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mist-jet system includes: 1) inlet, compression and injec-
tion losses; 2) inlet drag; 3) expansion of the water particle-
air continuum mixture; 4) heat transfer between water par-
ticles and air; 5) shattering of water particle during the
expansion; 6) wall friction.

This theory agrees with the results of a small experiment

as shown in Fig. 1. The experiment consists of a 4-ft ex-
pansion nozzle with a 32-in2 inlet area.

The performance of a 4- X 8-ft inlet area, 100-knot mist
jet is shown in Fig. 2. In order to reach optimum efficiency
relatively long nozzles are required. Shorter nozzles are
possible at only a small sacrifice in efficiency.
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sis includes the effect of momentum transfer between the air and the water particles, the
shattering of the particles exposed to an air stream, losses attributed to heat transfer between
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Nomenclature

A = two-phase nozzle cross-sectional area
As = water inlet cross-sectional area
C = liquid-phase specific heat
Cp = gas-phase specific heat
CD = particle drag coefficient
CDS = inlet drag coefficient
D = particle diameter
DH = hydraulic diameter
Ds = inlet drag
FD = particle drag force
h = heat-transfer coefficient
Hi = initial nozzle heights
K = freestream dynamic pressure recovery coefficient
L = nozzle length
m = mass flow rate
Nu = Nusselt number
P = static pressure
r = mass flow ratio
R = gas constant
Re = Reynolds number
q = particle heat transfer
S = two-phase nozzle slope
T = characteristic particle shattering time
TH = characteristic particle shattering time according to Haas1

T = temperature
Ti = initial or ambient temperature
V = velocity
w = two-phase nozzle width
We = Weber number
X = two-phase nozzle coordinate
7 = ratio of specific heats
rjc — compressor efficiency
770 = propulsion efficiency
v = stagnation pressure ratio
p = density
<r = liquid-gas velocity ratio
6 = thrust
TW = two-phase wall shear
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Subscripts
Ex — exit condition
g — gas phase
I — liquid phase
S = ship condition

Introduction

THE water-augmented air jet or mist jet is a reliable, light-
weight, high-speed marine propulsion system, utilizing a

two-phase propulsion fluid. That is, a mixture of water and
air, both of which are plentiful at the ocean surface, is ex-
panded through a nozzle to produce thrust. The process is
properly referred to as augmentation since the air jet is capa-
ble of producing thrust by itself.

The concept of two-phase propulsion is not new in the
marine propulsion field. Past efforts have primarily been
centered on the hydroramjet,1 its pulse-jet cousin, and the
liquid ejector using either compressed air or steam.2 In
general, these systems suffer from high heat-transfer losses to
the water, since they use either adiabatically compressed
high-pressure air or combustion products. Others fail to
provide zero velocity thrust and thus require auxiliary pro-
pulsion power plants.

The water-augmented air jet is a more recent addition to the)
two-phase marine-propulsion field. It represents an improve^-
ment over the other systems since it is partially able to over-
come some of their problems, such as excessive heat-transfer
losses and the lack of static thrust. Preliminary studies of
this concept were published by Muench and Keith3 and
Davison and Sadowski.4

It has been mentioned that the mist jet is a lightweight
system. This is basically a result of eliminating mechanical
transmission elements and using aircraft-type power plants.
This system employs a turbofan which is usually designed for
subsonic speed (500 knots). By injecting water in the form
of particles into the bypass air, the system is suited for pro-
pulsion of prospective high-speed marine vehicles. The
turbofan and associated equipment for injecting water and the
two-phase expansion nozzle are still light compared to the
water jet and super-cavitating propeller. The bypass air of
the turbofan, with a pressure ratio between 1.3 and 1.5, is
especially suited, since the efficiency of the mist jet decreases
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with increasing pressure ratio and the size of the system in-
creases appreciably below a compression ratio of 1.3. The
decrease in efficiency at higher-pressure ratios is primarily due
to heat-transfer losses from the air to the water and larger
spray losses associated with higher air pressures.

A typical high-speed ship installation of the mist jet is
shown in Fig. 1. In order to avoid salt spray and water
ingestion, the turbofan inlet should be located high above the
water line. Lifting the water to the fan exhaust will result in
an appreciable loss in spray pressure; therefore, the spray
station is located near the water line and the air is ducted
down. The purpose of the spray station is to inject water in
the form of small droplets coaxially with the air stream. The
mixture of air and water is then expanded to ambient pres-
sure.

