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ABSTRACT 

The transfer of heat, mass and momentum in the nozzle zone of 

sprays produced by internal-mixing, pneumatic and hollow-cone, pressure 

nozzles was determined for both co-current and cross-current drying air 

flow patterns. The Nusselt Numbers for the evaporating .drops were 

correlated by means of the equation proposed by Ranz and Marshall for 

stationary drops in a rnoving air flow. Values of the drag coefficients 

for the decelerating drops, over a range of Reynolds Numbers of 1 to 

lOO, were approximately one tenth of those predicted by the standard 

curve for spheres, and a dependance on the drop diameter was observed. 

Methods of measuring the physical properties of the water-air system 

were developed and tested with special attention devoted to the 

determination of drop velocities and air humidity. 
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INrRODUCTION 

Atomization may be defined as the production of finel.y-divided 

liquid drope dispersed in a gaseous medium by means or gas inertial 

forces, while a spr~ refera to the resulting dispersion in contrast to 

mists and fogs which are formed by other means. This operation has 

been known since the middle of the nineteenth cent ury, but it was only 

during the last twenty-five years that it has achieved widespread 

industrial use. Nowa~s, atomization tinds application in an 

increasing nuœber or physical and chemical processes, especiall.y those 

where high heat and mass transfer rates are advantageous. This growing 

interest constitutes additional proof of the existence of a new and 

powerful trend in modern chemical technology towards the use of highly 

subdivided matter to create ever increaaing surface areas for heat 

transfer, mass transfer, and chemical reactions. 

An indication or the rate at which the industrial use of 

spr~s is expan~ can be readil.y obtained by reviewing the patent 

literature published since 1930. The rollowing is a list or some or the 

more cODDnOn unit operations involving the use of atomization: 

Absorption and Desorption; 

Humidification and Dehumidification; 

EXtraction in packed towers; 

Flash Cooling; 

Spr~ Drying; 

Gas Scrubbing; 



Fire-fighting; 

Venturi and Cyclone Evaporation; 

Spray Painting. 

A recent development incorporating the use of atomisation is 

the Atomized Suspension Technique (67). In this process the liquid 
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feed is atomized at the top or a tower, the walls of which are maintained 

at an elevated temperature. A spray dispersed in its own vapour is thus 

produced, and it can be passed through successive zones of evaporation, 

dryi.ng and solid-gas reactions while flowing slowl.y down the tower. 

Atomization also finds application in agriculture for the 

spraying of liquid chemicals, e.g., insecticides, herbicides, fungicides 

and defoliants; and in combustion for the mixing of liquid fuels with 

air in .fuma ces, interna! combustion engines, jet engines and rocket 

engines. 

One of the most important of these applications is spray 

drying, which may be def'ined as the d.rying of' an atomised solution or 

slurry in contact with a stream of hot gases, under conditions which 

provide for the recoveey of the d.ried product. The advantages of' spray 

d.rying have been thoroughly reviewed in the literature (40, 112, 145). 

The rapid rate of' drying combined with the fact that the droplets remain 

at the wet-bulb temperature of' the d.rying air during most of the 

operation makes this process particularly advantageous for d.rying heat 

sensitive materials. Thus f'oodstuffs auch as powdered eggs, mllk, 

instant cof'fee and chocolate extracts are best dried by this method. 



Also, soaps, detergents and many pharmaceuticals such as thermobile, 

blood plasma and penicillin are commonly spray dried. 
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Spray dr,ying bas been the object of considerable research in 

the Chemical Engineering Laboratories of McGill University for well 

over a decade because of the fundaaental nature of the problems of beat 

and mass transfer which are involved. Owing to the experimental 

difficulties in taking accurate meaaurements in the so-called nozzle 

zone of the spray, i.e., the region where the newly-atomized drops 

rapidly decelerate to their terminal velocities, all of the previous 

investigations were concerned with the behaviour of the spray subsequent 

to that period, i.e., in the freely falling zone. 

The present stu~ constitutes the first attempt to investigate 

the rates of heat and mass transfer in the nozzle zone of the spray. It 

has been made possible by the use of high speed cinematography, and by 

the development of new techniques for sampling and measuring the 

properties of the spray. In order to broaden the scope of the 

investigation, the range of operating conditions, the patterns of flow, 

and the types of atomizing nozzles were selected in such a manner as to 

make the experimental information applicable not only to spray drying, 

but also to other processes in which atomization is involved. 

The mechanism of atomization and the behaviour of sprays present 

complex problems in fluid mechanics, particle dynamics, and boundary 

layer theory. Owing to the large number of variables involved, the 

present knowledge of the momentum transfer aspects is quite limited and 
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only permits the formulation of conclusions which are largely qualitative. 

There is a distinct need for accurate values of the drag coefficient or 

drops in turbulent air streams under decelerating conditions. These 

aspects are currently receiving considerable attention and will 

undoubtedl.y become better understood with time. 

In the following literature review an attempt has been made to 

present in a logical manner the great body of experimental data which 

has been accumulated during recent years on the many different aspects 

of spray ronnation and evaporation. Because of the controlling 

influence exerted by the initial average drop diameter and size distribution 

on ali subsequent phenomena, such as evaporation and drying, the 

principles of atomization are thoroughly reviewed in the first section. 

The operating characteristics or the various types of spray nozzles are 

also discussed. Special emphasis has been placed on the experimental 

methods of drop size measurement and on the various distribution 

correlations which have been proposed. 

In the second section, the theory of evaporation from sprays is 

considered. The development of the correlations expressing the rate of 

evaporation from a single drop is presented, together with their extension 

and application to clouds of drops undergoing deceleration with respect 

to the surrounding air. 

The final section is devoted to the more recent concepts of 

!luid mechanics. Fluid flow in the vicinity of a pneumatic nozzle closely 

resembles that of a jet penetrating a stagnant gas, but complications 
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arise if' the surrounding medium is conf'ined or set in motion. In order 

to explain the phenomena occurring during pneumatic atomization, the 

theories of' transport of' beat, mass and momentum in jets are presented. 

This is .followed by an anal.ysis of' the published data and o.f the theories 

which have been proposed to predict the drag coefficients of' small drops 

undergoing a change in motion with respect to the surrounding medium. 



A. HISTORICAL REVIEW 



I. ATOMIZATION 

The importance of the degree of atomization achieved on the 

rate of heat and mass transfer to the resulting droplets cannot be 
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over emphasized. A comparison of the evaporation rate of a bulk mass of 

liquid with that of an atomized spray reveals that an increase by a 

factor of one million is easily obtainable. This is due to the fact 

that both the individual transfer coefficients and the specifie area 

available for transfer are indirectly proportional to the mean droplet 

diameter. Thus the overall transfer rate is proportional to the 

reciprocal of the square of the mean diameter. 

1. THEORY OF ATOMIZATION 

In order to create a spray of large surface area from a liquid 

mass, the latter must first be forced to assume an unstable free-liquid 

configuration with an even larger surface area than that of the final 

spray. This is usually accompli shed by impa.rting to the liquid, as it 

flows through an atomizing nozzle, the kinetic energy required for the 

production of filaments or sheets of liquid. Friction with the gaseous 

phase in turn generates ripples and other disturbances on the liquid 

surface. The unstable configuration undergoes random disturbances, sorne 

of which occur at a greater rate and more frequently than others, 

followed by disintegration into separate drops. The formation of the 

inter.mediate state and the subsequent break-up usually occurs in time 

intervals of the order of one millionth of a second. High speed 
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photography has undoubtedly helped in the general understanding of the 

mechanism of drop formation, but the process is too rapid for the 

presently-known photographie and recording techniques to be of more than 

limited assistance. 

The various theories of atoaization advanced by many workers 

in the field (12, 88, 166, 192, 19.3, 243, 250, 259) over the last 

century can be divided into two main lines of approach, known as the 

method of small disturbances and the method of dimensional analy'sis. 

a) Method of Small Disturbances 

In this theocy, it is considered that a small disturbance is 

imposed on the surface of the liquid jet; and its growth and the 

resulting break-up of the jet are then determined b,y applying the laws 

of conservation of energy. The equation for this arbitrary disturbance, 

.Y, is: 

where 

x • v (expoc8)cos(~x/r) 
~ 0 0 

* %0 - initial amplitude or the d.isturbance; 

0( - rate of growth of the amplitude; 

e - arbitrary time; 

••• (1) 

~ - number of waves per unit length of jet circumference; 

* Throughout this thesis ~ls are defined only when they first occur 
in the text. A complete list may be found in the Nomenclature. 
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x - axial distance from the source of the jet; 

r 
0 

- initial radius of the jet. 

The wave length, À, of the disturbance is defined by the 

equation: 

••• (2) 

If all of the disturbances act randomly and have the same 

initial amplitude, then the wave length of the particular disturbance 

that grows most rapidly will determine the distance between the breaks 

in the jet. 

The first application of this theory to jet disintegration 

was due to Rayleigh (192), who considered that capillary forces were 

of major importance. He derived the following equation for the potential 

energy, E ,of the unstable configuration based on the assumption that the p 

jet could be considered to be varicose, i.e.,with straight axis and 

rotationally symmetric: 

2 2 
E • - ( ~ TT~ /2r ) (1 - S ) 

p L o ••• (3) 

where d L - surface tension of the liquid. 

For this system, the rate of growth of the amplitude of the 

disturbance was given b,y the expression: 

••• (4) 

where PL - density of liquid; 



J - Bessel tunction or the f'irst ld.nd and zero order; 
0 

J' - derivative or J with respect to the argument; 
0 0 

i - i.maginary unit. 

By derining a new dimensionless rate of growth, v by the 

expression «:(p1~/ rr1)l/2
, equation (4) was rewritten as: 
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••• (5) 

Equations 2 and 5 were used to calculate the wave length of 

the most rapi~ growi~ disturbances, and it was found to be nine times 

the initial radius of the jet. This was later shown to correspond to a 

mean drop diameter of nearly twice the initial diameter of' the jet. 

Rayleigh (193) extended his analysis to include the ef'f'ect of 

the liquid viscosity on the mechanism of jet break-up, and obtained a 

very complicated expression for Y" which could only be evaluated for 

the limiting case when the viscosity beeame infinite: 

••• (7) 

where Z - Ohnesorge Number 

• f'x/ (2 PL r o tf L)l/2 ••• (S) 

;"
1 

- absolute viseosity of the liquid. 

Here V reaches a maximum value when } • O, which means that 

the disturbanee wave length will be very large. 

Weber (259) considered the same system as Rayleigh's last 
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analysis and by assuming 5' < 1, showed that \T could be expressed in 

terms of Z and ~ • He obtained the following e.xplicit equation for the 

wave length of the most rapidly growing disturbance: 

. ,>. = 2 ITr 2(.3Z + 1) 1/2 
0 

••• (9) 

For inviscid liquida, the wave length was calculated to be 8.88 r , 
0 

whUe an infinite value was obtained when Z was very large. This is in 

accordance with Rayleigh's data. 

In 19.3.3 Tyler (250) measured the frequency of formation of 

drope from the jet, Nf'" and correlated this in terms of the velocity of 

the liquid jet, V Il by means of the equation: 

Equating the volumes of' the drops produced to that of the jet, he 

obtained: 

À/2r 
0 = 

where d - drop diameter. 

••• (10) 

••• (11) 

Tyler obtained experimental values of the wave length by three different 

methods and found an average À of' 9 • .38 r • 
0 

The most recent theoretical analysis using the method or small 

disturbances is due to Tomotika (24.3), who assumed that for relatively 

low liquid injection velocities the viscosity ratio of the liquid jet to 

that of the surrounding medilDD. is the controlling factor. The resulting 

solution, although exceedingly complex, can beat be interpreted by 
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computing numerical values of the wave length of the most rapidl.y growing 

disturbance., which was round to approach a minimum value of 11 r
0 

when 

the fluid viscosities were almost equal., and gave infinite values for 

either infinite or zero viscosity ratios. This behaviour is in qualitative 

agreement with the analyses of Rayleigh (193) and Weber (259). 

Reviewing the hypotheses mentioned above., it is evident that 

although Rayleigh's analysis is the basis for ail jet disintegration 

theories, only Weber has succeeded in deriving a theor,y that includes 

the effects of liquid viscosity, velocity., surface tension, and density. 

It is also apparent that there is little hope of fo~ulating a single 

theor,y that would enable accurate predictions of mean drop size and drop 

size distribution for all cases. The various attempts were based on 

over-simplified models and are consequently inadequate. However., these 

theories are of value as they suggest a logical method of correlating 

data and choosing dimensionless variables, and this has been of great 

assistance to the workers who have used the method of dimensional 

analysis. 

b) Method of Dimensional Anal.ysis 

One of the most extensive analyses using this method was due 

to Holroyd (88)., who assumed that the turbulent motion of the liquid jet 

was the major factor in the jet disintegration. The oscillator,y motion 

of the surface of the liquid jet produces a centrifuga! force which is 

opposed by that due to surface tension, and the following equation is 

derived by equating these forces. 
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••• (12) 

where w - the mean angular velocity of the jet; 

k - constant. 

Holroyd used dimensional analysis to predict that: 

w • (V.Jr
0

)fn(Re) ••• (13) 

where Re .. ReynQlds Number • 2r 
0 

p 1 V rf p 1 
••• (14) 

Equations 12 and 13 lead to: 

d/2r
0 

• fn(Re)/We ••• (15) 

where We - Weber Number • 

••• (16) 

The substitution of Tyler's value of the drop diameter (eq. 11) enabled 

a linear correlation to be obtained: 

d/2r
0 

• (23.5 +0.000395Re)/(We)2/3 ••• (17) 

Equation 17 was used to compare Kuehn's (120) data with that 

of Tyler and good agreement was found. However, an increase in the 

density of the surrounding medium has been shown to lead to the 

production of much smaller drops (66, 130, 267), a behaviour which is 

not predicted by equation 17. 

Ohnesorge (166) used the method of dimensional analysis to 

determine the relative importance of the inertial, gravitational, capillary 

and viscous forces on jet disintegration. He correlated the experimental 



data of Haenlein (77) in terms of a graph with the Reynolds and Weber 

Numbers as coordinates. From this graphical correlation Ohnesorge 

classified jet break-up into four different mechanisms, and the 

transition conditions have been reported by various workers (145, 159, 

184, 197). 

13 

1 - Slow dripping or dribble without jet formation: 

2 
( pLVLrj dLgc) < 4 ••• (18) 

where g - dimensional constant, to convert the absolute system c 

of dimeœions to the gravitational system. 

2 - R~leigh or varicose break-up when: 

p1v~rj ·<S1gc > 4 and fJGV:.rj (JLgc ( 0.2 

3 - Sinuous break-up when: 

0.2 ( pG~rj dLgc ( 6.5 

4 - Atomization when: 

,OGV~rj dLgc} 6.5 

••• (19) 

••• (20) 

••• (21) 

Baron (12) also applied dimensional analysis to jet break-up 

using the same initial assumptions as Hol.royd. By includi~ a dimensionless 

break-up length I/2r 
0

, he obtained the equation: 

fn(L/2r
0

, We, Re) • 0 ••• (22) 

where L- break-up length of liquid jet. 

The break-up length bas been shown to be directly proportional 

to the jet velocity b.1 both analytical and experimental analyses (205, 259). 



Using this fact and assuming that the effects of viscosity could be 

represented by a function of the Reynolds Number, Baron simplified 

equation 22 to: 

14 

L/2r = We fn(Re) 
0 

••• (23) 

Equation 23 suggests that a correlation of jet break-up can be 

obtained b,y plotting a graph with (L/2r
0

)We and Re as coordinates. This 

has been done, but the scatter of the experimental points makes any 

interpretation difficult (159). However, the following correlation was 

presented: 

••• (24) 

The relation between the undisturbed jet length and the 

velocity and viscosity of the jet has been investigated (221, 251, 252). 

These studies showed that Rayleights theory was only applicable to those 

cases where the viscous forces are small. 

More recently Duffie and Marshall (45) proposed the following 

correlation for the calculation of the geometrie mean diameter of the 

spray drops, dg: 

dg • 72(ro)0.56/(Re)O.l0 ••• (25) 

As has been mentioned previously, the complexity of the 

phenomena of liquid jet disintegration is such that no simple theory 

is possible. However, several qualitative conclusions can be made, and 

these have been summarized by Marshall (145) as follows: 

1 - If the jet is turbulent throughout, it will break-up without the 

application of aqy external force, i.e. disintegration will occur in a 
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vacuum; 

2 - If' the liquid jet is in semiturbulent flow, that is, with a 

laminar layer surrounding a turbulent core, then disintegration of' 

the jet will occur alter it leaves the nozzle, but only when the 

turbulent core forges ahead of' the laminar now; 

3 - If' the jet is in laminar flow, some external disturbance or 

vibration is required for disintegration; 

4 - Regardless of the type of' flow, disintegration is f'avoured by 

air friction; 

5 - The higher the viscosity of' the liquid, the longer will be the 

break-up distance of' the jet; 

6 - As the pressure increases the break-up distance decreases; 

7 - The break-up of a jet is influenced by non-uniform roughness of 

the orifice and by any other factor af'fecting the general turbulence 

conditions of the liquid and the smoothness of the liquid surface. 

c) Mechanics of' Atomization 

The mechanics of ideal atomisation, that is, the production of 

drops of uni.f'onn size, can be used to elucidate the phenomena occurring 

during actual atomization. Edeling (46) showed that if the viscosity 

effeets are negligible, the following separate ef'fects of surface tension 

can be enumerated: 
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1 - Surface tension tends to reduce the liquid surface to a 

minimum possible area and so ensures the production of spherical 

drops; 

2 - Surface tension resista change in area of the droplet surface; 

and the work required for a change in area is given by the 

equation: 

where W A - work of surface formation; 

A - surface area of drop. 

••• (26) 

3 - Cons ider the cros e section of a drop upon which the internal 

vapour pressur~ p
8
,of the liquid is acting. The counteracting 

force is that due to the surface tension acting along the circumference, 

and b,y equating these forces the following equation is obtained: 

••• (27) 

Equation 27 indicates that the smaller a drop becomes the larger 

will be its pressure. 

The external dynamic pressure, p
0

, acting on the drop is given 

b.Y the equation: 

••• (28) 

where VR • velocity of drop relative to the fluid. 

During atomization, if the external pressure is greater than 

the internal pressure, the drop will split into smaller droplets until, 
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theoretically, the two pressures are equalized. This corresponds to a 

drop diameter of: 

d ... 8gc d rf p1vi ... (29) 

This is, as was mentioned previously, an ideal case. However 

it bas been shown that the drop diameter varies approximately as ~VR to 

~v?/2 (184). 

Equation 26 can be used to calculate the energy, EA, required 

for atomization: 

••• (30) 

where Sw • 6/ pL d - area per unit mass of atomized liquid. 

Conversion of the area term to that produced per unit time 

changes the energy term into the power requirement for atomization. The 

efficiencies of energy consumption so computed for atomizing nozzles are 

exceedingly low, below 1% (145). This is due to the fact that in 

actual atomization the following additional energy requirements must be 

met: 

1 - The energy required to overcome the viscous forces during the 

deformation of the liquid. This is not easily calculated, but is 

probably of considerable magnitude due to the high rates of 

deformation encountered; 

2 - The energy needed to prevent the atomized drops from recombining 

when they are some distance from the nozzle; 
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3 - The energy required by the expansion of the sprç- from the 

nozzle and the entrainment of the surrounding fiuid. This term is 

equal to the initial kinetic energy of the spray; 

4 - Losses due to inefficient application of energy. 

d) Gas Atomization 

Atomization produced b.r the impaction of a gaseous stream on 

a liquid jet resulte in the formation of the smallest drops. Considerable 

work has been done in determining the mechanism of pneumatic atomization 

(251 68, 841 1201 131, 1341 165, 1891 203, 2071 210, 260), and three 

different types of drop formation have been recorded. At low Weber 

Numbers, that is for low velocities, dropwise atomization occurs (1451 

184). Ripples and bead-like swellings are induced in the liquid stream 

and the amplitude of these disturbances increases until filaments are 

formed. Atomization or these filaments follows ~leigh's theor,y. 

In the range or the first critical Weber Number1 circa We • 61 

the liquid drops become nattened and the atomizing gas blows the drops 

into a balloon shaped film surrounded by a liquid torus (85, 1231 184, 

186). Rupture of this unstable configuration is rapid, with the film 

fol'Dling smaller drops than those produced b.r the surrounding torus. 

When the Weber Nuœber reaches thirty, a second critical region 

is attained. Here, the shape of the deformed configuration changes 

considerably and a lens-shaped form is obtained. This is convex when 



19 

viewed from the side of the air b1ast. Filaments of liquid are ripped 

off the edges and these atomize according to R~1eigh's theory (85, 123, 

184, 186). The difference in the shape of the deformed configuration 

is due to the fact that shearing forces of the air b1ast are strong 

enough to disintegrate the drop before the impact stresses have succeeded 

in accelerating the heavier central part into the previous ba11oon shape. 

2. ATOMIZIOO NOZZIES 

The function of any atomizing nozz1e is twofo1d: to atomize 

the 1iquid feed into drops of the required aize, and to distribute and 

mix these drops with the surrounding gas. 

Nozz1es may be conveniently c1assified into several distinct 

types by considering the manner in which the energy required for 

atomization is supp1ied. The types of nozzles which are used most 

wide1y in industry are: 

1 - Pressure nozz1es, in which pressure ene~ is used to impart a 

high rotational velocity to the liquid before discharge from an 

orifice; 

2 - Spinning-disk or centrifuga! nozzles, in which atomization is 

effected by discharging the liquid from the periphery of a rapidl.y 

rotating wheel; 

3 - Pneumatic nozzles in which the liquid jet is disintegrated due 

to impaction by a high velocity gas stream. 



other methode of atomization have been developed and they 

include the iJD:pingement of liquid jets, supersonic and subsonic 

vibrations, and high-voltage electrical impulses. However, these are 

of minor industrial importance. Excellent reviews on the mechanism 

and characteristics of atomizers are available in the literature (55, 
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68, 145, 173), and so only the salient features of the operation are 

presented. Considerations of the initial drop size produced by pressure, 

spinning-disk and pneumatic nozzles have, however, been included. 

a) Pressure Nozzles 

In this type of nozzle, atomization is achieved by imparting 

a swirling or rotary motion to the liquid jet prior to discharge from 

the nozzle orifice. This motion, which breaks the jet into the ligaments 

from which the drops are formed, may be accomplished in a swirl chamber 

with either a fixed spiral or a tangential inlet. The spray pattern 

produced is usually in the form of a hollow cone, but solid cone sprays 

can be obtained by incorporating some liquid now through an axial 

orifice. Variations in the shape of the spray may be obtained by 

changing the shape of the nozzle orifice, e.g.,flat or fan sprays can 

be produced by means of elliptical orifices. 

Both the liquid flow rate and the initial drop size are 

fun ct ions of the liquid properties, nozzle orifice diameter, atomizing 

pressure and the geometry of the swirl chamber. Hence, independant 

control of the feed rate and drop size is impossible and this inflexibility. 

partially offsets the main advantages of this type of atomizer, namely 
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simplicity of operation and uniformity or drop size distribution. Due 

to the high pressures required, considerable erosion occurs and the 

orifice must be fabricated from hard alloys. Even so maintenance is 

a problem, as good atomization cannot be obtained if' the nozzle orifice 

becomes scratched, distorted or partially plugged by foreign matter. 

As both the capacity and spraf characteristics are extremely sensitive 

to changes in atomizing pressure, multiple nozzles are of'ten used in 

industrial equipment where large capacities are required (55). 

Dorman (42) used the method of' di.mensional analysis in 

obtaining a correlation f'or the initial particle diameters in terms of' 

the spray characteristics. The rollowing equations are based on the 

assumptions that the ef'fect of the liquid viscosity is negligible and 

that the surface tension appears to the one third power as indicated 

previously (193): 

d .. 4 4(q 1 a )1/3 6 113 p 116P. -1/2 
vs • IJ L L L 

* where dvs - Sauter mean diameter, (cm.); 

••• (31) 

••• (32) 

d99•99 - diameter or drop such that 99.99% of spray drops have 

diameter less than it, (cm.); 

q1 - liquid flow rate, (cm.3)/(sec.); 

* In this section the symbols have been changed to conform. with those 
defined in the Nomenclature, but the units used by the original authors 
have been retained, as most of their equations are semi-empirical. 



e - angle of spray, (radians); 

6L- surface tension, (qynes)/(cm.); 

p
1

- density of the liquid, (gm.)/(cm.3); 

2 
P
1 

- atomizing pressure, (~es)/(cm. ). 
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Dorman obtained good resulta for both water and kerosene, and 

a similar correlation was obtained by Straus (227) for water only. 

Evaluation of the applicability of this work is difficult owing to the 

limited quantity of experimental data available. 

Fraser et al. (55) found that the statistical drop diameter 

was inversely proportional to the cube root of the atomizing pressure. 

They modified equations 31 and 32 and experimentally determined the 

effect of viscosity on the drop diameter which was found to be proportional 

to the 0.2 power for hollow cone nozzles, and the 0.1 power for fan 

nozzles. 

Tate and Marshall (235) 1 while investigating the characteristics 

of pressure nozzles 1 obtained the following equation for the Sauter mean 

diameter of the spray in terms of the diameter of the nozzle orifice and 

the velocity components of the liquid jet leaving the nozzle: 

d D 286(d + o.l7)exp(l3/Vv - o.0094VT) vs or 

where dvs - mean Sauter diameter, microns; 

d
0
r - orifice diameter1 in.; 

••• (33) 

VV- vertical component of the liquid velocity, v1,(ft.)/(sec.); 

VT - tangential component of the liquid velocity, VL' 

(ft.)/ (sec.). 
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Equations for these velocity components were presented in 

terms of the now rate and nozzle geometry, and the experimental 

verification was eonfined to water for several different nozzles. 

Turner and Moulton (248) obtained the following correlations 

for the arithmetie mean diameter of organie liquid spr~s produced by 

two hollow cone, grooved-core, pressure nozzles: 

d ::r 16 6d 1.52 -0.44 0:0.71 LI.. 0.16 
a • or qL L rt ••• (34) 

d - 41.4d 1.59 -0.54 d. 0.59 p, 0.22 
a or qL L L 

where da - arithmetic mean dia.Jieter, microns; 

d - nozzle orifice diameter, (mm.); or 

q
1 

- flow rate, (gm.)/(sec.); 

6 1 - liquid surface tension, (dynes)/(em.); 

f't - liquid viseosity, centipoises. 

••• (35) 

Consiglio and Sliepcevich (32) determined the effect of the 

physical properties and the feed rate on the specifie surface area of 

the spray. Their correlations can be written in tenœ of dimensionless 

groups. 

(Swdo; ô L ft 2/ f't 2) .. (2. 9l)(l0-4)(qL Pif' dor.,«L)2.4 

(dorPL Pif')' 12) • 0.2S(qtfif'dorÎ'L)2.4 

where Sw- specifie surface area of spray, (cm.2)/(gm.); 

d
0
r- orifice diameter, (cm.); 

P1 - atomizing pressure, (p.s.i.a.); 

••• (36) 

••• (37) 
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1

- surface tension of liquid, (qynes)/(cm.); 

PL- density of liquid, (gm.)/(cm.3); 

q1 - liquid feed rate, (cm.3)/(sec.); 

1-'L - liquid viscosity, poise. 

Equations 36 and 37 were tested for water and several organic 

liquids with the same nozzle. Good agreement was obtained and the 

authors noted that the effect of the volume flow rate on the specifie 

surface area of the spray appeared to be greater for their particular 

nozzle than that reported by previous investigators. The data of Rupe 

(201), lloyd (136), Tate and Marshall (235) indicate exponents ranging 

from 0.3 to 0.80 on the flow rate group compared with the exponent of 

2.4 in the above equations. 

This brief review indicates that correlations relating the 

drop size or specifie surface area of the spray to the spray characteristics 

of a particular nozzle are possible. However, any general correlation 

which would include the effect of nozzle design would lead to additional 

complexity. For swirl chamber nozzles of the grooved-core type, the 

construction of the swirl chamber and nozzle orifice would have to be 

considered. The lack of geometrie similarity between commercial nozzles 

of the same type makes the formulation of any such correlation extremely 

doubtful. 
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b) Spinning-Disk Nozzles 

Atomization in this type of nozzle is accomplished by first 

spreading the liquid feed into a thin sheet and then discharging this 

sheet from the periphery or a rapidly-rotating, specially designed disk. 

The feed is pumped at low pressure and introduced at the centre of the 

s pinning-disk, which may be of various forms, with or without vanes, 

and of any practical size. Spray patterns from spinning-disk nozzles 

are usually umbrella shaped, but when very fine atomization is accomplished 

the flow pattern resembles a dispersed cloud. In fact, spinning-disk 

nozzles may be considered to be the extreme case of a pressure nozzle 

in which the liquid jet is discharged with tangential velocity only and 

a cone angle of 180 degrees. 

The main advantage of this type of nozzle is ite ext:.reme 

fiexibility of operation. The nozzle capacity and the drop size are 

both functions of the rate of rotation of the disk, but can be varied 

independently to obtain a wide range of capacities and mean drop sizes. 

In addition, aey liquid that can be pumped may be atomized by this 

method. However, the wide spray angle limita the choice of the air flow 

patterns and usually only co-current flow and its auxiliaries (high

frequency motors, drive, forced lubrication systems, etc.) can be used. 

The high initial cost of spinning-disk atamizers is not completely 

compensated by their high capacity and flexibility and their use is 

therefore con:fined to cases where pressure nozzles are impractical. 

Walter and Prewett (258) showed that the formation of drops 



from the edge of a spinning disk is analogous in many ways to the well 

known case of drop formation from a stationary tip. Liquid !lowe to 

the edge of the disk and accumulates until the centrifuga! force on 

the collected mass is greater than the retaining force due to surface 

tension. These authors assumed therefore, that a proportionality 

existed between the product of surface tension, drop diameter and the 
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accelerating force, and derived the following equation: 

dW(D p )1/2/dl/2 = k 
a d L L ••• (38) 

where da - arithmetic mean drop diameter, (cm.); 

w - angular velocity, (radians)/(sec.); 

Dd - diameter of disk, (cm.); 

p1 - density of liquid feed, (gm.)/(cm.3); 

k - constant. 

The constant k was experimentally evaluated and was found to 

lie between 2.7 and 6.5, with an average value of 3.8. For high 

rotation rates (50,000 to 100,000 r.p.m.) Walton and Prewett obtained 

very uniform drop s izes and reported that the shape of the edge of the 

disk bad very little effect on the mean drop diameter. 

Friedman et al. (59) investigated the effect of disk speed, 

disk diameter, feed rate and liquid properties on the drop size distribution 

obtained from vaned-disk atomizers. They did not definitely establish the 

affect due to disk diameter, but nevertheless presented the following 

equation !or the Sauter mean diameter in terms of various groups of the 

variables involved: 
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••• (39) 

where Rd- radius of the disk, (ft.); 

d - mean Sauter diameter, (ft.); vs 

q1 - feed rate of liquid atomized, based on wetted 

periphery, (lb.)/(min.)(ft.); 

f1 - density of feed, (lb.)/(cu.rt.); 

w- angular velocity of disk, (r.p.m.); 

~L- viscosity of feed, (lb.)/(ft.)(min.); 

2 
61 - surface tension of feed, (lb.)/(min. ); 

L - wetted periphery of disk, (ft.). v 

Differences between equations 3S and 39 may be attributed to 

the fact that different types of nozzles were used and that Friedman et 

al. obtained a wider drop size distribution. 

Fraser and Eisenklam (54) determined the drop sizes of sprays 

produced by a square-edged, spinning-disk atomizer. They used the 

equation of Harldns and Brown (Sl) to determine the surface tension 

during drop formation due to gravitational forces as a basis !or 

correlating their resulta. Their correlation involves the entity ~, 

which was defined as the arithmetic mean diameter of largest majority of 

the drop size spectrum. Drops of smaller diameters occurred as peaks in 

the frequency curve but these were neglected as they constituted only a 

relatively small percentage volume of the spray. 

~ • 360,000( d' rfDd f 1)1/2/w ••• (40) 



where ~ - diameter of the main drop formed, microns; 

61 - liquid surface tension, (dynes)/(cm.); 

Dd - diameter of the disk, (cm.); 

ft- density of the liquid, (gm.)/(cm.3); 

w- angular velocity of disk, (r.p.m.). 
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Equation 40 agrees very closely with equation 39. Unfortunately, 

it is only valid for low feed rates and is not applicable when flooding 

of the disk occurs. 

The work of Adler and Marshall (2) and Friedman et al. (59) 

was reviewed and extended by Herring and Marshall (83), who measured 

the drop sizes obtained from twelve different spinning-disk atomizers. 

They found that the following equation could be used to predict the 

probability of a certain drop size occurring in water sprays: 

y = d(wDd)0.83(nvb)O.l2/(qL)0.24 

where y - ordinate value on the probability plot; 

d - drop diameter, microns; 

w- angular velocity of disk, (r.p.m.); 

Dd- disk diameter, (in.); 

n - number of vanes for a disk; v 

b - vane height, (in.); 

q1 - liquid feed rate, (lb.)/(min.). 

••• (41) 

In contrast to the correlations previously presented for drop 

sizes from pressure nozzles, the main omission in the theor,y of 

atomization !rom spinning disks appears to be the failure to include data 
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for liquids other than water. This seriously reduces the applicability 

and usefulness of the above equations. 

c) Pneumatic Nozzles 

In this type of nozzle a gas stream is used to disintegrate the 

liquid jet. The feed at low pressure is atomized by the gas at a higher 

pressure, acting either internally or externally. In the external

mixing nozzle~, the feed can be introduced by suction or gravity head 

and the neeessity of pumping is therefore eliminated. However, a more 

uniform drop size distribution is usually obtained when an internal

mixing nozzle is used. Among the advantages of pneumatic nozzles are 

the relatively low pressures required for operation, the flexibility due 

to the independance of the drop size on the capacity, and the ability to 

achieve very fine atomization. Un!ortunately, the se advantages are 

offset to a certain degree by irregular drop sizes and high power 

consumption for gas compression. A comparison of the cone angles of 

sprays from pneumatic nozzles with those obtained from pressure nozzles 

reveal5 that much narrower sprays are usually produced. Also pneumatic 

atomization invariably produces a solid cone spray in contrast with the 

hollow cone sprays obtained from most pressure nozzles. 

Due to their relative inefficiencies, pneumatic nozzles are used 

principa~ for the production of test sprays and in special cases 

where the gas stream is required, i.e., the spraying of soap with steam as 

the atomizing fluid. Other applications include such low capacity deviees 

as paint spray-guns, pertume atomizers, carburettors and small-scale spray 
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dryers. However, the demand for larger-capacity models seems to be 

inereasing, and semi-commercial nozzles have recently become available. 

Relatively few correlations on the drop sizes produced by 

pneumatic nozzles are available in the literature. A spray with 

extremely uniform drops was obtained by Rasbash (190), who used a 

battery of hypodermic needles surrounded by a stream of low-pressure 

air. The capacity of a unit consisting of 169 needles eould be varied 

from 20 to 160 gallons per minute. As particle sizes lower than 200 

microns were not obtained, this performance can only be considered to 

be of limited applicability. 

Nukiyama and Tanasawa (165) determined the drop size distribution 

produced by small pneumatic nozzles using mixtures of alcohol and glycerine, 

with air as the atoldsing gas. They developed the following empirical 

equation which correlates the Sauter mean diameter in terms of the 

operating variables: 

dvs • (585/VR) ( drf ,OL)0.5 + 597[trf (,OL dL)0.510.45 (1000qif'qA)l.5 

where d - Sauter mean diameter, microns; vs 

VR- relative velocity between liquid and air stream, 

(m.)/ (sec.); 

6L- surface tension of liquid, (~es)/(cm.); 

Pt- density of the liquid, (gm.)/(em.3); 

,.uL - viscosity of the liquid, poises; 

••• (42) 

qL- volumetrie flow rate of the liquid, (cm.3)/(sec.); 

qA - volumetrie now rate of the air, (em})/(sec.). 



This equation is not dimensio~ consistent, but is never-

theles~ applicable to air atomization of liquids of density 0.7 to 1.2 

gm./cm.3, surface tension 19 to 75 ~es per cm., and viscosity 0.3 to 

50 c.p. The applicability has been extended by Briton (19) to include 

supersonic air velocities and by Lewis et al. (131) who showed from 

tests with ethylene and nitrogen that the drop size is proportional to 

the gas viscosity and practically independent of the gas density. 

Examdnation of equation 42 also reveals that the second term becomes 

negligibl.y small and bence can be omitted when the ratio q/ qL is 

greater than 10,000. 

Wetzel and Marshall (261) studied the atomization of liquid 
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jets in high velocity gas streams and developed the following expression 

for the geometrie mean diameter of the drop: 

d • (4 2)(10)6(V )-1.6Sd 0.35 
g • R or ••• (43) 

where dg - geometrie mean diameter, microns; 

VR - relative velocity between air and liquid, (ft./sec.); 

d - diameter of nozzle orifice, in. or 

Wetzel and Marshall round that in ail instances the drop size 

distribution data obeyed the log-normal distribution law. This 

equation differs most significantl.y from equation 42 in the exponent of 

the velocity term. Marshall (145) has attributed this difference to the 

difference in the aize of the respective nozzles. The ver.y complexity 

of pneumatic atomization makes it extremely unlikely that any correlation 

capable of predicting drop size distributions in terme of the physical 
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properties of the fluids and the nozzle design will be developed. 

3. DROP SIZE DISTRIBUTION OF SPRAYS 

The drop size distribution is one of the most important and 

fundamental characteristics of a spray, as any calculation of the 

evaporation rate requires a detailed knowledge of the size-frequency 

parameters. The drop size distribution of a spray can be represented 

mathematically by a distribution function involving two parameters, one 

of which is usually a mean diameter and the other a measure of the 

dispersion or deviation of the spray drops from the mean diameter. In 

some cases it may prove more convenient to introduce other parameters, 

e.g., the maximum and minimum drop sizes occurring in the spray. A 

graph with the number of drops of a given size and the drop diameter as 

coordinates is, in effect, a frequency distribution curve representing 

the drop size distribution. If the ordinate of this graph were changed 

to the fraction of the total number of drops in the spray, then the area 

under the frequenc.y curve is unity provided that all the drops are of 

the same shape. This is referred to as a normalized distribution 

function and can be expressed mathematically as: 

Jr~(d) d(d) - 1 

where f(d) - normalized distribution function; 

d - drop diameter. 

••• (44) 

Another informative method of representing a distribution 

fUnction involves the cumulative distribution curve. Actually, this is 
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merely the integral of the frequency distribution curve and the ordinate 

representa the percentage or fraction of the total number of drops in 

the spray with diameters less than a given particle size. As sprays 

must exhibit a maximum drop size, the curve intersecta the maximum drop 

size abscissa at the lOO% ordinate value. The cumulative distribution 

tunction F(d) is defined as: 

F(d) s ~d f(d) d(d) ••• (45) 

It should be noted that other distribution functions based on 

the surface area or volume fraction of the total spray contained by a 

particular drop size can be defined. 

a) Mean Diameters 

In many engineering studies, it is desirable to work only with 

average diameters instead of considering the various drop-size increments 

individually. This has led to the formulation of various ldnds of mean 

diameters each of which possesses an individual physical meaning and 

field of application. MUgele and Evans (163) have developed the 

following general analytical expression for determining the mean diameters 

of a continuous distribution function: 

(d )q-p • ldm dq f(d) d(d)/ fdm f(d) d(d) 
qp d Jd 

0 0 

••• (46) 

where dqp - generalized mean statistical diameter; 

p,q - integers characteristic of the particular mean diameter; 

dm - diameter of the largest drop in spray; 



d - diameter of the smallest drop in spray. 
0 
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The more commonly-used mean diameters together with their fields 

of application and mathematical definitions are given in Table I on page 

35. As can be seen, these diameters are mathematically defined by 

introducing various values of the integers p and q in the general 

expression, (equation 46). 

In addition to these, the number and volume median diameters and 

the geometrie mean diameter are of common use. The number median diameter 

is the diameter of a drop such that half the total number of drops have 

diameters greater than it. Mathematically it may be defined by: 

where d - number median diameter. 
nm 

Similarly the volume median diameter can be defined by: 

where dvm - volume median diameter; 

dv - volume mean diameter, defined in Table I. 

••• (47) 

The geometrie mean diameter, dg, used in the theory of 

comminution by grinding and in general statistical correlations, is 

defined by: 

ln(d ) : Jfddm ln(d) f(d) d(d)/ rddm f(d) d(d) 
g 0 }<0 

••• (49) 



TABlE I 

MEAN STATISTICAL DIAMETERS 

Mean Diameter Symbol ~ 9. Field of AEElication Definition 

Linear or d 0 1 Comparisons, evaporation, d 
~do~ d f(d) d(d) 

Arithmetic a sprç-ing. - rd dm f(d) d(d) 
a 

0 

Surface d 0 2 Surface area controlling, (d )2 • 
jldaQœ d2 f(d) d(d) 

s absorption and extraction. 
[ dodm f(d) d d 

s 

Volume d 0 3 Volume controlling, 
fdadm d3 f(d) d(d) 

v hydrology, comparison (d )3 -
v JÎdodm f(d) d(d) of maas distribution. 

