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7.     AIR-Uffiii MSSTVRE PREPARATION 

by 

J. P. Longwell and M, A. Weiss 

INTRODUCTION 

O 

o 

Liquid fuels for ramjet engines, once selected, metered 

and delivered to the injection points, must undergo several 

processes before combustion is possible.  These processes be- 

gin at the injection point with atomization of the liquid, i.e. 

break-up of the liquid film or jet into small drops by the 

action of the injection device and/or the air stream.  The 

drops must then be distributed throughout the air in propor- 

tions such that combustible mixtures exist in at least some 

local regions.  During distribution, evaporation of the liquid 

also occurs. 

The ultimate object of all of these processes is to ob- 

tain intimately (molecularly) mixed air and fuel in combusti- 

ble proportions.  This is the requirement to make burning pos- 

sible and can be accomplished only when the fuel is in the 

vapor state,, i.e. , liquid drops cannot burn directly but first 

must evaporate. 

For convenience, this section is divided into the three 

processes of atomization, distribution, and evaporation.  None 

of these processes is understood well enough to permit precise 

design of practical combustors.  However, there is enough in- 

formation to obtain at least first approximations. 

f 
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7.i  ATOMIZATION 
f 

Atomization consists of the breaking up of a large 

mass of liquid fuel into small drops.  A complete analysis 

of this process would result in expressions describing the 

size distribution of the drops as a function of the fluid 

properties, system geometry, and operating conditions. 

Such an analysis is not available, although several mecha- 

nisms for atomization have been postulated. 

The atomization process seems to be some combination 

of the following: 

1. Spreading of the fuel jet into a cone, disk, or 

sheet by virtue of its own velocity, 

2. Disruption of the liquid by virtue of its 

velocity relative to the air, 

3. Breakage of thin sheets and ligaments into 

several drops by surface tension forces, and 

4. Agglomeration of drops by collision. 

The relative importance of each of these mechanisms 

depends on the details of the geometry, fluid properties, 

and fluid velocities. 

The most successful qualitative explanations of atomi- 

zation have come from high speed spray photography.  Spark 

and/or flash pictures have been taken of various injection 

devices under various operating conditions.  Figure 7.1-1 

illustrates the behavior of a swirl-type atomizing nozzle 

discharging into still air.  The fuel jet is rotating rapid- 

ly before leaving the nozzle orifice so that it spreads out 

into a conical sheet on discharge.  The sheet becomes thinner 

as distance from the orifice increases.  The effect of sur- 

face tension in breaking up the sheet is apparent from the 
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Fig- 7.1-1  SPRAY FROM A SWIRLr-TYPE PRESSURE-ATOMIZING NOZZLE 
USING KEROSENE INJECTION AT TWO LB/IN2 

0 

photograph; separated ligaments and sheets are formed which 

are drawn into drops.  When drops formed under these condi- 

tions are collected, many are found containing entrapped air 

bubbles.  It seems evident that the sheets of liquid fold 

over, causing the trapping.  As liquid velocities increase, 

the conical sheet breaks up nearer the nozzle and finally ap- 

pears to be torn apart as it comes into contact with the air. 

Few entrapped air bubbles are found under these conditions. 

It appears from photographs that the drops are then formed 

from ligaments or pieces short enough to form a single drop 

rather than breaking into several drops. 

• 
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If fuel is introduced into the air stream through a 

tube at low-liquid velocity, ic  is found that when the air 
stream is of low velocity the liquid column is broken up (by 

surface tension forces) into drops with a diameter of the 

same order of magnitude as that of the column.  As the ve- 

locity of the air increases, pieces are torn from the column 

surface and are stretched into thin ligaments which eventu- 

ally break into drops.  This mechanism is illustrated by 

Scheubel [l] in spark photographs at an air velocity of 80 

ft/sec.  With increasing air velocity, ligaments become less 

predominant (150 ft/sec) and the drops appear to form very 

near the column surface.  The column itself is.completely 

broken up a few tube diameters below the tube exit. 

Souo  similar work was done at S.I.T.[2] in photo- 
graphing streams of diesel oil injected (costream contra- 

stream, and normal) into high-velocity air streams through 

five tubes of various radii.  Semi-silhouette spark photo- 

graphs were taken with an exposure time <0.25 x 10   second 

at about room temperature and pressure.  Nine typical pic- 

tures are presented in Fig. 7.1-2.  Each part represents a 

constant fuel velocity at three different air velocities. 

The particular injection tube used here was about 0.11 inch 

outside diameter and 0.10 inch inside diameter.  Sections 

(a) and (b) of Fig. 7.1-2 show costream fuel injection and 

Fig. 7.1-2(c) perpendicular injection.  These photographs 

bear out the conclusions drawn from Scheubel's work.  One 

additional feature, to be found in the perpendicular injec- 

tion pictures, is the sweeping around of tne fuel into the 

eddy zone directly downstream of the injection tube.  This 

behavior tends to deposit fuel on the walls just below the 

tube and gives a markedly different distribution pattern 

from that obtained with a costream tube under otherwise 

identical operating conditions. 

_) 
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Fig.   7.1-2 INJECTION OF DIESEL OIL INTO A HIGH-VELOCITY 
AIR STREAM 

(a) Costream injection; v.. - 3-5 ft/sec 

(b) Costream injection; u. - 1.2 ft/sec 

(c) Normal injection; 

- 5 - 
u. 1.1 ft/sec 
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The paragraphs above show the importance of relative 

velocity between the fluids.  Other important factors which 

have been widely investigated are the physical properties of 

the fluids.  Results of both theoretical and experimental 

work are available.  Castelman [3], in discussing the forma- 

tion of drops from ligaments, used Rayleigh's [4] calculation 

of the time of collapse of liquid cylinders.  Taking surface 

tension and inertia forces into account, he found that the 

ligaments would collapse in a time of the same order of mag- 

nitude as that estimated from Scheubel's photographs. 

A similar analysis was made by Weber [5] who consid- | 

ered, in addition, the effect of viscosity and density. 

Prom Weber's analysis, it is concluded that, as surface 

tension increases, a given ligament breaks up more quickly 

into drops.  However, because the action of the air stream 

is probably to stretch the ligaments initially formed, thus 

reducing the cylinder diameter, high surface tension acts 

to reduce stretching time, resulting in the formation of 

larger drops.  Increasing viscosity, according to Weber, in- 

creases the time for breakup of a given ligament, but it 

also results in larger drops being formed from that ligament. 

Furthermore, high surface tension and viscosity both tend to 

resist the deforming action of the air stream, probably re- 

sulting in larger ligaments being formed initially.  Experi- 

ments have shown that an increase of either surface tension M 
or viscosity increases drop size; confirmation is found in 

the work of David [6], Kuehn [7], Gelalles [8], Nukiyama and 

Tanasawa [9], and others. 

A study of the breakup of single large water drops 

(0.5 to 5 mm in diameter) was made by Lane [10],  The drops 

were dropped in a steady-flow wind tunnel or were subjected 

to sudden blasts.  At certain air velocities the drops were 

blown into the shape of a hollow bag which ultimately broke 
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W up into smaller drops.  However, the droos did not break be- 

low a certain critical velocity.  For the steady-flow system 

at one atmosphere pressure this critical velocity could be 

expressed (in English units) as 

(Au)2d, 21.6, (7.1-1) 

V 

where £u is the relative velocity between the drop and the 

air at the instant of breakage.  Results for fluids other 

than water (the ratio of maximum to minimum surface tension 

was 17) showed that 

-/ 
o 
d_ (7.1-2) 

0 

The effect of viscosity in these experiments was minor ex- 

cept at very high viscosities (e.g. glycerol) in which cases 

breakup was retarded.  If the equations above can be extrapo- 

lated to small drops, one would expect a 45 micron hydrocar- 

bon drop to withstand relative velocities of about 200 ft/sec; 

small drops thus would be quite stable. 

The preceding paragraphs have proposed a mechanism of 

drop breakup.  However, the reverse of this process can also 

occur.  Flow in the vicinity of the fuel-injection system of 

an engine is usually very turbulent.  There is a certain 

probability that drops, once formed, will collide if their 

number per unit volume is large.  On collision, two or more 

drops agglomerate into a single larger drop.  This drop may 

not break again as its velocity relative to the air flow 

will probably be small.  The distance between drops can be 

approximated from the volumes of air and fuel if the volume 

of air per drop is written as irV d "/6V.-.  Assuming that the a o   i 
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drop volume is small relative to the air volume, and that 

the drops are arranged cubically, the distance between drops 

(in terms of drop diameters) is 

1 

1/3 

(7.1-3) 

The distance between drops (measured in diameters) thus de- 

pends only on the volume ratio of air to fuel in the local 

region of interest.  Nukiyama and Tanasawa [9] found that if 

this volume ratio was less than 5000 (corresponding to an s 

of about 14 drop diameters) an increase of average drop size 

was observed.  Under practical operating conditions, s (cal- 

culated as above) may be less than 10 drop diameters so that 

collision and agglomeration are believed to be important 

factors. 

) 

Equations fox firo_£ £lz&  Distribution 

A compact equation for reporting the distribution of 

drop sizes in a spray is desirable.  Because there has been 

no successful theoretical analysis of the atomization pro- 

cess, various investigators have developed empirical formulae 

for this purpose.  Several of these formulae are discussed in 

detail in [11] and [12].  The two most frequently used ex- 

pressions are known as the Rosin-Sammler (R-R) and the Nuki- 

yama-Tanasawa (N-T) equations.  These are usually written in 

terms of Y (the fraction of material in the spray represented 

by drops with a diameter >d ) or by the rate of change of Y 

with d . o 

(R-R) e-0.693(dQ/d) (7.1-4) 
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(H-T) 

(R-R) 

Y  -  1  - 
ad ,(f)/^(f 

/ 

dj_  .  -O^nfV,"'1     -0.693(do/d)'> 
dd<,    3  u; 

(7.1-5) 

(7.1-6) 

o 

o 

(N-T) 
aa6/q d5 e"ad° dl . qa   do e 

dd_ r(f) 
(7.1-7) 

In these equations JH is the Gamma function, q is a distri- 

bution constant (high values of q give narrow drop size 

ranges), a is a size constant, and d the mass median diame- 

ter, i.e., the value of d at which Y = O.S. 

Other equations have been suggested in which y in the 

normal probability distribution curve is replaced by the loga- 

rithm of some function of d .  One equation [12] of this type o 
sets a maximum drop size—a more realistic assumption than 

the prediction of a few very large drops by other equations. 

Although these refinements give expressions which fit the ex- 

perimental data more accurately, they are more difficult to 

handle mathematically.  At present, the simpler equations ap- 

pear adequate for conditions of practical interest.  Bevans 

[11j has found that the Rosin-Rammler equation fitted the ex- 

perimental data better for large drops than did the Nukiyama- 

Tanasawa equation.  It is also more convenient to use when 

mass fractions are of interest.  However, the Rosin-Rammler 

equation is not satisfactory when the number of drops is be- 

ing considered because for q<3 it predicts an infinite num- 

ber of drops of zero radius. 

\ 
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Experimental Mfli&adfl  for. Peten 
Prgp  Size Distribution 

t 

There have been very many experimental investigations 

of drop size distributions in sprays of various sorts.  How- 

ever, in only a few of these was the work extensive enough 

to permit general correlation of the results.  Almost invari- 

ably a single injector or a single fluid has been used and 

only a single variable (if any variable at all) investigated. 

On examination of these data one finds that the lack of com- 

prehensive programs has been the result of the extreme ex- 

perimental difficulties encountered.  The major effort in 

these programs has usually been directed toward development 

of a method for collecting and measuring the drops.  As would 

be expected, this has resulted, not only in a paucity of data, 

but in a wide variety of collecting and measuring devices. 

It may be fairly stated that no method yc; proposed is en- 

tirely satisfactory in all respects.  The best procedures 

involve much tedious work.  It is useful, therefore, to re- 

view the experimental techniques that have been developed. 

A long step forward in the understanding of atomization waits 

for a new, really satisfactory method of measuring drop size 

distributions. 

The most common technique used for collecting and 

measuring drops involves coated slides.  Such slides are 

placed in the spray path, exposed for a short time, and then 

immediately removed and photographed.  Drops are counted and 

measured from impressions on, or in, the slide coating. 

Such counting and measuring are usually done microscopically 

or by projection of the photograph on a screen.  Although 

the process is often manual, electronic scanning and count- 

ing devices have been developed, for example, by Rupe [l3j. 

Such a device can obviously be used for classifying drops 

obtained by photographic image in any manner provided that 

the droplet images are sharp enough. 

- 10 - 
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The slide coating is, of course, some substance in 

which the sprayed liquid is insoluble.  There are two gen- 

eral types of coating in use.  The first, usually magnesium 

oxide, is a soft thick deposit (thicker than the diameter 

of the largest drop).  Droplets, on striking the surface, 

penetrate, leaving holes on the surface almost equal to the 

true droplet size.  It has been found by May [14] that the 

observed hole sizes must be reduced by 15 per cent in order 

to give true droplet sizes.  A second type of coating, usu- 

ally soot or grease, is deposited on the slide in a very 

thin film.  The drops, on striking, do not penetrate but 

flatten out to a certain degree.  The amount of flattening 

(and thus the relation between the photographic impression 

and true drop size) must ordinarily be determined experi- 

mentally although Stoker [15] has proposed a correction 

equation. 

Despite the fact that the slide technique is in common 

use, it suffers from several disadvantages.  If the drop-size 

measurements are required in a moving stream, the physical 

size of the slide discriminates against collecting small 

drops (see Collection Efficiency) and measured average drop 

sizes will be too large.  Furthermore, there is always the 

danger that drops will break on impact with the slide, or 

will evaporate either partially or completely before a photo- 

graphic record is made, or that two or more drops will coa- 

lesce on the surface.  Finally, in the absence of an elec- 

tronic scanning device, there is the great tedium of measur- 

ing and counting enough drops to give a fair distribution. 

A. variation of this technique which, unfortunately, 

is useful only in static atmospheres, is the collection cell. 

Drops are permitted to fall from a spray into a shallow dish 

containing a liquid which is insoluble in the sprayed sample. 

Photographs are made of the dish and the droplets measured 

and counted.  In one application of this method, Doble [16] 
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t 
placed a photographic plate at the bottom of the dish and al- 

lowed the drops to sink through the liquid onto the plate 

surface.  A parallel light exposure of the plate then gave 

true drop images directly. 

