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Introduction

W HEN describingliquidatomization,the processcontainstwo
basic stages, primary atomization and secondary atomiza-

tion. Primary atomization refers to droplet disintegration from a
continuous liquid body. Secondary atomization refers to further
droplet breakup or coalescencewith other dropletsduring the trans-
port process. Most studies in the past have combined these two
steps and treated them as one global process.For example, Rizk and
Lefebvre,1 Suyari and Lefebvre,2 Wang and Lefebvre,3 and others
have illustrated that liquid properties of viscosity, surface tension,
and density in� uence atomization quality. However, to better un-
derstand the atomization mechanism, it is important to examine
separately the two aforementioned atomization stages. Instead of
studying � uid property effects on the global atomization quality,
this Technical Note focuses on the primary atomization stage of
a simplex pressure-swirl spray and, speci� cally, investigates ex-
perimentally the effect of � uid properties on conical liquid sheet
disintegration.

The phenomenon of liquid sheet disintegration has been exten-
sively studied theoretically. In theoretical analyses, for example,
Squire,4 York et al.,5 Hagerty and Shea,6 Clark and Dombrowski,7

Rangel and Sirignano,8 Lin,9 and Li and Tankin10 concluded that
Weber number (ratio of the inertial and interfacial surface tension
forces) is an important parameter for liquid breakupand Ohnesorge
number (ratio of the internal viscous force to the interfacial surface
tension force) is also an important parameter if liquid viscosity is
considered. The effect of Reynolds number is not explicitly dis-
cussed. In this study, the liquid sheet breakup length is not only
found to be a function of Weber and Ohnesorgenumbers, but is also
a strong function of Reynolds number.

Experimentally, Dombrowski and Fraser11 used a photographic
techniqueto demonstratethat liquid sheetswith high surface tension
and viscositywere resistant to disruptionand that the effect of liquid
densityon liquidsheetdisintegrationwas small.Rizk andLefebvre12

also examined the mechanism of sheet disruption by using high-
speed � ash photography.The photographs showed that an increase
in liquid viscosity resulted in a liquid sheet with fewer waves and
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more resistance to breakup. These experiments only demonstrated
qualitativelythe adverse effect of increasing� uid viscosityand sur-
face tension on liquid sheet disintegration.

This study examines quantitatively the effect of � uid properties
on discharge coef� cient and breakup length of a simplex pressure-
swirl nozzle. Discharge coef� cient speci� es the available � ow rate
of the nozzle and also indicates the pressure loss across the nozzle.
Breakup length represents the liquid disintegrationpotential across
the nozzle. Qualitatively, liquid sheet features, that is, the sheet
surface appearance and the spray-cone shape, illustrate the spray
development and relate to the atomization quality. Such studies can
help one understand how an atomizer handles different � uids, so
that one can maintain atomization quality.

Experimental Procedures
The experimental setup is shown schematically in Fig. 1. High-

pressure nitrogen (at 690 kPa) is introduced into a stainless steel
vessel to drive liquid through a 5-¹m pore sintered � lter, metering
valve, � owmeter, and then through a hollow-cone pressure-swirl
nozzle. Upstream of the atomizer, a pressure gauge is used to mea-
sure the � uid injection pressure 1p. The injection pressure was
varied from 207 to 690 kPa by adjusting a metering valve. The at-
omizer ori� ce diameter d is 0.025 cm, and the nominal � ow rate is
63 cm3/min at the designed injection pressure of 860 kPa. At the
nominal operating conditions, the spray forms a 60-deg cone angle.

The atomization process from a hollow-cone spray is turbulent;
therefore,a single-� ash stroboscopewith a 3-¹s pulse duration was
used as a backlightingsource to freeze the instantaneousdisruption
process. A long-distance microscope attached to a 35-mm camera
was used to photographthe process.To optimize resolutionand cap-
ture the region of liquid breakup, differentphotographicmagni� ca-
tions were used for different viscosity � uids. Changing the distance
between the camera and objective lens varied the magni� cation of
the microscope. The maximum magni� cation factor was 5 for this
experimental arrangement. More than 15 photographs were taken
for each experiment. Because the breakup boundary along the con-
ical sheet varies at different circumferential locations, the breakup
length was determined by choosing a speci� c point on a conical

