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An experimental study of turbulent primary breakup at the free surface of plane liquid wall jets
along smooth walls in still air at normal temperature and pressure is described. The study seeks a
better understanding of spray formation processes in marine environments, such as in bow sheets.
The measurements involved initially nonturbulent annular liquid wall jets, to approximate plane
liquid wall jets, with the growth of a turbulent boundary layer along the wall initiated by a trip wire.
Pulsed shadowgraphy and holography were used to observe liquid surface properties as well as drop
sizes and velocities after turbulent primary breakup. Test conditions included several (igatds,

glycerol mixtures and ethyl alcohoplliquid/gas density ratios of 680-980, wall jet Reynolds
numbers of 17 000—840 000 and Weber numbers of 6 100-57 000, at conditions where direct
effects of liquid viscosity were small. Measurements included the following: location of the onset

of surface roughness, drop size and velocity distributions after breakup, flow properties at the onset
of breakup, and mean drop sizes and velocities after breakup. In general, the measurements were
correlated successfully based on phenomenological theories1998 American Institute of
Physics[S1070-663(98)01605-3

I. INTRODUCTION developed wrinkled surfaces that subsequently broke up to
form sprays. The properties of these sprays were strong func-
An experimental investigation of the liquid surface andtions of the turbulence properties of the liquid as expected
drop formation properties of plane turbulent liquid wall jets for turbulent primary breakup processes but were relatively
along smooth walls in still air at normal temperature andindependent of the density of the surrounding gas for liquid/
pressure(NTP) is described. This flow is important as a gas density ratiogy;/p4>500; this behavior suggests small
model of spray formation processes in marine environmenteffects of aerodynamic forces at the liquid surface on spray
which affect the structure of both ship-generated and naturgdroperties. In contrast, the uniform nonturbulent jets behaved
waves. The main objectives were to study the properties afimilar to liquid cutting jets and maintained smooth surfaces,
liguid surfaces and sprays produced by turbulent liquid wallwith no evidence of breakup into a spray, within the region
jets along smooth walls in still air, as follows: conditions for of observations.
transformation to roughened liquid surfaces, drop size and The results of Wiet al* strongly suggest that the turbu-
velocity distribution functions after breakup, the propertieslence causing liquid surface roughness and turbulent primary
(drop sizes and the locatipof the onset of breakup, and the breakup in wall jets originates from liquid motion along the
evolution of drop sizes after breakup as a function of dis-wall. The process is sketched in Fig. 1 as it might be encoun-
tance along the liquid surface. tered for a ship-generated wall jet or bow sheet. The liquid
In spite of the complexities, there is general agreementiow along the wall then involves a relatively inconsequential
about the qualitative features of spray formation for flowlaminar boundary layeffor typical practical applications
processes such as chutes, spillways, plunge pools, hydraulicllowed by transition to a growing turbulent boundary layer.
jumps, bow sheets, open water waves and YjetsThe  The onset of liquid surface roughness is thought to corre-
mechanism involves the propagation of vortiditypically as  spond to conditions where the outer edge of the turbulent
turbulence to the liquid surface, followed by the appearanceboundary layer approaches the liquid surface, however, this
of a turbulence-wrinkled interface between the liquid and thecondition has not been quantified in terms of boundary layer
gas, and eventually by the formation of drops at the liquidproperties during past studi&s® Subsequently, turbulent pri-
surface(which will be called turbulent primary breakup in mary breakup begins and evolves with increasing distance
the following. The crucial role played by turbulence in such along the surface of the turbulent wall jet. Earlier work con-
spray formation processes has been demonstrated by obseidering such turbulent primary breakup processes will be
vations of turbulent and uniform nonturbulent liquid jets in considered next.
still gases due to Wet al? The turbulent liquid jets rapidly Turbulent primary breakup has been recognized as a
mechanism of spray atomization since the early studies of De
dpresent address: Trane Co., LaCrosse, W1 54601. JUha}szet al> and Le_e a.'nd Spenc@?. In part!CU|ar’ the_se .
bCorresponding author: Tel(734764-7202; Fax:(734936-0106; Elec-  Studies showed that liquid turbulence properties at the jet exit
tronic mail: gmfaeth@umich.edu affected the atomization and mixing properties of round lig-
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FIG. 1. Sketch of turbulent primary breakup process in a plane wall jet. 7@2. {
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uid jets in still gases at NTP. Subsequently, Grant and WALL JET ROUGHENED SURFACE
Middleman® Phinney’ and McCarthy and Malloy°’ ob- ’
served that liquid jet stability and the onset of jet breakup ONSET OF DROP /

. . . FORMATION WALL JET
were affected by turbulence at the jet exit. Finally, Hoyt and . . FLOW DIRECTION
Taylort'*? carried out a series of experiments with both co-
flowing and counterflowing round gas/liquid jets at NTP, that . .

provided strong evidence that aerodynamic forces at the ligrig. 2. sketch of test apparatus for measurements of turbulent primary
uid surface did not have a large effect on turbulent primarybreakup in plane wall jets.
breakup, as discussed earlier.

More details about the properties of turbulent primary
breakup have been obtained during the recent studies of Ruffere used to help interpret and correlate the new measure-
et al,®® Tsenget all* and Wu and co-workerS™1" These —ments.
studies involved pulsed shadowgraphy and holography to ob- The paper begins with consideration of experimental
serve turbulent primary breakup of round free ||qu|d jets inmethods. Results are then described, treating flow visualiza-
still gases with fully developed turbulent pipe flow at the jettion, surface velocities, onset of surface roughness, drop size
exit. The results showed that the drop properties after turbuand velocity distributions after turbulent primary breakup,
lent primary breakup were related to the properties of thénean and fluctuating drop velocities after turbulent primary
liquid-phase turbulence and yielded correlations for the onsdireakup, the onset of turbulent primary breakup and the
and end of drop formation along the liquid surface as well ag/ariation of drop sizes after turbulent primary breakup with
the evolution of drop size and velocity distributions with distance along the surface, in turn.
distance along the surface. Observations of liquid jets in
various gas environments also established that aerodynamjic EXPERIMENTAL METHODS
effects at the liquid surface did not affect turbulent primaryA A
breakup properties for large liquid/gas density ratios, as™ pparatus
noted earlier. A sketch of the apparatus used to measure the properties

