilibrium
with respect to the water wvapor pressure of the material being dried. As
long as the latter is greater than the existing pressure in the surround-
ing medium, water vapor will continue to diffuse from the material. Thus
a greater theoretical efficiency is possible in spray drying colloidal
solutions or suspensions than true solutions. As mentioned in a previous
section, the evaporation of water from e true solution results in a de-
crease of vapor pressure as the concentration of the dissolved material

jncreases. As a result, this raises the equilibrium temperature of the

exit gases. This effect would, of course, be reduced if true counter-

current conditions prevailed, since the exit gases would then be in

contact with the initial feed concentrations.

Actually, exit air saturation is not often obtained in practice,

and in most cases would not be desirable. This follows because, in the

area of collection, the temperature of the powder falls, resulting in a

reduced vapor pressure, and thus the material would absorb water from

the moist air stream. Thus, in most commercial installations, the exit

temperature of the drying gases is considerably above its equilibrium
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velue. J. A. Reavell (135) contends thst this exit temperature is limited
by the point at which useful heat transfer ceases, due to a greatly re-
duced temperature potential. The above author supports this contention
with the additional fact that, due to the low specific heat of air, the
cooling due to a relatively small amount of evaporation is substantial.
Thus he proposes that it is the greatly reduced heat transfer rates and
not air saturation that in practice determines the minimum exit air tem-
perature.

(i1) Factors Affecting Efficiency

A great number of factors tend to decrease spray drying effi-
ciency. For one thing, there is the difficulty of attaining equilibrium
between the sprey particle and the drying medium, due to poor or insuf-
ficiently complete contact within the drying chamber. Moreover, the ef-
ficiency will vary considerably with the properties of the material being
dried. For example, it is not possible to utilize temperatures that are
too high when dryimg heat sensitive materials. Other materials tend to
"case harden" as they dry, creating a high resistance to diffusion. Still
another source tending to limit efficienmcy will be heat losses through
the walls of the towers and ducts. Again, since the velocities of the
inlet drying air are limited due to the fact that control of the movememt
of particles must be maintained and the time of contact sufficient, it is

not always possible to take advantage of higher relative velocities of

particles in the gas stream. Actually, proper design for higher effici-

ency would include the utilization of high velocities under strict con-

trol.
In general, limiting inlet air velocities and temperatures

have been determined empirically, each case being decided on its own
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merits. S. J. Friedman has pointed out on several occasions that there
is a serious leck of fundamental design and performance data for spray
drying operations (62).

The theoretical efficiency of the cycle will, of course, be
improved by such steps as heat recovery from the exhaust gases and im-
proved insulation to reduce heat losses. The fommer step has been ac-
complished in a number of ways.

(iii) Economizers

There is a considerable problem involved in the utilization
of the heat in the exhaust air to preheat either incoming drying gases
or feed. The air-float material or fines whiéh the exhaust gas con-
tains will foul the surface of the heat exchanger toc which it is exposed.
The presence of this material also seriously prohibits its use for direct
mixing with fresh drying air, since fire hazards and contamination would
ensue. The capital and operating cost of air cleaning equipment for the
exhaust gases most likely also prohibits its use. The Peebles dryer

(127, 1%0) overcomes this difficulty by partial recycling of the gas

stream.

The most efficient method of heat recovery from exhaust gases
is to scrub them in a pre-concentration chamber into which the feed

liquor is sprayed. This constitutes a recovery of both heat and air-

float material. The Gray-Jensen and Kestner designs (13%0) utilize

this procedure.

APPLICATIONS OF SPRAY DRYING

Although the spray drying process is particularly epplicable

to the drying of heat sensitive materials, it is by no means limited to



this field. It has been used 8uccessfully in the prodﬁction of insecti-
cides, insecticide raw materials as well ag metallic stearates ang preci-
pitated carbona#es (1) It has also been used to dry aluminum hydroxide,
amino acids, soluble coffee, resins, vegetable juices, blood plasma, and
is said to be the only known method of obtaining dry glucose powders (129).
Anhydrous Glauber salt can be formed from a 30% sodium sulphate solution
(1L8). Alksloids such as valerian, ergot and 'krasavka' extracts (132)
and thermolabile concentrates (12) have been successfully spray dried
after vacuum drying had proven inadequate.

Ferrous sulphate can be dried to the monohydrate with no in-
crease in ferric ion, even when the inlet temperature is as high as
670°F (130). Spray drying has been used in the drying of sewage sludge
(90) as well as in the recovery of distillers solubles (75, 138), and
waste sulphite liquors (L1, j2). Penicillin and blood plasma can be pro-
duced at lower costs than by the conventional sublimation drying tech-
niques (5). |

It has long been the leading method in the production of milk

powders (L, L6, 151, 154), egg powders (69, 93) and soap pwders and de-

tergents (14, 36, 115, 133). In recent years these three products have

been produced by spray drying in enormous amounts. Spray drying has been

used in the production of potato powders (26), magnesium chloride (9, 143),

and rubber latex (6, 22). It has been used in the production of special

catalyst particles for hydro-carbon reactions (66).
The patent literature abounds in a great number of references

to the application of spray drying for special materials. Perhaps the

earliest reference to spray drying is contained in a patent issued to

Charles A. La Mont in 1865 (93), in reference to the dried egg industry.
arles A.
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The dried milk industry provides pafents which bear nsmes that have
come to be associated with the development of Spray Drying - the names
of Gray, Jensen and Douthitt (L3, 67, 68); similarly for the numerous
patents in reference to the soap industry (78, 82, 9L, 117).

Spray dryer patents have been issued for the production of

dried fruit juices (55), tan liquor (29, 30), maltose (74), basic chro-

mium sulphite (107), sodium silicate (L7), and mumerous other products.

ECONOMICS OF SPRAY DRYING

There appears to be considerable variation in opinion on the
actual efficiencies of spray dryers. Perry (129) states that the effi-
ciencies of commercial spray dryers vary from 20% for low temperatures
(300°F or less) to 70% for high gas temperatures. Many other sources
indicate maximum efficiencies of not more than 50% (57). These varia-
tions will, of course, depend to a great extent on the actual material
handled. Performance data on a number of comercial units have been
given in the literature. Fogler and Kleinschmidt give performance date
for a 10-ft. diameter dryer, indicating that from 1600 to 2100 B.t.u.
are required to evaporate one pound of water sprayed at 212°F. They
also give data for commercial dryers operating with organic materials,

indicating heat requirements of from 2250 to %800 B.t.u. per pound of

water eveporated. In both cases these heat requirements are based on

a datum of 65°F. Perry (129) gives capacities of from 0.1 to 3.0 1b.

of water evaporated per cubic foot of chember volume on commercial dry-

ers The low value is for 20-50 mesh particles using low gas tempera-

tures while the high value is for 300-mesh particles using temperatures

in excess of B00°F. Burton (26) gives performance data for spray dryers
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operating on potato mash while Greene et al (69) provide data for dryers
producing egg powders. Performance data on laboratory size dryers are
given by Waite (151) and Dismond (L4O). Actually, as previously steted,
there has been no agreement on methods of determining end estimating

efficiencies,

Commercial drying chambers vary from 10 feet to %0 feet in dia-
meter. Capital costs of the 10-ft. diameter dryer, for which Fogler and
Kleinschmidt have provided performance data, range from 30 to LO thousand
dollars, installed. 15-20-ft. chembers will cost from 60 to 100 thousand
dollars. Another source quotes installed costs of from 10 dollars per

cubic foot for large chambers to between 25 and 60 dollars per cubic foot

for small chembers (129).
Labor for operating a dryer, exclusive of naterials handling,

is 12 to 2l men-hours per day. Maintenance costs are from 5 to 10 per

cent of the total installed cost (129).

Energy requirements are from 30 to 90 H.P. for a 10-ft. dia-

meter dryer (57). Of this, the bulk is taken by the fan horsepower re-

gquired, namely from 25 to 75 H.P., the remainder being necessary for

pumping and atomizing. Perry (129) quotes 50 H.P. as the energy require-

ment of a 20-ft. diameter tower. Fhilip (120) claims that the thermal

efficiency of spray drying compares favorably with other forms of drying,

whereas Fogler and Kleinschmidt (57) maintain thet direct economy of

drying is seldom the determining factor in utilizing spray drying opera-

tions It is rather the other advantages of spray drying previously

discussed that make it attractive.



NEW THEORETICAL EXPRESSIONS FOR THE EFFICIENCY OF

SPRAY DRYIKNG




INTRODUCTION

There has been marked disagreement on the subject of the ef-
ficiency of spray drying, making comparisons with other drying methods
impossible. Conflicting opinions have been expressed, typical of which
is the discussion accompanying a paper by T. B. Philip (13%0). Few re-
lationships have been proposed, and those existing are unsatisfactory,
due to a lack of clarity and a failure to define rigorously the empi-
rical relations developed.

It is recognized that conflicting elements exist in the con-
cept of thermal efficiency as applied to spray drying, mainly because
it is the chamber itself that is under consideration, and not the entire
cycle. From the viewpoint of drying, the minimum temperature of the
spent drying gases that can possibly be obtained in the chamber is the
saturation temperature, whereas purely from the viewpoint of heat uti-
lization, the lower temperature limit would be that of the atmospheric
datum. The following expression for the efficiency of a spray drying

chamber, proposed by Fogler and Kleinschmidt (57), illustrates this

problem: R
1-10g(T1-T2)
E="Tp -1, (14)
where R ™= radiation loss, per cent of total temperature

drop in the drying zone

temperature of entering air, °F

-3
[
(1]

To = temperature of leaving air, °F

temperature of atmospheric datum, °F

3
o]
L]
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If we now assume that conditions are adiabatic, i.e. R ®= 0, and also
’

that To is & minimum, namely equal to Tg, the adiabatic saturation

temperature, then the expression simplifies:

T -1, (15)

Now, in actual installations, Ts will be higher than To, and thus the
efficiency camot be 100%. The limiting value of the numerator is
based on drying considerations, while the limit of the denominator is
based strictly on heat utilization. 1In other words, a different tem-
perature datum is used/for each.

A disadvantage of this expression is that the useful utiliza-
tion of heat, namely the evaeporative capacity, is not directly indicated.
Similar ratios, based on humidities or enthalpies, could be proposed,
but would lend themselves to the same objections. It is the purpose of
this section to establish two fundamental expressions for the efficiency
of spray drying operations, which will overcome these difficulties and

establish a firm basis for the study of comparative performance.