The collection cell technique can be modified to a 

sedimentation method, again, useful only in static atmospheres. 

Giffen [17] placed a series of such cells at different dis- 

tances from the nozzle.  Observing that most of the drops in 

any cell were in a narrow-size range, depending on the cell 

distance, he was able to obtain distributions by measuring 

colorimetrically (using a dyed spray liquid) the volume caught        \ 
in each cell.  An initial calibration was required to corre- 

late drop size with sedimentation distance. 

The phenomenon o: collection efficiency has been used 

for spray measurements in several different devices.  In one 

type [18], an electrical charge is placed on moving droplets. 

The droplets then impinge on one of a bank of different sized 

cylinders and the cylinder charges measured.  Collection by 

the cylinders will depend on the relation between drop mass 

and cylinder size and thus a rough classification may be 

made.  In another type [13], drops are caught on magnesium 

oxide coated slides of various sizes.  A classification of 

sizes on each slide is thus obtained. 

The freezing technique in its several variations has 

shown premise for some applications.  In essence, the drops \ 
are frozen either on or before collection and the distribu- . 

tion measured by sieving.  The freezing process can take 

place in a gas (for example, by spraying molten paraffin 

wax into cold air), on a cold collecting surface, or in a 

cold liquid.  Droplets (solidified) below about 60 microns 

must be measured by microscopy, sedimentation, or an elutri- 

ation technique.  Several studies of this kind have been 

made [20,21].  The freezing technique allows accurate meas- 

urement of the resulting drops.  However, the freezing process 
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must occur RO as not to distort or break the drops before 

solidification or before the atomization process reaches 

equilibrium.  This method may be useful for conditions of 

interest in ramjet application.  For example, a molten wax 

of the same viscosity as the fuel to be used can be sprayed 

into a hot air stream.  Freezing of the wax need not occur 

until the atomization process is complete (at some distance 

downstream) at which point the droplets can be solidified 

(by injection of cold gases) and readily counted and measured. 

Various other approaches to spray measurement have 

been made which do not involve physical removal of the drop- 

(       lets in any form.  One of the most familiar of these is that 

of Sauter [22].  The attenuation of a beam of light by a 

spray is measured photometrically to give a mean drop size. 

In this method, no information about the distribution can 

be obtained. 

Direct photography of a portion of the moving spray 

would seem to be an obvious technique.  However, it has not 

yet proved completely successful; the difficulties involved 

are noted by Fledderman and Hanson [23]. 

In still another device, a charged wire is placed in 

a spray stream and the voltage pulses caused by droplets im- 

pinging on the wire are counted and measured.  This system 

is described by Geist, et al [24].  Although in_«iAlly of 

great promise, the equipment has yet to show evidence of 

. \_)     successful measurement of drops as small as would be en- 

countered in average sprays. 

Many other measuring devices have been proposedj the 

above paragraphs serve only as a brief (and incomplete) sur- 

vey of the field.  It should suffice to show the limitations 

of all present methods and the need for a new attack on the 

problem. 
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CQUecUQP Efficiency g 

Any object mounted in a flowing mixture of air and fuel 

drops will be selective as to the number and size of drops 

that strike the object.  This selectivity is of obvious impor- 

tance for the spray sampling devices mentioned above.  It is 

also a factor in combustor development since the amount of 

liquid collecting on spark plugs, struts, flame holders, etc., 

may affect combustion.  The selectivity arises in the follow- 

ing manner.  Some distance upstream of the collector, the 

drops are presumed to be traveling in a straight line and 

with no velocity relative to the air.  As the collector is "| 

approached (and potential flow around the collector is as- 

sumed) the streamlines curve, thus imparting a lateral drag 

force to the drops.  If this drag force is large enough the 

drop will be deflected with the streamline and pass around 

the collector.  If the drag force is not great enough, the 

drop is not deflected sufficiently but strikes the collector. 

Thus the phenomenon of collection efficiency occurs, depending 

on the relative values of drag and Inertia forces.  Collection 

efficiency is defined as the ratio of the number of drops 

striking the collector to the number of drops passing the up- 

stream projected area of the collector.  In general, collec- 

tion efficiency increases as:  (a) air velocity increases, 

(b) drop size increases, and (c) collector diameter decreases. 

There are lesser effects caused by other variables such as drop       t 

density, air viscosity, and collector shape. 

Langmuir and Blodgett [25] have calculated these col- 

lection efficiencies as a function of the several variables 

and a few of their results have been rearranged and presented 

in Fig. 7.1-3.  The parameter is a dimensionless group, £i 
defined as il - pad /9p   d for the three collector shapes. 

A*     O    £1 C 
The abscissa is the common logarithm of the drop Reynolds number, 
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defined as Re - d 11 p //i. .  From these curves, the influence o a a a ' 
of the several variables on collection efficiency should be 
clear. 

100 

:: 

I 2 
LOG,. REYNOLDS NUMBER 

Fig. 7.1-3 COLLECTION EFFICIENCY OF VARIOUS SHAPES FOR 
SPHERICAL DROPS 

Experimental Data—Air AJL-S 

£ 

Nukiyama and Tanasawa [9] have carried out an extensive 

series of measurements of the drop-size distributions obtained 

with a carburetor-type injector.  Liquid (usually water) was 

injected through a small tube (0.2 to 2.0 mm) coaxial to a 

larger tube (2-5 mm) through which air was flowing in the same 

direction at velocities of 150 to 1000 ft/sec.  A short dis- 

tance downstream of the liquid tube exit, the mixture passed 

through a nozzle and into quiescent air.  The spray samples, 

usually taken on the tube axis about 6 to 10 inches from the 

nozzle, were collected on glass slides coated with a viscous 

oil (when water was being injected).  Exposure time of the 
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slide was about 1/300 second and at least 500 drops measured 

for each operating condition.  The effects of exposure time 

and sampler location were studied and the data presented are 

believed to be representative. 

Their results can be summarized by the following 

empirical formulae 

0.45     ,„„„„     1.5 58s/oJ /       M£   \0*45     1000V£ 
2       _   +  597           (7   1_8) 

a 

HV - *     -5.7(d /d) 
 flIZ- - 286(d  /d)S e ° (7.1-9) 
d(d  /d) ° 

The units used,   and the experimental  ranges,   are 

d>   rs  " micro"s> 

u - air velocity at nozzle exit (meters/sec), 

V - volume discharge rate, 

oji - dynes/cm (19-73) , 

S^ - specific gravity (0.7-1.2), and 

fy - centipoises (0.3-50). 

For these data, the mass median drop diameter (d) is 13 per 

cent greater than the surface to volume mean (2r. ). 
0 

Other variables, not accounted for in Eq. (7.1-8), 

were studied but their effects were usually minor.  These in- 

cluded change of the nozzle to a sharp-edged orifice, varia- 

tion of orifice and tube diameters, and movement of the nozzle 

relative to the liquid tube.  It may be noted from Eq, (7.1-8) 

that, when the ratio of V /V£ is less than about 5000, the 
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n becomes important, increasing drop size.  This 

dance with the comments on drop collision and ag- 

n previously made. 

It may be assumed that the size of the slide-sampling 

device used was of the order of one centimeter. -As discussed 

previously, this device has some bias against small (or low 

velocity) drops for which its collection efficiency is lower. 

At the higher air velocities used, it is estimated that the 

mean drop size reported is abouc 10 per cent too large be- 

cause of this collection-efficiency effect.  In addition, the 

actual distribution of sizes is not as narrow as reported. 

For lower air velocities drops were larger and the sampling 

error somewhat smaller.  This source of error is not believed 

to be serious for most of the data. 

In a ramjet engine, the fuel is usually injected into 

a large stream of high-velocity air.  This is a different 

situation than that above in that air velocity is sustained 

after injection (instead of becoming quiescent).  A good 

probability is that smaller drops would be obtained in such 

a system.  Measurements made under such conditions would be 

of great interest. 

Nukiyama and Tanasawa did not investigate the effect 

of air density or temperature; however, some work at the 

University of Illinois [26] shows that drop size increases 

with decreasing density or temperature.  These variables 

need further examination. 

As an example of the size drop predicted by Eq. (7.1-8), 

a mean drop size of 45 microns would result from the injection 

of kerosene into a 300 ft/sec air stream.  This is much smaller 

than the drop 3ize to be expected from a pressure atomizing 

nozzle operating in still air.  Such operation commonly gives 

mean drop sizes of 100 to 200 microns, 
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Experimental Data—Pr< Atomizing Wozzies t 
A few detailed studies have been made [20,21,27] of 

atomlzatlon from swirl-type pressure nozzles.  These results 

were obtained by discharging the nozzles into still air at 

room temperature.  As such they are not representative of 

ramjet engine conditions under which a high-velocity hot-air 

stream usually impinges on the nozzle.  However, the results 

are of interest at least directionally. 

Longwell [21] examined the drops formed by atomizing 

nozzles by spraying hydrocarbon fuels, freezing part of the 

spray, and sieving.  His results can be summarized by the 

empirical formulae 

3 

i 

R 0.007 

sin/3/2 
0.72 e 

Jft/Bj 

An ° .87 
'N 

-0.693(do/d) 
and 

1  \2 
q- 1.36 + 0.45 t^)- 0.1 (^ 

(7.1-10) 

(7.1-11) 

(7.1-12) 

The units used and the experimental ranges were 

d  - microns (90-420), 

R.  - radius of nozzle orifice, microns (400-1400), 

3    -  spray cone angle (60-120 degrees), 

APjj - mozzle pressure drop, lb/in  (50-300) , and 

/I  - centipoises (10-100). 

3 

Viscosity has only a small effect at low viscosities, 

but, on reaching 13 centipoises, has increased drop size by 
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10 per cent.  While some common fuels such as kerosene have 

low viscosities at room temperature, under some conditions 

they may be used cold enough to adversely affect atomization. 

Fuel sprayed into hot gases will heat as drops are formed, 

thus reducing viscosity.  Spraying into a cold gas obviously 

reverses this effect.  This is illustrated by tests in which 

two oils of the same injection viscosity (22 centipoises) 

were sprayed into air at room temperature.  The first oil, 

injected at room temperature, gave a median drop size of 

144 microns.  The second oil, which was heated to 200°F to 

obtain its injection viscosity of 22 centipoises, gave a 

median drop size of 186 microns. 

Several of the conclusions reached by Longwell are 

supported by the work of Giffen and Nuraszew [17], who in- 

vestigated pressure atomization of safety fuel.  Drop sizes 

were measured either from impressions on magnesium oxide 

coated slides or colorimetrically by a sedimentation tech- 

nique.  It was found that mean diameters decreased as nozzle 

orifice size decreased, or nozzle pressure drop increased. 

A further conclusion was that centrifugal motion of the liq- 

uid leaving the nozzle helped atomization.  However, the 

Rosin-Rammler equation did not represent the drop size dis- 

tributions very successfully. 

Schmidt [28] injected water through a hollow cone 

spray nozzle into a costream air flow (20 to 100 ft/sec). 

Measuring drops both photometrically and on magnesium oxide 

coated slides, he found that mean drop sizes decreased as 

nozzle pressure drop increased.  There was also a trend 

toward smaller sizes as air velocity increased. 

Molten paraffin was sprayed by Joyce [20] who collect- 

ed and sieved the solidified drops.  These data showed about 

the same dependence of drop size on pressure as found in 

Longwell's work; however, drop size depended on the orifice 
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diameter to the 0.6 power rather than a first power dependence 

as in Eq. (7,1-10).  In the 75 micron range, Joyce obtained 

drop sizes about 60 per cent larger than Longwell did while 

results from larger nozzles (giving drops of 200-300 microns) 

agree well.  The increase of the viscosity of paraffin while 

cooling in air may have interfered with atomizaticn, thus 

increasing drop size. 

) 
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7.2  MIXING AND DISTRIBUTION 

Before combustion can occur, air and fuel molecules, in 

correct proportions, must be intimately mixed on a molecular 

scale.  The final stage in this mixing process is accomplished 

by molecular diffusion.  However, molecular diffusion is rapid 

enough to be practical over only short distances and fuel- 

injection points cannot be spaced as closely as these distances 

require.  Therefore, when fuel is sprayed into an air stream, 

(      one must rely on the initial penetration and turbulent flow to 

provide most of the mixing, distributing the fuel well enough 

so that molecular diffusion can complete the final mixing stage, 

The importance of quantitative knowledge of the mixing 

and distribution process is obvious in light of the effects of 

fuel distribution on combustor performance.  In particular, 

this knowledge is required when operating at very lean mix- 

tures.  For this case, it may be necessary to restrict the 

distribution by limiting the amount of initially mixed air, so 

that combustible mixtures will be present and can be burned 

before the remainder of air is mixed. 

A more detailed treatment of much of the material to 

follow can be found in [29].  This report considers at length 

experimental results, both in small-scale laboratory ducts 

and in full-scale combustors, together with the experimental 

techniques required to measure distributions.  An extended 

derivation of most of the equations and calculation methods 

used here is also presented. 

Turbulent m xj ag 

Diffusion resulting from turbulent velocity fluctua- 

tions occurs because small volumes of gas In turbulent flow 

-^»; 
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have a continuous random motion.  This random motion is super- 

imposed on the time average velocity of the stream.  An aver- 

age velocity of the random motion, ./?. is denoted as the 

turbulent intensity.  In addition to intensity, another fac- 

tor characterising turbulence is the so-called scale of tur- 

bulence , I  , which is an average length of the random excur- 

sions.  The scale is defined, using the variation of intensity 

with time, as 

1 

0-rde 

I« 
e 

ua Vme 
Fe   J=I. e+d© 

de. (7.2-1) 3 

The integrand of Eq. (7.2-1) is usually named a correlation 

coefficient. 

According to the theory of turbulent diffusion, [30, 

31], the rate of transport of material, w, is equal to a 

proportionality constant (E, the coefficient of eddy dif- 

fusivity) times the concentration gradient, or 

he E 3x (7.2-2) 

Note the similarity between this equation and the equation 

for molecular diffusion.  Although molecular diffusion is 

continuously occurring during the turbulent mixing process, 

the molecular diffusion coefficient, D, is usually less than 

1 per cent of the eddy diffusion coefficient, E, and thus 

will be neglected here.  The value of E is usually given by 

E « JL sju*    an<j is proportional to the product of both scale 
and intensity «f turbulence.  Note again the analogy to D 

which is proportional to the molecular mean free path and the 

root mean square molecular velocity. 
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Equation (7.2-2) describes turbulent diffusion for a 

period during which a fairly large number of random motions 

occur.  In a short time interval there are no changes in di- 

rection of motion of diffusing material.  Therefore the pro- 

portionality constant E and the average distance traveled by 

diffusing material will depend chiefly on the intensity of 

turbulence and not on the scale.  This latter case will often 

occur in ramjet application. 

