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Basic Concepts of Spray Dryer Design 
The major parameters in the design of spray dryers are discussed. A 

Lagrangian approach, combining experimental data with theoretical con- 

W. H. GAUVIN cepts, is proposed to develop design methods. Vortex flow patterns, ob- 

and tained experimentally in a laboratory size chamber, are correlated and 

presented. S. KATTA Based on this design methodology, computational methods are given 
to calculate droplet trajectories and hence to predict the optimum chamber Department of Chemical Engineering 
dimensions and operating conditions for maximum thermal efficiency and/or McGill University 

minimum operating cost. Application of these basic principles is illustrated Montreal, Quebec 

by the design of an industrial size, spray drying chamber for a specific 
feed solution and production rate. 

SCOPE 
The growing importance of spray drying is abundantly 

evident from the ever increasing number of industrial 
applications in the production of pharmaceuticals, deter- 
gents, food products, pigments, ceramics, and a large 
number of organic and inorganic chemical compounds. In 

sylvania. 
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spite of these impressive developments and of the large 
number of fragmented experimental studies which have 
appeared in the technical literature during the past three 
decades, the design of spray dryers has remained largely 
empirical; it is still mainly based on the extensive experi- 

manufacturers have acquired over the years. 
S. Katta is with Westinghouse Research Laboratories, Pittsburgh, Penn- ence and the vast body Of Operating data which the 



The objective of the present work was to develop a 
basis for spray dryer design by combining fundamental 
principles of fluid mechanics and transport phenomena 
with experimental evidence originating from both the 
studies carried out in this laboratory and from those 
published in the literature. 

A specific chamber geometry (with a cylindrical upper 
part where the drying gas is admitted tangentially, and 
with a 55 deg. conical bottom) was chosen for illustrative 
purposes, since detailed flow patterns were known in this 
case and since this type is commonly employed in indus- 
try. The analysis can definitely be extended to other 
geometries provided the flow patterns are known. In the 
present case, detailed tangential and axial velocity pro- 
files measured in a laboratory spray dryer of the same 
geometry were used in the computations. 

In earlier studies (Gauvin et al. 1975; Katta and Gauvin, 
1975), droplet trajectories for both sprays of water and 
of calcium lignosulfonate solutions in three-dimensional 
motion in the same chamber, as was used in the present 
investigation, were predicted in good agreement with the 
experimental results. The effects of a number of operating 
variables on the capacity and the efficiency of the spray 
dryer were also experimentally studied. In a further 
paper, the behavior of sprays in the near vicinity of a 

CONCLUSIONS A 
The theoretical and experimental considerations pre- 

sented in this study appear to have established a logical 
basis for the design of spray dryers. From a knowledge of 
the drop size distribution prevailing at or near the nozzle 
and the drying characteristics of the feed solution, it is 
felt that a spray drying chamber can now be designed 
with reasonable confidence on the basis of the method- 
ology presented here. The latter is obviously preliminary 
in nature but is readily amenable to improvement as ex- 
perience in its use is gained. Although the chamber 
geometry considered here is at first sight simpler than 
some of the industrial cases, which may incorporate ad- 
ditional complexities such as multiple air inlets, multiple 
atomizing nozzles, countercurrent flow, etc., it is impor- 
tant to remember that the present program can be easily 
modified to take such complexities into account. 

When dealing with multiphase flows, one is always 
faced with the difficult problem of accounting for the 
momentum, mass, and energy couplings between phases. 
The exact analysis of these flows in three-dimensional 
motion becomes enormously complex. Fortunately, the 
droplet and/or particle loading in spray drying operations 
is so low that the coupling effects between phases are 
negligibly small. Accordingly, they have been neglected 
in the present treatment. 

Finally, the lack of information on vortex flow fields 
has also been until now one of the most difficult problems 

pneumatic atomizer was investigated both experimentally 
and theoretically by Katta and Gauvin (1975), and the 
evaporation rate in this zone was found i o  be negligible. 

In the present work, the major design parameters are 
identified as the physical properties and drying charac- 
teristics of the feed solution; the droplet size distribution 
(DSD) and the largest droplet diameter; the type of atom- 
izer and the drying gas flow patterns, both of which in- 
fluence the motion of droplets in the spray drying cham- 
ber; and the heat and mass transfer rates in the constant 
and falling rate periods. 

Based on these parameters, a computer aided theory of 
spray dryer design is elaborated, which is then applied, 
for illustrative purposes, to the design of a spray drying 
chamber of industrial size capable of drying a 30% so- 
dium nitrate solution at the production rats of 1000 
kg/h of solids, employing a single pressure atomizing 
nozzle. The design was based on the Criterion that the 
dimensions of the chamber shall be such that the largest 
droplet in the initial spray shall be dry (or, more exactly, 
shall reach the specified residual moisture content) before 
it reaches the chamber wall. From a practical point of 
view, this criterion is admittedly overconservative but 
can be relaxed as experience is gained with the use of 
this model. 

LND SIGNIFICANCE 
in the design of spray dryers. Based on the experimental 
evidence obtained in the course of a study of the flow 
patterns in the same type of chamber as considered here, 
it is now possible to use the following correlations to 
predict the tangential and axial velocity distributions, re- 
spectively: 

V,, = C3 ( r /R, )2 .5  

where C1 and Cs are constants which depend on the axial 
distance from the rsof of the chamber and the volumetric 
flow rate of the drying gas at the inlet. The width of the 
annular region where the tangential velocity decreases 
steeply to zero was found to be approximately constant. 
The radial velocities were found to be negligible. 

The present investigation has shown that, far the case 
chosen, the drying period can be correlated to the drop- 
let diameter. If experience shows that such a correlation 
exists for other chamber geometries as well, the design 
calculations can be considerably simplified. 'The design 
of a dryer then requires the calculatiori of the droplet 
trajectory only. The following correlation was obtained 
for the drying period as a function of the droplet diameter 
for the operating conditions chosen in this study: 

In 1954, Marshall presented what was to remain one of 
the most comprehensive reports on many aspects of spray 
drying for the next two decades. Recently, the whole field 
was thoroughly reviewed by Mochida and Kukita (1971 
to 73) in a series of twenty-three articles, with emphasis 
on the theoretical aspects, and by Masters (1972), with 
emphasis on industrial practice. It is significant to note 
that to date no generalized design method has emerged 
from the hundreds of papers cited in these two reviews. 
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Since the latter were published, only a few studies, perti- 
nent to spray dryer design, have appeared in thi! literature, 
which shall now be briefly summarized. 

