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An experimental investigation of the deformation and breakup properties of turbulent
round liquid jets in uniform gaseous crossflows is described. Pulsed shadowgraph and
holograph observations were obtained for turbulent round liquid jets injected normal to an
air crossflow in a shock tube. Crossflow velocities of air behind the shock wave relative to
the liquid jet were subsonic (11-142 m/s), with the air in this region at normal temperature
and pressure. Liquid injection was done by a pressure feed system through round tubes
having inside diameters of 1 and 2 mm and length-to-diameter ratios greater than 100 to
provide fully-developed turbulent pipe flow at the jet exit. Test conditions were as follows:
water and ethyl alcohol as test liquids, crossflow Weber numbers based on gas properties of
0-282, streamwise Weber numbers based on liquid properties of 5,100-24,500, liquid/gas
density ratios of 683 and 845, and jet exit Reynolds numbers based on liquid properties of
3,800-59,000, all at conditions where direct effects of liquid viscosity were small (Ohnesorge
numbers were less than 0.12). Measurements were completed to determine breakup regime
transitions, conditions required for the onset of breakup. ligament and drop sizes along the
liquid surface, drop velocities after breakup, and rates of turbulent primary breakup.
Phenomenological theories proved to be quite successful in helping to interpret and correlate
the measurements, providing information needed to define initial conditions for typical
numerical simulations of spray structure.

Nomenclature

= coefficients for property i of turbulent primary breakup
= coefficients for property i of turbulent primary breakup
= round jet exit diameter
= ligament diameter
= drop diameter
= liquid/gas momentum ratio, vajz/(pGuwz)
ligament length
= length of constant diameter portion of the injector passage
= mean liquid jet breakup length
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my = liquid breakup mass flux

n = power in breakup property expressions
Oh = Ohnesorge number, w /(p.do)"?

Re = liquid jet Reynolds number, py v;d/u
t, = Rayleigh breakup time

u = crosstream velocity

v = streamwise velocity

Weg = crossflow Weber number, pgd wo
WeL = streamwise Weber number, prd vjz/cs

Wera = Weber number based on jet exit radial (crosstream) integral length scale, pp A ij/c
X = streamwise distance

y = crosstream distance

€ = surface efficiency factor

A = radial (crosstream) integral length scale

v = molecular viscosity

p = density

c = surface tension

Subscripts

b = location of breakup of entire liquid jet
G = gas property

i = location of onset of breakup

j = jet exit property

lig = ligament property

L = liquid property

p = property of drops formed by primary breakup
surf = liquid surface property

) = ambient gas property

Superscripts

(_) = mean property of turbulence

) = rms fluctuating property of turbulence

INTRODUCTION

RECENT experimental and computational studies due to Mazallon et al.,' Sallam et al.” and Aalburg et al.’
considered the deformation and breakup properties of nonturbulent round liquid jets in uniform gaseous
crossflows. This research was motivated by applications to the primary breakup of liquid jets in crossflow
encountered in air-breathing propulsion systems, liquid rocket engines, diesel engines, spark ignition engines and
agricultural sprays, among others. The objective of the present investigation was to extend these results to consider
primary breakup of turbulent liquid jets in uniform gaseous crossflows because most practical sprays involve some
level of turbulent disturbance in the liquid jet leaving the injector exit.

In order to control the scope of the present study, however, jet exit turbulence was at the well-defined limit of
fully-developed turbulent pipe flow which is representative of high Reynolds number injector flows for large
length/diameter ratio injectors. Given results for liquid jet exit conditions at the limits of nonturbulent and fully-
developed turbulent pipe flow, it was felt that partial degrees of turbulence development in the liquid could be more
systematically addressed during subsequent studies.

Early studies of primary breakup of round nonturbulent liquid jets in uniform gaseous crossflows have been
recently reviewed by Aalburg et al.® and references cited therein; therefore, the present review of this literature will
be limited to recent studies. Mazallon et al.,' and Sallam et al.? considered breakup involving large liquid/gas density
ratios based on experiments using pulsed shadowgraph and holograph observations of primary breakup regimes,
considerations required for the onset of ligament and drop formation, ligament and drop sizes along the liquid
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surface, drop velocities after breakup, rates of liquid breakup between the onset of drop formation and breakup of
the liquid column as a whole, conditions required for the breakup of the liquid column as a whole, and liquid column
trajectories — all for subsonic air crossflows at normal temperature and pressure (NTP). The results suggested
qualitative similarities between the primary breakup of nonturbulent round liquid jets in gaseous crossflow and the
secondary breakup of drops subjected to shock wave disturbances. It was also found that phenomenological
analyses were effective to help interpret and correlate the measurements. This research was extended by the
computational and experimental study of the deformation and breakup properties of nonturbulent round liquid jets in
uniform gaseous crossflows due to Aalburg et al.” that sought to use computations to study aspects of breakup that
are difficult to address by experiments. The main results were that there were relatively small effects of liquid/gas
density and viscosity ratios on deformation and breakup regime boundaries and that there was a significant increase
of the resistance of liquid jets in crossflow to deformation when small crossflow Reynolds number conditions,
approaching the Stokes flow regime, were approached. A major limitation of these studies, however, was that
effects of liquid turbulence on the deformation and breakup properties of round liquid jets in crossflow were not
investigated; this is unfortunate, because most practical liquid injectors introduce some degree of turbulence in the
liquid jet leaving the injector passage.