Heat and Material Balances

Consider the spray dryer which is illustrated diagrammatically

in figure 1. Before proceeding with analysis, certain assumptions must

be made. The liquid feed is assumed to be water, the drying gases air,

end the existing pressure in the system, one atmosphere.
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FIG. 1
Material Balance on Water
W 4 GH; = GH2
Rearranging, %f- Ho - H)

Heat Balance on Chamber

G(T;-Ta)(0.2L) 4 GH (T1-Ta)(0.45) 4 GH )‘Td + W(Tp-14) (Sp)
- G(Tp-Tq)(0.2L) + GH2(T2-1a)(0.L5) + GH2 Agy 4 O
Rearranging, G6(T1-Ta)(0.2k#.L5H) 4 W(Tp-Tq) (Sp) = 6(T2-Tq) (0.2l .L45Ho)

+ 6(Hp-H1) Ag, 4 Qg
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But, G(Hz-Hy) = W; S; = 0.2} 4 0.15H; Sp = 0.2l 4 0.45H,

-« 6(Ty-Tq)(81) '+ W(Tp-Tq)(Sp) = G(Tp-Tq)(Sp) 4 WApy 4@ (37)
Now for 100% efficiency of the drying operation, adiabatic saturation
of the exit air will be attained. Thus, from the viewpoint of the dry-
ing process and the drying chamber itself, maximum efficiency will re=-
sult when Tp = Tg = Ty ., the wet-bulb temperature of the air, and
Q;, = 0. If, in the above equation (17), we select the wet-bulb tempera-
ture of the air as the datum, then Tgq = Ty,p,, &nd all the available

heat is used to vaporize water:

ice. G(T1=Ty.p.)(51) 4 W(Tp-Ty,p,)(SF) = w'\Tw..b. (18)
and, B4 = Heat used in Vaporization w'(‘\Tw.b.(loo)
Heat Available G(T1-Tw.b. )S1 W (TF-Tw,b, ) (OF)

(19)
whence the efficiency would be 100%, based on the equality indicated in

equation (18). The above efficiency will be called the "DRYING THERMAL

EFFICIENCY".

List of Symbols

w = liquid water evaporated, 1b./hr.
G = dry air entering and leaving, 1b./hr.

absolute humidity of entering air, lb.water vapor/lb. dry air

Hy =
Ho = sbsolute humidity of leaving air, lb. water vapor/lb. dry air
Q1 = heat losses from the surface of the dryer, B.t.u./hr.

S1 2 humid heat of entering air, B.t.u./lb. dry air

humid heat of leaving air, Bet.u./1b. dry air

specific heat of feed (in this case Sp equals 1) B.t.u./lb.



T, = temperature of entering air, OF

To * temperature of leaving air, °F

Tr = temperature of entering feed, °F

Tgq = datum temperature, °F

T = adiabatic saturation temperature, OF
Tw.b, = Wet-bulb temperature, °F

/\Td

)\Tw.b.g latent heat of vaporization at wet-bulb temperature, B.t.u./lb.

latent heat of vaporization at datum temperature, B.t.u./1b.

In an actual spray drying chamber it is unlikely that equili-
brium will be attained, and, therefore, the exit temperature of the gases
T> will be greater then Ty,p., representing a loss of available heat in
the spent gases. Moreover, perfectly adiabatic conditions will not pre=-
vail and there will be a loss, Qp, from the walls of the chamber. Thus,
the drying thermal efficiency will be less than 100%.

The above expression for the efficiency of a spray drying chem-
ber is derived solely from heat and material balances. The heat available
for drying is taken as heat in the entering air and feed above a datum of
the wet-bulb temperature, whereas in actuality the entering air has a
heat availability which is more logically taken above the datum of the
temperature of the outside air. On the other hand, it is true that un-

der normal conditions the actual vaporization takes place at the wet-bulb

temperature. Thus, as a practical expression of the efficiency of a

spray drying chamber, the following equation is proposed:
L Tw.b. (100)

20
E = G(T{-Tq)S1 + W(Tp-Ta)SF (20)

The above ratio will be called the 'Heat Economy of the Drying Chamber'.
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This heat economy will normally be based on a datum of from &0° to 70°F,
depending, of course, on Prevailing atmospheric conditions.

The expression for the heat economy of the spray drying chamber
affords a practical thermal ratio, enabling the comparison of different
types of chambers operating under different conditions. The theoretical
efficiency based on this equation will be less than 100%, since, even if
the exit temperature is a minimum, i.e. To = Ty.b., there will still be
heat lost in the exit air, over the datum.

At this point, it would be well to consider the assumptions
made in the above derivations. Basing the heat in the entering feed
solely on its water content, and neglecting the heat content of any
80lid material present, will introduce negligible error, as the heat in
the feed is small relative to the other heat quantities involved, and
the heat capacity of the solid is low. Considering the entire drying
gases as equivalent to air will similarly introduce only slight errors,
because of the large volume ratio of air to combustion gases, and be-
cause of the fact that the average molecular weight of the products of
combustion and their heat capacities approximate those of air. The as-
sumption that the existing pressure in the chamber is atmospheric is
also reasonable, since actual pressures will only be measurable-in inches

of water. The above assumptions ensble the use of psychrometric charts

for air-water vapor mixtures.
Still another expression for efficiency is the "Overall Thermal
Efficiency"”, which depends upon the actual thermal cycle employed. This,

of course, would be based upon the atmospheric datum temperature. Losses

incident to the heating of the drying gases in some kind of furnace will
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tend to lower this efficiency, while the degree of the recovery of heat
from the exhaust gases through the use of economizers, heat exchangers,
preconcentration chambers, etc., will add to the credit side of the over-
all thermal efficiency. Further to this discussion, one could consider
a final expression which, from an engineering viewpoint, is possibly the
most important. This expression is the "Overall Efficiency of the Pro-
cess", and would include the energy input to all subsidiary equipment
used, such as pumps, motors, fans, etc.

These latter two expressions of efficiency were not calculated
in this investigation, because the intention of the research project and

the design details were focused on the drying chamber itself.



EXPERIMENTAL SECTION




INTRODUCTION

The experimental work in this project falls into three general
sections. The first of these is concerned with experimental runs on the
spray drying process with a view to determining the effect of a number
of variables on the capacity and efficiency of the drying chamber. Also
of concern in this first part is the comparison between operation on water
alone as the liquid feed, and operation on an actual solution, under si-
milar conditions.

Based on the previous discussion as to the prime importance
of atomization, a short section has been devoted to this wvariable alone.
Moreover, it is this variable which lends itself most readily to a mathe-
matical interpretation of results. Thus, the second section represents
experimental runs concerned with the effect of atomization on the spray
drying process.

The third section deals with the snalysis of the physical pro-
perties of the feed and of the dried product. Particle size distribu-

tions of the product have been determined as a basis of comparison with

liquid feed droplet size.

I SPRAY DRYING

l. EQUIPMENT

The general layout may be seen in figure 2. It consists
briefly of a direct gas-fired furnace for heating the drying air, con-

nected to a belt-driven motor-blower assembly, which provides the
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required drying air; the drying chember, a concurrent down-flow type
with tangential air entry; the spraying system, consisting of a two-
fluid nozzle assembly, feed tank and feed punp; and the collection
unit, a multi-cone type collector. The spray chember is the only part
of the equipment which was not specifically built for this project,
and had been used in a previous investigation (L0). However, it was
completely modified and rebuilt from a countercurrent flow type to

its present design.

Heating of the Drying Gas

The air was heated directly in a gas-fired furnace operated
by two gas burners shown in figure 3. The gas burners were supplied

from two parallel gas lines, a large one for the main heat source, and

a small line for fine control.

The furnace volume was about eight cubic feet, the combustion
chamber itself being about six cubic feet, and the mixing chamber above
it, two cubic feet. The framework of the chamber was made of angle irom,

the walls of 20-gage galvanized steel, and the floor and ceiling of the

combustion chamber were made of 4-inch steel plate. A 6-in. x L-in. hole

in the ceiling at the back permitted the combustion gases to enter the

mixing chember. The combustion chember was lined with fire-bricks and

cemented with fire-clay. The furnace, and connected duct work, were

insulated with several inches of 'Tartan' cement. Secondary air entered

the mixing chamber through a manually controlled demper at the back of

the furnace.

The motor-blower assembly consisted of a 3-H.P., 220-volt

D.C., compound Bogue Electric Motor, connected with a belt-driven
L] L}
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blower , model RV-2, made by the American Blower Corporation. The in-

let and outlet of the blower had outer diameters of six inches, and

were connected to appropriate enlarging sections to accommodate the 8-
inch galvanized ducts, one coming from the furnace and the other enter-
ing the drying chamber. The motor-blower assembly may be seen in figure.
2e

Drying Chamber

The chamber design is diagrsmmatically illustrated in figure
4. It consisted of two main sectioms, an upper Jjacketed cylimdrical
section and a lower conical section with a removeble bottom to facili-
tate entry to the chamber. The chamber had an overall internal height
of six feet, the upper cylindrical section being two feet in height and
four and one-half feet in diameter. All the segments of the conical
sections were double-seamed, the two parts being bolted to 4-inch flanges.
A gasket was fitted to the flanges, thus obtaining an air-tight joint.
All material was 20-gage galvanized steel.

The hot air from the blower entered the jacketed cylindrical
section tangentially, distribution to the chamber proper being provided

by six 1i-in. x 6-in. slots cut in the inside wall at an angle of L5

degrees to the perpendicular. The metal was not cut out, but merely

bent back along a vertical edge in order to provide a means of changing

the air-flow pattern. All protruding joints and screws were in the air

jacket, leaving the drying chamber quite smooth.

The entire chamber end entering ducts were insulated with

Tertan cement. Two observation windows were installed, one on the top

and one on the side of the cone, and a light was provided inside the

chamber.
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The general layout of the spraying system may be seen in
figures 2 and 5. As shown, the liquid feed was pumped from the feed
tank to the nozzle through a %-in. brass line by means of a %—in. gear-
punp. The feed rate and pressure were controlled by valves at the by-
pass of the pump and in the line, and measured by a calibrated rota-
meter suitably protected by a strainer. The air pressure to the two-
fluid nozzle was controlled by a valve in the compressed air line and
its rate was measured by an orifice. The pressures at the nozzle were
measured by suitably located gages. Water lines were also provided to
flush out the system.

Two-fluid, or gas-atomizing, nozzles supplied by the Spraying
Systems Company were used exclusively. The nozzle assembly, shown in
figure 6, was designed to facilitate changes and maintenance. Sections
of the 3=in. liquid feed and compressed air lines were fitted through e
circular i-in. steel plate, 7 inches in diameter. The two g-in. pipe

sections were welded permanently into position and terminated at both

ends with unions for quick removal.

Collection of the Product

The powder was collected in a commercial 'Aerotec' powder
collector consisting of five parallel banks of five 'Aerotec’ cyclone

tubes each. The bottom of the drying chamber termineted in a L-=in. gal-

venized duct which led directly to this powder collector. The collector

arrangement may be seen in figure 2, above the control panel in the upper

left-hand corner. The spent geses left the collector through en 8-im.

galvanized duct and were exhausted to the outside. This Aerotec unit

can be used as an efficient metering device as the manufacturers have

supplied charts giving rates of flow as a function of the temperature

and pressure drop across the unit,.
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Control and Recording of Variables

The temperature of the drying air could be maintained within

o .
31°C, either manually or by means of a bimetallic thermo-regulator lo-

cated in the chamber air jacket. This thermo-regulator was connected
through a delayed action relay to a solenoid valve located in a by-pass
of the small gas line. The temperature of the inlet drying air to the
chamber, the exit air from the chamber and the air entering the Aerotec
were read by suitably located mercury thermometers. A wet-bulb thermo-
meter was provided at the exit of the drying chember and several other
thermometers were attached to the top and side surfaces of the drying
chamber insulation.