Surface- dsd 1 2 Adsorption. dsd • 
fdodm d2 f(d) d(d) (ds)2 

f dodmd f(d) d(d) 
--diameter d a 

2 
fdodm d3 f(d) d(d) (dv)3 

Volume- dvd 1 3 Evaporation, molecular (dvd) • 
[ dodm. d f(d) d(d) 

--d diameter diffusion. a 

d -

[~m d3 f(d) d(d) (dv)3 
Volume- vs ~dadm ~ f(d) d(d) 

• (ds)2 surface or ~s 2 3 Efficiencies studies, \,>) 

Sauter maas transfer, reaction. V\ 
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b) Drop Sise Distribution Functions 

Drop size distribution functions are essentially mathematical 

expressions used to represent the frequency distribution curve. Theae 

tunctions should be as simple as possible, i.e.,easy to manipulate 

mathematically, consistent with the occurring phenomena and possessing 

the least number of arbitrary constants. The constants characterize the 

distribution of the particular system and must be determined experimentally. 

The lack of good reliable data on sprqs in the literature is responsible 

for the scarcity of critical analyses of the distribution functions 

reviewed be law. 

i. The Rosin-Rammler Equation 

This equation was presented in 1933 (198), and although it was 

originally d.esigned for application to powdered materials 1 it has been 

applied to sprays. The distribution function is usually expressed in 

the cumulative form as: 

- ' vf = 1- exp -(q/d) ••• (50) 

where Vf - cumulative volume fraction, i.e., volume fraction of 

material with diameter less than d; 

-d - aize parameter; 

b - distribution parameter. 

From this expression an equation for the mean statistical 

diameter can be derived in terms of the volume median diameter, d 1 VIl 

previously defined: 
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d (q-p) • d (q-p)r r<q- 3)/ f> + 11!rr<P- 3)/!J + 1] 
qp vm ~ . ••• (51) 

where r - gamma function. 

In particular the Sauter mean diameter is: 

••• (52) 

There is very little experimental evidence in favour of the 

Rosin-Rammler equation and its main wealmess was stated by Mugele and 

Evans (163) to be the assumption of an infinite range of d values. This 

makes the equation particularly unreliable for high diameter comparisons. 

ii. The Nukiyama-Tanasawa Equation 

This is a completely empirical equation designed to fit the 

drop size distribution obtained by pneumatic atomization (165). It is 

generally expressed as: 

dn~d(d) = k(d)2exp-b(d)
6 

••• (53) 

where nd - number of drops with diameters between zero and d 

in the entire sample; 

k - constant; 

b 1 6 - parameters. 

-6 The constant k bas the dimensions d , and bence equation 53 

may be rewritten as: 

••• (54) 
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From this the generalized expression for the mean statistical 

diameter can be written as: 

d {q-p). b-<q-p)rf<q+3)/SJJr[<P+3)/sJ ••• (55) 
qp 

This distribution runction suf.fers !rom the defect that it 

predicts the existence of drop sizes much larger than the maximum size 

actually round. Lewis et al. (131) oftered an explanation tor this 

phenomenon but in general the Nukiyama-Tanasawa equation is not regarded 

as reliab1e (163). 

iii. The Log-Probabi1ity Equation 

In this equation, statistical analysis is used to 1imit the 

distribution of the variables, and the frequency curve may be written as: 

where y - tunction or d - - ln(d/d ) vm 

1> - parameter. 

••• (56) 

••• (57) 

EXpressions tor the mean statistica1 diameter, and in particular 

the Sauter mean diameter can be derived: 

dpq • dvm.exp(p + q - 6)/4 S 2) ••• (58) 

.. d exp(l/4 &2) 
vm ••• (59) 

This function hs.s been applied to the drop aize distribution 

data of sprays with some success (14, 33, 124, 163). It is generally 

considered to be superior to the !unctions of Rosin and Rammler and 

Nukiyama and Tanasawa. 



iv. The Modified Probability EQuation 

It is sometimes desirable to emphasize the existence of a 

maximum drop diameter rather than to consider large drops having Tecy 

low frequencies. A new function for y in equation 56 is needed, and 

its requirements were summarized by Mugele and EvaM (163) ae: 

1. As y varies from - ooto + oo , x should vacy from d
0 

to dm; 
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2. Qualitatively, the function should be capable of interpretation 

in ter.ms of fundamental mechanics, i.e~ no predictions contrary to 

reasonably well established trends should be obtained; 

3. The resulting equations should satisfy the existing data within 

the accuracy of measurement; 

4. Mathematical simplicity is required in order to permit evaluation 

of the distribution parameters. 

The function observed to be best suited was defined as follows: 

y - ln [(d - d )/ (d )} d~/(d ~ - d s ) m vm vm ~m 
••• (60) 

It should be noted that equation 56 is still valid, even 

though y has been redefined. Muge1e and Evans obtained the following 

expression for the Sauter mean diameter: 

d - d '[1 + (d - d )/d exp(l/4 ~ 2)] vs m m vm vm ••• (61) 

This function was round to give the most accurate predictions 

of the drop size distribution in sprays (163). In addition, the Sauter 

aean diameter so calculated agreed closely with that computed from the 



experimental data. 

c) Drop-Size Measuring Techniques 

Due to the wide field of application, several methods of 

determining the size of spray drops have been developed, and critical 

analyses of these techniques are available in the literature (40, 73, 

145, 184, 231). The main difficulty appears to reside in the sampling 

method. When a droplet-laden fiuid iapinges on a sampling deviee, the 

fiuid is defiected around the bod;r while the drops, b,y virtue of their 

greater inertia, tend to impinge on the bod;r. The target efficiency 

represents the fraction of drops in the fiuid volume swept by the body 

which will :illlpinge in the bod;r. This ef!'iciency has been found to 

increase with an increase in drop velocity, and fluid velocity, and to 

decrease with an increase in the size of the sampling deviee (172). 

The most coiiDIOn and accurate method is to collect a sample of 

the spr~ in a very small immersion cell filled with an immiscible 

solvent. The bottom of the cell is usually made of optical glass eoated 

'With an anti-wetting agent so that the spray drops remain spherical. 

Measurement of the drop sizes is general.ly accomplished by photography 

with the aid of a microscope. The method which was developed by DeJuhasz 

et al. (39) was caref'ul.ly analysed by Rupe (201), and many investigators 

(2, 40, 41, 46, 82, 149, 231, 235) have used it with considerable success. 

A modification of this method is to use a glass elide covered 

with an i.Dini.scible solvent or grease instead of the immersion cell (71, 



165, 174, 175). Corrections for flattening of the drops on the slide 

have to be made. Two serious drawbacks are the threat of evaporation 

occurring before the photograph can be taken and the poor target 

efficiena,y of small drops on the relatively large elide. This makes 

the method unsuitable for ver,y volatile sprays. 
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Direct photography of the spray has been reported by York and 

Stubbs (268) and others (91, 99, 153, 225). The most obvious advantage 

ot this system is the elimination of a sampling deviee with the inherent 

error due to target efficiency. However, there are several objections 

to this method and the principal ones are the high initial cost and 

difficulty of calibration. The depth of !ecus of the cameras used is 

small and as the camera is usually directed at right angles to the spray 

axis representative samples cannot be obtained. Another consequence of 

the narrow depth of focus is the small sample numbers obtained. 

A permanent sample of the spray can be obtained by atolli.zing 

a lllOlten wax which solidifies almost instantly in the surrounding medium. 

Joyce (105) and others {248, 261) have used this method and reported 

good resulta. The drop sizes were determined by photography or sieving 

and so a large sample number could be analysed. However, this method is 

decidedly limited in application. 

One of the s:iJB.plest methods involves the impaetion of the drops 

on slides of magnesium oxide, and carbon black (9, 166, 126, 130, 131, 150, 

165, 189, 228, 232). Relations between the size of the hole made in the 

coat and the drop diameter have been developed by Stoker (228). The main 



objection to this approach is the extrema calibration that would have to 

be performed before the method could be used. A modification of this 

method is to cover the glass slide with blotting paper or other absorbent 

material and to measure the size of the stain produced by the drop 

microscopically. It is, again necessar,y to establish the relation 

between the drop size and the etain diameter using drops produced by 

micropipettes. The method is both laborious and time consuming and is 

only applicable to relatively sparse sprays. 

Sedimentation etudies have received considerable attention (82, 

168, 236) and the usual procedure involves the collection of the spray 

in a bath that is sufficiently cold to freeze the spray drops. The drop 

size distribution can be computed from the settling rate assuming the 

validity of Stokes Law. Complexity of equipment and sampling difficulties 

have limited the application of this method (89, 137). 

Optical absorption by the spray drops provides a method of 

determining the mean drop size (32, 203, 207, 219, 241). The intensity 

of a Tyndal~ beam is approximately proportional. to the reciprocü of the 

mean diameter. Application of this method is limited, as the drop aize 

distribution cannot be obtained from the data. For very finely divided 

sprays li.ght scattering bas been used (74, 183, 204, 216), but the accuracy 

obtained was poor. other methode using impaction, interception on fine 

wires, electrical and thermal precipitators have been investigated. Of 

these, the thermal precipitator appears to be most promising and its use 

is slowly increasing. 
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II. EVAPORATION FROM SPRAYS 

Evaporation .from sprays is o.f .fund.amental importance in a great 

many industrial processes and has there.fore been the object o.f a large 

number of investigations. Most o.f the work was however concerned with 

the study o.f the rates o.f heat and mass trans .fer to single drops, al.most 

invariably in a stationar,y condition. The evaluation of these transfer 

coefficients in the case o.f spray drops is considerably more di.f.ficult and 

consequently relatively .few investigations have appeared in the 

literature. 

When the relative velocity between the spray drops and the 

dr,ying air is changing, elaborate precautions must be taken in order to 

measure the physical properties of the dr,ying air; simi.larly, determinations 

o.f the spray drop sizes and drop velocities are exceedingly difficult. A 

survey of the literature on the evaporation of sprays can be conveniently 

divided into two sections: in the first, the literature on the determination 

o.f the heat and mass transfer coefficients to single drops is reviewed, 

while in the second section the ext.ension to clouds of drops is considered. 

1. HEAT AND MASS TRANSFER TO SIIDLE DROPS 

Evaporation .from a liquid drop is a boundary layer problem. The 

evaporating drop is considered to be surrounded by a film of vapour and 

the surrounding gaseous medium. In this concept, the diffusing vapour 

leaves the surface o.f the drop and is dissipated in the surrounding gas, 

while the beat required for evaporation reaches the drop by conduction, 
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convection and radiation through the boundary layer. Also, the partial 

pressure of the diffusing vapour decreases from the saturated value at 

the drop surface to that prevailing in the gaseous medium, while the 

temperature in the boundary' layer risee from the drop temperature to that 

of the surrounding gas. When steady state is attained, the temperature 

of the drop surface and consequently the vapour concentration reach 

constant values for which the transfer rates of heat and mass are 

balanced. Stefan (226) and Maxwell (148) were the first to realize that 

this condition enabled evaporation from drops to be considered as a 

diffusional problem. 

In 1910, Morse (162) determined the evaporation rates from small 

spheres of iodine placed on the pan of an accurate balance, and showed 

that the rate of evaporation was directly proportional to the diameter 

of the sphere rather than the surface area or square of the diameter. 

It was not until 1918 that Langmuir (125) presented the first correlation 

for the evaporation rate in terme of the partial pressure of the diffusing 

vapours and the geometry of the drop. His equation resulted from an 

analysis of MOrse's data, and was based on an analogy to heat transfer by 

natural convection: 

dm/d 6 • -sf J Dvd(p V) ••• (62) 

where dm/d6 - evaporation rate of drop, (lb.)/(hr.); 

Dv - diffusivity of the diffusing vapour, (ft.2)/(hr.); 

fv- density of the diffusing vapour, (lb.)/(ft.3); 

Sf - shape factor = (2 rr Dd)/ (D - d) ••• (63) 

D - diameter of surrounding gas film, (ft.). 
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Equation 62 was modified by assuming that the diameter of the 

drop is negligible compared with that of the gas film, and that the 

dif!usivity and vapour density are independant: 

dm/d f) • - (2 l'rdD M/RT)p 
v s 

••• (64) 

where M- molecular weight of diffusing vapour, (lb.)/lb.-mol.); 

T- absolute temperature of drop, 0 R.; 
2 

ps - vapour pressure of drop at T 0 R., (lb. force)/(ft. ); 

R- gas constant,l543 (ft.-lb.-force)/(lb.-mol.)( 0 R.). 

An inherent assumption in this equation is that the partial 

pressure of the diffusing vapours is zero at a large distance from the 

drop. Equation 64 is a specifie expression for the more general equation 

of mass transfer on a molar basis, given by: 

••• (65) 

where dmÎ'd6- diffusion or evaporation rate, (lb.-mol.)/(hr.); 

~- mass transfer coefficient, (lb.-mol.)/(hr.)(ft.2)(.1p); 

A - area available for transfer usually taken as total 

2 area of drop surface, (ft. ). 

The modified Nusselt Number for ma.ss transfer, Nu', can be 

evaluated for the evaporating drop where there is no relative velocity 

between the drop and the surrounding medium, by combining equations 64 

and 65: 

••• (66) 

where ~ - average molecular weight of gases in the surrounding 



film, (lb.)/(lb.-mol.); 

pf - average partial pressure of the surrounding medium 

in the gas filJD, (lb.- -force)/(ft. 2); 

pf- average density of the gas film, (lb.)/(ft.3). 
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Due to the analogy between heat and mass transfer, a similar 

expression can be written for the Nusselt Number: 

••• (67) 

where h- heat transfer coefficient, (B.t.u.)/(hr.)(ft. 2)(°F.); 

kf- average thermal conductivity of the gas film, (B.t.u.)/(hr.) 

(ft.}(°F.). 

Equations 64, 65, 67 are interdependant and their validity has 

been verified b.Y many workers (61, 72, 91, 96, 97, 104, 139, 188, 234, 245). 

Minor modifications to Langm.uir's equation were made by Bradley et al. (18) 

for very low pressures and very small drops, i.e., below one micron in 

diameter. Also KYte et al. (122) added a correction factor for heat 

conduction due to free molecular motion at ver,y low pressures. Shereshefs~ 

and Steckler (213) have added a correction for the presence of a finite 

concentration of the diffusing vapours in the surrounding gas. 

In 1934, Fuchs (62) obtained the same equation as Shereshefs~ 

and Steckler for the evaporation of small liquid drops: 

dm/d 8 • -(2 f1 dD M/RT)(p - p ) v s a ••• (68) 

where pa - partial pressure of diffusing component in the surrounding 

medium, (lb.--force)/ (.rt.2). 
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This equation was the result of a theoretica1 ana1ysis based 

on the following assumptions: 

1 - The drop is spherica1; 

2 - No relative motion between the drop and surrounding gas occurs; 

3 - The surrounding gas extends inf'inite1y in ail directions; 

4 - The temperature and pressure of the surrounding gas remain 

constant; 

5 - The drop temperature remains constant; 

6 - The boundary layer is saturated with the diffusing vapour at the 

surface of the drop; 

7 - The vapour pressure of the drop is negligib1e compared with the 

total pressure; 

8- The evaporation process is constant with time, and Fick1 s law of 

diffusion is applicable. 

In 1936 Takahasi (233) perf'ormed a series of experimenta on 

the evaporation of water drops of diameter 0.4 to 2.0 nm4 and with 

relative air velocities of 1 to 6 metres/sec. He correlated his data and 

offered an equation of the form: 

dDV'de :a - (2 rrcm M/RT)(p - p ) [1 - k(Re)l/2] v s a ••• (69) 

where k - constant for a particular system. 

This was the first appearance of a correction factor for relative motion 

between the drop and the surrounding gas. No theoretical explanation was 
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offered until 1938 when Nils Froessling (61) presented his classical 

pa.per "Uber die Verdunstung .fallender Trop.fen11 • A brie.f resumé of his 

work is now presented. 

Froessling based his analysis on the assumption that Langmuir1 s 

equation could be modi.fied .for use with relative motion between the drop 

and the surrounding medium by means of a .friction or wind factor "f": 

dm/ d 9 = - (2'1TdD M/RT)p f v s ••• (70) 

Froessling considered the drop to be located at the origin of 

the coordinate axes (x, y, z), and applied the Navier-Stokes equations, 

the equation of continuity, the material balance on the di.f.fusing vapours 

in the boundary layer and Fick1 s Law of diffusion. These equations are: 

The Navier Stokes equations, assuming steady motion: 

u(~u/~x) + v(~u/Jy) + w(~u/az) = -(1/f.r) (JP/Jx) + 

r.rl f f ( i·ul Jx
2 

+ J2u/J y2 
+ iul Jz

2
) 

u(~v/~x) +v(~ v/dy) + w(av/Jz) = -(1/f.r) (JP/Jy) + 

f.rll'.r ci-v/Jx2 + J2v/Jy2 + ~2v/Jz2) 

u(àw/Jx) + v(Jw/J y) + w(Jw/dz) = -(1/f.r) (~P/Jz) + 

1 2 .1 2 2 2 ;2 2 f"r'f'r (ù w,Jx + J w/~y + w/Jz ) 

where u, v, w - velocity components in boundary layer, in 

directions x, y, z: 

P - total pressure in the boundary layer; 

fr - average abso1ute viscosity of the gas film, 

(1b.)/(.ft.)(hr.). 

.•. (71) 

.•• (72) 

••• (73) 



The equation of continuity: 

Fquation for the diffusion of the volatile component: 

u(Jc/ax) + v('lJc/~y) + w(Jc/Jz) 

"" D P>2c/~x2 + ~2c/~y2 + fc/Ay2) v 
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••• (74) 

••• (75) 

where c - concentration of diffusing vapour in the boundary layer. 

Fiekts Law of diffusion: --

dm/dB = -Dv h (~c/~n)A dA 

where n - distance from surface of drop, along normal; 

(<l.c/àn) A - concentration gradient normal to drop surface. 

Certain boundary conditions can be stated: 

1 - for large x, y, or z; u ~ VR' v = w = 0, and c = o. 

2 - for x
2 

+ y
2 

+ z2 • d
2/4; u "" v = w = o, and c • c • m 

••• (76) 

where c - concentration of diffusing vapour at the drop surface. 
m 

These non-linear, second-order, partial differential equations 

are insoluble b.y known mathematical techniques. F.roessling obtained an 

approximate solution, however, by defining the following dimensionless 

quantities: 

z .. z d 
1 

n = ~d 

u • u1VR 

v ~ v1VR 

w • w1VR 

••• (77) 

where the subscript 1 refera to the new dimensionless quantity. 



and, 

The Reynolds and Schmidt Numbers may be defined by: 

Re == dVR 1' f/p. f 

Sc == l'-f/ (' fDv 

DyfdVR == 1/(Re)(Sc) 
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••. (78) 

••• (79) 

••• (80) 

These dimensionless quantities permitted equation 76 to be 

rewritten as: 

••• (81) 

From the above it is evident that the terms ~~ v1, w1, and 

P1 are functions of Re, ~~ Yp zl' and so from equation 75 it may be 

deduced that c
1 

is a function of Re, Sc, ~~ y1, and z1 . 

The concentration of the diffusing vapour at the drop surface 

can be calculated from the formula: 

c :. p M/RT 
rn s 

••• (82) 

Equation 82 and the foregoing statements enable equation 81 

to be converted to the following form: 

cinv'd 9 = -(ciD M/RT)p fn(Re,Sc) v s .•. (SJ) 

A compa.rison of equations 70 and 8.3 shows that the correction 

factor f for relative motion is: 

f "'" fn(Re,Sc) ••• (84) 

Since for any given system the Schmidt Number is constant, the 

friction factor is therefore a function of the Reynolds Number only. 

Froessling continued his analysis in order to determine the form 



of this friction factor. He considered the front part of the sphere 

where the boundary layer exista separately from the rear which is 

complicated by the formation of turbulent vortices. The anal.ysis may 

be summarized in the following steps: 

1 - Application of Boltze's equation (15) for the velocity in 

boundary layer before the point of separation to the sphere, and 

conversion to polar coordinates; 

2 - Rearrangement of equation 75 to polar coordinates; 

3 - Substitution of boundar,y conditions as before; 

4 - Simplification by assuming that the thickness of the boundary 

layer is negligible when compared with the radius of the sphere; 

5 - Definition of new dimensionless quantities. 

At this stage, Froessling had an equation for the rate of 

evaporation from the frontal part of the sphere. Experimental data on 
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the sublimation of naphthalene spheres indicated that 80% of the total 

evaporation occurred before the point of separation. Therefore 

Froessling assumed that the rate of evaporation after the point of 

separation could be considered to occur in the same manner as in the 

frontal boundary layer. In fact, the only effect of su ch an assumption 

would be a small change in the numerical coefficient. This assumption 

enabled Froessling to integrate the expression for the rate of evaporation 

in the boundary layer over the whole surface of the drop. The result may 

be expressed mathematically as: 
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dm/de = -(2 fr dD M/RT)p (k(Re)l/2 fn(Sc)] v s ••• (85) 

where k - constant. 

Polhausen (176) and Kronjiline (119) calculated the heat 

transfer rates from plates and cylinders respectively, and by analogy to 

their work, Froessling predicted that the function of the Schmidt Number 

was approximately the cube root i.e.: 

dm/de • -(2îidD M/RT)p (k(Re)l/2{Sc)l/3j 
v 8 

••• (86). 

This analysis cannot be considered as a proof of the dependance 

of the Nusselt Number or the square root of the Reynold's Number, as 

Froessling introduced the factor (Re)l/2 into the definitions of the 

second set of dimensionless quantities. 

However, Froessling obtained considerable experimental data in 

order to evaluate the constant in equation 86. The experimental procedure 

involved the suspension of liquid drops on a thermocouple in a ~Stream of 

hot air and measurement of the change in size by shadow photography. 

Elaborate precautions were taken to ensure that the air flow would not 

cause deformation of the suspended drops. From tests on the evaporation 

rate of water, aniline, and nitrobenzene drops for Reynolds Numbers from 

0 to 1000, Froessling presented the following correlation: 

dm/dB· -(2iï dD WRT){p - p )[1 + 0.276{Re)l/2(sc)l/Jj v s a ••• (87). 

This equation can be rewritten in terms of the modified Nusselt 

Number: 

Nu' • 2.0 + 0.552(Re)l/2(sc)l/3 ••• (88) 
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The overall heat transfer coefficient to small spheres in a 

forced flow of air, water and oil for Reynolds Numbers of 0 to 100,000 

was measured by Kramers (113) who correlated his data by means of the 

following equation: 

Nu • 2.0 + 1.3 (Pr)0•15 + 0.66(Pr)0.3l(Re)l/2 ••• (89) 

where Pr - Prandtl Number • (CP f-r/kf) 

C - specifie beat at constant pressure of gas film, 
p 

(B.t.u.)/(lb.)(•F.). 

••• (90) 

Higher values for the Nusselt Number are obtained using this 

equation, especially for low Reynolds Numbers. Still higher heat and 

maas transfer rates were reported by Friedlander (56). This increase 

bas been attributed to forced convection (188). 

Kronig and Bruijsten (118) used a perturbation method in 

obtaining a mathematical solution for the evaporation from drops in the 

laminar region. Their correlation is based on the assumption that the 

velocity streams are symmetrical around the drop and that the boundary 

layer does not break away from the surface of the drop: 

Nu • 2 + l/2(Pr)(Re) + (581/192l)(Pr)2(Re)2 
••• (91) 

Ingebo (96) deter.mined the rate of evaporation of nine different 

liquida under evaporation conditions similar to those encountered in air-

craft engines. He obtained an equation analogous to that of Froessling 

but with the inclusion of a ratio factor of the thermal conductivities of 

surrounding mediUJI., k , and the diffusing vapour, k : a v 
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Nu' = 2.0 + 0.303 (ReSc) 0•6(k /k )0•5 
a v ••• (92) 

This equation was later modified by Ingebo (97, 98) to include 

a correction factor for the mean free path of the diffusing vapour 

molecules: 

where g- acceleration due to gravity, (ft.)/(sec. 2); 

1- mean free path of diffusing molecules, (ft.); 

c - root mean square velocity of diffusing molecules, 

(ft. )/(sec.). 

••• ( 93) 

It should be noted that for iso-octane drops evaporating in 

air the following equation was obtained for the Nusselt Nuni>er: 

Nu = 2.0 + 0.39(Re)0•6 ••• (94) 

This is in good agreement with Froessling1 s equation. 

In 1951, Kinzer and Gunn (llO) studied the evaporation rates 

of freely falling water drops in air and concluded that three different 

regions existed for evaporation: 

1 - For Re 0 to 7, the air velocity is slow enough to reduce the 

evaporation rate to that of a drop at rest; 

2 - For Re 7 to 2000, a transition range occurs where the evaporation 

rate is a function of the Reynolds Number; 

3 - For Re over 2000, deformation and flattening of the drops occur, 

thus making any analytical solution extremely complex and difficult. 
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They derived an equation for the evaporation r&te on the 

assumption that the temperature in the boundary layer could be expressed 

in terms of a complementary error function. Their final equation can be 

rearranged and expressed in the form: 

1/2 
Nu = 2.0 + 0.48 F(Re) 

where F is a function of the Reynolds Number. 

••• (95) 

The evaporation rate, drop temperature, relative velocity and 

air temperature were measured experimentally by three different techniques. 

The se techniques were: freely falling drops, drops supported by a vertical 

air flow, and drops fioated in a tapered tube by vertical air flow. The 

term F was e:xperimentally evaluated and proved to be approximately unity 

for water diffusing into air over a large range of Reynolds Numbers. 

A deviation from unity in the value of F was reported for low 

Reynolds Numbers, i.e., in the range commonly encountered in spray 

dry'ing. However the contribution to the relative motion is small and so 

the Nusselt Numbers obtained agreed with those calculated by Froessling's 

equation. 

An extensive investigation of the factors influencing the rates 

of evaporation of pure liquid dro:ps was performed by Ranz and Marshall 

(188) whose experimental conditions were very similar to those of 

Froessling. The drops were suspended from a glass capillary which was 

connected to a micro-burette graduated in 10-5 -ml. divisions. This 

permitted the measurement of the rate of feed required to maintain the 

size of the drop constant. Tests were also performed on drops with 
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decreasing diameter and here a projection microscope and camera were used 

to record changes in the diameter. Considerable precautions were taken 

to ensure that the now of the drying air was unifo:rm around the drop. 

This was aecomplished by means or a converging nozzle, the aperture of 

which was covered with a 140 mesh copper wire screen. 

The resulta of studies on water and benzene drops evaporating 

in air confirmed the analogy between heat and mass transfer. Their 

data were correlated by means of the equations: 

Nu • 2.0 + 0.6(Re)l/2 (Pr)l/J 

Nu' • 2.0 + 0.6(Re)l/2 (Sc)l/3 

••• (96) 

••• (97) 

Comparison of equation 88 with equations 96 and 97 shows the 

excellent agreement with Froessling's work, especially at low Reynolds 

Numbers. An analysis of the data of other investigators (49, 113, 114, 

157, 265) revealed that equations 96 and 97 could be extrapolated with 

remarkable aeeuraey five times beyond the experimental range of Reynolds 

Numbers (0 to 200). 

Equations 96 and 97 are consistent with the fact that for 

conditions of no relative velocity the Nusselt Numbers must be equal 

to two. This assumes that the heat transfer proceeds b.r simple conduction 

and the mass transfer b,y simple diffusion. In practice, however, the 

density gradients around the evaporating drop set up mot ion of the fiuid 

and so Ranz and Marshall (188) proposed the following equations to account 

for this phenomenon: 

Nu • 2.0 + 0.6(Gr)l/4(Pr)l/3 ••• (98) 
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Nul = 2.0 + 0.6(Gr)l/4(sc)l/J ••• (99) 

••• (100) 

~- coefficient of volume expansion of gas film, 1/T, ( 0 R.) 

T- temperature difference across gas film, °F. 

These equations, although only verified experimentally to a limited 

extent, are consistent with the standard correlations for heat transfer by 

free convection (151). 

The correlations of Froessling (61) and Ranz and Marshall (lBS) 

must be modified where very high surrounding gas temperatures are 

encountered. Their equations were based on the assumption that all the 

sensible heat transported to the drop surface was converted to latent 

heat of evaporation. For high drying temperatures and consequently rapid 

evaporation, consideration must be given to the heat required to increase 

the temperature of the diffusing vapeurs to that of the surrounding medium. 

Investigation of the rates of evaporation for burning fuel drops 

have led to the development of several correlations for high-temperature 

evaporation. The differentiai equation governing the phenomenon of heat 

conduction through the film surrounding the drop with simultaneous vapour 

diffusion is: 

••• (101) 

where Tf - absolute temperature of surrounding gas film; 

r - distance from drop centre to point in gas film; 

B - is defined by (dm(d&)(Cp/4~kf) ••• (102) 
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The ratio of the Nusselt Number for high-temperature evaporation 

to that where no evaporation is occurring can be obtained by integration 

of equation 101 and subsequent rearrangement (69, 145, 185, 202). 

Nu/(Nu)B•O • B(l/r- 1/R)/[exp B(l/r- 1/R) - 1) ••• (103) 

where R - radius of gas film. 

Mirsky (161) developed the following equation using the boundary 

layer theory presented by Goldstein (70): 

Nu • X(2.0 + k(Re)l/2(Pr)l/3J ••• (104) 

where k - constant; 

X - defined by: 

X. = bf,Cp (Tf - T) ln[l - Cp (Tf - T)/htg) ••• (105) 

where hfg- latent beat of vapourization of liquid,(B.t.u.)/(lb.). 

When the temperature difference is small compared to the latent 

beat, equation 103 reduces to tbat of Ranz and Marshall, equation 96. 

Mirsky correlated his data by means of the expression: 

where ~ - initial diameter of drop; 

~ - diameter of drop at time 9; 

••• (106) 

À • (8k/ frCp)[D/(D- d)]ln[l + C;(Tf- T)/hfg) ••• (107) 

The exponent n was round to be a function of the relative air 

velocity, and values of 1.88 to 1.50 were obtained for velocities of 0 to 

9 metres/sec. 
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2. HEAT AND MASS TR.AmFER TO SPRAYS 

When efforts are made to extend the correlations expressing the 

rates of evaporation of single drops to sprays, several complications 

arise: 

1 - The size of the individual drops which constitute the sprq are 

usually very much smaller than those used in the determination of 

the rates of evaporation of single drops; 

2 - The complerlty of the drying air patterns and the turbulence 

generated make the establishment of an accurate relative velocity 

very diff'icult. This is especially true for regions in the 

immediate vicinity of pneumatic nozzles, inlet air ducts and other 

sources of fluid flow; 

3 - The rapid rate of evaporation usually has the effect of altering 

the driving forces, i.e.,the temperature differentiai for beat 

transfer, and the hwnidity or the partial pressure of the diffusing 

vapours for mass transfer; 

4 - Indus trial sprqs are rarely comprised of pure liquids, and the 

presence of dissolved solids affects the partial pressure of the drop 

and consequently the rate of evaporation; 

5 - The analytical functions used to express the drop size distribution 

of sprays in terms of a mean drop diameter are nearly always non-linear. 

This makes mathematical manipulation rather difficult. 
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In spite of these complications, several informative studies 

on sprays have appeared in the literature. Analogies with the transport 

of solid particles by gas streams have been made, and the rates of heat 

transfer were determined (103, 135, 167). Johnstone et al. (103) and 

Ljachowski (135) determined the heat transfer to clouds of small 

particles falling through a heated air zone. The rise in temperature of 

the particles was measured calorimetrically and the results of both 

investigations, although showing a considerable spread, are in agreement 

with Froessling' s correlation. Oktay (167) studied the effect of particle 

size, concentration and velocity on the heat transfer to clouds of small 

particles settling in still air. A correction for radiant heat from 

the walls of the container was included. He developed an empirical 

equation for the heat transfer which exhibited the same trend as the 

correlations proposed for single particles. 

The application of the correlations of Froessling, and Ranz 

and Marshall to turbulent gas streams is not valid from the theoretical 

point of view as their experimental data were obtained using elaborate 

precautions for maintaining a laminar velocity field. Before the work 

performed in turbulent gas streams can be considered, the following 

properties of turbulent flow fields should be noted. 

In the study of turbulent systems it is convenient to consider 

that the fluctuating variable is composed of a mean component which remains 

constant with time and fluctuating component which oscillates about this 

mean value. These components are denoted by a bar and prime respectively. 

The velocity, V, in the turbulent field can be represented by: 
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-V • V + V' ••• (lOS) 

where V - time-mean compone nt, = lim 10+ Bo 
8-uo (1/8) Vd8 ••• (109) 

~() 

V' - fluctuat~ component. 

Two important and measurable characteristics of the turbulent 

flow are the intensity of turbulence and the scale of turbulence. The 

former which is a measure of the degree of the fluctuations is usually 

de!ined by the following equation. 

Intensity of turbulence • 
- 2 - 2 - 2 1/2 -(1/3) (ut + v' + wt ) /V ••• (110) 

- 2 lim ~@+ 8 o 2 where ut = 8-+0D (1/8) (ut) de 
Go 

••• (111) 

- 2 - 2 
v' , wt - similarly defined; 

ut, v•, wt - fluctuating components of the velocity components in 

x, y, z directions. 

For isotropie turbulence: 

-2 -2 -2 u• = v' • w' ••• (112) 

••• (113) 

The scale of turbulence is a measure of the magnitude of the 

turbulent eddies and may be defined in terms of a characteristic length, L. 

L • 1: R(:r}d;y ••• (114) 

where R(y) - correlation coefficient 

• U{ u~(ui2)1/2(u~2)1/2 ••• (115) 
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ut , ut - fluctuating component of velocities at two points whose 
1 2 

transverse distance is y. 

Studies of the dispersion of solid and liquid particles in 

turbulent gas streams have led to a better understanding of the contributing 

variables (5, 28, 133, 138, 222). A detailed analysis of statistical 

properties of momentum transfer in two-phase flow was presented by Soo (222) 

who based his analysis on the followi.ng assumptions: 

1 - The turbulence of the fluid is isotropie and non-decaying; 

2 - The relative velocity between the solid particles and the air 

stream is small, and consequently, the Reynolds Number is less than 

unit y; 

3 - Interaction of one solid particle on the nearest particle can 

be neglected; 

4 - The average velocity o! the solid particles can be taken as 

equal to that of the air stream; 

5 - Ef!ects due to acceleration or deceleration are negligible. 

From this study several important conclusions concerning the 

mechanism of solid dispersion were !ormulated: 

1 - The characteristics of turbulence of one phase can be determined 

from that of the other phase; 

2 - The fund.amental parameters affecting the transfer of momentum. are 

the Reynolds Number based on the root mean square of the fluctuating 



component of the air stream velocity, the ratio of the particle 

diameter to the Lagrangian scale of turbulence of the stream, and 

the ratio of the densities of the particle and air stream; 
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3 - The scale of turbulence of the particle is greater than that of 

the air stream and the intensity of turbulence of the particles is 

less than that of the stream; 

4 - The eddy diffusivity of the particles is greater than that of 

the air stream but approaches the value of the air stream for small 

particles and low turbulence intensities. 

The resulta of other workers (5, 28, 133, 13B) agree close~ 

with the conclusions presented b.Y Soo for particle diffusion. 

In particular Longwell and Weiss (138) studied the mixing and 

distribution of liquida sprayed into high velocity air streaœs. The 

transport of material within the stream was almost exclusively a result 

of eddy diffusion. The distribution of the liquid drops in the gas 

stream was found to be a function of the type of nozzle, the dietance 

from the nozzle, gas velocity, air flow patterns, and the intensity of 

turbulence. It was noted that uniform. distributions were obtained for 

low gas velocities and small i ntensities of turbulence. 

Perhaps the most conclusive resulta are those of Kesler (108) 

who determined the drop and vapour concentration profiles, air temperature, 

and drop size distribution in a co-current spray d.ryer. The equi pnent 

consisted of a 6-in. i.d. cylindrical column, 44-ft. long, where the top 



24 ft. were used to establish a pattern of normal pipe turbulence in the 

air stream prior to the introduction of the spray. Measurements were 

made through seven pairs of ports spaced logarithmically over a distance 

of 17.5 ft. The drop size distribution obtained for water and alcohol 

sprays did not agree with that predicted by the Nuldyama - Tanasawa 

equation. Kesler expressed his resulta in ter.ms of a dimensionless 

diffus ion coefficient, fJ , defined by the equation: 

where Rn - radius of the collœn, (ft.); 

VG- mean velocity of the air stream, (ft.)/(sec.); 

é - eddy diffusivity defined by the equation: 

{w/An) • - e. rhOc/ax) 

••• (116) 

••• (117) 

where (w/Au)- mass velocity of the spr~, (lb.)/(hr.)(tt.2); 

~ c/~x - concentration gradient of spr~ expressed in pounds 

of diffus~ material per lb. of air per ft. of path. 

Numerical values of 0.005 and 0.007 for the diffusion coefficients 

were obtained for alcohol and water sprays respectively with air velocities 

from 20 to 90 tt./sec. and for mean drop sizes or 14 to 30 microns. These 

diffusion coefficients correspond to eddy diffusivities of 0.11 to 0.15 

tt. 2/sec., and are in excellent agreement with the correlation of Sherwood 

and Woertz (215): 

fi • o.osrF ••• (118) 

where fF - Fanning friction factor. 
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The evaporation rates for alcohol sprays were also determined. 

The resulta indicated that the correlations of the rate of evaporation 

to atationar,y, single drops could be applied. From this data, Kesler 

concluded that the relative velocity between the drops and air stream 

was zero and consequentl.y the eddy diffusivities of the spray drops and 

turbulent air stream were identical. 

The resulta of Longwell and Weiss (138) and Kesler (108) were 

confirmed by Friedlander (57), who reported that practically all of the 

beat and mass transfer from liquid drops to the surrounding air occurred 

by eddy diffusion. When steady state conditions were obtained, the eddy 

diffusion of the small particles was found to vary slightly with air 

velocity. 

Direct etudies on the rates of evaporation of spray drops are 

somewhat rare, (28, 40, 79, 99, 108, 147, 175). Attempts to apply the 

drop distribution functions have generally been unsuccessful (11, 51, 182) 

and only the work of Probert (182) is discussed here. For conditions of 

no relative velocity, Probert made a mathematical analysis of the change 

in the drop size distribution of sprays which was assumed to follow the 

Rosin-Rammler equation. Equations for the variation in the volume median 

diameter with time for various conditions of spray uni!or.mity were 

developed. These expressions predicted that a spray with a narrow si2'e 

distribution would evaporate completely more quickly than one of the 

same mean diameter and with a wider size distribution even though the 

initial rate would be lower. 



Pinder (175) determined the variation in drop size, air 

temperature and air humidity accompanying the evaporation of a water 
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spray- with an arithmetic mean diameter of 14 microns. He calculated the 

he at and mass trans fer coefficients, which were round to vary inversely 

with the drop diameter. Consequently the Nusselt Number remained constant 

over a wide range of drop sizes. Its numerical value was, however, quite 

low. 

A similar, though more extensive study was per!ormed by Dlouhy 

(40), who determined the heat and mass transfer coefficients during the 

evaporation or water spr~s in a vertical, co-current spr~ dryer 8-in. 

i.d. and 14-ft. long. For a range of Sauter mean drop diameters or li 

to 39 microns, drying air velocities of 3 to 15 ft./sec. and air temperatures 

of 100 to 250°F., the transfer coefficients were found to be essentially 

the same as those for single drops evaporating under stagnant conditions, 

i.e., Nu • Nu' • 2.0. This was in agreement with the resulta or 

Kesler, and so Dlouhy concluded that the edqy di!fusivities of the spray 

drops and the air stream were equal. 

In an analysis o! the evaporation of sprays, Marshall (147) 

recommended the adoption of a step-wise procedure for the calculation 

of the time required for complete evaporation. Once the initial drop size 

distribution is known, the spray is divided into several increments or 

drop size and a suitable time interval selected. The evaporation occurring 

in this time interV"al. is then calculated, using equation 97, and assUDdng 

that the driving potential, i.e., partial pressure or temperature difference, 

remains constant for each individual drop size increment. Wben the 
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diameters of the increments are modified to account for this evaporation 

a new drop size distribution is obtained and the above procedure is 

repeated. Marshall recoDJD.ended that the tim.e interval should be such 

that the smallest drop size increment is completely evaporated. An 

anal.ogous procedure was used independentl.y by Dlouhy (40) for the 

calculation ot the drying time of 8 colloïdal solution of calcium ligno-

sulphonate. 

A recent extensive mathematical anal.ysis of the factors affecting 

the drop size distribution of a moving spray undergoing evaporation was 

presented by Shapiro and Erickson (211). They derived the following 

differentiai equation for the number of drops per unit volume, nv, in 

terms of the drop diameter, drop velocity and time for unidimensional 

flow in a duct of uniform cross-sectional area: 

d 9 • dx/V0 • d(d)/ (Dd/D9) 

- d[cin/d(d)j/[dny/d(d)](~vJax + ~(Dd/n9)/~(d)] ••• (119) 

where D - substantial derivative. 