These considerations apply to the diffusion of material 

whose density is equal or comparable to that of the gas stream; 

the material thus has no difficulty in being transported along 

with tfte random gas motions.  However, in the case of liquid 

droplets, the drop inertia interferes with the ability of the 

drops to follow the eddies, and the diffusion rate, through 

E, is reduced accordingly.  A very rough estimation of this 

effect can be made by assuming that the velocity fluctuations 

in turbulent flow are sinusoidal and that Stokes law applies 

to the drag on the drop.  The equation of motion of the drop 

is then 

as 

de2 
3*Md0 (uo cos ue  - jj§) , (7.2-3) 

where Z is the drop displacement from its mean position, and 

u is the peak velocity of the air fluctuation relative to 

its time average velocity.  Letting —-— - b, a solution to 

Eq. (7.2-3) is 

bu a b sin„,w3 - w cos ,we 
w 2  .2 u    + b 

(7.2-4) 
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If Z  is the maximum amplitude of gas motion relative to the 

mean position, Z 

Eq. (7.2-4) 

u /w and therefore, dividing through 

Z  _ b sin (j9 - b y cos u8 

O (J  + D 
(7,2-5) 

The maximum value of Z, Z . can be determined by differenti- 
'  m' 

ating Eq. (7.2-5) and setting it equal to zero.  If this is 

done. 

Z 

Z o I 
\ 
1/2 

2  4.  H2 
(7.2-6 

where ^r* is the ratio of drop amplitude to gas amplitude. 

The frequency of motion of the drop is the same as that of 

the gas and therefore the velocity of the drop is reduced in 

proportion to the reduction in amplitude.  Because the eddy- 

diffusion coefficient is proportional to the product of ve- 

locity and amplitude. 

2   .2 u + b 
(7.2-7) 

E \      • ' 
where r~" is the ratio of di¥fusi;vity of the drop to that of 

° > 
a gas which could follow exactly the motion of the air stream. 

To illustrate this effect, assume a 45 micron drop of 

kerosene in a 300 ft/sec air stream at atmospheric pressure. 

The frequency, u, was estimated as 300 radians/sec for a 6- 

inch duct with fully developed pipe turbulence.  For these 

conditions, E/E  = 0.35.  This reduction in diffusivity for' 
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f a drop relative to a vapor is of importance in engine design 

and is supported by experimental data cited later in this 

section. 

Equation (7.2-2) may be solved in various ways to give 

time average fuel concentrations at any point.  This informa- 

tion is useful for many purposes, but it should be kept in 

mind, throughout the discussion bplow, that no information is 

given as to instantaneous variation of fuel concentration. 

Information about variations with time would be required for 

precisely evaluating the mixing for combustion purposes. 

However, time average concentrations have been found to corre- 

late well with combustor performance. 

Ficw conditions in jet engines are usually quite com- 

plex and there exists little knowledge about turbulence. 

This situation makes present use of turbulence theory diffi- 

cult and direct measurement of diffusivity must be employed. 

However, knowledge of the effect of fuel distribution and 

mixing on combustor performance is not advanced enough to re- 

quire greater accuracy in knowledge of the distribution it- 

self than is presently attainable. 

For application of Eq. (7.2-2), assume a duct large 

enough so that wall' effects are negligible.  Let an air    . 

stream flow through the duct with a velocity u which is con-v 

stant at all points.  If one assumes steady state, a con- 

stant E at all points, and negligible mixing in the flow di- 

rection (x) as compared to mixing perpendicular (r) to the 

flow direction, then by a material balance one obtains 

2L£ 
3x 

E 
u 

ill, a_ff 
r9r  ar2 

(7.2-8) 

expressed in cylindrical coordinates.  Define f as the mass 

fuel to air ratio in any small volume of gas; it is more 
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convenient than, and a very good approximation to, a true 

concentration of fuel.  Equation (7.2-8) may be integrated 

for a duct of infinite radius to give 

v 
e 

-uR2 

4Ex 
4irTrEx a 

(7.2-9) 

Equation (7.2-9) is the "point-source" equation and describes 

fuel concentration downstream from a point source of fuel in- 

jection.  Here, x is the distance of the survey point down- 

stream from the source and R is the radial distance of the Sk 

survey point from the axis of the source. 

An experimental duplication o.i" the conditions of the 

point-source equation can be carried out by injecting fuel 

at low velocity through a small tube in the center of a pipe 41 

through which air is flowing.  Many such experiments have 

been carried out by various investigators.  A sample of some 

data taken at the Esso Laboratories [29] is shown in Fig. 

7.2-1.  These results were obtained in 10-inch pipe with air 

flowing at 290 ft/sec at atmospheric pressure and 180 F. J 

The average over-all fuel-air ratio was 0.01.  Fuel/air ra- 

tios were measured at various radii at an axial station down- 
/i 2 

stream and plotted as #7o f against r . Such a plot , accord- 

ing to Eq. (7.2-9), should give a straight line with a slope 

equal to -u/4Ex.  From this slope E can be calculated and • 

thus eddy diffusivities are often determined by this type of 

experiment.  It is interesting to note that the experimental 

data are very well represented by the line calculated from 

Eq. (7.2-9) despite the fact that, according to turbulence 

theory, E and u vary with radius.  The presumption is that 

the ratio u/E remains constant. 

According to measurements by Simmons [32]. the scale 

of normal turbulence in the center of a pipe is approximately 
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Fig. 7.2-1  DISTRIBUTION OF DIESEL OIL 34 INCHES DOWNSTREAM OF A 
POINT SOURCE 

0.17 the pipe radius, and the intensity is approximately 

3 per cent of the main stream velocity.  The scale data sug- 

gest that diffusivity is proportional to duct diameter. 

Towle and Sherwood [33] found this to be true in their ex- 

periments on gaseous injection in long 8- and 12-inch ducts; 

diffusivity in the 12-inch duct was twice as large.  The 

scale of turbulence is, however, very sensitive to duct 

length for short ducts and to the nature of flow preceding 

the section of interest.  One cannot automatically assume 
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that changing the diameter of an engine combustion chamber 

will make a proportional change in diffusivity.  Some experi- 

ments [29] in relatively short ducts have shown increases in 

diffusivity of only about 5 per cent in changing from a 6- to 

10-inch duct.  This result can be partly attributed to short- 

diffusion times during which, as mentioned before, intensity 

of turbulence is the dominant factor over scale. 

If intensity is a constant fraction of average flow 

velocity, one would expect the ratio E/u of the point-source 

equation to be independent of velocity.  Several investiga- 

tors have shown that this is approximately true.  In extensive 

work conducted at The University of Texas [34,35], for example,       •** 

it was found tnat diffusivity increased linearly with air ve- 

locity.  Such a result, of course, tends to keep the E/u ratio 

constant.  In the Texas experiments, the changing apparent 

diffusivities unfortunately resulted not only from changing 

turbulent intensities but from a change in the behavior of 

the injection source (a disk-type nozzle) as well.  This noz- 

zle is a small disk, or ring, source whose effective radius 

changes with velocity.  (Therefore the quantitative effect 

of air velocity on diffusivity cannot be readily estimated 

directly from these data.) 

Furthermore, in the Reynolds number range encountered 

in jet engines (10  to 10 ), air density and temperature 
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would not be expected to affect diffusivity greatly.  This 

proved to be the case in experiments [29] in which a ten-fold « 

variation in air density produced only minor changes in dif- 

fusivity.  The conclusion is that E/u is primarily a function 

of geometry and that for a given geometry, according to Eq. 

(7.2-9), the fuel distribution pattern will be independent 

of operating conditions (assuming that the manner in which 

fuel is injected does not change). 
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These conclusions apply to a vaporized fuel, but, as 

shown by Eq. (7.2-7), the same rules do not apply to the dif- 

fusion of drops.  Drop spreading also depends on drop size 

and turbulence frequency, the diffusivity ratio (E/E ) de- 

creasing with increasing size or frequency.  Because of the 

frequency effect, E/E would be expected to decrease with 

increasing main-stream velocity.  Quantitative prediction of 

this effect would require detailed knowledge of both atomi- 

zation and turbulence.  Neither is available.  There are some 

data [29] for comparison of the diffusivity of a liquid spray 

(diesel oil, essentially unevaporated) and a substantially 

vaporized fuel, solvent naphtha.  Both fuels were injected 

from a point source under identical conditions at various 

air velocities and atmospheric pressure.  The results, in 

Fig. 7.2-2, show that the two diffusivities approach each 

other at low velocities, but that the diffusivity of diesel 

oil drops becomes much lower at high velocities.  Some drop- 

ping off of the naphtha curve is also noted; the naphtha was 

not completely vaporized under test conditions.  Atomization 

in these runs resulted from the impact of air on the fuel 

injected at low velocity through a constrastream tube. 

For a vaporized fuel, a reasonable value of E/u is 

0.001 foot for smooth flow in a 6-inch duct.  However, for dis- 

turbed flow caused by the presence of miscellaneous struts, 

flame holders, etc., or other reasons, values of E/u up to 

0.01 foot have been observed.  For nonvapcrized-fuel, E/u 

should be decreased somewhat as illustrated in Fig. 7.2-2. 

Equation (7.2-9) describes turbulent diffusion from a 

point source.  If the fuel-injection device cannot be re- 

garded as a point, the equation cannot be used directly. 

However, any nonpoint source can be pictured as an infinite 

number of point sources, properly arranged.  The local fuel- 

air ratio at any point downstream will then consist of con- 

tributions from each of the infinite number of point sources 

i 
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Fig. 7.2-2  EFFECT OF AIR VELOCITY ON THE DIFFUSION PARAMETER, E/u 

making up the single nonpoint source.  These contributions are 

calculated by assuming that each point source acts as though 

it were the only source present.  It is easily shown that this 

is a mathematically rigorous procedure.  Such calculations 

have been made for two such nonpoint sources that have been of 

interest, the ring (fuel issuing uniformly from the circumfer- 

ence of a circle) and the disk (fuel issuing uniformly from the 

entire area bounded by a circle).  Their application will be 

discussed later.  A similar technique may be applied to a fi- 

nite source of any shape. 

Summing up point sources around a ring of radius R , 

one obtains 

f - 
WfK 

W'R2ir a o 

I 2KR\ 
R ) 6XP o' 

-K(l + R2/R2)] = —£- 0, (7.2-1 
° J   W'RZ a o 

0) 
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where K - uRQ/4Ex, I  is a modified Bessel function of zero 

order, and R is now the radial distance from the survey point 

to the ring axis.  A detailed derivation for the ring source 

equation, and the disk source equation below, may be found in 

[36]. <f>,   a function of K and R/RQ, is plotted in Fig. 7.2-3 

from the extensive tabulated data of Hardgrave and co-workers 
[37]. 

Fig. 7.2-3  THE RING SOURCE FUNCTION 

This procedure may be carried another step by summing 

up ring sources over the entire area of a disk of radius M 

to obtain 

.2 

W 
=2K 

f = 1_ E 2M 2 r 

a 

-PR' 

M        o 
» R i   R 
M M J a lM 

0 a 
(7.2-11) 

where P « uM /2Ex. * , a function of P and R/H is plotted in 

Fig. 7.2-4 from the tables of Kennedy [38]. 
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Fig. 7.2-4  THE DISK SOURCE FUNCTION 

Each of the three equations, the point source (7.2-9), 

the ring source (7.2-10), and the disk source (7.2-11) has 

its specific application in ramjet design, depending on the 

type of injection device used.  When fuel is injected into 

an air stream at low velocity through a small tube, it merely 

folds back over the end of the tube (for a contrastream tube) 

and passes downstream.  A costream tube is even simpler.  In 

either case the fuel source is effectively the end of the 

tube, a very small circle, and the point-source equation is 

applicable.  However, when fuel is injected through a contra- 

stream tube at high velocity, the fuel jet penetrates the air 

stream.  Before the fuel velocity can be stopped and reversed, 
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4 
the jet has spread out radially, forming a cone (or frustum) 

whose apex is at the tube end and whose base is a circle 

which is now the effective source.  A similar result is ob- 

tained with pressure atomizing nozzles for which the behavior 

is more obvious.  In either case, the source is no longer a 

point but can now be regarded as a disk and the disk-source 

equation is thus applicable. 

Use of the disk (or ring) source equation requires a 

disk (or ring) radius appropriate to the injection device and 

operating conditions.  Many such radii have been determined 

for simple contrastream tubes and most of the results corre- 

lated in Fig. 7.2-5.  The straight line shown is equivalent 

to the following equation. 
» 

/   2X~1/3 
1  u \       / P  u 

- 11.2 \-^~2  1 (7.2-12) 
\Pfuf 

( 

I 

Note that both the ordinate and the abscissa are dimension- 

less.  The ratio of effective disk radius to tube radius is 

a function of the ratio of momentum of air to fuel.  These 

ratios were computed over a wide range of the individual 

variables, as shown in Fig. 7.2-5.  Fuel velocities were cal- 

culated from the volumetric fuel flow rate assuming that the 

fuel filled the injection tube. 

Effective disk radii were determined in two ways.  In 

the first, the spray was photographed (or observed visually). 

The largest measured radius of the spray between the tube tip 

and a point 2 inches downstream of the tip was noted.  This 

radius was then multiplied by 1.55 (s.n empirical factor) to 

give M.  In the second method, an actual downstream distri- 

bution from the spray was obtained.  Values of M were chosen 

by trial from the best-fitting disk-source equations.  The two 

methods agreed quite well as can be seen from the data points 

of Fig. 7.2-5. 
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Fig. 7.2-5 CORRELATION OF INJECTOR RADIUS WITH OPERATING VARIABLES 
(CONTRASTREAM TUBES) 

It is interesting to note that the observed spray radi- 

us (before multiplication by 1.55) is the radius to be used 

for the best-fitting ring-source equation.  Ring-source equa- 

tions were used to describe the distribution from these tube 

sources before tables of the disk-source equation became 

available.  Although the ring source gives a fair approxima- 

tion of the data, the disk source is usually more accurate. 