The volume of drying gases was controlled by means of a vari-
able resistance which changed the voltage and hence the speed of the

motor driving the blower. This volume was measured with & water U-tube

menometer connected across the Aerotec collector.
The depth of the nozzle in the chamber could be varied merely

by removing the nozzle plate assembly and replacing the nipples by others

of the desired length.

Static pressures could be taken at various points in the sys-

tem. The manometers may be seen on the control pemel in figure 5. All

controlling valves, motor switches and starters, rotameter and recording

jnstruments are located on the control panel. An orifice in the compressed

air line to the nozzle permitted the reading of the volume of air.

2. PROCEDURE

The equipment was brought to a steady state at the beginning

of eech trial in the following menner. The two gas burners were 1it,
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the blower motor slowly brought to speed and the amount of gas fed to
the burners was slowly increased, about three-quarters of an hour being
required to reach the desired temperature. When a constant temperature
prevailed, the following readings were taken: all static pressures,
inlet drying air temperature, surface temperatures of the cylindrical
portion of the chamber and also of the comical sections, chamber outlet
wet- and dry-bulb temperatures, the temperature before the Aerotec unit,
and the pressure drop across the latter. Since no feed was used up to
this point, the wet- and dry-bulb temperatures of the hot air determined
its humidity.

When water wes used as the liquid medium, the actual spraying
operation was begun by first slowly adjusting the compressed air pres-
sure at the nozzle to the desired operating value. The feed pump was
then started, all readings were once more checked for constancy and

then careful observation was made of the spray-drying process through

the chamber windows.

To determine the maximum capacity of the chamber when evapo-

rating water, the stringent criterion that no droplet from the spray

should hit the walls was adopted. Under a given set of operating condi-

tions, the feed rate was slowly increased until the capacity was just

exceeded. The feed was then slowly reduced until the wet spray no

longer hit the walls. Owing to the special observation facilities, any

droplet hitting the walls could be detected easily as a pinpoint of

capacity could thus be sharply determined. At

light and the meximum

g were checked and the following

this maximum rete all previous reading

the liquid feed rate and temperature, the air

additional ones taken:
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and liquid pressures at the nozzle, and the orifice reading in the

nozzle air line.

Great care was taken in the determination of the wet-bulb

temperatures which were estimated as follows. The wick of the thermo-
meter was immersed in water, the temperature of which was approximately
that of the estimated wet-bulb temperature. A more accurate determina-
tion made possible an even closer adjustment of the two temperatures.
At this stage, by wetting the wick with water, no observable rate of
change could finally be detected, and it was this final temperature
which was teken as the wet-bulb reading.

The method of varying the nozzle depth as well as the volume
of drying gases has been clearly indicated in the previous section. The
feed temperature was controlled manually by an insertion heater. Once
steady state was reached, only occasional adjustments were needed to
keep a1l operating conditions rigidly constant. After completion of an
entire trial and before shut-down, a rigorous procedure was followed.
The feed pump was first shut off. After about five minutes the gas

burners were closed, following which the compressed air valve to the

nozzle was also closed. Cool air was blown through the system for alout

ten mimutes, followed by the closing of the motor-blower starter switch.

When an actual solution was used as the feed, the procedure

was in every way jdentical. Water was again used to start the spray

over to the feed material when operating condi-

drying process, changing

This new feed cons isted of a ten per cent by weight

tions were steady.

sulfite pulp industry. This material,

solution of a by-product of the

which is called Lignosol, consists of about 50% calcium lignosulfonete,

carbohydrates and resins. 1In 8ll runs with

the rest being temnins,
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Lignosol the concentration was kept constant at ten per cent by weight

It should be noted that this material forms colloidal solutions in water.

3. CALCULATIONS AND TABLE NOMENCLATURE

From the readings collected during the experimental rums, it

was necessary to calculate certain quantities before heat balances could
be established and efficiencies determined.

The volumetric rate of flow of the drying geses was calculated
by means of measurements of pressure drop across the Aerotec unit, as
previously explained. This flow rate was checked by means of a Pitot
Tube traverse and cross-checked by a humidity balence on the combustion
of a known volume of fuel gas, of known composition. The actual mass
rate of air was determined by applying the ideal-gas equation of state
to the determined volumetric rate. These mass rates were checked by
means of equation (16), page L2, the humidities having been obtained by
psychrometric methods from the known dry- and wet-bulb temperatures.

The humid heats of the inlet and spent air were determined

from the known temperatures and humidities, the latter having been pre-

viously assessed by the method already described. The heat losses were

determined from data supplied by the manufacturers of the insulating

"Tertan' cement. A plot of these losses as & function of the outside

insulation temperatures is shown in figure 7. Values thus obtained

checked very well against heat losses calculated from the heat balance

given in equation (17) on page L3.

Finally, the efficiency was calculated from equation (19),
4

derived on page L3, each of the terms being calculated as indicated.
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For the purpose of presentation, observed date and calculated

results were divided into three tebles for the water runs. the first
]

reporting observed readings only; the second represents a material bal-

ance and gives the capacity; while in the third all the terms of the

heat balance required for the calculation of efficiency are indicated.

In the case of the Lignosol runs, in addition to the above three tables,

a fourth showing heat balances has been given. Owing to lack of space,

table headings had to be restricted to symbols only, full nomenclature

for which is as follows:

nozzle depth below roof of chamber, in.

volumetric rate of entering hot gases, expressed on
a free basis at 70°F and 1 atm., cu.ft./min.
temperature of entering hot gases, OF

temperature of liquid feed, oF

temperature of spent drying gases, °F

wet-bulb temperature of spent geses, OF

pressure of compressed air at the nozzle, psig.

pressure of liquid feed at the nozzle, psig.
rete of liquid feed, U.S. G./min.

water evaporated, lb./hin.

ent drying air, 1b. water vapor/lb. dry

i f s
absolute humidity ol sp .o

gain in humidity of drying air, lb. water vapor/lb. dry air

rate of drying air, calculated, 1b./min.
rate of drying air, actual, lb./hin.

rate of drying air, actual, 1b./hr.

chember capacity expressed as water evaporated, lb./hr.
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51 = humid heat of entering air, B.tou./1b.dry air
So = humid heat of leaving air, B.t.u./1b.dry air

w.b. = latent heat of vaporization at the wet-bulb temperaturs,
Q = sensible heat in entering air, B.t.u./hr. Pt /te.
Q = sensible heat in leaving air, B.t.u./hr.

Qv = heat of evaporation (i.e. Wy\w;b.)’ B.t.u./hr.
Qp ® heat in entering liquid feed, B.t.u./hr.

QL ® heat losses, by convection and radiation, from spray
chember, actual, B.t.u./hr.

Eg ® Drying Themal Efficiency, per cent

T = temperature of top outside insulating surface, °F

Tc = temperature of outside insulating surface of conical section, OF

Qp = heat losses from top cylindrical section of cheamber, calculated,
B.t.u./hr.

Qe = heat losses from conical section, calculated, B.t.u./hr.

Q1 = total heat losses, calculated, B.t.u./hr.

Ly, EXPERIMENTAL RESULTS

WATER RUNS

(e) Variation of Inlet Air Temperature

Six runs were mede at a constant volumetric rate of entering

gases of 308 C.F.M. (free air, measured at 70°F and 1L4.7 psia.), a fixed

feed temperature of 53°F and a fixed nozzle depth of 12.875 inches. The

complete results are given in Tables I-a, I-b, and I-c, and the effects

on capacity, efficiency and heat losses are shown in figure 8. These

terms are entered as W, Eq and Q, respectively, in the Tables.

It may be observed from the sbove figure that both the capacity

and efficiency pass through & meximum with increase in inlet air tempera-
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Table I-a
Trial 1 Vv T T T
. 1 F 2 Tw.b. P P F
o. dim. ofm.  OF oF OF 5" pelg. psig. U.S.P..
1 12.875 308 253.4 534  197.2 108
2 12.875 308 283 5L,.2 2?;.0 111.8 tg i@ 8:83%2
3 12.875 308 329.2 53.0 259.0  115.2 L0 19  0.031
L 12.875 308 364  53.L4 2933 124 Lo 20  0.0335
5 12.875 308 393  53.6  337.3 1255 Lo 20  0.033
6 12.875 308 l11  53.,  350.9 128 O 20  0.033
Table I-b
Trial w Ho H ac 8 G w
No. 1b/min 1b/1b 1b/1b  1lb/min 1b/min 1b/hr  1b/hr
1  0.1791 .032 0.008 22.L5 23 1380 10.75
2  0.2293 .0355 0.0095 2h.1 23 1380 13.78
3 0.2581 .03, 0.0115 22.5 2% 1380 15,75
L 0.279% .049 0.012 2%.28 23 1380 16.77
5 0.275 .06 0.0115 23.9 23 1380 16.5
6 0.275 .0L485 0.012 22.9 23 1380 16.5
Table I-¢
Trial S S b, Q Q2 Qv QF QL Eq
No. btu/1b btu/%b btﬁ?ib btu/hr btu/hr ptu/hr btu/hr btu/br b
60 22.25
| o.051  0.2545 1032.6 50398 3155 1109 588 Tl
2 0.222 0.226 1031 58200 37900 144,200 793 5302 22»75
3 0,250 0.255 1028.7 73700 50598 16200 976 h928 2 3
L, 0.257 0.262 1023.1 85000 61150 17150 1182 Zgl %.?
5 0.286 0.261 1022.5 9Llo0 76320 16890 1190 218 i ‘05
& o0.057 0.262 1021.L100500 82710 16870 1220 7270 1T.

Table heading nom

enclature given on page 62.
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ture, but the two maxima do not occur at the same temperature. The curve

for heat losses passes through & minimum at a point in the region of maxi-

mum efficiency.

It also may be noted that, although increased capacity occurs
as the temperature increases to 364°F, nevertheless, after an inlet air
temperature of 282°F, this increased capacity is at the expense of de-
creasing efficiency and increasing heat losses.

(b) Variation of Nozzle Position and Inlet Air Rate

The effects of varying the rate of inlet gases and the nozzle
depth from the top of the chamber, at constant inlet ges and feed tem-
peratures, are shown in Tables II-a, II-b and II-c and figure 9. 1In
order to show clearly the effect of air rates on capacity, runs Nos.
26, 22, 15 and 8 are plotted separately in figure 10. These runs are

at a constant nozzle depth of 12.5 inches.