One of the most important aspects of spray dryer design 
is the estimation of droplet trajectories. Bailey, Slater, and 
Eisenklam ( 1970) predicted droplet trajectories for some 
simple cases in a vortex flow considering the interaction 
of heat transfer and mass transfer at high temperatures. 
More recently, Domingos and Roriz (1974) computed 
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droplet trajectories in swirling flows with and without re- 
circulation. The flow field was also computed in some of 
the examples. They found that the effect of lift was slight, 
and the added mass due to acceleration was negligible. 

Fabian ( 1974) studied analytically the trajectories of 
small spherical particles in various free vortex flow fields 
with a view to describing the operation of centrifugal 
particle separators and to assist in their design. The flow 
field was also computed for both laminar and turbulent 
boundary layers on a conical convergent nozzle with swirl- 
ing throughflow. 

The lack of information on flow patterns has also been 
a major difficulty in spray dryer design. Schowalter and 
Johnstone (1960) carried out detailed measurements in 
a vortex tube which provided a good picture of the flow 
field, but the authors made no effort to correlate their 
results. Paris et al. (1971) developed a model of the air 
flow in a countercurrent spray drying tower by deconvolu- 
tion of the residence-time distribution data obtained by 
means of a helium tracer. The significance of the model 
is that it corresponds to the actual operating conditions 
in the presence of the spray. 

Recently, Bank (1975) in this laboratory made extensive 
measurements of mean velocities and turbulence intensities 
in a confined vortex flow by means of hot wire anemome- 
try. These results are discussed in detail later in the sec- 
tion on flow patterns. 

Janda (1973) measured the tangential velocities of air 
by means of a spherical probe in the cylindrical portion 
of a spray drying chamber with a conical bottom; the 
chamber was equipped with a centrifugal disk atomizer at 
the top, near which the drying air was introduced tan- 
gentially. He obtained the following correlation: 

where b was found to have a value of 0.77 and a varied 
from 630 down to 210, depending on the setting of the 
distribution flap. However, the value of the inlet tangential 
velocity was not given. He mentioned that the flap is nor- 
mally set so that a has a value of 350. In spite of many 
simplifying assumptions, the design correlations he pro- 
posed for this type of chamber were experimentally veri- 
fied. 

Sen (1973) carried out a mathematical modeling of the 
spray drying process by both the distributed parameter 
and the lumped parameter techniques in an effort to study 
the steady, and unsteady, state behavior of the system, 
Experimental studies were also conducted to obtain the 
transient response of the outlet temperature from an ex- 
ponential change in the temperature of the inlet gas. The 
experimental results showed that the steady state tempera- 
ture distributions within a spray dryer lie between those 
predicted by the distributed and lumped parameter 
models. 

Very recently, Crowe et al. (1975) presented an analy- 
sis of two-dimensional gas-droplet flows in which the 
effects of mass, momentum, and energy couplings between 
the two phases were accounted for by using the concept 
of regarding the droplet phase as a source of mass, mo- 
mentum, and energy to the gaseous phase. They called 
this concept the Particle-Source-in-Cell ( PSI-Cell) model. 
In an earlier paper, Crowe and Pratt (1974) had applied 
this model to the two-dimensional analysis of the flow field 
in cyclone separators, which successfully predicted the 
well-known increase in collection efficiency with increased 
dust loading. There is no doubt that this model is concep- 
tually more rigorous than the one develaped in this paper. 
However, its application to three-dimensional motion 
would become extremely complex and would still require 
the use of experimentally obtained parameters. In addi- 
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tion, in the special case of spray drying, the loading of 
the condensed phase is so low that the coupling effects are 
negligibly small. As far as momentum coupling is con- 
cerned, f-or example, Rao and Dukler (1971) have demon- 
strated by means of a momentum probe of new design 
that the velocity profile of air flow in ducts was not af- 
fected by particle loadings considerably larger than those 
encountered in spray dryers. 

The approach used in the present work is basically a 
Lagrangian one, whereby the evaporating droplets are cou- 
pled by means of heat and mass transfer relations to the 
entraining drying air in their three-dimensional trajectories. 
In spite of the large number of simultaneous equations in- 
volved, the use of experimental correlating coefficients 
keeps the computational program down to a manageable 
size. 

EXPERIMENTAL 

Velocity measurements were carried out in a chamber 
typical of a concurrent, vertical, downflow type of spray 
dryer with tangential air entry. The chamber consisted of 
1.22 m I.D. x 0.61 m high upper jacketed cylindrical sec- 
tion and a 1.22 m high lower conical section. Air from 
the blower was introduced tangentially into a 5.1 cm wide 
annular jacket surrounding the cylindrical section and 
then distributed to the chamber through six slots (3.8 x 
15.2 cm) cut in the inside wall at an angle of 45 deg. to 
the direction of the airflow. The metal was not cut out 
but merely bent back along a 90 deg. edge. Hot wire 
anemometry was employed to measure mean velocities 
and turbulence intensities. The experimental results are 
presented below in the section on air flow patterns. 

BASIC DESIGN EQUATIONS 

In this section, all the basic equations required for the 
proposed design methodology will be presented. Most of 
these equations are based on published experimental data. 
No effoit has been made, however, to present an exhaus- 
tive review of all available information. As better data ap- 
pear in the literature, they can be easily incorporated in 
the final program. To give the treatment more generality, 
all three modes of atomization will be considered, as far 
as they affect the design methodology. 

Atomization 
Atomization is the most important process in the spray 

drying operation, since it governs the size of the product, 
and the initial drop size distribution of the spray gen- 
erated by the atomizer forms the basis of the chamber 
design. The three principal types of atomizers used today 
are centrifugal disk atomizers, pressure nozzles, and pneu- 
matic nozzles. Centrifugal disk atomizers are generally 
employed for high capacities owing to their flexibility and 
ease of maintenance. Pressure nozzles are preferred for 
highly viscous feeds and where multiple atomizers are de- 
sired. Pneumatic nozzles are used only for small capacities 
due to the high cost of compressed air and their low effi- 
ciency. The above three atomizers will now be discussed 
in terms of the dioplet size distribution (DSD) and of the 
largest droplet diameter they generate. Although the cor- 
relations which will be presented are useful for preliminary 
design calculations and provide a good approximation of 
the DSD to be expected from a given type of atomizer, 
there is no substitute for the information obtained from 
tests with the actual atomizer in conjunction with the 
actual feed solution to be dried. 