Drop formation along the surface of turbulent liquids, called turbulent primary breakup, is a common mechanism
of spray formation in industrial and natural processes, e.g., spray atomization, bow waves of ships, whitecaps, etc.
The turbulent primary breakup mechanism was first identified by De Juhasz et al.* and Lee and Spenser.’*
Subsequent studies due to Schweitzer,” Chen and Davis,! Grant and Middleman,’ Phinney,'0 McCarthy and
Malloy,"" and Hoyt and Taylor'>" confirmed that liquid turbulence affected spray properties, and that turbulent
primary breakup dominated the formation of ligaments and drops near the surface of turbulent liquids in still or
slowly moving gases at NTP.

Subsequent studies due to Wu et al.,'*'"” Dai et al.,'® and Sallam and coworkers used pulsed shadowgraphy
and holography to study the properties of turbulent primary breakup for fully-developed liquid turbulence for a
variety of turbulent liquid geometries in still gases. The main findings were as follows: aerodynamic effects were
small for liquid/gas density ratios greater than 500; drop size distributions after turbulent primary breakup satisfied
the universal root normal distribution of Simmons* and were completely defined by the Sauter mean diameter
(SMD) of the sprays; drop velocities after breakup were independent of drop size and were simply related to the
mean and rms fluctuating velocities of the turbulent liquid at the jet exit; and the SMD, ligament properties, drop
properties and rate of liquid breakup along the liquid surface could be interpreted and correlated based on simplified
phenomenological analyses. Unfortunately, none of these studies involved consideration of gas flows across the
turbulent liquid surface sufficient to introduce significant aerodynamic effects.

The objective of the present investigation was to extend the studies of liquid breakup for nonturbulent round
liquid jets in crossflow,'™ and for turbulent primary breakup of liquids in the presence of negligible aerodynamic
effects,”*! to consider the breakup properties of turbulent round liquid jets in uniform crossflows, using similar
experimental methods to the past work. In order to control the scope of the research, however, breakup was
considered in uniform air crossflows at NTP with the liquid turbulence limited to fully-developed turbulent pipe
flow at the injector exit. Finally, similar to past work,"' phenomenological analyses were used to help interpret and
correlate the measurements.

The following description of the research begins with consideration of experimental methods. Results are then
discussed considering breakup regimes, liquid surface velocities, conditions for the onset of liquid breakup along the
liquid jet surface, the variation of ligament and drop sizes along the liquid surface, the variation of drop velocities
along the liquid surface, and the variation of the rate of liquid breakup along the liquid surface.

19-21

EXPERIMENTAL METHODS

Apparatus

Observations of liquid breakup along the surface of a round liquid jet were carried out using a shock tube
apparatus as sketched in Fig. 1. The shock tube had a rectangular cross section with a width of 38 mm and a height
of 64 mm. The driven section of the shock tube was open to the atmosphere and had windowed side walls to
provide optical access. The shock tube was sized to provide test times of 17-20 ms in the uniform subsonic flow
region behind the shock wave. Crossflow velocities of 11-142 m/s in air at NTP were considered.
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Pressure injection was used to feed the test liquids
from a cylindrical storage chamber into round nozzles
directed vertically downward across the mid-plane of
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the shock tube. The injector system for fully-developed
turbulent liquid round liquid jets in uniform gaseous
crossflows is sketched in Fig. 1. The storage chamber
had an inside diameter and length of 50 and 100 mm,
respectively. ~ The nozzles had smooth rounded
entrances with length-to-diameter ratios greater than
100:1 to help insure fully-developed turbulent pipe
flow at the jet exit for sufficiently large liquid jet
Reynolds numbers, as discussed by Wu et al.'® and
references cited therein.