Figure © clearly demonstrates the importance of the nozzle
location, and the existence of & sharply defined optimum position be-

tween depths of 10.75 and 11.75 inches. More striking still is the
fact that this optimum position appears to be independent of the drying

gas rate, although the latter most certainly exerts a profound influ-

ence on the turbulent flow pattern in the chamber. Figure 9, and more

particularly figure 10, show that capacity also passes through a maxi-

mum at air rates of 262 to 208 C.F.M. Finelly, the results indicate

that at maximum caepacity the efficiency is meximum and the heat losses

It is obvious, of course, that increased efficiency

are minimum.

should result when equal capacities are attained at lower rates of

entering air, as shown by the officiency values of 71% and 92%, for
]

runs 23 and 28, respectively.
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WATER-VARTATION OF NOZZLE POSITION AND INLET AIR RATE

Table II-a
Trial 1 \' T, TF To T P
No.  in.  cfm. w.b, fa L F
OF °F oF °F  psig. psig. U.S.P.M.
7 12.875 308 365.0 53 295 121 0 20. .
8 12.50 308 366.0 53 285 123 tb 22.2 8.8225
9 11.75 308 366.6 52 228 117 50 31 0.0745
10 10.75 308 365 53 209.5 115 50 3L 0.087
11 10.25 308 2%64.5 52.0 265 118.5 50 29 0.048%
12 9.5 308 365 51.5 282 123 50 26 0.0%95
13 8.5 308 365 51 290 117 50 25 0.0315
1, 12.875 262 %65 53 280 123 50 26 0.035
i5 12.5 262 %36$5.8 53 261.7 123.8 L0 2L 0.0L)
16 11.75 262 366.8 51 172.4 119 50 25 0.096
17 10.75 262 %6 51 162 117 50 %6 0.1
18 10.250 262 366.8 53 2h3.5 119 50 28 0.054
19 9.5 262 365 5% ., 267.5 123.8 50 26.5 0.042
20 8.5 262 365 53 285 123.2 50 25 0.03%35
21 12.875 208 366 53 271 123 50 2l 0.03
22 12.50 208 365.8 53 261.5 123 50 25.5 0.03%50
23 11.75 208 366.8 53 149.1 119 50 25 0.0925
2L 10.75 208 366 53 157.4 117.1 50 LN 0.088
25 12.875 176 365 52 255.3 121.2 50 2L 0.0315
26 12.50 176  36L.6 53 251.8 120.8 Lo 20 0.033%0
27 11.75 176 365 53 1% 116 50 33 0.084
28 10.75 176 %66 53 128 116 50 3l 0.089
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Table II-b

Trial w H H a a G W

No. 1b/min 1b/1b  1b/1b lb/min 1lb/min 1b/hr 1b/hr
7 0.2793 .0L0 0.012 23.3 23 1380  16.77
8 0.3165 048 0.013 2L.35 23 1380  19.0
9 0.621 0455 0.0265 23.,5 23 1380 37.1
10 0.725 .0L455 0.03%05 232.75 23 1380  L3.5
11 0.15 .0L405 0.017 22.75 23 1380  25.0
12 0.329 .0485 0.0145 22.7 23 1380  19.71
13  0.263% .031 0.011 23.25 igs ilagg ig'é?
1 0.2920 .0 0.015 19. . .

115 0.3*?6 }-.oé‘Z? 0.0190 19.75 19.5 1170  22.55
16 0.800 .065 0.0l 19.5 19,5 1170  L48.0
17 0.833 062 0.042 19.8 19.5 1170 50.0
18 0.450 0L65 0.023 19.6 19.5 1170 27.0
19 0.350 .0555 0.018 19.45 19.5 1170 22.0
20 0.279% .0485 0.014 19.95 19.5 1170 1 og7
21 0.250 0.0515 0.0155 16.15 16.33 980 is. ;
22 0.29%0 0.054 0.018 16.3 16.33 980 ng
23  0.771 0.0705 0.0L6 16.75 16.33 928 L.b,.o
2, 0.733 0.0635 0.0435 16.85 16433 gb,o 15‘76
25  0.2625 0.050 0.0185 1h.2 140 ol 6.148
26  0.2745 0.050 0.02 13,73 140 o X
27  0.700 0.0668 0.0480 14.6 lhog o hb:2
28 0.737 0.0685 0.0L97 14.85 1k
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Table II-c

Trial S S .b. Q Q Q E
oo btu/lb btu/lb btufib’ bturhr btudhr bbulhr bt&?hr b%&/hr A

7 0.253 0.258 1025.6 85500 62000 17190 1124 5186 20.4

8 0.25 0.262 1024 85500 60000 19450 1330 L4720 23.1

9 o0.248 0.261 1027.5 8L800 L0100 38150 2410 o  L6.3
10 0.2L47 0.261 1028.5 85100 33900 LL60O 2697 3903 5L.1
11 0.250 0.258 1026.2 84800 52030 25650 1660 5258  %0.8
12 0.255 0.262 1024 85000 57500 20200 1409 5801 24.15
13 0.249 0.254 1027.5 85200 60500 16200 1033 7467  19.25
14, 0.256 0.263 1024 72500 L8250 179% 1227 509% 25.15
15 0.257 0.266 1023.5 72900 L2800 23100 1577 5423  32.4
16 0.251 0.269 1026.2 72600 16800 L9200 3620 330 71.0
17 0.2L9 0.268 1027.5 72100 14000 51380 3350 2270  TheT
18 0.251 0.261 1026.2 72600 38000 27700 1780 5120 39.1
19 0.257 0.265 1023.5 72500 L4500 21500 1489 5011 30.3
20 0.256 0.261 1023.8 72450 LoLoo 17170 1175 L4705 2.1
21  0.2565 0.263 102, 61100 38100 15370 1050 6580  25.4
22 0.2565 0.26L 1024 61100 35850 18000 1230 6020  30.1
23 0,251 0.272 1026.5 60800 8030 L8000 3080 1690 Zé.o
o, 0.2L9 0.2685 1028 60400 10570 L5200 2820 1920 1-9
25 0.254 0.263 1025 51800 28600 L6160 1075 5967 3 .g
26 0.253 0.262 1025.} 51700 27850 16800 1115 5235 23.5
27  0.2485 0.270 1027.3 52150 L530 13300 26L5 izﬂ? ool
58 0.2485 0.271 1028 52150 2720 Lshoo 2785 5 .
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(c) Jariation of Temperature at Optimum Air Rate and Nozzle Depth
p

From previous investigations, an optimum air rate of 262 C.F.M.
free air and an optimum nozzle depth of 10.75 inches were selected, and
at these fixed values the inlet air temperature was again varied. The
results are tabulated in Tables III-a, I1I-b and III-c, and the effects
on capacity and efficiency are shown in figure 11.

The results indicate thet a maximum was again found for the
capacity of the chamber, but that this meximum did not correspond to
a maximum efficiency nor to minimum heat losses. As a matter of fact,
this efficiency is far below values found for trials 29, and more parti-
cularly 27 and 28.

(d) Variation of Inlet Feed Temperature

The inlet feed temperature was varied at conditions repre-
senting the optimum of all other variebles, namely en air rate of 262
C.F.M., a nozzle depth of 10.75 inches and an inlet air temperature of
L,20°F. The results are entered in Tables IV-a, IV-b end IV-c, and the
relation to capacity and efficiency may be seen in figure 12.

These results are particularly interesting because they show

large effects on the capacity and efficiency which were totally unex-

pected. The capacity passes through a meximum at a temperature of the

inlet feed corresponding to the wet-bulb temperature of the drying

gases.,

LIGNOSOL RUNS

(a) Variation of Imnlet Air Temperature
t s constant air rate of 308 C.F.M. (free

Four runs were made &

air), a fixed feed temperature of 53°F and e fixed nozzle depth of 12.5
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WATER-VARIATION OF TEMPERATURE AT OPTIMUM AIR RATE AND
NOZZLE DEPTH

Teble III-a
Trial 1 V 51 Tp Tz Tw.b. Pa P F
NO. in. cm. OF OF OF lF pSigo pSigo UoSoPoMo
29 10.75 262 329 5l 151.6 115 50 3,  0.088
%0 366 51 162 117 50 36 0.1
31 L20.5 5k 209.5 127 50 37  0.104
22 L82 5L 271 135.5 50 % 0.1
Table III-b
Trial w Ho H 8 G W

a
No. 1b/min 1b/1b 1b/1b  1b/min 1b/min 1b/hr  1b/hr

29 0.733 0.0602 0.0382 19.2 19.5 1170 L0

30 0.833 0.062 0.042 19.8 50.0

31 0.867 0.0490 0.0450  19.25 52.0

22 0.83% 0.0935 0.0422  19.75 50.0
Table I1I-C

i QF QL Eq
Triel S So w.be QU Qv ,
No. btu/lb btu/lb btu/lb btu/hr btu/hr btu/hr btu/hr btu/hr %

8

. 1028.5 62550  11L80 L5300 2684 2086 75
8.228 g.gggs 1027.? 72100 14000 51380 3350 3370 Zu.7
0:255 0.277 1021.5 87600 26610 53100 3795 L4095 3,5

0.263 0.282 1016.5 106800 L5050 50825 LOT5 6850 L9.L

RWEEE
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WATER-VARIATION OF INLET FEED TEMPERATURE

Table IV-a
Triel 1 v T Tp To Tw.b Py Py, F
No. in. cfm. op op op OF psig. psig. U.S.P.M.
33 10,75 262  L20.5 54 209.5 127 50 37  0.104
3L 70 197 127 50 29 .115
75 128 190 127 50 la .125
26 158 200 127.7 50 Lo .120
Table IV-b
Trial w Ho H &g a G W

No. 1b/min 1b/1b 1b/1b  1b/min 1b/min 1lb/hr 1b/hr

23 0.867 0.0L90 0.0450 19.25
2] 0.96 0.0485 0.0485 19.8
25 1.04L 0.087 0.053 19.65
36 1.0 0.0845 0.050 20.0

Jl\n
S BU R
[ ]
oD

Table IV-c
Q Eq
Trial S So b Q@ Q2 Qv QF
No. btu}ib btu/lb btu/lb  btu/hr btu/hr btu/hr btu/hr btu/hr %

630 5

. . 1021.5 87600 26610 53100 2795  L095

gﬁ 8.2?; 8.2;55 1021.5 87200 Slzgg Zgggg 3230 g;gg gg.g
. 1021.5 87600 20 .

;Z 8:22? 8.2;85 1021.2 87600 23600 61290 -1860 L570 68.6
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inches. The tabulated results are given in Tables V-2, V-b. Vec and
’ s V=

V-d, and & plot of capacity against inlet air temperatures is shown
in figure 13.

These results exhibit the same general behaviour as the equi-
valent trials on water alone. The curve passes through a maximum with
increasing air inlet temperature, but lower capacities are attained thean
in the case of the water runs. Although both greater capacity and greater
efficiency result from increasing the air temperatures to the optimum,
nevertheless, there is a steady increase in heat losses, which rise
rapidly beyond the point of maximum capacity.

(b) Variation of Nozzle Depth and Inlet Air Rate

At a constant inlet air temperature of 365°F and a constant air
rate of 308 C.F.M. (free air) the effect of warying the nozzle depth was
studied. This variation was also studied at gas volumes of 262 C.F.M. and
208 C.F.M. The results are tabulated in Tables VI-a, VI-b, VI-c, VI-d,

end the effects on capacity are shown in figure ll.