The solution of this equation is possible onl.y when the variables 

can be separated. Application to a cloud undergoing evaporation in an 

infinite medium produced some interesting results. It was found th8t, 

when molecular transter was the controlling factor, the mean volume 

diameter remained practically constant over a period of time. Consequently 

the proposa! to replace the conventional concept of an evaporating spray 

as being 8 diminution in size of 8 fixed number of drops, by a decre8se 

in number of drops of uniform size was presented. This new concept was 
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tested e.xperimentally and the new model was shown to represent the 

evaporation rates more accurately than the conventional approach. A 

serious drawback to this method is that an infinite time is required 

for complete evaporation of the drops to occur. However the time for 

complete evaporation can be obtained by considering the largest size of 

drops separately. 

Introduction of a change in the relative velocity between the 

spray drops and the air stream adds complexity to the problem. An 

increase in the relative velocity increases the beat and mass transfer 

rates but also reduces the time available for evaporation. Edeling (46) 

in an analy'sis of the .fundamentals of spray drying assumed that the time 

required for the spray to decelerate to the terminal velocity of the 

individual drops in the drying air was too short for appreciable 

evaporation to occur. On the other band, several more recent articles 

have shawn that under certain conditions considerable evaporation can 

occur during the period of deceleration (28, 791 991 175). 

Sjenitzer (217) presented a mathematical analysis for the 

evaporation of a drop underoing deceleration. His calculations were based 

on Froesslingts equation for the evaporation rates and Lapple and Shepherdts 

correlations for the drag coefficients in terms of the Reynolds Number. 

The result was an equation showing the fraction of the total evaporation 

occurring which was due to the relative motion between the drop and the 

surrounding medium. This fraction is a function of the Reynolds Number, 

i.e~ dependent on both the drop diameter and velocity, and so it is 

difficult to interpret his results. The analysis is further weakened by 
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the absence of aceurate values of the drag coefficient for a decelerating 

body. 

Hanson (79) assumed that the evaporation rate equation of 

Froessling could be applied to a spray of drops and used this in the 

determination of the drag coefficients of fuel sprays. Appreciable 

evaporation occurred during the acceleration of the sprays b,y the high 

velocity air stream. A dependence on the air velocity was found. 

T,ypical resulta were 30, 37, and 45 per cent evaporation at a distance 

of 10 in. from the nozzle for air velocities of 50, 60 and 75 .f't ./sec.; 

and 60, 67, 75 per cent evaporation at a distance of 25 in. for the 

same air velocities. Fledde~ and Hanson (51) determined the effect 

of air turbulence on the evaporation rate of the fuel spray in the above 

system. At a distance of 18 in. from the nozzle the evaporation of 

the spray increased from 52% to 64%, when the intensity of turbulence 

increased from 2.2% to 7.4%. This corresponds to the resulta obtained 

by Maisel and Sherwood (144), for single spheres. 

Coldren (2S, 30) developed a pneumatic thermometer and hygrometer 

to measure changes in temperature and humidity during the evaporation of 

a water spray. This instrument relies on the changes in pressure and 

temperature as a sample of air is passed through an orifice. The dryer 

consisted or a two-fluid atomizer with hot air at 400°F. as the atomizing 

fiuid. The spray was discharged into a second co-current stream of hot 

air at 2S0°F. and travelling at 30 rt./sec. Complete evaporation in the 

first 30 inches of the 6 in. diameter duct was reported. The air 

velocity, humidity, temperature as well as the water temperature and 
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concentration were measured at six different distances from the nozzle. 

The data were analyzed according to Reichardt' s theory of turbulence., 

and the momentum, heat and maas fluxes in the dryer were calculated. 

Coldren did not measure the spray velocity and so was una.ble to calculate 

the heat or maas transfer coefficients for the spray drops. 

Ingebo ( 99) measured the vaporization rates of iso-octane sprays 

at distances of l, 5, 14 and 18 inches downstream from the point of 

injection into a high velocity air stream. The method of spray formation 

consisted of discharge counter-currently to the drying air stream from a 

0.041-in. orifice located one inch from the sealed end of 0.25-in. Inconel 

tube which was installed at right angles to the air stream. Other data 

recorded included the air velocity, wet-bulb temperature and the drying 

air temperature. Ingebo stated severa! important conclusions: 

1 - Drop aize distributions obtained from the experimental data 

agreed with the Nukiyama-Tanasawa and the log-probability equations; 

2 - The vaporization rate of the iso-octane spray based on the mean 

surface diameter was foWld to be in good agreement with the expression 

for the evaporation of single drops ( see equation 94); 

3 - The relative velocity between the spray and the air was found to 

have a considerable affect on the drying time., and approximately 

50% of the spray was evaporated during the acceleration period. 
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III. FWID MECHANICS OF SPRAYS 

Several complex phenomena occur simultaneously in the region 

of a spray where the liquid drops are decelerating with respect to the 

surrounding fluid. These phenomena are: the deceleration of the liquid 

drops, the expansion and mi.xing of the jet with the surrounding fiuid, 

and the evaporation of the liquid drops. The rate of evaporation depends 

on the relative velocity of the drops with respect to the surrounding 

fiuid, which is a function of the drag force, and on the existing 

temperature differential. This temperature difference in turn depends 

on the degree of mixing of the jet with the surrounding gas. In 

analyzing this complex, interdependant system it is convenient to 

consider the theory of jet mixing and turbulent transport of momentum, 

beat and mass before investigating the effect of deceleration on the 

drag coefficient. 

1 - THEORY OF JETS 

The discharge of a fluid from a nozzle into the surrounding 

fluid medium resulta in the formation of a jet and this is invariably 

accompanied by an increase in the rate of dissipation of energy due to 

the production of turbulence. The for.m or structure of the jet is 

dependent on the nozzle design, the physical properties of the discharged 

fiuid and the velocity of discharge. Entrainment of the surrounding 

medium by the action of the jet is of the utmost importance, and the 

availability and the physical properties of the surrounding medilliD control 
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to a large extent the shape of the jet. The formation of a turbulent 

zone where the jet mixes rapidly with the surrounding medium inevitably 

occurs. Relative intensities of turbulence of as high as 2~ have been 

recorded in this region (36). When the radial profiles of the velocity 

distribution become similar at successive sections taken perpendicular 

to the main flow direction, i.e. the nozzle axis, the turbulence is 

considered to be fully developed. Various mathematical functiona 

including the power series, the trignometric series and the probability 

function, have been proposed to represent the velocity profile in this 

turbulent region. But, before these functions can be investigated the 

fundamental concepts of turbulent transport, which form the basis of the 

semi-empirical theories of turbulence, must be considered. 

a) Transport Equations for Turbulent Flow 

The rate of accumulation of mass, heat or momentum in a given 

volume, 1 , is equal to the sum of the generation in that volume and the 

transport to the volume through the enclosing surface, tr. Beth molecular 

motion and bulk fluid motion are included in the transport term. The 

rate of accumulation can be expressed mathematically by means of a 

generalized differentiai equation involving the generalized variables of 

concentration,t, rate of generation for unit volume, Q, molecular diffusion 

constant,D, and molecular transport 

~ < J t d-r)/ J e 
1 

= 

potential, f . 
f Qd f + [ DV f .Nd cr- f'f V .Nd <r ••• (120) 
'f q- tr 

where V - vector differentia! operator; 
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V - velocity vector (components u,v,w); 

N - unit vector directed outward normal to surface. 

Here, the first term on the right denotes the rate of generation 

within the volume, while the second and third terme denote the rate or 

transport across the surface by molecular diffusion and bulk fluid 

respectively. Expressions for the generalized variables have been 

summarized qy Alexander et al. (4) and are given in Table II. 

Gauss' divergence theorem can be applied to equation 120 

provided that the volume is small enough for the flow parameters to be 

considered constant and at the same time large enough for statistical 

averages to be meaningful. By converting surface integrals to volume 

integrale and equating the integrand to zero, the following expression 

is obtained: 

a t 1 ~ e = Q + v .nv ~ - v. tv ••• (121) 

This equation can be rearranged to the more familiar Navier 

Stokes equation, by considering momentum flux and expressing the generalized 

variables by the expression given in Table II. The following assumptions 

must be made before further simplification is possible: 

1 - The mean pressure throughout the flow field is constant; 

2 - There are no chemical reactions or heat release due to a change 

of phase; 

3 - Sensible beat changes due to kinetic energy dissipation are 

negligibly small; 



TABLE II 

GENERALIZED V ARIABI.ES 

Flux + Q .JL f 
Mass F1.ux fGCi Qi D ,PGci v 

Heat Flux fGCpt ~ k t a 

Momentum Flux fGV.S -VP.S f'G v.s 

where c. - concentration of the i-th component in 
J. 

fluid, (lb.)/(lb. fluid); 

Q. - local rate of generation of i-th component 
J. 

of fluid, (lb.)/(unit volume)(hr.); 

~ - local rate of generation of sensible beat, 

(B.t.u.)/(unit volume)(hr.); 

S - unit vector in any given direction. 

74 
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4 - The molecular transport term can be neglected; 

5 - The jet and ambiant fluids are incompressible and have the same 

density and temperature throughout. 

Hence - V. '/'V • 0 • •• (122) 

where the bar denotes the operation of time-averaging, e.g • 

y - ••• (123) 

where Y - any fluctuating variable. 

-It is also assumed that Y is independant of the arbitrary 

reference time e 0. By applying the concept of resolving the flow 

parameters into time-mean and fluctuating components equation 122 can 

be written as: 

- V. ( 'f + 'ft) (V + Vt) = 0 ••• (124) 

and expanding: 

v.'fV+V.'/'Vt + V.'f'V+V.'/''V'. 0 ••• (125) 

The second and third terms disappear as the time-average of the 

fluctuating component is by definition zero. The first term can be 

expanded as follows: 

V. '/'V • V.V if + 'l' V.V ••• (126) 

where the last term is zero as the fluid is considered to be 

incompressible. Combination of equations 125 and 126 yields: 

V. V 'f = -V. If 'V' ••• (127) 
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This equation forma the basie of all the semi-empirical turbulence 

theories. Further assumptions are required in order to evaluate '/''V', 

and the various hypotheses advanced merely state methode of relating 

this product to the flow parameters and their derivatives. Ail of the 

assumptions made in deriving equation 127 are valid for an isothermal, 

turbulent, free jet of air discharging at subsonic velocities into 

stagnant air. Consequently, free jets have been widel.y used in testing 

the applicability of the theories of turbulence (27, 36, 87, 121, 256). 

b) Turbulence Theories Applied to Free Jets 

In order to simpli.fy this treatment, onl.y the momentum directed 

along the x axis of a free jet discharging along the latter is considered. 

For cylindrical co-ordinates (x,r,p), equation 127 can be reduced to: 

V.VÜ = -V.üt'Vt ••• (128) 

(i) Boussinesq 's Hypothesis 

In 1877 Boussinesq (16) correlated the product utvt obtained b,y 

e.xpanding equation 128 in terms of the transverse gradient of the mean 

velocity b,y defining an exchange coefficient which was later named the 

edày kinematic viscosity, E : 

utvt = - l (dü/dy) ••• (129) 

Application of this to free jets b,y substitution in equation 

128 yield.s: 

- 2 
V.Vu • -V.(ut i- E (Aü/dr)j- u'w'k) ••• (130) 
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where i,j,k, - unit vectors in the x,y,z, directions for Cartesian 

coordinat es or x, r, ~ , for cylindrical coordinat es. 

The fact that further asswnptions are required to evaluate c 

and that these assumptions change with the system under consideration 

seriouslr reduce the applicability of Boussinesqts hypothesis. However 

Hinze and van der Hegge Zijnen (87) applied equation 130 to free jets 

by assuming that the edqy viscosity was: 

1 - A function of the velocity along the axis of flow; 

2 - A function of distance from an equivalent point-source jet; 

3 - Constant for a given cross-section of the jet. 

They developed equations for the transport of momentum and heat 

but achieved onlr limited success, as the equations failed to correlate 

data obtained at an appreciable distance from the nozzle axis. 

(ii) Prandtl's Theor,y 

In 1925 Prandtl (180) proposed his mixing length concept in 

order to establish a relationship between the product ut ~1 and the mean 

flow parameters. Cons idering onlr the transport of momentum, a certain 

quantity of the turbulent fluid is assumed to move with unchanged 

momentum along a vector path, which can be considered as the analogue of 

the mean free pa th in the kinetio theory of gas es. When this quantity 

of fluid has travelled along this path, which need not be in the same 

direction as the main fluid velocity, it mixes completely with the 
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surrounding fluid. As the fluid velocities at the ends of this pa.th are 

seldom identical, the packet of fluid has a momentum different to that 

of the surrounding fluid prior to mi.xing. The change in the mean 

velocity of the surrounding fluid is proportiona.l to this difference in 

momentum. The concentration of beat and mass can be similarly considered 

to be conserved over corresponding mi.xing lengths, and so the general 

case can be e.xpressed by the equation: 

'f' == Af •• 0 (131) 

The increment ~'f' can be evaluated in terms of the mixi.ng 

length using Taylor' s series. Only the first term is appreciable as 

the mi.xing length, 1 'f., is sma.ll: 

ll\f' = -1r. v\f ='t'' ••• (132) 

Combining equations 127 and 132: 

V.Vf = V.(1'f'.V 'f')Vt ••• (133) 

Considering the x-directed momentum only, equation 133 can be 

reduced to: 

V.V~ = V.(L .Vu)V' 
u 

where 1 - vector mixi.ng length for x-directed momentum. 
u 

••• (134) 

The eddy viscosity, t , is defined in ter.ms of the scalar 

components of the mixi.ng length, lx" lr' 1 f' and the fluctuating 

components of the velocity. 

l = 1 u' "" 1 v' = 1 t6 w' x r r • •• (135) 

Equation 134 can now be rewritten in terms of the eddy viscosity. 
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-V.Vu = V. 'Vu ••• (136) 

No solution of equation 136 is possible until a relation between 

the eddy viscosity and the flow parameters is obtained. Prandtl (lSO) 

used a correlation coefficien~ lPu'to obtain a definition of the eddy 

viscosity in terms of a more easily measured mixing length: 

••• (137) 

For free jets where the change in axial velocity with respect 

to x and , can be neglected, equations l36 and 137 can be expressed as: 

••• (l38) 

where j(d u/ôr)l - absolute value of (~u/~r) irrespective of sign. 

Prandtl (180) and Tollmien (242) have applied equation l38 to 

free jets by making various assumptions for the mixing length, e.g.,lPu 

is proportional to the breadth of the mixing zone and independant of r. 

Their correlations were in general unsatisfactory. The work of Tollmien 

(242), Hinze and van der Hegge Zijnen (87), Kuethe (121), Howarth (92), 

has been reviewed by Alexander et al. (4) who attributed the discrepancies 

between theory and experimental results to the multiplicity of assumptions 

made in the derivations of the correlations used. 

(iii) Taylor's Theory 

This theory is analogous to that of Prandtl where momentum was 

considered to be conserved during transport. Taylor ( 238) made the 

additional assumption that vorticity or the moment of momentum is also 



conserved. Howarth (92) made assumptions simi1ar to those used in 

deriving equation 138 and obtained the fo11owing equation which is 

ana1ogous to that of Prandt1. 
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v.vü = -1T2(dÜ/dr)(l/r) ~~(aü/dr)]/~r 

where f, = ~ 2 
J VÜ 1 

••• (139) 

••• (140) 

Here the eddy viscosity, €, is identical to that used by Prandt1 

(equation 137). Howarth obtained a solution for equation 140, but the 

velocity distribution did not agree satisfactorily with experimental 

resulta. 

It should be noted that Taylorts Theory cannot be applied 

directly to heat or maas transport as both temperature and concentration 

are scalar quantities. However, Howarth assumed that equation 140 could 

be extended to include heat or maas transport by replacing u by 'Y • 

••• (141) 

This is a drastic assumption, and has not been confirmed b,y 

experimental resulta. 

(iv) Reichardtts Theory 

Reichardt (194, 195) found from the measurements of momentum in 

regions of turbulent mixing that an analogy existed between the processes 

of turbulent and molecular transfer. From these measurements Reichardt 

introduced an inductive theory of free turbulence in which he assumed that 

the longitudinal mean velocity distribution could be represented by 

probability or error functions which closely agreed with the experimental 
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resulte. For instance, the velocity distribution in a free jet may be 

expressed b.Y the equation: 

2 
u = ••• (142) 

where k - constant 

b - function of x only. 

The x-directed momentum equation of the mean flow for an 

axially-syrnmetrical jet can be obtained from equation 122. 

~u2/~x + (1/r) ~ (r Üv)/ ar = 0 

Equation 142 is a solution of equation 143 if: 

uv = -A~u2/~r 

where A = (b/ 2) (db/ dx) 

••• (143) 

••• (144) 

••• (145) 

The above inductive theory can be generalized for the transfer 

of heat and mass (194). The main weakness of this theor,y is that it is 

based on mean velocities only, and as such it can hard.ly be expected to 

predict an accurate distribution of turbulent fluctuations. However 

recent workers (4, 6, 7) have achieved some success in applying Reichardt's 

Theory to jets. In particular, Alexander et al. (4) reported the development 

of an extension of Reichardtts Theory to free isother.mal jets based on the 

equations of motion and continuity. They were successful in transforming 

the non-linear flow equations to linear differentia! equations. The 

solution obtained was in two parts, one for radial distribution and the 

other for axial change. The former which was found to agree closely with 

experimental resulta may be written as: 
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••• (146) 

where rl/2 - radial distance at which the flow momentum is one

hall the value at the axis. 

subscripts x, r; x, 0 refer to points r distant from the axis 

and on the axis respectively. 

The correlation expressing the change in flow variable with 

axial distance may be written as: 
---2 --2- 2 
(fu )x,O/(p u )0,0 = 1 - exp - (r/Cmx) ••• (147) 

where Cm = 0.075 - spreading coefficient. 

Equation 147 reduces to the widely used parabolic law for 

momentum distribution when r/Cmx is small (3, 35, 195, 239, 242). Although 

the agreement with the experimental resulta was not as good as was obtained 

for equation 146, nevertheless the experimental error was seldom greater 

than 10%. 

c) EXtension for Special Cases 

The application of the turbulent theories for jet mixing is now 

ext.ended to include those cases which were investigated experimentally, 

i.e., discharge of a jet into a coaxial duct, and into an air stream where 

the mean velocity was perpendicular to the jet axis. 

(i) Jet Discharging into Coaxial Duct 

Due to the powerful suction produced by the expanding jet, wide-
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spread industrial use has developed where large volumes of gas or vapour 

can be entrained by the jet and discharged at low pressures. Among 

these operations are: exhausting fumes or air, vacuum evaporation, 

distillation, crystallization, drying, and air conditioning. 

When a fluid is discharged from a nozzle or orifice the issuing 

stream can be considered to act as a jet pump for moving the surrounding 

fluid. At least four different processes have been reported to occur 

during mixing ( 7, 106, 114, 116, 24 9) : 

1 - Acceleration of the particles of the surrounding fluid (induced 

fluid) by impact of the particles from the nozzle fluid (motive 

fiuid); 

2 - Entrainment of the induced fluid b,y viscous friction at the 

periphery of the jet; 

3 - Overexpans ion of the jet to a pressure below that of the induced 

fluid, with consequent flow of the latter toward the axis of the jet; 

4 - Change of phase with large volume change due to flashing, 

condensation or rapid evaporation. 

The theoretical analysis of a jet in which several of these 

processes occur simultaneously becomes extremely complicated, and drastic 

assumptions have been made in order to obtain solutions. Fl.ugel (52) 

assigned average velocities to the high-velocity core and the low-velocity 

annulus at any cross-section, and evaluated an empirical drag coefficient 

by calcula ting the drag force between the two streams. This analysis 
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satisfies momentum considerations but does not represent the mechanics of 

mi.xing. 

Victorein (255) considered only that the part of the jet which 

is close enough to the nozzle for the spreading of the jet to be unaffected 

by the duct walls and at the same time far enough away for the jet to be 

treated as a point of momentum and maas. In addition he assumed that the 

pressure remained constant in the duct and that Prandtl 's mixing length 

was uniform at any cross-section and proportio:nal to the width of the jet. 

These assumptions are incompatible with the observed phenomena of mi.xing 

in a duct and no correlation for the length required for complete mixing 

was given. 

Alexander et al. (7) assumed that the molecular transport, 

boundar.y layer formation, radial pressure gradients, and heat losses at 

the duct wall could be neglected. Using Reichardt 's Theory of turbulence, 

they derived the following equation for the momentum flux in the duct: 

CIO 

(M- Moo)/(Mjav.- Miav) = LA J (a 2r/Dd)e·- rx(4a ~/Dd2 )dx 
n•l n o n APJo n 

2 
where M- total momentum flux (Pgc + f>GU ) 

••• (148) 

••• (149) 

J1 - Bessel function of the first kind and first order; 

J
0 

- Bessel function of the first kind and zero order; 

An - arbitrary coefficient of nth term in series of J
0

; 

an - nth root of J1 ; 

D d - diameter of duct; 

)\ - proportionality function (equation 131, 132); 

av - subscript denoting average; 



i - subscript denoting induced stream conditions at plane 

of nozzle; 

j - subscript denoting jet stream condition at plane of 

nozzle; 
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00- subscript denoting conditions at point of complete mixing. 

Several qualitative conclusions on the phenomenon of jet mixing 

in a duot oan be drawn from the data available in the literature (5, 6, 

7, 28, 107, 116, 154, 240). 

1 - The changes in the radial velooity profiles with distance from 

the nozzle bave been determined b.1 several workers (5, 6, 7, 28). 

Initially, a high velocity core surrounded by a slower moving 

annulus exists. The velooity of this core decreases as it expands 

in area; and eventually a unifor.m velooity profile is obtained. 

Equation 148, which has been reported to represent the momentum 

flux at any point in the duct (7), is indicative of the velocity 

profiles obtained; 

2 - The trans :fer o:f he at is more rapid than that of mass or momentum; 

3 - Complete mixing of the two streams occurs from four to ten duct 

diameters along the nozzle axis (107, 116, 154). It should be noted 

that the velocity profile becomes practically uniform before complete 

mixing has occurred; 

4 - The static pressure in the duct decreases initially and gradually 

recovers as the velocity profile becomes uniform; 
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5 - The mass velocity past any given cross-section of the duct 

remains practical.ly constant especially for high indu ct ion ratios, 

(the induction ratio is defined as the ratio of the weight of the 

induced fiuid to that of the motive fluid) ' 

6 - The turbulence level decreases from that of free jets, circa 

20% to that of !ully developed turbulent pipe flow, circa 3%, (7). 

(ii) Jet discharging at Risht Angles to the Main Stream 

The mathematical representation of this phenomenon is extremely 

ponderous and difficult and looses significance due to the large numbers 

of assumptions involved. However, several qualitative conclusions can be 

drawn from the experimental data reported in the literature (22, 47, 53): 

1 - The pressure forces of the main fluid stream deform the jet, and 

dis placement in the direction of the main stream occurs; 

2 - DuriQg this deformation, the jet is flattened and spreads out 

in a direction at right angles to the main stream; 

3 - The penetration of the jet into the main stream is limited by 

the deflection due to the pressure forces. However there is a 

second, slower penetration due to turbulent mixing; 

4 - Penetration can be increased by using a jet that is elongated or 

elliptical in the stream direction. The presence of another jet or 

form of fluid disturbance upstream has a similar effect; 



87 

5 - If the jet discharges into a narrow chamber, considerable contact 

with the walls occurs due to the flattening effect described above 

and venturi action. 

2. FLUID MECHANICS OF SPRAY DROPS 

Fluid flow is considered to be divided into two distinct types 

or classes depending on the manner in which the flow occurs. These types 

are known as laminar flow where the velocity is unidirectional and flow 

occurs in laminae or streamlines, and turbulent flow where a random 

fluctuating velocity is superimposed on the main flow velocity and the 

flow proceeds with considerable mixing. The change from one flow type 

to the other is gradual and the period over which this change occurs is 

known as the transition range. For the case of a sphere or drop :moving 

with respect to the surrounding gaseous medium, the flow type can be 

determined from a modified Reynold's Number which is defined as: 

••• (150) 

As in the case of pipe flow, this dimensionless group is a ratio of 

the inertia reaction per unit volume, fGVR2/d, and the viscous force, 

VRf'c/d
2

• From the above, it is evident that the greater the Reynolds' 

Number becomes the lese will be the effect of the viscous forces. The 

transition from laminar flow to the transition range is the subject of 

considerable contention, but is generally considered to occur at a 

Reynolds Number of 1 to 2 (70, 129). Fully developed turbulence exista 

only for Reynolds Numbera greater than 500 (70, 129). 
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a) Boundar.y Laver around Spheres 

The resistance of the fluid to the motion of spherical particles 

can be qualitatively understood by visualizing the fluid flow patterns 

around the sphere. Accordingly a brief review of the formation of the 

bound.ary layer around spheres is now presented. In order to facilitate 

the explanation, the sphere is considered to be divided into two equal 

segments by an equatorial line at right angles to the direction of fluid 

flow. Prandtl's Boundary Layer Theory (179) stated that the velocity of 

the fluid in contact with the surface of the sphere was zero, and that 

the velocity increased with increase in the distance from the surface 

until the velocity of the surrounding mediwn was attained. This envelope 

of retarded fluid is known as the boundary layer. These views are now 

universally accepted. The fluid impinging on the frontal hemisphere is 

divided symmetrically about the centre of the surface and accelerated 

sideways towards the equator. For laminar flow the fluid in the boundary 

layer adheres to the surface and closes up behind the sphere in a manner 

similar to the division on the frontal surface. Before this concept can 

be extended to turbulent flow, the forces acting on the fiuid in the 

boundar,r layer must be considered. 

The acceleration of the fluid towards the equator on the frontal 

surface produces a negative pressure gradient in the boundary layer in 

the direction of flow. Also, the velocity of the fluid just outside the 

boundar,r layer tends to decrease when the fluid has passed the equator 

and a positive pressure gradient is established. This force together with 

the viscous force of the surrounding layer of fluid and the frictional force 
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at the surface determines the movement of this part of the boundary layer. 

This pressure gradient increases with increase in the Reynolds Number 

and it eventually overcomes the streamline flow past the sphere. 

Consequently the fiuid in the boundary layer is brought to rest with 

respect to the surface of the sphere and a back flow in the direction of 

the pressure gradient may occur. The boundary layer is then forced to 

leave the surface and the point at which this occurs is known as the 

point of separation. The occurrence of this phenomenon coincides with 

the developnent of turbulence, i.e., Re) 500. 

During the transition from viscous to turbulent flow several 

interesting phenomena occur behind the sphere. At the beginning of the 

transition range, when the boundary layer begins to separate, a stationary 

ring or vortex forms close to the surface. This vortex appears as two 

eddies when eut by a plane passing through the axis of motion. Nisi and 

Porter (164) noted that this vortex increased and was thrown off at a 

Reynolds Number of fifty while Schmidt (206) noticed the appearance of 

a second vortex. Lunnon (141) felt that a succession of rings or 

vortices formed and slipped aw~ behind the spheres and that a definite 

periodicity depending on the velocity was established. At higher 

Reynolds Numbers, the vortex ring ceases to be distinguishable and a 

turbulent wake is formed. Under these conditions, the width and strength 

of the wake behind the sphere and the position on the sphere of the circle 

at which the wake envelope leaves it are the factors which determine the 

resistance to motion. It should be noted that these phenomena are 

accompanied by strict axial symmetry. 
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b) Drag Coefficients for Spheres 

From the previous section, it may be seen that any mathematical 

formulation for nuid resistance is exceedingly difficult due to the 

complexity of the fiuid motion and it was only for the viscous range that 

some success was achieved. In 1850 Stokes (230) fo~ulated the following 

law for the resistance of the fluid to the fall of a sphere: 

••• (151) 

This equation was verified b.Y Page (169) who showed that this 

resistance was the sum of two separate factors. The first was a 

frictional effect or shearing stress exerted by the fluid on the surface 

of the sphere. This is known as sldn drag and constitutes two-thirds of 

the resistance in the viscous range. The second was a pressure effect 

due to differences in pressure on the front and back or the sphere. 

This is referred to as the form drag. However as the Reynolds Number 

increases, the contribution of the skin drag rapidly decreases and at 

Re ,.. 1000 becomes negligibly small compared with the fonn drag. 

Mathematical analysis in the turbulent range failed and the 

solution of the problem lay in the fact that the resistance to flow 

could be correlated in terms of a graph whose coordinates were the modified 

Reynolds Number and the drag coefficient. The drag coefficient CD was 

defined as: 

••• (152) 

where RD - drag force; 

Ar - cross-sectional area opposed to flow = N d2/ 4 ••• (153) 
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The realization that a single graph could be used for spheres 

of all sizes and densities and for fluids of all densities and viscosities 

was due to Rayleigh (193). Rayleights original graph was for 1aminar 

flow, but the range of the graph has been extended (S, 24, lSl, 199, 212, 

223, 262, 269). Lapple and Shepherd (129) collected the data available 

and presented a graph of the drag coefficients for spheres, cylinders and 

disks for Reynolds Numbers of 0.0001 to 1,000,000. This curve is shown 

in Fig. 1. Their curve for spheres is referred to as the standard curve 

but it 1s valid only for constant velocity conditions and in the absence 

of wall effects and other forms of fluid disturbances. The following 

correlations have been proposed for the evaluation of the drag coefficient 

in terms of the Reynolds Number (70, 129). 

Wh en Re..( 2, CD = 24/Re 

2 <Re <500, CD .. 0.4 + 40/Re 

Re>500, CD = 0.44 • •• (154) 

With the aid of these equations Lapp1e and Shepherd (129) 

calculated the trajectoriea of apherea under the influence of gravitational 

and centrifuga! forces, with or without initial velocities. Their method 

may be divided into three steps: 

1 - A force balance on the particle with the resultant force equated 

to the product of the mass and the time derivative of the velocity 

in the direction of the force; 

2 - Substitution of the drag coefficient and the ve1ocity in terms 

of the Reynolds Number. If a change in the type of flow occurred 
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then the calculation had to be subdivided in'!:-o separate parts; 

.3 - Rearrangement and integration to obtain an expression correlating 

the time and change in Reynolds Number. 

c) Application to SpraYs 

Several complications arise when the theory just outlined is 

applied to sprays. These complications include the turbulence of the 

dr,ying air stream, the effect of partiale concentration on the fluid 

properties, the rotation of drops and the poesibility of droplet deformation 

occurring. 

(i) Turbulence 

The effect of turbulence on the drag coefficient was critically 

reviewed by Torobin and Gauvin (246) who noted the conflicting reports 

mentioned in the literature. 

Burke and Plummer sUBpended fixed spheres in turbulent air :flow 

and recorded resistances up to 60% higher than those given b.Y the standard 

curve (20). They attributed this increase to the fact that the velocities 

of the fluid eddies meeting the particle are greater than the observed 

mean translational velocity of the fluid. Since the square of the 

statistical sum of auch velocity terme is lesa than the statistical sum 

of the squares of these terms it is evident that the kinetic energy of the 

fluid, and therefore the resistance to flow about the solid may be greater 

than that indicated by the product of the maas and the square of its mean 



94 

translational velocity. A more valid explanation of this increase, if 

correctly indicated1 would be one which involved a microscopie appraisal 

of the interaction of the ambiant fluid around the particle with the 

turbulent field existing in their equipment. Wilhelm and Valentine (264) 

obtained high drag coefficient values for spherical particles suspended 

in an upward current of air. Bouvard (17) presented a mathematical 

analysis for the affect of velocity fluctuations and arrived at the 

conclusion that the fall velocity in a turbulent stream is less than that 

in a laminar field. 

On the other hand1 Lunnon (140) obtained the drag coefficients 

of spheres by dropping them down mine shafts. He found that sli.ght air 

disturbances produced a decrease in the drag coefficients and this was 

attributed to the presence of turbulence. Miller and Mcinally (160) 

obtained data of the suspension velocity of solids in water and found 

that an upward current could increase the suspension velocity by as 

much as 47%. These two findings are in direct opposition to the data of 

Wilhelm and Valentine (264). Miller and Mcinal.ly suggested that the 

turbulent action tended to decrease the influence of the fluid viscosity 

and thereby reduced the drag force. 

(ii) The Effect of Particle Concentration 

Studies of the effect of particle concentration may be divided 

into two categories: those in closed vessels and those in an infinite 

fluid. Einstein (48) showed that in the former case the fluid velocity 

appeared to decrease and this bas been expressed in terms of the particle 
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concentration. Due to extremely high voidages of sprays (0.995 - 0.999) 

this decrease is unlikely to become appreciable. A second complicating 

factor is that the particles tend to drag fluid with them through the 

fluid and a back flow occurs to offset this motion. The net result is 

an increase in the relative velocity and consequently in the Reynolds 

Number. 

Studies in infinite systems have shown that a decrease in the 

resistance to flow and bence in the drag coefficient occurs, due to the 

effect of one sphere on the adjacent one. This effect can be significant 

and Stimson and Jeffrey (227) showed that it amounted to 7% at interspatial 

distances of 10 diameters (voidage 0.999) and 11% at interspatial distances 

of 6 diameters (voidage 0.995). 

(iii) Drop Rotation 

Rotation effects on drag coefficients can be divided into two 

classes depending on whether the axis of rotation is parallel or 

perpendicul.ar to the main direction of flow. In the former case, a 

marked influence of rotation on the drag was found by Wieselsberger (263) 

and Luthander and Rydberg (142). The effect was correlated in terms of 

a rotation factor, 2V/ d w. The drag coefficient was found to increase 

with decrease in the rotation factor (95, 209, 247). Also the critical 

Reynolds Number was lowered by rotation (142, 263). An explanation can 

be found by considering the effect of rotation on the boundary layer. 

The centrifuga! force on the fluid in boundary layer promotes an earlier 

separation. This increases the drag force, since both the angle of the 
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wake and its cross-sectional area are increased. 

When the axis of rotation is perpendicular to the main direction 

of flow, an interesting distortion of the boundary layer occurs. The 

rotation of the sphere has the effect of supplementing the flow lines 

past the sphere where the direction of flow and rotation coincide. The 

result is the elimination of separation, a reduction of the boundary 

layer and a decrease in the fluid pressure. On the opposite aide, where 

the flow direction is opposite to the rotation, a turbulent boundary 

layer is formed and separation is developed. There is a marked increase 

in the fluid pressure and the wake becomes high unsymmetrical. 

Consequently the stream exerts a considerable force on the sphere at 

right angles to the mean flow direction and this is known as the Magnus 

effect. 

(iv) Droplet Deformation 

Calderbank and Korchinski (21) have shown that drops can be 

considered to be perfectly spherical and rigid provided that the Reynolds 

Number is less than 200. Hu and Kintner (93) felt that the Reynolds 

Number can be as high as 300 and this is in agreement wi th Garner ( 64). 

As spray drops seldom have Reynolds Numbers exceeding fitty, it is very 

unlikely that there will be any change in the drag coefficient due to 

droplet deformation. This means that the internal drop circulation which 

undoubtedly occurs has no effect on the drag coefficient. Hence it may 

be concluded that liquid sprays will behave in the same manner as solid 

sprays and this has been experimentally verified (102, 104). Klee and 



Treybal (111) observed a departure of the drag coefficient from the 

standard curve for Reynolds Numbers below 200, for a liquid-liquid 

system, but this can be attributed to the high interracial tension 
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between the two liquid phases. However, it should be realized that the 

above work was performed under conditions in which the acceleration 

contribution is of a minor nature, whereas decelerations as high as 

32,000 ft./sec. 2 have occurred in sprays (99). 

d) The Effect of Acceleration on the Drag Coefficient 

Few workers have oonsidered the possibility of a modification 

of the drag coefficient due to particle acceleration or deceleration. 

The usual procedures for calculating particle trajectories are based on 

the assumption that the drag coefficient can be expressed in terms of 

the Reynolds Numbers alone (44, 129, 175, 184, 217) in spite of the fact 

that there is considerable literature indicating the existence of an 

increase of the drag coefficient due to acceleration. However, the 

explanations for this increase and the methods of correlation have varied 

widely. 

The first exhaustive study was due to Lunnon (140) who recognized 

the existence of a dependance of the drag coefficient on the particle 

velocity and acceleration. His experimental work consisted in measuring 

the time of fall of metal spheres of diameters 0.2 to 10.2 am. through 

distances amounti~ to 528 metres in mine shafts. As the time of fall was 

measured and recorded electrically, the precision and accuracy were 

excellent. Ail attempts at correlation failed and the only resort was 



empirical curve fitting, i.e.,the representation of the drag coefficient 

in terms of the Reynolds Number by individual graphs for different 

acceleration rates. The increase in drag coefficient due to acceleration 

2 
was considerable, e.g.,200% increase for acceleration of 781 cm(sec •• 

!verson and Balent (100) have summarized the literature on the 

widelY used method of correlation involving the added mass concept. 

According to this theory the body is considered to possess an added mass 

which is a function of: 

1 - the size and shape of the body; 

2 - the direction in which it is moved through the fluid with respect 

to an axis in the body; 

3 - the density and viscosity of the fluid. 

The equation of unidirectional accelerated motion in which 

this concept is used is: 

••• (155) 

where m - mass of particle; 

a - particle acceleration; 

kt - added mass factor; 

mf - mass of fluid displaced. 

Values of kt from 0.03 to 2.0 have been reported for spheres, 

(115, 141, 155, 177). This method has proved to be unsatisfactory as it 

fails to account for the observed dependance of the drag coefficient on 



99 

the particle acceleration. 

!verson and Balent (100) suggested that the coefficient of 

drag is a function of an acceleration modulus as weil as the Reynolds 

Number. ' 2 This modulus is defined as (ar.i'VR ) and may be seen to depend 

on both the velocity and acceleration. L' is a characteristic length 

of the particle. !verson and Balent found that this modulus could be 

used to correlate data obtained from accelerating disks. 

The effect of deceleration of liquid drops with respect to 

the surrounding medium on the drag coefficient appears to be opposite 

to that of acceleration. Ha:nson (79) and Ingebo (99) both obtained drag 

coefficients for spray drops that are considerablY below those indicated 

by the standard curve. Hanson studied the evaporation of fuel sprays 

injected into and accelerated by a high velocity, horizontal air stream. 

The rate of evaporation with distance from the nozzle, air velocity and 

drop size distribution were determined experimentallY. His analYsis was 

based on the assumptions that the spray characteristics can be represented 

by the mean volume diameter and that Froessl.ing 's equation for the 

evaporation rate of fuel drops is valid. 

Hanson (79) asswned that the spray could be represented by the 

mean volume diameter, d 1 which is considered to have weight 1 m, at any v 

given instant. If this drop were originallY of mass 1 m
01 

i.e., before any 

evaporation occurred, then the evaporation fraction of the spray, Er, is 

given by: 

(m - m)/m 
0 0 ••• (156) 
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and ••• (157) 

where VD - velocity of the drop of diameter dv. 

As the evaporation fraction was determined e.x:perimentally at 

different distances from the nozzle, cmv'd 8 can be evaluated. Assuming 

that Froessling1 s equation for the evaporation rate can be applied we 

obtain: 

dm(d9; -m
0
VD(dEf/dx); -(2 DvM psdyfRT)(l + 0.276(Re)l/

2
(Sc)l/3 ••• (158) 

••• (159) 

VR - velocity of drop of diameter dv with respect to the air. 

Equations 158 and 159 enable the relation between the drop 

velocity and distance from the nozzle to be calculated. 

The following force balance was then established by Hansen, who 

neglected the effect of gravity and considered only unidirectional 

horizontal motion. 

• •• (160) 

Equation 160 was used in calculating the drag coefficients for 

the fuel spray drops and these are shown in Fig. 2. The dependance which 

Hansen observed on the air velocity is not apparent on a log-log plot; and 

the drag coefficients were considerably lower than those indicated by the 

standard curve for Reynolds Nwnbers of 20 to 100. 

Ingebo (99) used a droplet camera, i.e.,a deviee especially 

designed for measuring the velocity and diameter of spray drops to obtain 
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the drop size distribution and drop velocity of iso-octane sprays injected 

from a simple orifice into a turbulent air stream. From this data and 

wet-bulb temperature measurements, vaporization rates and drag coefficients 

were calculated for the spray drops as they were accelerating and 

evaporating in horizontal air streams of velocity 140 to 180 ft./sec. 

Ingebo's analysis is based on the change in momentum. Consider a drop 

of mass m + ô m travelling at an instantaneous velocity, VD ,in an air 

stream of constant velocity, V G. After time /). 8 has elapsed, the drop 

has a mass m and an increased velocity VD + 6 VD, while the vaporized 

element of mass â m has assumed the velocity of the stream. The change 

in momentum is given by: 

/), M = m ô V D + 1J m (V G - V D) ••• (161) 

The instantaneous force ,RD ,acting on the drop is the time 

derivative of the momentum: 

••• (162) 

and ••• (163) 

Combination of equations 161, 162 and 163 yields: 

CD = 4 p1ad/3 fG(VG - VD)
2 

+ Skft\ tNu/hfg fGd(VG - VD) ••• (164) 

Equation 94 was used to evaluate the Nusselt Number of the 

evaporating iso-octane drop and thereby enabled the drag coefficents to 

be computed. 