In the system shown in Fig. 1, the spray pressure is equal
to the portion of the freestream stagnation pressure recovered
by the high-speed inlet, less the water lift and other losses.
At low ship speeds insufficient pressure is available to estab-
lish water flow against the air pressure at the spray station.
A pump can be installed to boost the spray pressure, but it
should be pointed out that the addition of a pump to handle
the high water mass flow sacrifices the basically simple and
lightweight features of the propulsion system. Relying on the
inlet recovery to provide the spray pressure requires that
sufficient unaugmented thrust is available to accelerate the
ship to the speed where augmentation is possible.

The thrust augmentation is due to the increased mass flow
at constant power input, which decreases the exit velocity re-
sulting in lower kinetic energy losses to the wake. This aug-
mentation in thrust by lowering the wake loss is not accom-
plished without increasing the losses in other areas. For in-
stance, water has to be brought onboard, requiring high-speed
water inlets that introduce some additional drag and some
recovery pressure that is less than the stagnation pressure.
One might wonder if these additional considerations do not
out weight the gain. Therefore it was necessary for the
analysis outlined in the next section to include reasonable
values for all major losses.

It should be mentioned that as the system evolved it was
realized that comparison with other possible high-speed pro-
pulsion systems (supercavitating propellers and water jets)
could not be based on efficiency alone. The mist jet, although
lighter and cheaper, unfortunately is less efficient than the
other systems mentioned previously. It is therefore more
meaningful to compare the propulsion system performance on
an over all or economic basis, accounting for the payload, fuel
consumption, initial cost, etc. Smith and Fox,5 and more re-
cently Garrett and Quandt,6 published an economic analysis
of small captured-air-bubble ships powered by mist jets,
water jets, and supercavitating propellers. They found that
the lighter weight, lower-cost mist jet can overcome its effi-
ciency handicap at speeds in excess of 75 knots.

Analysis

Although it was stated in the previous section that the effi-
ciency alone is not sufficient to judge the performance of the
mist jet, this paper will describe the system strictly in terms
of net thrust and/or efficiency. It will be seen that the proper
calculation of these two parameters is necessary to carry out
further system optimization.

PRIMARY EXHAUST-

SPRAY STATION

Fig. 2 Control volume for total flow considerations.

The definition of the net thrust for a two-phase flow is

0 = ™>o(V0EX - Vs) + m/(V>x - 7,) - Ds =
mg[VgEx + rViE* - (1 + r)Vs] - CDS^P^VS

2AS (1)
where, in general, the exit velocity of the two phases are not
equal. The efficiency is now defined as the net thrust power
divided by the shaft power into the compressor.

770 ~

r)Vs - %r VsAs/A0 (2)

Because of the reference to shaft power input, this definition
is not clearly appropriate when considering turbofan engines
for the mist jet, but it is convenient when comparing results
with shaft powered units.

The efficiency is a function of the nozzle exit velocity of the
two phases and the mixture ratio. The velocities can easily
be calculated by assuming that they are equal or the liquid
velocity is a given fraction of gas velocity. This is not very
realistic since it does not property include the losses attributed
to two-phase flow, nor will it yield any information on opti-
mum nozzle length or shapes. Elliot,7 and more recently
Elliot and Weinberg,8 have shown that a two-phase liquid-
particle gas-continuum flow can be analyzed quite accurately
with the following considerations: 1) The phases can be
treated separately. 2) The liquid phase consists of uniform
spherical particles. 3) The particles are accelerated by aero-
dynamic forces. 4) The particles shatter in accordance with
the Weber criterion.

From these considerations a one dimensional conservation
equation for each of the two separate phases and the total
flow can be written, with only two of the three being inde-
pendent. The total continuity equation can be written for
the control volume as shown in Fig. 2.

A = A0 + At = (ma/PaVg) + (m
(™e/peV0)[l + (r/<r)(Po/pt)] (3)

Since the continuity equation for each phase is mg = pgAgVg
and mi = p/A/7/.