Two additional plots, based on trials 18, 15, 11 and 7, and

trials 19, 16, 12 and 8, are shown in figure 15. These runs show the

effect of volume of entering gases on the capacity at two fixed nozzle

positions. The form of the curve indicates that a maximum is logically

to be expected at higher air rates, as it appears quite similar to the

comparable plot for the water runs, figure 10.

Figures 1l and 15 show curves of the same general shape as in

the equivalent water runs, figures 9 and 10, but the increase in capacity

is not as sharp. Totally unexpected is the fact that the optimum nozzle

but is now much lower in the spray-chamber, at

depth is not the same,

12.375 inches below the roof.
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Teble V-a
No. in. cfm. Of op OF ng ps iz. pSié. UuS.P.M.
1 12,5 308 305 53 268 112 Lo 17 0.0211
2 250 52 270 118 Lo 23 0.0L4LL
3 L20 50 300 125.5 LO 25  0.065
L L82 53 383 1%5.2 Lo 23 0.0L67
Teble V-b
Trial w H a, a G W
FNo. lb/min lg?lb lb/lb 1b/min 1lb/min 1b/hr 1b/hr
1  0.1585 0.0260 0.007 22,7 23,0 1380 9.51
2  0.33%3 0.0385 0.0lL  23.5 20.0
3  0.485 0.0515 0.0zl 23.1 29.0
i, 0.350 0.066 0.01L5 22,6 21.02
Teble V-c
Trial S S .b. Q1 Q2 Qv QF Egq
No. b’cu/}b btu?lb btuylb btu/hr btu/hr btu/hr btu/hr %
1 0.249 0.252 1031.5 67800 52500 9800 561 14.55
2 0.251 0.258 1026.8 80400 54200  205L0 1340 26.0
3 0.254 0.26L 1023 103200 63580 29700 2175 29,1y
L, 0.263 0.270 1017 126000 92300 21600 1725 17.38
Teble V-d
Q
i T T Qp Q QLe L
T;;::l o%: Og' btu/hr btu/hr btu/hr btu/hr
. 149.1 1570 3390  L960 L9%9
é ﬁ% ’ 1L1:g 1770 2700  LL70 14320
. 125.2  17h.5 2805 L9eO 7765 1155
L 130.1 200 3360 7050 1oL10 10375
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LIGNOSOL-VARIATION OF NOZZLE DEPTH AND INLET AIR RATE

Table VI-a
Trial 1 v T, T To  Tw,b. P P F
No. ino cfmo OF OF OF OF pSiZQ psié. ' U.S ePoM,
5 9.625 308 365 52 01.5 121.5 Lo 17.5 0.03055
6 11.125 308 365 53 295.2 121.2 50 22.5 0.03495
7 12.375 308 365 51 288.2 121 Lo 23 0.0425
8 12.875 308 365 52 279 121 Lo 2l 0.0488
9 13%.375 308 365 52 293 122.5 Lo 21.5 0.0372
10 11.125 262 365 53 206.5 121 50 21 0.0267
11 12,375 262 365 51 288.2 121.3 Lo 20 0.0335
12 12.875 262 %65 52 285 121.5 Lo 21 0.0370
13 1%.375 262 365 52 290 121 Lo 17.5 0.03055
1, 11.125 208 365 52 205.8 121.3 50 20 0.0211
15 12.375 208 365 51 282.5 121 L0 17 0.0257
16 12.875 208 %65 52 275 119 Lo 20 0.03275
17 13.375 208 365 52 290 122 Lo 16 0.0239
18 12,375 176 365 51 285.9 123 Lo 17 0.0211
19 12.875 176 365 52 271 119 Lo 17.5 0.03055




LIGNOSOL~-VARIATION OF NOZZLE DEPTH AND INLET AIR RATE

Table VI-b
Trial d Ho H ac a G W
No. 1b/min  1b/1b  1b/1b 1b/min 1b/min 1b/hr 1b/hr
5 0.2295 0.0%395 0.01 22.95 23 1280  13.73
é 0.2625 0.0405 0.012 23,8 15.76
7 0.3170 0.0415 0.0135 23.5 19.0
8 0.367 0.0435 0.0155 22,65 21.L45
9 0.2795 0.0465 0.012 23,2 16.77
10 0.200 0.0L40 0.01 20.0 19.5 1170 12.0
11 0.250 0.0425 0.013 19.2 15.0
12 0.2795 0.04375 0.01425 19.6 16.77
13 0.2295 0.0410 0.0115 19.9 13.73
1L 0.1585 0.0L1 0.01 15.85 16.33 980 9.51
15 0.192 0.0445 0.0115 16.7 11.5
16 0.249 0.0395 0.015 16.6 14.95
17 0.1795 0.0L4);  0.011 16.3 10.75
18 0.1585 0.0468 0.0112 14.15 1L.0 8L0 9.51
19 0.20 0.0405 0.0135 14.5 14.0 8L,0 12.0

81




LIGNOSOL~-VARIATION OF NOZZLE DEPTH AND AIR RATE

Table VI-c¢

Trial S S w.b. Q Q2 Q E

No. btu/%b btu/lb btu/1b btu}hr btu/hr btu/}‘lrr bt?&hr %d

5 0.253 0.258 102L.5 8,4950 64000 1,080 955 16.77
6 0.253 0.259 1024.3 85000 62200 16120 1074  19.22
7 0.2525 0.2595 1025 85000 59600 19200 13%0 22.95
8 0.253 0.2605 1025 85100 56800 22020 1480  26.3
9 0.256 0.261 1024 85600 61500 17180 1181 20. %5
10 0.25L4 0.258 1025 72500 53000 12300 816 17.18
11 0.253 0.259 102L.5 71850 50600 15390 1054L.5 21.7
12 0.253 0.260 1025 72500 L9700 17200 1155  2L.1
13 0.253 0.259 1025 72500 51200 14080 947  19.7
1L 0.254 0.259 102L4.5 60L50  LL150 9740 658 16.3
15 0.255 0.260 1025 60700 L1850 11800 :B05.7 19.75
16 0.252 0.260 1026.2 61500 39700 15350 1001 25.43
17 0.255 0.258 102L4.8 60700 ;2500 11010 751 18.14
18 0.257 0.262 102l 52250 35800 o745 684  22.9
19 0.252 0.260 1026.2 52000 33150 12320 goy  2L4.15
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Table VI-d
Trial T TC Q Q
No. o OF btu/lTu- btu%r btu%r bt?&hr
5 116.0 165 1560 L4500 6060 5915
6 117.0 159.5 1670 1,010 5680 5570
7 119.0 119.0 1895 3080 L975 L,870
8 119.5 1,8.0 1930 2980 ;910 1,800
9 121.5 158.0 2135 3700 5825 5729
10 115.15 171.0 1690 14680 6370 638l
11 117.8 149.1 1960 2090 5050 1,806
12 115.2 145.0 1675 2970 LéL5 LLL5
13 119.8 169 2010 LL70 61480 6373
1L 115.1 168.5 1670 14,00 6070 5902
15 118 161,.8 1990 1,210 6200 62145
16 118.8 155.5 2060 2520 5580 sLL9
17 120 169 2030 1,500 6530 6,39
18 117.2 165.0 1900 L2L0 6140 6021
19 120.1 157.5 2230 2670 1,900 5826
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In general, maximum capacity and efficiency, and minimum heat

losses occur for the same conditions. The heat balances indicate that
?

for the same capacity, as the nozzle depth increases the heat losses for
the upper section increase while those for the conical section decrease.
This interesting behaviour indicates that, as the nozzle location gets
further away from the chamber roof, the strong cooling effect of the dry-
ing process on the air takes place at lower regions of the chamber. Due
to much thicker insulation, the losses from the top of the chamber are
less than that of the conical section. It should also be noted that, in
general, losses increase with decreasing air rates, all other things be-
ing equal.

(¢) Variation of Inlet Feed Temperature

The effects of varying the inlet feed temperature at & fixed
nozzle position of 12.375 inches, a fixed air rate of 308 C.F.M. (free
air) and at a constant inlet gas temperature of 365°F, are shown in

figure 16, and the results are tabulated in Tables VII-a, VII-b, ViI-c

and VII"do
The above curve is again similar to figure 12, obtained with

the evaporation of water alone. A maximum is once more reached in the

region of the wet-bulb temperature, but the capacities are, however,

much lower than those attained with water. The maximum efficiency oc-

curs at the point of maximum capacity, in spite of the fact that heat

losses increase as the inlet feed temperature increases.

(d) Variation of Inlet Feed Temperature at Optimum Conditions

varying the inlet feed tempera-

Two additional runs were made,

ture at the optimum conditions of all other variables. These runs were

made in order to determine the maximum capacity of the chamber in the
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Table VIiI-a
Trial 1 v Ty TR To T b p .
No. in. ofm.  OF F oF oF " psig. ps?g'. U.S.P.M,
20 12375 308 365 51 288.2 121 0 2
a %5 70 282 123 to 23 8314)425?
22 365 123 277.8  122.8 Lo 2,2  0.05115
2% 367 158 28l 123 Lo 2l 0.01,89
Table VII-b
Trial w H. H a a G w
No. 1b/min lbﬁb 1b/1b  1b/min 1b/min 1b/hr 1b/hr
20  0.3170 0.0415 0.0135 23.5 23,0 1380 19.0
21  0.3385 0.0485 0.0145 23.3 20.28
22  0.382 0.049  0.017  22.5 22,88
23  0.3%7  0.048  0.016  22.95 22.0
Table VII=C
Trial S S .b. QN Q2 Qv QF Egq
No. btu/f}b btu/%b btuylb ptu/hr btu/hr btu/hr btu/hr
20 0.2525 0.2595 1025 85000 59600 19200 1330  22.95
21  0.255 0.2615 1024 85200 57400 21000 1085 25
22 0.255 0.263 1024.1 85300 56200 23450 0 2’2-5
22 0.25 0.262 1024 85500 58200 22550 -770  26.1
Table VII-d
T Q 9 QLe QL
Tﬁ?l g% o btu/ﬁr ptu/hr btu/hr  btu/hr
870
20 119.0 149.0 1895 3080  L975 by
21 113 161.5 19% 3950 5880 12
22 117.8 160.5 1920 ~ %10 5830 RN
23 117.0 159.5 1870  38%0 5790 25
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spray drying of Lignosol. The results may be seen in Tables VIII-a,
Viii-b, VIII-c, and VIII-d.