Ingebo presented his data in the form of a family of curves of 

CD versus Reynolds Numbers, with air velocity as a parameter. For low 
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Reynolds Numbers the drag coefficient was much less than the value given 

by the standard curve, but it increased with the Reynolds Number and on 

occasions intersected the standard curve. A comparison or his resulte 

with those of Hanson is given in Fig. 2. 



B. EXPERIMENTAL SECTION 



INTROOOCTION 

From the foregoing literature survey, it is apparent that the 

work performed on the evaporation of sprays can be divided into three 

classes: 

1 - Purely analytical approaches based on drastic assumptions 

which have been later disproved (46, 217). 

2 - Determinations of the rates of evaporation from sprays under 

conditions where the relative velocity between the spray drops and the 

surrounding gaseous medium is negligible (40, 108, 110, 147, 175). 

3 - Investigation of the evaporation occurring from sprays 

accelerated b.Y high velocity air streams (28, 30, 31, 51, 79, 99). 

The majority of the work perfor.med in the last class was devoted 

to the measurement of heat, mass and momentum fluxes in the drying gases 

without specifie consideration of the liquid phase (28, 30, 31). The 

main difficulty lies in the determination of the spray velocity. Photography 

of the individual spray drops requires elaborate equipment due to the small 

drop sizes and high velocities encountered. 

An analytical approach applying Froessling's equation to obtain 

a correlation between the spray evaporation and the drop velocities relative 

to the drying gas has been used to calculate the drag coefficients of the 

spray drops (51, 79). Onl.y Ingebo (99) has succeeded in measuring the 

evaporation rate and the drop diameters and velocities of iso-octane sprays 

injected into high-velocity horizontal, turbulent air streams. The method 

of atomization and choice of flow conditions were totally different from 



106 

those usually encountered in commercial spray dryers. Hence it is evident 

that there is a distinct need for accurate data on the heat and mass 

transfer rates to decelerating spray drops produced b.Y typical, industrial, 

atomizing nozzles. 

The present work constitutes the first attempt to measure the 

heat and mass transfer coefficients of decelerating, spray drops produced 

in internal-mixing, pneumatic and hollow-cone, pressure nozzles. Also the 

effect of two flow patterns which so far have received little consideration 

was investigated. 

Before the rates of heat and :me.ss transfer to the spray drops can 

be obtained the physical properties of the liquid and gaseous phases must 

be determined. The evaluation of these physical properties presents many 

problems not the least of which was involved in the sampling methods. 

Consequent }.y, the development and evaluation of the experimental techniques 

used to measure the average drop size and size distribution and also the drop 

velocity, temperature and evaporation as well as the velocity, temperature 

and humidity of the drying air are presented in the :first part o:f the 

Experimental Section. The data obtained for the velocity of the spray 

drops at different distances from the atomizing nozzle enabled the drag 

coefficients of these drops to be calculated. 

In the experimental determination of the evaporation rates of the 

spray, two different flow patterns were studied: cross-current flow, where 

the direction of the drying air path is perpendicular to the axis of the 

spray, and co-current flow, where the air path is in the same direction as 

the axis of the spray. The second chapt er of the Experimental Section is 
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devoted to the determination of the beat and mass transfer coefficients 

and the Nusselt Number of the spr~ drops for cross-current flow. The 

equipment consisted of a trapezoïdal chamber containing six horizontal 

sections through which the dr,ying.air was passed at right angles to the 

vertical spr~. Finall.y the equipnent and results for co-current flow 

are presented in the third chapter. In this case, a vertical cylindrical 

drying chamber was used with downward flow of the spray and drying air. 
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I. MEASUREMENTS OF SPRAY PROPERTIES 

As was prev:iously mentioned, the complerity of the phenomena 

occurring in the nozzle zone of a spray presents considerable difficulty 

in determining the physical properties of the spray components. The 

presence of liquid drops renders the conventional methods of measuring 

the drying air temperature, humidity and velocity completely useless. 

Special techniques had to be developed before accurate values of these 

variables could be obtained. The high rate of evaporation of small drops 

produces rapid changes in the physical properties of the spray and drying 

air, thus making the sampling method of paramount importance. The latter 

was in turn markedly affected by the flow pattern under study; thus the most 

suitable procedure for both flow patterns bad to be determined separately. 

l. SPRAY DROP SIZE DISTRIBuriON 

The available techniques for deter.mining the size of spray drops 

have been reviewed in the literature survey, and the method finally chosen 

involved direct sampling of the spray with a small immersion cell, and 

photography under a microscope. Subsequently the photographs were 

ex.a.mined and the drop sizes measured with a microscope, thus enabling the 

drop size distribution to be obtained. 

a) Eguipment 

The immersion cell consisted of a hollow, alumin~ cylindrical 

tube, 0.25 in. external diameter, 0.20 in. internal diameter, and 0.20 in. 
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deep. The cell holder was made from a brasa ring, 0.1 in. thick, which 

surrounded the celland to which was attached a 1/S.in. welding rod. The 

bottom edge was grooved so that a thin disk of optical glass could be 

glued into position. A film of General Electric SC-87 anti-wetting agent 

was applied to this disk so that the spray drops would not flatten on 

contact with the glass. The selection of the immersion liquid for the 

cell presented considerable difficulties as the surface tension and 

viscosity had to be low so as to permit the spray drops to settle freely 

and quickly, while the density had to be comparable with that of water so 

as to minimize the flattening of the drops due to gravitational forces. 

From a chemical point of view, complete inertness towards water was a 

prerequisite. Varsol - a mixture of hydrocarbons - was found to possess 

the desired physical properties and was accordingly selected. 

Owing to the relatively high velocities of the spray drops in 

the nozzle zone, good impaction efficiencies were obtained. This improved 

the accuracy of the method but presented sorne sarnpling difficulties as the 

cell could only be exposed to the spray for a fraction of a second to 

minimize droplet coagulation which rnight result from too high a droplet 

concentration in the sarnple. To achieve the necessary degree of control 

during sampling a hollow cylindrical shield of outside diameter 0.50 in., 

internal diameter 0.45 in. and length 2.0 in. was machined. This was 

attached to a l/8-in. welding rod. This shield was used to cover and 

protect the immersion cell before and after sampling. The arrangement was 

such that the cell and holder could be inserted into the shield and the 

whole assembly passed through a 1/~in. standard brasa nipple mounted in 

the aide of the spray chamber. A sketch of the holder and shield with the 
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cell in place, is shown in Fig. 3. 

b) Procedure 

The path traversed by the immersion cell during sampling had to 

be carefully controlled especially when cross-current flow conditions were 

investigated. Displacement of the spray b.1 the drying air occurred, 

resulting in a displacement of the smaller spr~ drops in the direction of 

the air flow. To eliminate errors due to this dis placement, the sample 

path must be in a direction opposite to that of the drying air. 

A few drops of Varsol were placed in the immersion cell which 

was then covered with the cylindrical shield. In the case of the cross

current flow chamber the whole assembly was inserted through the exit brass 

nipple of the section under investigation and moved near to the spray. 

Accurate control of the sampling time was achieved by varying the rate at 

which the immersion cell was pushed out of the shield and through the spray. 

Recover.y of the cell without further interference from the spray was 

e.f.fected by pushing the cylindrical shield through the spray and over the 

cell, and then withdrawing the who le assembzy. 

The sampling technique for the co-current dr,ying air flow pattern 

was much simpler due to the radial symmetr.y of the air flow. Two traversing 

paths were used: a direct path along a diameter through the spray and an 

angular sweep through the centre of the spr~. For the tiret few inches 

of the spray, the former method was used due to the extremely short tim.e 

needed to obtain a suitable sample. 
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After the spr$Y sample had been obtained the cell was placed on 

the stage holder of a Bausch and Lomb microscope. In order to avoid 

errors due to the uneven liquid surfaces, the cell was filled with more 

Varsol and covered with a glass slide. Photographe of the spray drops 

were then taken with a single lens Asahiflex reflex camera fitted onto 

the microscope. A parallel light beam from a 200-watt microscope lamp was 

used and exposure times of 1/25 second were found to give the best resulte. 

Adox KB 14 film was used as its fine grain makes any errors due to 

resolution negligible. As the spr~ drops produced by pneumatic nozzles 

were much smaller than those from pressure nozzles, different magnifications 

bad to be used. A 16-mm. focal length objective and 12.5X eyepiece were 

used for the small drops, giving a total magnification of 54.3X; while a 

32-mm. focal length objective and 7.5X eyepiece with overall magnification 

of 12.6X was used for the larger drops. The presence of a ground-glass 

screen on the camera facilitated the focusing. A calibration of the drop 

sizes was established by photographing a Fisher Scientific microscope 

stage micrometer graduated in lü- and lOO-micron divisions under identical 

optical conditions. 

Counting of the drops was performed using the same microscope 

with a 32-mm. objective and a micrometer eyepiece. Approximately 150 to 

250 drops were counted for each determination of the drop size distribution 

and Sauter mean diameter. The selection of aize groups for the counting 

procedure was carefully considered. For the smaller drop sizes (pneumatic 

nozzles) drop aize increments of 3.5 and 6.0 microns were found to be 

satisfactor.y. However as drop sizes of 200 microns were encountered with 

the pressure nozzle, increments of 15 to 25 microns had to be used. 
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c) Sources of Error 

As the design of the immersion cell was such that no evaporation 

could occur during the measurement of the drop size distribution, the main 

sources of error are coagulation of the drops during settling and 

unrepresentative sampling during collection. The former can be reduced 

to a minimum by obtaining samples of such law drop concentration as to 

eliminate statistically the possibility of coagulation. The latter, 

however, constitutes a more complex problem. 

Curves for the impaction efficiencies of various shapes in a 

particle-laden gas stream were presented by Langmuir and Blodgett (172). 

Unfortunately a shape similar to that of the sample cell and bolder was 

not investigated. However, they reported a marked dependance of the drop 

diameter on the impaction efficiency. This indicated that the more 

numerous the particles of small diameter impacted, the larger was the 

efficiency. Since numerous drops with diameters as low as one micron were 

collected in the immersion cell, it can be inferred that the sampling 

efficiency for the larger drops was excellent. In fact, the method has 

been used widely with considerable accuracy for conditions of little or 

no relative velocity between the drops and the sampling medium (40, 71, 

145, 201). In the present work, an appreciable relative velocity was at 

all times maintained. Hence it may be concluded that the accuracy of 

this method for obtaining drop aize distributions in decelerating sprays 

is more than satisfactory. 
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2. SPRAY DROP VELOCITIES 

Few attempts at measuring the velocity of spray drops have 

appeared in the literature, and the only extensive experimental study was 

due to York and Stubbs (268). Working with a hollow-cone pressure nozzle, 

they reported a marked dependance on the radial position in the spray. 

This is to be expected as the centrifuga! forces occurring during spray 

formation introduce radial gradients in the latter. Accordingly, a method 

of measuring the spray drop velocity by means of direct photography with 

a high speed motion picture camera was developed. 

a) PhotographY of Spra.y Drops 

The physical arrangement of the cross-current flow equipment was 

such that photography of the spray in the drying chamber was impossible. 

Consequently, equipment per.mitting the spray velocities to be determined 

under roughly similar evaporation conditions was constructed. This 

equipment consisted of an S-in. outside diameter lucite cylindrical column, 

5 ft. long and with a wall thickness of ~~ in. The spray nozzle was 

fitted at the top of the column in such a manner that the axis of the 

spray coincided with that of the column. Circular holes were eut in the 

column wall at distances from the nozzle corresponding to the distances 

of the midpoints of the horizontal sections of the cross-flow equipment. 

Thin optical glass disks were glued into these holes and the window so 

produced eliminated errors in focusing through the curved lucite column 

wall. 
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The camera used was a 16-nm. Fastax High-Speed Motion Picture 

Camera No. WF-3., manufactured by the Wollensak Optical Company. Camera 

speeds of 8000 frames per second were obtained and this permitted drop 

velocities of up to 200 ft./sec. to be measured. A small depth of focus 

is essential as otherwise the measurement of drop diameters would be 

impossible. This was accomplished by means of a 101-nun • ., f/3.5 lens with 

suitable extension tubes. Illumination of the spray was achieved by a 

1000-watt flood lamp. Black cardboard screens with slits were used to 

provide a parallel beam of light as weil as the most favourable background. 

The optimum angle between the camera and the illuminating beam of light 

was experimentally determined to be 135 degrees. 

The main difference between the conditions existing in the lucite 

column and those in the cross-current spray chamber is the air flow pattern. 

For the cross-current flow the spray is deformed and flattened., while in 

the lucite column the air entrained by the jet action of the pneumatic 

nozzle enforces the spray drop velocities. A correction for this 

difference was made by subtracting the air velocity from the measured drop 

velocities. 

Control of the camera voltage and illuminating light was obtained 

with a Wollensak Goose Control Unit. This deviee regulates the voltage 

and consequently the speed of the camera., the duration of the supplied 

voltage., and the illuminating flood lamp switch. Also a timing-light 

generator was incorporated into the circuit. This is a square wave 

generator., and it was used to activate the timing pulse of the camera which 

flashed a light for the duration of a few microseconds ever.r 1/100 or 1/1000 
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of a second. By means of this arrangement the ti.me which elapsed between 

successive pictures could be measured. A photograph showing the layout 

of the equipment is given in Fig. 4. 

The first step in the experimental procedure was to adjust the 

position of the high speed csmera until it was focused on a point on the 

axis of the spr~. This was achieved by suspending a plumb line from the 

nozzle orifice and focusing on the line. Incidentall.y this served as an 

excellent check on the alignment of the lucite column. The light beam 

was also adjusted so that the plumb line was brightly illuminated. The 

flow rates, temperatures, and pressures of the fluid streams to the nozzle 

were regulated to correspond with the values used during the evaporation 

tests in the cross-current equipment. A sui table csmera voltage - and 

consequently speed - was selected in order that the spray drops would 

appear on at least three consecutive frames. This selection procedure 

resulted from trial and error tests. One 100-rt. reel of Wollensak 

Fastax safety motion picture film type 931 was taken for each spray 

velocity determination. When developed, these films showed the drops as 

black streaks on a light background, indicating that refracted light from 

the drops was recorded on the film. 

A similar procedure was used to photograph the spray drops in the 

co-current flow drying air chamber. Here the cylindrical dr,ying chamber 

was fitted with glass windows, and so could be considered as being optically 

analogous to the lucite column. Thus photography of the spray drops under 

actual experimental conditions, i.e., measured evaporation rates, drop size 

distributions, drying air flow and temperatures, and spray temperatures, was 
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Fig. 4. Equipment for Determining Drop Velocities 



achieved. 

b) Determination of Drop Velocities 

Ana.lysis of the Fastax high speed films was accomplished by 

means of a 16-mm. Craig Projecto-Editor. This viewer projected the 

llS 

film onto a ground-glass screen. The Fastax camera was operated with a 

magnification of O.S62X and the film viewer enlarged the image by a 

factor of ll.l.X, thus producing an overall magnification of 9. 7X. Visual 

detection of drops of diameter less than 10 microns was therefore 

impossible. The grain of the Fastax high speed film was 54 linas per mm. 

and thus the resolution would not permit drops smaller than 10 microns to 

be photographed clearly. Accordingly the measurement of velocities for 

the very small drops had to be abandoned. An increase in the magnification 

of the picture taken by the Fastax camera would reduce the field of view 

and consequently the number of frames on which a particular drop appeared. 

As the larger drops travelled at velocities of over 100 ft./sec. near the 

nozzle and the field of view was 0.70 cm., a camera speed of SOOO !rames/ 

sec. was required to obtain a picture of the same drop on two successive 

frames. 

The sharpness and intensity of colour of the streak observed 

on the ground-glass screen served as an indication of the accuracy of 

focusing on a particular drop. Measurements were taken only on drops that 

appeared as a sharp dark mark on the screen. A cathetometer was used to 

measure the thickness of the streaks. The instrument was fitted with a 

moving cross hair and a vernier ecale, and the magnification so produced 
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enabled drop sizes to be measured within 2 or 3 microns. Corresponding 

velocities were easily calculated from measurements of the distance 

travelled between successive frames. The time elapsed between successive 

frames was obtained by counting the frames between successive timing light 

marks on the film. 

Tables of the drop velocities and diameters measured for both 

pneumatic and pressure nozzles under the various operating conditions given 

in Table III appear in Appendix I. These resulta are presented graphically 

in Fig. 5 to 13. The air velocity in the column, VG, is shown as a dotted 

line. The effect of drop diameter on the velocity is clearly shown to be of 

great signii'icance. This can be attributed to the greater kinetic energy 

retention of large drops. Considerable scatter appears, but it should be 

remembered that the factors influencing the velocity of the spray drops 

are many and complex. The zœchanism. of atomization is such that spray 

drops of the same size but occupying different radial positions in the spray 

can easily have different initial velocities. Also the high levels of 

turbulence intensity ( circa 2<1,t) can lead to marked differences in the fluid 

resistance to the motion of the spray drops. In view of these considerations, 

it would appear that the fluctuations in the experimental observations were 

probably not excessive. 

Fig. 5 to 13 illustrate the effects of the atomizing variables 

and evaporation on the drop velocities. Thus much higher drop velocities 

are obtained from pneumatic nozzles than from pressure nozzles, and an 

increase in the flow rate or pressure of either fluid stream resulta in an 

increase of the drop velocities. The effect of evaporation is more complex. 



TABLE III 

NOZZLE OPERATING CONDITIONS 

Nozz1e Pressure Run No. Spray Water Stream Atomizi.n,g Air Stream 

Range Angle qL PL TL qA PA tA 
degree 1b./hr. p.s.i.g. OF. 1b./hr. p.s.i.g. OF. 

Pneuma.tic 1ow 1-12; 
(J/4) JN No. 12 pressures 21-24 12 2.00 14.9 76-92 5.45 25.0 65-100 

Pneumatic mixed 
(1/4) JN No. 12 -pressures 14 2.00 20.3 76-92 7.20 35.0 65-100 

Pneuma.tic high 
25-30 (1/4) JN No. 12 pressures 15 4.40 25.0 62-75 7.20 35.0 65-100 

Pneumatic 
31-34 (1/4) JN No.22B - 20 6.00 6.0 62-81 20.5 25.0 65-100 

Pressure 
13-20 (1/4)LNNSS No.1 - 60 5.01 99 76-90 

Pressure 
35-43 (1/4) LN No. 1 - 60 12.00 95 90-250 

~ 
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There is little effect close to the nozzle, but when a considerable fraction 

of the spray has evaporated, lower spray velocities are obtained. This 

appears to be a combination of two opposite effects caused by evaporation: 

1 - A reduction in the mass of the spray with decrease in the 

kinetic energy available for penetration of the surrounding air; 

2 - Since the rate of evaporation in a spray controls the rate of 

change in the size of the drops, the greater the evaporation rate, the 

larger will be the initial drop diameter required to produce a drop of 

given size at a fixed point in the spray. But the velocity of any given 

drop is governed by the velocity with which it leaves the nozzle, and as 

this initial velocity increases with particle size, the velocity of the 

drop at the given point in the spray tends to increase with increasing 

evaporation rate. 

c) Calculation of Drag Coefficients 

The measurements of drop velocitie s in the lucite colu.mn were 

made under conditions of negligible evaporation. Consequently the data 

so obtained were used to compute drag coefficients. Values of the 

relative drop velocity with respect to the surrounding air were required 

for these calculations. The various methods of determining the air 

velocity in a spray are discussed in detail in a subsequent chapter; only 

the result of the method which was finally selected will be given here. 

Briefly, this method consists of extrapolating the drop velocity - drop 

diameter graphs to zero diameter and of taking the value of the intercept 

on the velocity axis as the air velocity. 
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An analysis of the forces acting on a drop falling under the 

influence of gravity yields the expression: 

mg(pL- fG)/ fL- CDAfVR2fr/2 = m(d~/d9) ••• (165) 

Since f G may be neglected in comparison with f 1, this equation 

may be put into incremerrtal form as follows: 

••• (166) 

Substitution of the change in the relative velocity at different 

distances from the nozzle for a drop of constant diameter enabled the 

drag coefficients to be evaluated. Tables of the drag coefficients with 

the corresponding Reynolds Numbers are given in Appendix II. A graphical 

comparison with the data of Hanson (79) and Ingebo (99) is given in Fig. 

The values of the drag coefficients obtained are lower than 

those indicated by the standard curve by a factor of approximately 10. 

This conforms with the data of Hanson and Ingebo. A trend for the larger 

drop sizes to have higher drag coefficients was noted and this indicates 

the possibility of the size of the particle having an influence on the 

drag coefficient. 

3. SPRAY DROP TEMPERATURE 

There is considerable evidence in the literature indicating that 

evaporating sprays remain at the wet-bulb temperature of the drying air 

(28, 40, 79, 99, 110, 112, 147, 175, 184, 188). In particular the work of 

Kinzer and Gunn (110) is most impressive. They co11ected samples of the 
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spr~ in a water bath, the temperature of which was thermostatically 

controlled. Differences in the temperature of the spray and the water 

bath were detected by means of the scattering of light beams. This 

scattering was produced by differences in the refractive index and density 

of the water due to a temperature gradient. This method proved to be 

extremely sensitive and by var,ying the temperature of the water bath the 

spray drops were shown to be within 0.2°F. of the wet-bulb temperature. 

Accordingly, a thermocouple probe was constructed for use in 

measuring the spray temperature. This deviee consisted of a copper

constantan thermocouple mounted inside a No. 16 hypodermic needle. The 

end of the thermocouple protruded about 3/4 in. beyond the needle tip 

and a soldered junction was made at the ver,y end. The head of the 

hypoder.mic needle was fitted to a suitable plug for the sample port of 

the dr,ying chamber. In order to prevent excessive accumulation of spray 

drops, the tip of the thermocouple was bent slightly downwards. When the 

deviee was inserted into the spray, the liquid drops would accumulate and 

then fall off under the effect of gravity. This continual flow of liquid 

drope kept the tip at the spr~ temperature. The thermocouple leads were 

connected to a Leeds and Northrup potentiometer capable of measuring 

temperatures to 0.3°F. The spray temperature so determined agreed closely 

(within 1.0°F.) with the wet-bulb temperature of the drying air. 

This probe was also used to determine the spread of the spray; 

as when placed outside of the spray, the temperature of the d.rying air was 

recorded. The line of demarcation between the dr,y-bulb and wet-bulb 

temperature enabled the boundaries of the spray to be determined. 
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4. EVAPORATION FROM SPRAYS 

An accurate method of measuring the evaporation from the spray 

is essential for the determination of the rates of heat and mass transfer. 

A very convenient solution to this problem was found, which consisted of 

adding a dilute solution of a highly coloured qye to the water prior to 

spraying and of measuring colourimetrically the change in concentration 

of the Qye as evaporation proceeded. A strawberry-red vegetable qye 

proved to be ideal for this purpose, as colour changes corresponding to 

one part in ten million could be detected. This pennits the use of very 

low qye concentrations in the feed solution, of the order of one part per 

ten thousand. Changes in the physical properties of the spray due to the 

presence of the qye were negligible as the mole fraction of the qye was 

extremely small, in view of its high molecular weight. Also no surface 

active properties were imparted, such as a depression of the surface 

tension. 

a) Determination of Colour Intensity 

Samples of the spray were collected under a silicone oil in 

5-ml. weighing bottles which were introduced into the spray by means of 

an aluminum holder. The design of the bolder, shown in Fig. 3, was such 

that the·weighing bottle was completely protected from the spray and no 

evaporation of the drops could occur after collection. A careful survey 

of the commercially available silicone oils was made and Dow Corning 

Silicone Oil No. 200 was chosen because of its low surface tension, low 

viscosity, very low vapour pressure (0.5 mm. Hg at 200°F.),and its 
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complete immiscibility with water and with the vegetable qye. The weight 

of the sample was obtained on a semimicro-balance capable of accurate 

detection of weight changes of one-tenth of a milligram. Exposure times 

in the spray were controlled so that approximately 100 to 1000 mg.-samples 

were obtained. 

The contents of the weighing bottle were then transferred to a 

25-ml. volumetrie flask and diluted with distilled water. As the 

silicone oil was immiscible and floated to the surface, most of it could 

be removed with a syringe before the flask was made up to the mark. 

A Fisher Scientific Neofluoro-Photometer was used to measure 

the colour intensity of the solutions. The most suitable filter was 

round to have a wavelength of 525 millimicrons. For all analyses the 

standard comparison cell contained distilled water. The calibration curve 

shown in Fig. 15 was obtained from measurements on prepared samples of 

known concentration, with and without silicone oil. The oil was round to 

have no noticeable effect on the colour intensity. The linear relation 

between the 1ogarithm of the 1ight absorption and the concentration of 

the strawberry-red qye demonstrates the applicability of the Beer-Lambert 

Law over a range of 1 part per 105 to 1 part per 10 7• 

b) Sources of Error 

The major source of errer is the deflection of the smaller spray 

drops due to the separation of the air-stream flow patterns around the 

sampling deviee. The size of the bottle and helder is appreciable and 

must cause seme disturbance of the spray flow. In order to test the 
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accuracy of the method a one inch microscope slide was oiled and inserted 

into the spray. EXamination under a microscope revealed the presence of 

an appreciable number of drops under five microns diameter, even though 

the work of Geist et al. (67a) predicts low impaction efficiencies. As 

previously mentioned the presence of these small drops indicates that the 

collection efficiency of the larger drops was good. Due to the fact that 

the total weight of the spray contained by the smaller drops is negligibly 

small, the error incurred in sampling is insignificant. It should be 

noted that coagulation of the spray drops under the silicone oil is not 

undesirable and must occur in order to obtain an appreciable sample. 

Throughout the experimental procedure, extensive care was taken 

to obtain accurate resulta, and duplicata analyses agreed to within 3%, 

on an evaporation basis. 

5. AIR VELOCITY IN SPRAYS 

The determination of the air velocity in a droplet-laden system 

is extremely dif'f'icult. Since there is no known method of' direct measurement, 

the pertinent indirect approaches were considered. 

Venezian (254) reported that the air velocity profile upstream 

of a centrally located pneumatic nozzle in a cylindrical spray column 

remained unchanged when low water flow rates were used with certain nozzles 

(Spraying Systems Co., 1/4 JN No. 12 and 22B). In ether words, the presence 

of a low water feed rate had no effect on the upstream, air-velocity 

pattern. This suggested that air velocities which were determined with the 
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discharge of only atomizing air from the nozzle could be applied to actual 

spray conditions. A standard pitot tube and a special wedge-shaped probe 

developed b.Y Stachiewicz (224) were used to measure the air velocities 

under conditions of no water flow. (Photographs of these probes are 

shown in Fig. 16. The velocity profiles obtained were similar to those 

reported in the literature 4, 6, 28). 

However, these resulta were obtained during unrealistic operation 

of the pneumatic nozzles. Small drops are considered to be excellent 

tracers for air velocities in turbulent systems (44, 246). Consequently 

a better method of estimating the air velocities in the spray is the 

determination of the intercept on the velocity axis of the drop diameter

drop velocity graphs (Fig. 5-13). The main source of error is the actual 

determination of the drop velocities in this range. As the terminal 

settling velocity of spr~ drops is extremely low (172, 175), the absolute 

drop velocities approach that of the air stream at appreciable distances 

from the nozzle. The air-velocity profiles obtained nearer the nozzle 

are in agreement with those presented in the literature (4, 6, 28). 

6. AIR TEMPERATURE IN SPRAY 

The measurement of the drying air temperature is very important 

as the driving force, i.e., temperature difference, for heat transfer, 

must be known accurately. Different methods of obtaining the correct air 

temperatures were used for cross-current and co-current air flow. 
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a) Cross-Current Air Flow 

No difficulty was experienced in measuring the temperature of 

the dr,ying air entering the horizontal sections of the dr.ying chamber. 

Standard recalibrated mercury thermometers of range 0 to 150°C1 in 

1 C. 0 -divisions were used. However, the determination of the exit air 

stream temperature was complicated b,y the entrainment of the smaller spray 

drops. The very low relative velocity between the drops and the air, 

combined with a low absolute air velocity (circa 5 to 10 ft./sec.) made 

the protection of the thermometer bulb very difficult. Two concentric 

aluminwn foil shields proved to constitute the most successful design. 

The inner shield was of 0.4 in. diameter and was designed to reduce 

radiation affects from the cold surface of the outer shield. This shield 

was considerably larger (diameter 0.9 in.) and extended 1 in. beyond the 

bulb of the thermometer. The curved lip of the top edge was designed to 

prevent the water drops from accumulating and falling past the unprotected 

side of the thermometer. A sketch of the shield is given in Fig. 3. 

Mercury thermometers of range 0°C. to ll0°C. calibrated in 1 c. 0 -divisions 

were used. 

The possibility of using a thermocouple instead of the thermometer 

was investigated, since it would have offered the advantage of reaching 

equilibrium within a very short time. However the results obtained with 

thermocouples showed wide fluctuations and inconsistencies, which were 

attributed to the periodic wetting of the thermocouple junction by small 

spray drops. The thermal inertia of the mercury thermometer bulb was 

large enough to eliminate auch transient affects. 



b) Co-Current Drzing Air Flow 

The technique used to measure the air temperatures for this 

type of flow was very similar to that used by Dlouhy (40). A somewhat 

larger aluminum foil shield of diameter 0.8 in. and length 2.5 in. was 

used (Fig. 3). Also the insulation of the thermometer stem was improved 

by means of a double-jacketed glass cover. The whole deviee was attached 

to a transite plug designed to fit.the sample port and the arrangement was 

such that the movement required to obtain a temperature traverse was 

possible. An accurate 0 to 100°C. mercury thennometer, calibrated in 

0.1 C. 0 -divisions was used for most of the temperature readings but for 

higher temperatures, a standard 0 to 150°C. mercury thermometer was used. 

c) Sources of Error 

In order to ascertain the effect of the shield on the thermometer 

reading, calibration tests were performed using droplet-free air streams. 

The resulta indicated that the thermometer recorded temperatures to 

within l°F. of the actual value. The extension of this to actual spray 

conditions is much more difficult. A quantitative mathematical ana1Ysis 

is impossible but conduction losses to the stem are very low. The 

criterion by which the usefulness of the shields should be evaluated is 

the ability to obtain reproducible resulta, while the accuracy of the 

results can be deduced from heat balances. 

It should be noted that the formation of a wake or eddy b,y the 

shielded thermometer promotes an air flow pattern which greatly increases 
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the beat transfer to the thermometer bulb. In this wake a region of low 

pressure occurs on the down-stream aide of the shield with the point of 

lowest pressure at the open end. The drying air flows around the shield 

to the thermometer and discharges at the open end. The reversal in the 

flow direction of the air separates the spray drops due to their kinetic 

inertia. 

7. DETERMINATION OF THE AIR HUMIDITY 

The change in the absolute humidi ty of the air during the drying 

of a spray is usually small (circa 0.005 to 0.015 lb. water/lb. dry air in 

this work) and so considerable accuracy was required in measuring the 

absolute humidities. 

There are several experimental methods of measuring the air 

humidity, and these can be conveniently divided into three classes. Firstly, 

there are those methods that depend on a change in the physical properties 

of substances in contact with wet air. The various types of hygrometers, 

thermal conductivity measuring deviees for wet air, conductance cella made 

of palladium wires coated with lithium chloride are examples of this class. 

Secondly, there are absolute methods whereby the water vapour in the air 

sample is removed by a chemical reagent and the water present is determined 

either gravimetrically or by recording a change in volume. Thirdly, the 

possible equilibrium conditions between water and air provide two widely 

used techniques, lmown as the dew-point and wet- and dry-bulb methods, 

respectively. 



The accuracy with which the air humidity can be determined using 

hygrometers was inadequate for the present study. Similarly, the more 

re:fined techniques based on physical changes su:f:fer from the additional 

disadvantages of a narrow range of application and necessity of frequent 

calibration. 

Both of the remaining classes held distinct promise, and so were 

thoroughly investigated. Volumetrie and gravimetrie absolute methods were 

developed and tested against the dew-point and wet-and-dr,y bulb methods. 

a) The Gravimetrie Method 

In this method the weight of water vapour in an air sample was 

measured by means of absorption by molecular sieve pellets which were 

suspended :from a quartz spiral. The maas of dr,y air remaining was then 

calculated from temperature and pressure measurements. Un:fortunately, the 

molecular sieve pellets absorbed carbon dioxide gas as well as the water 

va pour in the air sample, and so the gravimetrie method could only be 

applied to air samples from which the carbon dioxide had been previously 

removed. 

(i) Eguipment 

The apparatus consisted of a 1.5-in. internal diameter glass tube, 

50 in. long, fitted with ground-glass joints at both ends. A cross bar 

was sealed into the top joint so that the quartz spiral could be suspended. 

This spiral had been previously calibrated and had a sensitivity of 0.08 
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cm./mg. with a total load capacity o~ 400 mg. Fourteen 1/16-in. pellets 

(.350 mg.) of molecular sieve type 4A were suspended in a kite-tail 

arrangement from the bottom of the spiral by means of a ver,y fine copper 

wire. Changes in the length of the spiral were measured by means of a 

cathetometer which enabled the weight o~ the pellets to be determined to 

0.1 mg. A mercury manometer made from capillar,y tubing was attached to 

the main glass column. The temperature of the air in the column was 

measured by a mercury thermometer of range 0 to 150°C., calibrated in 1 C. 0
-

divisions. This thermometer was suspended from a steel spring which fitted 

into the bulge of the upper ground glass joint. To provide hot air for 

the regeneration of the molecular sieve pellets, a nichrome heating wire 

was wrapped around the lower part of the column. Stainless steel wool 

was placed inside the bottom part of the column to promote the rapid 

transfer of heat from the hot wire to the air in the column. A schematic 

diagram of the equipment is shown in Fig. 17. 

(ii) Procedure 

Before each adsorption test, the water vapour remaining in the 

molecular sieve pellets from the previous test had to be removed. In order 

to achieve this, clean air was passed through a tube containing calcium 

chloride and into the bottom of the sampling column. The air was heated 

to approximately 200°C. as it rose slowly through the steel wool. Complete 

regeneration of the molecular sieve pellets was achieved in about hal! an 

hour. The column was then completely evacuated by means of a Cenco-ayvac 

vacuum pump capable of reducing the pressure in the vessel to 0.1 mm. Hg 
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abs., and allowed to cool to room temperature. The length of the quartz 

spiral was read to within 0.01 mm. with a cathetometer. Due to rotational 

effects, both ends of the spiral had to be read to obtain the correct 

length. 

The sample of air was then admitted b.1 opening the top stopcock. 

It was found that at least eight hours were required for complete 

adsorption of the water vapour in the air. When no further extension of 

the spiral was noted over a period of four hours, the length of the spiral 

was again read. The temperature and pressure of the dry air remaining in 

the column were also recorded. Atmospheric pressure was measured with a 

Welch Scientific barometer installed in the laboratory. The absolute 

humidity of the air sample is simply the ratio of increase in weight of 

the molecular sieve pellets to the wei.ght of drying air remaining in the 

vessel. The latter weight was calculated from the ideal gas law. 

b) The Volumetrie Method 

The principle of this method and that of an Orsat Gas analyzer 

are identical. The water vapour in a sample of air was removed by contact 

with magnesium perchlorate and the operation followed volumetrically in a 

gas burette. 

(i) Eguipment 

Measurement of the air sample was accomplished in a precision 

Mine Air Gas burette (Fisher Scientific Company No. 10-60062). The 
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lowest and narrowest section (94 to 100 ml.) was graduated in 0.05 ml. 

divisions and so volume changes of 0.01 ml. could be detected. The burette 

was surrounded by a water jacket in which a comparison tube was also 

installed. This comparison tube was connected through a check valve and 

levelling tube to the burette. From the burette the air could be passed 

by raising the levelling bulb through a U-tube containing magnesium 

perchlorate into a self-sealing mercury reservoir. This mercury seal 

consisted of two chambers so constructed that the air could be passed 

into the lower compartment and so force the mercury into the upper section. 

When the air was sucked back into the burette, the mercury flowed back 

into the lower chamber. A fixed leval of mercury in the lower chamber was 

obtained by means of a pilot light circuit with contacts sealed into the 

mercury chamber. Magnesium perchlorate was chosen as the dehydrating 

agent in the U-tube as it does not absorb carbon dioxide or any gas ether 

than water vapeur. It also possesses a high drying capacity. 

The U-tube and mercury seal were immersed in a constant 

temperature water bath. Water from the bath was circulated rapidly through 

the water jacket surrounding the burette by means of an 1./100-h.p. Eastern 

Industries Mi.dget centrifugai pump. The temperature control was found to 

be better than 0.5°F. The comparison tube placed in the water bath served 

as a safeguard against a change in atmospheric pressure or water bath 

temperature, as any change in these variables affects both the gas in the 

burette and comparison tube equally. A photograph of the equipment is 

shown in Fig. lS. 
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Fig. 18. The Volumetrie Method of Humidity Measurements 
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(ii) Procedure 

The water bath was first brought up to a temperature above the 

dew point of the air sample and fifteen minutes allowed for steaqy 

conditions to be reached. During this time, the water was circulated 

through the jacket so the burette and comparison tube would be at the 

same temperature as the water bath, and a check on the level of mercury 

in the mercury seal made. The pressure of the air in the comparison tube 

and U-tube were equalized to that of the atmosphere. As soon as this 

condition was achieved, the levelling tube was connected to the comparison 

tube for the remainder of the test. 

Any residual air in the gas burette was expelled and the sample 

of air was drawn in slowly from the collection bottle with the mercur.y 

levelling bulb. The sample was allowed to reach constant temperature 

before its pressure was balanced with that iri .the comparison tube, and 

the volume read. The air was then passed slowly at about 1 ml./sec., 

through the U-tube into the mercury seal cham.ber and drawn back to the 

burette at approximately the same rate. Control of the level of the 

mercur,v seal was effected through the pilot light. After the pressure of 

the air sample in the burette had been readjusted to that in the comparison 

tube the new volume was recorded. Two or three passes through the 

magnesium perchlorate U-tube were found to be adequate. The absolute 

humidity of the air was then obtained from the following formula: 

H = (change in volume/final volume)(lS/29) ••• (167). 



c) The Dew Point Method 

A 400-ml. round lipped beaker served as the sample container. 

This beaker was sealed with a rubber stopper through which a thimble and 

two tubes were inserted (Fig. 19). The tubes served as inlet and exit 

sampling ports while the thimble provided the polished surface. Good 

heat transfer to the thimble and a bright surface are essential and so 

the thimble was made of copper and chrome-plated. 

Control of the temperature of the thimble was accomplished b.r 

circulating water through it at a high flow rate. A precision mercury 

thermometer 0 to l00°C. with 0.1 C. 0 -subdivisions was used to measure the 

water temperature. Two copper coils immersed in large beakers were 

included in the water circuit together with a 1-litre Florence flask 

serving as a reservoir. By filling the beakers with melting ice or hot 

water the temperature of the water in the thimble could be regulated as 

desired. 

The residual air in the instrument was displaced by flushing 

for about five minutes before admitting the sample of air. The temperature 

of the thimble was then reduced at the rate of about l°C./minute. As soon 

as the first signs of moisture appeared on the thimble the cooling was 

stopped and the temperature recorded. A law-power cathetometer microscope 

was used to observe the highly-polished surface and the appearance of 

moisture was easily detected. The temperature of the circulating water 

was then slowly raised, and when the deposited moisture disappeared the 

temperature was again recorded. The dew point was taken as the mean of 
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Fig. 19. The Dew Point Method of Humidity Measurements 
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the two temperatures and the humidity of the sample calculated from the 

formula: 

where p - the vapeur pressure of water at the dew point in s 

nun. Hg; 

P - total pressure of air sample in mm. Hg. 

d) The Wet and Dry Bulb Method 

••• (16B) 

The U-tube arrangement shown in Fig. 20 was used and the air 

entered in one of the arms where the dry-bulb temperature was measured 

with a mercury thermom.eter. Another thermometer with its bulb wrapped 

in a cloth wick was placed in the second arm. The ether end of the wick 

dipped through a hole in the bottom of the U-tube into a 100-ml. 

Erlenmeyer flask containing distilled water. This enabled the wet-bulb 

temperature to be recorded. 

The air was passed through the u-tube at a constant rate for as 

long as possible, the limiting factor being the aize of the air sample. 

However five to ten minutes were found to be satisfactory. The equipment 

was usually connected in series with the dew point apparatus so that the 

same air used in flushing the samp1e beaker could be used in obtaining 

equi1ibrium conditions. When steady state conditions were obtained, both 

thermometers were read and the abso1ute humidity determined from a water -

air humidity chart (152, 171, 257). 



Fig. 20. The Wet- and Dry-Bulb Method of Humidity Measurements 



e) Comparison of Methods 

To test the accuracy and precision of the various methods of 

humidity measurement, air of known humidity was prepared by several 

different methods. These included addition of water to bone-dr,y air 
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made from bottled oxygen and nitrogen, and saturation of room air after 

carbon dioxide removal. Removal of carbon dioxide was required if the 

gravimetrie method was to be used as the molecular sieve pellets adsorbed 

carbon dioxide. Tests using partially saturated room air were also 

performed. 