Fig. 1 Schematic of experimental setup.
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Table 1 Fluid physical properties

Kinematic Surface Ohnesorge
Liquid viscosity tension Density number
(volume fraction) º, mm2 /s ¾ , kg/s2 ½, kg/m3 Oh .103/

Methanol 0.9 0.023 788 10.5
Water–detergent 1.0 0.048 995 9.11

(¼2=98)
Water 1.0 0.072 995 7.43
Glycerol–water 1.7 0.071 1000 12.7

(¼10=90)
Kerosene 2.3 0.026 802 25.5
Glycerol–water 2.3 0.070 1009 17.5

(¼15=85)
Glycerol–water 4.1 0.068 1078 32.6

(¼25=75)
Glycerol–water 6.0 0.062 1081 50.1

(¼30=70)

sheet and averaging the values from more than 15 photographs of
the same spray. A � ne-scale reticule (40 lines/mm) was used to
measure the breakup length.

In this experiment, eight different � uids were used: methanol,
water–detergent mixture, water, kerosene, and four different
glycerol–water mixtures. The � uid properties measured at 293 K
are listed in Table 1. Two pairs of � uids with the same kinematic
viscosity º but different surface tensions, that is, º D 1:0 mm2/s for
� uids 2 and 3 and º D 2:3 mm2/s for � uids 5 and 6, were used so
that the effect of surface tension was isolated from viscosity. Be-
cause the liquid density ½ from previous studies1;3;9 was shown to
have a small effect on liquid atomization, the experiments focused
primarily on the in� uence of liquid viscosity and surface tension ¾ .
The variation of the � uid density, therefore, was small, as shown
in Table 1. The Ohnesorge number, that is, Oh D º½=.½¾ d/0:5, was
also calculated and listed in Table 1, where d is the atomizer ori� ce
diameter.

In these experiments,the liquidvolume � ow rate Q was measured
and the liquid bulk exit velocity Ub was calculated as

Ub D Q=A (1)

where A is the cross-sectional area of the atomizer ori� ce. From
the liquid bulk exit velocity, the nozzle discharge coef� cient CD is
de� ned as

CD D Ub=.21p=½/0:5 (2)

where1p is the pressuredrop across theatomizer.The dischargeco-
ef� cient represents the ratio of the actual � ow rate to the theoretical
� ow rate.

Results and Discussions
Sheet Features

Lefebvre13 described the development of sprays from a low in-
jection pressure to a high injectionpressure in � ve stages as dribble,
distorted pencil, onion, tulip, and fully developed.These � ve stages
are given in order of increasing atomization quality. The series of
photographs in Figs. 2–4 show that the parameter affecting the de-
velopment of sprays is not only injection pressure, but also � uid
viscosity and surface tension.

Figure 2 illustrates how the � uid 1 liquid sheet changes at three
injection pressuresof 207, 414, and 690 kPa. The photographexpo-
sure time is 3 ¹s. Figures 2a–2c show that, with increasingpressure,
the breakup length reduces and the spray cone changes from a con-
vex surface shape (or tulip stage) to a plain surface shape (or fully
developed spray). The change in the spray cone shape is attributed
to the competition between the inertial force (driven by the injec-
tion pressure) and the contraction force (developed from the liquid
surface tension).13

The effect of viscosity on the sheet features is emphasized more
distinctly on the sheet surface than on the spray cone shape, as
shown in Fig. 3. Four different viscosity � uids are presented with
a similar value of surface tension, that is, � uids 3, 6, 7, and 8 with

a)

b)

c)

Fig. 2 Representative photographs of the spray features for � uid 1
(º = 0.9 mm2/s, ¾ = 0.023 kg/s2, and ½ = 788kg/m3 ) at different injection
pressures D p = a) 207 kPa, b) 414 kPa, and c) 690 kPa.

