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SMD = Sauter mean diameter, m
Tc = chamber temperature, ±C
T0 = stagnation temperature, ±C
U f = liquid sheet velocity, m s¡1

Ui = mean value of velocity � eld, m s¡1

U1a = air velocity on one side of the liquid sheet, m s¡1

U2a = air velocity on other side of the liquid sheet m s¡1

W = Weber number, nondimensional
D Pair = air pressure drop along the mixing chamber, Pa
D Pl = liquid pressure drop along the mixing chamber, Pa
h = cone semiangle, deg
l l = liquid viscosity, kg m¡1 s¡1

q air = environment air density, kg m¡3

q l = liquid density, kg m¡3

r = liquid surface tension, kg s¡2

Introduction

I NTERNAL-MIXING, twin-� uid, airblast (Y-jet) atomizers, in
which liquid is injected into a mixing chamber with compressed

air or steam,are extensivelyused in industry.Mullingerand Chigier1

described the operatingprinciplesand design guidelinesof this type
of atomizer in an experimental paper by use of an empirical corre-
lation derived by Wigg2 to evaluate the effects of � ow parameters
on the spray droplet mean diameter.

Lefebvre3 described Wigg’s empirical investigation as one that
encompassednot only his experimentaldata, but also those of many
other researchers. It did much to elucidate key factors involved in
airblast atomization processes and identi� ed the effect of the air
velocity on mean droplet size. However, the effects of air density,
liquid surface tension, and atomizer size were not clearly estab-
lished. In particular, Wigg’s equation does not offer a good cor-
relation for water sprays. His own explanation for this fact was
based on the recombination and/or coalescence of droplets in the
spray.

In several types of atomizers, as discussed by Dombrowski and
Johns,4 the liquid is ejected from the � nal discharge ori� ce in the
form of a thin sheet. The manner in which this sheet is disinte-
grated in dropletsdependson the operatingconditionsof the nozzle.
Squire5 and Hagerty and Shea6 analyzed the characteristicsof these
waves for sheets of inviscid liquids of uniform thickness. Their re-
sults were applied with success by Fraser et al.7 and Dombrowski
and Hooper8 to calculate droplet sizes produced by fan-spray-type
injectors working with low-viscosity liquids.

In the model developed by Dombrowski and Johns,4 the liquid
possesses � nite viscosity, and the sheet thickness decreases as the
distance from the dischargeori� ce increases.They derivedan equa-
tion for the average droplet size based on the concept of a planar
liquid sheet, and their theoretical values compared well with exper-
imental results obtained by other researchers.

Couto and Bastos-Netto9 and Couto et al.10 extended the model
of Dombrowski and Johns to sprays formedby two impingingliquid
jets, and calculated the correspondingdroplet distributionfunction.
With two impinging jets, the liquid sheet remains planar. Their re-
sults checked well with the data taken by Queiroz.11

The model of Dombrowski and Johns4 was extended by Couto
et al.12 for pressure-swirl atomizers, for which results checked
well with several existing empirical and semi-empirical correla-
tions and experimental data found in the literature. It was assumed
that the conical sheet formed by the pressure-swirl atomizer � -
nal discharge ori� ce had, at the time of breakup, a much larger
radius than the sheet thickness, and that the wavelength of the
ripples formed in the liquid � lm grew until their amplitude was
equal to the ligament radius, so that one droplet is produced per
wavelength.4

An expressionfor estimatingthe � lm thicknessof a Y-jet atomizer
is derived in the work reported here, assuming that 1) there is a con-
ical geomery and 2) apart from a small amount of droplets formed
by the impact of the liquid on the airstream inside the premixing
chamber, the majority of droplets is generated by the liquid � lm
formed inside the premixingchamberwall through the de� ection of

the liquid jet by the high-speed gas stream � owing along the center
core of the chamber. This is to say that the Y-jet atomizer, usually
classi� ed as an internal mixing airblast atomizer, behaves instead
as a pre� lming airblast atomizer. Sauter mean diameter (SMD) val-
ues predicted with the formulation developed here compared well
with experimental results obtained in a Y-jet atomizer by use of a
laser-based, phase Doppler particle analyzer (PDPA).

Problem Description
In a typical Y-jet airblast atomizer, the liquid, on entering the

mixing chamber, is pushed against the wall by the incoming pres-
surized atomizing gas and a liquid � lm is generated. This liquid
� lm is then ejected from the discharge ori� ce nearly as a conical
sheet that disintegratesinto fragments, forming unstable ligaments.
These ligaments � nally contract under the action of surface ten-
sion, and form droplets. Once the � lm thickness is estimated, the
SMD of these droplets is calculated using an analogy based on the
work of Dombrowski and Johns,4 regarding the behavior of a pla-
nar disintegrating liquid sheet. They derived an equation for the
droplet size based on the concept of a planar liquid sheet, and their
theoretical predictions compared well with experimental results. In
the present work, the previously mentioned analyses were applied
to a Y-jet atomizer in the calculation of atomization parameters for
a conical liquid sheet instead of a planar liquid sheet. These param-
eters include the liquid mass � ow rate expressionand the liquid � lm
thickness given, as explained next.