Correlation of the proper disk ~adius for spray noz- 

zles is more complex than for tubes.  There are the addition- 

al complications created by nozzle body diameter, spray cone 

angle, and spray pattern.  No general correlation is available 

at present and this represents a real failing in application 
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of the distribution equations to engine design.  A few mis- 

cellaneous data were taken at atmospheric pressure with 

three nozzles whose orifice radii were 0.014, 0.032, and 

0.047 inch.  These nozzles gave hollow cone sprays with a 

semi-angle of about 40 degrees.  At air velocities of about 

250 ft/sec, the nozzles had effective disk radii (obtained by 

fitting distribution curves) of 3 to 4 inches when operated 

at 30 to 16C lb/in .  The observed radii, multiplied by 1.55, 

ranged from about 2 to 2.5 inches.  At an air velocity of 
o 

400 ft/sec, the 0.032-inch nozzle, operated at 50 lb/in , 

gave a disk radius of 2 inches, which agreed well with the 

observed value.  Although these data are scant, they can be 

of value in determining the order of magnitude of spray radi- 

us to be expected. 

One application of the disk-source equation is il- 

lustrated in Fig. 7.2-6.  The data shown were taken for a 

pintle nozzle in a 10-inch duct at atmospheric pressure and 

an air velocity of 290 ft/sec.  Diesel oil was injected at 

0.2 lb/sec.   Curves are shown representing the disk-source 

equation (M « 3.6 inches) and the point-source equation for 
o 

the same diffusion coefficient (E = 0.35 ft /sec).  Although 

the point-source equation completely fails to represent the 

data, excellent agreement is obtained by regarding the nozzle 

as a disk source.  Initial spreading of the fuel is thus taken 

into account. 

The importance of initial spreading caused by penetration 

of the fuel jet may be easily illustrated.  Define a median 

radius, r , such that at any axial station half of the total '  m' 
fuel is distributed between r - 0 and r - r and the other m 
half between r - r and r <- oo .  From the point source equa- m 
tion one finds, in consistent units, 

I 

«« 
m V u 

-   35 

CONFIDENTIAL 
THIS J0CUWCNT CONTAINS *f OfttMTION .tfPtCTWK, TMC NAT10HM. DCTCNSf OF Tt« UMTtD -ST6TC9 WITH* THE 
NCM'M Of Tf-l ItMNMC LA**. Wit i». U > C SICTIXS '03 »N0 7»4 THE TMN3WSSI0N Oft 
THC MvtUHIOM M  ;TS COMTtHTS    IX AM tUHHfft   TO   »H  UMkUTHOMZCS   P«SON IS IHtOMUITEO »T LA» 



CONFIDENTIAL 

0.05 

0.002 I 
10 15 

(Survey Radius)   (inches ) 

Fig.   7-2-6     DISTRIBUTION OF DIESEL  OIL  35   INCHES  DOWNSTREAM OF A 
SPRAY  NOZZLE 

If  E/u  is  taken as  0.001   foot,   the median  radius   (in  inches) 

at  various  distances  downstream  is  as  follows: 
1 

x      (feet) 

r  (point source) m 

r  (nozzle) m 

0      12      3     4 

0      0.63   0.89   1.09   1.26 

2.25   2.31   2.38   2.45   2.52 

The bottom row of the table gives values of r , for other- m 
wise similar conditions, when the injection source is a 
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typical atomizing nozzle.  Note how much greater the spread- 

ing is, particularly in the first few feet, for the nozzle. 

One must travel 14 feet downstream from a point source to ob- 

tain the spreading found only one foot downstream from this 

nozzle.  The figures above are for a vaporized fuel.  For a 

nonvaporized fuel the difference would be even more marked 

because the initial penetration would be about the same but 

the diffusivity would be lower. 

A common engine configuration for location of fuel- 

injection points is equidistant spacing around a large circle. 

For this type of injection geometry, the ring-source equation 

is useful.  If a very large number of injection points on the 

circle is used, a true ring source is approached.  For fewer 

points, the ring-source equation obviously gives progressively 

greater errors.  Figure 7.2-7 may be used to find the distri- 

bution error in using the equation.  For a given K and R/R , 

the parametric curves represent, a given number of points on 

the circle required for an error not exceeding 10 per cent. 

The area below and to the left of each curve is a region of 

<10 per cent deviation.  For example, for a K of 5 and an R/RQ 
of 1.0, the injection ring must have at least 8 points to give 

<10 per cent error.  In these curves, R  is the radius of the '  o 
circle of points.  W  is the total fuel fed to all of the 

points. 

Lou oj. Fuel Pistrlbution. In Engines 

Much development work on combustors involves adjustment 

of the fuel-injection system.  Various injection devices are 

triv  and various radial and axial locations of the devices 

are used.  It would be an obvious advantage to be able to pre- 

dict the distributions resulting from these changes and thus 

eliminate at least part of the experimental work.  This may be 
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done in many cases by use of the equations developed in the 

preceding section. 

3 

o 
IT 

R (« R/R0) 

FiK. 7.P-7 CRITERIA FOR USE OF THE RING SOURCE EQUATION 

Any practical engine configuration uses a number of 

fuel-injection points.  The basis of the calculation method 

lies in the fact that at any downstream point, the total fuel 

present is the sum of contributions from each of the injec- 

tion points if each of the points is considered as acting 

separately.  The contribution from each point is represented 

by the point-source or disk-source equation, as is appropri- 

ate.  For one or more circles of points, use of the ring- 

source equation will shorten the calculation procedure. 
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r 

In general, the method is as follows.  First, select 

the axial station at which the fuel distribution is desired. 

Next, select one or more radii in this cross-section.  The 

number of radii necessary to survey depends, of course, on 

the degree of angular symmetry of the system.  It is usual to 

choose at least two—one radius in line with as many injection 

points as possible and one radius midway between points. 

Along each radius, choose points about every inch from the 

duct center to several inches outside the outer wall.  These 

outer points are required to correct for wall effects as will 

be discussed below.  For each point on each radius, calculate 

the radial distance from that point to the axis of each of 

the injection points.  Use Eq. (7.2-9) or (7.2-11) to obtain 

the contribution of fuel from each injection point.  Sum up 

all of these contributions to obtain the total f at the radi- 

us point chosen.  Repeat for all other radium points and for 

other radii. 

This procedure is very tedious if done by analytical 

methods.  A much simpler graphical method has been developed 

jointly by the Ordnance Aerophysics Laboratory and Esso [29]. 

This graphical method is restricted to the mild limitations 

that all of the injection devices be of the same type, are 

located at the same axial station, and are fed with equal 

amounts of fuel.  If one or more of these requirements is not 

fulfilled, the graphical method may be modified accordingly 

and still represent a saving over the analytical method. 

The first step here is preparation of a scale drawing 

of the cross-section at the injector station, locating each 

of the injector points.  On this same drawing the survey 

radius (or radii) is chosen and plotted.  Choosing Eq. (7.2-9) 

or (7.2-11), as appropriate to the injection devices used, a 

table is calculated of f as a function of R.  All other vari- 

ables in the equations are fixed by the geometry and operating 
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conditions,  A transparent (plastic) rule is then made up, 

to the same scale as that used for the injector geometry, in 

which the divisions denote increments in R.  However, for 

each R division the scale is marked with the corresponding f 

as determined from the prepared table.  A pin hole is then 

located at R - 0.  Such a rule is illustrated in Fig. 7.2-8. 

) 

U.l^tVJ : iexig os  rcuie - z_ 
E = l.35 ft2/s»c 
X=2.2I ft 
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Fig. 7.2-8  PLASTIC SCALE FOR GRAPHICAL DETERMINATION 
OF FUEL DISTRIBUTION 

A pin is placed, through the scale hole, at the radius 

point at which the fuel-air ratio is to be measured.  The 

scale is then rotated about the pin and the reading for every 

injection point noted.  These readings are tabulated and then 

summed to give the total fuel-air ratio.  The process is re- 

peated for other points and other radii.  The results are usu- 

ally plotted as a fuel-air ratio ordinate against the square 

of the survey point radius (relative to the duct axis). 

Reasons for using the square of the radius will be apparent 

in the discussion below. 

Calculations up to this point have been subject to the 

limitations of infinite duct size (no wall effects) and con- 

stant air velocity (constant inner-body and outer wall diame- 

ters) .  These limitations may be removed by the following 

techniques. 

i 
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When fuel, diffusing in a duct, reaches a wall, two 

results are possible.  If the fuel is a vapor, it cannot col- 

lect or pass through and thus must diffuse back into the air 

stream.  If the fuel is a liquid, it tends to collect on the 

wall and thus may be effectively removed from the system. 

This latter effect may be modified, as shown in recent work 

at the Massachusetts Institute of Technology, by reatomization. 

Droplets striking a wall on which a liquid film exists dis- 

lodge part, of the film as other droplets which are picked up 

and carried by the air stream.  For engine-design purposes, it 

is usually assumed that the fuel is vaporized, or, at least, 

will not be removed at the wall but will diffuse back.  The 

technique of making graphical wall-effect corrections depends 

on the assumption that fuel diffuses from the wall as a mirror 

reflection (in r coordinates) of the fuel which would have 

diffused beyond the wall if no wall were present.  A rigorous 

solution for wall effects with a central point source has been 

developed [291.  However, the solution is complex, and much 

more complex for nonpoint and/or noncentral sources.  The 

simple graphical techniques described below, though not rigor- 

ous, have proved entirely adequate in ail applications to date. 

An example of correction for outer-wall effect is shown 

in Fig. 7.2-9.  The curve ABDE is calculated, using the trans- 

parent scale method above, ignoring the existence of the outer 

wall (at GDC).  The area DGE is then rotated about GDC as an 

axis to give DGF.  Each ordinate of the curve FD is added to 

the ordinate of curve ABDE with the same abscissa.  The new 

curve, AGC, so obtained is the fuel distribution taking the 

outer-wall effect into consideration.  It may be noted that 

these adjustments are performed on axes of f versus (duct 
2 

radius)    On such a plot any area is proportional to a mass 

of fuel.  In manipulating these curves, any areas which are 

transposed must be equal in order to preserve a material bal- 

ance.  For the example cited, note that area GDE = GDF = DCS. 
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(Radius) 

Pig. 7.2-9  CORRECTION FOR OUTER WALL EFFECT 

Fig. 7-2-10 CORRECTION FOR INNERBODY WALL EFFECT 

Correction for innertaody effect is illustrated in 

Fig. 7.2-10. Basically the method is identical although some- 

what more involved. Curve NKGFE represents the fuel distribu- 

tion calculated as though no innerbody were present. Point D 

is located such that OD « DE. By trial and error a curve GHDA 

is drawn, tangent to NKGFE at G, such that MG - OA. Also, the 

vertical distances between AD and AO are equal to the vertical 

distances between EFG and DHG at any abscissa on the curves 

equidistant from the ODE (duct) axis.  Curve HJ is formed by 
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rotation of HDA about the HB axis.  Each ordinate of HJ is 

added to the ordinate (at the same abscissa) of BGKN to give 

LKN, the corrected fuel-distribution curve.  It will be noted 

that a material balance is preserved because the deleted area 

EDOBHGF is equal to the added area KLFHG. 

The second limitation to consider is that regarding 

changing innerbody and/or outer-wall diameters between the 

survey point and the injection station.  A purely empirical 

correction is used that has proved satisfactory ii. practice. 

The open duct area at the fuel-injection station is de- 

noted as A_, the area at the survey station as A„ , and the 

arithmetic average of A„ and A. as A.   In general A„ will be 

greater than A_.  A scale drawing of the injection-station 

cross-section and injector-point location is expanded by 

simple magnification of all radii so the original area A, is 

made equal to A..  In this process the injector-point loca- 

tions will obviously also be altered.  Using the graphical 

method above, calculate a fuel distribution (ignoring the 

existence of the walls) for this new injector geometry.  In 

the disk-source and point-source equations all variables, 

except x, take on values corresponding to this new cross- 

sectional area A..  x retains its original value, the axial 

distance from Aj to A„, When the fuel-distribution curve is 

completed, multiply each yalue of the (radius)  abscissa by 

A_/A..  This second curve approximates the fuel distribution 
o  A 

at the survey station.  Wall effects are then taken into ac- 

count as described above. 

Experimental Distribution DajtJL IfiX Eail-Scale Engines 

The calculation methods of the preceding section have 

been successful in predicting the results of not only idealized 

laboratory systems but of full-scale engines as well.  Two 
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engines with baffle-type combustors were studied extensively-- 

the RTV-N-6a, a ramjet 24 inches in diameter in the BUMBLEBEE 

Talos prototype program, and the XSSM-N-6, a Marquardt engine 

28 inches in diameter designed for a Grumman missile.  These 

two engines differed, for fuel-distribution purposes, in two 

important respects.  First, the injection devices on the 

RTV-N-6a were low pressure drop tubes (point sources) whereas 

the XSSM-N-6 used pressure-atomizing nozzles (disk sources). 

Second, the air flow in the RTV-N-6a was quite disturbed where- 

as the XSSM-N-6 air flow was smooth. 

As noted previously, an increase in flow disturbance 

will cause an increase in eddy diffusivity and thus an increase 

in fuel spreading.  Therefore, diffusivities measured for 

smooth flow in laboratory ducts would not be expected to be 

applicable to the RTV-N-6a.  The logical procedure would be 

to measure diffusivities in the engine directly.  This was 

done for six different internal configurations each of which 

introduced a different degree of flow disturbance in the duct. 