º D 1:0; 2:3; 4:1, and 6.0 mm2/s, respectively. For lower viscosity
� uids, that is, Figs. 3a and 3b, º D 1:0 and 2.3 mm2/s, respectively,
the liquid surface is turbulent with ripples at different wavelengths.
In addition, a long wavelength disturbance is superimposed on the
surface where its amplitude continues to grow until breakup. For a
higher viscosity � uid, for instance,Fig. 3d, the waves on the surface
appearmore simplexand many perforatedholesare observed,which
become the dominant mechanism of disintegration.14;15

The effect of liquid surface tension on the liquid sheet features
is demonstrated more clearly by looking at the spray cone shape
instead of the sheet surface, as shown in Fig. 4. Figures 4a and 4b
show the liquid sheet for � uids 2 and 3, respectively,at an injection
pressure of 276 kPa. These two � uids have the same viscosity (º D
1:0 mm2/s), but differentvalues of surface tension (¾ D 0:048 kg/s2

for � uid 2 and 0.072 kg/s2 for � uid 3). The sheet surface shows
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a) Fluid 3: º = 1.0 mm2/s, ¾ = 0.072 kg/s2, and ½ = 955 kg/m3

b) Fluid 6: º = 2.3 mm2/s, ¾ = 0.070 kg/s2, and ½ = 1009 kg/m3

c) Fluid 7: º = 4.1 mm2/s, ¾ = 0.068 kg/s2 , and ½ = 1078 kg/m3

d) Fluid 8: º = 6.0 mm2/s, ¾ = 0.062 kg/s2, and ½ = 1081 kg/m3

Fig. 3 Representative photographs of spray features for different vis-
cosities but similar value of surface tension at D p = 690 kPa.

a) Fluid 2: º = 1.0 mm2/s, ¾ = 0.048 kg/s2 , and ½ = 955 kg/m3

b) Fluid 3: º = 1.0 mm2/s, ¾ = 0.072 kg/s2, and ½ = 1000 kg/m3

Fig. 4 Representative photographs of spray features for two pairs of
� uids at D p = 276 kPa with the same viscosity but different values of
surface tension.

no signi� cant difference, but the shape of the liquid cone is differ-
ent. The higher surface tension liquid generates suf� cient force to
contract the cone inward and produces a convex surface, as shown
in Fig. 4b, whereas the lower surface tension liquid forms a plain
surface cone with a shorter breakup length, as shown in Fig. 4a.

Discharge Coef� cient

Many researchers have investigated the relationship between the
discharge coef� cient CD of a simplex pressure-swirlnozzle and the
Reynolds number. The Reynolds number was based on the ori� ce
diameter d . For example, Radcliffe16 studied a family of simplex
pressure-swirl atomizers and demonstrated that, at low Reynolds
numbers, CD decreases with an increase of Reynolds number, and
for larger Reynolds numbers, CD is independent of the Reynolds
number. In this study, a similar determinationof the variation of CD

with the Reynolds number was carried out, as presented in Fig. 5.
Following the methodology of other reported studies, Eqs. (1) and
(2)wereused to determinethevalueofCD , and theReynoldsnumber
was de� ned as Ubd=º. The expanded uncertainty for CD is approx-
imately 2% (having a 95% con� dence level). Figure 5 indicates that
the variation of CD with Reynolds number is consistent with the
previous studies. At low Reynolds numbers, CD decreases with an
increase of Reynolds number, and the change is reduced greatly
when Re > 2 £ 103 . Note that for Re < 2 £ 103 CD is surface ten-
sion and density independent.For example, � uids 5 and 6 have dif-
ferent surface tensions (¾ D 0:026 and 0.07 kg/s2 , respectively) and
the same viscosity (º D 2:3 mm2/s), but their values of CD are sim-
ilar for a particular value of Reynolds number. When the Reynolds
number is larger than 2 £ 103, however, the discharge coef� cient
is in� uenced by liquid surface tension and density. For example,
� uids 2 and 3 have the same viscosity (º D 1:0 mm2/s) but different
surface tensions (¾ D 0:048 and 0.072 kg/s2, respectively). Figure 5
shows that � uid 2 with a lower surface tension has a higher value
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Fig. 5 Variationof the dischargecoef� cient of a simplex pressure-swirl
atomizer with Reynolds number.

of CD than � uid 3. In another case, � uid 1 (º D 0:9 mm2/s), with
a similar viscosity to � uids 2 and 3, has a lower surface tension
(¾ D 0:023 kg/s2), but the discharge coef� cient is lower. This trend
is attributed to that � uid 1 has a lower density (½ D 788 kg/m3 for
� uid 1 and 995 kg/m3 for � uids 2 and 3). This result suggests that
� uid density plays an important role, but has an opposite effect on
the discharge coef� cient than surface tension. Lower � uid density
has a higher-theoreticalexit velocity,as given by Eq. (2), and results
in a lower discharge coef� cient.