The objective of the present investigation was to extendf turbulent primary breakup in plane wall jets appears in
the studies of turbulent primary breakup for round free liquidFig. 2. All components of the apparatus in contact with the
jets in still gase$?~1" to consider the same properties for test liquids were fabricated from type 304 stainless steel. The
plane liquid wall jets along smooth surfaces in still gasestest liquid was placed within a cylindrical test chamber that
using similar methods. The main issue was to resolve théad a round sharp-edg€Borda orifice at its bottom. Com-
effect of the fundamentally different turbulence properties ofbined with a round rod passing down the axis of the test
these two flows(a developing plane turbulent wall jet as chamber, this arrangement provided an initially nonturbulent
opposed to a decaying round turbulent free @ the ap- annular wall jet along the rod, in much the same manner that
pearance of a roughened liquid surface and the outcome &fu et al* used Borda orifices to generate nonturbulent
turbulent primary breakup. A preliminary report of the study, round liquid jets. This chamber was partially filled with lig-
emphasizing flow visualization and the onset of a roughenedid while using an annular cork in the Borda orifice passage
liquid surface and of turbulent primary breakup, using smallto prevent premature liquid outflow. The liquid was then
aspect ratio annular liquid wall jets to approximate the propforced through the orifice, ejecting the cork down the rod at
erties of plane liquid wall jets, is presented by Raiall®  the start of flow, by admitting high-pressure air to the top of
The present paper provides more extensive results for the test chamber through a solenoid-actuated valve; a baffle
broader range of aspect ratidisetter approximating plane near the air inlet prevented undesirable aeration of the liquid.
liquid wall jet9 and flow properties as well as information The solenoid valve was closed at the end of liquid delivery
about drop size and velocity distributions and the evolutiorso that the test chamber could be vented to the ambient pres-
of mean drop sizes and velocities along the liquid surfacesure. The annular cork was then replaced so that the system
Similar to earlier work*-'8 phenomenological analyses could be refilled with liquid for the next test.
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The high pressure air was obtained from laboratory supwere short enough to stop liquid surface and drop motion.
plies and was stored in a 0.12mir accumulator at pres- The use of different pulse strengths allowed directional am-
sures up to 1.4 MPa prior to a test. Two different test chambiguity to be resolved due to the different contrast of the
bers were used having inside diameters of 50 and 165 mnmitial and final pulses. Data was obtained from the photo-
and Iengths of 150 and 305 mm, respectively. The small angraphs by mounting them on a computer Controue(y tra-

large chambers used rod diameteg,y, of 6.4 and 50.8 yersing systenthaving a 1um resolution and observing the
mm, respectively, in order to evaluate effects of wall jet asymages with an MTI Model 65 video camera.

pect ratio. Borda orifices of various diameters were used with  an off-axis holographic arrangement was used with op-
these rods to provide orifice annulus widtls, of 2.3, 3.8,

4.3, and 7.0 mm. Injection was vertically downward with the
liquid captured in a baffled tub in order to prevent drops

tical penetration properties improved by reducing the diam-
eter of the object beam through the flow by 3:1 and subse-

f lashing back up into the test d ob ing th uently expanding it back to the size of the 100 mm diameter
rom splashing back up Into the 1est area and obscuring Fference beam when the two beams were optically mixed to
measurements. The entire test chamber and rod assemb

could be moved vertically, with a accuracy of 0.5 mm, in Teate the hologram. The present arrangement allowed drops

order to accommodate rigidly-mounted optical instrumenta®> small as um d|ame_ter to be observed and as small as 10
tion um to be measured with 10% accuracy. The holograms were

The growth of a turbulent boundary layer along the Wa"reconstructed using a 35 mW HeNe laser with the laser beam

(the rod was initiated using a trip wire so that this position c0llimated at a 50 mm diameter and passed through the ho-
could be located accurately. The trip wires had diameters, '09ram to provide a real image of the spray. Analysis of the
in the range 0.1-0.5 mm so th&tb<10%. The laminar hologram images was the same as the shadowgraphs except
boundary layer thickness at the location of the trip wire wasthatx—y traversing of the hologram was supplementedzby
also estimated to be less than 10% of the annulus thicknesaversing(with 5 um resolution of the video camera to
By maintaining these two conditions, separation of the wallallow for the three-dimensional nature of hologram recon-
jet from the rod due to the presence of the trip wire wasstruction.
avoided. It was also necessary to provide large enough val- Methods of data reduction involved human-aided mea-
ues ofu*k/v¢, whereu* is the friction velocity and/; isthe  surements of drop properties were the same as Wu and
kinematic viscosity of the liquid, to insure that transition to a co-workerst>~1” Experimental uncertainties were evaluated
turbulent boundary layer actually occurred at the trip wire;using standard statistical methods, see Refs. 15—17 for the
this issue will be discussed in more detail later. details. Irregular drops were assumed to be ellipsoids and
Flow development times for the present wall jets werewere assigned diameter, equal to the diameter of a sphere
relatively short, 6—70 ms; therefore, relatively short injectionhaving the same volume as the ellipsoid. Experimental un-
times of 100-400 ms were adequate. In addition, preserfertainties due to this definition of drop diameters are diffi-
optical methods required times less than 0.1 ms for triggergit to quantify; otherwise, experimental uncertainti®5%
ing and data acquisition and did not impose any limitations;onfidence of individual drop diameter measurements are
on flow times. Jet velocities were cg_llbrated in terms of. thﬂess than 10% for drop diameters larger thand (which
pressure drop.across the Borda orifice by measuring I'q“'@omprised most of the present measuremeriteasure-
surface velocities from double-pulse shadowgraphs. ments of mass median, MMD, and Sauter mean, SMD, di-
ameters were obtained by summing over 40—400 objects at
B. Instrumentation each condition to obtain experimental uncertaint{®5%
confidencg less than 15%, mainly dominated by sampling