The tests were made by injecting fuel at its usual rate 

through only one of the standard fuel tubes (located at its 

usual station) and measuring tho distribution obtained at the 

flame-holder station (where ail fuel surveys were made).  Dif- 

fusivities were readily obtained, as pointed out in the dis- 

cussion of the point-source equation, from the slope of the 

distribution curve.  The results for the six configurations 

are plotted en masse in Fig. 7.2-11.  Several points are of 

Interest.  First, the wide scattering of data indicates large 

variations of diffusivity with both duct radius and internal 

configuration (i.e., flow disturbance).  Second, it was clear- 

ly shown that as configurations were tested which would be ex- 

pected to progressively increase turbulence, average diffusivi- 

ties across the duct similarly increased in accordance with the 

theory.  Third, although diffusivity varied with radius, for a 

> 
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given configuration, use of an average constant diffusivity 

in the calculations reproduced the later multi-injection point 

experimental data well within the required accuracy (20 per 

cent).  Finally, laboratory data for the same conditions 

(300 ft/sec air flow at 300 F and 2 atmospheres pressure with 
o 

naphtha fuel), but with smooth flow, predict an E of 0.6 ft / 

sec compared to average values in the RTV-N-6a ranging from 
2 1.0 to 2.3 ft /sec, depending on the configuration used.  All 

of these data emphasize the fact that in any engine with ap- 

preciably disturbed flow, eddy dixfusivities must be deter- 

mined experimentally for the specific configurations to be 

used. 
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Fig. 7-2-11  DIFFUSIVITIES IN THE RTV-N-6a FOR SIX CONFIGURATIONS 
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After the RTV-N-6a diffusivities had been measured by 

these single-point injection tests, the various conventional 

multi-injection point fuel patterns were installed and the re- 

sulting fuel distributions observed.  The four fuel patterns 

averaged about 50 injection points each.  All patterns were 

symmetrical and any quadrant of each was laid out as illustra- 

ted (to scale) in the upper right corner of the sketches in 

Fig. 7.2-12.  The small rectangles represent fuel spreaders fed 

by infection tubes shown as black dots in the rectangle cen- 

ters.  The "fuel spreaders" indicated consisted of short 

lengths of tubing split in half axially.  These lengths were 

attached perpendicular to the upstream end of the injection 

tubes; the fuel issuing from the injection tube strikes the 

downstream center of the spreader and then flows equally to 

the two ends of the spreader before being exposed to the air 

stream.  In this manner a spreader Dresumably converts a 

single injection tube into two point sources. 

For comparison of the measured distribution curves with 
2 predicted ones, a diffusivity of 1.35 ft /sec (an average val- 

ue for these configurations found in the single-injection 

point tests) was used.  The graphical calculation method pre- 

viously cited was used.  Results for two different calcula- 

tion techniques for each of the patterns are illustrated in 

the main sketches of Fig. 7.2-12 and are compared with the 

experimental data.  The solid lines in Fig. 7.2-12 ignored 

the presence of the spreaders and simply considered each fuel- 

injection tube and spreader as a single point source.  T1* 

dotted lines were based on the assumption that the ends of the 

spreader acted as two individual point sources, each with half 

the total fuel flow to each tube.  Behavior of the experimental 

data is something intermediate between these two cases although 

slightly favoring ignoring of the spreaders.  In either case, 

the calculations predict the measured distribution well within 
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(DUCT RADIUS) (r>UCT RADIUS)' 

(a)  Fuel Pattern 7116A (b)  Fuel Pattern 7427 

(DUCT RADIUS)' (DUCT RADIUS)' 

(c)  Fuel Pattern 7337 (d)  Fuel Pattern 7338.5 

> 

Fig.    7.2-12     FUEL  DISTRIBUTION   IN  THE   RTV-N-Sa 
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the accuracy deemed necessary (±20 per cent).  Note, however, 

that deceptively small changes in the fuel-pattern geometry 

result in marked changes in distribution at the flame holder. 

It is apparent that a converse situation exists in ram- 

jet design.  Rather than desiring the distribution from a giv- 

en injector pattern, the distribution may be given and the 

necessary pattern desired.  For a particular purpose, a ho- 

mogeneous distribution was required in the RTV-N-6a.  Such a 

distribution obviously required spacing of the injector points 

equidistant from each other  at the intersections on an equi- 

lateral triangular grid.  The closeness of spacing depends on 

the degree of homogeneity required.  In this case the pattern 

was designed so that the survey f on the axis of an injection 

point would be within 3 per cent of the survey f on an axis 

midway between injection points.  The spacing was computed, by 

trial and error, to be 2.75 inches.  Several additional points 

were added near the walls for homogeneity in that area.  Such 

an injection pattern was constructed and tested with the re- 

sults shown in Fig. 7.2-13.  The design distribution was 

achieved well within the accuracy required.  Although a ho- 

mogeneous distribution is a relatively simple one, similar 

techniques may be used for the drawing board location of in- 

jection points for any type of distribution. 

Testing in the XSSM-N-6 was somewhat simpler than in 

the RTV-N-6a.  Only two fuel patterns were used, each con- 

sisting of 24 contrastream high-pressure hollow-cone spray 

nozzles equally spaced on a circle located 30 inches upstream 

of the flame holder.  The patterns differed only in circle 

diameter, 22 inches and 24 inches.  Because of the smooth flow, 

diffusivities were assumed to be equal to those observed in 

laboratory tests (E/u •> 0.0020 ft) for similar operating con- 

ditions.  Fuel-distribution surveys were taken in two quadrants. 
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Fig. 7.2-13  HOMOGENEOUS DISTRIBUTION IN THE RTV-N-6a 

In Figs. 7.2-14 and 7.2-15 the experimental data are 

presented for the 22-inch and 24-inch nozzle circles respec- 

tively.  Three calculated curves are shown on each figure. 

They differ as follows: 

1.  The dotted curve was calculated assuming each 

nozzle to be a separate small ring source. 

(Note:  Ordinarily the disk-source equations are 

used for nozzles.  However, at the time of these 

tests, tabulated values of the disk-source equa- 

tion were not available.  Small ring sources are 

fair approximations to nozzle behavior.  Had the 

disk-source tables been available, the calculated 

curves would represent the experimental data more 

closely than the present dotted curves.)  The pre- 

dicted value of E/u (0.0020 ft) was used. 

i 
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The solid curve was calculated assuming the 

circle of nozzles to be a single large ring 

source with a radius of 11 inches or 12 inches 

as appropriate.  Again, E/u was 0.0020 ft. 

The dot-dash curve was calculated as in 2 above 

but an E/u of 0.0026 ft was used.  This value 

was found, by trial, to best fit the data. 

E was thus increased from 0.45 to 0.57 ft /sec, 

an increase expected in order to account for 

the initial spreading caused by the nozzles. 

This spreading is not accounted for in the ring- 

source equation using the predicted diffusivity. 

t 

Comparison of the calculated curves with the experimental 

data shows better agreement, using the predicted diffusivity, of 

the curve calculated from 24 discrete nozzle sources than the 

single-ring source curve.  The third plot, using a higher dif- 

fusivity and a single-ring source, is slightly better than the 

other two.  The conclusions to be drawn are that the circle of 

nozzles actually behaves more like discrete sources than a 

single ring.  If the single ring is used, to cut down calcula- 

ting time, the diffusivity must be increased to account for 

initial spreading.  This increase must be determined from past 

experience or by trial fitting of the best ring-source curve 

to a few sets of multi-disk source curves. 

The object of the foregoing sections has been to demon- 

strate that calculation of fuel distribution in full-scale en- 

gines is not a hopeless task.  For many engines it can be done 

well within the accuracy required for design purposes.  Meas- 

urement of diifusivity by single-point injection, if necessary, 

is relatively simple and in any case is much simpler than cut- 

and-try experimental methods of manipulating the fuel-injection 

geometry.  It is hoped that this work, which is only an intro- 

duction to the field, will stimulate wider interest in the 

•• 

L 

I 
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possibilities of predicting fuel distributions In ramjet 

engines.  The demonstrated effects of fuel distribution on 

combustor performance (see Chapters 9 and 10) can make such 

interest a profitable one. 

2 
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7.3  EVAPORATION OF FUEL DROPS 

The mechanism and rate of combustion depend on whether 

or not the fuel is vaporized.  It is therefore of interest to 

determine the extent to which fuel, injected into an engine 

air stream, will evaporate.  The limiting degree of vaporiza- 

tion that can take place is the equilibrium vaporization, a 

function of the fuel volatility, the relative amounts of fuel 

and air present, temperature, and pressure.  Equilibrium vapor- 

ization is defined as the fraction of fuel that will have been 

vaporized after infinite time (i.e., at equilibrium) if given 

quantities of fuel and air are mixed in an isolated system at a 

given temperature and pressure.  In general there is not suf- 

ficient time availrble for equilibrium vaporization to occur 

so that equilibrium represents only a limiting condition. 

In this usual case it is profitable to examine the factors 

contributing to the rate of evaporation in order to determine 

what fraction of the fuel, necessarily lower than the equi- 

librium fraction, will vaporize. 

Equilibrium Vaporization 

i 
Calculation of the equilibrium vaporization in air of 

any multi-component fuel is a special case of the general 

vapor-liquid equilibria relationships. Such a calculation 

can always be performed by means of material and energy bal- 

ances and the appropriate equilibrium equations. Consider a 

fuel of n components in which i is any particular component. 

By an energy balance, in an adiabatic process, 

w»H„ +  w H f f .    a a. 
X w. H,  + 
i=l *i xi 

n 
H 
i=l 

H  + w H  . 
vi vi    a a2 

(7.3-1) 
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In this equation the molar enthalpies (II) are functions of 

temperature only.  To the energy balance may be added the 

material balances. 

n 
w = Z     (w/,  + w  )    and    w. = w,  + w. . (7.3-2) 

X 4 V • X     z.      v. i i=l  *i    I *i    *i 

Finally, the equilibrium equation is 

"P. 
n  _ r    li       and     Z    P, + Pa - P-    (7.3-3) a 
Pi   CEJ   n i=l  *    a 1 i r  w, 

i=l *i 

In general C_ , the distribution coefficient, is a function 
Ei 

of composition, temperature, and pressure and is obtained from 

the literature [39,40].  The equations above are usually 

solved by trial, assuming a certain temperature and adjusting 

the fraction vaporized until all of the equations are satisfied. 

This procedure may always be used but is very tedious when the 

fuel consists of more than two or three components.  In the 

case of hydrocarbon fuels, a very large number of components 

is present and a component breakdown is not ordinarily avail- 

able.  The distillation data for such fuels may be used in 

the method above by arbitrarily dividing the fuel into several 

portions, each with a narrow boiling range.  These portions 

are then treated as pure components using appropriate average 

physical properties.  Such properties have been compiled con- 

veniently by Maxwell [40] from whose book part of the empiri- 

cal method of the appendix has also been taken.  Use of the 

empirical method just cited is recommended for any fuel con- 

sisting of more than two or three pure components.  This meth- 

od is explained in detail in the appendix and a sample calcu- 

lation given. 
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Using the empirical technique, equilibrium vaporiza- 

tions of AN-F-32 and No. 1 solvent naphtha have been calcu- 

lated for various operating conditions.  The data, in 

Tables 7.3-1 and 7.3-2, give air temperatures (°F) before 

mixing for specific pressures, air-fuel ratios, and frac- 

tions of fuel vaporized.  Inlet fuel temperature was assumed 

as 80°F. 
It is of interest to note that for most of the common 

conditions of engine operation, the fuel can completely va- 

porize despite the fact that the air temperature before mix- 

|       ing is considerably below the average boiling point of the 
1       fuel.  Since incomplete vaporization is frequently observed 

at the flame holder, this illustrates the fact that although 

equilibrium vaporization is the limiting condition, it is 

often not achieved.  For a given geometry and operating con- 

dition,  the cure is better atomization and distribution. 

From the tables, a rough idea of the air temperatures re- 

quired for complete evaporation may be estimated.  For stoi- 

chiometric quantities of AN-F-32 (with a boiling point of 

about 385°F at the 50 per cent point on an ASTM distillation 

curve) , 100 per cent vaporization is possible if the entering 

air is as much as 125°F below this 50 per cent point.  The 

above figure is for a static pressure of one atmosphere.  For 

other pressures, this figure varies (after converting the 

*       50 per cent point to equivalent temperatures at^the other 

"       pressures) from 65°F (at 0.1 atmosphere) to 185°F (at 4 at- 

mospheres) below the converted 50 per cent point.  Similar 

values calculated for solvent naphtha (normal 50 per cent 

point of about 185°F) average about 20°F below the figures 

cited above. 
Data of the type in Tables 7.3-1 and 7.3-2 have proved 

useful in investigating the variation of equilibrium vapori- 

zation with altitude in a climbing ramjet missile.  Increasing 

I 
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temperature increases, and increasing pressure decreases 

vaporization.  This explains the fact that vaporization is 

poorest at intermediate altitudes.  That is, starting from 

sea level, temperature decreases at an effectively faster 

rate than pressure, making equilibrium vaporization poorer. 

However, on reaching the stratosphere, temperature remains 

constant while pressure continues to decrease so that va- 

porization again increases.  All of the above assumes a 

reasonably constant Mach number.  At Hach numbers of 1.6 to 

2, for example, using stoichiometric ratios of air to AN-F-32 

fuel, the poorest vaporization occurs at an altitude of about 

35,000 feet for average atmospheric conditions. 

TABLE 7.3-1 
Calculated Equilibrium Vaporization o£ AN-F-32 

Air Temperatures Before Mixi ng 5 

8/1 10/1 111/1 94/1 30/1 

rmiun  -  4ta  Ab« 4.0 0. 1 0.S        10 3.0       4.0 0.1       0.5 1.0       2.0       4.0 0.1 0.5 1.0 2.0 4.0 0. 1 0.6 1.0 2.0 4.9 

10ft Vapor IMd 101 St •3       104 190     ise 31          70 •9       110       122 M M n oe lit 19 51 6fl *7 10C 

SO 362 •8 116       173 300       229 77        123 14ft       171       IN M 1C4 137 ISO 174 ia 96 US 127 164 

SO 338 133 144       313 240       273 lOt       157 1W       207       234 tl 134 \9f 142 204 •i 123 144 iM »•: 
66 S72 1M 210       237 266       2M 124        177 302       23t       234 lOi 153 174 201 114 M 136 160 143 •49 

75 )M 171 327       286 aes     317 140        160 315       243       273 u« Itl 1M 213 23* 106 146 170 196 430 

•5 433 ISO 24 a       274 S04       337 137       207 313       361       fitl 1S3 1T» ton 40 SM 119 163 its 206 134 

100 464 233 378       107 3M    *»i 1M       314 2«1       2tt       lit 1M IftS 230 9IH 3S3 141 167 210 234 440 

1 
TABLE 7.3-2 

Calculated Equilibrium Vaporization g£  No. 1 Solvent Naphtha 

Air Temperatures Before Mixing 
Jr 

Air Fi-l   Bmtla 6/1 10/1 15  1/1 M/l 

»r«»rjri   -  if db* 4.0 e.i 0.6       1.0       2.0       4.0 0  1       0.6 1.0       2.0       4.0 0.1       0.8 10 3.0 4.0 0.1       0.6 l.u 2." 4.0 

104 Vaporlaod -14 -6C       -73       -63       -30 -44 .74       -69       -36 -4)1 •41 -44 -63 -71 -13 

30 76 -71 -34       -12          12          3t -43 -25         -3         10 -83 -14 -H i -86 -4S -K -1 

M 1ST -o. 8          39         64          62 -50       -11 6         38         8* -64 -6 It 36 -33 -18 4 14 

65 164 -16 31        64        01      no -12            6 31          64         76 7 12 £6 36 -16 1 so 42 

7S 164 3 46         71         46       137 -18          21 44          70          93 -33            4 24 43 66 -6 10 31 61 
ts •07 14 64          66       114       142 -6          14 64          41       107 -34          16 as ie 64 1 ** *i 66 

100 SM 60 94       111       149    -177 31         64 66       112       136 1          41 43 83 10C -11          14 44 •a 60 
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Evaporation Rate of a Single Drop 

Equilibrium conditions are not often attained in a ram- 

jet engine.  Therefore the rate at which evaporation occurs, 

and thus the closeness with which equilibrium is approached, 

becomes of interest.  Calculation of evaporation rates is much 

more complex than calculation of equilibrium vaporization. 