Breakup Length

Li and Tankin10 investigated the effect of the liquid viscosity (by
means of the Ohnesorge number) on liquid breakup length without
explicitly investigating the effect of Reynolds number. To this end,
the variation of breakup length with Reynolds number for different
� uid propertiesis presented in Fig. 6. The breakup length is reported
as the averagevalue for more than 15 photographs,and the error bar
represents the standard deviation.The breakup length is normalized
by the atomizer ori� ce diameter. The Reynolds number is de� ned
in the same fashion as it was de� ned for CD , that is, Ubd=º. The re-
sults indicate the presenceof two distinct regions.For Re < 2 £ 103,
the breakup length decreases with an increase in Reynolds number,
and it appears to be independent on Ohnesorge number. For exam-
ple, � uid 5 (¾ D 0:026 kg/s2) and � uid 6 (¾ D 0:070 kg/s2) have
different values of surface tension and the same viscosity, that is,
º D 2:3 mm2/s. The data are found to coincide with one another
even though there is a large difference in surface tension. When
Re > 2 £ 103, both Reynolds and Ohnesorge numbers in� uence the
breakup length. At a given Reynolds number, a lower Ohnesorge
number liquid is less susceptible to disruption because of a higher
surface tension and leads to a longer breakup length. For example,
� uid 3 (Oh D 7:4 £ 10¡3; ¾ D 0:072 kg/s2 ) has a longer breakup
length than � uid 2 (Oh D 9:1 £ 10¡3; ¾ D 0:048 kg/s2) and � uid
1 (Oh D 10:5 £ 10¡3; ¾ D 0:023 kg/s2); the values of viscosity are
similar for these three liquids, that is, º ¼ 1:0 mm2/s.

All theoreticalanalysesemphasizethe importanceof Weber num-
ber in characterizing liquid sheet breakup. According to Li and
Tankin,10 when the gas Weber number exceeds a critical value
(½g=½), aerodynamicinstabilitydominates the breakupprocess.The
gas Weber number is de� ned as Weg D ½gU 2

b d=¾ , where ½g is the
gas density. The calculatedgas Weber numbers for the reported ex-
periments vary from 0.1 to 4, which are substantially larger than
the critical value, that is, ½g=½ D 0:001 for a water sheet in atmo-

Fig. 6 Variation of the normalized liquid sheet breakup length with
Reynolds number for different values of Ohnesorge number. The curve
is divided into region I (Re < 2 £ 103 ) and region II (Re >2 £ 103) by
the vertical dashed line.

Fig. 7 Variation of the normalized liquid sheet breakup length with
gas Weber number for different values of Ohnesorge number.

spheric air. Therefore, the aerodynamicmode is a dominantbreakup
mechanism. The variation of liquid breakup length with gas Weber
number is presented in Fig. 7. As Li and Tankin point out, when liq-
uid viscosity effects are considered,Ohnesorge number, in addition
to Weber number, is a parameter that characterizes sheet breakup;
that is, liquid viscosity, through Ohnesorge number, acts to reduce
the growth rate.Overall, the resultspresented in Fig. 7 are consistent
with the predictions of Li and Tankin, that is, breakup length de-
creases with an increasein Weber number, and a liquid with a higher
Ohnesorgenumber is more resistant to breakup.However,when the
Ohnesorge number becomes small, the variation of breakup length
with Ohnesorge number tends to be less distinguishable.Although
the impact of the fuel swirl (formed by the atomizer swirler) has
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not been discussed in the TechnicalNote, note that it will contribute
to the conical sheet instability.Further investigationof the effect of
� uid swirl velocity on breakup length is required to elucidate the
relationshipbetween breakup length and both Weber and Reynolds
numbers.