Only two runs were made, one at the wet-bulb temperature and
one sbove this temperature. The greatest capacity, L2 pounds of water
evaporated per hour, and the maximum efficiency of L1.6% occurred when
the feed entered at the wet-bulb temperature of the air. They are both

much lower than the corresponding values of 62.L pounds per hour and 71.9%

respectively, obtained with water alone.
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Table VIII-g

Trial 1 \ T TR To Tw. b p
; » Do a PL F
No. in. cfm. OoF ofF o op psig. psig. U.S.P.M.
2, 12.875 L6l 2o 126 269.5 126 1,0 28 0.
25 heo 158 278.5 126 o 2 o8
Table VIII-b
Trial w Hp H a a G W
No. 1b/min 1b/1b  1b/1b 1b/min 1b/min 1b/hr 1b/hr
2, 0.700 0.0605 0.0%0 233 23.0 1380 12,0
25  0.653 0.0585 0.0285 22.8 39.2
Table VIII-c
Trial S S b, QU@ Q2 Qv Qp = Ed
No. btu/lb btu%b btu/ld btufhr btu/hr btu/hr btu/hr %
6
2, 0.2 0.2655 1023 103000 52700 L2970 O  Ll.
25 0.222 0.265 1022 103100 55820 L0065 -1225  37.5.
Teble VIII-d
: T Q Qe QLe, QL
rrial Ty of  btufar bewhr btwhr btw/hr
o 7hoo  TL30
21, 127.0  168.0 3020 L7
25 128.5 177.0 3160 5190 8350  8LTO




II ATOMIZATION

1. EQUIPMENT AND PROCEDURE

The procedure and equipment used in this section were identi-
cal in every respect with those used in the spray drying section. Trials
were again performed on both water and Lignosol as the feed. Where ac-
tual capacities were being determined, the criteria already established
were applied. However, in certain trials, where the immediate purpose
was not the determination of eapacity, but a study of atomization under
various conditions, the criteria, of course, were no 1onger\applied, since
the capacity was often exceeded. In the case of Lignosol runs, the ave-

rege diameter of the dried particle, Dp, was included in order to examine

the subsequent effects of drying conditions on droplet sizes.

2. CAICULATIONS AND TABLFE NOMENCLATURE

In this section, since attention was primarily focused on atom-

jzation and its relation to certain opereting conditioms, only the immedi-

ately relevant variables and quantities were calculated. This permitted

the use of a single table for each set of runs.

The average droplet diameter, Do, was calculated from equation

(2) on page 9. The value of the liquid rate, Qp, was obtained directly

from measured feed rates. The value of Qg Wwas calculated by measuring

the flow across the orifice in the campressed air line to the nozzle,

s . These
and correcting for conditions existing at the vena contracta. T

i i 8.
conditions were determined by means of equation (1) given on page

. u-
The above flow rates were checked by data supplied by the nozzle men

i th
facturers, and also by other aveilable tables (34). The velocity of the
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air, v,, was calculated by equation (3) shown on page 9. In all cases
where the pressure of the air to the nozzle was greater than 15 psig.,
the ratio Pp/P) was replaced by its critical value, 0.53.

When operating on water alone, the physical properties re=-
quired to solve equation (2) were obtained from available data (129).
The physical properties of the Lignosol solution and the average particle
diameter, Dp, were determined experimentally, the methods being described
and the values tabulated in a later section. As in the first experimental
section, a system of teble nomenclature has been used:

Tz = temperature of inlet feed, OF

Pn = pressure of compressed air at the nozzle, psig.
P = pressure of liquid feed at the nozzle, psige
W' = feed rate, 1b./hr.

W = actual capacity, lb. water evaporated/hr'.~

Q1/ Qe

ratio of volumetric liquid to air rate at the vena contracta

velocity of air at vena contracta, metres/sec.

o
"

vy = velocity of liquid at throat, metres/sec.

relative velocity of air and liquid in nozzle = Vg = V1

<4
"

average droplet dismeter, microns

=
(o]
"

D, = average particle diameter, microns

3, EXPERIMENTAL RESULTS

WATER RUNS

a) Variation of Air Rates %o the Nozzle
a constant nozzle depth, 12.375 in.,

Eight runs were made at

temperature of inlet drying gases, 365°F, volumetric rate of drying gases,

o
%08 C.F.M., feed rate, 19.6 lb./hr., and feed temperature, 65°F. The
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air pressures at the nozzle were increased from 3 psig. to 50 psig.
Since it was observed that droplets hit the walls of the chamber at all
but the two highest air pressures, additional spray drying runs were
made to determine the maximum capacity, W, at esch pressure, under other-
wise identical operating conditions. The complete results are shown in
Table IX, and the variation of droplet size with the absolute air pres-
sure at the nozzle is shown in figure 17,

The above results indicate that, as the air pressure at the
nozzle increases, with a subsequent increase in the air rates, the ave-
rage droplet diameter, Do, decreases, levelling off at the point at
which the critical pressure rate, P,/P} = 0.53, is reached. It may also
be observed from the tabulated results that actual maximum capacities

increase with decreasing values of Dgp, and reach a maximum at a nozzle

air pressure of about L0 psig. Further increase in pressure shows no

indication of producing increased cepacities. It should be noted that

the range of values of Do is considerably higher than predicted in the
theory, owing to the fact that Q1/Qa in the second term of the Nukiyema
and Tanasawa equation is not a negligible quantity.

b) Variation of Feed Temperature

The effects on average droplet diameter of varying the feed
rates, all other conditions being fixed, are presented in Table X, page

ol;, and a curve of this variation may be seen in figure 18. The fixed

i ir t empera-
operating conditions were nozzle depth, 12,875 in., inlet air temp

ture, 265°F, and volumetric rate, 308 C.F.M.

It may be noted that the average drop size decreases with

: i of Q1/Qg 8t
increasing feed temperatures, 1n spite of larger values /s
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TABLE IX

WATER-VARIATION OF NOZZLE AIR PRESSURE

Trial Tp Py Py W W Q/a

. Vi v D
No. °F psig. psig. 1b/hr 1b/hr ratio m/s:c m/se%-, Zec migrons
1 65 3 22 19.6 - 003l 197.5 2.9  19L.6 203,2
2 6 22 19.6 - .002425 223 2.9  220.1 13,
3 12 22 19.6  8.33 001745 300 2.9  297.1 85.05
L 16 22 19.6  9.51 .001675 309.5 2.9 295.6 78
5 20 22 19.6 10.75 .00166 209,5 2,9  295.6 79
é 30 22 19.6 12.5 .,001535 309.5 2.9  295.6 72.7
7 Lo 22 19.6 19.6 .001675 309.5 2.9 295.6  78.0
8 50 22 19.6 19.5 ,001670 309.5 2.9 295 79.2
TABLE X
WATER-VARIATION OF INLET FEED TEMPERATURE
- W 9/ " v
T;‘Iz?l 'gg pggg- pls?go 1b/hr ritig m/:ec mzec m/sec microns
9 5% Lo 20 16.77  .001L43 303'2 222 3382:82 22:(1)5
A R
i; 152 L].O 23 19.6 .0016.75 309.5 2.9 306°6 55'65
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higher temperatures, because the physical properties of the feed
eed are

affected to an even larger extent.

LIGNOSOL RUNS

a) Variation of Air Rates to the Nozzle

At a fixed nozzle position of 12.875 in., inlet drying air
temperature, 365°F, volumetric rate, 308 C.FuM., fixed feed temperature,
65°F, and feed rate, 15.76 1lb./hr., the effect of varying the air rate
to the nozzle was studied. The results may be seen in Table XI and
figure 19.

As in the case of the equivalent water run (see figure 17),
the average droplet size, Dy, decreases with increasing air pressure at
the nozzle. Figure 19 also indicates the variation of average particle
diemeters obtained from products collected in this trial. As can be
seen, both curves indicate a similar variation, a levelling-off, occurring
after air pressures exceeding 12 psig. Also notable is the considerable
difference in magnitude between Do and Dp.

b) Variation of Temperature of Drying Air

A series of four runs were performed at a fixed nozzle posi-
tion, 12,5 in., volumetric flow rate, 308 C.F.M., and inlet feed tem-
perature, 65° F, to study the effect of the temperature of the inlet
drying gases on the average droplet diameter, Do, and the average par-
ticle diameter, Dp. The results are shown in Table XII, page 98, and

figure 20. Do, and the corresponding particle diameter, Dp, were

Plotted against the inlet drying temperature, as shown in the aebove

figure,
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TABLE XI

LIGNOSOL-VARIATION OF NOZZLE AIR PRESSURE

Trial Tp Pa P, W' W U/ v v
No. OF psig- psig.1b/hr 1b/hr ratio m/s:c m/séc m/Zec micggns miggons
1 65 3 17 15.76 -  .00275 197.5 2.33 195.17 2
¢ ¢ . O . 'Y
o 65 6 17 15.76 - = .00195 223 2,33 225.6% 131.1 ?E;%
3 65 12 17 15.76 9.51 001105 300 2.33 297.67 82.6 16.25
L 65 30 17 15.76 15.76 .00125 309.5 2.33 306.17 71.2 1.6
5 65 Lo 17 15.76 20.28 .0013L 3209.5 2.33 306.17 77.4 15.3
6 65 50 17 15.76 20.28 .0013L 309.5 2.33 206.17 77.L4 1L.5
TABLE XIT
LIGNOSOL-VARIATION OF TEMPERATURE OF DRYING AIR
Trial Tp T P P W /A v D D
No. 0%‘ .0%. psig. psié. 1b/hr rﬁti% m/szc m}iec n/sec micgons migrons
7 282 65 Lo 17  9.51 .000814 309.5 1.1 307.09 L3.05 13.1
8 3%5 65 LO 23 20.28 .001735 309.5 3,0 306.5 111.46 1L.5
9 20 65 Lo 25,5 29,0 .00245  309.5 I3 30L.07 168.07 15.k4
10 482 65 LO  23.5 23.0 00196  309.5 2.81 306.1 155.99 19.0
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Both droplet and particle diameters increase with increasing

temperature. However, the effect is considerably more pronounced in the

case of the droplet size.

¢) Variation of Inlet Feed Temperature

All other conditions being kept constant, the effect of vary-
ing the inlet feed temperatures on the droplet and particle diemeters
is presented in Table XIII and figure 21, The fixed conditions were
nozzle depth 12.375 in., temperature of inlet air, 345°F, and volumetric
rate, 308 C.F.M.

It is extremely interesting to note that the droplet diameters
decrease, while under the existing drying conditions, the equivalent
particle diameters increase. Again, the order of magnitudes is consider-
ably higher in the case of average droplet diameters. Of considerable
interest also is the fact that, in run 13, the feed enters at the wet-
bulb temperature of the air.

d) Variation of Volumetric Rate of Drying Gases

The effect of varying the volumetric rate of drying gases, on

average droplet and particle diameters, other conditions being identiecal

to the previous set of runs, may be seen in Teble XIV, page 102, and

figure 22.