Governing Equations
As the atomizinggas and the liquid are dischargedtogether in the

surrounding medium, the main parameter in this process is the dif-
ference between the chamber pressure Pc and the ambient pressure
Ps , which is the same for both � uids, i.e.,

D Pl D D Pair D Pc ¡ Ps (1)

The liquid sheet velocity is given by

U0 D [Cd (2D Pl / q l )]
1
2 (2)

where the relationshipbetween the � lm velocityand liquid sheet ve-
locity is U f D U0/ cos h . The continuityequationfor incompressible
� uids using a conical geometry for the liquid sheet yields

m f D q lU0( p / 4) D2
0 ¡ (D0 ¡ 2h0)

2 (3)

Then from Eq. (3) one has

h0 D D0 ¡ D2
0 ¡ (4m f / p q l U0)

1
2 2 (4)

Dombrowski and Johns4 derived the following expression for
estimating dl , formed on the liquid � lm breakup:

dl D 2
4
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where K is the “nozzle parameter” that the authors calculated for
fan-sprayatomizers, and Ui is a velocity term which, for the general
case, can be seen to be composed of three components: two of them
relative to the air � owing on both sides of the liquid sheet, and the
third one relative to the velocity of the sheet itself,13 U f . According
to Dombrowskiand Hooper,8 f D 12 for W À 1, for eitherdilational
or sinuous breakup. Thus, one obtains from Eq. (5) that
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Aside from the variables in Eq. (6), for which expressions have
already been obtained, formulations for the velocity pro� le at the
nozzle exit and the nozzle parameter are still missing. For the ve-
locity term Ui , a mean value was chosen such that

Ui D 1
3

U 2
f C (U1a ¡ U f )2 C (U2a ¡ U f )2

1
2 (7)

where U1a and U2a are the air velocities on either side of the
sheet. This assumption for Ui is more precise than the one used by
Dombrowski and Johns,4 who simply took an average between ve-
locitieson both sidesof the sheet.As the ambientair velocityoutside
the liquid sheet is taken to be zero in the Y-jet atomizer, one may
write

Ui D 1
3 2U 2

f C (U1a ¡ U f )2
1
2 (8)

In this paper, a conical sheet is assumed to be formed from the
atomizer� nal dischargeori� ce and to possessa much larger radiusat
the point of rupture than the sheet thickness.Assuming, in addition,
that the wavelength of the ripples formed in the liquid � lm grows
until they have an amplitude equal to the radiusof the ligament, then
one droplet will be produced per wavelength.4 Once the conical
sheet is established, the amplitude of the ripples away from the
injector is assumed to be much smaller than the cone diameter, so
that disturbances “view” the conical sheet as a plane. With these
assumptions, it is possible to apply the theory developed for thin
planar liquid sheets to thin conical liquid sheets.

A relationship is needed relating the location along the liquid
sheet to the local sheet thickness, which eventually will be related
to the initial thicknessof the sheetat the nozzle tip (knownquantity).
At any location, by conservation of mass, as the position along the
liquid sheet increases, the thickness of the sheet decreases. For a
planar sheet, the thickness at any section X (X being the position
measured from the nozzle tip to the rupture point) was describedby
Dombrowski and Johns4 as a function of the local sheet thickness
h, as h D K1/ X , where K1 is a constant. In the present work, as
the liquid sheet radiates as a conical sheet from the nozzle tip with
uniformvelocity, the thicknessat any section is also consideredto be
givenby h D K1/ X . Dombrowski and Johns, assuminga hyperbolic
relationship between the local sheet thickness h and time t , used
K D ht , where K is the nozzle parameter introduced in Eq. (5).
Therefore,

K D K1t/ X D K1/ U (9)

The only way for the condition in Eq. (9) to hold true is that at
a coordinate X D nhi , where n is any positive number and h i is the
initial sheet thickness at the atomizer tip where the conical liquid
surface is formed. Therefore, the sheet thickness will be given by
h i / n. Thus,

K1 D (hi / n)nhi D h2
i (10)

K D h2
i

.
U f (11)

As discussed by Wang and Lefebvre,14 h i D h0 cos h , and for in-
compressible � ow, U f D U0/ cos h , where U0 is the liquid velocity
at the atomizer tip. Consequently,