Conclusions
The effect of � uid properties on the liquid sheet features, dis-

charge coef� cient, and sheet disintegration was examined experi-
mentally with a simplex pressure-swirl atomizer. The � uid proper-
ties of viscosity and surface tension both affect the sheet features,
that is, sheet surface appearance and spray cone shape. The � uid
properties of viscosity, surface tension, and density affect the dis-
chargecoef� cientof a pressure-swirlatomizer.For viscosity,the dis-
charge coef� cient decreases with an increase of Reynolds number,
but the change is reduced signi� cantly when the Reynolds number
becomes larger than 2 £ 103 . When Re > 2 £ 103 , both � uid density
and surface tension affect the discharge coef� cient.

The variation of the breakup length with Reynolds number and
Ohnesorge number indicates two distinct regimes. When Re < 2 £
103, the breakup length decreases with an increase of Reynolds
number, and is independentof Ohnesorge number. Liquid viscosity
is the primary factor that in� uences breakup in this region. When
Re > 2 £ 103 , both Reynolds number and Ohnesorgenumber affect
the breakup length such that enhanced liquid inertia (via Reynolds
number) reduces further the breakup length, and increased surface
tension (via Ohnesorge number) enlarges breakup length. Relat-
ing breakup length to Weber and Ohnesorge numbers also supports
these results with regard to the in� uence of liquid viscosity, surface
tension, and inertia on breakup length.
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Characteristic Gap: A New Design
Criterion for Solid Rocket Motors
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Introduction

T HIS Note reports on development of a new, more straightfor-
ward relationship between certain solid rocket motor geomet-

ric properties and the predicted pressure spike. The values of this
theoretical relationship agree well with experimental data. It also
demonstrateshow to applythe relationshipto motordesignmethods.

Internal ballistics formulations developed for the design of solid
rocket motors (SRM) are derived from the conservative equations
usingeither thedifferentialor the integralform.1¡7 The lattermethod
is more convenientbecausecontrolvolumeselection for the internal
aerodynamics is de� ned by the motor geometry. It is also easier to
identify the origin of terms, that is, steady-state vs unsteady terms,
and, thus, to keep them separated.Because the substantialderivative
is decomposedinto temporal and spatial terms, it is easier to monitor
the mathematical rigor of the equations of motion and to apply
physicallymeaningful simplifying assumptions to convectiveterms
alone or to temporal terms alone. We follow the same procedure in
the present study to obtain unsteady equilibrium.

Before ignition, the pressure in the chamber is ambient. As the
propellantis ignited,it generateshotgas, which � lls the void volume
of the chamber and pressurizesit to the design pressure in the cham-
ber, and then the gas is ejected through the nozzle. In cases where
a burnt gas mass is generated in an increasinglysmall void volume,
the chamber � lls too fast, which causes a higher than designedpres-
sure in the chamber. For propellants with pressure-dependentburn
rates, such conditions create a feedback loop process that forces
ever higher generated mass, which cannot be ejected at the rate of
production and, thus, is stored. For a volume that is too large, on
the other hand, the same given generated mass is not suf� cient to
pressurize the chamber to the designed pressure level. In extreme
cases, the rocket motor is extinguishedprematurely.

When a thrust requirement forces designers to pack more grain
in a given volume to increase the mass fraction (initial to � nal mass
of an SRM,1¡3 usually both nozzle ef� ciency and void volume are
sacri� ced. Such a design constraintapplies to all sizes of SRMs, but
is more dramatic in small SRMs. This constraintsets the conditions
for a nonequilibrium, erosively burning motor. The main concern,
then,shifts from thechoicebetweenbalancedvsnonbalanceddesign
to that of solving of the problem of how to minimize and/or predict
the pressurespike in the chamber.This is an important issuenot only
for themotorperformancebut also for thecasematerialselection,the
wall thickness,and for thedesignsafetymargin.When a multinozzle
design is selected, a further reductionof the void volume, otherwise
available in the convergent cone of a single-nozzle design, occurs.
Although this is the reason why multinozzle design improves the
mass fraction, it is also what increases sensitivity to erosiveburning
and, thus, to pressure spike.

The present study � rst discusses the theoretical aspects of the
concept,which followsa previousdevelopmentof an unsteady-state
equilibriumformulation4 to developa modi� ed unsteady-stateequi-
librium formulation that leads to a new design criterion. Next, ex-
perimental data corroborate the theory and demonstrate its physical
interpretation.The data also demonstratehow to apply the equation
to motor design.
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