In most cases, the absence of necessary physical data precludes 

anything but very rough approximation.  In the section that fol- 

lows, no attempt will be made to give a design procedure for 

evaporation similar to that for distribution.  The purpose of 

this section is to offer only a general survey of the problem. 

Major factors affecting evaporation rate will be pointed out 

and an attempt made to indicate the order of magnitude of 

their effects.  The conclusions reached can be summarized 

briefly here.  Increase of evaporation rate can be accom- 

plished in several obvious ways, through increase of fuel vol- 

atility and/or increase of fuel temperatures.  Less obvious is 

the fact that increased air velocities and turbulent intensi- 

ties will also increase the degree of evaporation at any given 

station.  Finally, the great importance of good atomization is 

realized, one of the few variables in which the designer has 

much latitude to work. 

These factors may now be examined in detail.  Although 

a practical evaporation problem will be very complex, it is 

profitable first to set up a simple system and then examine 

the effects of the simplifying assumptions. 

Assume that a single pure liquid drop of constant radi- 

us exists in air, that there is no relative velocity between 

the drop and the air, and that steady state prevails.  These 

assumptions imply that concentration and temperature gradients 

around the drop adjust rapidly compared to their rate of change 

with time as the drop evaporates.  In these circumstances the 
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rate of evaporation depends on the rate at which heat is 

transferred to the drop, this heat supplying the latent heat 

of vaporization.  The evaporated material formed must then 

diffuse away from the drop surface.  This diffusion rate de- 

pends on the partial pressure of fuel at the surface and thus 

on the drop temperature.  A further assumption is that the 

vapors immediately surrounding the drop are in equilibrium 

with the liquid.  From these considerations it is clear that 

the drop attains an equilibrium temperature below the boil- 

ing point, depending on the relative rates of heat and mass 

transfer. 

If spherical symmetry is assumed (all physical proper- 

ties are functions of distance from the drop center only) the 

following equation for heat transfer may be written 

t 

**  - - kA **• + ae dr met o p (7.3-4) 

The first term on the right is the familiar one for heat con- 

duction.  The second term accounts for the sensible heat car- 

ried by the diffusing vapors; a consideration of importance 

at high evaporation rates.  A heat balance across a differen- 

tial change in r for steady state gives 

m« d<c„t)    „ d(k &h 
-T        „P   =" r2  ^-  + 2rk £ 4TT  dr dr        dr 

While k and c  change with temperature, it is assumed that 

they are constant at appropriate average values, and thus 

integrating: 

111 
*I - 

exp yr /r. - exp yr /r 

exp yr /r  - exp y (7.3-5) 
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where y = -m c /4frkr and rn is the radius at which bulk air op    o     1 
stream conditions are assumed to exist.  The heat entering the 

drop surface supplies latent heat only and thus one can write 

Am - 4irk r 2 (fjj) o     o o  \dr/ r = r (7.3-6) 

The  quantity   \~T~)   r  =  r     is  obtained  by   differentiating 

Eq.    (7.3-5),   and,   on  substituting  and  solving  for m       one 

obtains 

: m 
4irr   rnk  o   1 

pi o 
An 1 + -°- -B   (t      -   t   ) 

k     X     KXl o; (7.3-7) 

Here,   k     is   evaluated  at   t     while   the  other  physical   proper- '  o o 
ties take average values. 

An equation very similar to the one above was derived 

by Godsave [41] in his theoretical analysis of heat transfer 

in the preflame region around a single burning drop. 

Equation (7.3-7) describes evaporation rate, taking into 

account mass transfer; the carrying away of sensible heat.  If 
ko c mass transfer can be neglected, i.e. , ~r r~   (t  - t ) « 1, 

Eq. (7.3-7) reduces to 

m 
4Trk r r, o o 1 

o \(r. ro> 
(tl ' V' (7.3-8) 

and if r »    r , Eq. (7.3-8) further reduces to 

m 
4fk  r o  o 

o <*i - V (7.3-9) 
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In the various heat transfer equations above, t  is un- 

known.  In cases in which the air temperature is appreciably 

higher than the boiling point of the fuel, t may be taken as 

the boiling point without serious error.  However, in the gen- 

eral case, t must be evaluated with the help of mass transfer 

considerations and specifically, through the relation between 

vapor pressure of the drop, p. , and the drop temperature. 
o 

According to kinetic theory, diffusion in a binary mix- 

ture of gases is described [42] as 

w > 

u, -u  .. -«L D f-£ _ -*_ r     M .     (7.3_10) f   a   wfwa   dr   --^   1  f  dr 

The assumptions here are small pressure gradients (compared to 

the magnitude of pressure) and negligible external forces (such 

as centrifugal fields).  The first term on the right describes 

normal diffusion (where D is the coefficient of molecular dif- 

fusion as distinct from the coefficient of eddy diffusion pre- 

viously discussed) and the second accounts for thermal dif- 

fusion.  Thermal diffusion can usually be neglected in compari- 

son with normal diffusion.  The velocities of fuel vapor and 

air, uf and u  respectively, are relative to a common refer- 

ence, the average velocity of the mixture.  Therefore u. - u 

is the velocity of fuel with respect to air.  In this system j£ 

the air remains stationary with respect to the drop as the 

fuel diffuses so that (u. - u ) also represents the quantity 
X      H 

of direct interest, the velocity of fuel with respect to the 

drop.  The result is then 

2   d(w /w) 
u- - u  = -*— D  *  . (7.3-11) f    a   w..w      dr f a 
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Fuel velocity may be written in terms of the evaporation rate 

as 

u- -• u  - m /P„4irr . (7.3-12) 

Assuming the perfect gas law, both mole fractions and densi- 

ties may be expressed in terms of partial pressures, or 

=    and —*- - r— . P    w     pf  ?J?f 

Substituting these relations and Eq. (7.3-12) into (7.3-11), 

we have 

4irr pD#?„ di«.p 
 i    a 

mo '    RD    dr (7.3-13) 

Equating the mass flow at r and r + dr gives 

0 = r 
4   U»Vj 

dr 

d(/*p ) 
a_ + 2 -  —a- dr 

(7.3-14) 

Integrating between r  and r.. 

II 
/»P. 

r AJ,P  ( o  H a  r    o 
1) + rxinp  (1 - -f > 

—-V.  

<ro " V 
(7.3-15) 

Differentiation of   this  equation  and  substitution  of   the  re- 
sulting  expression  for  d£»ip   /dr   into  Eq.    (7.3-13)   gives 

4irpD^fror1    ^  % 

P» 
mo  ~ RT(rx       rQ) (7.3-16) 
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If   the   concentration  of   fuel   vapors   is  small,   Eq.    (7.3-16) 

reduces   to 

4irD7?r  r 
(7.3-17) 

and if it is further assumed that rn >> r , we have 1 o 

m     = o 

4TTD?J? r 4irDtyfr 
(pa  " Pa > -  RT   (pf  " Pf >  <7-3"18> al    ao      K1     *o    tl RT 

Numerical values of D may be obtained from, for example, the 

Gilliland equation [43].  Equation (7.3-18) is the Langmuir 

equation [44] for slow evaporation of spherical particles in 

still air.  It has been widely verified experimentally for 

various liquids and solids.  However, for very small spheres 

(the order of 1 to 10 microns or below) at atmospheric pres- 

sures, or larger drops at very low pressures (the order of 

10 mm of mercury or below) it is in error.  The molecular mean 

free path becomes relatively large and affects the simple mech- 

anisms   proposed heretofore.  These deviations from the simple 

theory increase for smaller drops and lower pressures.  For 

these cases a refinement of the equation, proposed by Fuchs [45], 

has been experimentally confirmed by Bradley [46] showing evap- 

oration rates lower than Langmuir predicts.  This refinement 

is of interest but need not ordinarily be considered in ram- 

jet design. 

Equation (7.3-18) is analogous to Eq. (7.3-9) which 

describes heat transfer to a sphere at low mass transfer rates. 

Comparison of Eq. (7.3-7) and (7.3-16) show, however, that the 

heat transfer-mass transfer analogy is not valid at high evap- 

oration (mass transfer) rates.  Although the effect of radius 

is the same, temperature and concentration effects are altered. 

• 

t 

•- 

* 
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In order to solve an actual evaporation problem, one must use 

both the heat transfer and mass transfer equations.  An 

Antoine equation, for example, is used to relate t  to pf 
o 

(the vapor pressure of the drop).  The constants in this equa- 

tion (usually log p. - C, - C2/T) for the fuel in question may 

be found in, or calculated from, many sources, e.g. [40,47,48]. 

The importance of mass transfer in lowering the evapora- 

tion rate may readily be determined by calculating the ratio of 

rates with and without taking account of mass transfer.  This 

is done by dividing Eq. (7.3-7) by Eq. (7.3-8), letting k  = k. 

The ratio so obtained is defined as B and simplifies to 

B = c(t, - t') pi    o 
I n> 1 + 

c 
-3. (t - V (7.3-19) 

* 

In Eq. (7.3-19) t  is the drop temperature obtcined for a 

given air temperature by neglecting mass transfer in using 

Eq. (7.3-9) and (7.3-18); however, t  is the drop temperature 

obtained for the same air temperature by taking the high-evap- 

oration rate into account using Eq. (7.3-7) and (7.3-16). 

Figure 7.3-1 presents B as a function of the temperature dif- 

ference between the air and the average boiling point of an 

AN-F-32 fuel assuming constant boiling point.  It is apparent 

that mass transfer appreciably lowers evaporation rate at 

high-temperature differentials between the fuel drops and the 

air, a common case in ramjet operation.  The ideal evaporation 

rate is reduced 10 per cent at an air temperature equal to the 

fuel boiling point and 40 per cent at 400 F above the boiling 

point.  Marked along the curve are figures representing the 

difference between the drop temperature and the boiling point 

of the fuel.  Total pressure has very little effect on this 

curve and the plot presented is valid from at least 1/3 to 

3 atmospheres. 

I 
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Fig. 7.3-1  REDUCTION OF EVAPORATION RATE OF AN-F-32 CAUSED BY 
MASS TRANSFER 

When air temperatures are very high, t  may be taken 

as tR_ with negligible error and thus Eq. (7.3-7) may be used 

directly without the complication of Eq. (7.3-16). 

The time required to evaporate any particular drop may 

be calculated from Eq. (7.3-7) remembering that 

mo - 66 (7.3-20) 

If we assume r, >> r  and substitute for m  d0 may be sepa- 

rated and the equation directly integrated to give 
/  2    2, c

P n <r0, - po> 
6   =  ir-^  , (7.3-21) 

2k/. 1 + -f -f   (tx - to) 
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where r  is the initial drop radius and r the radius at any 

subsequent time 8.     The time required for complete evaporation, 

when r •= 0, is seen to be dependent on the square of initial 

drop radius.  This indicates the importance of fine atomiza- 

tion to rapid evaporation. 

The simultaneous evaporation of a collection of drops 

of various sizes, the practical case, may be examined next. 

Assume that the Rosin-Rammler equation [Eqs. (7.1-4) and 

(7.1-6)] describes the drop size distribution before vapori- 

zation begins.  Differentiation of this equation gives the 

mass fraction of material, dY,, originally found in size range 

dr  with an average size of r 

dYl " 
-Q.693g vf-1 -°-693\in dr (7.3-22) 

After the average size of this material has been reduced from 

r  to r by evaporation, the fraction of material remaining is 

dY_ 
dY, (7.3-23) 

?    2 If the quantity (r   - r ) is separated from Eq. (7.3-21) and 

2    2 denoted as (r " - r ) - G0, this relation plus that of Eq. o,    o      ' 

(7.3-23) may be combined and r  eliminated.  Then 

(r Ge) 3/2 

dY - dY. (7.3-24) 

1 
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Eq. (7.3-22) is used to substitute for dY  and then inte- 

grating, one obtains 

-Q.693q f      r I"4 (r 2 - G6)3/2 e 
-0.693 

Joe 

r \ 

dr 

(7.3-25) 

where Y is the total fraction of the spray unevaporated. 

Pr^bert [49] has graphically integrated this expression for 

several values of q; q characterizes the width of distribu- 

tion, a small q denoting a broad size distribution.  Some of 

his values are reproduced in Fig. 7.3-2 and it may be seen 

that a broadly distributed spray gives the fastest initial 

evaporation.  However, as evaporation progresses, the rate 

decreases and the large drops present in a broad spray are 

quite resistant to evaporation.  The practical implication 

here is that primary ignition of a broad spray in a burner 

is relatively easy, but complete combustion of the last 

fraction of fuel is difficult.  Such conclusions illustrate 

the fact that knowledge of the distribution, and not simply 

some average drop size, is important. 

All of the analysis above is complicated in practice 

by several factors which have not yet been taken into consid- 

eration.  The most important of these is the relative velocity 

between the fuel drop and the air stream.  Such a relative 

velocity occurs in two ways.  The fuel drops, immediately upon 

injection, must be accelerated to the air-stream velocity. 