Similarly, the total momentum equation can be written for
the control volume shown in Fig. 2.

mg(dVg/dX) + mi(dVi/dX) = -A(dp/dX)7rDHrw (4)
That is, the sum of the momentum changes of the two
phases is equal to the forces (pressure and viscous) on the con-
trol volume. For the momentum equation of the water par-
ticles, it is more convenient to use the particle surface as the
boundary of the control volume (Fig. 3). The force on the
control volume is equal to the mass times acceleration of the
particle. Neglecting the buoyancy force, the momentum
equation for the particle can be written as

Fig. 1 Schematic of mist-jet installation in high-speed
ship. FD =

TrZ)3 rrD2 1
4 2 \V9 - 7/1
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Fig. 3 Control volume for
single particle.

which can be simplified as follows :

dVt/dX = $(CD/D)(pe/pt)[(V8/Vi) -
(5)

Assuming that the heat transfer between the wall and two-
phase flow is negligible, the total energy equation can be
written in the following form :

mg[CPdTg + (dF,2/2)] + m^CdT^ + (dp/pj) +
(dVf/2)] = 0 (6)

For the particle energy equation, it is convenient to use the
control volume shown in Fig. 3. The heat transfer to a single
particle considering conduction only is q = hirD2(Tg — T^).
The heat transfer to all the particles crossing a given station
in the nozzle per unit time is equal to the rate of change of the
internal energy of this cloud of particles, or

Simplifying this equation,

dTtfdX = G/D(h/CptVi)(T0 - (7)
It should be mentioned that for the gas phase, the perfect gas
equation of state is used.

p = pgR0Tg (8)
The aforementioned six equations [Eqs. (3-8) ] for the two-

phase nozzle flow contain 7 unknowns (Vi, Vg, A, T ̂  Tg, pg,
and p) as a function of the longitudinal nozzle coordinate X.
One additional specification is needed to complete the set and
find the solution. One might specify that the resulting nozzle
configuration have maximum thrust for a given length, but
this is a variational problem, the solution of which is difficult
to obtain. If on the other hand the nozzle profile is specified
as a function of longitudinal nozzle coordinate in the following
form:

A = W(Hi + SX +) . . . (9)
a solution can easily be found with the help of a digital com-
puter. An optimum solution of these equations is possible
only by examining a large number of nozzle profiles.

The results shown in this report were calculated with the
air of an IBM 360 Model 40 computer using the Runge-Kutta
method as modified by Mason.9 The equations are integrated
as a function of the longitudinal nozzle coordinates until the
ambient pressure is reached. The exit velocities are then
used to calculate the thrust or efficiency with the aid of Eq.
(1) or (2).

In the integration of the conservation equations additional
information is needed for the particle drag coefficients, heat-
transfer coefficient, and two-phase wall friction. For the par-
ticle-drag coefficient, the following set of equations was used:

CD = 24/Re, Re < 0.1 (lOa)
InCs = 3.271 - 0.8893 laBe + 0.03417(ln#e)2 +

0.001443(InEe)3, O.K Re < 2 X 104 (lOb)

The first equation is known as the Stokes law, and the second
is a least square fit, by Stonecypher,10 to experimental solid-

sphere drag-coefficient data. Reynolds numbers in excess of
2 X 104 are never encountered in this particular problem.
The heat-transfer coefficient was calculated from a semi-
empirical relation from Drake.11

Nu = 2.0 + 0.40#e°-55, Re < 2.0 X 105 (11)
The two-phase wall friction is calculated with the aid of a

simple modification of the familiar Blasius equation, by sub-
stituting mass average two-phase properties for all parameters
except the Reynolds number. The modified Blasius equa-
tion then takes on the following form:

1 +r/(T

1 + r/a pg/
(12)

It is important to include the wall friction, since a typical
mist-jet nozzle will measure more than 10 ft in length.

When the Weber number of the water particle exceeds the
critical value (6.0), it is well known that the particle will shat-
ter. Unfortunately, very limited information on the rate at
which the particles shatter and their resulting particle size is
available. This is the reason investigators (Elliot,7 Elliot and
Weinberg,8 and Davison and Sadowski4) so far have assumed
that the particle diameter is in equilibrium with the critical
Weber number. In. this analysis, it is assumed that the par-
ticles shatter at a rate given by the following rate equation:

(d/dt)(D - D\wrd = (l/f)(D - D\We^)
where J7 is a characteristic time. This equation can be inte-
grated, and the constant of integration can be evaluated with
the initial condition D = Di.