Instrumentation consisted of single and double-puls imitations (note that the SMD is the diameter of a drop
shadowgraphy and holography. Arrangements and methods

. . . - ving th m rface-area/volume rati h r
will be described only briefly because they are similar to paswiole? the same surface-area/volume ratio as the spray as a

work, see Refs. 15-17. The light sources for both systems M rements of drob velocities were based on the m

were frequency doubled YAG lasefSpectra Physics Model . easurements ot drop velocities were based on the mo-

GCR-130, 532 nm wavelength, 7 ns pulse duration, and up tgon of the centroid of thg drops fo.r the measured t|me_ period

300 mJ per pulsethat could be controlled to provide pulse of the double pulses while summing over 40_2503b130t3 to
find mass-averaged mean and fluctuating streamwisa;

separations as small as 100 (psilse separations were mea- o~ " : .
sured with a digital oscilloscopePulsed shadowgraphy was and cross-streamy, v" velocities. Experimental uncertain-

used to measure flow properties extending up to a point jud{€s (95% confidence of mass-averaged velocities were
beyond the onset of breakup where drop concentrations wef@minated by sampling limitations and are estimated as fol-
relatively small. The laser beams were expanded to provide lpws: streamwise mean velocities less than 10%, streamwise
40 mm diameter collimated beam that passed through thand cross-stream velocity fluctuations less than 20% and
region being observed. The shadowgraphs were recorded ugfoss-stream mean velocities less than 20%. Finally, mea-
ing a 100< 125 mm film format at magnifications of 2—7, surements of the locations of the onset of surface roughness
with the camera focused at the median plane of the annulg@nd the onset of turbulent primary breakup were obtained as
wall jet. These photographs were obtained with an operhe average of 10 experiments; the experimental uncertain-
camera shutter under darkroom conditions so that the flasties (95% confidenceof these determinations were relatively
duration controlled the exposure time. Laser pulse timegarge, less than 30%, due to sampling limitations.
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Parameter Range
b (mm) 2.3,3.8,43and 7.0
D g (Mm) 6.4 and 50.8
Liquids® water, glycerols, ethyl alcohol
pilpg 680—980
wr (kg/m 9 0.0009-0.010
o (N/m) 0.022-0.071
bfr /b 0,6—0,7 x/D=0.5~5.2 46-93 9.2-13.9 15.4~20.2 228-27.6 294-~342
Usr (m/i 15-47 glycerol (63%) : b=2.3mm, d_=6.4mm and u,=17.3m/s
Reip(piteD/ ) 17 000-840 000
Wep(p1U3D/ o) 6100-57 000 FIG. 3. Pulsed shadowgraphs of the turbulent primary breakup process in a
Ohyp(ut/(piDo)*? 0.001-0.013 plane wall jet: glycerol (63%), b=2.3mm, D,;=6.4mm and Ug,

=17.3m/s. These conditions imply Re=179 000, Wg;=50000 and

4Liquid wall jet in air at 98.7 kPa and 2942 K. Properties of airpg OHp=0.013.

=1.18 kg/nf and uy=18.5x 10 6 kg/m s.
bGlycerin concentrations of 21%, 42% and 63% by mass.
most shadowgraph, with progressively increasing distance,
X, from the trip wire proceeding from top-to-bottom and left-
to-right as noted below the images.

The capability of the sharp-edged Borda orifice to gen-

Test conditions are summarized in Table I. Test liquidserate a turbulence-free initial flow is evident from the smooth
included water, glycerol mixture@1%, 42%, and 63% glyc-  |iquid surface of the flow for some distance downstream of
erin by massand ethyl alcohol with air at NTP as the am- the trip wire seen in Fig. 3. For these conditions, the bound-
bient gas. This provided values pf/pq of 680-980, liquid  ary |ayer along the wall is laminar prior to reaching the trip
viscositiesu+, in the range 0.0009—-0.010 kg/m s and valuesyire, with growth of a turbulent boundary layer beginning
of the surface tensiong, in the range 0.022-0.071 N/m. along the wall at the location of the trip wire.
Liquid properties just prior to the onset of a roughened liquid  The Jiquid surface in Fig. 3 remains smooth for a time as
surface included normalized wall jet heights, /b, of 0.6—  distance increases past the location of the trip wire. The on-
0.7 and average liquid surface velocitieg, of 15-47 m/s.  set of surface roughness is finally observed, however, toward
For purposes of normalization, the hydraulic diameerof  the pottom of the left-most shadowgraph. Once liquid sur-
the wall jets were based on the wall jet height, as follows: face roughness appears, both the degree of surface roughness

_ and the size of surface roughness elements increase with in-

D/byr=4(1+bs /Drog)- @ creasing streamwise distance from the trip wire. The rough-
Characteristic Reynolds, Rg Weber, We, and Ohnesorge, Nhess elements eventually become surprisingly long, as liga-
Ohyp , numbers based on liquid properties and the hydraulignents protruding from the liquid surface. These ligaments
diameter, are defined in Table I. Values ofiRare in the eventually break up at their tips, however, to form drops at
range 17 000—840 000, which provides the reasonably turbihe onset of turbulent primary breakup. Subsequent increases
lent wall jet conditions needed for turbulent primary of distance into the turbulent primary breakup region yields
breakup? with the larger values approaching conditions rep-progressively increasing ligament diameters, ligament
resentative of practical bow sheets. On the other hand, valuéengths, and drop sizes after turbulent primary breakup.
of Ohyp are relatively small, in the range 0.001-0.013, These trends are very similar to past observations of turbu-
which implies relatively small direct effects of liquid viscos- lent primary breakup for round liquid jets in still gases at
ity on turbulent primary breakup; such behavior is also repconditions where effects of aerodynamic forces at the liquid
resentative of most bow sheets encountered in practice. ~surface are smatf™’