The synthetic air was prepared in a 20-litre glass jar. This 

jar was flushed thoroughly with nitrogen from a gas cylinder and then 

evacuated to 79% of the original pressure. Oxygen was then admitted 

until the pressure was the same as it was originally. This technique 

enabled absolutely dr,y air (without carbon dioxide and the minor gases) 

to be prepared. A small glass capsule was used to introduce a known 

weight of water into the vessel. The glass capsule was weighed, distilled 

water added from a microsyringe and then sealed and reweighed. The capsule 

was placed in the glass jar before the dr,y air was prepared. Release of 

the water contained by the capsule could be effected by shaking the glass 

jar until the thin glass capsule broke. Tests showed that all of the 

water evaporated within one hour. EXpulsion of the air from the glass jar 

was effected by inflating a thin rubber balloon which was suspended in 

the vassel • 

. The carbon dioxide-free, saturated air was prepared by bubbling 
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air from the laboratory compressor through packed towers containing warm. 

potassium hydro.xide solutions. The air was then passed counter-currently 

to cold distilled water through an absorption column. At this point, 

the final adjustment in the humidity was made by passing the air through 

a colUIIUl packed with glass wool and surrounded by a water jacket. A 

mercury thermometer graduated in O.l°F.-divisions was used to measure the 

temperature of this jacket. The air so prepared was stored over oil in 

an aluminum gasometer or sucked into the glass jar used in the previous 

method. 

Partially saturated room air was obtained by drawing air through 

a water bubbler into the glass jar. The humidity of the air so produced 

could be varied by changing the rate and time of bubbling as well as 

the temperature of the water in the bubbler. 

The resulta of the tests performed using the prepared samples 

of air described above are given in Appendix III. It should be noted 

that the most accurately prepared air was the synthetic air as ail the 

required measurements cou.ld be made with accuracies of 0.1% or better. 

On the other hand, a change in the temperature of one Centigrade 

degree in the water jacket used for the preparation of the air samples 

corresponded to a change of 6% in the humidity of the air. Renee the 

accuracy of the methods is assessed primarily from the tests performed 

using the synthetic air. The comparison of the four methods given in 

Table IV clearly indicates why the volumetrie method was selected. 



TABLE IV 

COMPARISON OF HUMIDITY-MEASUREMENT METHODS 

Method Gravimetrie Volumetrie Dew Point 

Humidity range 0,000 to 0,025 0.000 to 0.040 0,005 to 0,030 
obtainable 

Humidity change 0,0002 0,0002 0.0004 
detectable 

Time required 6 to 24 hr. 20 min. 20 min. 
for test 

Sample used 1000 ml. 150 ml. 1500 ml. 

Ease of operation Time consuming Very easy Hard on eyes 

Main source of Measurement of Balance of pressures Detection of 
errer spiral extension in burette and the deposition 

comparison tube of moisture 

Wet- and D:ry-Bulb 

0,005 to 0,030 

0,0010 

10 min. 

several litres 

Very easy 

Establishment of 
equilibrium 
conditions 

1--' 
Vl 
Vl 
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f) Sampling Techniques 

One of the most important and difficult operations is the 

collection of a representative sample of the air from the drying chamber. 

Again, the method of sample collection varied with the flow patterns of 

the drying air. 

(i) Cross-Current Drying Air Flow 

Due to the extremely fine mist encountered in this type of flow 

an impact separator was used to remove the spray drops from the air. The 

sampling deviee consisted of a small l-in. diameter glass bottle filled 

to a depth of one inch with a non-volatile silicone oil (Fig. 21). An 

empty glass tube, the end of which was attached to a Weatherhead compression 

fitting, was inserted through the rubber stopper in the bottle. The end 

of the tube dipped below the silicone oil and a small pad of glass wool was 

inserted into the Weatherhead cap. When the air from the spraying chamber 

was drawn rapidly through the inlet tube into the bottle the water drops 

were impacted on the glass wool and thus separated from the air. An exit 

tube was also inserted into the rubber stopper and this was connected to 

a sample bottle of the desired size. The effectiveness of this method 

depends to a large extent on the velocity of the air entering the tube and 

the samples were therefore taken as quickly as possible. 
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(ii) Co-Current Drying Air Flow 

For this case it was found to be possible to obtain a 

representative sample by withdrawing the drying air counter-currently to 

the direction of the air flow. The design of the sampling deviee is 

shown in the sketch in Fig. 21. The outer tube surrounding the sample 

tube prevented the spray drops .from wetting the surface of the sampler. 

A marked decrease in the sample air velocity was achieved by using an 

expanded section at the sample point. Control o.f the flow rate was 

maintained by means of a constriction incorporated into the sampling 

tube. An evacuated sample bottle was connected to the exit of the sample 

tube. 



II. EVAPORATION WITH CROSS-CURRENT FLOW 

The use of a cross-current flow of dr,ying air to measure the 

evaporation rates from a spray at small distances from the nozzle appeared 

to off er many ad.vantages. By guiding the air at right angles to the 

vertical spray through horizontal compartments, in a specially constructed 

drying chamber, it was expected that better contact and more rapid 

penetration of the spray by the dr,ying air could be achieved than in 

conventional co-current flow. The increase in the humidity of the drying 

air from each compartment would provide an accurate and simple method of 

determining the rate of evaporation at various distances from the nozzle. 

Undue deformation of the spray could be avoided or minimized by using 

drying air flow rates considerably less than those usually encountered in 

co-current drying systems. Finally, it was expected that by working at 

low evaporation rates, experimental spray drop velocity data obtained 

separately under conditions of negligible evaporation in a lucite column, 

could be used for the calculation of the heat and maas transfer rates 

occurring in the actual equipment. 

1. FRUIPMENT 

To promote good contact between the drying air and the spray, 

the cross-sectional area available for the air flow had to conform with 

the shape of the spray. As the initial spray shape is conical, a 

trapezoidal dryi ng chamber consisting of six horizontal sections was 

constructed. The spray passed vertically downward through openings eut in 
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the partitions between the sections and was collected in a cylindrical 

air-tight tank under the spray chamber. A better understanding of the 

arrangement of the equipment can be obtained by consulting the accompanying 

photograph and drawing given in Fig. , 22 and 23. The control panel 

accommodated most of the control valves and metering instruments, thus 

greatly facilitating the operation of the equipment. It also permitted 

the immediate detection of any change in the operating conditions which 

occurred during a test. 

a) The Sprgy Chamber 

As was previously mentioned, the spray chamber was constructed 

in the form of a trapezoidal box, with the cross-sectional area available 

for the flow of the drying air in the shape of a trapezium with parallel 

sidas of 2 and 12 inches, spaced 36 in. apart. The overall length of the 

box was 30 in. These measurements refer to the internal dimensions of 

the chamber. Adequate insulation was provided by covering the l-in. 

plywood used for the construction of the box with layers of k-in. transite 

and l/8-in. arborite on the inside and outside respectively. These layers 

were glued together with Sauereisen cement and fastened with l/8-in. steel 

bolts, thus producing a rigid wall with the excellent insulating properties 

of transite, which is a compressed asbestos board. 

Dividing partitions of transite were fitted into the chamber so 

that six horizontal sections of height 3 in., 3 in., 4 in., 4 in., 4 in., 

and 6 in. respectively, were formed. All crevices and corners were made 

water-tight with Gasket-Goo, and several coats of high temperature aluminum 
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paint were applied until the transite became impervious to water. Circular 

holes were eut in these partitions so as to permit the spray to pass 

downward from the nozzle which was installed in the centre of the top 

surface of the chamber. The cylindrical drainage tank was fastened into 

the bottom of the chamber and this served as a reservoir for the 

unevaporated water which accumulated during a test. 

Visual observation of the spray was achieved by installing a 

9-in. x 30-in. x 3/4-in. pyrex glass plate in the front sloping side of 

the spray chamber. This was sealed into position by means of a supporting 

frame and a rubber gasket. Inlet and outlet dr.ying air ports were eut 

in the centre of the ends of each of the horizontal sections. Standard 

!-in. brasa nipples were fastened into these ports with locknuts and rubber 

gaskets. Another pair of ports was eut in the front side of each horizontal 

section to permit the insertion of thermometers for measuring the dr,ying 

air temperature. Finally, six more ports were eut in the back of the 

chamber in the centre of the horizontal section to permit the entr,y of 

the thermocouple probes used for measuring the spray temperatures. The 

physical measurements of the six horizontal sections comprising the drying 

chamber are presented in Table V, together with the corresponding data for 

the drying chamber used in the co-current flow tests which are described 

la ter. 

b) DEYing Air Circuit 

A Nash Bytor Compresser type 13, driven by a 15-H.P. Tamper motor, 

was used to supply the dr,ying air. In this type of compresser, the cooling 



TABLE V 

COMPARISON OF SPRAY CHAMBERS 

Section Distance Cross-sectiona1 Area 
from Nozz1e Avai1ab1e for Flow Lo·cation of Sampling Ports (in. f rom Nozzl e) 

in. Cross-Current 2 Co-Current 2 Cross-Current Co-Current Eguipment 
----- Eguipment - ft. Eguipment - ft. Eguipment Pneumatic Nozz1es Pressure Nozzles 

1 0-3 0.050 0.350 1.5 - 0.5 

2 3-6 0.066 0.350 4.5 4.0 4.5 

3 6-10 0.115 0.350 8.0 8.0 8.5 

4 10-14 0.0147 0.350 12.0 12.0 12.5 

5 14-18 0.0175 0.350 16.0 16.0 16.5 

6 18-24 0.304 0.350 21.0 20.0 20.5 

1-1 

~ 
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water comes into direct contact with the compressed air. Due to the low 

water temperature available, the humidity of the dr.ying air seldom 

exceeded 0.012 lb. water/lb. dr.y air. Control of the air flow rate was 

achieved by means of a 2-in. globe valve installed on the by-pass line 

across the compresser. The compressed air was metered by means of a 

Schutte and Koerting rotameter No. ?A-25, and passed through an electric 

heater. This heater was constructed in the laboratory and contained six 

1000-watt elements. A wide range of air temperatures was obtained by 

incorporating individual switches on the heaters, while automatic control 

was provided by means of a United Electric thermoregulator type EBN 

installed on the last element. 

From the heater, the air was passed to a 20-gallon surge tank 

in which the flow and temperature fluctuations could easily be removed. 

This tank was maintained at any desired temperature up to 300°F. by two 

gas ring burners located beneath it. The hot flue gases from these 

burners rose slowly in a transite box which was built around the surge 

tank. 

Separate feed lines of !-in. brass pipe were installed to convey 

the hot air from the tank to each of the six sections in the dr.ying chamber. 

A globe valve, a calibrated orifice connected to vertical water manometers, 

and a thermometer were included in each of the feed lines for the purpose 

of controlling and metering the air flow. The exit air flow from the 

horizontal sections of the drying chamber was similarly controlled and 

metered. Here the measuring procedure was simplified by the fact that 

the downatream pressure was always atmospheric. Brass piping and fittings 
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were used in all of the lines. Insulation of the feed lines was 

accomplished by building a box around the lines and filling the box with 

vermiculite. 

c) Atomizing Nozzle Circuits 

Two types of atomizing nozzles were used in this investigation: 

an internal-mixing, pneumatic nozzle - (1/4) JN No. 12 - and a hollow-cone 

pressure nozzle - (1/4) LNN SS No. 1 - both supplied by Spraying Systems 

Co., Chicago. The operating characteristics and capacity for these two 

nozzles were shown in Table!II. The feed to the nozzle was usually tap 

water but a feed tank was incorporated, from which a dilute solution of 

the red qye could be sprayed. Two strainers were installed in the feed 

line so as to remove any solid particles that might plug the narrow 

passages in these nozzles. Control of the feed stream was established 

by means of a 1/4-in. globe valve. A Schutte and Koerting rotameter No. 

2R was used to meter the flow while the pressure acting on the nozzle was 

measured with a 0 to 100 p.s.i.g. Bourdon gauge. 

The air used for atomization with the pneumatic nozzle was supplied 

b,y an Ingersoll Rand compresser. Control of the atomizing air pressure on 

the nozzle was effected by a 1/4-in. Taylor reducing valve. The air stream 

was metered similarly to the liquid stream and a strainer was included in 

the line to ensure good operation of the nozzle. The pressure acting on 

the nozzle was measured with a 0 to 60 p.s.i.g. Bourdon gauge. Mercury 

ther.mometers were installed in the respective feed lines, close to the 

nozzle. 
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2. PROCEDURE 

The operating procedure may be divided into two steps: the 

adjustment of the operating conditions, and the collection of the 

experimental data used in the calculation of the heat and mass transfer 

coefficients. 

a) Adjustment of the Operating Conditions 

The first step in the operation of the cross-current flow 

dr,yer was the regulation of the air streams in the horizontal sections. 

Consequently, the Nash Hytor compresser was started and the thermoregulator 

on the electrical heater set to the desired temperature. The gas ring 

burners under the surge tank were lighted. The control valves installed 

in the flow lines between the surge tank and the drying chamber were 

adjusted so that the flow rate of air to the individual horizontal 

sections would be approximately proportional to the cross-sectional area 

available for flow in each section. Also the valves in the exit pipes 

from the sections were adjusted so that the same mass of air left each 

section as entered it. In this way flow of uniform velocity was established 

in all the sections of the drying chamber. Any leak that developed at one 

of the many sampling ports in the equipment could be immediately detected 

by a discrepancy in the overall inlet and outlet flow rates. 

Readings of the thermometers installed in the horizontal sections 

of the drying chamber were also taken. These data enabled the heat losses 

to be calculated. At high temperatures the heat losses assumed significant 



proportions {circa 15%). As these losses were measured, the required 

corrections could be made. 

b) Collection of the Experimental Data 
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Following adjustment of the dr,ying air flow, the atomizing 

nozzle was put in operation. The controlling factor for both nozzles was 

the liquid feed rate; in the case of the pneumatic nozzle, the pressure 

of the atomizing air stream also required very close control, as it 

governs both the average droplet aize and the size distribution of the 

spray. Whereas fine atomization can be obtained from a pneumatic nozzle 

at any feed rate by proper adjustment of the air pressure, no such 

control can be obtained from a pressure nozzle, which must be operated 

very close to its rated capacity {which automatically sets the pressure) 

if good atomization is expected. 

Care was exercised in choosing the operating conditions of the 

nozzle so as to obtain as narrow a spray angle as possible. This reduced 

the possibility of the spray touching the walls of the spray chamber, and 

could be verified b,y visual observation through the pyrex glass window. 

Usually, there was no contact between the spray and the spray chamber for 

the first few sections when the pneumatic nozzle was used. Sorne wetting 

occurred after the fourth and fifth sections, and data taken in a section 

where wetting was observed were discarded. The pressure nozzle had a wide 

spray angle and consequently accurate data could only be recorded in the 

first three sections. 
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Half an hour was allowed for steaQy state to be established, 

based on the criterion that all the temperatures and flow rates remained 

constant for a period of 15 minutes. The following measurements of the 

spray and drying air properties were then taken: 

1. Atomizing and Dryin.g Air Streams 

- liquid feed flow rate, q1 = w1 (section 1); 

- liquid feed temperature, T1 = T1 (section 1); 

- liquid feed pressure at nozzle, P1 ; 

- concentration of red dye in feed, c1 (section 1); 

- atomizing air flow rate, qA = wal (section 1); 

- atomizing air temperature, tA= tal (section 1); 

- atomizing air pressure at nozzle, PA; 

- atomizing air humidity, Hal (section 1); 

- overall drying air flow rate; 

- overall drying air temperature; 

- overall drying air humidity. 

2. Dtying Chamher Data for each Section 

- inlet drying air flow rate, wdl; 

- inlet drying air temperature, tdl; 

- inlet drying air humidity, Hdl; 

- inlet drying air pressure; 

- outlet drying air flow rate, wd2; 

- outlet drying air temperature, td2; 

- outlet drying air hurnidity, Hd2; 

- wet-bulb temperature of outlet drying air; 



drop size distribution of spray, and bence dvs; 

concentration of red qye in spray, c; 

- inlet spray temperature, T1; 

- outlet spray temperature, T2• 

3. CALCULATIONS 

a) Ana1ysis of Flow Pattern 
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The careful adjustment of the drying air flow streams prior 

to spraying enabled the effect of the atomizing streams on the flow 

pattern to be determined. Fig. 24 illustrates the various flow streams 

entering and leaving each of the horizontal sections of the drying 

chamber. The outlet drying air flow rates measured by the calibrated 

orifices had to be corrected for the entrainment of the spray drops by 

the drying air. The effect of entrainment is to increase the density 

of the fluid and this causes an increase in the pressure drop across the 

metering orifice. The correction procedure consisted of changing the 

measured exit flow rates by a correction factor which was simply the 

ratio of the overall measured exit flow rates to the overall inlet flow 

rates. 

For the runs with the pneumatic nozzle, it was observed that the 

outlet drying air stream,wd2(cor.), was nearly always greater than the 

corresponding inlet stream,wdl. This was attributed to the redistribution 

of the atomizing air stream (wal for Section 1). There was practically 

no change in the drying air streams for the pressure nozzle tests. 
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FIG. 24. Schematic Diagram of Flow Pattern in Any 

Section of Cross-Current Spray Chamber 
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Before any material or heat balances can be made, several 

average temperatures must first be defined: 

' tl= (wdltdl + waltal)/twdl + wal) ••• (169) 

••• (170) 

••• (171) 

••• (172) 

For the pneumatic nozzle runs, the atomizing air was at 

approximately 85°F. and usually of humidity 0.01 lb. water per lb. dry 

air, and was considered to be adiabatically cooled to saturation at 71°F. 

and humidity of 0.014 lb. water per lb. dry air in the first section. 

This operation and the establishment of the spray at the wet-bulb temperature 

of the drying air stream were assumed to occur simultaneously. It should 

be noted that the mass of water evaporated by this process was negligible 

compared to that occurring during the subsequent dr,ying. 

The determination of the spray drop velocities by means of 

high speed cinematography of the drops was not possible in the drying 

chamber proper. However, drop velocity data obtained under conditions of 

practically no evaporation in a separate lucite column appeared to apply 

validly to the cross-flow tests as the evaporation occurring in the latter 

was relatively low. A correction for the different flow patterns in the 

lucite column and the cross-current flow dryer was required, as the do~ 

ward flow of air in the lucite column was appreciable. The most logical 

approach was to consider that the spray drops penetrated the cross-current 
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dr,ying air stream at an absolute velocity equal to the difference between 

the measured velocities and the overall downward air velocity in the lucite 

column. Consequently in all calculations involving the spray drop 

velocities in the cross-flow equipment, the air velocity was deducted from 

the drop velocities determined in the lucite column. 

b) Mate rial and Enthalw Balances 

A material balance on any section of the drying chamber yields: 

Similarly a complete enthalpy balance can be written using a 

temperature datum of 32°F. for liquid water: 

ltdl 1t 1 
wdl (C )dt + wdl Hdl(h )tdl + w 1 a (C )dt + walHal(h )t 1 + 

32 p g a 32 p g a 

J
td2 

w1 (hf)T
1 

= wd2(cor.) (Cp)dt + wd2(cor.)Hd2(hg)td2 + 

32 

1ta2 
w 2 (C )dt + w 2H 2(h )t + w2(hf)T + heat losses 

a 32 P a a g a2 2 

where hf - enthalpy of liquid water with datum of water 

at 32°F., (B.t.u./lb.); 

hg - enthalpy of water vapour with datum of water 

at 32°F., (B.t.u./lb.). 

••• (174) 

From the above equations it is evident that the heat, Q, 

transferred to the spray by the air may be calculated by the following 

equation: 
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••• (175) 

The transfer of heat calculated by this equation was used for 

the subsequent calculation of the heat and mass transfer coefficients, 

while the change in rnass of the spray for a given section was calculated 

from the increase in humidity of the drying air in that particular 

section, i.e., equation 173. 

c) Heat Transfer Coefficients and Nusselt Numbers 

As the properties of the drying air were known only at the inlet 

and outlet of each section, it was impossible to obtain the rate of change 

of its temperature or hurnidity in the spray. However the average values 

of these properties can be deterrnined and used in the calculation of the 

heat and mass transfer coefficients. 

The average surface area of the spray drops, A , in a given s 

section of the drying chamber is a function of the mean diameter of the 

drops, the height of the section, the average absolute velocity of the 

drops and the average weight of unevaporated water. 

• •• (176) 

where Il x - height of section, (ft.); 

v0 - average absolute velocity of drop of sarne size as 

Sauter mean diameter, (ft.)/(sec.). 

The average absolute drop velocity was obtained from the graphs 

expressing the drop velocity in terms of the drop diameter for the 

appropriate evaporation conditions and the appropriate ~s· Here the 
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specifie surface area,S ,was obtained from the particle count by substitution 
w 

in the following formula: 

Sw = Lni/(p1'i_ nd3/6) = 29,400/d vs 

where d - Sauter mean diameter in microns. vs 

••• (177) 

The driving force for heat transfer is the temperature difference 

between the dr,ying air and the evaporating spray and this can be calculated 

from the equation: 

~T :::r t - T av s ••• (178) 

The heat trans fer coefficient for a drop of diameter, d , was vs 

calculated by combining equations 1751 176 and 178 with the following 

expression: 

The Nusselt Number was calculated from its definition: 

Nu = hd /kf vs 

••• (179) 

••• (180) 

Due to the small content of water vapour in the surrounding gas film, the 

thermal conductivity1 kf' was taken as that of air alone at the arithmetic 

average temperature of the drying air and the drop surface (l47),i.e., 

(t + T )/2. av s 

d) Mass Transfer Coefficients and Modified Nusselt Numbers 

Owing to the analogy existing between heat and mass transfer and 

the unique physical properties of the air-water system, the wet-bulb 

temperature curves on the humidity chart and the adiabatic saturation curves 



have been shown experimentally to coincide when the heat transfer 

contribution due to radiation is negligib1e compared with that due to 

convection (152., 178., 257). This fact can be used to derive the well 
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known Lewis relation between the heat transfer coefficient and the mass 

transfer coefficient (152). 
1 

h ;a k s ••• (181) 
g 

where k
1 

- ma.ss transfer coefficient., (1b.)/(hr.)(ft. 2)(~H); g 

s- average humid heat of the gas film, (B.t.u.)/(1b. dry air) 

1 
The ma.ss transfer coefficients ku' kg and kg are interrelated: 

1 
kg "" ~UM "" kg M/Mu-Pf ••• (182) 

••• (183) 

whereAH - humidity difference across gas film eorresponding to c1 T 

and (p - p )., • H - H s a s a 

H
8 

- humidity of saturated air at spray temperature Ts' 

(lb. of water)/(lb. of dry air); 

••• (184) 

The modified Nusselt Number for ma.ss transfer (equation 66) 

can be rewritten by means of equations 181 and 182 in the form: 

••• (185) 

This expression can be rewritten in terms of the Nusse1t Number • 

• • • (186) 
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e) Incrementai Drop Size Ana1ysis 

The stepwise calculations, performed by Marshall (147) and by 

Dlouhy (40) were not designed for systems where the relative velocity 

between the spray drops and drying air is changing, and are consequently 

inapplicable to the present system. In fact, the terminal velocity of 

spr~ drops are often negligible when compared with the velocity of the 

d.rying air stream. In the nozzle zone the spray drops travel considerably 

!aster than the surrounding air, and the stepwise procedure developed for 

these conditions is summarized below. 

1 - Classification of the spray drop aize distribution into six to 

ten suit able drop aize groups. The maas per cent of the spray 

contained in each group was calculated from the average diameter 

of the drop size group and the number of drops in that aize group. 

Mas a per cent of spray = nim:i/r ni mi 
i 

where n. - number of drops in the ith aize group; 
l. 

••• (187) 

m. - mass of single average drop in the ith aize group, 
l. 

lb. = rr p1d3/6 ••• (188) 

di - diameter of average drop in ith size group, ft. 

2 - The drop velocity of the average diameter drop was obtained from 

the appropriate drop velocity - drop diameter graph (Fig. 5 to 13) 

and was used to determine the Reynolds Number and the residence time, 

11 e p of the drop in the section: 

••• (189) 

where VRi - velocity of average drop relative to the surrounding 

fluid, (ft.)/(sec.). 
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••• (190) 

where VDi- absolute velocity of average drop, (ft.)/(sec.). 

3 - Using the above Reynolds Number, the Nusselt Number was calculated 

from the equation proposed by Ranz and Marshall (188). This in turn 

permitted the heat transfer coefficient, 

Nu = 2.0 + 0.6(Re)l/2(Pr)l/3 

hi = (Nu) k/ di 

h., to be calculated: 
l. 

••• (96) 

••• (191) 

4 - Since the temperature difference between the dr,ying air and the 

drop was known, the heat, Q., transferred to a single drop could be 
l. 

calculated: 

Q. = h.A. 6T 
l. l. l. 

••• (192) 

where A. - surface area of average drop in ith size group, 
l. 

2 
ft. = nd.

2 
l. 

••• (193) 

The evaporation occurring could be expressed in terms of the 

initial ma.ss of the drop: 

••• (194) 

where Efi - fraction of drop of mass mi evaporated. 

5 - This fractional evaporation was calculated for the ith drop aize 

group, and the overa11 evaporation from the spray Ef is obtained from 

the equation: 

Ef = L[Ef. (n.m.V L(n.m. )] 
i l. l. I i l. l. 

••• (195) 
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4. RESULTS 

Twelve runs were performed using the internal mixing pneumatic 

nozzle - (1/4) JN No. 12 - Spraying System Co., Chicago. The range of 

operating conditions investigated wa s: 

- total drying air flow rate, 42 to 81 lb./hr.; 

- inlet dr,ying air temperatures, 138 to 214°F.; 

- inlet drying air humidities, 0.0066 to 0.0122 lb. H20/lb. air; 

- liquid flow rate to nozzle, 2.0 lb./hr.; 

- atomizing air flow rate, 5.45 lb./hr.; 

- total evaporation from spray, 19 to 55%; 

- Sauter mean diameter of spray, 14.1 to 35 microns. 

Eight runs were performed using the hollow-cone pressure nozzle 

- (1/4) LNN SS No. 1 - Spraying System Co., Chicago. Similar experimental 

conditions were used and the limits encountered are given below: 

-total dr,ying air flow rate, 25 to 46 lb./hr.; 

- inlet drying air temperatures, 144 to 220°F.; 

inlet drying air humidity, 0.0124 to 0.0170 lb. ~0/lb. air; 

- liquid flow rate to nozzle, 5.10 lb./hr.; 

- total evaporation from spray, 2 to 7%; 

- Sauter mean diameter of spray, 65 to 169 microns. 

The experimental evaporation data for bot.h nozzles are given in 

Appendix IV together with the calculated values of the heat and mass 

transfer coefficients and the Nusselt Numbers, which are shown in terms of 
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the dimensionless groups (ReYtFJ./3 and{RJifsJ./3 in Fig. 25 to 28. 

T,ypical microphotographs of the spr~ drops are presented in Fig. 29, 

while the changes in the Sauter mean diameter, spray mass and temperature 

that occurred with evaporation are illustrated in Fig. 30 and 31 for 

both the pneumatic and pressure nozzles. 

Stepwise calculations were performed for four runs using the 

pneumatic nozzle and for one run using the pressure nozzle. Tables of 

the measured and calculated evaporation are given in Appendi.x VI together 

with a table indicating the method of calculation. These resulta are 

expressed graphically in Fig. 32. 

5. DISCUSSION OF RESULTS 

As expected, humidity measurements of the individual drying 

air streams proved to be the most suitable and accurate method of 

determining the spray evaporation, as considerable difficulty was 

experienced in obtaining samples of the spray near the nozzle for 

colourimetric analysis of the red qye concentration. However at greater 

distances from the nozzle (i.e., sections 3, 4, and 5) excellent agreement 

was obtained between the spray evaporation calculated from the humidity 

measurements and that computed from changes in the qye concentration. 

The main disadvantage of the cross-flow equipment was the 

complexity of the air flow patterns generated in the spray chamber. Control 

of the air streams in the horizontal sections entailed the simultaneous 

adjustment of twelve valves. A slight change in the static pressure in the 
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a) Pneumatic Nozzle l/4JN No. 12 Low Atomizing Pressures (Mag. 175I) 
b) Pressure Nozzle l/4LNNSS No. 1 (Mag. 40X) 
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chamber, which could be caused by increasing the inlet drying air flow 

rate to any section, had the effect of altering the outlet flow rates of 

the drying air streams. This in turn changed the distribution of the 

atomizing air stream among the various sections and could produce 

appreciable changes in the drying air temperatures and evaporation rates. 

a) Heat and Material Balances 

The heat and material balances performed on the spray chamber 

during the adjustment of the operating conditions prier to an evaporation 

run led to the following conclusions: 

1. Air leaks from the chamber were negligible. Measurements of 

the inlet and outlet air flow rates when the nozzle was not in use agreed 

to within 3%. However, with the nozzle in operation, the entrainment of 

the spr~ drops by the drying air had the effect of increasing the overall 

density of the outlet flow streams, and thus produced larger differentia! 

pressures across the metering orifices. The correction procedure has 

been previously outlined. 

2. Heat losses were usually ver,y small, except at low flow rates 

of the drying air and hi.gh temperatures, where they amounted to approximately 

15%. As the heat transferred from the drying air to the spray was 

calculated from the increase in the air humidity and change in spray 

temperature, rather than from the change in temperature of the dr,ying air, 

this source of error was eliminated from the calculations. The net effect 

of heat losses was to reduce the temperature of the dr,ying air, and 

consequently the temperature difference between the air and the spray. 
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b) Nozzle Characteristics 

Marked differences in the operating characteristics of the two 

atomizing nozzles (pneumatic (1/4) JN No. 12 and pressure (1/4) LNN SS 

No. 1) were observed. The spray drops produced by the pneumatic nozzle 

( d in the range 14.1 to 3 5 microns) were much smaller than th ose vs 

obtained from the pressure nozzle (d in the range 65 to 169 microns). vs 

Differences in the spray drop velocities and the spray angles 

were also observed. As may be seen in Fig. 5 to 13, much greater drop 

velocities were recorded in the nozzle zone of the sprays produced by 

the pneumatic nozzle than those from the pressure nozzle. 

The pressure nozzle exhibited a considerablY wider spray angle, 

and contact of the spray with the chamber walls consequently occurred 

nearer to the atomizer. Differences in the deformation of the spray by 

the dr.ying air were also observed. For the pressure nozzle, the spray 

drops tended to be entrained, or displaced in the direction of the air 

velocity. With the pneumatic nozzle, an additional flattening of the 

spr~ in a direction at right angles to the main air velocity was observed. 

No measurements were taken in any section where appreciable contact between 

the spr~ and walls was observed. 

c) Heat and Mass Transfer 

Comparison of the temperature and humidity of the inlet and outlet 

dr,ying air streams showed that in most cases the path traced on a humidity 

chart followed an adiabatic cooling curve, confirming the fact that the 
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heat losses were insignificant. 

The temperature of the spray as determined by the thermocouple 

probe was essentially the same as the wet-bulb temperature of the drying 

air in contact with it. Changes in the spray temperature from section to 

section were noted, and attributed to changes in the wet-bulb temperatures 

of the drying air streams. Although all the drying air streams came 

originally from the same source and were heated to the same temperature, 

heat losses in the feed lines from the surge tank to the spray chamber 

and the drop in temperature during expansion from the feed line into the 

drying chamber accounted for the difference in the various wet-bulb 

temperatures. In addition, the atomizing air stream tended to reduce the 

wet-bulb temperature; as this effect was largest near the nozzle, the 

spr~ temperatures increased with an increase in distance from the nozzle. 

The Sauter mean diameter, :dvs' of the spray was found to increase 

initially with distance from the nozzle, i.e., as evaporation proceeded. 

This behaviour - which may at first appear unusual - is actually to be 

expected with a wide distribution in drop sizes, since the smaller spr~ 

drops evaporate much more quickly than the larger ones (on l'fhich the value 

of the Sauter mean diameter depends to a great extent). The rate of this 

increase diminished rapidly to an almost constant value of the Sauter mean 

diameter in Sections 3, 4 and 5. 

The heat transfer coefficient for the Sauter mean diameter drop 

size was calculated using equation 179. This coefficient was used to 

calculate the Nusselt Number for heat transfer which was correlated in 
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terms of the Reynolds and Prandtl Numbers. Although an appreciable scatter 

was e.xhibited, the experimental data verified the following correlation, 

which was proposed by Ranz and Marshall (188), for Reynolds Numbers from 

2 to 80. 

Nu = 2.0 + 0.6(Re)l/2(Pr)l/3 ••• (96) 

When an attempt was made to extend these resulta to ma.ss 

transfer, the modified Nusselt Numbers were approximately la% lower than 

those predicted by the equation. 

Nu' = 2.0 + 0.6(Re)l/2(sc)l/3 ••• (97) 

Modified Nusselt Number values lower than the corresponding 

Nusselt Number have been reported for spray drying evaporating under 

conditions of no spray drop deceleration (40). A possible explanation 

may be the assumption that the gas film properties should be evalua.ted 

at the arithmetic average of the drop temperature and that of the drying 

gases. 

The effect of changes in the atomization conditions on the 

evaporation rate from the spray can be predicted from the correlations 

of Ranz and Marshall. A decrease in the Sauter mean drop diameter results 

in an increase in the heat and mass transfer coefficients as the Nusselt 

Number and the Modified Nusselt Number are directly proportional to the 

drop diameter and the transfer coefficient. There is a counteracting 

effect due to a decrease in the Nusselt Number which is produced as the 

Reynolds Number is proportional tc the drop diameter. However, this effect 

is considerably smaller than the direct effect as the Reynolds Number appears 
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to 0.5 power with a coefficient of 0.60 in equations 96 and 97. Also a 

decrease in the Sauter mean diameter increases the specifie area of the 

spray, and the overall result is a sharp rise in the evaporation rate. 

An increase in the drop velocities may be similarlY ana~zed. 

The first effect is an increase in the Reynolds Number and consequent~ 

in the Nusselt Number and the transfer coefficients. The magnitude of 

this change is given by equations 96 and 97. However the time that the 

drops take to travel a given distance along the spray axis is proportional 

to the reciprocal of the drop velocity. Consequently, even though the 

evaporation rate is increased b.Y an increase in the drop velocity, the 

evaporation occurring in a given distance along the spray axis is reduced. 

d) Drag Coefficients 

The drop velocity - drop diameter data obtained at different 

distances from the nozzle in the lucite column under conditions of 

practical~ no evaporation enabled the drag coefficients to be calculated. 

These coefficients were presented graphically in Fig. 14, together with 

the data of Hansen (79) and Ingebo (99). 

A marked dependance on the drop diameter was observed. The 

smaller drop sizes (15 to 25, and 25 to 40 microns) were obtained using 

the pneumatic nozzle - (~4) JN No~ 12. The drag coefficients calculated 

for these drops were lower than t.hose indicated by the standard curve by a 

factor of 3 to 10. High drag coefficients were obtained for the larger 

drops (60 to 120 microns) produced by the pressure nozzle - (1/4) LNN SS 
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No. 1. Here the ratio between the calculated drag coefficients and those 

indicated by the standard curve was 1/10 to 3.0. 

It should be noted that deceleration rates as high as 100,000 

2 ft./sec. were recorded for drops 1.5 in. from the pneumatic nozzle. As 

the deceleration rates increase rapidly with proximity to the nozzle, it 

is logical to assume that even higher deceleration rates occurred closer 

to the nozzle. 

The effect of the drop diameter on the drag coefficients of the 

decelerating drops indicates that the scale of turbulence in the surrounding 

gas is a factor in the decrease in the drag coefficient. Further evidence 

in support of the effect of turbulence was the fact that the drag 

coefficients for 40 micron drops produced by the pneumatic nozzle were 

lower than those obtained for similar drops produced by the pressure nozzle. 

e) Incremental Anal.ysis of Evaporation Rates 

Fig. 32 shows the agreement between the evaporation based on the 

validity of the correlation of Ranz and Marshall and using the method 

outlined previously with that determined experimentally. The calculated 

evaporation from the spray appears to be somewhat higher than the measured 

values but the deviations are of the same order of magnitude as those 

exhibited by the experimentally determined Nusselt Numbers. 

The incremental drop size procedure is a more logical and exact 

method of testing the applicability of the correlations of Ranz and Marshall. 
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However, it suffers from the weakness that most of the spray evaporation 

occurs from the smaller drop sizes and the velocity of these drops had 

to be determined by extrapolation of the drop velocity - drop diameter 

curves. As the drop velocities of the smaller drop sizes are relatively 

low, appreciable errors can occur in the estimation of the drop velocities. 



III EVAPORATION WITH CO-CURRENI' FLOW 

The most important factor to be considered in the design of 

the drying chamber of .a spray dryer is the particle trajectory. When 

the flow pattern is very complex, knowledge of the exact trajectory of 

the droplets or particles is very difficult, if not impossible to obtain. 

As is evident from the previous section, the entraining action exerted by 

a high-velocity jet on the slower moving surrounding fluid ma.kes the 

prediction of the flow pattern in the vicinity of the atomizing nozzle 

even more uncertain. 

To provide better control of the spray pattern and of the flow 

lines in the drying air, a downward, co-current design was adopted for 

this part of the investigation. High speed cinema.tography of the spray 

in the drying section itself was used to measure the drop velocities. 

This enabled the residence time of the spray in any given section to be 

calculated, and so permitted accurate values of the heat and mass transfer 

coefficient to be determined. Since flow was co-current, relatively large 

quantities of the drying air could be used without producing any 

appreciable deformation of the spray. This large flow rate of drying air 

together with the fact that higher drying air temperatures could be 

obtained, produced larger evaporation rates than those found in the 

cross-current flow equipment. 
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1. :EQUIPMENT 

The equipment used was essentially a prototype of a commercial, 

co-current spray dryer, and contained ail of the latter•s fundamental 

components, except that no separator was installed for the collection of 

the product. To minimize back-mi.xing and other forms of irregular flow, 

which would alter the trajectories of the spray drops, no expanded section 

was incorporated. Instead, the entire co-current equipment consisting of 

the air heating unit, spray chamber and exhaust system was constructed in 

the f orm of a continuous 8-in. dia.Iœter duct. The arrangement of the 

equipment is shown by the accompanying sketches and photographs in Fig. 

33 to 36. The problem of regulating the flow streams and adjusting the 

operating conditions was greatly reduced by installing aU the control 

valves and metering deviees on a central control panel (Fig. 37). This 

panel was divided into two sections so that the electrical instruments 

would be separate from the instrumentation for the atomizing streams. 

a) The Spray Chamber 

This part of the spray dryer consisted of three separate 

cylindrical sections - the approach section, the nozzle zone section and 

the drying section. These sections were mounted co-axially so that the 

drying air and spray passed vertically downward in co-current flow. 

In the approach section, the drying air was passed through a 

straightening plate in order to produce a uniform velocity profile. 

Insulation of this section was accomplished by covering the duct with a 
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Fig. 33. The Co-Current Flow Equipnent 



APPROACH 
SECTION 

NOZZLE 
SECTION 

FASTAX 
CAMERA 

DRYING 

SECTION 

OUTLET 

Fig. J4o 

IJ 
D 
D 
D 
D 

....D a_ 

1J [l 
n 

199 

HE:ATERS 

1000 WT. LAMP 

AIR INLET INLET BLOWER 

CITY GAS 

E XHAUST BLOWER 

Schematic Diagram of the Co-Current Flow Equipment 



200 

Fig. 35. The Co-Current Flow Equipment (Nozzle Section) . . 
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2-in. layer of magnesia insulation. The nozzle was installed at the end 

of the approach section and care was taken to ensure that the nozzle 

axis and that of the vertical duct coincided. Two observation ports were 

provided so that the position and operation of the nozzle could be assessed 

at any time. 

From the approach section the drying air entered the nozzle 

section which was constructed from 16-gauge cold-rolled steel. This 

section was 2 ft. long and was fitted with six pairs of sampling ports 

spaced at 4-in. intervals. A surrounding galvanized jacket one foot in 

diameter was provided and two inche s of insulation was obtained by filling 

the annular space with vermiculite. The sample ports were constructed 

from standard 2-in. steel nipples J-in. long, welded to the steel chamber. 

These ports were used for photographing the spray, and consequently the 

angle between a pair of ports was made 135 deg., as previously established. 

Ordinarily the ports were sealed with transite plugs, but special plugs 

with optical glass windows were made to permit spray photography. 

The drying section was l2-ft. long, and was similarly insulated. 

However the sample ports were spaced further a part. The inside surface 

of the whole duct was covered with several coats of high-temperature 

aluminum paint. Copper - constantan thennocouples were soldered onto the 

inner wall and these were connected to a Speedoma.x Leeds and Northrup 

12-point temperature recorder. This served as an indication of the 

operation of the whole equipment, as a change in drying air temperature 

or wetting of the walls by the spray could be immediately detected. The 

temperature recorder was equipped with a selection switch so that the 
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readings obtained could be checked by a Leeds and Northrup potentiometer. 