The test liquid was placed in the storage chamber
through a port with premature outflow prevented by
surface tension forces at the injector exit. The liquid
was forced through the nozzle by admitting high-
pressure air to the top of the chamber through a
solenoid valve. The high-pressure air was stored in an
accumulator having a volume of 1.3 cu-m on the
upstream side of the solenoid valve, with provision for
accumulator air pressures up to 1.5 MPa (with air dewpoints smaller than 240 K). Significant aeration of the test
liquid was prevented in several ways: a baffle was placed across the air inlet of the liquid supply chamber, the cross
sectioned area of the supply chamber was large compared to the injector tube cross sectional area (streamwise liquid
velocities in the chamber were less than 70 mm/s), and liquid during present observations was drawn from the
bottom of the liquid supply chamber well away from the liquid surface. Notably, these steps were sufficient to
prevent observation of bubbles in the liquid for the observations of nonturbulent liquid jets of Sallam et al.> Once all
the liquid was forced out of the liquid supply chamber, the solenoid valve was closed and the liquid supply chamber
was refilled for the next test.

Test times were short for the shock tube arrangement, less than 20 ms, however, this was not a problem because
flow development times (the time required for a given liquid sample to cross the flow cross section) were smaller
than 1/3 of available test times. In addition, data acquisition times, using pulsed shadowgraphy and holography,
were even shorter, less than 10 ns, and did not impose any significant test time requirements.

The uniformity of the crossflow acting on the round liquid jets is an important issue discussed by Mazallon et
al.' For present results, measurements were obtained at short times (less than 20 ms) after passage of the shock
wave past the liquid jet locator. As a result, the thickness of the nonuniform velocity field in the boundary layer
along the shock tube walls was generally less than 0.5 mm, based on the transient analysis presented by
Schlichting.” In addition, the injector tube was shifted normal to the wall in order to observe the flow at various
positions along the liquid jet; as a result, the disturbed region along the wall was smaller than 10% of the distance
along the liquid jet for all observations made during the present investigation.

. “— FULLY-DEVELOPED

® ot TURBULENT LIQUID JET

T
RECTANGULAR —
SHOCK TUBE

Figure 1. Sketch of the injector system for fully-
developed turbulent round liquid jets in uniform
gaseous crossflows.

Instrumentation

Pulsed shadowgraphy and holography were used for all observations of the liquid surface and its breakup
properties during the present investigation. The instruments and data processing methods were identical to past
work, Sallam et al.>'** should be consulted for the details.

Ligament properties were found similar to Sallam et al.** whereas drop properties after primary breakup were
found similar to Sallam et al.*" Ligaments were approximately cylindrical and could be represented by their
average diameters and lengths. Drops generally were spherical and could be completely described by the SMD
under the approximations of the universal root normal drop size distribution function of Simmons.*? Experimental
uncertainties (95% confidence) were found using standard methods similar to past work.*'*?*  These uncertainties
were less than 10% for ligament and drop diameters larger than 10000 nm, increasing inversely proportional to the
diameter for smaller sized objects. Drop velocities were found from simple arithmetic averages (because drop
velocity distributions as a function of size were nearly uniform) with experimental uncertainties (95% confidence)
less than 10%. In all cases, the numbers of drops or ligaments measured at a point were chosen to achieve the
experimental uncertainties just mentioned.

4
American Institute of Aeronautics and Astronautics



Test Conditions

Test conditions are summarized in Table 1. Liquid properties appearing in Table 1 were measured as follows:

liquid densities using a set of precision
hygrometers (Fisher Model 11-582, 0.1%
accuracy), liquid viscosities using a Cannon-

Table 1 Summary of Test Conditions®

Fenske viscometer (Fisher Model 13-617, 3%

accuracy), and surface tensions using a ring Liquid Water Ethyl Alcohol
tensiometer (Fisher Model 10, 1% accuracy).
The present results agreed with values
appearing in Lange® within the accuracy of Density, kg/m’ 995 806
the instruments. Liquid/gas density ratio, pi/pg 845 683
Test conditions were varied by considering Liquid viscosity, kg/m-sx10* 8.94 12.3
two different liquids (water and ethyl alcohol), Liquid/gas viscosity ratio, p/ug 48 66
injector passage diameters of 1.0 and 2.0 mm, Surface tension, N/mx 10’ 70.8 24.0
liquid jet wvelocities of 7-45 m/s and air Injector exit passage diameter, mm® 1.0,2.0 1.0,2.0
crossflow velocities of 11-142 m/s at NTP. Liquid jet Reynolds number, Re 3,800-59,000  8,000-32,000
This yielded the following ranges of test Crossflow Weber number. Weg 0-159 0-282
variables: liquid/gas density ratios of 683 and ~ Streamwise Weber number, We, - 5,100-11,000 14,600-24,500
845, liquid jet Reynolds numbers, Re, of 3800-  Liduid/gas momentum ratio, q 3-200 20-100
’ i Liquid jet Ohnesorge number, Ohx10? 3-4 80-120

59000; crossflow Weber numbers, Weg, of 0-

282, streamwise Weber numbers, We;, of
5500-24500, and liquid jet Ohnesorge numbers,
Oh, of 0.003-0.120. Crossflow Mach numbers
were smaller than 0.1; therefore, compressivity
effects were negligible.

ir crossflow at 98.8 kPa and 298 K. Properties of air at normal
temperature and pressure: pg = 1.18 kg/cu-m, pg = 18.5x10°° kg/m-s
and crossflow velocities of 11-142 m/s.