C. Test conditions

B. Surface velocities

11l. RESULTS AND DISCUSSION The present wall jets are in a uniform pressure field ad-
jacent to a still gas. As a result, wall jet velocities tend to
decay due to flow resistance at both the wall and the gas/
The qualitative behavior of the onset of a roughenediquid interface. Thus, measurements of the mean surface
liquid surface, the subsequent development of liquid surfaceelocities of the wall jets were undertaken as a function of
distortions, the properties of the onset of turbulent primarydistance along the surface, in order to help define wall jet
breakup, and the subsequent development of the breakdfow properties.
process along the liquid surface, can be seen in the pulsed Typical measurements of wall jet surface velocities are
shadowgraph photograph of Fig. 3. This test condition in-plotted in Fig. 4. These test conditions consisted of water
volves a 63% glycerol mixture with an annulus width of 2.3 wall jets with D,,q=50.8 mm andb=3.8 mm. Values of the
mm, a rod diameter of 6.4 mm and,,=17.3 m/s, which mean surface velocitys, normalized by the mean surface
implies Rgp=179 000, Wg,=50 000, and Oj=0.013. velocity at the onset of surface roughnass, are plotted as
The trip wire was located slightly above the top of the left- a function of streamwise distance from the mean location of

A. Flow visualization



Phys. Fluids, Vol. 10, No. 5, May 1998 Dai, Chou, and Faeth 1151

1.2 T T T T T T 1 I T 1E+4: LI I Lt ) B AL B R |
F MEASUREMENTS 3
i [ SYM. D.o(mm) b (mm) LIQUID b
1.0 jugy L O 64 2.3 WATER ]
O Mg~ -~ - - ~--——- - - - - - = e 64 4.3 WATER
e N Agh A A , 1e+3k O sos 3.8 WATER _
- ®e o o - E m sos 7.0 WATER 3
F A 64 2.3 GLYCEROL (21%) ]
osl i [ A 64 2.3 GLYCEROL (42%)
: [ v 64 2.3 GLYCEROL (63%) |
v 64 2.3 ETHYL ALCOHOL
& MEASUREMENTS * 1E+2FE  1hEORY - LAMINAR THEORY - TURBULENT 3
= = E UNTRIPPED E
i3 06  SYM.  Ug(ms) X.(mm) Re<10° o F 1\ (UNTRIPPED) ( ) ]
| ] 17.4 24.9 2.0 i 1 X - ]
n 25.9 25.8 3.11 PO
04l A 36.4 278 4.56 4 1EH1E _ =" THEORY-TURBULENT 7§
TWATER. D..=50.8mm E - (TRIPPED) 3
0.2 .

1EH0 | -
5 - F CORRELATION - TURBULENT ]
- (TRIPPED) .
0.0 [l ] L 1 1 | 1 ] | [ ]

0 20 40 60 80 100
(X-)-()ID 1E-1 1l 11l 1 3 aauul Ll i

" 1E+3 1E+4 1E+5 1E+6 1E+7
FIG. 4. Variation of liquid surface velocity with distance from the onset of Rewm

surface roughness for plane wall jets.
9 P J FIG. 5. Influence of Reynolds number on the onset of surface roughness for

plane wall jets.

the onset of surface roughness, normalized by the hydraulic

diameter, k—x,)/D. Measurements are shown for three

strongly turbulent wall jets having characteristic Reynoldscussed in connection with Fig. 4; aerodynamic effects will be
numbers in the range 200 000—460 000. The variation ofgnored, as discussed earlier; the wall surface will be as-
u./ug, with normalized distance is similar for all three flows, sumed to be smooth, which is a condition of the present
yielding roughly a 10% reduction of the surface velocity €xperiments; liquid properties will be assumed to be con-
over a streamwise distance of 100 hydraulic diametersstant, which is appropriate for the present experiments; and
Based on the definition db provided by Eq.(1), this im- turbulent boundary layer growth is initiated by the trip wire,
plies only a 10% reduction of mean surface velocities forwhere it is assumed that the boundary layer thicknéss,
streamwise distances of up to roughly 400 wall jet heights=0 at x=0. In the following, 5 will be taken to be the
Thus, decay of velocities is not significant for the presentross-stream position where the streamwise mean velocity
wall jets andug, will be used to represent wall jet velocities. reaches 99% ofi;,. Then, the condition where the outer
One exception to this practice will be the use of local mearfdge of the turbulent boundary layer begins to interact with
surface velocities to normalize drop velocities after turbulenthe wall jet is given byb,=C,§ atx=x;, whereC, is an
primary breakup, in order to assess relationships betwee@mpirical constant to account for the fact théis only a

drop and liquid surface velocities more precisely. measure of the boundary layer thickness, etc. Finally, it is
assumed that growth of the turbulent boundary layer can be

based on Schlichtin, assuming a 1/7th velocity distribu-
tion power law, which is reasonable for the present range of
As discussed in connection with Fig. 2, the onset of surReynolds numbers. Given these results, the expression for
face roughness is thought to occur when the thickness dhe streamwise distance where the turbulent boundary layer
growing boundary layer along the wall becomes comparabléegins to interact with the liquid surface becomes
to the thickness of the wall jet. This hypothesis was explored — . 5/4 o 1/4
for three cases by Dai and Faéthtl) an untripped laminar X /D =346 C/by, /D) Rele’ 2
boundary layer reaches the surface fif@), an untripped whereby, /D is given by Eq.(1).
laminar boundary layer makes the transition to a turbulent Present measurementsxfare plotted as suggested by
boundary layer which reaches the surface first, @)da  Eg. (2) in Fig. 5, considering results for various test liquids
tripped turbulent boundary layer reaches the surface firsbver the available range of test conditions. Several predic-
Only the last condition proved to be relevant for the presentions (correlation$ are also shown on the plot, as follows:
tripped boundary layers at relatively large Reynolds numbepredictions for an untripped boundary layer involving transi-
conditions; therefore, the following discussion will be lim- tion from laminar to turbulent flow withC,=1 andD/by,
ited to this case. For these considerations, boundary layer 4 from Dai and Faetf predictions for a turbulent bound-
development within the wall jet will be simplified consider- ary layer from Eq(2) with C,=1 andD/bs, =4, and a best-
ably, as follows: Effects of the free surface on boundaryfit correlation for a tripped turbulent boundary layer from Eq.
layer growth will be ignored, variations of wall jet velocities (2) based on the present measurements. The two theoretical
and thickness will be ignored, justified by the results dis-predictions are shown for illustrative purposes only; in par-

C. Onset of surface roughness
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ticular, the laminar/turbulent correlation is not representative
of present test conditions where a trip wire is used to create
an initially turbulent boundary layer at=0. The prediction
for a tripped turbulent boundary layer with,=1 also sig-
nificantly overestimates, /D, which suggests that disturbed
surfaces appear when the turbulent boundary layer thickness
is not a large fraction of the wall jet thickness. This behavior
will be quantified next.