Centrifugal Disk Atomizers. Centrifugal disk atomizers 
are by far the most commonly used atomizers today. 
Masters (1972) presented a large number of correlations 
available in the literature to predict DSD from various 
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Fig. 1. Droplet diameter as a function of log [1/(1 - V' f ) ] .  (Shown 
as an insert i s  the chamber geometry considered as an illustration of 

the design methodology.) 
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types of such atomizers. A very useful correlation is that 
obtained by Friedman et al. (1952). They correlated the 
Sauter mean diameter to the disk radius in terms of di- 
mensionless groups to obtain 

They found the following relationship between the largest 
droplet size and the Sauter mean diameter: 

d, = 3 d v s  (3) 
Pressure Nozzles. The drop size distribution from pres- 

sure nozzles has been found (Marshall, 1954) to follow 
the Rosin-Rammler relationship 

1 - Vf' = exp [ - 0.693 (di/dp) '1 (4) 
where d, is the particle diameter above which 36.79% of 
the volume or mass of the spray has drops of larger diam- 
eters, and 8 is a constant which depends on the uniformity 
of the spray. Sauter mean diameter do, and dp are related 

d,, = dp/r( 1 - 118) (5) 
by 

Several correlations are available in the literature to pre- 
dict the mean droplet size from various types of centrifugal 
pressure nozzles (Masters, 1972). 

Pneumatic Nozzles. The drop size distribution from 
pneumatic nozzles has been shown to follow (Nukiyama 
and Tanasawa, 1938 to 40) 

ni/& = a&2 exp ( - bdp) (6) 
where q was shown to be a constant for a given nozzle 
and should be determined experimentally. 

From a mathematical analysis, Nukiyama and Tanasawa 
determined the relations between the constants a and b 
and d,, for different values of q. The followrng relations 
were presented when q had a value of 2: 

b = 2.25/dVs2 and a = 1.9lbsV (7) 
Based on the novel experimental technique of spray 

cooling molten wax or melts of wax-polyethylene mixtures, 
Kim and Marshall (1971) proposed the following volume 
frequency function for droplets produced by pneumatic 
atomizers : 

V{ = c16.7 exp (-2.18 d/Z)]/ 

[1+ 6.67 exp (-2.18 d/d)la ( 8 )  

where 2, the mass median diameter, is given by the follow- 
ing empirical equation for a conventional single-air en- 
'trance atomizer: 

r= 160.8 ,0.41 #0.32/ (V re1 2 Pa ) 0.53 A036 ,,0.16 

$- 1 573 ( /J?/pfU) (wAlw1) n/l're1°'54 (9) 
Here n = -1, if (wA/w1) < 3, and n = -0.5, if ( w ~ /  
W,) > 3. The coefficients in Equation (9) have been 
recalculated to account for the conversion to the units 
used in the present paper. 

Although pneumatic atomizers are seldom used in large- 
scale industrial applications, these equations are nonethe- 
less very useful because of the frequent use of this type 
of atomizing device for preliminary testing of the drying 
characteristics of a feed material. It is to be noted that 
Equation (9)  includes certain parameters which are char- 
acteristic of the nozzle design and in this way differs from 
Nukiyama and Tanasawa's well-known equation. The same 
authors also presented a slightly modified form of Equa- 
tion (9)  to predict the value of in the case of a con- 
centric double-air nozzle atomizer. 

The Largest Drop Diameter. Mugele and Evans (1951) 
proposed a special upper-limit function ln[adJ(& - d i ) ]  
for describing droplet size distributions in sprays. They 
observed that this function fitted accurately the available 
spray data obtained on all three types of nozzles, although 
it is not capable of predicting by itself the DSD of a given 
atomizer. In this method, the largest droplet diameter d, 
is obtained by a trial-and-error procedure from the best fit 
when ln[d,/ (d, - 4)  ] is plotted against cumulative num- 
ber or volume frequency. Recently, Katta and Gauvin 
(1975) showed this analytical method to give values of d, 
in excellent agreement with the experimental results. 

As an illustration, Figure 1 represents the DSD [plotted 
according to Equation (4) ]  of the centrifugal pressure 
nozzle (Type 3/8 A 10 Spraying Systems Co., Wheaton, 
Ill.) which was selected for the design problem which will 
be discussed later in this paper ( a  sketch of the spray *- 
ing chamber used in the latter is shown as an insert). 
When operated at 1000 lb/sq in. pressure, the DSD sup- 
plied by the mymfacturer is 

di, pm 50 80 110 140 170 200 230 260 290 

Cumulative 
volume, % 2.2 7.3 18 33 51 67 81 93 100 
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From the Mugele and Evans method, a value of 350 pm 
for the largest drop diameter d, gave the best fit when 
their upper-limit function was plotted on a probability 
grid. The adequacy of the fit is ihstrated in Figure 2. 
Droplet Trajectories 

in centrifugal and gravitational fields can be written as 
The three-dimensional equations of motion of a droplet 

dVt/dt = - V ~ V ~ / T  - 3C~paVf (Vt - Vat) /4dip ( 10) 

dVr/dt = Vt2/r - 3C~paVf( Vr - Var) / 4 d p  + F L / ~  

(11) 
(12) dVJdt = g - 3C~paVf(Vv - Vau)Mdip 

where V f ,  the velocity of the droplet relative to the fluid, 
is given by 

V f  = (Vt - Vat)’ + (Vv - Vao)2 + (Vr - Vw)’ 
(13)  

The drag coefficient was determined by means of the equa- 
tions presented by Beard and Pruppacher (1969), which, 
in the authors’ judgment, are the most correct. 

The shear lift force on the droplets was estimated by 
means of 

where: 
FL = 20.25 pad? ( v a / K )  O.5 KV* (14)  

K = 1.4Vau ( r / ~ ~ ~ )  (15) 
The above equations of motion are to be solved simul- 

taneously with the equations expressing the instantaneous 
evaporation rate of the droplets, the three-dimensional 
drying air flow pattern, and the instantaneous properties 
of the drying gas. The latter will now be discussed in tum. 

