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Water-Augmented Turbofan Engine
W. RICHARD DAVISON* AND THOMAS J.

United Aircraft Research Laboratories, East Hartford, Conn.

This paper describes a novel lightweight propulsion scheme for use in high-speed ships in
which large amounts of water are injected into the fan discharge duct of an aircraft- type
turbofan engine. Theoretical design and off-design performance for this water-augmented
turbofan engine show that dry thrust theoretically can be augmented 380% at 25 knots and
90% at 100 knots. The reduction in theoretical performance caused by nonoptimum rates of
water injection and by two- phase flow losses is not sufficient to detract from significant thrust
augmentation. The results show that in many marine vehicle applications the slightly lower
propulsive efficiency of the water-augmented turbofan engine, relative to more conventional
propulsion systems, is more than compensated for by its extremely low system weight.

Nomenclature

A = cross-sectional area for flow, ft2

Cp = heat capacity at constant pressure, Btu/lbm-°R
Dpo = initial diameter of droplet, ^
jpNet = net specific thrust, Ibf/Ibm/sec of gas generator airflow
g — gravitational constant, 32.2 ft/sec2

gc = force-mass conversion factor, 32.2 lbm-ft/lbf-sec2

h = static enthalpy, Btu/lbm
hf = static enthalpy of the water in the mixed stream,

Btu/lbm
hf0 = heat of vaporization of water at mixture temperature,

Btu/lbm
h0 = total enthalpy, Btu/lbm
hsg = enthalpy of saturated vapor, Btu/lbm
/ = Joules constant, 778.16 ft-lbf/Btu
L = velocity ratio: velocity of water/velocity of air (after

expansion)
MW = molecule weight, Ibm/lb-mole
P = pressure, lbf/ft2 (except where noted)
PC — propulsive coefficient, dimensionless
R = gas law constant, ft-lbf/lbm-°R
Sf = saturated water entropy at mixture temperature,

Btu/lbm-°R
Sfg = entropy change of water by evaporation during mixing,

Btu/lbm-°R
T — temperature, °R
V = velocity, fps
VB = boat velocity, fps
VOQ = velocity of the exhaust from the main gas generator

nozzle, fps
F inj = air-water velocity ratio at the droplet injection plane
W — total mass flow rate, Ibm/sec
WB = turbofan bypass ratio
We = Weber number
X = water fraction in the water-air mixture
Z = length, coordinate in direction of flow, ft
a. = water-to-air mass flow ratio in fan duct, Ibm/lbm
AT = temperature difference between water and air after ex-

pansion, °R
X = fractional liquid mass flow rate, Ibm of liquid /Ibm of

mixture
p = density of fluid, lbm/ft3

pb = mass of liquid per cubic foot of gas, lbm/ft3

<T — surface tension, Ibm/sec2

Subscripts
1 = at nozzle inlet plane
2 = at nozzle exit plane

= gas (air)
= liquid (water)
= mixture
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Introduction

AN increased emphasis on cruise speeds up to 100 knots1-3

-£~^- for marine surface vessels has required consideration of
unconventional ship designs such as the captured air bubble,
hydrofoil, and planing types. Of equal importance, however,
is development of lightweight propulsion systems efficiently
matched with these new designs over a wide range of speeds
and having a high degree of reliability. Two such propulsion
devices are the waterjet and supercavitating propeller, each
driven by a lightweight, shaft-turbine engine. In many ap-
plications, however, these propulsion systems have high
weights (due to the waterjet pump components and the super-
cavitating propeller blade and gearbox) which offset their
attractive features. Lightweight, aircraft- type turbojet and
turbofan engines have, therefore, been examined for high-
speed marine systems; however, their characteristically high,
jet exhaust velocities result in low propulsive efficiencies.

Early attempts to improve the thrust output and propul-
sive efficiency of aircraft- type engines by injecting water into
the relatively high-temperature exhaust gas of a turbojet were
unsuccessful because vaporization degraded the available
energy. Similarly, water injected into the exhaust of a
mixed-flow turbofan engine resulted in only a small thrust
increase. Therefore, turbo j et and mixed-flow turbofan engines
using the momentum-exchange, water-injection concept were
eliminated from consideration.