K D
h2

0 cos3 h

U0

(12)

Inserting Eq. (12) into the equation derived by Dombrowski and
Johns4 for the ligament diameter in a planar sheet [Eq. (6)], the

followingequation is obtained for a conical sheet,where Ui is given
by Eq. (8):
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for the diameter of the ligaments, which, according to Rayleigh (in
Lefebvre15) will generate droplets with

SMD D 1.89dl (14)

The discharge coef� cient was estimated as16

Cd D 0.827 ¡ 0.008l0/ D0 (15)

where l0 is the mixing chamber length taken from the liquid injec-
tion point. The spray angle was estimated by the relation given by
Abramovich17:

tan h D 0.13[1 C ( q air/ q l )] (16)

This angle can, alternatively,be measured directly by photographic
methods.

Experimental Setup and Procedure
To validate the mathematical developmentproposedhere, a Y-jet

atomizer was built and SMD measurements were carried out with
a two-component, laser-based, PDPA system. A schematic of the
Y-type atomizer used in this work is shown in Fig. 1. The atomizer
dimensions, basically the liquid and air-injection ori� ces and the
mixing chamber dimensions, were calculated using Mullinger and
Chigier’s guidelines1 and the following assumptions: 1) isentropic
� ow through the atomization air ori� ce, 2) Mach number equal to
unity at the air ori� ce outlet section, 3) stagnation air temperature
of 298 K, and 4) liquid injection discharge coef� cient of 0.75. At
the design operating conditions, the ratio between the atomization
air to the liquid � ow rates was chosen to be 0.1.

Experiments with water were performed for atomization air-
injection pressures of 8, 15, and 25 psig. In these tests, the air mass
� ow rate was measured with a calibrated ori� ce plate and the wa-
ter mass � ow rate with a rotameter. The following parameters were
then calculated, under the assumption of isentropic � ow through
the air-injection ori� ce: injection Mach number, air density, stag-
nation pressure, and temperature in the mixing chamber. The air
velocity at the end of the mixing chamber was calculated from the
chamber dimensions, using the calculated air density, and the ra-
tio between the air and liquid mass � ow rates. For characterization
with the PDPA system, the atomizer was positioned in the verti-
cal direction with its tip pointed downward and the laser beams in

Fig. 1 Y-jet atomizer tested in this work (dimensions in millimeters).
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the horizontal direction. Measurements presented here were taken
at the spray centerline at an axial position of 7.6 cm below the
nozzle tip.

Comparison of Theoretical and Experimental Results
Table 1 presents the variationof severalatomizer � ow parameters

as the water mass � ow rate was varied, for air stagnation pressures
of 8, 15, and 25 psig, respectively.The parameters shown in Table 1
are important here because they are the parameters used in the eval-
uation of all the variables needed in the proposed mathematical
formulation.

Figure 2 shows the variation of the SMD with water mass � ow
rate for atomizing air injection pressures of 8, 15, and 25 psig.
The SMD was obtained for the following cases: 1) by use of the
formulation developed in this paper and 2) by experimental deter-

Table 1 Atomizer � ow parameters for D Pl = 8, 15, and 25 psiga

P0 , m f , mair , Mach q air , Tc, D Pl , Ui , SMD SMD
psig g/s g/s number Tc / T0 Pc / P0 103 kg m¡3 ±C bar m/s calculated, l m measured, l m

8 2.40 0.112 0.384 0.971 0.903 1.69 19.4 0.50 132 64 64
8 3.60 0.092 0.305 0.982 0.938 1.75 19.6 0.52 105 85 86
8 4.20 0.078 0.255 0.987 0.956 1.77 19.7 0.53 88 95 100
8 5.10 0.073 0.238 0.989 0.961 1.78 19.8 0.53 82 111 104
8 6.30 0.067 0.216 0.998 0.968 1.80 20.0 0.53 74 133 ——
15 2.40 0.176 0.485 0.955 0.851 2.10 19.1 0.88 166 47 45
15 3.60 0.146 0.382 0.972 0.904 2.22 19.4 0.93 131 61 56
15 4.20 0.131 0.336 0.978 0.925 2.26 19.6 0.95 115 68 74
15 5.10 0.114 0.287 0.984 0.944 2.30 19.7 0.97 98 77 82
15 6.30 0.105 0.263 0.986 0.953 2.32 19.7 0.98 90 91 86
25 2.40 0.235 0.479 0.956 0.855 2.85 19.1 1.48 164 34 42
25 3.60 0.231 0.469 0.958 0.860 2.86 19.2 1.49 161 47 46
25 4.20 0.216 0.431 0.964 0.880 2.91 19.3 1.52 148 52 54
25 5.10 0.190 0.337 0.978 0.924 3.27 19.6 1.60 116 58 61
25 6.30 0.168 0.319 0.980 0.932 3.05 19.6 1.61 109 68 67

aT0 D 20±C, h D 7 deg, as measured from photographsof the spray.