Evaporation and Drying 
The heat and mass transfer rates to the droplets are 

given by 
dqJdti = TLNU di Q (ta - ts) 

dmi/dti = rDupad$h Q ( H ,  - H )  
(16) 

(17)  
where the Nusselt and Sherwood numbers were calculated 
from the following equations: 

Nu = 2.0 + 0.6 (Re)0 .5  (Pr)O.= 

Sh = 2.0 + 0.6 (Re)0 .5  ( S C ) * . ~ ~  

H w  = 18 pw/29(pt - pw) 

(18) 

(19) 

(20)  

The saturation humidity was obtained from 

The effect of high temperature of the drying gas on 
mass transfer rates was taken into account by means of 
the correction factor a‘/ ( ea’ - l),  where a’ is given by 

d = In [ l  + (Nu.AT*Cp/2X)] (21)  
The actual evaporation rate is equal to the apparent evap- 
orat-on rate multiplied by a’/ ( ea’ - 1) .  

The effect of heat losses should be taken into account 
in calculating the rate of evaporation and/or drying rate. 
As shown in Figure 3 (upper figure, in the case of pure 
water or of a colloidal solution), if the heat losses are 
negligible, the temperature of the droplets follows the 
adiabatic cooling curve (path 1-2). On the other hand, if 
they are appreciable, the driving force is reduced accord- 
ingly (path 1-3).  

In the case of an actual solution, as shown in the lower 
diagram of Figure 3 (assuming no heat losses for simplic- 
ity), the drying rate is also affected by the change in solid 
concentration of the droplets (which results in an increase 
of their surface temperatures to Tw2, TW3, etc.), by the 
change in latent heat of vaporization with the droplet tem- 
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perature, and hy the heat of crystallization. If the latent 
heat of vaporization increases significantly due to the heat 
of adsorption in the last stages of drying, the adiabatic 
saturation curve, and consequently the path of the air 
point, will be deflected downward as shown by the lower 
dotted line. But, on the other hand, if, during the drying 
of a salt solution, heat of crystallization is released, the 
adiabatic saturation curve will be deflected upward, as 
shown by the upper dotted line. In most cases, it is likely 
that both situations would occur simultaneously, and the 
net effect on the drying rate would not be significant. At 
all events, the absolute values of the changes caused by 
these two phenomena are not large. 

The above considerations apply strictly if the increase 
in concentration is uniform throughout the droplet as it 
dries. Because of the extremely high rate of evaporation, 
Ranz and Marshall (1952) indicated that the droplets 
evaporated as though their surface were at the saturation 
concentration corresponding to their wet bulb tempera- 
ture. Although the drying behavior of small atomized 
droplets can be expected to be different from that of the 
large drops studied by these authors, this assertion is sup- 
poited by the observations of Baltas and Gauvin (1969~)  
on the complex phenomena accompanying the crystalliza- 
tion of spray dried sodium nitrate (which is the feed mate- 
rial considered in the illustrative problem to be discussed 
later). These authors noted that at low drying air tem- 
peratures, small crystallites formed inside the droplets; at 
intermediate temperatures, surface crust formation was 
observed. At still higher temperatures, the work of a 
number of authors would indicate that hollow particles 
of large diameter, with wall thickness of 5 to 10 p, could 
be formed. As a preliminary design consideration, the as- 
sumption of surface saturated condition and neglect of a 
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drying falling rate period, with resulting constant droplet 
surface temperature, is probably adequate. 

Finally, the instantaneous diameter of any droplet was 
obtained from the following equation based on the as- 
sumption that the droplets are dense: 

d, = An ( p i n ~ i n / ~ i p i ) O . ~ '  (22) 
where the subscripts i and in represent the instantaneous 
values and the initial values, respectively, of the same 
droplet class. 

Air Flow Patterns 
Nozzle Zone. The zone traversed by the droplets as 

they decelerate from their high initial velocity to the point 
where they begin to be entrained by the swirling drying 
gas is designated as the nozzle zone, since in that region 
the droplets are mostly affected by the atomizing nozzle. 
It is also characterized by the large amount of drying gas 
which is entrained into it from the surroundings. The gas 
flow patterns within the spray were shown to be similar to 
those in a gas jet by Rasbash and Stark (1962), Gluckert 
(1962), Briffa and Dombrowski (1966) and Benatt and 
Eisenklam (1969) who studied the properties of sprays in 
detail. 

In the case of a pressure nozzle, the decay of the center 
line velocity of the gas within the spray can be correlated 
by the following equations based on the work carried out 
by Gluckert ( 1962) and Briffa and Dombrowski (1966) : 

V,/Vo = 3.2 ( D J x )  (23) 

(24) v o  = w1/ ( P A  1 
where V, is the average velocity of the liquid leaving the 
pressure nozzle and Al is the cross-sectional area available 
for liquid flow at the nozzle. The radius of the air core can 
be estimated to be half the radius of the nozzle on the 
basis of the results correlated by Nelson and Stevens 
(1961) showing the effect of the spray angle on the air 
core. 

In the case of a centrifugal disk atomizer, Gluckert 
(1962) presented the following equations from an experi- 
mental study: 

V J V ,  = 1.2 [ b'/ ( r  - Rd) ] y2 ( r / R d )  ya (25) 

b' = W,/[d/B * ( Z i ~ R , ) ~ N p a z ]  (26) 
where b' is the width of an imaginary annular jet of gas 
(of same composition as that leaving the spray dryer) 
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having the same velocity and momentum as the initial 
liquid jet. 

For pneumatic nozzles, it has been reported earlier 
(Katta and Gauvin, 1975) that the following equations 
apply to the center line velocity: 

VJV, = S S / X  (27) 

x = ( x / W  (28) 
- 

It is generally accepted that the induced air jet in the 
case of a pressure nozzle can be assumed to behave like 
a free jet. On this basis, the radial distribution of the axial 
velocity is represented by 

V,, = Vc exp [ - 0.692 ( r h )  23 (29) 
where the variation of r5 with the axial distance depends 
on the angle of the spray. For a free jet or i i  spray from 
a pneumatic nozzle, the angle of the cone formed by the 
boundary is about 20 deg. If the half angle of the cone 
formed by the locus of the half center line velocities (half 
speed cone) is taken as 5 deg., r5 is given by 

r5 = x tan 5" = 0.0873 x 

The experimental work of many investigators agrees with 
this expression. By assuming that the analogy will hold 
far larger spray angles, the following is obtained for a 
60 deg. spray angle: 

r5 = x tan 15" = 0.268 x 

The radial velocities of the induced air jet were taken as 
zero on the basis of the work carried out by Benatt and 
Eisenklam (1969). 