The correlation of present measurements appearing in
Fig. 5, based on Ed2), is as follows:

X, /D=0.061 R¢, Rep>30 000, (3)

where the criterion Rg>30 000 for the onset of effects as-
sociated with fully turbulent wall jets is very similar to the
analogous criterion of Wet al* for fully turbulent free jets.
When Regy<30 000,x,/D increases from the estimates of
Eq. (3), due to effects of poorly developed turbulence in the
boundary layer along the wall. The correlation of E§)
corresponds t&C,=0.2 in Eq.(2) which is on the order of
unity as anticipated for an empirical parameter of this type.
This result also suggests that the present surface disturbance:
appear at distances well beyond the region typically assumed
to involve turbulent wall boundary layer flows, e.g., at
o6/bs,=0.2. It is also very helpful to note that the correlation
of Eq. (1), based on the hydraulic diameter, is effective for
aspect ratios in the rang®,,4/b=1.5-13.4.

14,

X/(DRe )
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0.2

0.0
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FIG. 6. Influence of trip wire properties on the onset of surface roughness
for plane wall jets.

numbers and distances after the onset of turbulent primary

In addition to Rey, the height of the trip wire influenced breakup, but they are representative of behavior over the
the onset of a roughened liquid surface. This effect was corpresent test range. The results are plotted to test whether they
related following Ref. 18, based on the wire diameter and theatisfy the universal root normal distribution function with

friction velocity, u*, where®
4

and the wall shear stress at the trip wire locatieg,, is
given by

Twicl (p1UZ,) = 0.332/Rgy, (5)

where Rg=ugX./v; is the characteristic Reynolds number
based on liquid properties and the streamwise distange,
between the Borda orifice and the trip wire.

Present measurements of the effect of trip wire Reynolds
numbers orx, are plotted in Fig. 6. The coordinates of this
plot have been selected based on E@®), where
x, /(D Rels) should be a constant based on present measure-
ments of the onset of surface roughness for a tripped turbu-
lent boundary layer developing along the wall; this correla-
tion is also illustrated on the figure. Aside from one outlier
for a water wall jet at the lowest trip wire Reynolds number
considered for this liquid, the results of Fig. 6 suggest little
effect of trip wire properties fou* k/v;>50. At smaller val-
ues ofu*k/v;, however,x, progressively increases as the
trip wire Reynolds number decreases because the wire dis-
turbance becomes too weak to initiate a fully turbulent wall
boundary layer.

u* = (7l p) 12

d/MMD

D. Drop size distributions

Typical measurements of drop size distributions after

4.0

3.0

2.0

1.0

0.5

0.1

0.0

MMD/SMD = 1.2 which Simmor® has shown is reasonably
effective for correlating the drop size distributions of practi-
cal sprays. The present results clearly do satisfy the universal
root normal distribution function, similar to a variety of
primary®*~1” and secondafy'?? breakup processes. The root
normal distribution function has only two moments; there-
fore, taking the best estimate of MMD/SMEL.2 implies

I 1 ) )
MEASUREMENTS *

MMO/SMD=1.5

SYM. Ue(m/s) (x-x)/D
L e 364 25.7
| O 364 57.2
230 8.1
L O 310 16.0

*WATER; D,q =50.8mm

1.0 10

30 50 70

90

CUMULATIVE VOLUME PERCENTAGE

turbulent primary br_eakup are illustrated _in Fig. 7. Theserg. 7. pistribution of drop diameters after turbulent primary breakup at the
results are for wall jets at a number of different Reynoldsfree surface of plane wall jets.
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1E+1 T T T T T T T T T F. DrOp velocities

Moments of mean and fluctuating drop velocities will be
LIQUID (x%)/D  u{mis) Diu(mm) b(mm) considered next in order to help define the dynamics of tur-
L WATER 17.7 259 50.8 3.8 i bulent primary breakup before considering the relevant mo-
ment of drop sizes, e.g., the SMD. Present measurements of
drop velocities after turbulent primary breakup included
mean and fluctuating mass-averaged streamwise and cross-
stream velocities after turbulent primary breakup at various
positions along the surface of a plane wall jet. The range of
u/us: CORRELATION the measurements can be best stated in terms of the stream-
MEASUREMENTS (TYP.) wise distance variable measured from the onset of a rough-
ened surface, normalized by the radial integral scaleand
the Weber number based on this scale ;\Wep;uiA/a, of
the wall jet. This choice of streamwise distance was made for
consistency with results for the variation of SMD along the
< o liquid surface to be discussed later, wher&—(,)/
s 50O oo 0 O ~ (AWe!?) will prove to be the “natural” streamwise distance
variable. Analogous to earlier work for round turbulent
v/ii.: CORRELATION jets!® 1 the streamwise integral length scale is taken to be
i MEASUREMENTS (TYP.) equal to 4\ while A=D/8 based on Laufer's measurements
of the properties of fully developed turbulent pipe flow, see
1E-2 — Hinze?® and references cited therein. It was found that all
0.0 04 08 12 16 20 components and moments of drop velocities after turbulent
d/SMD primary breakup are fixed fractions of local mean streamwise
FIG. 8. Distribution of drop velocities after turbulent primary breakup at the velocities at the liquid surface, independent of position along
free surface of plane wall jets. the surface. This behavior is similar to earlier observations of
mean drop velocities after turbulent primary breakup of
round turbulent liquid jets due to Wu and co-worké&tst’
that the entire drop size distribution function is known if one The correlations of this behavior for mass-averaged mean
other moment, e.g., the SMD, is known. Thus, this propertyvelocities are as follows:
of the root_ norm_al distribu'_[ion function W_i|| be exploited in T/U,=0.95, T/u,=0.037 )
the following with drop sizes characterized by the SMD
alone for turbulent primary breakup of plane wall jets similarWith standard deviations of 2% and 38%, respectively. The
to results of earlier studies of turbulent primary breakup ofcorresponding correlations for mass-averaged fluctuating ve-
round free jet$® locities are