An alternative approach is to inject the water only into the
fan discharge duct of a turbofan engine in which the fan and
the gas generator flow streams are separated so that there is
no interaction between the flows. The object of the present
study was to determine what performance improvements
would be attained in this manner. In theory, the transfer of
momentum and energy from the fan exhaust air to the in-
jected water should reduce exhaust velocities and increase
propulsive efficiency. In addition, the water, whether con-
taining contaminants or not, would not contact any hot engine
parts (as in mixed-flow turbofans and turbo jets) and, there-
fore, should permit extended operating periods.

Propulsion System Description

Figure 1 is a schematic diagram illustrating the use of water
injection in a turbofan engine. The fan discharge duct com-
prises the mixing duct and the exhaust nozzle. A ram-scoop
water inlet through which the injection water enters the sys-



JANUARY 1968 WATER-AUGMENTED TURBOFAN ENGINE 15

tern is located below the hull. A duct leads from this inlet
to a water manifold surrounding the engine, and appropriate
water-injection nozzles extend from this manifold into the
fan discharge duct. A pump could be used to inject water
into the fan discharge duct, but it is not necessarily needed to
attain high system propulsive efficiencies and adds mechanical
complexity and weight. The characteristics of the gas gener-
ator selected for the study were those for the Pratt & Whitney
JT3-type gas generator4 with a bypass ratio of the fan of 4.0 to
1.0 and a pressure ratio of the fan of 1.5 to 1.0. It is believed,
however, that the conclusions presented herein are not
limited to this particular engine.

System Performance Analysis

Design-point performance studies were conducted for
speeds of 25, 50, and 100 knots. The assumptions and
specifications used are listed in Table 1. Net specific thrust
of the engine was calculated as a function of the water-to-gas
generator air mass flow ratio. Mixing calculations were
based on the use of data from the gas tables5 and steam
tables.6

A ram pressure recovery (RPR) factor of 0.70 was used,
since this value is representative of present waterjet inlet
systems.7'8 (The RPR factor is defined as the fraction of the
dynamic pressure head created by the forward velocity of the
vehicle and recovered in the ram-scoop water inlet.) Pressure
losses due to elevation corrections were not included, since
these are usually small relative to the total pressure of the
inlet water and depend on vehicle design.

The velocity of fan discharge air is diffused to Mach 0.20
at the water-injection plane. It was assumed that the in-
jected water and the fan discharge air are thoroughly and
ideally mixed in the mixing duct before reaching the fan
exhaust nozzle. Kinetic equilibrium was assumed within the
fan exhaust nozzle, but an air-temperature drop of 10°F
greater than that of the water was arbitrarily assumed.

The velocity of the mixed air-water stream at the end of the
mixing duct, i.e., at the fan exhaust nozzle entrance plane,
based on momentum principles, is

Fmixi = (Vgi + aVh)/(l + a) (I)
Combining the momentum and energy equations, the fraction
of the injected water that is vaporized during mixing is

(2)

- WATER MANIFOLD

I rSPRAY NOZZLES

Also, from the relationship between the partial pressure of the
air and the water

- P,)]-(MW,/MW,) (3)

Table 1 Assumptions and specifications used in analysis
of water-injected turbofan engines

Boat speeds, knots 25, 50, and
100

Compressor pressure ratio 13.8
Compressor efficiency (polytropic), % 90
Fan bypass ratio 4.0
Fan pressure ratio 1.5
Fan efficiency (polytropic), % 90
Turbine efficiency (adiabatic), % 85
Nozzle velocity coefficient (exhaust) 0.98
Inlet air temperature, °F 60
Inlet water temperature, °F 60
Static pressure in mixing duct, psia 21.2
Water ram-scoop pressure recovery factor (RPR) 0.70
Water-to-fan air exhaust nozzle velocity ratio 1.0
Temperature difference between air and water at

exit of fan exhaust nozzle, °F 10
Mixing duct drag coefficient 0

FAN EXHAUST NOZZLE

RAMSCOOP ^J
WATER ——- >__/

LOW PRESSURE
. TURBINE

— HIGH PRESSURE TURBINE

FAN EXHAUST NOZZLE

HIGH PRESSURE COMPRESSOR

BOTTOM HULL LINE

Fig. 1 Schematic of hypothetical high-bypass-ratio tur-
bofan engine with fan duct water injection.

Solving Eqs. (2) and (3) by trial and error, with mixture tem-
perature as the independent variable, determines the mixture
water quality.