Free Entrainment Zone. The zone where the droplet 
motion is unaffected by the atomizing nozzle and is gov- 
erned by the entraining drying gas only is designated as 
the free entrainment zone. The tangential velocities ob- 
tained experimentally by Bank ( 1975), in the spray-drying 
chamber described earlier, were represented by 

(30) 

(31) 

Vat = C1 ( T / R , ) O . ~  (32) 
where C1 is a constant which depends on the axial dis- 
tance from the roof. The values of C1 as a function of the 
dimensionless axial distance are given in the following 
table: 

x / H ,  0.27 0.41 0.52 0.68 0.79 0.85 

C1, cm/s 315 298 286 269 245 231 

The experimental tangential velocity profiles are shown 
in Figure 4 at various stations, the locations of which are 
given in the following table: 

Station 1 2 '  3 4 5 

x / H ,  0.274 0.351 0.406 0.462 0.517 

Station 6 7 8 9 

x / H ,  0.6 0.684 0.768 0.851 

The radius of the chamber at any axial distance x from 
the roof of the chamber (see Figure 1) i n  the conical por- 
tion can be obtained from 

RX = 1.469 Rc - 0.469~ (33) 
The tangential velocities in the annular region can be 

represented by 

where Cz is given by 
vat = c2 (Rx - 7) 

Cz = 61 CI/Rc 

(34) 

( 3 4 4  
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The value of C4 was obtained from experimental data and 
was determined to be 80 cm/s. 

The radius of the annular region was obtained frotn 

r ,  = R, - 0.05 RC 
Bank measured the flow angles experimentally. With 

increasing axial distance from the roof, the flow anglb 
increased to about 15 deg. and then became steady at a 
x / H s  ratio of 0.6. This indicates that in the major portion 
of the conical bottom, the flow consists of almost parallel 
circular streamlines. It is important to remember, in this 
connection, that Bank observed that the flow patterns were 
not affected by the entrance volumetric flow rate. 

The axial velocities reported by Bank, as shown in 
Figure 5, can be represented by 

(35) 

V,, = Cs (r/R,)2.5 (36) 
where C3 is a constant which depends on the axial dis- 
tance. By integrating the above velocity profile across any 
cross section of the chamber, the following value of Ca 
was obtained: 

Cs = 2.25 W J ( p R , 2 )  
or 

Cs = 2.257,, (37) 
The radial velocities were taken to be zero, as Bank 

has experimentally shown that they are negligibly small. 
It should be noted that the above equations will hold 

only if the drying air is introduced from a single tangen- 
tial inlet near the top of the chamber, or from well-dis- 
tributed multiple inlets into the drying chamber from a 
surrounding plenum chamber. They will not strictly apply 
if the drying air is given an initial strong downward vel- 
ocity component, as was observed by Gauvin et al. ( 1975). 

The entrainment rates in the nozzle zone of a pressure 
atomizer can be obtained from the following correlation 
presented by Benatt and Eisenklam (1969) based on both 
experimental and theoretical studies: 

where 
E = M e /  [ ( x - x') d W 1 V o p a l  (38) 

x' = 0.5 + l.66(Wl/plVE)0.5 cos B (39) 
and E, the entrainment parameter, is given by 

E = 0.96 tan S / m  (40) 
In the case of pneumatic nozzles, it has been reported 

in earlier studies that the entrainment rate is given by 

M e  = M0[0.23(dDo) - 11 (41) 
Properties of Drying Gas 

The amount of drying air W g  needed can be estimated 
from the following overall energy balance on the spray 
drying chamber over the datum t,: 

WgCs ( t i  - tz,) = W w X  + wwcj( t 2  - &o) 

+ W i C f ( t ,  - t f )  + WPCPS(tP - t w )  + 41 (42) 
The temperature of the drying gas in the nozzle zone 

(ti - t z )  = [EJ + W & p s ( t p  - tw) + 4 1 2 I / ( M e C s 1 )  

is obtained from an energy balance in this zone: 

(43) 
The average humidity at any section is determined from 

the rate of evaporation and the rate of entrainment: 

H z  = ( E J M e )  + Hi (44) 
The temperature of the drying gas in the free entrain- 

ment zone can be calculated from the following energy 

AlChE Journal (Vol. 22, NO. 4) 

loo t 

B 

[ r / R ''' 
Fig. 5. Axial velocity of the gas as a function of [r/R,]2.5. 

balance between the inlet and the section under consider- 
ation: 

(t i  - t z )  = [&A + ( E ,  - Wp) (tz - t W ) C ,  + Cgl, 

+ W p ~ p s ( t p  - tW)l/(W,.CS) ( 4 5 )  
The average humidity in this zone is obtained from the 
flow rate of the drying gas and the rate of evaporation: 

H z  = ( Ez/Wg) + HI (46) 
It was assumed that the radial temperature and humid- 

ity gradients in the drying gas are negligible. The heat 
losses were first calculated for the whole chamber by 
using an overall heat transfer coefficient. For any given 
section of the chamber, it was then assumed that the heat 
losses were proportional to the extent of evaporation. It 
can be seen that the above equations include the amount 
of heat supplied to the solids, a relatively small item. 
Methodology of Design 

General Considerations. When a spray dryer is de- 
signed, the required rate of production of powder, to- 
gether with the product specifications (particle size dis- 
tribution, bulk density, and residual moisture content), 
are given. The product specifications are usually deter- 
mined from small-scale trials in an experimental spray 
dryer, unless this information is available from the litera- 
ture. Similarly, the physical and chemical properties of 
the feed solution are known, from which the psychrometric 
charts shown in Figure 3 can be determined. If the prod- 
uct is heat sensitive and/or prone to oxidation, careful at- 
tention must be given to the temperature profile of the 
drying air in the chamber, since the temperature of a 
particle of product will rise rapidly towards that of the 
surrounding gas once its moisture has been driven off. This 
will obviously occur much sooner in the case of the drop- 
lets of initially smaller diameters. All these considerations, 
as well as the selection of an appropriate chamber geome- 
try resulting from them, have been fully discussed by 
Masters (1972) and will not be further elaborated here. 