It may be noted that, as in the previous set of runms, the

° 3 2 1 e-
increase in diameter is in opposite directionms, droplet diemeters d

s i i jemeters
crease with a decrease in volumetric rate, while particle d

; i i i itude of these
increase. Once more, a considerable disparity in magnitud

two dimensions is evident.
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TABLE XIII

LIGNOSOL~VARIATION OF INLET FEED TEMPERATURE

Trial T Py P W Q1/Qq
0 : : / 1/ VA V1 v D
No. F psig. psig. 1b/hr ratio m/sec m/sec m/sec micz?ons mli)crons

11 53 L].O 22.5 19.0 00162
. o 309.5 2.81 6.6 114,
55 B mm o 19350 ZPHMR U
. . 5 3.38 3206.12 oo. .
14 158 Lo 23.5 22.0 00187  309.5 %.25 306.25 go.g igé

TABLE XIV

LIGNOSOL~-VARIATION OF VOLUMETRIC RATE OF DRYING AIR

Trial V Ty P, P W Q/Q Va v v Do Dp
No. cfm. °F psig. psig. 1b/hr ratio m/sec m/sec m/sec micromsmicrons

15 308 65 Lo 22.5 19 .00162 309.5 2.81 206.69 100.75 14.5
16 262 65 Lo 20 15 .00128 309.5 2.22 307.28 73%.22 1lhL.L
17 208 65 L0 18 11.5 .00098L4 309.5 1.70 307.8 54.06 16.1
18 176 65 Lo 17 9.51 .000815 309.5 1.41  207.09 LL.75 18.9




103

AVERAGE PARTICLE DIAMETER, MICRONS

14

ol

o<Z

JINLVIAdAEL ddd JIINI J0 NOILVI¥VA-IOSONDIT

Tc °*DId

40 ‘334 40 3IYNIVI3IINT L
0G| O€ | Ol | 06 0L

0oG

O
JYNIVHIdWIL -3ZIs 31D114Vd 3OVHIAVY @

3dNLIVHd3IdW3 L - 3ZIS 13717d04dAd 3ovyd3IAY O

OL

408

106

-00|

101 |

Oc |

SNOYDINCG ‘Y313INVIA L31d080 IOVIIAVY



104

14

wn

S|

o |

AVERAGE PARTICLE DIAMETER, MICRONS
N~

dLVY DIYLINNTOA J40 NOILVI¥VA-TOSONDIT

cc “DId

'WHD ‘SASVYD ONIYILNI 40 INWNTI0A

Oo2g 00¢ 0G<Z 00c

0Ll
Ok 7

T

[ !

W'4D ‘SaASVO

40 IWNTOA-Y3L1L3NVIA 37D/14vd @

‘W30 ‘S3svo

40 dAWNTOA-YIL3IWVIA L374d049A0O

1001

Ol |

SNOYDIW ‘©q ‘931 INVIA L3INd0Yd FOVY IAV



II1 PHYSICAL PROPERTIES OF FEED AND SPRAY-DRIED PRODUCT

1. APPARATUS AND PROCEDURE

The properties of the 10% Lignosol solution necessary for the
calculation of D, (see previous section), namely surface tension, density
and viscosity, were not available from suy known source and thus had to
be determined experimentally. These properties were obtained by standard
analytical methods: the surface tension by the capillary-rise method us-
ing a small cathetometer; the density on a chainometic hydrometer balance;
and the viscosity with an Ostwald-Cannon-Fenske Viscometer. The pH of
initial and reformed solutions were determined with a standard pH meter.

The absolute density of the powder was determined with a Weld
pycnometer, benzene being used as the suspension medium. Bulk density

comparisons were made by utilizing a calibrated weighing bottle as a

standard volume, and standardizing the packing technique. The powder

was also examined microscopically.

The sedimentation-rate method of particle size distribution

(27, L8, 79) was selected after a thorough study had been made of com-

parative methods (16, 18, 28, 50, 76, 89, 118, 137). An excellent article

reviewing and estimating the relative values of a number of existing

techniques is provided by Hawksley (73). A decision was finally made

to use the sedimentation-rate method, in oonjunfction with a Joly

balance, as results could be obtained with reasonable accuracy and

rapidity.
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Upon thorough investigation, benzene was chosen as the
16 sus-
pension medium, since both its density and wetting power gave sati
is-

factory settling rates with the Lignosol powder. A slight variation
was

introduced in the standard technique. In order to minimize any initial
velocity imparted to the particles when trensferring them to the suspen-
sion tube, a shallow spoon was held just under the surface of the benzene
column. The particles, which had been previously wetted and dispersed in
a small amount of benzene, were quickly poured from a shallow dish into

the suspension tube, withdrawing the spoon just before impact.

2. METHODS OF CALCULATION AND TABLE NOMENCLATURE

The physical properties of the Lignosol solution were calcu-
lated by the standard relations applying to the apparatus utilized for
their determination.

Particle size distributions were obtained by plotting the

weight settled against time, after first calibrating the spring scale

on the Joly balance. The sedimentation-rates taken from this curve

were then applied to the well-known Stokes law equation:

- At _dx/dt (21)
D 20,000/% R

for various size limitse.

giving particle diemeters, D, in microns,

Tangents are drawn to the sedimentation-rate curve, the intercepts of

any two on the ordinate corresponding to the weight per cent of the

material in the size interval et whose limits the tangents are con-

structed.

The definition of the average particle diameter, Dp, 18 iden-
that diameter

tical to that of the average droplet diameter, Do, namely,

the same ratio of surface to volume as the

of a single particle with



107

total sum of particles. This diameter was then determined from th
€

experimental data by a graphical integration of the following equati
ion,

corresponding to the definition:

D. = D3dn
P D2dn (22)

A typical drop-size distribution is illustrated in the fol-
lowing table (representing trial 5, in Table XI, page 9)). The vis-
cosity of the benzene was 0.00638 poise, density 0.879 gm./cu.cm., and
absolute density of the particle, 1.80 gm./cu.cm. The dismeters, D,

were calculated by equation (21).

Time dx/dt dx/dt 1 D corres- corres- Dp
sec. cm/sec (cm/sec)Z microns ponding  ponding microns
weight weight
gm. %
0

60 0.3285 0.5720 69.96 0.015 1.96

225 0.0876 0.2959 26.16 0.05 6.54

285 0.0692 0.2635 30.9 0.095 12,11

540 0.03%65 0.1910 23,36 0.095 12.11

975 0.0202 0.1420 17.4 0.12 15.7 15.3
1305 0.01510 0.1229 15.0L 0.045 5.88
1950 0.0101 0.1008 12.34 0.13 16.99
2930 0.00810 0.090 11.0 0.11 14.38
3180 0.00620 0.0786 9.62 0.105 12.73

For the purpose of comparison, it is important to note that the
trial numbers indiceted in Table XVI correspond to those shown in the

Atomization section of Lignosol runs, page 98 end 102
The following system of table nomenclature, which also applies

to the symbols used in equations (21) and (22), is presented:
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P
ot

]

sedimentation rate, cm./sec.

Ep = density of particle, gm./cu.cm.

P = density of suspension medium, gm./cu.cm.
Cyr = density of water, gm./cu.cm.
€y = density of Lignosol solution, gm./cu.cm.
©y = bulk density of powder, 1b./cu.ft.
D = particle diemeter for a given range, microns
Dp = average particle diameter, microns
A = viscosity of suspension medium, poise
My = viscosity of water, poise
My = viscosity of 10% Lignosol solution, poise
o = surface tension of water, dynes/cm.
Jd, = surface tension of Lignosol solutions, dynes/cm.
pH = hydrogen ion concentration of reformed solution
T3 = temperature of inlet drying air, °F
Tp = temperature of inlet feed, °F
Pg = pressure of air at the nozzle, psig.
v = volumetric rate of drying gas, C.F.M.

3. EXPERIMENTAL RESULTS

a) Physical Properties of Liquid Feeds

The physical properties of the liquid feeds are indicated in

Table XV.

b) Physical Properties of Spray Dried Product

For the purpose of convenience, the physical properties of

the dried material collected during the trials made in the Atomization

Section are presented in Table XVI. Only relevant operating conditions
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TABLE XV

PHYSICAL PROPERTIES OF LIQUID FEEDS

Water Lignosol
I Pw Tw Hw s S 2 N Ay
OF gm./cu.cm. dyne/cnm. poise OF gm./cu.cm. dyne/cm. poise
53  0.99975 Th.2 .013098 53 1.0526 62.5 .0285
70  0.9982 72.7 .009608 70  1.0523 60.18 .0220
123 0.9880 67.8 .005,5 123  1.0510 55.55 .0093
126 0.987 67.5 .0053%2 126 1.0505 55.0 .0085
158  0.9778 é6L.12 .004071 158 1.049 54.9 .0061
TABLE XVI

PHYSICAL PROPERTIES OF SPRAY DRIED PRODUCT

Trial T Tp v Py Dp Co pH
No. OF OF cfm. psig. microns 1lby/cu.ft.
1 365 65 208 z 2.2 6.89
2 365 65 208 6 17.8 7.5
3 365 65 208 12 16.25 8.1
L 265 65 208 30 14.6 9.1l
5 265 65 308 Lo 15.3 9.3
6 365 65 308 50 14.5 9.35
7 282 65 308 Lo 13.1 9.l 8.02
8 265 65 308 L0 1L.5 9.06 7.98
9 420 65 308 Lo 15.4 Te3 7-93
10 4,82 65 308 Lo 19.0 5.82 7.88
11 365 53 308 I 1L.5 8.1
12 365 70 308 1O 15.6 9.3
13 365 123 208 Lo 15.2 9. 35
15 %65 158 308 L0 18.3 8.73
15 365 65 308 L0 14.5 8.53
16 365 65 262 L0 1.1 g.su
17 365 65 208 Lo 16.1 6. gg

18 265 65 176 Lo 18.9
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have<been indicated but more complete particulars can be obtained by
reference to this sectionm.

A discussion of the particle diameter, Dp, in reference to
atomization conditions, has already been given in the previous section.
Its relationship to bulk density appears to be rather well defined in
eny given set of experimental runs, but no overall dependence of bulk
density, on average particle size alome, can be established. Parti-
cularly striking are the pronounced effects of inlet air temperatures
on the bulk density, higher temperatures corresponding to very light
materials. In a very general way the bulk density increases as the
average particle diameter decreases.

In connection with the pH measurements, it is interesting
to note that, while the original pH of the 10% Lignosol feed is .25,
considerably higher values were obtained for the reformed solutions.
Moreover, a very specific dependence appears to exist between pH of re-

formed solution and temperature of drying air, the pH decreasing with

an incresse in air temperatures. A possible chemical change at higher

temperatures appears to be indicated. In support of this, it should be

pointed out that a marked darkening of the otherwise white powder oc-

curred at the high temperaturés.