U"/U,=0.056, v "/ug=0.020 (8)

with standard deviations of 23% and 20%, respectively.
These results were obtained fox—(x_r)/(AWeflf\ in the
Present measurements of drop velocity distributions aftefange 0.15—-10. The values of the moments of mass-averaged
turbulent primary breakup for plane turbulent liquid wall jets mean velocities of Eqg7) differ slightly from the results of
are plotted in Fig. 8. The results shown includals and  the individual mean drop velocity distributions of Ed8),
v/ug as a function ofd/SMD. Ten drop size groups are while they should be the same because the velocity distribu-
considered with the velocities of 10-30 drops in each sizgjon functions are uniform. This result is reasonable, how-
group averaged to obtain the mean velocities plotted in thever, because the differences are well within present experi-
figure. It is evident that the results of Fig. 8 are representeghental uncertainties. Finally, the results of E¢&. and (8)
reasonably well by universal distribution functions, as fol-are reasonably consistent with past findings concerning drop
lows: velocities after turbulent primary breakup for round free jets
UWu.=0.92, v/u,=0.049, 0.0&d/SMD<16 (6) where the mean streamwise velqcities of_ Fhe drops were
comparable to the mean streamwise velocities at the liquid
with standard deviations of the constants on the right'hangurface, while mean cross-stream velocities and all compo-

sides of Eqs(6) of 7% and 12%, respectively. Noting that npents of velocity fluctuations of the drops were comparable
cross-stream mean velocities in turbulent jets typically argg velocity fluctuations at the liquid surfade:’

comparable to velocity fluctuatior3 the results of Eqs(6)

suggest that the streamwise and cross-stream drop velociti%s
after turbulent primary breakup for plane wall jets are com-—"
parable to mean and fluctuating velocities in the liquid phase, Approximate analysis to find the properties of the onset
which is similar to earlier findings for turbulent primary of turbulent primary breakup was carried out for the plane
breakup for round free jets~’ wall jets using methods similar to earlier considerations of

13 1E+0
(=1

1E-1

O

E. Drop velocity distributions

Onset of breakup
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the onset of turbulent primary breakup for round free jets. 1.0E+2 =TT T T T T T T T T
Thus, the process is assumed to involve the formation of a E  MEASUREMENTS 3
drop from a turbulent eddy near the liquid surface having a [ SYM. D.oimm) b (mm) LIQUID i
characteristic dimensiot, and a characteristic cross-stream i (3 64 23 WATER i
velocity relative to the surrounding liquid of . The onset of O 508 3.8 WATER

turbulent primary breakup occurs after the onset of a rough- 0B+ W 508 72 CLYCEROL (21%) 3
ened liquid surface; therefore, the wall jet is reasonably tur- C 3 o 23 gggg;gt ﬁgg;; ]
bulent at the onset of turbulent primary breakup so that the [ v 64 2.3 ETHYL ALCOHOL
turbulence properties of the wall jet can be taken to be the _ s i
same as a fully developed turbulent pipe flow having the 3 TURBULENT WALL JET
same hydraulic diameter and B€">? Other assumptions & "**°F. CORRELATION E
were the same as the analysis for the onset of a roughened TN
liquid surface, as follows: Values of the mean streamwise s ) .
velocity and the thickness of the wall jet were assumed to be - .
constant atig, andby, , respectively; all other physical prop- 10e4 L ]
erties were assumed to be constant; and aerodynamic effects E S
at the liquid surface and during the primary breakup process L URBULENT FREE JET S R ]
are assumed to be small. Thus, the eddy was assumed to - CORRELATION / A X
convect along the surface in the streamwise direction at the - (WUET AL 1992) ]
local mean velocityyy,, while the drop formed by the eddy 1.0E-2 IR IR AR R T BT R AT
was assumed to have a diameter comparable to 1E+3 1E+4 1E+5 1E+6

The drops formed at the onset of turbulent primary Wer

breakup are the smallest drops that can be formed by thisic. 9. SMD at the onset of turbulent primary breakup at the free surface of
mechanism based on both shadowgraph observations antdne wall jets as a function of Weber number.

time-scale considerations. The smallest drops that can be

formed by turbulent primary breakup, however, are either

comparable to the smallest scale of the turbulefice Kol- g yaasonable to assume thats within the inertial range of

mogorov microscaleor to the smallest eddy that has suffi- 1o t,rbulence spectrum, whete and v, are related, as
cient kinetic energy relative to its immediate surroundings tog||ows:24

provide the surface energy needed to form a drop, whichever o
is larger. The Kolgomorov length scale,, for fully devel- vii~vg(li /A, 11

oped turbulent pipe flow can be estimated as follts: Variations of turbulence properties within the liquid are ig-

nored when using Eq11), similar to earlier considerations
of turbulent primary breakup for round free jéts1’ Substi-
L tuting Eq.(11) into Eq.(10), setting SMDQ~I; and assuming
where the streamwise integral length scale has been taken {9, \al jet turbulence properties can be approximated by
be equal to A, as noted earlier. For present conditionsis  yhe properties of fully developed turbulent pipe flow having a

smaller than 1um which is much smaller than the smallest o5 streamwise velocity, diameter and Reynolds number of
drops that were observed at the onset of turbulent primary,-