Access to the sample ports was achieved by installing a vertical 

ladder running along the full height of the spray dryer. Platform.s on 

which the Fastax camera and accompanying equipment could be assembled 

were also constructed. One of these platfor.ms served as an operating 

station to make the required measurements in the nozzle zone of the spray. 

Due to the different nozzle holders used for pneumatic and 

pressure nozzles, the position of these nozzles in the tower was different. 

The distance of the centre of the sample ports from the nozzle for both 

types of atomizers was presented in Table V. 

b) The Drying Air Circuit 

A Canadian Blower and Forge Co. blower type No. 22 driven by 

a 1.5-H.P. Electric Tamper motor was used to supply the drying air. To 

overcome the pressure drop in the exhaust duct another blower - of the 

same size and make - was installed between the spray chamber and the 

e.xhaust system. This arrangement had the effect of ma.intaining a zero 

static pressure in the equipment, thereby eliminating the possibility of 

leaks from the sample ports. Adequate control of the drying air flow was 

achieved by installing a 6-in. slide valve near the intake of the inlet 

blower. Operation of this valve from the control panel was accomplished 

by means of a system of pulleys. 

The drying air flow through the equipment was measured by a 4-in. 
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orifice which was installed about two feet from the inlet air blower. 

The pressure drop across the orifice was measured with a 1:10 inclined 

water manometer located on the control panel. A calibration of this 

orifice was required, because of its location, and this wa.s obtained by 

temporarily installing a standard orifice at the outlet of the spray 

chamber. 

Electrical heaters were used to heat the drying air, but an 

auxiliary gas burner located just below the intake of the inlet blower was 

required for the production of high air temperatures. The electrical 

heating system consisted of three heaters of capacity 1.0, 2.0 and 3.25 

K.W., respectively, and was installed just after the 4-in. orifice. The 

first heater was connected to an Aminee bimetallic thermoregulator, the 

sensing element of which was installed just before the straightening 

plate in the approach section of the spray chamber. This ensured a 

constant drying air temperature. The voltage to the second heater was 

regulated by means of a General Radio Co. Variac, thus providing a wide 

range of temperatures. A copper - constantan thermocouple located after 

the heaters wa.s used to measure the air temperatures. All switches, pilot 

lights as well as the variac were mounted on the control panel. 

The heating section and connecting duct to the spray column were 

covered with 2 in. of magnesia insulation to reduce heat losses. 

c) The Atomizing Stream Circuits 

Two internal-mixi..ng, pneumatic nozzles type (1/4) JN No. 12 and 
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22B and one pressure nozzle type (1/4) LN No. 1 manufactured by Spraying 

Systems Co., Chicago, were used to atomize the dilute solution of the red 

dye used as liquid feed. The feed was stored in a 5-gallon tank and was 

forced by means of compressed air through a 1-4-in. globe valve and a 

Schutte and Koerting rotameter No. 2R in series. The control of the flow 

rate was excellent as the pressure of the compressed air above the liquid 

in the feed tank wa.s regulated by means of a 1./4-in. Taylor reducing valve. 

A strainer and provision for the calibration of the rotameter were included 

in the feed line. The pressure of the feed at the nozzle was measured with 

a 0 to 100-p.s.i.g. Bourdon gauge. 

A cooling system consisting of two heat exchangers was used to 

regulate the temperature of the feed to the nozzle. The first was located 

outside of the column while the second was constructed around the feed line 

to the nozzle in the chamber. The temperature of the feed was measured by 

means of a copper - constantan thermocouple probe located in the feed line 

about one inch from the nozzle. An alternative s.ystem was used for high 

feed temperatures, i.e., feed temperatures above the wet-bulb temperature 

of the drying air stream. Here a stainless steel coil heater surrounded 

by a fire brick furnace was installed in the feed lina near the nozzle. 

A bunsen burner, placed under the furnace, provided the heat. Heat !osses 

in the line from the heating coil to the nozzle were compensated for by 

an asbestos-covered, nichrome, heating wire which was wrapped around this 

portion of the feed line. The assembly was covered wi.th asbestos tape. 

Control of the feed temperature was achieved by varying the voltage applied 

to the nichrome wire heater by means of a rheostat which was connected as 



a potential divider across the 110 volt mains and also by adjusting a 

1/4-in. globe valve installed in the city gas line to the burner. 
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The cornpressed air required for pneumatic atomization was 

obtained from the Ingersol Rand compresser used in the cross-current flow 

equipment. Similar instrumentation consisting of a 1/4-in. Taylor reducing 

valve, a Schutte Koerting rotameter No. 2R and a 0 to 100 p.s.i.g. Bourdon 

gauge were used. Brass pipe and fittings were used exclusively for the 

construction of all the atomizing stream lines. 

2. PROCEDURE 

As in the cross-current flow runs, a standard test procedure 

which is described below was used. The operating procedure was divided 

into two steps which together with the variations required for high feed 

temperature tests are outlined below. 

a) Adjustment of Eguipment 

To test the adjustment of the nozzle in the spray chamber, velocity 

profiles were taken prior to spraying water. The blowers were started and 

the drying air flow regulated by means of the 6-in. slide valve in the air 

intake duct. The equipœnt was brought up to the required temperature by 

turning on ail the heaters to their maximum capacity. For very high 

drying-air temperatures the gas burner below the air intake duct was also 

used. The desired air temperature was achieved by adjusting the 

thermoregulator connected to the 1-K.W. heater and the variac which 
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controlled the voltage applied to the 2-K.W. heater. 

The atornizing air stream to the pneumatic nozzle as well as the 

cooling water to the heat exchangers controlling the feed temperature were 

turned on, and half an hour was allowed for steady state conditions to be 

established. Air velocity traverses were made using a standard pitot tube 

and a wedge-shaped probe developed by Stachiewicz (224). These instruments 

were previously described on page 137 and correct values of the air velocities 

were obtained due to the absence of water drops. Examination of the 

velocity traverses permitted an accurate alignment of the nozzle axis to be 

made. When the pressure nozzle was used, visual observation of the nozzle 

position and the spray cone had to be relied upon to adjust the nozzle 

position. 

The temperatures recorded by the Speedomax recorder along the 

spray chamber, indicated that heat losses from the equipment were negligible. 

In fact, the heat losses from the entire drying chamber never resulted in 

a temperature drop of more than 5°F. However the cooling effect of the 

atomizing air produced a temperature drop in the drying air which varied 

from 5 to l20f. depending on the relative magnitude of the air streams. 

b) Collection of Experimental Data 

When the operation of the equipment was proved to be satisfactory, 

the liquid feed to the nozzle was adjusted to the desired value. The 

controlling factors were the liquid flow rate and the air atomizing pressure 

for the pneumatic nozzles, while the feed rate sufficed for the pressure 
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nozzle. The danger of the spray touching the wall of the spray chamber 

was far less than in the cross-current system, nevertheless the operating 

conditions of the nozzles chosen were the same as in the cross-current 

system. Measurements of the spray properties could therefore be taken as 

far away from the nozzle as desired. 

Half an hour was usually required for steady state to be 

established, as indicated by constancy of temperatures throughout the 

equipment. 

The following :measurements of the spray and drying air properties 

were then taken. 

1. Atond.zing and Drying air Streams 

- liquid feed flow rate, q1 = W (at nozzle); 

- liquid feed temperature, T1 (at nozzle); 

- liquid feed pressure at nozzle, P1 ; 

- concentration of vegetable dye in feed, c (at nozzle); 

- atond.zing air flow rate, qA; 

- atomizing air temperature, tA; 

- atomizing air pressure at nozzle, PA; 

- ove rail drying air flow rate, w ; 

- initial drying air temperature. 

2. Drying Chamber Data for each Section 

- drying air temperature, t; 

- humidity of drying air, H; 



drop size distribution of spray and hence dvs; 

concentration of red dye in spray, c; 

- spray temperature, T • s 

c) Spray Drop Velocities 
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The spray drop velocities were measured during the actual runs 

by the high speed cinematography method described in detail previously. 

Drop velocity determinations were not required for each test as the 

effect of changing the drying air temperature and consequently the 

evaporation rate, was not sufficiently great. However the drop velocities 

bad to be determined whenever the atomizing streams were changed. 

Consequently measurements were taken for all of the nozzles when the 

atomizing conditions were changed. As measurements of the drop velocities 

closer than 4 in. to the pneumatic nozzles were not possible, the data 

obtained previously from the lucite column were used. Errors due to 

differences in drying air flow rates and temperatures are negligible so 

close to the nozzle, as data obtained 4.5 in. from the nozzle for both 

systems agreed closely. 

d) Flashing Tests 

For some runs using the pressure nozzle, the liquid feed was 

heated above the wet-bulb temperature of the drying air. The preliminary 

tests on the operating conditions of the spray dryer were identical, but 

minor modifications in the test procedure were required. The water-cooled 

heat exchangers surrounding the liquid feed line were removed, and the gas-
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fired stainless steel heating coil together with the asbestos covered 

nichrome heating coil were installed. The desired feed temperature was 

obtained by adjusting the voltage applied to the heating coil and the gas 

flow rate to the burner. For greater accuracy in the determination of 

the feed temperature, the thermocouple reading was taken with a separate 

Leeds and Northrup potentiometer. The remainder of the test procedure 

and the measurements taken conformed with the procedure previously 

described. 

3. CAWULATIONS 

a) Ana].ysis of the Flow Pattern 

For a co-current flow pattern, the analysis of the spray drop 

trajectories is considerably simpler. For ail extents and purposes, the 

drop velocity vector and that of the drying air can be considered to have 

the same direction, since the radial velocity component causing expansion 

of the spray is very much smaller than the vertical component. Direct 

cinematography of the spray drops was possible and the air velocity in 

the nozzle zone was obtained by extrapolation of the drop velocity - drop 

diameter graphs. 

During the adjustment of the spray axis for the pneumatic nozzle, 

temperature profiles were taken at various cross-sections. These were 

found to be practically uniform across the column for a1l distances greater 

than two inches from the nozzle. This meant that the turbulent mixi.ng of 

the drying air and atomizing air streams was sufficiently rapid for the 
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production of a single temperature-valued system. This permitted one air 

temperature to be used in the analysis of the system. However when water 

was sprayed, the evaporation occurring in the spray cone produced air 

temperatures considerably lower than those prevailing in the surroWlding 

annulus. 

b) Mate rial and Enthalpy Balances 

The following material balance can be established between any 

two cross-sectional areas (1 and 2) in the nozzle zone. Average properties 

of the liquid and gas phases across the cross-sections are usect • 

••• (196) 

Due to the fact that the heat losses from the spray chamber were 

negligible and the atomi.zing air flow rate is negligible compared to that 

of the drying air, the following enthalpy balance based on a datum of 32°F 

Equation (197) may be simplified as: 

1 - The enthalpy of water vapour does not change significantly 

with temperature. A one per cent change in the numerical value corresponds 

to a change in the vapour temperature of 25°F.; 

2 - The spray temperature remains constant at the wet-bulb 

temperature of the drying air. 
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••• (198) 

Equation (198) may be used to determine the heat transferred to 

the spray from the drying air. 

• •• (199) 

For co-current flow it was found to be more convenient and 

accurate to obtain the evaporation rate of the spray in the column by 

means of the change in concentration of the dye with distance from the 

nozzle. The fraction of the spray evaporated in a given section of the 

spray chamber, Ef' may be expressed in terms of the initial and final 

concentrations of the dye c1 and c2 respectively. 

Ef = (c2 - cl)/c2 ••• (200) 

c) Transfer Coefficients and Nusselt Numbers 

As the spray drop properties and the drying air conditions are 

lmown at various distances from the nozzle, two methods are available for 

calculating the heat transfer coefficients . The first method consista of 

converting equation (199) into a differentia! form and determining the 

rate of change of the variables at certain points (40). The second method 

is to divide the nozzle zone into small sections and to calculate average 

values of the spray and drying air properties for each of these sections 

(175). Due to the lengt,hy procedure required for drawing tangents to 

curves accurately, or for calculating t he s1opes of the curves (10, 214), 

a modification of the second method was used. 



Values of the drying air temperature, spray evaporation, Sauter 

mean diameter and the velocity of a spray drop of the same size as the 

Sauter mean diameter were plotted against the distance from the nozzle as 

the abcissa. Average values of these quantities from section to section 

were obtained by graphically integrating the area under the curve and 

dividing the values so obtained by the distance over which the integration 

was performed. These values were used in the calculation of the heat 

transfer coefficients and, subsequently, of the Nusselt Numbers. The 

procedure used was analogous to that described previously. Stepwise 

calculations were also performed as indicated for the cross-current runs. 

4. RESULTS 

Fourteen runs were performed using the pneumatic nozzles: 4 runs 

with the (l/4)JN No. 12 nozzle at low atomizing pressures, 6 runs with 

the same nozzle at high atomizing pressures and 4 runs with the (l/4)JN No. 

22B nozzle. The range of operating conditions investigated was: 

- drying air flow rate, 300 lb./hr.; 

- initial drying air temperature, 145 to 2300f'.; 

- feed flow rate to nozzle, 2 to 6 lb./hr.; 

- feed temperature, 62 to 87°F.; 

- atomizing air flow rate to nozzle, 5.45 to 20.5 lb./hr.; 

- Sauter mean dia.meter of spray 13. 5 to 28. 8 microns; 

- evaporation from spray, 40 to 85%. 

Four runs were also performed using the pressure nozzle - (l/4) 

.rn No. 1 - with feed temperatures near the wet-bulb temperature of the 
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drying air stream. Five more runs were perfonœd with the same nozzle 

for higher feed temperatures. The range of operating conditions 

investigated was: 

- drying air flow rate, 750 lb./hr.; 

-initial drying air temperature, 150- 250°F.; 

- feed flow rate to nozzle, 12.0 lb./hr.; 

- Sauter mean diameter of spray 40 to 82 microns; 

- evaporation from the spray 9 to 63%. 

The experimental data obtained together with the calculated 

values of the heat and mass transfer coefficients and the Nusselt Numbers 

are given in Appendix V. 

Microphotographs of the spray drops produced by the pneumatic 

and pressure nozzles are given in Fig. 38. Fig. 39 illustrates typical 

simultaneous changes in the evaporation rate, air and spray temperatures, 

Sauter mean drop diameter and the velocity of a drop of the same size as 

the Sauter mean diameter which occurred with change in distance from the 

nozzle, i.e., as evaporation proceeded. Graphs recording the changes in 

the spray evaporation, spray temperature, drying air temperature and 

Sauter mean diameter with distance from the nozzle are given for the 

various operating conditions of the pneumatic nozzles, and the pressure 

nozzle in Fig. 40 to 42. The effect of feed temperature on the evaporation 

rate is shown in Fig. 43. 

The Nusselt Numbers for heat and mass transfer are plotted with 

respect to the dimensionless groups, (Re)l/2(Pr)l/3 and (Re)l/2(Pr)l/3 in 
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Fig. 38. Typical Microphotographs of the Spray Drops in 
the CO-Current Flow Equipnent 

a) Pneumatic Nozzle l/4JN No. 12 High Atomizing Pressures (Mag. 1751) 
b) Pneumatic Nozzle l/4JN No. ~ {Mag. 1751) 
c) Pressure Nozzle l/4LN No. 1 {Mag. 40X) 
d) Pressure Nozzle l/4LN No. 1 Superheated Feed {Mag. 40X) 
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Fig. 44- 47. A typical air velocity profile in the nozzle section of the 

spray chamber is shown in Fig. 48 under conditions of no water flow from 

the nozzle, i.e., discharge of atomizing air only. 

Finally Fig. 49 presents a comparison of the measured evaporation 

and that calculated by the stepwise procedure previously outlined. The 

tabulated data for the incremental calculation are given in Appendix VI. 

5. DISCUSSION OF RESULTS 

The flow patterns obtained in the co-current drying chamber were 

IIDl.Ch simpler than those encountered in the cross-current drying chamber 

and so more accurate data were obtained. 

Evaporation from the spray was followed by means of changes in 

the concentration of the red vegetable dye. The fact that the sample 

bottle was moved radially through the spray during the collection of the 

spray removed the necessity of traversing. Humidity changes in the drying 

air would be meaningless unless accompanied by extensive traversing and 

air-velocity determination. The latter measurements are exceedingly 

difficult and prone to error. 

a) Heat and Material Balance 

The heat and material balances in the co-current equipment were 

excellent. The out let blower which was located between the spray chamber 

and the exhaust system enabled the static pressure in the spray chamber to 

be regulated. By adjusting the static pressure in the spray chamber to 
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zero, the possibility of leaks was eliminated. 

The loss of heat from the spray chamber could be determined by 

recording the temperature of the drying air in the spray chamber when the 

atomizing nozzle was not in use. As a temperature drop greater than 4 °F. 

was not obtained for the entire spray chamber, it can be concluded that 

the loss of heat in the nozzle section is negligible. 

b) Nozzle Characteristics 

A fairly wide range of drop sizes, drop velocities and atomizing 

air velocities was obtained with the two pneumatic nozzles and the 

pressure nozzle investigated. As in the cross-flow runs, larger drop 

sizes and lower drop velocities were obtained with the pressure nozzle 

than with the pneumatic nozzles. A comparison of the two pneumatic nozzles 

revealed that almost identical drop sizes were obtained, but that the No. 

12 nozzle produced sprays with higher drop velocities at lower atomizing 

air velocities (Fig.6 , 9 and 10). These figures also demonstrate that 

the smaller spray drops decelerate to the overall air velocity in the 

column much more rapidly than the larger drops. 

Examination of Fig. 48 indicates that the air velocities measured 

with the impact probes under conditions of no water flow are higher than 

those indicated by the intercepts of the drop velocity - drop diameter 

curves on the velocity axis in Fig. 5. This is to be expected as a 

considerable part of the energy of the atomizing air is consumed during 

the production of the spray. 
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It should be noted that almost complete radial symmetry in the 

air velocities was obtamed, especially when the pneumatic nozzles were 

used. This may be attributed to the fact that the thrust and entraining 

action of the atomizing air jet completely masked any flow irregularities 

in the drying air stream. 

c) Heat ani Mass Transfer 

Fig. 39 to 42 represent the changes in the dry:ing air temperature, 

spr~ temperature, spr~ maas and Sauter mean diameter that occurred in the 

nozzle section as evaporation proceeded. The temperature of the drying air 

within the sprq was observed to :increase initially with increase in the 

distance from the nozzle. This is due to localized cooling of the dr.ying 

air in contact with the evaporating spr~ close to the nozzle. An additional 

factor is the annulus of hotter dr.ying air which, passing initially outside 

the spray, mixes progressively With the atomizing gas stream as the spray 

expands. However a ~ value was reached when the atomizing gas 

stream had mixed completely with the surrounding drying gas stream and also 

when the localized cooling effect was negligible. After this point the 

decrease in the air temperature corresponded to the heat required for the 

evaporation of the spray. In contrast to the cross-current flow chamber the 

spray temperature invariably remained constant at the wet-bulb temperature 

of the drying air stream. 

As in the cross-current fiow tests, the Sauter mean diameter 

increased initially wi th increase in the distance from the nozzle. This 

behaviour mq be attriruted to the rapid evaporation of very small sizes 
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which may be expected for the case of a wide drop size distribution. 

However, the rate of increase in the Sauter mean diameter soon decreased 

and in sorne cases smaller values were reported in Section 5. 

The spray evaporation - distance from the nozzle graph 

consistently exhibited an initial gradual increase in the rate of 

evaporation followed by a point of inflection and finally a decrease in 

the evaporation rate. The initial increase is due to the increase in the 

temperature of the air in contact with the spray with distance from the 

nozzle, and the fact that the spray drop velocities decrease very rapidly 

with distance from the nozzle. The latter phenomenon bas the effect of 

increasing the spray drop residence time and so increased the evaporation. 

The initial increase in the drop diameter undoubtedly opposes the above 

effects and consequently must be of lesser significance. As evaporation 

proceeds, the evaporation rate decreases due to a decreasing drying air 

temperature, increasing Sauter mean drop diameter and a decrease in the 

spray remaining. Here the effect of spray evaporation (increase in the 

drying air humidity and decrease in temperature) begins to play an important 

role. The above effects due to evaporation were common to all of the nozzles 

tested. 

The Nusselt Numbers calculated were correlated in terms of the 

Reynolds and Prandtl Numbers and verified the validi ty of the correlation 

proposed by Ranz and Marshall (188) for the beat transfer (equation 96~ • The 

modified Nusselt Nwnbers were again f ound to be 10 to 15% lower than would 

be predicted using the corresponding equation for ma.ss transfer (equation 

97). 
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The validity of the correlation of Ranz and Marshall was also 

tested using the stepwise calculation. procedure where the different drop 

size groups were considered separately. Considerably better agreement 

was obtained between the measured and calculated evaporation increments 

in the various sections. This can be attributed to the more accurate 

measurement of the drop velocities for the smaller drop sizes made possible 

by the simpler air flow patterns which ex:isted in the co-current equipment. 

d) Effect of Feed Temperature 

An increase in the temperature of the feed pumped to the pressure 

nozzle was found to result in a considerable increase in the evaporation 

rate (Fig. 43). This phenomenon may be attributed to the following factors: 

1 - Increase in initial evaporation due to release of thermal energy 

stored in the liquid as the spray temperature suddenly drops to the 

wet-bulb temperature of the drying air stream; this is the well-known 

phenomenon of flash evaporation; 

2 - An increase in the feed temperature resulta in a decrease in the 

liquid viscosity and surface tension. Both of these factors tend to 

reduce the average spray drop size, as shown by equations 31 to 35, and 

this has been previously shown to have a considerable effect on the 

evaporation rate; 

3 - The drop velocities were observed to decrease with increase in the 

feed temperature. The result is an increase in the residence time of 

the spray in any given section along the spray axis and an increase in 

the evaporation rate. 
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Once the spray drops have attained the wet-bulb temperature of 

the drying air stream, the evaporation proceeded according to the 

correlations of Ranz and Marshall. The attainment of the wet-bulb 

temperature was shawn to occur almost immediately, i.e., ·within one inch 

from the nozzle. From the above, it is evident that considerable increases 

in the evaporation rates of sprays from pressure nozzles can be accomplished 

by preheating the feed. 



CONCLUSIONS 

The development of suitable methods for measuring the physical 

properties of the two phases of a drop-laden air jet constituted an 

important phase of the work reported in this investigation. The presence 

of both phases renders the usual techniques for the determination of the 

air velocity, temperature and humidity useless. Also the small terminal 

velocity of the drops and the high level of turbulence encountered in 

the spray - from 20 to 3% downstream (36) - made the collection of a 

representative spray sample difficult. However, techniques for measuring 

the spray properties were developed, which appeared to overcome these 

difficulties. 

The well-known fact that the spray drops rema.in at the wet-bulb 

temperature of the drying air stream (28, 79, llO, 112, 147, 175, 184, 

188) was applied in designing a thermocouple for measuring the temperature 

of the spray drops. The design was original and the results obtained 

verified that the spray remained at the wet-bulb temperature. 

Measurements of the evaporation from sprays by means of a 

change in concentration of a dissolved solid have been reported (40). 

However such methods usually involve high concentrations of the dissolved 

solid. The present technique employed a highly coloured strawberry red 

vegetable dye and the concentrations of the solution sprayed (1 part per 

ten thousand) produced no change in the liquid surface tension or 

viscosity. 
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The shields used to protect the thermometers for the determination 

of the drying air temperatures were sim:i.lar to those developed by Dlouhy 

(40). However, the design ha.d to be modified, owing to the complexi.ty of 

the flow patterns and the relatively high turbulence intensities. 

A thorough experimental investigation of the available methods 

of measuring the air hwnidities was performed, and two absolute methods 

were developed. When the accuracy of these :rœthods was compa.red with that 

obtained by conventional methods ( wet- and dry-bulb and dew-point), the 

volu:rœtric method was shown to be quite superior. Hwnidity changes of 

0.0002 lb. water/lb. dry air were detectable over a range of 0 to 0.05 

lb. water/ lb. dry air. 

Measurements of the drop velocities in sprays are extremely 

rare (99, 268) and so far there appears to be no published data on the 

drop velocities in sprays produced by pneumatic nozzles. The measuring 

technique developed using high-speed cinematography enabled the drop 

velocities to be measured as close as 1.5 in. from the pneumatic nozzle 

and 0.5 in. from the pressure nozzle. Comparison of the veloci.ty data 

for the two atomi.zers showed that smaller drops and higher velocities were 

obtained using the pneumatic nozzles. 

The drop velocities were observed to decrease until the velocity 

of the air stream was reached, since the terminal velocities were extremely 

low. This can be verified by the fact that drop velocitie s lower than that 

of the air stream were almost never observed. Examination of Fig. 5 to 13 

shows that the smaller drops decelerate to the overall drying air velocity 
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before the larger ones. This is in accordance with theory, since small 

particles require a shorter time tha.n large ones to reach their terminal 

velocity (129). 

A careful analysis of Fig. 5 to 13 permitted the following 

conclusions to be drawn: 

1 - An increase in the liquid flow rate - and consequently in the 

liquid feed pressure - results in an increase in drop velocities 

(Fig. 7 and 8); 

2 - An increase in the atomizing air flow rate - and consequently 

in the atomizing air pressure - results in a slight increase in 

the drop velocities (Fig. 5 and 7). The affect is accompanied by 

an increase in the entraining capacity and air velocity of the jet; 

3 - The influence of evaporation on the drop velocities has been 

previously discussed, and appears to involve two opposite affects. 

Firstly, there is a decrease in the drop velocity due to a 

reduction in the spray mass, with a corresponding diminution of the 

kinetic energy available for penetration of the surrounding gas. 

Secondly, as an increase in the evaporation rate increases the 

initial drop size at the atomizing nozzle corresponding to a 

particular drop size at any given point in the spray, and as the 

initial drop velocity increases with drop diameter, there is a 

tendency for this increased velocity to be retained during the 

penetration of the surrounding air. Comparison of Fig. 5 and 6, 

and Fig. 8 and 9 shows that the relative velocity of the drops close 

to the nozzle tended to be higher at small drop diameters and smaller 

at large drop diameters where considerable evaporation occurred. 



Fig. 5 and 6 indicated that at greater distances from the nozzle 

lower drop velocities occurred; 
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4 - An increase in the drying air velocity resulted in an increase 

in the drop velocity (Fig. 5 and 6, 8 and 9). This is undoubtedly 

due to a diminution in the drag force which is proportional to the 

square of the relative velocity. 

The air velocity in the spray was evaluated from the intercept 

on the velocity axis of the drop velocity - drop diameter curves. This 

method appeared to be more promising than measurements of the air velocity 

where only air was discharged from the nozzle. The assumption that the 

velocity distribution would remain the same in the presence of the spray 

appeared to be unjustified. 

Drag coefficients for the decelerating spray drops were 

calculated from the changes in the drop velocity with distance from the 

nozzle. The values obtained were considerably lower than those indicated 

by the standard curve for spheres. A dependance on the drop diameter was 

indicated as the larger drops exhibited larger drag coefficients. This 

suggests that the scale of turbulence is a contributing factor. Also 

the spray drops produced by the pneumatic nozzle exhibited lower drag 

coefficients than those obtained from pressure nozzles, which can be 

explained as follows. As the intensity of turbulence in the nozzle zone 

of sprays from pneumatic nozzles is comparable to that of an expanding 

jet - about 2o% initially (36) - and is therefore considerably greater 

than that produced by pressure nozzles, an increase in the intensity of 

turbulence appears to reduce the drag coefficients. There is sorne 
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supporting evidence in the literature (140, 160) but the complexity of 

the phenomena occurring and the limited and conflicting nature of the 

available data makes the formulation of any definite conclusions 

extremely difficult. However, the effects of spray drop concentration, 

rotation and deformation appear to be negligible (21, 93, 102, 104, lll, 

132, 227). 

It is interesting to note that Ingebo' s data, as shown in Fig. 

2, appears to indicate an opposite behaviour to that just reported. As 

the iso-octane spray was injected counter-currently into the high velocity 

air stream, it can be inferred that the larger drops were probably 

accelerated more slowly than the smaller ones and so should possess larger 

relative velocities. Ingebo1 s data in Fig. 2 clearly shows that an 

increase in the relative velocity which corresponded to the larger drops 

produced a decrease in the drag coefficient, which is in direct 

contradiction to the findings of the present investigation. 

The heat and mass transfer rates to the spray drops were 

measured in the region where deceleration from the initial velocity to 

that of the drying air occurred. This constituted the first attempt to 

measure the evaporation rates in the nozzle zone of sprays produced by 

typical industrial atomizing nozzles. The only similar previous work, 

which was rather limited in nature, was performed using extremely high 

drying air velocities and a counter-current method of spray injection (99). 

The equations proposed by Froessling (60), and Ranz and Marshall 

(188) for stationary drops suspended in moving air streams were found to be 



239 

general~ applicable for correlating the Nusselt Numbers in ter.ms of the 

dimensionless groups, (Re)l/2(Pr)1/3, (Re)112(sc)l/3, (Fig. 25, 26, 27, 

28, 44, 45, 46, 47), in the range of Reynolds Numbers investigated. 

The Nusselt Numbers obtained for the decelerating drops (Fig. 

25, 27, 44, 46, 47) were consistently higher than the corresponding 

Modified Nusselt Numbers (Fig. 26, 28, 45, 46, 47). Similar results were 

reported for freely falling spray drops (40). However, this is still 

rather difficult to explain but could possibly be attributed to 

inaccuracies in the mass diffusivity values. The scatter of the 

experimental data may appear to be considerable, but may be ascribed to 

the fluctuations inherent to the system: by this, it is meant that in any 

part of the nozzle zone, drops of a given diameter can have different 

velocities depending on the effect of the turbulent velocity fluctuations 

during deceleration. This view is confirmed by the fact that larger 

deviations were obtained for the No. 22B pneumatic nozzle (Fig. 46) than 

for the No. 12 nozzle (Fig. 44, 45). The former nozzle has a much higher 

atomizing air flow rate and therefore must produce considerably greater 

turbulent fluctuations in the co-current drying air stream. It might be 

expected that the intensity of turbulence encountered might result in an 

increase in the heat and mass transfer rates, (51,144) but such effects 

are relatively small and are thus not likely to be apparent in the range 

of Reynolds Numbers investigated. 

The data obtained using the pressure nozzle in the cross-current 

equipment were presented in Fig. 27 and 28. At first sight it may appear 

that there is a marked tendency for the Nusselt Numbers obtained at the 
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lower Reynolds Numbers in the lower sections of the chamber to be 

significantly lower than that indicated by the equations of Froessling 

(61) and Ranz and Marshall (188). However, any such conclusions would be 

premature as the extremely wide spray angle of the pressure nozzle could 

conceivably have produced some contact with the spray chamber walls in 

those sections which would produce lower evaporation rates. 

The step-wise calculations in which the incrementai drop-size 

groups were considered separately, predicted evaporation rates which were 

considerably higher than those actually measured. This may be attributed 

to the difficulty of obtaining accurate values of the velocities of the 

smaller drop sizes from which most of the evaporation occurred. The data 

obtained for the co-current flow runs (Fig. 49) agreed more closely with 

the measured evaporation rates than that obtained for the cross-current 

flow runs, thus indicating that the smaller drop velocities were determined 

more accurately. 

The effect of increasing the feed temperature on the evaporation 

rate was determined (Fig. 43). Marked increases in the evaporation rates 

were observed, and this was attributed to three separate factors. Firstly, 

there is an instantaneous flashing as the drop temperature decreases to 

the wet-bulb temperature of the surrounding gas. Secondly, the decrease in 

the liquid surface tension and viscosity produces a decrease in the spray 

drop sizes (Equations 31 to 35). This results in an increase in the 

specifie surface available for heat and mass transfer and consequently 

increases the evaporation rate. Thirdly, there is a decrease in the drop 

velocities (Fig. 12 and 13), and this has the effect of increasing the 



residence time of the spray drops and consequently the evaporation in any 

given distance along the spray axis. 

It is realized that much additional experimental work will have 

to be carried out before the effects resulting from preheating the feed 

can be fully assessed. From the preliminary study which has been presented, 

it appears that this approach might offer many practical advantages. 

In closing, it can be said that this study has clearly indicated 

that the rates of heat and mass transfer to spray drops can be predicted 

with good accuracy, once the drop size distribution for the given 

atomizing nozzle under the given operating conditions is known. This 

latter can be obtained from the nozzle manufacturer•s data, or 

alternatively, from experimental determinations. 

Before the evaporation rate can be predicted, however, the drop 

velocity must be ascertained. This is a problem of considerably greater 

complexity. The present work has amply demonstrated that the over

simplified approach used by Sjenitzer (217) and Edeling (46) based on 

conventional values of the coefficients of drag of spheres falling in 

still fluids, is hopelessly inadequate. It is obvious that considerably 

more work will have to be done on the momentum transfer aspects of an 

expanding spray of droplets before working correlations capable of predicting 

the droplet velocities at any distance from the nozzle can be established. 

Since the latter are themselves functions of the evaporation rate, which 

is the unknown in the problem, the complicated nature of the situation 

can be visualized. 



lt is realized of course that the present study has only served 

to give a better appreciation of the importance of drop velocity estima

tions, and of their order of magnitude for a few specifie cases. It can

not be pretended that it is anything more than an introduction to this 

field. It is hoped, however, that the resulta of this investigation, 

limited as they are, will stimulate continued interest in this topic. 



SUMMARY AND CONTRIBUTION TO KNŒvlLEDGE 

Due to the lack of data available on the rates of heat and mass 

transfer to spray drops while decelerating with respect to the surrounding 

air, a fundamental investigation of the evaporation rates to sprays 

produced by typical industrial atomizing nozzles was performed. The 

following conclusions were drawn from the results of this investigation: 

1 - The conventional methods of measuring air humidities were 

inadequate for this investigation and an absolute method capable of 

detecting humidity changes of 0.0002 lb. water/lb. dry air was 

developed; 

2 - A method of measuring the spray drop velocities using high

speed cinematography was developed; 

3 - Smaller drops and high drop velocities were obtained using the 

pneumatic nozzles as compared with pressure nozzles; 

4 - An increase in the liquid flow rate, the atomizing gas flow rate, 

or the air velocity in the spray chamber tended to increase the drop 

velocities; 

5 - The effect of evaporation on the drop velocities was of a minor 

nature; 

6 - The air velocities in the spray were estimated from the intercept 

of the drop velocity - drop diameter graphs on the drop velocity axis; 

7 - The drag coefficients of the decelerating spray drops were 

considerably lower than those indicated for the standard curve for 

spheres; 
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8 - A dependance of the drag coefficient on the drop diameter was 

observed thus indicating that the scale of turbulence is probably a 

contributing factor; 

9 - Spray drops from the pneumatic nozzles appeared to have lower 

drag coefficients than those of the same diameter produced by the 

pressure nozzle, thus suggesting that an increase in the intensity 

of turbulence reduces the drag coefficient; 

10 - As the relative velocity of the spray drops decreases to a ver,y 

low value, the eddy diffusivities of the spray drops and the drying 

air become almost equal; 

11 - Considerable evaporation of the spray can occur in the nozzle 

zone; 

12 - The Nusselt Nurnbers of the decelerating spray drops were 

correlated in terms of the equations of Froessling (61) and Ranz and 

Marshall ( 188) • 

13 - Values of the modified Nusselt Number were consistently 10 to 

15% lower than those indicated by the equation of Ranz and Marshall 

(188); 

14 - An increase in the velocity of the spray drops increases the heat 

and ma.ss transfer rates but the evaporation occurring per unit distance 

along the spray axis is reduced; 

15 - An increase in the feed temperature decreases the average spray 

drop size and velocity, thus increasing the evaporation rate. 