¢c) Microscopic Studies

Microscopic studies established that the particles were mainly

spherical in shape, transparent and hollow. This latter fact was dis-

covered when some of the particles were crushed and then examined, the

egg-shell shapes attesting to their hollow form. The range of sizes

was estimated as compareble to those established in particle size dis-

tributions.
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The above results are well illustrated in the micrographs
shown in figures 23, 2l and 25. In every case the magnification is
700 diemeters. Figure 23, showing a sample of dispersed spherules,
gives some indication as to shape, size and transparency. In figure
2l,, the microscope had been focused to show interference rings in
light reflected from inside and outside top surfaces of the particle,
while figure 25 illustrates the fragments formed by crushing the
spherules between glass microscope slides. These latter figures sup-

port the contention that the particles are mainly hollow.
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FIG. 23

MICROGRAPH - SHAPE AND SIZE OF DISPERSED SPHERULES
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FIG. 24

MICROGRAPH - INTERFERENCE RINGS IN LIGHT REFLECTION FROM
OUTSIDE TOP SURFACES




FIG. 25

MICROGRAPH - CRUSHED FRAGMENTS OF HOLLOW PARTICLES
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CONCLUSIONS

A large amount of experimental data have been presented.
Owing to the great number of factors involved, it is at first sight
impossible to establish clearly the inter-relationships which undoubt~-
edly exist. However, careful analysis reveals the existence of a few
fundamental principles which appear to dominate the whole range of
phenomena and give it a surprising degree of continuity.

As all rate processes, spray drying is governed by the concept
of driving force and resistance. More specifically, spray drying is a
diffusional process, and as such, the driving force is measured by a
partial pressure or humidity difference while the resistance can be
recognized as that of an interphase film. In the light of this concept,
any variable which will influence these two factors will affect the
rate of spray drying.

The major variable affecting the driving force is the inlet
temperature of the drying air. It has already been pointed out that
the temperature assumed by the droplet during the drying process is
the wet-bulb temperature of the air. The higher the temperature of

the air, the higher its wet-bulb, and hence the higher the vapor pressure

of the water droplet corresponding to it. In the case of solutions, &

reduced vapor pressure results in a reduced driving force. The humidity

though in direct heaters
nt of the

of the entering air is of lesser importance al

it may be affected to a certain extent by the hydrogen conte

fuelo

the
The two main variables affecting the £ilm resistance are

in the
relative velocity of particle and air stream, and turbulence



116

latter, as shown by Maisel and Sherwood (108, 109). The first effect,
in its simpler aspects, is governed by the laws of particle motion

in turbulent air streams and by the degree of atomization. As for

the second effect, there is no simple way of assessing its magnitude
at the present stage of development.

It is obvious that all factors affecting the drying rate
will also affect the capacity which is a direct function of it. 1In
addition, however, capacity also depends on atomization because the
latter governs the particle size and therefore the total transfer area.
Moreover, atomization will set a definite limit to the capacity beyond
which, on the basis of the criterion adopted in this investigation,
the largest droplets will begin to hit the walls.

Efficiency, on the other hand, will be a function of both
capacity and heat losses. While increased capacities can be expected
at higher inlet air temperatures, all other conditions being constant,
higher heat losses by radiation and convection will limit the efficiency.

On the basis of the principles thus established it is now
possible to examine the experimental results obtained. The discussion
will always be based on the drying of the largest particles present
in the spray, as it has already been pointed out that they exert a
controlling influence on all the rate processes involved. When the
inlet drying air temperature is increased, the capacity increases,
owing to an increase in driving force. A maximum capacity is reached,
however, beyond which the heat losses exert a predominating influence
and the capacity decreases. The same general behavior is followed,

whether water or Lignosol is the feed. Comparison between Tables I
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and V shows that the chamber has a much greater capacity in the case

of waters This general effect occurs whenever comparable operating
conditions are maintained and can be explained by a number of facts.
The drying rate of a water droplet remains constant until it has
totally evaporated, while in the case of a Lignosol solution the drying
rate will decrease as the water vapor pressure decreases. This will
generally not occur until the falling-rate period is reached for a
colloidal solution, but will take place much sooner when a true solu-
tion is being dried. Of equal importance is the fact that a droplet
of solution will still possess an appreciable size after bulk evapora-
tion. As it is by that time in a lower region of the chamber, its
radius of gyration will be correspondingly shorter and the centrifugal
forces acting on it will be greater. Owing to the nature of the
criterion adopted, this will effectively decrease the capacity of the
chamber.

The eritical influence of turbulence and relative velocity
is most strikingly illustrated in the relation between nozzle depth
and capacity, figure 9 for water, and figure 14 for Lignosol. If it
can be assumed, as proposed by Edeling (44, 45), that the turbulent
gas stream has no influence on the atomized spray until the droplets
approach their terminal velocity, it can be readily demonstrated that
&n optimum nozzle position must exist. fhen the nozzle is located
close to the top of the chamber, the terminal velocity of the spray
is reached at a point where the velocity of the air stream, being

measured in the cylindrical part of the chamber, is relatively small,

As the nozzle depth is increased » the point of terminal velocity occurs
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in regions of increasing gas velocitles, due to the narrowing diameter
of the chamber. On the other hand, if the location of the nozzle is
too low, the droplets will hit the walls before reaching their terminal
velocities. Thus an optimum position must exist between the two ex~
tremes. It is interesting to note that this optimum location is lower
in the case of Lignosol solutions. It might be expected that, owing

to the lower driving forces and correspondingly lower drying rates,

the most favorable relation between the point of terminal velocity and
gas velocity would be altered, and would probably occur in a region of
higher gas velocitles.

Figure 10 reveals that an optimum gas velocity and hence an
optimum relative particle velocity definitely exists. As the velocity
of the gas stream past the droplet increases, the laminar or stagnant
diffusion film surrounding the latter gets thinner and the capacity is
thereby increased. Beyond an optimum gas rate, increased centrifugal
effects and shorter available drying times preponderate, resulting in
decreased capacities. No such optimum volumetric rate was obtained
in the case of the corresponding Lignosol trial, figure 15, but the
shape of the two curves indicates that a similar behavior is followed.
The lower capacities observed in this case, compared with those with
water, have already been explained.

By combining the optimum conditions previously discussed,
greatly increased capacities were obtained, as shown in figure 1l.
But, no such corresponding increases in efficiency were obtained. As

a matter of fact the largest efficiency ever determined (92% in run 28,

Page 69) corresponded to a fairly low evaporative capacitye.
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The large effects exerted by the inlet feed temperature on
the capacity were certainly unexpected. To account for them, it must
be postulated that an appreciable element of time, at least when the
total time available is considered, must be involved in the attainment
of the wet-bulb temperature by the droplet. It must be remembered that
Fogler and Kleinschmidt (57) stressed the marked cooling effects that
accompany the expansion of the streams in a gas-atomizing nozzle. In-
creasing the feed temperature will probably overcome this detrimental
factor to some extent. The decrease in average droplet and particle
size at higher feed temperatures will undoubtedly contribute to the
higher drying rates.

It was not the purpose of the experimental investigation on
atomization to vindicate the validity of the Nukiyama and Tanasawa
equations. There exists a distinct possibility that they do not
accurately represent the absolute variations in droplet size with the
operating conditions. As a matter of fact, such discrepancies appear
to be indicated by the disparity between the average droplet diameter,
Dy» and the corresponding particle diameter, Dj. However, in view of

the supporting work of Smith and co-workers (101), the general trends

of behavior seem to be correctly followed. This is further supported

by inspection of figures 17 and 18, which show the variation of Do

with the compressed air pressure and the inlet feed temperature. The

results merely confirm the well-known fact that in two-fluid nozzles

increased air pressures and increased temperatures will cause finer

atomization. Of greater interest, however, is the fact that working

at a fixed feed rate, maximum capacity was consistently exceeded until
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a definite pressure was reached, in spite of the fact that the average
droplet diameter, D,, had reached a minimum at lower pressures, where
wetting of the walls was still observed. This is clearly indicated by
the values shown in Table IX, page 94. This highlights the essential
weakness of conclusions based on the value of the average diameter
alone, and indicates that the distribution of the various droplet sizes
about this average is of prime importance. This fact was implied in
Edeling's work (44, 45), which showed that, beyond a certain point, an
increase in air pressure merely narrowed the distribution and did not

further decrease the average diameter.

Atomization of Lignosol solutions showed identical behavior as
far as the droplet diameter is concerned. That the rate of liquid feed =
keeping the air rate to the nozzle constant - also exerts an influence
on the droplet, is shown by the results on D,, in Tables XII and XIV.

In addition, figure 19 indicates that under identical spray drying con-
ditions, the larger initial droplet will give the larger dried particle.
Two important conclusions can be deduced from this fact: under identical
drying conditions, variations in particle diameters will closely reflect
variations in droplet diameters; secondly, everything else being con-
stant, perturbances in the formation of the dried particles such as surface
checking, shrinking, case-hardening, expansion, bursting, etc. will
occur to the same extent, irrespective of the initial droplet diameter.
This is no longer the case where any of the operating conditions are
varied, as shown by figures 20, 21 and 22. Since all these perturbances
occur solely in the falling-rate period, prediction of the final value

of the average particle diameter, Dp, can only be made if a knowledge
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of the specific processes taking place during this brief peri od has

been previously obtained. It is loglcal to assume that such knowledge

is largely empirical. For example, according to figure 20, parallel
increases in particle and droplet sizes are observed with an increased
drying air temperature up to a point, beyond which the droplet size
decreases but the particle size continues to expand. In figure 21,
progressive expansion of the dried particle occurs as the inlet feed
temperature is increased, while in figure 22 a progressive shrinking
is observed at higher volumetric drying air rates.

For convenience of presentation, the particle size, which is
really the most important single physical property of a spray dried
product, was discussed with atomization. The next most important
physical property is undoubtedly the bulk density. From theoretical
considerations, bulk density should be a function of both particle
size and effective particle density. The same element of uncertainty,
which was previously observed in the prediction of particle size from
droplet size owing to perturbances occurring during the falling rate
period, is again experienced when an attempt is made to predict bulk
density from particle size, and very probably due to the same reasons.
It is quite apparent from the results in Table XVI, that when a single
operating condition is varied, a decrease in particle diameter invari-
ably results in an increased bulk density. However, such an absolute
relationship is not exhibited when results from various sets of runs
are compared. It is evident that the second factor affecting bulk
density, namely the effective particle density, comes into play in

this case, derending on whether shrinking or expanding occurs.
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Throughout this investigation, calculations of efficiency
were based on equation (19) page 43, which defines the Drying Thermal
Efficiency. Use could, of course, have been made of equation (20),
page 44, which defines the Heat Economy of the Drying Chamber, but
comparison between the two equations shows that, although the absolute
values would differ, the trends would be identical. An attempt was
made to compare the efficiency of the unit used in the present investi-
gation with published performance data whenever the necessary informa-
tion was available. Recalculated on the basis of the Heat Economy
equation, Fogler and Kleinschmidt (57) report values ranging from
4L5.6 to 58.7% on water sprayed at 212°F, and from 38.3 to 45.%% for
a 10% solution of an organic material. Woodcock and Tessier (154)
report a Heat Economy of 53.4%. These figures can be compared with
corresponding values of 74.3% for water and 34.6% for Lignosol, obtained
under similar conditions in this investigation.

On the basis of the experimental evidence presented, it is
difficult to derive the mathematical relations necessary for the
formulation of a fundamental theory of design. Although a step in
the right direction has probably been taken, further work appears to

be definitely needed.
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