D - (13)
A characteristic time (f) that is equal to the natural period

of the particle as suggested by Morrell12 has been used.

Furthermore, a characteristic time based on the experimental
shattering results of Haas.13

TH = 2 X 10~3 sec + l.75(D/Vg - F/)(p//p,)1/2 (15)
also was tried. As will be seen in the next section, the results
using Eq. (14) or (15) are not significantly different.

This summarizes the analysis of nozzle expansion, except
for the nozzle inlet conditions. The inlet conditions are a
function of the water inlet performance, pressure losses of the
water and air ducting, turbofan performance, ship velocity,
etc. These considerations are straightforward and are fully
detailed elsewhere.3-14

Experiment

To increase the confidence level of the theoretical model of
the mist jet presented previously and to establish the serious-
ness of anticipated and unanticipated problem areas, a small
static model was designed and tested.15 Figure 4 shows the

BELLMOUTH rCOMPRESSOR WATER SPRAY
STATION

IMPINGEMENT PLATE
WITH SCREENSy

4WATER SUPPLY
TO SPRAY
STATION

y////////////////////////////////////

Fig. 4 Schematic of mist-jet experiment.
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schematic of the experimental system. The compressor for
the air supply, the pump for the water supply, the instrumen-
tation readouts, and the electrical control panel are located
inside the building. The spray station, two-phase nozzle,
and impingement plate for the measurement of static thrust
are located outside the building, for obvious reasons. To
minimize the thrust error because of water splashing, pro-
gressively larger wire screens were fastened on the front of the
impingement plate. Figure 5 shows an external view of the
experimental in operation, but without the impingement plate
installed.

Just upstream of the impingement plate is the 4-ft-long, two-
phase nozzle with an inlet cross section, 4 in. wide and 8 in.
high. The exit area can be adjusted with the movable top
and bottom walls. The spray station is located upstream of
the two-phase nozzle. During the experimental program,
three different spray station configurations were tested.

The first spray station consisted of an 8-in.-high wedge with
a sharp leading edge and a if-in.-wide trailing edge, on which
were fastened up to 11 spray nozzles facing downstream.
This rather simple spray station introduces a pressure loss and
turbulence to the gas phase. Furthermore, the spray nozzles
were concentrated near the centerline of the duct, resulting in
a nonuniform particle distribution at the two-phase nozzle
inlet. A second spray station was therefore designed and
built to provide a more uniform nozzle inlet particle distribu-
tion and to minimize the disturbance to the air phase. This
spray station configuration consists of four 8-in.-long spray
struts with a total of 38 spray nozzles. An attempt was also
made to streamline the spray nozzles and struts to minimize
gas-phase pressure loss and turbulence. Experimental data
from these two spray station configurations show the same
relationship to the theory as shown in Figs. 6 and 7. There-
fore, it can be concluded that the higher turbulence associated
with the first spray station is as effective in generating a uni-
form particle distribution as the mechanical distribution of
the second spray station. It was necessary to compare the
data with the theory rather than compare the data of the two
spray stations directly, since they have different water flow
capacities.

In order to collect some data that might be typical of an
actual ship installation, a third spray station with large nozzles
was fabricated and tested. Due to size limitation of this ex-
periment, the spray station consists of only 4 spray nozzles
(spraying system l| U 151000 Vee Jet nozzles) positioned on
a single-center strut. Unfortunately, the results from this
spray station did not correlate with the theoretical results. It
was noticed that these large nozzles have a long undisturbed
jet before particles begin to form. It is suspected that the
short nozzle used with the present experimental was sensitive
to this phenomenon.

Figures 6 and 7 show the theoretical thrust based on both
the natural-period shattering rate and the breakup rate due
to Haas13 (experimental). There is a slight difference be-
tween the two shattering rates, with the natural-period shat-
tering rate agreeing better with the data. Assuming a shat-
tering rate that is equal to twice or ten times the natural-
period results in a much poorer prediction (Fig. 6).