®Injector passage length/diameter ratios greater than 100.

RESULTS AND DISCUSSION

Flow Visualization

Injector passage design, including the inlet contraction, the presence of trips and other turbulence-promoting
devices, and the roughness and length of the constant-diameter portion of the injector passage, can all modify
conditions required for turbulent flow (and its degree of development) at the jet exit.">** Naturally, these variables
also control the nature of the turbulence at the injector exit. Thus, in order to control the number of test variables,

the present experiments were limited to relatively long
injector passages, L/d > 100, in order to achieve fully-
developed turbulent pipe flows for sufficiently large jet
exit Reynolds numbers as discussed by Wu et al.'®

Visualization of the flow at the injector exit is
provided by the pulsed photographs of the flow near the
jet exit illustrated in Fig. 2. Three jet exit conditions
are shown: contraction-section boundary-layer removal
using a cutter followed by a short constant diameter
section having L/d = 0.5; contraction-section boundary-
layer removal using a cutter followed by a constant
diameter section having L/d = 4.0; and a round
contraction followed by a long constant diameter
section having L/d = 10.0 (the last having the same
general configuration as the present injectors but with a
shorter L/d of the constant diameter section, 10 as
opposed to greater than 100). All three flows involve
Re = 260,000, which is sufficient to obtain fully-
developed turbulent pipe flow for sufficiently long
L/d 1623

WATER, d = 4.4 mm, Re = 260,000

'S
LAMINAR LAMINAR TURBULENT
Lid = 0.5 Lid = 4.0 Lid = 10.0

Figure 2. Pulsed shadowgraphs of nonturbulent and

In fact, normal turbulent primary breakup, with an

turbulent round liquid jets in still gases near the

irregular liquid surface near the jet exit followed by the Re = 260,000).
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formation of irregular ligaments and drops farther downstream, is observed for L/d = 10.0, which corresponds to
conditions with somewhat smaller L/d than the present study considered by Wu and coworkers'*'” and Sallam and
coworkers'*?! during earlier studies of turbulent primary breakup. On the other hand, the liquid surface remains
smooth near the jet exit, with no breakup observed and jet properties approximating the behavior of a liquid cutting
jet, for L/d = 0.5 and 4.0. Increasing the length of the constant diameter section to L/d = 10, however, yields a

turbulent primary breakup process very similar to observations with large L/d passages.

Thus, present test

conditions with L/d greater than 100 seem reasonably assured of reaching fully-developed turbulent pipe flow

conditions at the jet exit.

Mean Liquid Column Breakup Lengths in Still Gases

In order to define general conditions for turbulent

primary breakup, and to baseline present measurements, ol :Nu'e:;"[:'lgs" A IR BRI A
the earlier turbulent primary breakup measurements of E T a (mmm) Sy Ui d oy Symm 3
Wu and Faeth'” were used. These results all were for 10t Water 06 Water 9.5 -
turbulent primary breakup in still air at NTP. The E Water 35 | Meonol 06 L oopersedPhase 3
combined measurements are plotted in Fig. 3. Results 10 b Water 6.4 Slyoeral 64 & 2
shown on the plot pertain to three turbulent primary = [ Turbutent Liuid E
breakup conditions along the liquid surface, as follows: 7 10’} 0 ot Drop Formation Freskuplangh -
the breakup of the entire liquid column due to the = F Alsng Suriace 3
turbulent primary breakup mechanism, L./d; the onset ¥ 10| Foswite | Liquid Jets Rogime Breakup g
of turbulent primary breakup along the liquid surface, - present ]
x;/d; and the end of turbulent primary breakup along the 10° E Liquid_d (mm) Sym_ L
liquid surface, x./d. The criterion for the liquid column i R I 3
length for turbulent primary breakup is given by Wu - Aloohal 10 Orast of Orop Fonnation 3
and Faeth'” as follows: I R R R R
10° 10° 10* 10° 10° 107
We,

L/d = 8.51 We " (1)

Figure 3. Mean liquid column breakup lengths of
turbulent round liquid jets in still air, plotted
according to the turbulent liquid column breakup
analysis of Sallam et al.”’ and the onset and end of
liquid surface breakup analyses of Wu and Faeth."