NOMENCLATURE 

a) Roman Symbols 

A surface area of drop (ft. 2); 

A 
s 

a 

a n 

B 

b 

c 
p 

c 

D 

cross-sectional area 

cross-sectional area 

2 of drying duct, (ft. ); 

opposed to flow, (ft. 2); 

arbitrary coefficient of nth term in series of J · o' 

average total surface area of the spray drops, (equation 176), 
(ft.. 2); 

particle acceleration, (ft.)/(sec.)2; 

nth root of J1 ; 

function of evaporation rate, (equation 102); 

vane height of disk, (in. ) , also distribution pa ramet er, 
(equation 53), and function of x, (equation 142); 

drag coefficient, (equation 152); 

spreading coefficient - 0.075; 

specifie heat at constant pressure of gas film surrounding drop, 
(B.t.u.)/(lb.)(°F.); 

concentration of diffusing vapeur in the boundary layer, 
(lb. diffusing vapourY(ft.3), also cene. of red dye in feed, 
(gm. )/(nù..); 

root mean square velocity of diffusing molecules, (ft.)/(sec.); 

concentration of diffusing vapeur at the drop surface, 
(lb. diffusing vapour)/(ft.3); 

diameter of gas film surrounding drop, (ft.), also generalized 
molecular diffusion constant; 

diameter of spray chamber, (ft.); 

diameter of spinning disk, (cm.); 

2 diffusivity of surrounding gas film, (ft. )/(hr.); 



d 

d 

d 
rn 

d 
nm 

d 
0 

d or 

d s 

dsd 

d 
qp 

d 
v 

dvm 

d vs 

F(d) -

f 
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diameter of drop, microns; 

size parameter, (equation 50); 

arithmetic mean diameter, microns; 

geometrie mean diameter of spray drops, microns; 

diameter of main drop formed, (equation 40), microns; 

diameter of largest drop in spray, microns; 

number median diameter of spray drops, microns; 

diameter of sma.llest drop in spray, microns; 

orifice diarneter, of atomizing nozzle, (cm.); 

surface mean diameter of spray drops, microns; 

surface-diameter mean diameter of spray drops, microns; 

generalized mean statistical diameter, microns; 

volume mean diameter of spray drops, microns; 

volume median d.iameter of spray drops, mie rons; 

Sauter mean d.iameter of spray drops, microns; 

diameter of drop such that 99.99% of spray drops have diarneter 
less than it, (cm.); 

energy required for atomization, (ft.-lb. force); 

potential energy of the unstable liquid jet configuration, 
(ft.-lb. force); 

fraction of spray evaporated; 

force, (lb..---force), also function of Reynolds Nwnber, (equation 95); 

cumulative distribution function; 

Froessling's friction or wind factor (equation 70); 

Fanning friction factor; 

acceleration due to gravity, (ft.)/sec.2); 

d.imensional constant, to convert the absolute system 
of dimensions to the gravitational system, 32.2 (lb. )(ft. )/ 
(ft.-lb. force)(sec.2); 



H 

H a 

H s 

h 

hf 

h g 

hfg -
i 

J 
0 

JI 
0 

Jl 

k 

k' 

k a 

kr 

kG 

k g 

k' g 

L 

LI 

L 
u 

Iv 
Lr 
1 

lp, Lr, 

absolute humidity of the air, (lb. H20)/(lb. dry air); 

humidity of the drying air, (lb. H20)/(lb. dry air); 

humidity of air in contact with drop surface, 
(lb. H20)/(lb. dry air); 

heat transfer coefficient, (B.t.u.)/(hr.)(ft. 2)(°F.); 

enthalpy of liquid water with datum at 32°F., (B.t.u.)/(lb.) 

enthalpy of water vapeur with datum at 32°F., (B.t.u.)/(lb.); 

heat of vapourization, (B.t.u.)/(lb.); 

ima.ginary unit; 

Bessel function of the first kind and zero order; 

derivative of J with respect to the argwnent; 
0 

Bessel function of the first kind and first order; 

constant; 

added mass factor, (equation 155); 

thermal conductivity of air, (B.t.u.)/(hr.)(ft.)(°F.); 
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average thermal conductivity of the gas film, surrounding drop, 
(B.t.u.)/(hr.)(ft.)(°F.); 

2 mass transfer coefficient, (lb.-moles)/(hr.)(ft. )(A p); 

ma.ss transf'er coefficient, 2 
(lb. )/(hr.) (ft. ) (Ll p); 

mass transfer coefficient, 2 (lb. )/(hr. )(ft. )(A H); 

break-up length of the liquid jet, ft.; 

characteristi c length of the particle; 

vector mixing length; 

wetted periphery of spinning disk, (ft.); 

mixing length applied to generali zed concentration variable; 

mean free path of diffusing molecules, (f t.); 

correlations coefficients (equation 137, 140); 



lx, lr, 

M 

M 
m 

m 

m' 

mf 

m 
0 

N 

Nf 

n 

nd 

IV 
n v 
p 

PA 

PL 

p,q; -
Pa 

Pf 

Ps 

Q 

~ 

qA 
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1 ~ components of vector mixing length, Lu; 

average molecular weight of diffusing vapeur, (lb.)/(lb.-mol.), 
also t·otal momentum flux, (equation ll9); 

average molecular weight of gases in the surrounding film, 
(lb.)/(lb.-mol.); 

mass of a drop, (lb.); 

mass of a drop, (lb.-mol.); 

mass of fluid displaced, (lb.); 

original mass of drop, (lb.); 

unit vector directed outward normal to surface; 

frequency of formation of drops from the jet; 

distance from surface of drop along normal, also no. of drops; 

number of drops with diameters between zero and d in the entire 
sample; 

number of drops per unit volume; 

number of vanes for a disk; 

total pressure of air, (lb. force)/(ft. 2); 

atomizing pressure of gas stream, (p.s.i.a.); 

liquid feed pressure at nozzle, (p.s.i.a.); 

integers characteristic of the statistical mean diarneters; 

partial pressure2of diffusing component in the surrounding medium, 
(lb. force)/(ft. ); 

average partial pressure of the surrounding medium in the gas film, 
(lb. force)/(ft.2); 

saturated vapeur pressure of liquid, (lb. force)/(ft. 2); 

rate of generation per unit volwne of heat, mass or mornentum; 

local rate of generation of sensible heat, (B.t.u.)/(unit 
volume)(hr.); 

atomizing air flow rate, (lb.)/(hr.); 



q -L 

R 

Rn -
R(i -

R(y)-

r 

r -0 

s 

Sw -
s 
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liquid flow rate, (lb.)/(hr.); 

gas constant 1543 (ft.-lb. force)/(lb. mol.)( 0R.); 

radius of the column, (ft.), also drag force resistance, (lb. force); 

radius of the atomizing disk, (ft.); 

correlation coefficient, (equation 115); 

distance from drop centre to point in gas film, (ft.); 

initial radius of the jet, (ft.); 

radial distance at which flow momentum is one half the value 
at the axis, (equation 142); 

unit vector in any given direction; 

shape factor, (equation 62); 

specifie. surface area of spray drops, (ft.2)/(lb.); 

average humid heat of the gas film, (B.t.u.)/(lb. dry air)(°F.); 

T absolute temperature of a drop, (Da.); 

Tf - average absolute temperature of gas film surrounding drop, (üa.); 

TL - liquid feed temperature, (°F.); 

T
5 

temperature of spray, (Ûf.); 

t temperature of drying air, (°F.); 

tA - atomizing air temperature, (Ûf.); 

average inlet drying gas temperature, (°F.); 

average outlet drying gas temperature, (°F.); 

velocity components of velocity V in di recti on x,y,z; 

absolute velocity of drop, (ft.)/(sec.); 

cumulative volume fraction, i.e., volume fraction of spray drops 
with diameter less than d; 

velocity of liquid jet, (ft.)/(sec.); 

velocity of drop relative to the surrounding fluid, (ft.)/(sec.); 



VT - tangential camponent of the liquid velocity, VL, (ft.)/(sec.); 

Vv - vertical component of the liquid velocity, VL, (ft.)/(sec.); 

W mass flow rate of the spray in any section, (lb.)/(hr.); 

WA - work of surface formation, (ft.-lb. force); 

w drying air flow rate, (lb. dry air)/(hr.); 

x axial distance from the source of the jet, (in.); 

x,y,z, Cartesian coordinates; 

x,r, + cylindrical coordinates 

Y any fluctuating variable; 

y ordinate value on the probability plot; also funct i on of d, 
(equati ons 57, 60); 

b) Greek Symhols 

f 

J 
e 

rate of growth of the amplitude on the liquid jet; 

dimensionless diffusion coefficient, (equation 116); also 
coefficient of volume expansion of gas film, (oa.); 

gamma functi on; 

amplitude of the disturbance on the liquid jet; 

distribution parameter; 

2 eddy diffusivity, (equation 117, 129, 135), (ft. )(hr.); 

number of waves per foot of jet circumference; 

angle of spray, (radians); also time, (sec.); 

arbitrary reference time; 

parameter in Reichardt 1s Theory, (equation 144,145); 

wavelength of the disturbance on liquid jet, (also defined by 
equation 107); 

absolute viscosity of the liquid, (lb.)/(ft.)(sec.); 
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c) 

av 

al,a2 

dl,d2 

i 

absolute viscosity of the gas, (lb.)/(ft.)(sec.); 

dimensionless rate of growth, (equation 5); 

ratio of circumference of circle to diameter, 3.14; 

density of surrounding air, (lb.)/(ft.3); 
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average density of the gas film surrounding drop, (lb.)/(ft.3); 

density of liquid feed, (lb.)/(ft.3); 

density of diffusion vapour, (lb.)/(ft.3); 

enclosing surface area of volume,~; 

surface tension of liquid, (dynes)/(cm.); 

element of volume; 

generalized molecular transport potential; 

defined by equation 105; 

generalized variable of the concentration of heat, mass or 
momentum; 

mean angular velocity, (radian/sec.); 

Subscripts 

time-mean average, (equation 109); 

fluctuating component, (equation 108); 

average conditions; 

initial and final atomi.zing air stream in any section of cross
current flow equipment; 

initial and final drying air flow streams in any section of 
cross-current flow equipment; 

ith component or size group; 

x,y,z, x,r, , components or values in direction of axis; 

0 arbitrary reference or initial point; 
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1, 2 - initial and final conditions over a given increment or section. 

d) Dimensionless Numbers 

Gr Grashof Number, d3fr2gc~!JT/fr2 ; 

Nu Nusselt Number, hdvsfkr; 

Nu• ?4odified Nusselt Number, ~Mmdvspf/Dvfr; 

Pr Prandtl Number, Cp~f/kf; 

Re Reynolds Nwnber - dv/Rfr/lff (equations 14, 78, 150); 

sc Schmidt Number - fr/ l'rD v; 

We Weber Number - V1(2f1r0/~1)1/2 ; 

Z Ohnesorge Number- ftf(2f1r0~1)1/2 . 
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APPENDIX I 

SPRAY DROP VELOCITIES 

TABlE VI 

DROP VELOCITY - DROP DIAMETER DATA 

Pneumatic Nozzle (i/4) JN No. 12 Low Atomizing Pressures 

Negligible Eyaporation in Lucite Column v0 = 7.0 ft./sec. 

Section 1 Section 2 Section 2 
(x= 1.5 in.) (x = 4.5 in.) (x = 8.0 in.) 

d VD d VD d VD 
microns ft.Lsec. microns ft.Lsec 1 microns ft.Lsec. 

14 89 11 22.3 23 28.5 
14 89 14 32.4 20 22.5 
22 144 28 65 23 18.4 
14 105 22.3 50 23 18.4 
17 84 19.3 45 18 43.2 
17 52 22 55 27 47.8 
14 87 19 42 25.4 56.7 
19 112 24 59 15 37.4 
15 44 29 77 25 40.5 
15 68 24 44 43 67 
20 71 33 77 15.5 17 
15.5 59 26.5 44 13 23.8 
22 125 35 90 35.5 55.5 
17.5 75 26.5 51 43 65.5 
20 62 24 47.5 23 4J. 
24 105 31 47.5 20.5 33 
17.5 68 22 24 
15 89 25 32.9 
24 120 30.6 39.5 
26 112 22 35 
22 100 
32 167 
14 86 



d 

TABLE VI (GTD.) 

DROP VEWGITY - DROP DIAMETER DATA 

Pneumatic Nozz1e (î/4) JN No. 12 Low Atomizing Pressures 

Neg1igib1e Evaporation in Lucite Go1umn VG = 7.0 ft./sec. 

Section 4 
(x "" 12 in.) 

VD d 

Section 5 
(x = 16 in.) 

VD d 

Section 6 
(x = 21 in.) 

VD 
microns ft.Lsec. microns ft.Lsec. microns tt.Lsec. 

25 15.7 29 15 45 14.8 
19 11.3 34.5 19.6 52 18 
17.5 11.3 34.5 18 48 10 
27 18 38 24.8 46 16.5 
17.5 11 46.4 28.3 40 21 
27 26 38 11 59 19.5 
19.3 17.5 35 13.2 49 12 
23 30 58 19.7 49 12.7 
31 37.5 48 30 49 12.7 
27 23 43 15 33 9 
27 26 35 19.7 
25 25.4 46 11 
21 18 39 16 
33 36.8 29 10.8 
35 33 29 12.8 
31 29.2 29 9 
35 24 32.5 18.8 
40.5 30.5 29 19 
39 34 42.6 22.7 
33 26.5 

A2 
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TABLE VII 

DROP VELOCITY - DROP DIAMETER DATA 

Pressure Nozzle (Ï/4) JN No. 12 Low Atomizing Pressures 

Considerable Evaporation in Co-Current Eguipment v0 = 4.0 ft./sec. 

Section 2 Section 2 Section 
(x • 4.0 in.J (x = 8.0 in.J x= 12.0 in. 

d VD d VD d VD d VD 
microns ft.Lsec. microns ft.Lsec. microns ft.Lsec. microns ft.Lsec. 

48 79 32 41.5 29 17.5 55 . 26.6 
33.5 90 32 26 49 42 30 12.2 
11.5 32 27 36 57 48 30 ll.4 
22 50 48 80 49 35 45 25.5 
27 69 16 19.4 32 18 37.2 26.2 
34 66 27 20 32 19.6 48 26.4 
27 44 27 38 40.6 22 52 24.5 
43.5 94 40 45 45.5 32 47 18.4 
38 85 35 28 52 24.5 45 21.7 
24.5 45 27 20 40.6 19 52 24.6 
17 44 32 29 27.2 16.6 60 30.6 
17 32 33.6 32.5 57 38.2 33 14.2 
39.5 75 32 33 40.7 27.3 37 13.3 
27 60 10 7 24.5 27.3 74 41.0 

17.6 14 27 10.5 67 37.0 
40 43 73 45.1 . 45 14.2 
35.5 38 40 21.0 
33.6 33.3 66 42.0 



TABlE VIII 

DROP VELOCITY - DROP DIAMETER DATA 

Pneumatic Nozz1e (i/4) JN No. 12 Mixed Atomizing Pressures 

Neg1igib1e Evaporation in Lucite Co1umn va .,. 10 ft./sec. 

Section 1 Section 2 Section Section 
(x = 1.5 in.~ (x • 4.5 in.~ x= 8.0 in.) 
d VD d VD d VD d VD 

microns ft./sec. microns !t./sec. microns ft./sec. microns ft./sec. 

17.5 56 15 29 12 16.6 29 20.4 
15.3 70 28 64 13.5 26 31 20.4 
19.3 12.3 19 56 12 18 25 21 
20.0 35 15 42 25 40 27 19.5 
17.5 102 17 48 16 27 15.5 16 
13 56 19.3 56 16 18.5 15.5 15 
15 63 19 48 21 34 15.5 19.5 
11 55 28 69 31 47-5 19.3 19 
11 39.2 31 89 29 36.5 35 34 
13 42 19.3 50 39 57 39 44 
11 47 23.5 56 32 43 19.3 23.8 
15 66 15 42 19 32 31 28.7 
17 68 14 42 19 20.5 31 21 
12 50 17.5 43 33 46 27 21.7 
12 48 17.5 33 19 18.5 31 27 
17.5 73 19 41.5 23 38.8 25 19 
13 48 29 59 33 34 
17 96 17.5 44 19 17.8 
13.5 45 11.5 37 31 26.5 

25 64 19.3 19 
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TABLE IX 

DROP VELOCITY - DROP DIAMETER DATA 

Pneumatic Nozz1e (i/4) JN No. 12 High Atomizing Pressures 

Neg1igib1e Evaporation in Lucite Co1umn v0 = 12 ft./sec. 

Section 1 Section 2 Section 2 Section 9: 
~x= 1.5 in,) ~x = 4.5 in,) ~x= 8,0 in.) ~x • 12.0 in.) 
d VD d VD d VD d VD 

microns rt../sec. microns ft,/eec, microns ft,/sec, microns ft./sec. 

29 166 20 59 22 38.6 27 24 
18 156 25 51 15.8 22.5 29 25.5 
27.2 199 13 43.5 18 29 19 20.5 
15.5 129 22 47 25 55 31 35 
13.5 73 28 82 35.5 58 29 25 
12 91 11 35.5 29 55 29 27 
15.5 lOS 22.5 51 25 55 29 26 
12 51 25 66 34.6 63 39 36.5 
15.5 101 34 13.1 25 41 22.5 20 
13.5 55 17 49 34 62 32 26 
12 60 25 81 35.5 61 34 26 
15.5 115 19.5 52 41 79 25 17.5 
14.5 46 22 65 27 40 23 24 
15.5 lll 29 86 45 83 15.5 15 
12 46 28 86 27 51 15.5 16 
18 123 22.4 61 27 41 19 16 

9 51 17 51.5 23 18 
9 JS 19.5 71 21 23 

15.5 171 19.5 68 31 33.4 
22 106 15.5 49 33 21 
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TABLE X 

DROP VEI.OCITY - DROP DIAMETER DATA 

Pneumatic Nozzle (1/ 4) JN No. 12 High Atomizing Pressures 

Considerable Evaporation in Co-Current Eguipment VG = 4.0 ft./sec. 

Section 2 Section ,2 Section Section 
(x = 4.0 in.) (x = S.O in.) (x= 12.0 in. x= 16.0 in. 

d VD d VD d VD d VD 
microns ft./sec. microns ft./sec. microns ft./sec. microns ft./sec. 

42 92 37 65 46 32 58 19 
1S.6 46 28 45 52 38 42 9 
52 106 65 100 65 48 29 16 
18.6 49 46 72 52 38 38 lS 
28 72 50 87 24 17 47.5 19 
23 56 30 40 24 20 55 30 
37 106 46 76 24 15.5 20 9 
37 86 31 62 48 37 33 19 
19 63 43 64 65 43 51 14 
29 86 65 100 48 34 51 24 
21 79 41 69 66 72 30 9 
34 74 37 69 43 39 39.5 19 
12 44 46 lOO 45 31 28 12 

56 62 46 34 
37 53 48 36 
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TABLE XI 

DROP VELOCITY - DROP DIAMETER DATA 

Pneumatic Nozzle (î/4) JN No. 22B 

Considerable Evaporation in Co-Current Eguipment v0 = 4.0 ft./sec. 

Section 1 Section 2 Section 2 Section 
(x • 1.5 in.) (x = 4.0 in.) (x • 8.0 in.) x -12.0 in. 

d VD d VD d VD d VD 
microns ft./sec. microns ft./sec. microns ft./sec. microns ft./sec. 

15 30 16 22 12 8 31 13 
14 50 20 33 16 15 31 21 
14.5 66 23 32 22 16 39 25 
15.5 66 31 33 28 15 38.5 19 
18.5 75 32 56 32 30 39.5 16 
23 52 35.5 46 33 27 51 25 
23 83 36 51.5 34 25 54 43 
25 94 34 58 35 24 46 45 
26 75 39 59 35 30 
31 69 39.5 47 36 28 
33 82 44.5 52 40 25 
34 105 60 68 40 18 
37.5 95 53 63 41 32 
32 66 53 54 47 27 

47 41 
58 53 
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TABLE XII 

DROP VELOCITY - DROP DIAMETER DATA 

Pressure Nozz1e (i/4) LNNSS No. 1 

Neg1igib1e EVaporation in Lucite Co1umn v0 = 0 ft./sec. 

Section 1 Section 2 Section ,2 
(x= 1.5 in.) (x = 4.5 in.) (x = 8.0 in.) 

d VD d VD d VD 
microns ft./sec. microns ft./sec. microns ft./sec. 

120 47 225 24 300 11 

101 42.5 192 23.5 270 9 

101 41 203 16 250 9.5 

81 38 198 17 247 4.5 

90 35 177 19 224 7.5 

70 46.5 160 22 220 4.0 

83 44 154 12 215 5.5 

61 40 138 12.5 208 7.5 

63 34.5 130 11.5 200 4.5 

60 31 129 15.5 200 5.5 

50 26.5 105 7.5 192 4.0 

70 10.5 180 6.5 

154 3.5 
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TABLE XIII 

DROP VELOCITY - DROP DIAMETER DATA 

Pressure Nozzle (1/4) LN No, 1 Feed temperature 55-75°C, 

Considerable Evaporation in Co-Current Eguipment VG = 10 ft./sec, 

Section 1 Section 2 Section ,:2 Section !J.. 

(x = 0.5 in.) ~x= 4,5 in.) ~x = 8.5 in.) ~x = 12,5 in.) 

d vD d Vn d VD d vD 

microns ft./sec, microns ft,/sec. microns ft,/sec, microns ft./sec, 

80 45 100 36 120 21 128 12 

W3 34 84 35 73 ll ll9 ll 

39 49 68 33 65 ll ll5 8 

53 49 60 19 70 13 105 10 

71 42 60 29 72 17 150 12 

38 30 73 32 58 ll 170 15 

94 64 93 37 150 17 llO 16 

65 31 100 26 85 13 87 8 

91 51 87 29 85 ll 94 14 

66 63 103 42 90 20 

72 53 48 21 58 15 

65 44 69 36 
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TABLE XIV 

DROP VELOCITY - DROP DIAMETm DATA 

Pressure Nozzle LN No. 1 superheated feed at 250°F. 

Considerable Evaporation in Co-current Èguipment v
6 

= 10 ft./sec. 

Section 1 Section 2 Section ,2 Section ~ 
{x = 0.5 in.} {x = 4.5 in.J (x = 8.5 in.} (x = 12.5 in.J 
d VD d VD d VD d VD 

microns ft./sec. microns ft./sec. microns ft./sec. microns ft.Jsec. 

44 38 85 2.3 llO 19 104 12 

44 43 119 26 101 15 92 9 

61 90 61 18 71 14 78 13 

75 129 71 18 66 13 115 14 

52 76 86 14 99 12 140 15 

40 65 58 22 89 15 104 8 

28 49 91 31 82 16 75 12 

42 41 94 23 109 15 72 10 

51 55 45 15 ll2 12 l03 l7 • .5 

35 75 11.3 31 95 14 60 13 

38 45 87 20 115 li 

61 75 108 24 

51 62 105 24 

33 56 70 22 

45 70 

68 88 



APPENDIX II 

DRAG COEFFICIENTS OF SPRAY DROPS 

TABLE XV 

DRAG COEFFICIENT - REYNOLDS NUMBER DATA 

Pneumatio Nozzle (~4) JN No. 12 Low Atomizing Pressures. Neg1igib1e EVaporation 

d = 1~ microns d • 20 microns d • 2~ microns d = ,20 microns d = ,2~ microns d = !J:.O microns 
c!L Re CD Re _S! Re CD Re CD Re CD Re 

- -
0.193 17.5 0.256 32.8 0.325 54.4 0.433 83.1 0.519 124.2 0.252 59.5 
0.187 14.7 0.206 27.8 0.274 46.1 0.342 70.2 0.447 102.7 0.271 38.6 
0.162 ll.5 0.181 25.0 0.207 38.4 0.298 56.9 0.335 89.2 0.241 23.0 
0.118 8.77 0.150 17.4 0.216 28.6 0.209 43.1 0.302 61.2 0.272 14.8 
0.097 6.30 0.120 12.7 0.159 20.6 0.189 31.7 0.323 43.2 
0.103 4.15 0.132 8.53 0.137 13.9 0.169 21.5 0.203 29.1 
0.139 2.36 0.316 5.13 0.163 8.67 0.192 13.2 0.211 18.0 
0.290 1.12 0.480 2.62 0.415 5.36 0.226 7.69 0.177 10.9 

~ 



TABLE XVI 

DRAG COEFFICIENI' - REYNOLIS NUMBER DATA 

Pneumatic Nozz1e (1/4) JN No. 12 Mixed and High Atomizing Pressures Neg1igib1e Evaporation 

Mixed Atomiz~ Pressures H!gh Atomiz~ Pressures 

d = 1!2 microns d = 20 microns d = 22 microns d "' 1,2 microns d = 20 microns d = 22 microns 

CD Re CD Re CD Re CD Re CD Re ~ Re 
-

0.189 16.45 0.345 42.0 0.481 77.2 0.177 22.7 0.263 45.1 0.386 99.5 
0.142 14.15 0.287 36.6 0.383 60.8 0.196 19.6 0.235 38.0 0.331 70.4 
0.136 11.80 0.227 26.3 0.301 46.3 0.139 16.2 0.195 30.8 0.268 53.8 
0.106 9.15 0.176 18.8 0.241 32.2 0.167 12.3 0.167 22.8 0.223 38.6 
0.0973 6.40 0.141 12.9 0.168 21.8 0.123 8.76 0.168 15.8 0.183 26.3 
0.191 4.30 0.129 8.32 0.155 13.9 0.142 4.82 0.182 8.73 0.196 15.95 
0.62 2.27 0.184 2.09 

0.209 .645 

)>-
1-' 
l\) 



TABLE XVII 

DRAG COEFFICllNT - REYNOLDS NUMBER DATA 

Pressure Nozz1e (1/4) LNN SS No. 1 - Neg1igib1e Evaporation 

d "' 40 microns d .. 60 microns d • 80 microns 2_ • 100 microns d = 120 microns 

Cn Re .1_ Re .1_ Re ~ Re 5L Re 
- -

1.03 14.0 1.75 27.7 2.31 47.6 2.76 71.0 3.07 101 

0.59 7.80 1.22 13.8 1.60 24.6 1.81 37.5 2.20 52.9 

0.62 5.70 1.08 6.76 1.23 12.0 1.17 19.0 1.87 27.6 

0.14 3.01 0.57 5.42 0.95 8.72 1.49 12.8 

e 
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APPENDIX III 

ASSESSMENT OF HUMIDITY MEASUREMENT METHOI:S 

TABlE XVIII 

COMPARISON TFSTS USING SYNTHETIC AIR 

Sample Humidity Humiditz Deter.mined lb. H2oZlb. air 
No. Made Up Gravimetrie Volumetrie Dew Point 

1 0.01493 0.01496 0.01506 0.01468 

0.01478 0.01510 0.01496 

0.01512 

2 0.01870 0.01856 0.01848 0.01919 

0.01880 0.01888 0.01897 

0.01852 

3 0.01075 0.01078 0.01076 0.01098 

0.01063 0.01078 0.01105 

0.01058 

4 0.00608 0.00620 0.00600 0.00588 

0.00623 0.00613 0.00590 

0.00610 
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TABLE XIX 

COMPARISON TESTS USING co2-FREE, SATURATED AIR 

Humiditz Determined lb H2oZlb. air 
Sample Humidity Wet and 

No. Made u:e Gravimetrie Volwnetric Dew Point Dry Bulb 

1 0.0115 0.01124 0.01158 0.011.42 
2 0.0159 0.01614 0.01587 0.01620 0.0142 
3 0.0118 0.01205 0.01182 0.01155 0.0117 
4 0.0200 0.01980 0.02030 0.02080 0.0195 
5 0.0180 0.01930 0.01890 0.01890 0.0185 

TABI.E XX 

COMP ARISON TESTS USIOO ROOM Am 

Sample Humiditz Determined lb. ~oZlb. air 
No. Volumetrie Dew Point Wet and Dry Bulb 

1 0.00472 0.0050 0.0045 
2 0.01492 0.0152 0.0168 
3 0.00883 0.0090 0.0100 
4 0.00512 0.0050 0.0054 
5 0.01182 0.0142 0.0133 
6 0.00991 0.0100 0.0112 
7 0.01495 0.0161 0.0170 
8 0.01302 0.0125 o.om 
9 0.01230 0.0125 0.0132 

10 0.00721 0.0067 o.ooso 
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CROOS-CURRENT EVAPORATION RU.NS 

TABLE XXI 

RUN MO. 1 - TABLE OF RESULTS 

Pneumatic Nozz1e (ï74) JN No. 12 Low Atomizing Pressures 

weil 1b./hr. 
Hdl1b.H20/1b.air 
tdl OF. 

wdi 1b./hr. 
wd2(cor.)1b./hr. 

Hd21b.H20/1b.air 

td2 °F. 

wal 1b./hr. 
tal oF. 

w82 1b./hr. 

ta2 °F. 
t °F. av. 
TB °F. (TL=78°F.) 

W 1b./hr. 
Q B.t.u./hr. 

Er% 
dvs microns 
v0 ft./sec. 

VR ft./sec. 
sw 1<Y ft. 2/1b. 
A 10-3 ft 2 

s • 
h Eng. units 

Nu 

Re 
(Re)l/2(Pr )1/3 

Nu' 

(Re)l/2(sc)l/3 

Section 1 Section 2 Section 3 Section 4 

6.31 
0.0120 

170 
6.31 

6.19 
0.0197 

91 

5.45 

76 

5.57 
68 

103.5 
85.0 
18.5 

1.97 
76 
3.6 

16.6 

73 
73 
1.77 
3.31 

1240 

4.2S 

23.8 

4.38 

3.64 

4.14 

8.53 
0.0120 

168 

9.02 

8.85 
0.0204 

91 

5.57 
68 

5.25 
68 

105.1 
87.0 
18.1 

1.91 
82 

3.9 
20.8 

41 
41 
1.41 

4-57 
994 

4.32 

16.7 

3.68 

3.66 

3.50 

12.82 

0.0120 

176 

14.61 

14.36 
0.0208 

90 

5.25 
68 

3.71 
68 

114.7 
87.0 
27.7 
1.80 

l32 

6.2 
24.1 
27 
27 
1.22 

7.55 
632 

3.13 

12.5 
3.18 
2.66 

15.39 
0.0120 

162 

19.54 
19.10 
0.0208 

89 

3.71 
68 
o.oo 

68 
116.2 
88.0 
28.2 

1.68 

178 

8.4 
24.8 
15 
15 
1.18 

12.3 

513 
2.60 

7.18 

2.41 
2.22 

2.29 
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TABLE XXII 

RUN NO. 2 - TABŒ OF RESULTS 

Pneumatic Nozzle (ï/4) JN No. 12 Law Atomizing Pressures 

Section 1 Section 2 Section .2 Section !:t. 

wdl lb./hr. 6.25 6.76 11.50 12.30 

Hdl lb.~O/lb.air 0.0122 0.0122 0.0122 0.0122 

tdl oF. 165 167 167 155 
wd2 lb./hr. 6.27 7.31 13.61 15.07 
wd2(cor.)lb./hr. 6.27 7.31 13.61 15.07 
Hd2 lb.H20/lb.air 0.0201 0.0212 0.0216 0.0218 

td2 °F. 93 91 90 89 

wal lb./hr. 5.45 5.43 4.88 2.77 

tal oF. 80 68 68 68 

wa2 lb./hr. 5.43 4.88 2.77 o.oo 
ta2 °F. 68 68 68 68 

t °F. av. 103.5 102.5 111.8 113.5 
Te °F. (T1=79°F.) 86.0 87.0 89.0 91.0 
tl T °F. 17.5 15.5 22.8 22.5 
W lb./hr. 1.97 1.92 1.82 1.68 
Q B.t.u./hr. 82 74 136 153 

Er% 3.9 3.5 6.4 7.2 
d microns 15.1 21.0 23.5 24.2 vs 
v0 ft./sec. 63 42 27 14 
VR ft./sec. 63 42 27 14 
s la3 ft. 2/lb. 1.95 1.40 1.25 1.21 w 
A 10-3 ft 2 4.23 4-45 7.80 13.4 s • 
h Eng. units 1110 1070 761 508 
Nu 3.55 4.63 3.68 2.54 
Re 18.2 16.9 12.2 6.52 
(Re)l/2(Pr )1/3 3.84 3.70 3.14 2.29 
Nut 3.01 3.92 3.10 2.15 
(Re)l/2(Sc)l/3 3.68 3.54 3.00 2.19 
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TABlE XXIII 

RUN NO. 3 - TABlE OF RESULTS 

Pneumatic Nozz1e (î/4) JN No. 12 Low Atomizing Pressures 

Section 1 Section 2 Section 2 Section !J: 

wdl 1b./hr. 7.70 9.25 13.90 18.66 

Hdl 1b.H20/1b.air 0.0120 0.0120 0.0120 0.0120 

tdl oF. 176 176 181 170 

wd2 1b./hr. 7.60 10.60 16.50 21.90 

wd2(cor.) 1b./hr. 7.37 10.29 16.00 21.30 

Hd21b.~0/1b.air 0.0197 0.0202 0.0209 0.0216 

td2 °F. 103 93 91 91 

wal 1b./hr. 5.45 5.78 4-74 2.64 

tal CIF. 76 64 64 64 
w82 1b./hr. 5.78 4-74 2.64 o.oo 
ta2 °F. 64 64 64 64 

t °F. av. 110.1 108.5 119.1 120.0 

T
8 
°F. (T1 =82°F.) 87.0 87.0 87.0 87.0 

6 T °F. 23.1 21.5 32.1 37.0 
W 1b./hr. 1.97 1.90 1.79 1.62 
Q B.t.u./hr. 86 89 151 216 

Er% 4.1 4.2 7.1 10.2 
d vs microns 17.6 20.4 27.0 26.1 

VD ft./sec. 74 40 32 16 

VR ft./sec. 74 40 32 16 
s 103 ft. 2/1b. 1.67 1.44 1.09 1.13 w 
A

8 
10-3 tt. 2 3.08 4.76 5.65 10.6 

h Eng. units 1200 872 831 548 
Nu 4.43 3.71 4.62 2.96 
Re 25.0 15.7 16.4 7.81 
(Re)l/2(Pr)l/3 4.50 3.57 3.63 2.51 
Nu' 3.73 3.14 3.90 2.50 
(Re)l/2(Sc)l/3 4.31 3.42 3.47 2.40 
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TABLE XXIV 

RUN NO. 4 - TABLE OF IŒSULTS 

Pneumatic Nozz1e (l/4) JN No. 12 Low Atomizing Pressures 

Section 1 Section 2 Section .2 Section 9: 

wdl 1b./hr. 7.13 8.26 13.20 14.76 
Hdl 1b.~0/1b.air 0.0083 0.0083 0.0083 0.0083 
tdl oF. 142 143 147 138 
wd2 1b./hr. 7.10 8.90 14.65 17.80 
wd2 {cor. )1b./hr. 7.16 8.98 14.80 17.96 
Hd21b.H20/1b.air 0.0162 0.0168 0.0174 0.0175 
td2 °F. 79 79 77 78 
wal 1b./hr. 5.45 5.42 4.80 3.20 
tal oF. 66 57 57 57 
w82 1b./hr. 5.42 4.80 3.20 o.oo 
ta2 °F. 57 57 57 57 
t av. oF. 89.2 89.6 98.3 100.8 

Ts °F. (TL=78°F.) 79.0 79.0 79.0 79.0 
tl T °F. 10.2 10.6 19.3 21.8 
W 1b./hr. 1.98 1.91 1.81 1.66 
Q B.t.u./hr. 66 81 141 174 

Er% 3.1 3.8 6.6 8.2 
d vs microns 14.1 15.6 18.2 20.7 
v0 ft./sec. 60 28 18 11 
VR ft./sec. 60 28 18 11 
sw 1Q3 ft. 2/1b. 2.09 1.88 1.61 1.42 
A 10-3 ft 2 

4.80 8.92 15.0 19.8 s • 
h Eng. units 1350 859 490 403 
Nu 4.00 2.81 1.86 1.75 
Re 16.9 8.88 6.50 4.55 
(Re)l/2(Pr)l/3 3.68 2.66 2.30 1.91 
Nu' 3.38 2.37 1.57 1.48 
(Re)l/2{sc)l/3 3.53 2.55 2.21 1.83 
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TABLE XXV 

RUN NO. 5 - TABLE OF RESULTS 

Pneumatic Nozz1e (î/4) JN No. 12 Low Atomizigg Pressures 

Section 1 Section 2 Section 3 Section 4 

wdl 1b./hr. 8.80 9.70 15.16 18.60 

Hdl1b.~0/1b.air 0.0092 0.0092 0.0092 0.0092 
tdl oF. 144 145 145 140 
wd2 1b./hr. 7.60 10.60 16.22 22.00 
wd2(cor. )1b./hr. 7.80 10.85 16.60 22.44 
Hd21b.H20/1b.air 0.0189 0.0192 0.0195 0.0199 

td2 °F. 83 82 82 81 

wal 1b./hr. 5-45 6.45 5.30 3.84 

ta1 oF. 70 60 60 60 
wa2 1b./hr. 6.45 5.30 3.84 o.oo 
ta2 °Fe 60 60 60 60 
t av. 

oF. 99.0 92.8 100.4 103.7 
Ts °F. (T1=76°F.) 79.0 79.0 79.0 79.0 
Il T °F. 20 13.8 21.4 24.7 

W 1b./hr. 1.96 1.87 1.74 1.69 
Q B.t.u./hr. 94 125 180 252 

Er% 4-4 5.9 8.5 11.9 
d vs microns 14-7 17.4 20.6 20.5 
VD !t./sec. 62 32 22 10 
VR ft./sec. 62 32 22 10 
sw 103 ft. 2/1b. 2.00 1.69 1.43 1.43 
A 10-3 ft 2 

4.40 6.86 10.4 22.4 s • 
h Eng. units 1050 1320 810 466 
Nu 3.34 4-79 3-47 2.00 
Re 18.2 11.1 9.08 4.10 
(Re)l/2(Pr)l/3 3.84 2.99 2.72 1.82 
Nu' 2.84 4-05 2.95 3.48 
(Re)l/2(Sc)l/3 3.68 2.87 2.60 1.75 
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TABLE XXVI 

RUN NO. 6 - TABLE OF RESULTS 

Pneumatic Nozz1e (l/4) JN No. 12 Low Atomizing Pressures 

Section 1 Section 2 Section 2 Section !z Section 2 

wdl 1b./hr. 10.31 13.34 16.60 20.80 21.60 

Hdl1b.H20/1b.air 0.0095 0.0095 0.0095 0.0095 0.0095 

tdl oF. 182 184 180 180 157 

wd2 1b./hr. 12.90 13.60 17.20 21.00 21.20 

wd2(cor.)1b./hr. 13.30 14.05 17.70 21.40 21.60 

Hd21b.H20/1b.air 0.0175 0.0180 0.0195 0.0200 0.0205 

td2 °F. 104 101 98 96 106 

wal 1b./hr. 5.45 2.46 1.75 0.65 o.oo 
tal oF. 86 71 71 71 71 

wa2 1b./hr. 2.46 1.75 0.65 o.oo o.oo 
ta2 oF. 71 71 71 71 71 

t °F. av. 124.1 131.7 133.4 136.5 131.5 
T

8
°F. (T1=92°F.) 95.0 94.0 93.0 93.0 9.3.0 

AT °F. 29.1 37.7 40.4 43.5 38.5 
W lb./hr. 1.95 1.84 1.69 1.49 1.27 
Q B.t.u./hr. 132 123 182 232 250 

Er% 6.2 5.8 8.6 10.9 ll.3 
dvs microns 15.4 23.1 26.5 27.8 35.0 
VD ft./sec. 64 47 31 16 il 

VR ft./sec. 64 47 31 16 11 

sw lo3 ft. 2 /lb. 1.91 1.27 1.ll 1.06 0.84 
A 10-3 ft 2 4.04 3.46 5.58 9.15 8.95 s • 
h Eng. units 1120 942 806 583 726 
Nu 3.57 4.48 4.38 3.33 5.28 
Re 18.2 20.1 15.2 8.22 7.13 
(Re)l/2(Pr)l/3 3.83 4.04 3.52 2.58 2.41 
Nu' 3.04 3.82 3.74 2.84 4.50 
(Re)l/2(sc)l/3 3.66 3.86 3.36 2.46 2.30 
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TABlE XXVII 

RUN NO. 7 - TABLE OF RESULTS 

Pneumatic Nozzle (ï/4) JN No. 12 Law Atomizing Pressures 

Section 1 Section 2 Section 2 Section li Section 2 

wdl lb./hr. 11.20 14.30 15.15 17.50 19.00 
Hdllb.H20/lb.air o.ooes o.ooee o.ooee o.ooes o.ooee 
tdl oF. 165 172 174 172 145 
wd2 lb./hr. 13.60 16.20 17.20 19.00 19.90 
wd2(cor.)lb./hr. 13.10 15.60 16.55 18.35 19.00 
Hd2lb.H20/lb.air 0.0160 0.0170 0.0100 0.0185 0.0190 

td2 °F. 109 lOS 107 106 105 

wal lb./hr. 5.45 3.55 2.25 0.85 o.oo 
tal oF. S6 71 71 71 71 
w82 lb./hr. 3.55 2.35 0.85 o.oo o.oo 
ta2 °F. 71 71 71 71 71 
t av. 

oF. 120.1 127.6 131.1 136.6 125.0 
T

8
°F. (TL=00°F.) 96.0 97.0 97.0 97.0 98.0 

tl T °F. 24.1 30.6 34.1 39.6 27.0 
w lb./hr. 1.95 1.84 1.70 1.54 1.35 
Q B.t.u./hr. 150 138 162 188 204 

Er % 7.1 6.5 7.6 e.e 9.6 
d vs microns 14.8 19.3 23.0 28.4 29.0 
VD !t./sec. 64 38 27 18 8 
VR ft./sec. 64 38 27 18 e 
s 103 ft. 2/lb. 1.98 1.53 1.28 1.03 1.02 w 
A 10-3 ft 2 

4.18 5.15 7-45 8.19 15.9 s • 
h Eng. units 1490 874 637 584 476 
Nu 4.57 3.50 3.03 3.43 2.84 
Re 18.2 13.3 11.9 9.70 4.21 
(Re)l/2(Pr)l/3 3.84 3.28 3.10 2.00 1.85 
Nu' 3.90 3.00 2.59 2.93 2.42 
(Re)l/2(sc)l/3 3.67 3.13 2.96 2.67 1.76 
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TABlE XXVIII 

RUN NO. 8 - TABLE OF RESULTS 

Pneumatic Nozz1e (ï/4) JN No. 12 Law Atomizing Pressures 

Section 1 Section 2 Section ,2 Section li Section 2 

wdl 1b./hr. 11.60 12.60 17.50 20.50 21.00 

Hdl1b.H20/1b.air 0.0090 0.0090 0.0090 0.0090 0.0090 

teil oF. 186 194 194 186 144 

wd2 1b./hr. 13.00 14.50 19.20 22.80 23.25 

wd2(cor.)1b./hr. 12.40 13.80 18.30 21.80 22.25 

Hd21b.H20/1b.air 0.0205 0.0215 0.0215 0.0216 0.0220 

td2 °F. 107 101 101 104 107 

wal 1b./hr. 5.45 4.65 3.45 2.65 1.35 

ta1 oF. 86 71 71 71 71 

wa2 1b./hr. 4.65 3.45 2.65 1.35 o.oo 
ta2 oF. 71 71 71 71 71 

t av. 
oF. 125.7 127.8 135.0 137.2 123.2 

T
8 
°F. (T1 =85°F.) 95.0 95.0 95.0 95.0 95.0 

c:l T °F. 30.7 32.8 41.1 42.2 28.2 

W 1b./hr. 1.93 1.78 1.58 1.34 1.06 

Q B.t.u./hr. 184 181 243 293 308 

Er% 8.7 8.5 11.5 14.0 14.5 
d microns 16.7 19.4 24.0 27.0 26.8 vs 
v0 ft./sec. 73 39 28 17 7 
VR ft./sec. 73 39 28 17 7 
sw 103 ft. 

2
/1b. 1.76 1.52 1.22 1.09 1.10 

A 10-3 ft. 2 3.24 4.82 6.40 8.00 15.6 s 
h Eng. units 1850 1150 922 890 700 
Nu 6.31 4.59 4.51 4.92 3.80 
Re 22.7 13.9 11.50 8.51 3.44 
(Re)l/2(Pr)J/3 4.31 3.34 3.05 2.62 1.70 

Nu' 5.40 3.90 3.86 4.20 3.24 
(Re)l/2(Sc)l/3 4.14 3.20 2.92 2.51 1.62 
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TABLE XXIX 

RUN No. 9 - TABLE OF RESULTS 

Pneumatic Nozz1e (ll4) JN No. 12 Low Atomizing Pressures 

Section 1 Section 2 Section 3 Section 4 Section 5 

wdl 1b./hr. 12.00 15.30 16.20 21.00 22.00 

Hd1lb.H20/lb.air 0.0066 0.0066 0.0066 0.0066 0.0066 

t dl OF. 193 194 195 194 167 

wd2 1b./hr. 13.f:IJ 17.60 19.40 22.70 24.10 
wd2(cor.)1b./hr. 12.80 16.70 18.30 21.40 22.75 

Hd21b.H20/1b.air 0.0185 0.0190 0.0195 0.0195 0.0195 

td2 °F. 110 111 110 109 119 
w81 1b./hr. 5.45 4.65 3.25 1.15 0.75 

ta1 oF. 90 76 76 76 76 
wa2 lb./hr. 4.65 3.25 1.15 0.75 o.oo 
ta2 oF. 76 76 76 76 76 
t av. oF. 131.8 136.8 141.2 148.7 142.2 

Ts°F. (T1=78°F.) 95.0 95.0 95.0 95.0 95.0 
/), T °F. 36.8 41.8 46.2 53.7 47.2 
W 1b./hr. 1.92 1.74 1.52 1.26 0.98 
Q B.t.u./hr. 206 219 250 292 311 

Ef% 9.7 10.3 11.8 13.8 14.7 
dvs microns 16.8 19.3 25.0 26.0 28.5 
VD rt./sec. 72 38 28 16 8 
VR ft./sec. 72 38 28 16 8 
sw 103 ft. 2/1b. 1.75 1.52 1.17 1.13 1.03 
A 10-3 ft 2 3.24 4.82 5.89 8.26 11.7 s • 
h Eng. units 1730 1080 923 656 563 
Nu 5.94 4.25 4.65 3.48 3.29 
Re 22.5 13.5 12.7 7.46 4.08 
(Re)J../2(Pr)J../3 4.26 3.31 3.19 2.47 1.82 
Nut 5.03 3.63 3.94 6.38 3.50 
(Re)J../2(sc)J../3 4.08 3.17 3.06 2.36 1.74 
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TABlE XXX 

RUN NO. 10 - TABlE OF RESULTS 

Pneumatic Nozz1e (l/4) JN No. 12 Low Atomizing Pressures 

Section 1 Section 2 Section 2 Section {t Section .2 

wdl 1b./hr. 9.90 12.90 15.50 16.60 17.75 

Hdl1b.H20/1b.air 0.0083 0.0083 0.0083 0.0083 0.0083 

tdl oF. 177 182 188 185 159 

wd2 1b./hr. 11.35 14.20 15.90 18.70 18.65 

wd2(cor.)1b./hr. 11.25 14.10 15.75 18.50 18.45 

Hd21b.H20/1b.air 0.0165 0.0177 0.0180 0.0190 0.0190 

td2 °F. 104 100 100 104 113 
w81 1b./hr. 5.95 4.10 2.90 2.65 0.75 

ta1 oF. 92 75 75 75 75 

wa2 1b./hr. 4.10 2.90 2.65 6.75 o.oo 
ta2 oF. 75 75 75 75 75 
t °F. av, 121.6 126.6 133.1 136.3 134.2 

T
8
°F. (TL·SO•F.) 95.0 95.0 95.0 98.0 100.0 

~ T °F. 26.6 31.6 38.1 38.3 34.2 
W 1b./hr. 1.95 1.84 1.70 1.53 1.33 
Q B.t.u./hr. 145 140 161 212 210 

Er% 6.8 6.6 7.6 10.0 9.9 
dvs microns 14.5 19.5 25.4 25.8 28.2 

v0 ft./sec. 62 39 28 16 8 
VR ft./sec. 62 39 28 16 8 
sw 103 ft. 