Design Criteria. An important consideration in spray 
dryer design is the selection of a suitable criterion against 
which the adequacy of the design results can be tested. 
A number of such criteria suggest themselves, such as the 
attainment of a specified humidity and temperature in 
the exit gas, attainment of a given moisture content for 
a specified fraction of the DSD in a specified zone of the 
chamber, maximum thermal efficiency, etc. 

The criterion selected in the present design method 
requires that the largest droplet in the initial spray shall 
be dry (or will have reached the specified nonsticky 
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TABLE 1. SPECIFICATIONS AND REQUIREMENTS 

Rate of production 
Percent NaN03 in feed 
Residual moisture content of the 

d,, of product (assumed dense) 
Inlet temperature of drying air 
Drying air inlet humidity 
Ambient temperature 
Wet bulb temperature of drying air 
Density of feed solution 

largest size 

1000 kg/h 
30% 

10% 
95 fim 
650°K 
0.005 
294°K 
333 K 
0.922 + (0.92) (c i )  

TABLE 2. ATOMIZING NOZZLE SPECIFICATIONS 

Nozzle type 
Model number 
Nozzle manufacturer 
Operating pressure 
Diameter of nozzle 
Liquid velocity at nozzle 
Angle of the spray 
DSD of spray 
Diameter of largest droplet 

Centrifugal pressure nozzle 
3/8 A 10 
Spraying Systems Co. 
689.58 N/cm2 (1 000 Ib/sq.in.abs.) 
0.476 cm 
169 m/s 
60 deg. 
Shown in Figure 1 
350 fim (Figure 2 ) 

TABLE 3. RESULTS OF DESIGN CALCULATIONS 

Height of chamber 
Diameter of cylindrical section 
Height of cylindrical section 
Drying air mass flow rate 
Average tangential velocity of 

Cross-sectional area of inlet 
Volumetric flow rate of drying air 
Total heat required 
Initial velocity of droplets 
Outlet temperature of drying air 
Overall heat transfer coefficient for 

Heat losses 
Thermal efficiency 

drying air at inlet 

estimation of heat losses 

15 m 
10 m 
5m 

9.267 kg/s 

3.20 m/s 
5.3 m2 
16.94 m3/s 
2.3 x 106J/s 
2 di + 600 cm/s 
422°K 

5.9 J/m2 * s * K 
0.47 x 106 J / s  (20.6% ) 
48 % 

residual moisture content) before it reaches the chamber 
wall. This criterion lends itself particularly well to the 
computat:onal approach proposed below. It  also has the 
practical advantage of providing against the accumulation 
of wet powder on the walls, which is an inherent prob- 
lem in the operation of spray dryers. It is realized, on the 
other hand, that it will lead to chamber sizes which may 
be considered overconservative for practical purposes. AS 
experience with this design method accumulates, how- 
ever, this criterion may be relaxed as required by simply 
decreasing the upper limit of the initial droplet size, on 
which the design calculations are based. 

Method of Calculations. The design of a spray dryer 
is therefore carried out in the following steps: 

1. From the desired product size distribution and the 
nature of the product, the DSD near the nozzle for an 
optimum concentration of the feed is determined, and 
then the largest droplet size is predicted. 

2. The drying gas flow patterns and the type of cham- 
ber are selected on the basis of the nature of the product 
and the drying characteristics of the feed solution, 

3. The droplet trajectories both in the nozzle and en- 
trainment zones are calculated with the help of a com- 
puter by using the numerical approach suggested here. 
Reasonable values for the size of the dryer and inlet ve- 
locity have to be assumed initially. 

4. The calculations are repeated until the dryer dimen- 
sions are just adequate to dry the largest droplet. 

It will be recalled that the computational approach fol- 
lowed here was used in two earlier studies (Gauvin et d., 
1975, and Katta and Gauvin, 1975) to predict success- 
fully the droplet trajectories in an experimental spray 
drying chamber. 

In the illustrative design problem which follows below, 
the computations were done on an IBM 360/7*5 computer. 
Since all the equations have to be solved simultaneously, 
the same axial distance step and a variable time step were 
used for all classes of droplets so that they would ad- 
vance to the same plane perpendicular to the dryer axis. 
The largest time increment used was s ~nitially and 

s for most of the remaining calculations. These cal- 
culations were repeated for various sizes of dryers until 
the dryer, which is just adequate to dry the largest drop- 
let, was obtained. 

EXAMPLE OF SPRAY DRYER DESIGN 

Application of the above concepts to the design of an 
industrial size spray dryer will now be described. The 
material to be spray dried consists of a 30% solution of 
sodium nitrate. Table 1 lists the product specifications and 
various requirements to be met. 

Additional information concerning the properties of the 
feed and its drying characteristics can be found in the 
work of Baltas and Gauvin (1969u, b, c )  who studied this 
system in detail. By assuming heat losses of 20% (which 
from Table 3 is roughly correct), the psychometric charts 
shown in Figure 3, in conjunction with the solubility data 
for sodium nitrate solution from the Landolt-Bornstein 
Tables, give a droplet temperature of about 3d13"K and a 
saturated concentration of Sl%, both of which are as- 
sumed to remain constant during the drying process. 

Based on the product size requirements, a centrifugal 
pressure nozzle was selected as the atomizer. Specifica- 
tions for this nozzle are given in Table 2. 

A concurrent vertical downflow chamber with a cylin- 
drical top section and a conical bottom section was chosen 
for this application because of its known flow patterns. 
The drying air enters the top section tangentially, and the 
height of the conical section is twice that of the cylindri- 
cal one (Figure 1). 

The initial conditions chosen for the computations cor- 
responded to a plane at 20 cm from the nozzle exit. Based 
on the work of York and Stubbs ( 1952), the initial droplet 
velocities were derived. Eight classes of initial droplet sizes 
were chosen for this study. The positions of the droplet 
classes, as they were unknown, were assumed to be in an 
arithmetic progression from the center to the edge of the 
spray, with the largest size class being at the edge of the 
spray. 