The functional forms of the correlations for x;/d and
x/d are also similar to Eq. (1), see Wu and Faeth'” for
the specific correlations for each regime. Present
measurements were limited to the onset of turbulent
primary breakup along the liquid surface and are seen
to be in excellent agreement with the earlier measurements of Wu and Faeth'” for this condition. Finally, there are
two other regimes for the length of the liquid column: Rayleigh-type breakup and bag/shear breakup of the liquid
column. The present shock tube apparatus, however, was too confined to allow observation of liquid column
breakup lengths in the absence of crossflow; see Sallam et al.” for a discussion of these liquid column breakup
properties.

10 T T LA | T T 1 T T T LI}

Present

Mean Liquid Surface Streamwise Velocities E

Sym. Liquid d(mm) We, We,
. . ‘Wat 1.0 Li] 5,500
In order to characterize turbulent primary breakup [ B o R I E ico e =00 i
1 3 1 3 1 Water 2.0 o 7,700-11,000
properties along the liquid surface, it is useful to sz oo 00 24 500

consider the variation of streamwise liquid surface
velocities as a function of distance from the injector
exit. These measurements were carried out with no
crossflow present; the results are illustrated in Fig. 4.
Measured velocities shown in the figure are time-
averaged streamwise liquid surface velocities
normalized by the jet exit mean velocity, Vg, /V;. It

surf

was found that v

wr/V; 18 essentially independent of o

the liquid jet; or 1

10

xid
Figure 4. Mean liquid surface velocities as a function
of distance from the jet exit.
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Vot /¥, = 1.0 ©)

surf

Thus, the streamwise liquid surface velocity is essentially equal to mean streamwise jet velocity at the jet exit, which
is behavior essentially identical to the behavior of nonturbulent round liquid jets in gaseous crossflows from Sallam
et al.?> Noting that this result was independent of crossflow velocities for nonturbulent round liquid jets having
similar cross stream momentum fluxes, it is anticipated that the surface velocities of the present round turbulent
liquid jets will similarly be relatively independent of cross stream velocities.

Onset of Turbulent Primary Breakup

g

T T oo T T oo LN REL | T T T 11T

Consideration of conditions at the onset of turbulent

- q
. e . E Present Wu etal. (1992): We,=0 3
primary breakup along the liquid surface, allowing for F Lqud d(mm We, Sym  We, Sym Laud ___ d(mm) Sym o
ic- - wat 1.0 0 37159 Water 9.5 4
?elrlodyngn;llc enligncel}lllent of lthe‘ blreaklllp profcess, [ bl 30 e e Watar o ]
Alcohol 1.0 (1] o 115282 r * -
ollowed the earlier phenomenological analyses of Wu Mool 30 5 m "SX® . Ghowoare o4 -

and Faeth."” Enhanced aerodynamic primary breakup
was associated with effects of pressure drops caused by
the acceleration of the surrounding gas over protrusions
(ligaments) from the liquid surface. The analysis
involved extending the approach of Wu et al.,' where
the onset of breakup was determined by conditions
where the momentum of turbulent fluctuations in the
liquid was just sufficient to overcome surface tension
forces so that ligaments can form, to include T T T
acrodynamic contributions to the formation of Yoo 1,000 10,000 100,000 1,000,000
ligaments, and thus drops. Then the location of the We,,

onset of breakup follows from the time required for a Figure 5. Streamwise length to onset of breakup as a
ligament to grow and produce a drop at its tip due to function of Weber number for turbulent liquid jets in
Rayleigh breakup. The breakup time is converted to a crossflow.

length along the liquid surface based on the assumption

that ligaments convect along the liquid surface in the streamwise direction at v, =V;, which is justified by the

-
=]
=]

T T T Ty
g
L aul

a Present Correlation:

/7 =1952 We,, ™ (with C,=0.90)

=
=]

T T T T
<&

XA 1+ C, (40 Wey, ™ (polp (U ST 1o

Lol

results illustrated in Fig. 4. This phenomenological analysis follows Wu and Faeth'® and yields the following result
for the aerodynamically-enhanced streamwise location for the onset of turbulent primary breakup along the liquid
surface:

(/A1 + Cox/ A We (po/pu)(usd/ 7] )1 = Cui Wepy 3)

where n = 4/10.