The unaugmented thrust or zero augmentation limit shown
along with the data and theory in Figs. 6 and 7 is based on the
premise that no interaction between air and water takes place
during the air expansion through the nozzle, that is, the water

THEORY BASED ON'
——n——NATURAL PERIOD SHATTERING
————— EXPERIMENTAL SHATTERING

DATA (HAAS)
PRESSURE RATIO-1.3
Al R MASS FLOW -2.1 lbm/sec

UNAUGMENTED
THRUST

SPRAY NOZZLES'
II SPRAYING SYSTEM ^8TT 1540

UNIJET NOZZLES

1.0 2.0 3.0 40

MASS FLOW RATIO ~r

Fig. 6 Experimental and analytical results for first spray
station configuration.

exit velocity is equal to the injection velocity and the air exit
velocity is fixed by the.pressure ratio (v). At low values of
the mixture ratio (r) the experimental results and theory are
well above the unaugmented limit, but at high mixture ratio
both theory and experiment approach this limit.

Examining the theoretical particle history in the nozzle, one
finds that at high mixture ratios the average particle size is
much larger than at lower mixture ratios. This is a conse-
quence of the constant spray nozzle area, where the only way
the mixture ratio can be changed is to change the water-
supply pressure and in turn the water-injection velocity.
Thus, a low mixture ratio corresponds to a low water velocity,
but a high Weber number (We ~ Vg — V j) means rapid shat-
tering of the particles and relatively efficient acceleration of
the particles. As the mixture ratio increases, the water-
velocity approaches the air velocity and no shattering and
little acceleration of the particles will occur. The minimum
theoretical particle sizes for different spray stations can then

SPRAY NOZZLES'
38 SPRAYING SYSTEM j^G 1530

15* INJECTOR FULL JETS

2.0 4.0 6.0 8.0 10.0 12.0 14.0

MASS FLOW RATIO ~ r

Fig. 5 External view of the mist-jet experiment in opera-
tion without impingement plate.

Fig. 7 Experimental and analytical results for second
spray station configuration.
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bi 10

——————— FIRST SPRAY STATION
CONFIGURATION

- — ———— SECOND SPRAY STATION
CONFIGURATION

PRESSURE RATIO- 1.3
AIR MASS FLOW - 2.1 Ib/MC

0.2 04 0.6 0.8 1.0

INJECTION VELOCITY RATIO~(Vy)-

Fig. 8 Minimum theoretical particle diameter.

be united by plotting them as a function of the injection
velocity rato (cr = V^/Vg) (Fig. 8). It can be seen from this
figure that in the design of mist-jet propulsion systems, an
initial slip of Jess than 0.8 should be employed.

The thrust of the propulsion system is equal to the propul-
sion-fluid momentum change across the system. In a ship
installation this can be separated into the gross thrust and
ram drag. The gross thrust is equal to the exit velocity times
the mass flow and the ram drag is equal to the ship velocity
times the mass flow. Since the thrust measured by the im-

H ——— ' — i —— • —— r^ ——— • i •
20 3.0 4.0 5.0

MASS FLOW RATIO ~ r
60

UNAUGMENTEO
THRUST

SPRAY NOZZLES >
II SPRAYING SYSTEM 3/8 TT 1570

UNIJET NOZZLES

PRESSURE RATIO - 1.3
AIR MASS FLOW - 2.1

Fig.

0 20- 4O 6.0 8O 10.0

MASS FLOW RATIO - r

10 Experimental and constant particle analytical
results for second spray station configuration.

pingement plate is equal to the gross thrust, an actual ship in-
stallation would produce a thrust which is less than the ex-
perimental thrust by the amount of the ram drag. Therefore,
the augmentation ratio of a ship installation is more than the
25% shown in Figs. 6 and 7.

The ram drag, which is a function of the ship speed, can be
related to the mass flow ratio of the experiment with the aid
of the following equation :

Fig. 9 Static test- ship comparison.

where An is the total nozzle area of a given spray station, and
it has been assumed that no losses are encountered by the
water, or the water injection velocity (Vfc) is equal to the ship
speed (V8). The data from Fig. 5 have been replotted as a
function of ship speed in Fig. 9. Also shown in this figure is
the ram drag in relation to the experimental data. The net
thrust now shows an augmentation of more than 40% at 40
knots. It should be pointed out that the point of maximum
thrust or maximum efficiency can be designed to occur at any
desired ship speed.