Also, once reaching the mean-stream velocity they are subject 

to turbulenc fluctuations which cannot be exactly followed by 

the drops (Section 7.2).  Effects like these cause evaporation 

rate to be higher than that predicted by Simple conduction in 

still air. 

* 
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Fig. 7.3-2  EVAPORATION OF SPRAYS WITH EQUAL MASS MEDIAN 
DROP RADIUS 

r 

This increase of evaporation rate caused by relative ve- 

locity may be handled conveniently by means of the group 

r /(r  - r ) in Eqs. (7.3-7) and (7.3-16).  In still air, ~r1 

is very large, even infinite, so that the group above takes 

the value of 1.  However, as relative velocity increases and 

r >r   , the group takes on larger values and Increases the 

evaporation rate accordingly.  Ranz and Marshall [50] show 

that this group may be correlated in the following manner for 

Nusselt numbers from 2 to 200 

Heat transfer: 
2r, 

r. - r 1    o 
= Nu = 2.0 + 0.60 Pr1/3 Re1/2. (7.3-26) 

Mass transfer: 
2r, 

= Nu' - 2.0 + 0.60 Sc1/3 Re1/2. (7.3-27) 
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In these equations Pr, Re, and Sc are the dimensionless 

Prandtl, Reynolds, and Schmidt numbers respectively, and Nu 

and Nu1 are the Nusselt numbers for heat and mass transfer 

respectively.  The data for Eqs. (7.3-26) and (7.3-27) were 

taken at low-evaporation rates so that the velocity of the 

evaporated material could be neglected.  Data at high rates 

are scant; however, as a first approximation, it can be as- 

sumed that the effective film thickness (r.. - r ) will not 

change.  It is known [51] that in the case of a flat surface, 

mass transfer away from the surface thickens the boundary 

layer, increasing r., and giving lower-evaporation rates. 

In order to calculate the Nusselt numbers, the Reynolds 

number of the drop must be known.  This depends on the rela- 

tive velocity between the drop and the air stream.  Such ve- 

locities may be calculated, in the case of a drop starting 

from rest, by a force balance.  The drag on the drop, a 

sphere, is equated to the product of its mass and accelera- 

tion.  Thus, using Langmuir and Blodgett's [25] drag equation: 

6TTuAur  (1 + 0.197 Re0'63 + 2.6 x 10 4 Re138) 1   o 
1   3    dAu 
3 *ro H  de~ 

(7.3-28) 

For ramjet conditions, the third term in parentheses may be 

neglected and Eq. (7.3-28) integrated to give 

Re 

0.63/1 + 0.197 Re 0.63 

1+0.197 Re 0.63 
= e 

2 
ro'i (7.3-29) 

Equation (7.3-29) describes the Reynolds number, Re, of a 

single spherical drop starting from rest (at 6=0),   with an 

initial Reynolds number of Re , after any time 9.  At high 
G 

68 - 

CONFIDENTIAL 
Thl5 DOCUMENT CONTAINS INFORMATION AFFECTING THf NATIONAL DF.FENSE Of "."ME UNfTTD STATES WITMIN THE 
MEANING OF THE ESPUNAGE LAWS TITLE I8. USC S£CTI3N>793 AN0 79* TH£ TRANSMISSION 0B 

THZ   REVELAT'ON OF    ITS  CONTENTS    iN  ANY  MANNER    TO   *N   UNAUTHORIZED    PERSON 'S PROHIBITED  8Y LA* 



• 

CONFIDENTIAL 

. 

t; 

rel-ative velocities the drops are probably deformed somewhat 

and thus have a higher drag and acceleration.  Close to the 

injection point, the drops are also close together and there 

is some error in Eq. (7.3-29) because the air in an acceler- 

ating spray will be slowed down relative to air outside the 

spray.  However, Eq. (7.3-29) is of sufficient accuracy for 

illustrative purposes. 

If a 45 micron drop of kerosene is accelerated from 

rest in a 300 ft/sec air stream at one atmosphere, the drop 

travels 1.2 feet before reaching 97 per cent of the main stream 

speed.  At this point the relative velocity is equal to the 

turbulent intensity in the center of a duct with fully devel- 

oped pipe turbulence and Re would be six,  The distance above 

assumes no evaporation, i.e., constant size. 

The response of a drop to turbulent fluctuation can 

also be estimated.  For the same drop as above, assuming an 

intensity of 3 per cent, the maximum Re of the drop caused by 

turbulence would be 4.7.  This would increase the evaporation 

rate, by Eq. (7.3-7), 60 per cent. 

The discussion above indicates the importance of rela- 

tive air velocity to evaporation rate.  Other effects must 

also be considered.  For example, a cold fuel droplet must be 

heated to its equilibrium surface temperature before appreci- 

able evaporation occurs. 

Tanasawa and Kobyasi [52 j considered such a case and 

presented a chart for solving the equation, modified here, for 

the time, 6, required to come to equilibrium surface tempera- 

ture, tQ: 

t - r 
_a 2 

a   f 

- 2  f -eXP i~Vs gie/ro ) 
.  , Nuk        r,  Nuk s=1  a _ x + v2  a 

2k^ s 2k0 

(7.3-30) 
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Nuk 
tan v , I s' and where v  is a root of the equation v  = ll - —.  , 

a     is the thermal diffusivity of the liquid.  It is important 

to remember that evaporation of the drop during this heating 

period, and convection within the drop, have been neglected. 

Otherwise, equilibrium temperature could not be reached in 

finite time.  The time, 0 can be separated out in the form 

r2 

6 = C —  where C has been expressed graphically in Fig. 7.3-3 ai 
as a function of (t  - t )/(t  - t~) and some average Nu must 

a   o   a   i 
be determined using Eqs. (7.3-29) and (7,3-26).  The importance 

of this heat conduction to the liquid drop depends on the ratio 

of specific to latent heats.  Kerosene, for example, has a la- 

tent heat of about 110 BTU/lb and a specific heat of about 0.55 

BTU/lb°F.  Obviously, if the fuel must be heated 200°F from its 

initial to equilibrium temperature, the sensible heat involved 

is equal to that required to evaporate the entire drop.  In 

such a case, this sensible heat to the drop cannot be neglected. 

In practice however, drops are usually injected from rest into 

a high velocity air stream.  The result is extremely high rates 

of initial heat transfer which drop off very rapidly.  Thus the 

cold fuel quickly comes to equilibrium temperature as it is ac- 

celerated.  The evaporation rate then drops off until it ap- 

proaches constancy as the main stream velocity is reached.  The 

45 micron drop of kerosene injected from rest into a 300 ft/sec 

air stream at 400 F will theoretically travel less than an inch 

before equilibrium surface temperature is reached. 

Other considerations to be taken into account are the 

effect of changing drop composition (and thus surface tempera- 

ture) as evaporation progresses, the effect of air temperature 

lowering as sensible heat of the air is used for vaporization, 

and the suppression of evaporation by the building up of a fuel 

vapor partial pressure in the air.  These effects are usually 

I 
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negligible but can be accounted for, if necessary, by manipu- 

lation of equations already given. 

I 

0.8 

0.6 

=T^f===^ 

^°'^ 

\\ 

NuK. V*   \   \ NV1 

•x\ 
^ ̂ v> 

0.01 003 0.1 0.3 

CMO,8/r!) 

1.0 10 

Fig.   7.3-3     HEATING  OF A  LIQUID  DROP  TO  EQUILIBRIUM   SURFACE 
TEMPERATURE 

Experimental  Evaporation  Da_£& 

C 
Experimental evaporation data in the range of interest 

to ramjet engine designers are very limited. Geometries and 

physical properties are often difficult to either control or 

measure. However, a few measurements of direct interest are 

available as are some data taken under idealized conditions, 

useful for evaluation of the theoretical analysis above. 

There have been several investigations of the evapora- 

tion, at low rates, of single spheres (of iodine, naphthalene, 

water, etc.) in still air.  These data validate Eq. (7.3-18), 

above.  Some more recent work by Ingebo [53] studied the high- 
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rate evaporation of nine pure liquids from a 0.688 cm sphere 

in moving air.  The Reynolds number range was about 600 to 

6000.  The following equation was found to best correlate 

the data: 

I/O 

l_l_!a!  2irr    (M  ^   (2  +  0.303Re°-6  Sc06). (7.3-31) 
k (t   -    ' - >1/2 

- —a— m  = o 

It is apparent from Eq. (7.3-31) that the effect of mass trans- 

fer on the temperature gradient is not accounted for and there- 

fore the equation, although representing the data fairly well, 

is an empirical one for the conditions investigated. 

Godsave [41] has studied the combustion of single liquid 

drops in still air using three commercial hydrocarbon fuels and 

ten pure aromatic hydrocarbons.  The problem of combustion of 

single drops reduces to a study of the evaporation of the drop 

subject to very high temperature differentials.  Using a photo- 

graphic technique, Godsave determined the rate of change of 

drop size with time during combustion.  His results can be 

only qualitatively interpreted in the light of the theory de- 

veloped because of lack of exact knowledge of all of the physi- 

cal properties and geometries involved.  However, those varia- 

bles which can be separated confirm the theoretical analysis. 

It has been shown previously that evaporation may be 

represented from Eq. (7.3-21) by the equation 

ir2- r2)  = G6, (7.3-32) 
\ o1    oj 

where G is the so-called evaporation constant.  This equation 

is applicable if the mass rate of evaporation is directly pro- 

portional to drop radius.  Godsave found this to be so for all 

the liquids investigated (ranging from naphtha to diesel oil) 
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-6 with the constant, G, varying between about 1.8 s 10  and 

2.7 x 10  ft /sec.  It was further determined that fuel 

volatility had little effect on this constant (which is to be 

expected at very high temperature differentials); also, the 

constant decreased as latent heat of vaporization of the fuel 

increased.  All of these results tend to confirm the concept 

of a heat transfer mechanism in evaporation as outlined above. 

Gross effects in the evaporation of a fuel spray have 

been studied at the University of Michigan [23] and at the 

Esso Laboratories [29].  At Michigan, hexane was sprayed 

through a hollow-cone atomizing nozzle downstream in a 50-75 

ft/sec air stream.  Various upstream turbulence inducers were 

used to vary the turbulent intensity of the moving air.  The 

results pertinent to this work were that, at a given fuel rate 

and distance downstream, the degree of evaporation increased 

with both increasing turbulent intensity and increasing air 

velocity. 

The effect of velocity found at Michigan is confirmed 

by work at Esso which shows, Fig. 7.3-4, that for both con- 

stant fuel rates and constant air/fuel ratios evaporation in- 

creases (at. a given station, 17 inches downstream) as air ve- 

locity does.  In these tests, a narrow-cut fuel (tBp = 328 F) 

was injected contrastream at low velocity through an injection 

tube.  Air pressure and temperature were one atmosphere and 

235 F respectively.  The effect of air velocity probably re- 

sults from better atomization (smaller drops) of fuel and from 

better heat and mass transfer coefficients (higher initial 

relative velocity and higher turbulent intensities). 

The influence of fuel type is illustrated in Fig. 7.3-5 

which compares the evaporation in air at atmospheric pressure 

and 2C0°F of naphtha (average boiling point about 185°F) and 

AN-F-32 (average boiling point about 385 F).  These data were 

taken at an air velocity of 500 ft/sec, at equal fuel rates, 
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(F/A = 0.0243) 

300 400 500 

AIR VELOCITY t ft /sec) 

600 
« 

Fig. 7-3-4  EFFECT OF AIR VELOCITY AND FUEL RATE ON EVAPORATION 
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Fig. 7-3-5  EFFECT OF SURVEY DISTANCE AND FUEL TYPE ON EVAPORATION 
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and under conditions such that 95 per cent of the kerosene 

would vaporize at equilibrium.  It is obvious that the naphtha, 

whose boiling point is 15 F below the air temperature evapo- 

rates much more readily than the kerosene, whose boiling point 

is 185 F above the air temperature.  In fact, 95 per cent of 

the naphtha evaporates within only 16 inches of the injection 

point.  However, in both cases it is of interest to note that 

the high initial-evaporation rates rapidly fall off.  This is 

the result of several effects—the residue of initially large 

drops, the decrease of air temperature as evaporation progres- 

ses , the increase of drop temperature by vaporization of the 

lower-boiling fuel components, and the rapid approach of drop 

velocity to air stream velocity (thus reducing relative ve- 

locity and heat transfer). 

In other similar tests, increase of air temperature or 

fuel-injection temperature was found, as expected, to increase the 

degree of evaporation, other conditions held constant.  These 

tests were run at an air velocity of 300 ft/sec and atmospheric 

pressure, again using a narrow-cut fuel with an average boiling 

point of 328 F.  Measurements made 17 inches downstream of the 

injection point (a simple contrastream tube) gave the following 

results.  For a constant fuel temperature (90 F) and varying 

air temperature (before mixing), 

t  (°F) 190 235 267 a 

per cent evaporated 30 44 52 

*hen air temperature was held constant (235 F) and fuel in- 

jection temperature varied, 

tf (°F) 90 170 200 

per cent evaporated 44 58 62 
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In these experiments, the data can be roughly summed up by 

noting that a 1 per cent increase (based on total fuel) in 

evaporation occurred for a 4 F rise in fuel temperature or a 

6 F rise in air temperature. 

From other data of this type, it has been tentatively 

concluded [29] that pressure (in the range of 1/3 to 1 atmos- 

phere) does not significantly affect evaporation rate.  This 

conclusion assumed that, for all pressures, the fuel is in- 

jected at a temperature such that the differential between in- 

jection temperature and average boiling point at the operating 

pressure is a constant.  Furthermore, the air temperature is 

adjusted for pressure such that the same equilibrium vaporiza- 

tions are possible. 

As may be seen from the discussion above, the existing 

experimental data qualitatively confirm the theoretical analy- 

sis.  Considerably more data are needea for quantitative con- 

firmation.  However, the purpose of this section has not been 

to provide rigid design procedures for fuel evaporation. 

Rather it has been to point out the major variables affecting 

evaporation and the order of magnitude of change to be ex- 

pected when altering those variables. 

«> 
o 

t 
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NOMENCLATURE 

The following nomenclature has been used throughout, 

with the units noted, unless otherwise indicated in the text. 