: o X sr» D and Rgp, the expression for SMEbecomes
breakup. Thus, the following analysis will only consider en- o s
ergy requirements to find drop properties at the onset of tur-  SMD; /A = Cgji(Ug, /v{) ¥ Wer 7, (12

bulent primary breakup. where Cg; is an empirical constant of order unity that in-
The energy criterion for the smallest drop that can be,q)yes the various constants of proportionality of the analy-
formed by turbulent primary breakup, which defines Cond"sis. For fully developed turbulent pipe flow. /e, is a con-

tions at the onset of turbulent primary breakup, is found bystant; therefore, SMDA should only be a function of Wg
equating the kinetic energy of an eddy of characteristic size'—,Or the present test conditions.

l;, and velocity,p,;, relative to its surroundings, to the sur- The present measurements of SMbr plane wall jets
face energy required to form a drop of comparable size, ag,q plotted in terms of the variables of EG2) in Fig. 9,
follows: along with an earlier correlation measured by Wu and
3 2 ) FaetH® for round free jets. The correlation of the present
mpilivii~lio. (10 measurements for plane wall jets in these coordinates is well
] o within the scatter anticipated based on experimental uncer-
Only a crude proportionality is implied by E4L0) due to  ainties. It is also helpful that the present broad range of
effects of irregular drop shapes, nonuniform velocities Withi”aspect ratios correlate in the same manner in terns @id
the eddy and the efficiency of conversion of kinetic energyinus the hydraulic diameteD). The present correlation of

into surface energy. The largest eddy length scales are somgy|p, for the wall jets yields the following empirical fit that
what larger tham\, while A corresponds to the largest drop is shown on the plot;

diameter observed during the present investigation. Further- 061
more, | «<I; for present conditions, as just discussed. Thenit SMD;/A=109 Weg,™". (13

l«=4Al(4A U/ ve) %, 9
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The standard deviations of the coefficient and power of Eq. 1.0E+4 pe==T T T T T T T TTTTT7]
(13) are 15% and 8%, respectively, while the correlation co- E  MEASUREMENTS 3
efficient of the fit is 0.89. The differences among the power [ SYM.  D.e(mm) b (mm) LIQUID 1
of the best fit of the data;-0.61, the power predicted by the L 9 % 23 WATER i
simplified theoretical result in Eq12), —0.60 and the ear- O 508 3.8 WATER

lier correlation for round free jetS, —0.74 are not statisti- 103 N1 23 gSTcE;Roum%) 3
cally significant. The coefficient of Eq.3) is relatively C A o 23 gtxgg;gtgggj; ]
large but this is expected from E€L2) because s, /v.,)®" [ v 64 23 ETHYL ALCOHOL |

is relatively large; thereforeC; is of order unity as antici- < s
pated for an empirical parameter of this type. Finally, the =
present correlation for wall jets gives values of SMbat %
are of the same order of magnitude but larger than the earlier
results for round free jets at comparable conditions. Never-
theless, differences of this magnitude might be anticipated -
due to the different turbulence states of these flows and when

TURBULENT WALL JET
CORRELATION

1.0E+2

concepts of hydraulic diameters are used to estimate integral 10 ~.
scales of turbulence and to compare findings for plane wall - s .. .
jets and round free jets. e AN .
The position of the onset of turbulent primary breakup " (WU ETAL. 1992) T ]
for plane wall jets was also found similar to the earlier study 1.0E40 e N
of round free jets. It was assumed that the eddy that forms 1E+3 1E+4 W, 1E+5 1E+6
A

the drops at the onset of turbulent primary breakup convects
along the liquid surface with a streamwise veloaity for a  FIG. 10. Length to initiate turbulent primary breakup at the free surface of
time 7; required for an eddy having characteristic sizéo  plane wall jets as a function of Weber number.

form a drop. There are several characteristic breakup times

that could be used to estimate as discussed by Wu and

Faeth'>!® based on these considerations, the Rayleigrexpected based on experimental uncertainties. The power of
breakup time was chosen for the present analysis. Thus, igVer, for the present data correlation is net0.4 as sug-
noring effects of liquid viscosity on the Rayleigh breakup gested by Eq(17), however, and can be represented better
time, which would be required at larger Ohnesorge numbeby the following empirical fit that is shown on the plot:
conditions as discussed by WeBgrthe expression forr; (X~ %)/ A =7100 WE?AO'S“. (18)

become¥
3 The standard deviations of the coefficient and power of Eq.
7~ (pelilo) . 14 (18 are 35% 9 [ [ '
o and 19%, respectively, while the correlation
This breakup time comes about as a result of interactiongoefficient of the fit is 0.57. The present power of We
between inertial and surface tension forces so that it is inde= 0.54, falls between the power predicted by the theoretical
pendent obv;; . The distance required for the onset of turbu-result in Eq.(17), —0.4, and the earlier correlation for round
lent primary breakup is measured relative to the onset ofree jets}s —0.67, but these differences are not statistically
surface roughness, as follows: significant due to the scatter of the data. As before, the large
value of the coefficient on the RHS of E(L8) can be an-
ticipated from Eq(17) because s, /v.,)®® is large for typi-
An expression fox;— X, is then found by substituting Eqg. cal turbulent pipe flows
(14) into Eq.(15) and letting SMDR~1;, as follows:

X=Xy~ UsTi (15

(Xi—%)/ A~ (SMD; /A)¥AWefZ. (16)  H. Drop sizes
Finally, eliminating SMD from Eg. (16), using Eq.(12), The approach used to find an expression for the variation
yields an expression for the location of the onset of turbulenbf SMD with distance from the onset of roughness was simi-
primary breakup, as follows: lar to the method used to find—Xx, . First of all, it is rea-

sonable to assume that drops near the liquid surface have
been formed recently by primary breakup because they have
whereC,; is the constant of proportionality of order of mag- relatively large cross-stream velocities independent of size,
nitude unity whilev./u, is a constant for fully developed see Egs(6) and(7). It is also reasonable to assume that the
plane turbulent wall jets. SMD is dominated by the largest drops in the drop size dis-
Present measurements xpf- x, are plotted in terms of tribution so that the SMD is proportional to the largest drop
the variables of Eq(17) in Fig. 10, along with the earlier that can be formed at a particular position. Then, neglecting
correlation ofx; /A found by Wuet al® for round free jets variations of wall jet velocities, as beforex<{Xx,)~ug 7
(note thatx,~0 for round free jets The correlation of the where the breakup time, is a function of the SMD. Finally,
present measurements in these coordinates is similar to tlelopting the Rayleigh breakup mechanism and letting
earlier results for free round jets and is within the scattetISMD~1, as before, a procedure similar to the derivation of