The present measurements with and without crossflow, are plotted according to Eq. (3) in Fig. 5. Also included
are the measurements of Wu et al." for no crossflow. In completing this plot, the values, C,=0.90, C;=1952 and
n = 0.59 have been selected as best-fit values to achieve a correlation between xi/A and the other properties of the
breakup process. This selection depends on taking Vj' /v, =0.03 for the bulk liquid for fully-developed turbulent

pipe flow from Hinze™). The difference between the theoretical value of n = 0.40 and the correlated value of 0.59 is
statistically significant but is not large in view of the approximations used to develop the correlating expression
(notably, Wu and Faeth® find n = 0.63 for these measurements, very close to the present value). The large value Cy;
can be anticipated because:"

Cu= CL(v,/v)" )

and v;/v j' is a large number for fully-developed turbulent pipe flow. For example, taking v j' /v, =0.03 which is a

typical value in the bulk liquid for fully-developed turbulent pipe flow from Hinze,” as before, yields C,=18
which is a number on the order of unity which is expected based on phenomenological analysis considerations.
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Ligament and Drop Properties Along the Liquid Surface

An expression for the variation of ligament diameter as a function of distance from the jet exit due to effects of
turbulent primary breakup was developed following the approach of Sallam and Faeth,?' which in turn employed
methods from earlier turbulent primary breakup considerations due to Wu et al."* This approach was adopted after
the close relationship between the diameters of ligaments that are just forming drops at a point (the most prominent
ligaments at a point due to their length) and the corresponding diameters of drops formed by Rayleigh breakup of
these ligaments was noted. This was done with consideration given to the convection of a ligament along the
surface of a turbulent liquid jet for the Rayleigh breakup time required to form a full-length ligament that is ready to
produce a drop. Weber’® showed that the Rayleigh breakup time of a liquid jet having a diameter of dy, and thus, a
ligament of similar size under present assumptions, is as follows:

G~ (pLdlig3/G)1/2 + 3 di/c (5)

where the second term on the right-hand side of Eq. (5) accounts for effects of liquid viscosity to increase the
Rayleigh breakup time. For present conditions, the viscous term in Eq. (5) is small and can be ignored. Then Eq.
(5) becomes:

4t~ (pLdligs/ G)”2 (6)

which is independent of the ligament velocity. Then under the assumption that the ligament is simply convected
along the liquid surface for the ligament breakup time, the location where a ligament having a particular diameter
reaches its full length is given by

X~ Vt, (7

Finally, substituting Eq. (6) into Eq. (7) and normalizing the streamwise distance by the radial integral scale, A,
yields the following expression for the variation of dji,/A with distance from the jet exit:

dig/A = C ¢ [x/(A We! )PP ®)

where C ¢  is a constant of proportionality that should be on the order of unity. Ligaments of interest here are those
that are forming drops at a particular distance from the jet exit; therefore, the ligament diameters increase with
increasing distance from the jet exit because larger ligaments require a longer time to develop and break up, as
indicated by Eq. (6), and thus, required a larger distance
from the jet exit as indicated by Eq. (7).

10- T LB RAL T L RAL T LR RAL L} Trren
Present measurements of ligament diameters along E  Present l l l L
the surface of turbulent round liquid jets in still and [ Sym. Uquid dimm) We, ]
crossflowing gases are plotted in Fig. 6, as suggested 3 Water 20 o |
by Eq. (8). The best-fit correlation of dji/A according [ B Aol 20
to the variables of Eq. (8), illustrated in Fig. 6, is given By A A1
b - ¥  Water 1.0 62
y — 4  Water 1.0 a1
- C * Water 2.0 125
.y o Alcohol 1.0 115
dig/A = 0.73[x/(A Wey 2 )™ 9 < [ /=

0.1

Present Correlation 3
=0.73 (x/(\ We,, Vi))oar E

The difference between the best-fit power of Eq. (9),
0.47, and the theoretical power of Eq. (8), 0.67, is
statistically significant but rather modest in view of the
approximations of the analysis.

An interesting feature of this result is that crossflow T T T B
has no effect on the correlation with ligament properties * o0t 0.01 0.1 1 10
clearly dominated by effects of liquid turbulence. This . | X We, ')
is not surprising, however, because Wu and Faeth!® Figure 6. Ligament diameters of round turbulent

found negligible aerodynamic effects on turbulent liquid ]e.ts n crossflow as a function of normalized
streamwise distance.
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primary breakup until pi/pg < 500 for relative O
velocities between the gas and liquid phases