From the isentropic expansion relation for two-component
flow, the fraction of the water vaporized at the fan exhaust
nozzle exit plane is

CP. In ̂  - f ^ ̂ F + Xi-S,., + a(Stl - S,,)

(4)

Alternatively, this fraction can be determined from partial
pressures

X, = (Ph/P^(MWl/MWg)(TgJTl^ (5)

where the water temperature Tiz is

Th = Ta,+ AT (6)

A second trial-and-error procedure is necessary where the
independent variable is air temperature at the exit plane of the
fan exhaust nozzle. The extent of thermal equilibrium is
controlled by selection of AT.

The velocity of the air-water mixture at the fan exhaust
nozzle exit plane is found from a modification of the energy
equation for two-component flow;
vn =
{[hai + Xih,ai + (a - X1)hfl +

((a + l)/2gJ]VmiJ - hn - X,hsg, - (a - X2)/* /2)1/2

Both specific thrust and system propulsive efficiency were
calculated at each water-injection rate. Specific thrust is the
total net thrust of the engine divided by the mass flow of the
gas generator, and includes thrust losses due to the momentum
drag of the inlet water and air,

FMi = ̂ ^2 (1 + aL) + —— - — [1 + WB(l + a)]

(8)

System propulsive efficiency is defined as the net horsepower
of engine thrust divided by the gas horsepower available at
the exit of the gas generator. It is slightly different from the
propulsive coefficient (PC) which is the system propulsive
efficiency divided by the adiabatic efficiency of the power
turbine. The latter was taken to be 0.85 in this study. This
difference in defining efficiencies is necessary because the
water-augmented turbofan engine produces no net shaft work
output. The drag due solely to locating the ram-scoop inlet
outside the hull was not charged to the propulsion system,
since it varies with design configuration and operating con-
ditions and, therefore, must be considered separately in each
vehicle application.
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State

BOAT SPEED 25 KNOTS

WATER-TO-GAS GENERATOR AIR
MASS RATIO CORRESPONDING
TO ONBOARD WATER WEIGHTS
OF =

A- 5,000 LB
B-10,000 LB

(SEE TEXT)

P = PgRgTg

i 100 - -HIGH-BYPASS-RATIO TURBOFAN
WITHOUT WATER INJECTION

o. 0 100 200 300 400 500 600
WATER-TO-GAS GENERATOR AIR MASS FLOW RATIO - LBM/LBM

Fig. 2 Performance variation of a turbofan engine with
water injection rate and boat speed. Results based on
use of a Pratt & Whitney JT3-type gas generator; fan

pressure ratio = 1.5:1.0; fan bypass ratio = 4.0:1.0.

Two-Phase Flow Analysis

In addition to the system performance analysis, a separate
but limited analysis was performed with regard to the air-
water flow behavior in the fan discharge duct. The assump-
tions and specifications used in the analysis are listed in
Table 2. This analysis was made to estimate temperature
and velocity differences between the two phases and the
effect of droplet size and air-water injection velocity ratio on
these differences. These are among the most important
parameters that affect the net specific thrust of the propulsion
system. The two-phase flow analysis indicates the represen-
tativeness of the more extensive system performance analysis
in this paper.

The analysis of the air-water flow behavior in a fan dis-
charge duct was made through a computer program that
solves the differential equations for a one-dimensional, two-
phase flow model. The model includes a momentum and heat
balance based upon the velocity and temperature differences
between the continuous gas medium and the droplets of the
uniformly dispersed liquid medium. It is assumed that the
total energy of the two-phase system is fixed, that the gas is
nonviscous except as it exerts drag upon the particles, that
heat transfer between particles and gas is by convection, that
the droplets are of uniform size, and that each droplet has the
same uniform temperature. The appropriate equations taken
from Bailey,9 are

Continuity
Gas

Particles

Momentum

Energy

PffVgA = (1 - \)W

= \W

dV0 dVi _ dP =
1 dZ 9c dZ

(9)

(10)

(11)

dZ
v
' dZ

In these equations the relative volume occupied by the drop
lets is assumed negligible. The effects of variable gas propei
ties, particle drag, and heat-transfer phenomena, not re
stricted to Stokes flow, are included in the computer prograrr
Not included explicitly in the computer program is drople
shattering. This condition occurs at a critical value of th
Weber number, We = Pg(Vg - Vi)Dp/2a = 6.10'11 Wher
ever this criterion was fulfilled in a calculation, the drople
diameter was adjusted to one-fourth its original value. Th
assumptions that a truly dispersed flow pattern exists and tha
wall friction losses are negligible are based upon publish^
experimental data under comparable flow conditions10-12^
and are reasonable.