Fig. 2 SMD (calculated and measured) vs water mass � ow rate, D Pl = 8, 15, and 25 psig.

mination with the PDPA system. The nozzle-operating conditions
were not extended to water mass � ow rates above 5 g/s because, in
this case, the SMD values obtained would be comparable with the
PDPA measurement volume, leading to nonreliable experimental
results.

As shown in Fig. 2, as the liquid mass � ow rate increases, the
SMD increases. SMD also increases for a given liquid mass � ow
rate as the nozzle operating pressure increases. It is observed that
the results obtained with the theoretical formulation derived in this
work � t the experimental data well. One of the strong features of
the formulation is that it takes into account the atomizergeometrical
characteristicsthrough the nozzle parameter K . The SMD has been
shown to be very sensitiveto K , which in turn, is stronglydependent
on the liquid � lm thicknessh0. Therefore, by measuring the droplet
SMD, one may conclude that the expression derived for h0, i.e.,
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Eq. (4), is satisfactory in describing the overall phenomenon of the
liquid � lm generation.

Conclusions
A theoretical formula for estimating the SMD, based on

Dombrowski and Johns’ hypothesis4 regarding the thickness of a
planar disintegrating liquid sheet, was derived for a Y-jet atom-
izer, considering a conical surface for the disintegrating sheet. The
derived theoretical equation for the conical spray SMD atomizer
includes geometrical parameters as well as easy-to-measure liquid
fuel and atomizing gas � ow parameters; and it correlates satisfacto-
rily with experimental data obtained with water.

The only formulation available to date for estimating the SMD
of Y-jet atomizers was that given by Wigg’s equation.2 It does not
perform well for water. The present formulation has been shown to
work for water, not only for Y-jet atomizers, but also for pressure
swirl atomizers.12 For pressure swirl atomizers, using experimental
results from other sources, the formulation has been shown to per-
form reasonablyfor other liquids, such as diesel fuel, heavy fuel oil,
ethyl alcohol, and kerosene.The formulationdevelopedhere can be
applied for W À 1, which was the case in all of the experimental
data presented, for which 33 < W < 161.
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Introduction

T HE theoretical performance of an enthalpy rocket has recently
been discussed in several published Notes.1¡3 The rocket uses

the stored energy of a thermal capacitor to heat a nonreactingwork-
ing � uid. Parker and Humble1 derived the velocity increment of a
rocket that only consists of the capacitor and propellant masses.
The released energy during the solidi� cation of a suitable mate-
rial heats the propellant from an absolute zero temperature to the
material’s melting temperature. Different materials and working
gases have been compared; the heavier propellantsappeared to hold
some promise for applicationsrequiringsizablevelocityincrements.
Gany2 has shown that the performance of an enthalpy rocket with
no payload or additional inerts, other than the capacitor itself, is
merely a functionof capacitorand propellant thermodynamicprop-
erties. King3 suggests some means to improve engine performance;
in particular, he points out the bene� t of a higher initial tempera-
ture of the working � uid and suggests a more complete use of the
capacitor mass by allowing its temperature to range from values
above the melting point to temperatures below it. Performance is
also improved by heating the propellant to a lower temperature,
i.e., by expelling the gas with a lower exhaust velocity but in larger
quantities for unit mass of capacitor. King also proposes the use
of nitrogen in the early phase of the engine operation and then a
subsequent shift to hydrogen.

This Note investigatesthe theoreticalupper limits of the enthalpy
rocket by applying the theory of optimal control.4 The assumptions
of perfect heat transfer and negligible heat of vaporization for an
initially liquid propellant do not reduce performance and appear
to be coherent with the aim of the work. However, the application
of the control theory has been directed to analyze the in� uence
of the relevant parameters more than to obtain the ideal engine
performance.In particular, this Note addresses the selection criteria
for the capacitor material and working � uid, the in� uence of the
propellant temperature inside its tank, and the best choice for the
total temperature of the heated propellant, which is not constant
during the engine operation.

Previous analyses have assumed that the whole rocket mass is
functional, i.e., consisting of capacitor and propellant, to obtain the
highestvelocityincrement;under the same conditions,conventional
propulsionprovides in� nite velocity.The presenceof a payloadand
inert mass apart from that of the capacitor is accounted for in this
work and comparisons are more favorable for the enthalpy rocket.
The tank mass is related to the physical state of the working � uid,
and therefore, to its initial temperature; this aspect has not been
considered.
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