Sym. Liquid d(mm) We, Sym. Liquid d{mm)} We,

{
comparable to the present investigation. Thus, larger 4 Water 100 214 Water 10 0
. ater B aler B
cross stream velocities and smaller p;/pg values should L Y Water 10 62 U Alcohd 10 0 -
. . . . 4  Water 1.0 o F  Alcohol 2.0 1}
be considered to obtain more information about s Water 10 123
. . . . 1= ® ater . -
aerodynamic effects near the liquid surface during E 0 Alcohol 1.0 115 E
. . . . L Alcohol 1.0 192 -4
turbulent primary breakup of round turbulent liquid jets . F © Aconol 10 282 ]
. - = m  Alcohol 2.0 235 9
. o L .
in crossﬂow ‘ o
Earlier study of turbulent primary breakup of round < } -
. . . . . 21 Wu et al. (1992): We,,=0
liquid jets in still gases due to Sallam and Faeth ST R T
. . . 01 = -
suggested that drop formation at the tip of ligaments - Water 36 3
. . . - Water 50 4
involved drop diameters comparable to ligament - ¢ Water 64
. . - Wate 4.5 7
diameters. Then based on the results of Tyler”, this i PresentCorrelation || @reto g0
. . .. . =0.54 (xf{\ We V7)) 1
behavior is characteristic of Rayleigh breakup of - " heptne 64 1
ligaments and it is reasonable to assume that the SMD . . WateriHelium 3.6
. . 0.0 L Ll L il ' L L i iil 'l AL L L iil 'l AL L i iil
of drops formed by ligament breakup are proportional 0.001 0.01 1 10

x!(.\\?’\;‘ll_\"”}
Figure 7. Drop diameters after primary breakup for
round turbulent jets in still and crossflowing gases as a
function of normalized streamwise distance.

to the corresponding ligament diameter. This implies
SMD/A = Cy(djig/A) (10)

where C; should be an empirical constant on the order
of unity. Then substituting from Eq. (8) for (d;;,/A) there results

SMD/A = C.C,, [x/(AWe}?)]*? (1)

Present measurements of SMD after turbulent primary breakup along the surface of turbulent round liquid jets in
still and crossflowing gases are plotted as suggested by Eq. (11) in Fig. 7. Also plotted on the figure are earlier
measurements of drop sizes after turbulent primary breakup in still gases due to Wu and Faeth," limited to their
findings for p;/pg > 500 similar to the present measurements. The agreement between the results of Wu and Faeth'
and the present investigation is excellent and yields the following combined correlation:

SMD/A = 0.52[x/A We)'? )]** (12)

Notably, the power in Eq. (12), 0.52, is not very different from the theoretical power of Eq. (11), 0.67, whereas the
coefficient of Eq. (12) is on the order of unity as
expected from a phenomenological theory. These
results also support the idea that drop formation for e
turbulent primary breakup at present conditions occurs a Water 10 27

10 T T T TTTT T T T T T T T T T

=

by Rayleigh breakup at the tips of ligaments. Y Wate 10 & Vs = 0.75
Additional measurements of the properties of L J Wie 20 s > __
1 ] 1 1 = O  Alcohel 1.0 115 =
llgaments were undgﬂaken with the results illustrated in E & Alcohol 20 235 3
Fig. 8. The first series of results was undertaken forno L 1
crossflow and yielded the following relationship [ No Crossflow (Wey=0): Vo Fou = 0.036 (dyfA) 25 ]
between ligament length at the time of breakup and e
1 1 . 01 4 Water 1.0 Round =3
ligament diameter, as follows: E ) Water 1.0 Round 3
C 1 Alcohol 1.0 Round ]
- Fl Alcohol 2.0 Round -

Sallam (2002):
—  Water 4.8 Round
Water 7.1,13.6 Annular

Liig/x = 0.036(diig/ A)*, Weg =0 (13)

Subsequent results in the presence of crossflow for the oorl—e vl o vl o sl 0 s 1anin

present range of experimental variables; oo oo d: A ' "
B Figure 8. Mean ligament streamwise and cross stream
lig/x = 0.75( Vj/uoo)(pL/pG)”2 (14) absolute tip velocities for round turbulent liquid jets in

still and crossflowing environments.
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Drop Velocities After Turbulent Primary Breakup E T I T I L I L
. L. E Present
Mean streamwise and cross stream drop velocities - Sym. Liquid d(mm) We, We,
after turbulent primary breakup were measured for both T » water 2.0 0 7,700-11,000
still and crossflowing environments. These properties ZE S e 20 iaa 1en
imi iti = F ¥l Alcohal 2.0 0 14,600-24,500 3
were found to behave similar toldrf)p .Velogltles after =z F e B S S 3
breakup of round nonturbulent liquid jets in gaseous = L B Alcohol 2.0 238 14,600 ]
crossflows from Sallam et al.> Thus, streamwise drop =
fle . ‘ > o 4.27 <
velocities were proportional to mean streamwise 3 / F g o 3
velocities of the liquid: C u N
p— A-v't-\Lu
v /v = G (15) pa g2 |k
10 = AT =
3 {aa 3
whereas, cross stream drop velocities were proportional = o ]
. . . . . X
to the characteristic cross stream velocity of the liquid B b 7
= E 0.60 Liquid ]
b — = 1 =
ufu =C, (16) * E 4] 3
where B J
1 I i I i I i
112 01
u = (po/pL)u (17) 00 05 0 E 20

d,/SMD
Figure 9. Streamwise and cross stream drop velocities

Present measurements of streamwise and cross . .
after breakup as a function of drop size.