The efficiency of the spray drying operation is best de- 
fined as the ratio of the heat used in vaporiz,.iltion to the 
total heat available and can be shown to be equivalent to 
the following: 

Table 3 presents a summary of the results of the design 
calculations. 

Comments concerning the calculations and discussions 
of some of the intermediate results obtained in their 
course will now be presented, as they provide an inter- 
esting insight into the spray drying operation. 

As mentioned earlier, entrainment from the surrounding 
drying gas is one of the major characteristics of the nozzle 
zone. If the latter is viewed in this light, it enables proper 
comparison between the three principal types of atomizers. 
The drop trajectory calculations in the nozzle zone depend 
on the rate of entrainment, in addition to the flow patterns 
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within the spray. Hence these calculations depend on the 
type of atomizer used. On the other hand, the drop trajec- 
tory calculations in the free entrainment zone depend on 
the flow patterns of the drying gas and not on the type 
of atomizer used to any significant extent. 

According to the above definition of the nozzle zone, the 
amount of evaporation in this zone is about SO%, as can 
be seen from Figure 6 and Equation (38) which gives the 
rate of entrainment. This clearly indicates the importance 
of the nozzle zone in the design of spray dryers. 

The average temperature of the drying gas within the 
spray in the nozzle zone and in the free entrainment zone 
is also shown in Figure 6. The increase in the gas tem- 
perature after the initial decrease is due to entrainment 
from the surrounding hotter gas. Most of the decrease in 
the gas temperature takes place in the nozzle zone and 
is due to the high evaporation rates. 
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The change in droplet diameter with time is shown in 
Figure 7. The variation of droplet solid concentration with 
time for three initial sizes is shown in Figure 8. The larger 
droplets reach higher concentrations at a much slower rate 
than the smaller droplets, as can be expected. 

Figure 9 gives the axial and tangential velocities of the 
350 pm (initially) droplet as a function of time, The 
initial decrease of the axial velocity is due to the decreas- 
ing gas velocities in the nozzle zone. It is followed by 
small changes in the velocity over a large part of its resi- 
dence time and then increases due to the converging flow 
field in the conical section of the chamber. The ever in- 
creasing tangential velocity of the droplet until it comes 
close to the chamber wall is due to the fact that the gas 
tangential velocity increases as the droplet moves away 
from the axis of the dryer and into the conical section. 
When the droplet enters the boundary layer at the wall, 
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its velocity steadily decreases until it hits the latter. 
The axial and radial distances of two droplet sizes as 

a function of time are given in Figure 10. The large dif- 
ference in the positions of both droplets, when they are 
at the desired residual moisture content, illustrates the im- 
portance of the largest droplet in the design of spray dry- 
ers. The angular position of both 290 and 350 pm droplets 
as a function of time is shown in Figure 11. 

The extent of the drying period, as a function of the 
droplet diameter, is shown in Figure 12. It is remarkable 
that a definite monotonic correlation exists between these 
two variables in spite of the many complexities present 
in the process. For the particular problem studied here, 
and for the set of operating conditions chosen, the follow- 
ing correlation can be presented: 
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plot. 

Fig. 11. Angular position of the largest droplet as a fuiiction of time. 

= 1.04 x 10-4 [ d i p 7  s (48) 
If a correlation can be established between the drying 

time and the droplet size for any particular process, the 
design can be carried out merely from a knowledge of the 
trajectory of the largest droplet. The design procedure can 
thus be highly simplified. 

CONCLUDING REMARKS 

The present study has shown that a spray dryer can be 
designed on a theoretical basis, providing a minimum 
amount of information is available, which this work has 
identified as the drying characteristics of the feed solu- 
tion, the DSD prevailing at or near the atomizing device, 
and the flow pattern of the drying gas in the chamber. 
Although the present program is limited to a pressure 
nozzle, it can be easily modified for other types of atom- 
izers from a knowledge of the entrainment and resulting 
flow patterns of the gas within the spray. Equations were 
presented, wherever possible, for other types of atomizers 
which enable the design of spray dryers in those cases. 
Indeed, the case of the pneumatic atomizer has already 
been treated in detail in a previous study (Katta and 
Gauvin, 1975). 

It  is hoped that as more experimental evidence becomes 
available, some of the assumptions which had to be made 
in the course of the calculations (such as the assumption 
of negligible radial temperature and humidil y gradients 
in the drying gas) will be removed and refinements in the 
approach will be effected (such as the choice of a less 
restrictive design criterion and an estimate of' the effects 
of the turbulence characteristics of the drying medium on 
the spray drying operation). Concerning the latter, a step 
in the right direction was taken by Bank (1975) who 
reported values of the turbulence intensities i n  the three 
dimensions in a chamber of similar geometry to the one 
used here. 

Another area which requires attention concerns the drop 
trajectory calculations in the nozzle zone, since their ac- 
curacy is subject to the assumptions which had to be 
made, owing to lack of information in the literature, re- 
garding the initial spatial distribution of the droplets in 
the spray and the flow patterns of the gas within the 
spray. Preliminary estimates of the influence of various 
alternatives indicate that the effect on the overall design 
results would, however, be small. 

The case of hollow product particles could also be 
handled by the program but would require a considerable 
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amount of experimental information on the concentration 
vs. diameter relationship in the particle during drying. 
The calculations would become particularly complex if a 
significant fraction of the hollow particles fragmented dur- 
ing the last stages of the operation. 