( 

Symbol 

A 

AA 

"S 

A/F 

B 

b 

C 

CI 

cc 

D 

d 

E 

E 

Definition 

cross-sectional area 

arithmetic average of A_ and AT 

duct area at injection station 

duct area at survey station 

mass ratio of air to fuel 

size constant in Nukiyama-Tanasawa 
equations (7.1-5, 7.1-7) 

ratio of actual to uncorrected 
evaporation rate 

3irud /m 1 o 
2 

transient heating constant, aStd/r 

vapor-liquid distribution constant 

constant pressure heat capacity 

molecular diffusion coefficient 

mass mean drop diameter for 
spray distribution 

collector diameter 

drop diameter 

eddy diffusion coefficient 

eddy diffusion coefficient of a gas 

local mass ratio of fuel to air 

Unit 

ft2 

ft2 

ft2 

ft' 

sec -1 

BTU/lb  °F 

ft  ./sec 

ft 

ft 

ft 

ft   /sec 
2 

ft   /sec 

L 
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G 

H 

h 

I o 

K 

k 

k 
g 

L 

JL 

£n, 

M 

"I 

m 

mo 

Nu 

Nu' 

n 

P 

Pr 

P 

Q 

q 

evaporation constant (Eq. 7.3-32) 

molar enthalpy 

heat transfer coefficient 

modified Bessel function 
of first kind, zero order 

uR2/4Ex 

thermal  conductivity 

mass  transfer  coefficient; 
kg   = WroAPf 

R/M 

scale of turbulence 

loge 

radius of disk source 

molecular weight 

mass of drop 

mass evaporation rate 

Nusselt number for heat transfer (d h/k) 

Nusselt number for mass transfer 
(d0kg^fPf/PfD) 

number of components 

uM2/2Ex 

Prandtl number (c ji/k) 

static pressure 
(partial pressure with subscript) 

heat 

distribution constant 
in distribution equation 

ft2/sec 

BTU/lb mole 

BTU/ft2 sec °F 

BTU/ft sec  F 

ft 

ft 

lb 

lb/sec 

atm 

BTU 

I 
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R       universal gas constant (0.729) ft  atm/ 
lb mol °R 

R       radial distance from injection ft 
source axis to survey point 

R R/Ro 

Re Reynolds number (d Aup/M) 

Ri fuel jet radius                           ft 

R radius of ring source                     ft 

r distance perpendicular to flow axis;       ft 
also, radial distance 

— 
r       mass mean drop radius for ft 

spray distribution 

r       mass mean duct radius for ft 
fuel distribution 

i 

r       surface/volume mean radius ft 
s      for spray distribution 

S       specific gravity referred to water 

Sc       Schmidt number (/i/pD) 

s        drop spacing (in drop diameters) 

T       absolute temperature °R 
o 

t        temperature F 
o t'       uncorrected drop temperature F o 

*      At*      temperature differential between curve     °F 
and its reference line at constant 
per cent distilled 

i 

t.n      temperature at 40 per cent °F 
distilled on flash curve 

.*      ^ ^ __ _*.   c„ A o 
L50 temperature at 50 per cent F 

distilled on reference line 

u       velocity ft/sec 
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i 

u 

u 

X 

Y 

y 

z 

z m 

r 

velocity of turbulent fluctuation 

peak velocity of sinusoidal fluctuation 

volume 

Nuk 
a root of v 

/    Nuk \ 

2^ 

mass velocity of air 

rate of fuel injection 

moles of material 

distance along flow axis 

mass fraction of material 

dimensionless function of drop diameter 
distribution probability 

displacement of drop 

maximum value of Z 

maximum amplitude of 
sinusoidal fluctuations 

thermal diffusivity (k/pc ) 

spray cone angle 

thermal diffusion constant 

Gamma function, 

r, N    rco     n-1  -x , (n) = /  x    e   dx, 

ft/sec 

ft/sec 

ft3 

lb/ft"5 sec 

lb/sec 

lb moles 

ft 

ft 

ft 

ft 

ft2/sec 

radians 

T /   . CP     n~l     -x 
Vn; - JL x    e dx 

e 

-m  c   /4  kr op o 
time sec 
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a 

BP 
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f 

HC 
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i 
v 

o 

1 

2 

CONFIDENTIAL 

latent heat of vaporization 

viscosity 

density 

surface tension 

ring source function (Eq. 7.2-10) 

disk source function (Eq. 7.2-11) 

collection efficiency parameter, 
p.d /9p d rZ  o    ra c 

frequency 

BTU/lb 

lb/ft sec 

lb/ft3 

dynes/cm 

radians/sec 

Subscripts 

(unless defined above) 

air 
boiling point 

equilibrium 

fuel (total) 

hydrocarbon 
any particular component 

liquid (fuel) 

vapor (fuel) 
drop surface conditions 
initial conditions; also, bulk stream conditions 

final conditions 
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APPENDIX 

UElcaJL Method for Calcu] 

Equilibrium Vaporization 

The laboriousness of the enthalpy calculation procedure 

described in Section 7.3 led to the development of several em- 

pirical methods for determining equilibrium (flash) vaporiza- 

tion.  In the method below, the only information about the 

fuel required is the ASTM distillation curve and specific 

gravity (at 60°F).  The notation used is the same as that for 

Chapter 7. 

From the ASTM distillation curve the slope of a distil- 

lation reference line (DRL) is calculated (in F/per cent dis- 

tilled) where the DRL is the straight line through the 10 per 

cent and 70 per cent points on the ASTM curve.  Using this 

slope and Fig. 7A-1, the slope of a flash reference line (FRL) 

is determined.  Next, the temperature at the 50 per cent point 

(t_n) on the DRL is calculated and from Fig. 7A-1 the tempera- 

ture correction, t5Q (DRL) - t5() (FRL), is read.  The FRL is 

now establishad inasmuch as its slope and one point on it 

(t,„ [FRL], the temperature at the 50 per cent point) are 

known.  Temperature differentials [At' (Dist.)] between the 

ASTM curve and the DRL are calculated at (at least) each 10 

per cent point along the abscissa.  Each At' (Dist.) is then 

multiplied by the factor At' (Flash)/Af (Dist.), read from 

Fig. 7A-2, to give a new differential, At* (Flash), which is 

added, at the appropriate per cent distilled, to the FRL. 

The At's may be positive or negative but their ratio is al- 

ways positive.  The new curve obtained by adding At' (Flash) 

to the FRL is the flash vaporization curve (FVC) and this 

curve represents the equilibrium vaporization of the fuel for 
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Fig.   7A-1     PREDICTION  OF  FRL   FROM  DRL 
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Fig. 7A-2  PREDICTION OF FLASH CURVE FROM FRL 
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a hydrocarbon partial pressure in the vapor of one atmos- 

phere.  For any given temperature ordinate, the abscissa is 

the volume fraction of fuel that will vaporize at equilibrium. 

During evaporation of fuel into air the only pressure 

information usually known is the static pressure—the sum of 

the partial pressures of air and hydrocarbon.  The partia 

pressure of the hydrocarbon is only a small fraction (a few 

per cent at most) of the static pressure because of the high 

mass ratio of air to fuel and because of the mucl lower mo- 

lecular weight of air relative to most fuels.  The FVC above 

must then be converted to a new curve corresponding to this 

lower hydrocarbon partial pressure.  The first step in this 

conversion is calculation of the average mol. cular weight (TTV) 

of the vapor versus per cent vaporized.  This curve is ap- 

proximated by a straight line connecting the 0 per cent and 

100 per cent points.  The 100 per cent point is located by 

means of Fig. 7A-3, reading the molecular weight from the 

mean*average boiling point of the total fuel as abscissa and 

specific gravity as parameter.  This "mean average" boiling 

point is obtained in the insert of Fig. 7A-3 from the volume 

average boiling point (the average ordinate of the ASTM curve) 

and the slope of the DRL. 

The "0 per cent" point is located as to temperature by 

extrapolating the DRL to 0 per cent distilled.  Its specific 

gravity is established by the intersection of this tempera- 

ture on Fig. 7A-3 with a curve parallel to the dotted refer- 

ence curve indicated and passing through the previously lo- 

cated 100 per cent point.  The molecular weight can then be 

read and a molecular weight-per cent vaporized curve drawn. 

The remainder of the calculation is a trial procedure. 

Assume a certain mass fraction vaporized (Y.) , a static pres- 

sure (p) , and an over-all air/fuel ratio (A/F) . If Vyi> is the 

average molecular weight of the vaporized hydrocarbon fraction, 

X 

« 
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the hydrocarbon partial pressure is 

v» 
'HC  " A/F/28. 9  + Yv/7fi 

(7A-1) 
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Fig. 7A-3  AVERAGE MOLECULAR WEIGHT OF HYDROCARBON FRACTIONS 
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40 

Read next the temperature of the 40 per cent (t4Q) on 

the FVC. From Chapter 5 determine the temperature lowering 

that must occur to have a hydrocarbon normally boilint at t 

exert a vapor pressure equal to pnr>. Subtract this differ- 

ential from the temperature on the FVC corresponding to the 

assumed Y . This new temperature (t ) is the temperature at 

equilibrium.  From a heat balance, the air temperature (t ) 
a. 

before mixing can be calculated if the fuel temperature be- 

fore mixing (t_) is known. 

£ c  (t  - t ) = c  (t  - t.) + Y it F  p x a    e    p„  e   f    v  e 
3. X 

(7A-2) 

Average fuel heat capacity can be found from the equation 

given by Hougen and natson [Aij, in modified units, as follows: 

0.5 ff. 
22 + 0.41 0.187 + *4*1 + lO"3 t (o.349 + *-£*) 

(7A-3) 

With less than 1 per cent maximum error, the heat capacity of 

air can be expressed (below 600 F) by 

c   = 0.240 + 1.6 x 10 5t. 
pa 

(7A-4) 

Latent heats may be estimated from Fig. 7A-4. 

From Eq. (7A-2) , t  may be separated and solved for. 

Inasmuch as t  will usually be a given condition, Y  must be a e 'v 
adjusted by trial to give the proper t The fraction vapor- 

ized can then be plotted as a function of t  for various a 
parameters of A/F and p. 
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Fig.   7A-4     LATENT  HEAT  OF VAPORIZATION  OF  PARAFFIN  HYDROCARBONS 
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Although the calculation method above seems quite com- 

plex, it can be performed fairly rapidly with good accuracy 

and is the simplest procedure known to the authors for reli- 

able determinatdon of equilibrium vaporization. 

UlVStrative Calculation 

Assume an AN-F-32 fuel, specific gravity of 0.813, 

ASTM distillation as follows. 

Distillation 
(per cent) 

Initial      2    5   10   20   30   40   50   60   70   80   90   95 Final 

314      342  349  355  362  370  380  390  401  414  433  458  480  504 

0 

The conditions for evaporation will be assumed as an 

A./F ratio of 22, a static pressure (p) of 380 mm (0.5 atm) , 
o and inlet fuel temperature of 80 F. 

Slope of DRL = (414-355)/60 = 59/60 = 0.99°F/% 

From Fig. 7A-1 , slope of FRL = 0.52°F/% 

50 (DRL) = 355 + 40 x 59/60 = 394 F 

From Fig. 7A-1, t5Q (DRL) - t5Q 
Therefore t*  (FRL) = 392°F ou 

(FRL) = +2°F 

In Table 7A-1, columns (I) and (II) are taken from the ASTM 

distillation curve.  Column (III) is calculated from points 

along the DRL.  Column (IV) is (III) minus (II).  The values 

of (V) are read from Fig. 7A-2 using the abscissa of column 

Column (VII) 

50 >*""'•  Finally, 
column (VIII), the atmospheric flash vaporization curve, is 

(I).  Multiplication of (V) and (IV) gives (VI) 
* 

is calculated from the FRL slope and tcn (FRL) 

(VII) minus (VI) Proceed to calculation of p„  as follows. 

Volume average boiling point of total fuel 

(integrating under ASTM curve) 398°F, 

t 
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From insert of Fig. 7A-3 , mean average boiling 

point = 398 + 0 = 398°F. 

From Fig. 7A-3, average molecular weight of entire 

fuel, 100 per cent vaporized, (boiling point - 398°F 

and gravity = 0.813) « 158, 

From Fig. 7A-3, average molecular weight at "0 per cent" 

vaporized (boiling point = 345 F and gravity = 0.80) 

= 139. 

For first trial assume Y  =0.5; therefore"^ = 148, from 

curve of molecular weight versus fraction vaporized. 

Table 7A -1 

(I) (II) (III) (IV) (V) (VI) (VII) (VIII) 

Dlst 

(per cent) ASTM DRL At' (Dis t) 
At" 
At' 

(Flash)-i- 
(Dlst) if (Flash) FRL FVC 

0 314 345 31 0.50 16 366 350 

2 342 347 5 0.88 4 367 363 

5 349 350 I 0.99 1 369 368 

10 355 355 - - - 371 371 

20 362 365 3 0.82 2 376 374 

30 370 375 5 0.67 3 382 379 

40 380 384 4 0.56 2 387 385 

50 390 394 4 0.49 2 392 390 

60 401 404 3 0.41 1 397 396 

70 414 414 - - - 402 402 

80 433 424 -9 0.28 -3 408 411 

90 458 434 -24 0.23 -6 413 419 

95 480 439 -41 0.20 -8 415 423 

100 504 443 -61 0. 18 -11 418 429 
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(0,5/148) 
irom Eq.    (7A-1) ,   PHC  =   (22/28V+   0  5/14S)   "  380  =  168  mm H* t 

l-0T 

• 

From FVC, t4Q - 385 F. 

From Chapter 5.4, the temperature at which a hydro- 

carbon normally boiling at 385°F has a vapor 

pressure of 1.68 mm = lli°F. 

Lowering of temperature = 385 - 111 = 274°F. 

From FVC, temperature at Y  = 0.5 is 390°F. 

t  = 390 - 274 = 116°F. e 

Solve for t  from Eq. (7A-2) 

22 c  (t  - 116) 
pa  a 

« c (116 - 80) + 0.5A. 116 

From Ea. (7A-4), c   =  0.241 (estimating t  as 140°F). 
Fa a 

From Eq. (7A-3), c   = 0.461 (using S - 0.81 and 
pf 

tBp = 827°R). 

From Fig. '7A-4, X..- = 149 (using a vapor pressure of 

1.68/760 atmospheres and a normal boiling point, 

the volume average boiling point on the ASTM curve 

and t  = 133°F. a 

To obtain other values of t  assume various values of Y  and a v 
proceed as above until the desired range of t  is covered. 

Repeat for other conditions of A/F, t_, and/or p [54]. 

« 
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