At a pressure ratio of 1.3 the augmentation is not limited to
25%, but up to 80% augmentation of the gross thrust can be
realized if the exit velocities of the two phases are equal (maxi-
mum augmentation). Figure 10 shows experimental results
from the first spray station with larger spray nozzles than
used in Fig. 6. Also shown are theoretical results based on
constant particle size, zero, and maximum augmentation.
The equal exit velocities needed for maximum augmentation
are only possible with infinitesimally small water particles.
For small values of the mixture ratio, the data parallel the
theory based on a constant particle size of 10 ~3 ft. An order
of magnitude decrease in particle size results in another 20%
increase in augmentation, but it should be remembered that
this represents an extremely small particle size. For exam-
ple, stable fog requires a particle size at only 10~4-ft diam.

Application

Now that some confidence in the analysis has been estab-
lished, it will be of interest to examine more general mist- jet
performance results. It can be anticipated that the efficiency
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Fig. 11 Efficiency map.

is a function of the nozzle parameters, mass flow ratio and
ship speed. The efficiency map shown in Fig. 11 demon-
strates the effect of the mass flow ratio and nozzle length on
the efficiency. It demonstrates the penalty paid by long high
mass flow ratio nozzles because of the frictional losses. The
decrease in efficiency is very rapid in this area. On the other
hand, the relatively smaller decrease in efficiency of short, low
mass flow ratio nozzles is due to incomplete acceleration of the
particles.

Examination of nozzle slope, or the more significant nozzle
length, in relation to efficiency shows that the maximum effi-
ciency occurs at a very large nozzle length (Fig. 12). There
is no available configuration that will maintain efficiency with
a shorter nozzle. Also shown in Fig. 12 is the effect of ship
velocity on the efficiency. Velocities above 100 knots show
a more rapid increase in efficiency if all other parameters
could be maintained constant. At some higher velocity, this
gain is outpaced by the water system losses and therefore a
speed for optimum efficiency exists which is primarily a func-
tion of the compression ratio and system losses.

It has been stated previously that the mist jet is a simple,
lightweight and reliable propulsion system. This implies
that water pumps should not be employed to boost the water
pressure at the spray station. The addition of these units
would increase the weight and decrease the simplicity and
reliability of the system. The water induction system would
therefore have to rely on the dynamic pressure recovery of the
high-speed water inlet. Spraying and augmentation could
not commence until the water pressure at the spray station
surpasses the air static pressure. For a pressure ratio of 1.4,
augmentation would not commence until 17.4 knots.

High-speed marine vehicles such as planning boats and hy-
drofoils have a high-drag hump at low speed due to wave mak-
ing or takeoff considerations. Augmentation commences at
about the same speed as this drag hump, and thus, sufficient
air-only thrust must be available to pass this high point on
the drag curve.

This is easily accomplished by installing enough power to
negotiate the hump with sufficient margin and then cruise at
partial throttle for maximum range. The high-pressure ratio
gas turbines used with most turbofan engines have a rela-
tively flat fuel consumption above 50% of maximum power, so
this procedure would not cause a marked loss in fuel economy
at intermediate speeds.

Concluding Remarks
The experiment demonstrates that thrust augmentation of

low-pressure air jets by the injection of water particles is
feasible. Furthermore, the resulting two-phase phenomena
in the expansion nozzle can be analyzed and predictions of the
performance can be calculated with the aid of digital com-
puters. Even though the first experimental program was
rather small in scale, it is expected that the analytical-experi-
mental agreement will exist even for large experimental
systems.

Studies of potential high-speed ship applications indicate
that propulsive efficiencies up to 50% at a ship velocity of 100

SEE FIG 10 FOR CONDITION
EXCEPT S.VS AS SHOWN

SHIP SPEED
s[KN]

140

120
100
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60

0.44

10 20 30 40 50 60 70
NOZZLE LENGTH ~L (Ft)

80 90 100

Fig. 12 Theoretical mist-jet efficiency.

knots, a mixture ratio of 10 and a nozzle length of 50 ft are
possible. Shorter nozzles are possible at slight decrease in
efficiency, but even 50-ft nozzles are not excessive for the very
large planform captured-air-bubble ships. The mist jet can
overcome the high hump drag without auxiliary propulsion
systems, if sufficient power is installed. The lightweight
turbofan with its takeoff power and high cycle pressure ratio
allows excess power installation without increasing the total
weight of the system or the fuel consumption significantly.
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