Finally, it is important to note that the computerized 
approach proposed here lends itself particularly well to 
economic evaluations and comparisons between thermal 
efficiencies, heat requirements, capital and operating costs, 
etc., arising from changes in design geometry and alterna- 
tive choices in operating conditions. 
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NOTATION 

Al 

A 

a, b = parameters in Equations (1) and (6) 
b' 
C1, C2, C2, Cd = constants 

= cross-sectional area available for liquid flow at 

= cross-sectional area available for air flow in pneu- 
pressure nozzle, cm2 

matic nozzle, cm2 

= parameter defined by Equation ( 2 6 )  

CD = 
Cf = 
cp = 
CPS = 
Csl, c s 2  

d =  
di = 
B =  
a m =  
d P =  
Do = 
&s = 
D,  = 
E ,  = 
E =  
FL = 
g =  
G =  
h =  
H =  

c =  

drag coefficient 
heat capacity of feed, J/kg O K  

heat capacity, J/kg . O K  

heat capacity of solid, J/kg * O K  

= heat capacity of inlet and outlet humid air, 
kg O K  

droplet solid concentration, % 
drop diameter, pm 
diameter of each class of droplets, pm 
mass median drop diameter, pm 
diameter of largest droplet, pm 
characteristic droplet diameter, pm 
diameter of nozzle, cm 
mean Sauter diameter, Pnid;3/Xni&2, pm 
diffusivity, cm2/s 
amount of evaporation up to section x, g/s 
entrainment parameter, dimensionless 
lift force, N 

Q1 va 
r 
r, 
r5 
R, 
Rd 
R, 
t = time, s 
ta 
tf = feed temperature, O K  

tp = product temperature, OK 
t, 
t, = droplet temperature, O K  

V 
Vat, V,,, V,, = absolute values of tangential, radial and 

axial velocities of air, respectively, cm/s 
Va, 
V, 
Vf 
V/ 
V, 

= volumetric flow rate of liquid, m3/h 
= volumetric flow rate of atomizing air, m3/h 
= radial position of droplet, cm 
= radius of annular region, cm 
= velocity half radius, cm 
= radius of cylindrical section, cm 
= radius of centrifugal-disk atomizer, cm 
= radius of chamber at any height, cm 

= temperature of drying air, OK 

= wet bulb temperature of drying air, OK 

= volume of feed sample, pm3 

= average axial velocity of air at any section, cm/s 
= velocity of air on the centerline of the spray, cm/s 
= resultant velocity of droplet relative to fluid, cm/s 
= cumulative volume fraction less than given size 
= average velocity of liquid leaving atomizer and in 

the case of pneumatic nozzle air velocity at nozzle 
exit, cm/s 

Vt ,  V,, V ,  = absolute values of tangential, radial and axial 
velocities of droplet, respectively, cm/s 

acceleration due to gravity, cm/s2 
mass velocity, g/s . (cm of wetted periphery) 
heat transfer coefficient, J/m2 * s * O K  

average absolute humidity at any section, g of 
water vapor/g of dry air 

H I ,  H 2  = absolute humidities of entering and leaving air, 
respectively, g of water vapor/g of dry air 

H s  
H ,  
k, 
K 
k 
L,  
m 
M 
M e  
M ,  
N 
n 
ni 
pl 
p t  
pw 
q 

q1 

= height of spray dryer, cm 
= saturation humidity, g of water vapor/g of dry air 
= thermal conductivity of air, J/m * s * OK 

= curl of fluid velocity, s-l 
= mass transfer coefficient, g mole/ ( cm2 * s) 
= wetted periphery of centrifugal-disk atomizer, cm 
= mass of droplet, g 
= molecular weight of air-vapor mixture 
= mass flow rate of entrainment, g/s 
= mass flow rate of atomizing air, g/s 
= rate of rotation of centrifugal-disk atomizer, rev/s 
= power in Equation (9), - 1 or -0.5 
= number of each class of droplets 
= liquid pressure at the nozzle, N/cm2 
= pressure in spray-drying chamber, N/cm2 
= vapor pressure at drop surface, N/cm2 
= rate of heat transfer to droplets, J/s; constant in 

= rate of heat losses from spray chamber, J/s 
Equation (6) 

= relative velocity between the air stream and the 

= atomizing air flow rate, g/s 
= flow rate of drying air; (free air, measured at  

= flow rate of feed, g/s 
= chamber capacity, in g of water evaporated/s 
= dimensionless distance, defined by Equation (28) 
= vertical distance from nozzle, cm 
= length of the liquid sheet, cm 

liquid stream at the nozzle, m/s 

294°K and 1 atm) , g of drying air/s 

Greek Letters 
r = gamma function 
A = increment 
Ad 
6 

7)  

e 
A 
pa 
p 
va 
pa 
pf 
pa 
p 
u 
T = drying period, s 
o 

Dimensionless Groups 
Nu = Nusselt number, h&/ka 
Pr = Prandtl number, cppa/ka 
Re = Reynolds number, diVfpJpa 
Sc = Schmidt number, p/Dvpa 
Sh = Sherwood number, kdiM/Dvpa 
Subscripts 
1 
2 
a = of drying air 
a2 
d = at datum temperature 

= the spread of the droplet size distribution 
= parameter to express the uniformity of spray, 

= drying thermal efficiency, defined by Equation 

= half angle of liquid sheet, rad 
= latent heat of vaporization at tw, J/kg 
= viscosity of air, N * s/m2 
= viscosity of liquid, poises 
= kinematic viscosity of air, m2/s 
= density of air, g/cm3 
= density of feed, g/cm3 
= density of the surroundings of the jet, g/cm3 
= density of droplet, g/cm3 
= surface tension of liquid, dynes/cm 

= angular velocity of droplet, rad/s 

Equation (4)  

(47) 

= at the inlet conditions of spray dryer 
= at the outlet conditions of spray dryer 

= of drying air at the exit conditions 
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i 
in = at initial conditions 
o = a t  nozzle exit 
p = of the product 
x 
w 

= pertaining to ith class of droplets 

= at a vertical distance x below the nozzle 
= at wet bulb temperature of the air 
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A Method of Moments for Measuring 
Diffusivities of Gases in Polymers 

R. M. FELDER A method of moments has been formulated for the determination of 
the diffusivity of a gas in a polymer from a step response in a continuous 
permeation chamber. Contributions of system components other than the 
polymer are easily factored out to determine the contribution of the poly- 
mer alone, and this contribution is then analyzed to calculate the diffusivity. 
The method has been applied to the measurement of the diffusivities of 
sulfur dioxide in PTFE (Teflon) and fluorosilicone rubber tubes over a 
wide temperature range. 

C-C M A  
and 

J.  K. FERRELL 
Deportment of  Chemical Engineering 

North Carolina State University 
Raleigh, North Carolina 27607 

SCOPE 
Traditional methods for measuring the diffusivity of a a membrane into a closed chamber in which the pressure 

gas in a polymer involve either passage of the gas through is monitored or sorption of the gas in a small polymer 

Felder. monitored. In either experiment, a substantial driving 
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