2
/1b. 2.03 1.51 1.16 1.14 1.04 

A 10-3 ft 2 
4-43 4.95 6.50 10.1 16.0 s • 

h Eng. units 1230 895 657 556 386 
Nu 3.71 3.62 3.42 2.96 2.26 
Re 16.7 13.9 13.1 7.60 4.13 
(Re) 1./2 (Pr )1./3 3.67 3.35 3.25 2.47 1.82 
Nu' 3.17 3.10 2.92 2.53 1.93 
(Re)l/2(sc)J../3 3.52 3.21 3.12 2.37 1.74 
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TABLE XXXI 

RUN NO. 11 - TABLE OF RESULTS 

Pneumatic Nozz1e (ï/4) JN No. 12 Low Atomizing Pressures 

Section 1 Section 2 Section 3 Section 4 Section 5 

wdl 1b./hr 10.20 13.00 15.60 16.80 17.00 

Hdl1b.~0/1b.air 0.0084 0.0084 0.0084 0.0084 0.0084 

tdl oF. 203 208 212 208 177 

wd2 1b./hr. 11.40 14.20 15.90 18.70 18.90 

w d2 (cor. )1b./hr. 11.25 14.00 15.70 18.50 18.60 

Hd21b.H20/1b.air 0.0175 0.0186 0.0190 0.0200 0.0200 

td2 °F. 114 108 106 106 118 

wal 1b./hr. 5.45 4.40 3.40 3.30 1.60 

tal oF. 92 75 75 75 75 
wa2 1b./hr. 4.40 3.40 3.30 1.60 o.oo 
ta2 oF. 75 75 75 75 75 
t °F. av. 133.6 138.3 144.4 145.2 143.8 

Ts°F. (T1=80°F.) 97.0 97.0 98.0 99.0 100.0 

6T °F. 36.6 41.3 46.4 46.2 43.8 
W 1b./hr. 1.95 1.83 1.67 1.48 1.26 

Q B.t.u./hr. 162 151 178 228 229 

Ef% 7.6 7.1 8.4 10.7 10.7 
d microns 14.7 vs 21.0 28.0 28.8 29.7 

VD ft./sec. 62 40 33 18 8 
VR ft./sec. 62 40 33 18 8 
sw 103 ft. 2/1b. 2.00 1.40 1.05 1.02 0.99 
A 10-3 f't 2 

4.37 4-45 4.92 7.80 14.4 8 • 

h Eng. units 1010 825 780 631 363 
Nu 3.10 3.59 4.44 3.70 2.18 
Re 16.8 15.0 16.50 9.22 4.21 
(Re)l/2(Pr)l/3 3.67 3.48 3.65 2.71 1.85 
Nu' 2.65 3.00 3.78 3.16 1.86 
(Re)l/2(sc)l/3 3.50 3.32 3.48 2.58 1.76 
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TABLE XXXII 

RUN NO. 12 - TABLE OF RESULTS 

Pneumatic Nozz1e (l/4) JN No. 12 Low Atomizing Pressures 

Section 1 Section 2 Section 2 Section~ Section 2 

wdl lb./hr. ll.10 14.80 17.70 20.70 22.95 

Hdl1b.H20/1b.air 0.0083 0.0083 0.0083 0.0083 0.0083 

tell oF. 192 202 212 214 170 

wd2 1b./hr. 12.90 16.60 19.90 21.70 24.80 

wd2(cor.)1b./hr. 12.45 16.05 19.22 20.95 24.00 

Hd21b.H20/1b.air 0.0175 0.0190 0.0200 0.0205 0.0205 

td2 °F. 113 llO 107 107 ll9 
w81 1b./hr. 5.45 4.10 2.85 1.33 1.06 

tal OF. 92 74 74 74 74 
wa2 1b./hr. 4.10 2.85 1.33 1.06 o.oo 
ta2 oF. 74 74 74 74 74 
t av. 

oF. 131.6 139.4 148.5 155.2 141.8 

Ts°F. (T1•85°F.) 98.0 99.0 100.5 102.0 104.0 

6 T °F. 33.6 40.4 48.0 53.2 37.8 
W lb./hr. 1.94 1.80 1.60 1.36 1.09 
Q B.t.u./hr. 166 183 239 271 312 

Er% 7.9 8.7 ll.3 12.8 14.7 
d microns 16.1 19.4 22.0 26.4 29.3 

V5 

v0 ft./sec. 70 39 24 16 8 

VR ft./sec. 70 39 24 16 8 
s 103 ft. 2/1b. 1.83 1.51 1.34 1.11 1.00 w 
A 10-3 ft 2 3.52 4.83 8.28 8.73 12.6 s • 
h Eng. units 1400 940 603 584 654 
Nu 4.éiJ 3.70 2.70 3.12 3.90 
Re 20.5 13.5 9.41 7.45 4.28 
(Re)l/2(Pr)l/3 4.07 3.30 2.76 2.45 1.86 

Nu' 3.94 3.17 2.40 2.67 3.34 
(Re)l/2(sc)l/3 3.86 3.14 2.63 2.33 1.77 
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TABLE XXXIII 

RUNS NO. 13 AND 14 - TABLE OF RFSULTS 

Pressure Nozz1e (l/4) LNN SS No. 1 

Run No. 1;2 Run No. 14 
Section 1 Section 2 Section 1 Section 2 Section 1 

wd.l 1b./hr. 11.10 15.30 11.20 13.88 16.05 

Hdl 1b.H20/1b.air 0.0124 0.0124 0.0117 0.0117 0.0117 
td.l op. 206 220 186 198 193 
wd2 1b./hr. 12.96 17.05 12.70 15.00 17.22 

wd2 (cor.) 1b./hr. 11.10 15.30 11.20 13.90 16.05 

Hd2 1b.H20/1b.air 0.0145 0.0170 0.0145 0.0167 0.0188 

td2 op. 126 130 122 127 140 
t av. 

op. 160 175 154 162.5 167 

T
8
°F. (T1=85;85°F.) 95 98 95 101 103 

AT °F. 71 77 59 61.5 64 
W 1b./hr. 4.99 4.95 4.99 4-94 4.85 
Q B.t.u. 78 90 83 104 131 

Ef% 1.4 1.7 1.5 1.9 2.4 
d microns 91 125 75 101 153 vs 
VD ft./sec. 43 13 36 11 4.5 

VR ft./sec. 43 13 36 11 4.5 
sw 102 

ft.
2/1b. 3.23 2.36 3.92 2.91 1.92 

A 10-3 ft 2 2.62 6.23 3.78 9.05 19.6 s • 
h Eng. units 418 188 372 186 104 
Nu 7.61 4.69 5.67 3.79 3.19 
Re 67.1 27.6 413.2 19.2 11.7 
(Re)l/2(Pr)l/3 7.36 4.73 6.22 3.94 3.06 
Nut 6.51 4.03 4.85 3.30 2.74 
(Re)l/2(sc)l/3 7.10 4.56 6.00 3.80 2.95 
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TABLE XXXIV 

RUNS NO. 15 AND 16 - TABlE OF RESULTS 

Pressure Nozz1e (l/4) LNN SS No. 1 

Run No. 12 Run No. 16 
Section 1 Section 2 Section ~ Section 1 Section 2 

wdl 1b./hr. 9.30 13.60 15.50 12.8 12.9 

Hdl 1b.~0/1b.air 0.0130 0.0130 0.0130 0.0160 0.0160 

tdl oF. 199 205 208 152 144 

wd2 1b./hr. 10.8 13.8 16.0 12.9 13.3 

wd2(cor.)1b./hr. 10.1 13.1 15.5 12.7 13.0 

Hd21b.H20/1b.air 0.0165 0.0206 0.0218 0.0180 0.0196 

td2 °F. 126 136 145 102 106 
t oF. 162.5 170.5 176.5 127 125 av. 
Ts°F. (T1=90;88°F.) 97 102 105 95 100 

Il T°F. 65.5 68.5 71.5 32 25 
w 1b./hr. 4.99 4.93 4.81 5.00 4.96 
Q B.t.u./hr. 73 130 160 61 76 

Ef% 1.4 2.4 3.0 1.1 1.4 
d vs microns 92 103 148 65 84 
VD ft./sec. 43 11 4.5 32 9 
VR ft./sec. 43 11 4.5 32 9 
s 102 ft. 2 /lb. 3.20 2.85 1.98 4·53 3.50 w 
A 10-3 ft. 2 

2.57 8.91 19.8 4.95 13.5 s 
h Eng. units 435 213 113 386 226 
Nu 8.90 4-47 3.36 5.17 3.89 
Re 67.1 19.3 11.3 38.5 13.7 
(Re)l/2(Pr)l/3 7.32 3.94 3.02 5.57 3.32 
Nu' 7.65 3.84 2.89 4.40 3.31 
(Re)l/2(sc)l/3 6.99 3.76 2.88 5.35 3.28 
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TABLE X:XXV 

RUNS NO. li AND 18 - TABIE OF RESULTS 

Pressure Nozzle (î74) LNN SS No. 1 

Run No. li Run No. 18 
Section 1 Section 2 Section 3 Section 1 Section 2 

wdl lb./hr. 12.20 16.00 17.80 12.1 12.9 

Hdl 1b.H20/lb.air 0.0124 0.0124 0.0124 0.0170 0.0170 
tdl oF. 195 208 204 158 163 

wd2 lb./hr. 12.90 16.31 18.00 12.60 14.2 
wd2(cor.) lb./hr. 12.22 16.01 17.79 12.10 13.20 

Hd2 lb.H20/lb.air 0.0130 0.0162 0.0170 0.0180 0.0195 

td2 °F. 124 130 145 104 105 
t av. 

oF. 159.5 169 174.5 131 134 
T

8
°F. (T1=80:76°F.) 91 97 100 82 87 

6T °F. 69 72 74.5 49 47 
w lb./hr. 5.10 4-97 4.90 5.00 4.98 
Q B.t.u./hr. 55 95 100 43 60 

Er% 1.0 1.8 1.9 0.8 1.1 
d microns 102 128 161 88 104 vs 
v0 ft./sec. 47 13.5 5.0 42.5 11.5 
VR ft./sec. 47 13.5 5.0 42.5 11.5 
s 102 ft. 2 /lb. 2.88 2.30 1.8.3 3.34 2.82 w 
A 10-.3 ft 2 2.18 5.89 16.5 2.33 8.42 s • 
h Eng. units .367 225 82 378 151 
Nu 7.61 5.87 2.51 6.86 3.21 
Re 84.1 29.4 13 • .3 69.6 21.6 
(Re)l/2(Pr)l/3 8.22 4.87 3.28 7.413 4.17 
Nu• 6.46 5.00 2.15 5.83 2.73 
(Re)l/2(sc)l/3 7.8.3 4.65 3.13 7.15 3.98 
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TABLE XXXVI 

RUNS NO. 19 AND 20 - TABŒ OF RESULTS 

Pressure Nozzle Cï/4) LNN SS No. 1 

Run No. 12 Run No. 20 
Section 1 Section 2 Section 1 Section 2 

wdl lb./hr. 11.50 13.00 13.12 14.98 
Hdl lb.H20/lb.air 0.0165 0.0165 0.0158 0.0158 
tdl oF. 155 163 161 155 
wd2 lb./hr. 11.90 13.50 13.91 15.51 
wd2(cor.)lb./hr. 11.50 13.02 13.10 15.00 
Hd2 lb.H20/lb.air 0.0170 0.0180 0.0178 0.0195 
td2 op. 100 110 106 108 
t av. 

oF. 127.5 136.5 133.5 131.5 
T

8
°F. (T1=80;84°F.) 90 100 90 97 

~T °F. 37.5 36.5 43.5 34.5 
W lb./hr. 5.01 4.99 5.00 4.95 
Q B.t.1.1./hr. 55 71 63 93 
Ef% 1.0 1.3 1.2 1.7 
d vs microns 68 llO 69 89 
VD ft./sec. 34 12 34 10 
VR ft./sec. 34 12 34 10 
sw 102 ft. 2 /lb. 4.32 2.68 4.26 3.31 
A 10-J ft. 2 

4.48 7.75 4.34 11.4 8 

h Eng. units 327 252 333 235 
Nu 4-54 5.62 4.68 4.26 
Re 42.4 24.8 43.2 16.5 
(Re)l/2(Pr)l/3 5.82 4.47 5.91 3.63 
Nu' 3.86 4.78 3.98 3.62 
(Re)l/2(sc)l/3 5.58 4.30 5.68 3.48 
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APPENDIX V 

CO-CURRENT EVAPORATION RUNS 

TABLE XXXVII 

RUN NO. 21 - TABLE OF RESULTS 

Pneumatic Nozzle Cl/4) JN No. 12 Low Atomizing Pressures 

Section 1 Section 2 Section ,2 Section !:J: 

Er% 10 20 35 19 
W lb./hr. 1.90 1.60 1.04 0.50 
t av. 

oF. 166 199 208 211 

T
8 

°F. (T1 =87°F.) 101 101 101 101 

J) T °F. 65 98 107 llO 

Q B.t. u./hr. 240 425 730 402 
d vs microns 16.2 18.5 20.6 22.0 

VD ft./sec. 74 42 22 13 
VR ft./sec. 60 35 18 9 
s 1a3 ft. 2/lb. 1.82 1.59 1.43 1.33 w 
A 10-3 ft 2 3.25 4.22 6.28 4.76 s • 
h Eng. units 1140 1030 1090 767 
Nu 3.78 3.76 4.34 3.25 
Re 16.9 12.7 6.00 3.19 
(Re)l/2(Pr)l/3 3.68 3.20 2.20 1.61 
Nu' 3.22 3.24 3.73 2.80 
(Re)l/2(Sc)l/3 3.4S 3.05 2.09 1.53 
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TABlE XXXVIII 

RUN NO. 22 - TABlE OF RESULTS 

Pneumatic Nozz1e (l/4) JN No. 12 Low Atomizing Pressures 

Section 1 Section 2 Section 2 Section 4 

Er% 9 16 27 20 

W 1b./hr. 1.91 1.66 1.23 0.73 

t OF. 172 205 215 216 a.v. 

T °F s • (T1=86°F.) 97 97 97 97 

.6 T °F. 75 108 118 119 

Q B.t.u./hr. 215 340 572 424 

d microns 19.7 22.0 22.9 23.1 vs 

v0 ft./sec. 92 4B 25 14 

VR ft./sec. 78 41 21 10 

s 103 ft. 2/1b. w 1.49 1.33 1.28 1.27 

A 10-3 ft 2 
s • 2.15 3.21 5.85 6.15 

h Eng. unite 1335 980 831 583 

Nu 5.21 4.17 3.67 2.59 

Re 26.5 14.6 7-75 3.74 

(Re).l/2(Pr).l/3 4.63 3.44 2.51 1.74 

Nut 4.43 3.60 3.17 2.24 

{Re)l/2{Sc)l/3 4.41 3.27 2.38 1.65 
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TABlE XXXIX 

RUN NO. 23 - TABLE OF RF.SULTS 

Pneumatic Nozzle (lJ4) JN No. 12 Low Atomizing Pressures 

t °F. av. 

AT op. 

Q B.t.u./hr. 

d microns vs 

VD ft./sec. 

VR ft./sec. 

sw 103 ft. 
2
/lb. 

A 10-3 ft 2 
s • 

h Eng. units 

Nu 

Section 1 Section 2 

14 

1.87 

144 

93 

51 

325 

14.0 

64 

50 

2.10 

4.25 

1500 

12.6 

3.19 

3.64 

3.06 

25 

1.48 

164 

93 

71 

531 

16.4 

38 

31 

1.80 

4.87 

1540 

5.14 

9.05 

2.70 

4.40 

2.58 

Section 3 

23 

0.95 

169 

93 

76 

491 

19.2 

21 

17 

1.53 

6.41 

1001 

3.89 

5.68 

2.14 

3.34 

2.04 

Section 4 

15.5 

0.58 

169 

93 

76 

329 

20.8 

11 

7 

1.41 

6.86 

631 

2.64 

2.52 

1.43 

2. 27 

1.36 
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TABlE XL 

RUN NO. 2~ - TABLE OF RESULTS 

Pneumatic Nozz1e (ï/4) JN No. 12 Law Atomizigg Pressures 

Section 1 Section 2 Section 3 Section 4 Section 5 

Er% li 12 lB 19 15 

W 1b./hr. 1.89 1.66 1.36 0.99 0.65 

t oF. 132 140 142 142 141 av. 

Ts °F. (T1=S1°F.) S6 S6 S6 S6 86 

AT °F. 46 54 56 56 55 

Q B.t.u./hr. 245 255 382 403 319 

d vs microns 15.6 18.3 20.7 22.S 23.B 

VD ft./sec. 70 42 23 13 8 

VR ft./sec. 56 35 19 9 4 

sw 103 ft. 2/lb. 1.8S 1.61 1.42 1.29 1.24 

A 10-3 ft 2 
s • 3.53 4.42 7.75 9.11 9.35 

h Eng. units 1500 1070 SS2 790 621 

Nu 4.Sl 4.00 3-75 3.69 3.04 

Re 16.2 11.9 7.30 3.81 1.76 

(Re)l/2(Pr)l/3 3.62 3.10 2.43 1.76 1.19 

Nu' 4.09 3.40 3.19 3.14 2.59 

(Re)l/2(sc)l/3 
3-47 2.97 2.33 1.69 1.04 
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TABLE XLI 

RUN NO. 25 - TABLE OF RESULTS 

Pneumatic Nozzle (ï/4) JN No. 12 High Atomizing Pressures 

Ef% 

W lb./hr. 

t °F. av. 

Q B.t.u./hr. 

d microns vs 

VD ft./sec. 

VR ft./sec. 

s 103 .ft. 
2 
/lb. w 

A 10-3 ft. 2 
s 

h Eng. units 

Nu 

Section 1 Section 2 Section 3 Section 4 Section 5 

8 

4.23 

140 

90 

50 

493 

14.0 

80 

66 

2.10 

1280 

3.66 

16.8 

3.68 

3.12 

3.52 

13 

3.76 

151 

90 

61 

605 

17.2 

48 

39 

1.71 

9.27 

1070 

3.74 

12.0 

3.12 

3.18 

2.99 

18 

3·04 

155 

90 

65 

839 

19.0 

27 

23 

1.55 

16.2 

801 

3.04 

7.80 

2.51 

2.59 

2.40 

19 

2.14 

155 

90 

65 

886 

20.5 

13 

9 

1.43 

21.8 

625 

2.54 

3.29 

1.63 

2.16 

1.56 

14 

1.54 

152 

90 

62 

652 

22.0 

8 

4 

1.33 

23.6 

446 

2.02 

1.56 

1.11 

1.33 

1.06 
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TABLE XLII 

RUN NO. 26 - TABLE OF RESULTS 

Pneumatic Nozzle (ï/4) JN No. 12 High Atomizing Pressures 

Section 1 Section 2 Section 3 Section 4 Section 5 

Er% 12 20 26 16 11 

W lb./hr. 4.14 3.52 2.41 1.45 0.97 

t av. 
oF. 160 180 184 181 175 

T
5 

op. (T1:63°F.) 86 86 86 86 86 

~ T op. 74 94 98 95 89 

Q B.t. u./hr. 660 936 1210 746 512 

d microns 14.1 16.6 18.9 21.0 23.0 vs 

VD ft./sec. BO 4B 27 14 8.5 

VR ft./sec. 66 39 23 10 4.5 

s 103 ft. 2 /lb. w 2.08 1.77 1.55 1.40 1.28 

A 10-3 ft. 2 7.46 s 8.99 12.8 13.4 13.5 

h Eng. units 1195 1110 967 561 427 

Nu 3.44 3.67 3.64 2.35 1.98 

Re 16.6 11.2 7-49 3.63 1.81 

(Re )1/2 (Pr )1/3 3.67 3.01 2.46 1.71 1.21 

Nu' 2.93 3.14 3.12 2.01 1.69 

(Re)1/2(Sc)l/3 3.51 2.88 2.35 1.63 1.16 
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TABLE XLIII 

RUN NO. 27 - TABLE OF RESULTS 

Pneumatic Nozzle (ï/4) JN No. 12 High Atomizing Pressures 

Section 1 Section 2 Section 3 Section 4 Section 5 

Er% 7 11 17 20 17 

W lb./hr. 4.25 3.86 3.28 2.42 1.61 

t av. 
oF. 130 140 144 147 145 

T
8 

°F. (T1=65°F.) 92 92 92 92 92 

AT °F. 38 48 52 55 53 

Q B.t.u./hr. 426 512 790 928 791 

d vs microns 14.6 15.9 17.9 22.0 21.6 

VD ft./sec. 83 45 25 14.5 7 

VR ft./sec. 69 36 21 10.5 3 

sw 103 ft. 2 /lb. 2.01 1.85 1.64 1.34 1.36 

A l0-3 ft 2 
s • 7.19 n.o 19.9 20.7 29.0 

h Eng. units 1560 970 764 815 515 

Nu 4.68 3.14 2.78 3.64 2.28 

Re 18.7 10.4 6.85 4.15 1.18 

(Re)l/2(Pr)l/3 3.89 2.90 2.45 1.83 0.98 

Nu' 3.98 2.68 2.37 J.ll 1.95 

(Re)l/2(sc)l./J 3.73 2.78 2.35 1.75 0.93 
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TABlE XLIV 

RUN NO. 28 - TABlE OF RESULTS 

Pneumatic Nozz1e (î/4) JN No. 12 High Atomizing Pressures 

Section 1 Section 2 Section 3 Section 4 Section 5 

Er% 8 15 29 20 14 

W 1b./hr. 4.23 3.88 2.75 1.66 0.93 

t oF. 129 147 163 162 161 av. 

T
8 

°F. (T1=68°F.) 91 91 91 91 91 

~ T °F. 38 56 72 71 70 

Q B.t.u./hr. 472 698 1346 931 649 

d microns 14.4 vs 
16.8 18.6 20.2 22.3 

v0 ft./sec. 82 47 26 13 8 

VR ft./sec. 6S 38 22 9 4 

s 103 ft. 2/1b. w 2.04 1.75 1.58 1.46 1.32 

A 10-3 ft. 2 
7.31 10.03 15.5 17.5 14.2 s 

h Eng. units 1701 1242 1204 752 653 

Nu 5.05 4.23 4.53 3.07 2.92 

Re 18.1 11.4 7.15 3.15 1.74 

(Re)l/2(Pr)l/3 3.82 3.03 2.40 1.59 1.19 

Nu' 4.30 3.59 3.88 2.62 1.49 

(Re)l/2(Sc)l/3 3.63 2.91 2.30 1.52 1.14 
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TABLE XLV 

RUN NO. 29 - TABLE OF RESULTS 

Pneumatic Nozz1e (1/4) JN No. 12 High Atomizing Pressures 

Section 1 Section 2 Section 3 Section 4 Section 5 

Er% 13 20 25 15 10 

W 1b./hr. 4.12 3.38 2.40 1.52 0.97 

t av. 
oF. 149 162 174 168 163 

Ts °F. (T1=75°F.) 92 92 92 92 92 

~T °F. 57 70 82 76 71 

Q B.t. u./hr. 680 928 1162 698 468 

d vs microns 13.5 16.2 19.2 21.8 23.0 

v0 ft./sec. 77 46 28 14 9 

VR ft./sec. 63 37 24 10 5 

s 1o3 ft. 2 
w 2.18 1.81 1.53 1.35 1.28 

A 10-3 ft 2 
8 • 8.20 9.25 12.1 13.6 10.5 

h Eng. unite 1455 1433 ll72 677 628 

Nu 4.00 4.76 4.51 2.95 2.92 

Re 15.2 10.5 7-95 3.76 1.99 

(Re)l/2(Pr)l/3 3.51 2.91 2.54 1.74 1.27 

Nu' 3.40 4.06 3.86 2.52 2.50 

(Re)l/2(sc)l/3 3.36 2.81 2.44 1.67 1.22 
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TABLE XLVI 

RUN NO. 20 - TABLE OF RESULTS 

Pneumatic Nozz1e (î/4) JN No. 12 High Atomizing Pressures 

Section 1 Section 2 Section 2 Section 4 Section 5 

Er% 13 21 27 15 11 

w 1b./hr. 4.15 3.36 2.33 1.38 0.84 

t oF. 136 148 159 157 155 av. 

Ts °F. (T1=63°F.) 86 86 86 86 86 

tl T °F. 50 62 73 71 69 

Q B.t.u./hr. 700 970 1250 693 512 

d vs microns 12.3 15.0 18.1 20.1 21.1 

v0 ft./sec. 70 43 25 13 7.5 

VR ft./sec. 56 34 21 9 3.5 

s 103 ft. 2/1b. w 2.39 1.96 1.62 1.46 1.39 

A 10-3 ft 2 
s • 9.88 10.6 14.0 14.3 14.4 

h Eng. units 1422 1480 1222 683 515 

Nu 3.62 4.58 4.53 2.00 2.22 

Re 12.7 9.21 6.75 2.34 1.32 

(Re)l/2(Pr )l/3 3.21 2.72 2.34 1.37 1.03 

Nu' 3.08 3.90 3.86 2.38 1.89 

(Re)J../2(Sc)l/3 3.08 2.61 2.24 1.31 .97 
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TABLE XLVII 

RUN NO. 31 - TABLE OF RESULTS 

Pneumatic Nozz1e (l/4) JN No. 22B 

Section 1 Section 2 Section ,2 Section ~ 

Er% 8 10 14 13 

W 1b./hr. 5.76 5.22 4.30 3.76 

t oF. 136 141 150 153 av. 

T
9 

°F. (TL=81°F.) 87 87 87 87 

c1.T °F. 49 54 63 66 

Q B.t.u./hr. 603 636 890 826 

d microns 16.5 21 25 27 vs 

VD ft./sec. 54 30 22 15 

VR ft./sec. 30 16 10 6 

s 103 ft. 2/1b. 1.78 1.40 1.18 1.09 
W' 

A 10-3 ft 2 
s • 13.1 16.8 22.4 25.2 

h Eng. units 940 700 632 500 

Nu 3.24 3.03 3.24 2.75 

Re 9.18 6.23 4.60 2.91 

(Re)l/2(Pr)l/3 2.81 2.25 1.91 1.53 

Nu' 2.76 2.58 2.76 2.34 

(Re)l/2(sc)l/3 2.69 2.16 1.83 1.47 
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TABlE XLVIII 

RUN NO. 32 - TABLE OF RESULTS 

Pneumatic Nozz1e (ï/4) JN No. 22B 

Section 1 Section 2 Section 3 Section 4 

Ef% 7 9 11 16 

W 1b./hr. 5.76 5.32 4.70 3.88 

t oF. 123 146 159 164 av. 

T op. (T = 65°F.) s L 81 81 81 81 

6T op. 42 65 78 83 

Q B.t. u./hr. 546 572 701 101 

d vs microns 18 24.5 26.8 27.4 

v0 ft./sec. 58 34 23 15 

VR ft./sec. 34 20 li 6 

s 1o3 ft. 2/1b. w 1.63 1.20 1.09 1.07 

A s 10-3 ft. 2 11.2 13.0 20.6 25.6 

h Eng. units 1160 677 438 476 

Nu 4.34 3.36 2.38 2.64 

Re 11.85 9.08 5.25 2.94 

(Re)l/2(Pr)l/3 3.08 2.71 2.06 1.54 

Nu' 3.68 2.85 2.02 2.25 

(Re)l/2(Sc)l/3 2.96 2.60 1.97 1.47 
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TABLE XLIX 

RUN NO. 33 - TABLE OF RESULTS 

Pneumatic Nozz1e Cï/4) JN No. 22B 

Section 1 Section 2 Section 3 Section 4 

Er % 8 10 16 16 

W 1b./hr. 5.76 5.23 4.46 3.48 

t av. 
oF. 135 145 155 149 

T
5 

°F. (T1=62°F.) 82 82 82 82 

AT °F. 53 63 73 67 

Q B.t.u./hr. 624 636 1022 1022 

d vs microns 19.0 26.1 27.7 28.8 

v0 ft./sec. 60 35 24 16 

VR ft./sec. 36 21 12 7 

s 103 ft. 2/1b. w 1.55 1.12 1.06 1.02 

A 10-J ft 2 
s • 10.3 11.6 18.2 20.5 

h Eng. units 1140 816 771 743 

Nu 4.51 4.34 4.40 4.32 

Re 13.2 10.3 6.03 3.81 

(Re)l/2(Pr)l/J 3.24 2.89 2.21 1.76 

Nu' 3.82 3.68 3.74 3.67 

(Re)l/2(Sc)l/J 3.11 2.77 2.12 1.69 
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TABlE L 

RUN NO. 34 - TABLE OF RESULTS 

Pneumatic Nozz1e (î/4) JN No. 22B 

Section 1 Section 2 Section 3 Section 4 

Er% 7 9 12 12 

W 1b./hr. 5.79 5.32 4.68 3.36 

t av. oF. 129 139 146 144 

T
5 

°F. (TL=65°F.) 83 83 83 83 

ô T °F. 46 56 63 61 

Q B.t.u./hr. 555 574 764 764 

d microns 17.5 24.2 25.1 25.3 vs 

VD ft./sec. 56 34 22 14 

VR ft./sec. 32 20 10 5 

s 103 ft. 2/1b. w 1.68 1.21 1.17 1.16 

A 10-3 ft 2 
s • 12.1 13.1 23.1 25.7 

h Eng. units 1000 782 529 488 

Nu 3.60 3.88 2.71 2.59 

Re 10.3 8.80 4.58 2.30 

(Re)l/2(Pr)l/3 2.89 2.67 1.93 1.36 

Nu' 3.06 3.30 2.31 2.20 

(Re) 112(sc)l/3 2.77 2.56 1.85 1.30 



TABLE LI 

RUN NO. 35 - TABLE OF RESULTS 

Pressure Nozz1e (î/4) LN No. 1 

Section 1 Section 2 Section ,2 Section !:t, 

Er% 4.0 5.0 8.0 10 

W 1b./hr. 11.8 ll.2 10.5 9.4 

t av. oF. 225 239 251 241 

T
6 

°F. (T1=101°F.) 113 113 113 113 

~T °F. 112 126 138 128 

Q B.t.u./hr. 625 626 1020 1270 

dvs microns 59.3 66.1 69.1 72.6 

VD ft./sec. 43 27.5 14 12 

VR ft./sec. 33 17.5 4 2 

s 102 ft. 2/1b. w 4.96 4.45 4.26 4.06 

A 10-3 ft 2 
6 • 9.44 12.6 29.6 30.7 

h Eng. units 593 393 250 323 

Nu 6.61 4.~n 3.18 4.35 

Re 30.6 17.8 4.26 2.23 

(Re)l/2(Pr)l/3 5.00 3.79 1.85 1.34 

Nu' 5.72 4.18 2.76 3.77 

(Re)l/2(Sc)l/3 4.75 3.60 1.76 1.27 
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TABLE LII 

RUN NO. 36 - TABLE OF RESUL'IS 

Pressure Nozzle (î74) LN No. 1 

Section 1 Section 2 Section 3 Section 4 

Ef% 1.8 2.0 2.2 3.0 

W lb./hr. 11.9 11.7 11.4 ll.l 

t av. 
op. 129 140 145 145 

T8 °F. (TL=85°F.) 89 89 89 89 

Cl T °F. 46 51 56 56 

Q B.t.u./hr. 258 252 278 380 

d vs microns 55.9 61.4 69.1 75.8 

v0 ft./sec. 41 26 14.5 12.0 

VR ft./sec. 31 16 4.5 2.0 

sw 102 ft. 2/1b. 5.26 4.80 4.26 3.88 

A 10-3 ft 2 
s • 10.6 14.9 31.0 33.3 

h Eng. units 530 332 160 204 

Nu 6.29 4.18 2.26 3.16 

Re 31.9 17.8 5.63 2.75 

(Re)l/2(Pr)l/3 5.08 3.79 2.13 1.49 

Rut 5.34 3.56 1.91 2.69 

(Re)l/2(Sc)l/3 4.86 3.62 2.04 1.43 



TABLE Lili 

RUN NO. 21 - TABLE OF RESULTS 

Pressure Nozzle Cï/4) LN No. 1 

Section 1 Section 2 Section 3 Section 4 

Ef% 3.5 5.0 8.5 9.0 

w lb./hr. 11.8 11.3 10.5 9.2 

t oF. 213 227 235 238 av. 

Ts oF. (TL=9SoF.) 109 109 109 109 

~ T °F. 104 118 126 129 

Q B.t.u./hr. 581 626 1080 1145 

d vs microns 53.4 58.8 65.1 69.1 

VD ft./sec. 40.5 26.0 14.0 11.7 

VR ft./sec. 30.5 16.0 4.0 1.7 

s 102 ft. 2 /lb. w 5.50 5.01 4.52 4.25 

A 10-3 ft 2 
s • 11.1 15.2 31.4 31.2 

h Eng. units 505 349 273 254 

Nu 5.16 3.94 3.34 3.29 

Re 26.6 14.7 4.05 1.83 

(Re)l/2(Pr)l/3 4.64 3.45 1.81 1.21 

Nu' 4.45 3.39 2.89 2.84 

(Re )1/2 (Sc )1/3 4.41 3.28 1.72 1.15 
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TABLE LIV 

RUN NO. ,28 - TABLE OF RFSULTS 

Pressure Nozz1e (î/4) LN No. 1 

Section 1 Section 2 Section 3 Section 4 

Er% 2.0 2.2 3.0 3.5 

W 1b./hr. 11.9 11.6 11.3 10.9 

t av. 
oF. 164 176 173 171 

T
6 

op (TL=89°F.) 93 93 93 93 

Il T °F. 71 83 80 78 

Q B.t.u./hr. 274 279 382 446 

d vs microns 68.0 73.2 78.3 81.7 

v0 ft./sec. 49 29.5 15 12.1 

VR ft./sec. 39 19.5 5 2.1 

s 102 ft. 2/1b. w 4.32 4.02 3.76 3.60 

A 10-3 ft 2 
s • 7.3 10.9 26.3 30.0 

h Eng. units 528 309 183 191 

Nu 7.18 4.46 2.84 3.10 

Re 47.1 24.4 6.76 2.95 

(Re)l/2(Pr)l/3 6.17 4.42 2.34 1.54 

Nu' 6.16 3.83 2.44 2.66 

(Re)l/2(Sc)l/3 5.90 4.22 2.23 1.47 
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TABLE LV 

RUN NO. 39 - TABLE OF RESULTS 

Pressure Nozzle Cî/4) LN No.l 

F1ashing Section 1 Section 2 Section 3 Section 4 

qL 12.00 

Er% 16.00 s.o 11 10 7 

W 1b./hr. 9.35 s.61 7.40 6.61 

t op 
av • 244 246 240 225 

T
8 

op • (TL 250°F.) 115 115 115 115 

.6 T°F. 129 131 125 110 

Q B.t.u./hr. 1020 1406 1265 ses 

d vs microns 40.4 48.7 54.3 57.4 

VD ft./sec. 35 17 13 11 

VR ft./sec. 25 7 3 1 

sw 102 ft. 2/1b. 7.28 6.06 5.41 5.15 

A 10-.3 ft 2 
s • 13.4 21.2 28.5 29.0 

h Eng. units 591 501 358 276 

Nu 4.42 4.62 3.60 2. 90 

Re 15. 2 5.31 2.55 0.89 

(Re)l/2(Pr )1/3 .3.51 2.08 1.46 0.85 

Nu' 3.82 3. 96 3.11 2.50 

(Re)l/2(Sc)J../J 3.36 1. 99 1.40 o.s1 



Run Nwnber Feed Temperature 
op • 

40 78 

41 149 

42 163 

43 210 

TABLE LVI 

EFF:&;T OF FEED TEMPERATURE ON EN APORATION 

Pressure Nozz1e (1/4) JN No. 1 

SEra~ EvaEoration - % 
x = O. 5 in. x=4.5in. x= 8.5 in. x= 12-:-5-in.--x =-16.5 in. 

1.5 2.5 6.0 9.0 16.0 

8.0 11.0 16.0 18.0 

11.0 15.0 19.5 24.5 28.0 

14.5 21.0 28.0 30.0 35.0 

> 
Vl 
l-' 
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APPENDIX VI 

RESULTS OF INCREMENI'AL I:ROP SIZE ANALYSIS 

TABLE LVII 

SAMPLE CALCULATION FOR RUN NO. 6 SECTION 3 

Pneumatic Nozzle (ï/4) JN No. 12 Law Atomizing Pressures 

d. microns 
l. 

8.9 14.9 20.8 26.8 32.7 38.6 

ni 34 48 51 33 22 8 
-12 0.832 3.82 10.6 22.5 u.o 66.5 m. 10 lb. 

l. 
-12 

n.m.lO 
l. l. 

lb. 28 183 542 742 901 532 

Wt. % of spray 0.96 6.28 18.5 25.3 30.7 lS.l 

VDi ft./sec. 7 14 23 32 40 48 

VRi ft./sec. 7 14 23 32 40 48 

Re 1.14 3.80 8.72 15.6 23.9 33.6 

(Re)J/2 (Pr )1/3 0.96 1.75 2.65 3.56 4.39 5.21 

Nu 2.57 3.05 3.59 4-13 4.63 5.14 

h. Eng. units 
l. 

1400 1071 890 798 720 690 

A_, 10-9 ft. 2 
..L 

2.69 7.55 14-7 24.0 36.1 51.0 
-3 fj91 10 sec. 47.6 23.7 14.5 10.4 8.32 6.95 

-10 Q1 10 B.t.u. :21.5 21.6 21.4 22.2 24.0 27.4 

Efi % lOO 53.0 19.2 9.30 5.50 3.88 



TABLE LVIII 

RESULTS FOR CROS3-CURRENT RUNS 

Pneumatic Nozz1e (î/4) JN No. 12 Low Atomizing Pressures 

Pressure Nozz1e (1/4) LNNSS No.1 

Run Nwnber Section SEr~ EvaBoration - ~ 
.Calculated Experimental 

6 1 10.4 6.2 

2 9.7 5.8 

3 10.6 8.6 

4 14.2 10.9 

7 1 5.9 7.1 

2 10.3 6.5 

.3 12.6 7.6 

4 12.9 8.8 

8 1 8.1 8.7 

2 10.7 8.5 

3 10.S 11.5 

4 1.3.7 14.0 

9 1 12.1 9.7 

2 1.3.2 10.3 

.3 15.1 11.8 

4 18.0 13.8 

14 1 1.3 1.5 

2 1.8 1.9 

3 2.0 2.4 
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TABLE LIX 

RESULTS FOR CO-CURRENT RUNS 

Pneumatic Nozzle (i/4) JN No. 12 Low Atomizing Pressures 

Pneumatic Nozzle (1/4) JN No. 12 High Atomizing Pressures 

Run Number Section SEraz EvaEoration - ~ 
Calculated Experimental 

22 1 9 

2 19.3 16 

3 24.2 27 

4 23.9 20 

24 1 11 

2 15.2 12 

3 22.1 18 

4 18.6 19 

5 16.1 15 

27 1 7 

2 15.9 11 

3 24.6 17 

4 21.1 20 

5 21.0 17 

29 1 13 

2 21.2 20 

3 21.9 25 

4 22.0 15 

5 12.1 10 