stream drop velocity distributions are plotted as
suggested by Egs. (15) and (16) in Fig. 9. These results
consider both still and crossflowing gases for round fully-developed turbulent liquid jets. First of all, it is clear that
drop velocity distributions are uniform similar to other observations of drop velocity distributions after turbulent
primary breakup. Best-fit correlations of present measurements of v, and u, then yield

V,/V, =C, =06 (18)
and
U,/uy =, /A(po/p) Pue) = C, =427 (19)

These results are remarkably similar to findings for
primary breakup of nonturbulent round liquid jets in 10
crossflow where Sallam et al.> find C, = 0.7 and C, =

6.7. This suggests that the ambient gas, whether still or Torbalentot e
crossflow, exerts a significant effect on drop velocities 10° Monturbulent et 4
after primary breakup along both nonturbulent and
turbulent liquid surfaces.

T l||||'|'|'|

Liquid Breakup Rates due to Turbulent Primary
Breakup

The last liquid surface property that was studied
during the present investigation was the flux of liquid
drops relative to the liquid surface due to turbulent
primary breakup along the liquid surface. The evidence | | . .
of relatively strong effects of crossflow on drop e T Y YT YT
velocities after turbulent primary breakup suggested Y/

that this would best be done using the approach of Figure10. ~Mean surface efficiency factors as
Sallam et al® for nonturbulent primary breakup in functions of normalized streamwise distance for round

turbulent jets in crossflow.

SURFACE EFFICIENCY, =
3
T Ty

3
T |||||'|'|'|
*
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crossflow. With this approach drops formed by primary breakup are assumed to leave the liquid column over its
downstream half, as opposed to the entire periphery which was the approach used for breakup of turbulent liquid jets
in still gases. Thus, averaging the liquid removal rate over this downstream projected area to find the average mass
flux of liquid drops leaving the liquid column, m, ", the liquid surface breakup efficiency factor, €, is defined as

follows:
e = m "/(p.u,) (20)

where the limit € = 1 represents conditions where liquid drops form in a continuous manner over all the downstream
projected area of the liquid.

Present measurements of ¢ for primary breakup of turbulent round liquid jets in crossflowing air are illustrated in
Fig. 10. The independent variable used in this plot is the dimensionless streamwise length, y/ys, between the jet exit
and the condition where the liquid jet breaks up as a whole. Typical of the earlier measurements of Sallam et al.> for
breakup of nonturbulent round liquid jets in gaseous crossflows, values of ¢ are small at the onset of breakup but
increase toward unity as the end of the liquid column is approached in a relatively universal manner.

CONCLUSIONS

This investigation considered the formation of ligaments and drops along the surface of a round turbulent liquid
jet in air crossflows at normal temperature and pressure. Test conditions included water and ethyl alcohol jets with
fully-developed turbulent pipe flow properties injected normal to the crossflow for the following ranges of test
variables: crossflow Weber numbers based on gas properties of 0-282, streamwise Weber numbers based on liquid
properties of 5,100-24,500, liquid/gas density ratios of 683 and 845, liquid jet exit Reynolds numbers of 3,800-
59,000, and Ohnesorge numbers less than 0.12. The major conclusions of the study were as follows:

1)  Streamwise mean liquid jet surface velocities varied to a negligible degree in the streamwise direction and
approximated mean liquid velocities at the injector exit, suggesting that effects of streamwise gas drag on
the liquid jet were small.

2)  The onset of turbulent primary breakup always occurred at some distance from the jet exit but approached
the exit, approximating atomization breakup conditions, at large Wey .

3)  Ligament and drop diameters due to turbulent primary breakup increased with increasing distance from
the jet exit, with these diameters becoming comparable to the radial integral scale of the liquid turbulence
as the end of the liquid column is approached.

4)  The correlation between drop SMD and streamwise distance along the liquid jet was not affected by the
crossflow, suggesting that turbulent primary breakup dominates aerodynamic effects for present test
conditions near the liquid surface. Similar to ligament and drop diameters, the SMD was comparable to
the radial integral scale of the liquid turbulence as the end of the liquid column was approached.

5)  Drop velocities after turbulent primary breakup in crossflow were independent of drop size with
streamwise drop velocities comparable to mean streamwise liquid velocities and cross stream drop
velocities somewhat larger than the characteristic velocity of the liquid jet in the cross stream direction,
which is behavior very similar to drop velocities after primary breakup of nonturbulent round liquid jets in
crosstlow.

6)  The mean drop mass flux over the downstream projected area of the liquid column due to turbulent
primary breakup at the liquid surface could be correlated by a surface efficiency factor that was small at
the onset of breakup but increased to a value near unity as the end of the liquid column was approached.
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