(%= X¢)/ A = Cyq(Ug, 07,) ¥We 04, @
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1.0E+4 P r T T TTT T TTT T TT which becomes large in this case. Taken together, the fact
F MEASUREMENTS 3 thatCg;, C,; andCg, all had reasonable magnitudes, on the
L SYM._uQuip Diog(mm) _b(mm) order of unity, while large values of the coefficients on the
1.0E+3k f WATER 50.8 88,70 RHS of the correlation expressions were properly associated
E WA . 23,43 9 . . e .
E e lcomol  oa o 3 with the ratio ofug, /v, to some power, which generates
[ A GLYCEROL (21%) 6.4 2.3 ] large numbers, helps support the physical ideas that were the
v GLYCEROL (42%) 6.4 23 i basis of the various expressions used to interpret and corre-
1.0E+2F o GLYCEROL (63%) 6.4 2.3 E
E 3 late the present measurements.
- 3 It should be noted that increasing distance will eventu-
g 0B+ ] ally yield a condition where the SMD approach&saccord-
= F Coreeramion CVET .- 3 ing to either Eq.(20) or the result plotted in Fig. 11. This
- (WUET AL. 1992) x I ] condition causes two types of behavior for round free jets:
i 1 (1) breakup of the entire liquid column at conditions similar
1.08+0F 3 to those observed by Grant and Middlenfaior round tur-
F ] bulent free jets in still gases, ar@) transition to the large-
- . eddy subrange of the three-dimensional turbulent energy
TURBULENT WALL JET . . . .
1.0E1 | 7 CORRELATION E spectrum leading to termination of turbulent primary breakup
- 3 along the liquid surface, similar to behavior observed by Wu
[ ] and Faetl’ The corresponding behavior for plane wall jets
qoEl—n e is not known and clearly merits attention in the future.
1.0E-2 1.0E1 1.0E+0 1.0E+1 1.0E+2
(x-K)(AWe,. ) IV. CONCLUSIONS

FIG. 11. SMD after turbulent primary breakup at the free surface of plane ~ The properties of the liquid surface, and of drop sizes
wall jets as a function of distance from the onset of surface roughness. after turbulent primary breakup along the liquid surface,
were measured for plane liquid wall jets along smooth walls
in still air at normal temperature and pressure. Experimental
conditions included water, various glycerol mixtures and
ethyl alcohol wall jets havingp;/py=680-980, Rg,
=17 000-840 000, We=6100-57000 and Qp
=0.001-0.013, the last implying conditions where direct ef-
fects of liquid viscosity are small. The major conclusions of
the study are as follows:

Eq. (16) yields the following expression for the variation of
SMD with distance from the onset of surface roughness:

SMD/A = Cg (Xx— X, )/ (AWef?)) 23, (19

whereC,, is a constant of proportionality that should be on
the order of unity. The approach used to derive @®) was
essentially the same as the approach used to retatex()
and SMD and should yield the same result; comparing Eqs(1) The presence of roughness at the liquid surface, and tur-

(16) and (19) demonstrates that this is properly the case.

The present measurements of SMD for plane wall jets
are plotted in terms of the variables of E49) in Fig. 11,
along with the earlier correlation measured by al 1° for
round free jets. The correlation of the present measurementg)
for plane wall jets in these coordinates is well within the
scatter anticipated based on experimental uncertainties. As
before, it is helpful that aspect ratios Bf,4/ b, in the range
1.5—-13.4 correlate in an identical manner in terms of a radial
integral scaleA, found from hydraulic diameter concepts.
The present best fit correlation for the variation of SMD with
distance for plane wall jets becomes

SMD/A =0.51((x—X,)/(AWep'd)) %8 (20

The standard deviations of the coefficient and power of Eg.
(20) are 24% and 6%, respectively, and the correlation coef-
ficient of the fit is 0.88. The differences among the power of
the best fit of the data, 0.48, the power predicted by the
simplified theoretical result in Eq19), 0.67, and the earlier
correlation for round free jet$,0.67, are statistically signifi-
cant. These differences are not large, however, in view of the
different turbulent states of decaying free round turbulent
free jets and developing plane turbulent wall jets. Finally, the(4)
coefficient of Eq.(20), Cgy, is on the order of unity as ex-
pected because there is no term proportionalugp/v.,

)

bulent primary breakup along the liquid surface, were
caused by turbulence due to liquid motion past the wall,
while direct effects of aerodynamic forces at the liquid
surface were small, for present conditions.

Transition to a roughened liquid surface occurred when
the outer edge of the turbulent boundary layer develop-
ing along the wall approached the liquid surface. For
present conditions, where turbulent boundary layer
growth was initiated by a trip wire, distances to the onset
of a roughened liquid surface could be correlated by the
turbulent boundary layer thickness expression of
Schlichting®®

Drop sizes after turbulent primary breakup satisfied the
universal root normal distribution function with
MMD/SMD=1.2 due to Simmon#’ similar to past ob-
servations of a variety of primary and secondary breakup
processes, see Refs. 13—17; this behavior is helpful be-
cause the complete drop size distribution is then fully
specified by a single parameter, e.g., by the SMD. Cor-
responding drop velocities after turbulent primary
breakup were essentially independent of drop size, i.e.,
they satisfied the uniform distribution function.

The mass-averaged streamwise velocities of drops after
turbulent primary breakup were comparable to mean
streamwise velocities in the wall jet while mass-
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