Discussion of Analytical Results

This section presents the theoretical design performanc
characteristics of the water-augmented turbofan engine a
25-100 knots, the off-design performance of the system at 5
knots, and an illustrative hydrofoil boat application. Als
discussed are the performance characteristics of shaft-turbine
driven waterjets and of supercavitating propellers that ar
used in marine vessels similar to those considered for the watei
augmented turbofan engine. Comparative performanc
levels and weights for shaft-turbine-driven waterjets an
supercavitating marine propellers are based on publishe<
data.15-16 The effect of air-water flow behavior on theoretics
design performance characteristics, as determined in the twc
phase flow analysis, is also discussed.

Engine Design-Point Performance

The theoretical design-point specific thrust of the watei
augmented turbofan engine is shown in Fig. 2 as a functio
of water-to-gas generator air mass flow ratio and boat speec
Maximum values of specific thrust are 576, 341, and 192 It
thrust/lbm/sec of gas generator air for vehicle speeds of 25, 5(
and 100 knots, respectively. These values compare with th
dry engine specific thrust ratings of 121, 118, and 106 It
thrust/lbm/sec of gas generator air, respectively. As th
water-to-gas generator air mass flow ratio is increased, th
augmented thrust due to increased mass flow predominate
over the associated inlet water momentum drag until a max:
mum value of thrust is reached. At higher values of thi
ratio, the momentum drag of inlet water predominates. Th
high levels of thrust in this system can be partially attribute
to the fact that little (less than 1%) of the injected water i
vaporized in the relatively cool (approximately 160°F) fa
air stream, in contrast to the situation in water-augmente
turbojects and mixed-flow turbofan engines. The exhau^
flow, therefore, consists primarily of liquid water droplets an
air. The fluid dynamic behavior of this two-phase flow i
similar to that experimentally observed in the studies re
ported by Elliott.10

Table 2 Assumptions and specifications used in two
phase flow analysis

Boat speed, knots 50
Inlet air temperature, °F 130
Inlet water temperature, °F 60
Air velocity at droplet injection plane, fps 119
Water-gas generator air mass flow ratio 80
Water-fan air mass flow ratio 20
Mass flow rate of gas generator air, Ibm/sec 188
Flow area of fan discharge duct at droplet injection

plane, ft2 62.
Length of mixing duct, ft 9.
Convergent half-angle of exhaust nozzle, deg 30
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The results in Fig. 2 indicate that relatively large water
flow rates are necessary to attain maximum system per-
formance. For example, at 25 knots the water flow rate
necessary to attain the maximum theoretical specific thrust
of 576 Ibf/lbm/sec of gas generator airflow exceeds 80,000
Ibm/sec, and the onboard water weight (within the engine
and inlet ducts) exceeds 45,000 Ibm. This extremely large
onboard water weight would, in all likelihood, preclude opera-
tion near the point of maximum thrust and is a major consider-
ation for operation at speeds below 50 knots.

The theoretical system propulsive efficiencies corresponding
to the points of maximum specific thrust are shown in Fig. 3
as a function of boat speed. System propulsive efficiency is
considerably better than that of the same turbofan without
water augmentation. Maximum theoretical system propul-
sive efficiency is over 42% at 50 knots and over 46% at 100
knots.

Off-Design Performance

Since the water inlet duct would most likely be a fixed-
geometry design sized for a particular boat speed, performance
compromises will have to be made to operate the water-injected
turbofan engine over a range of boat speeds. For example, the
propulsion system duct areas may be designed to handle water-
flow rates less than those corresponding to maximum at-
tainable specific thrust at a given speed. In this case, the en-
gine performance would be lowered, but the weight of onboard
water would be decreased significantly. Two examples
(points A and B in Fig. 2), illustrating specific compromises
between engine performance and onboard w^ater weight, are
shown along with the curve of maximum thrust in Fig. 4.
Each of the two curves corresponds to the performance of a
single engine system with variable exhaust nozzles and fixed-
geometry water inlet and mixing ducts. These two systems
have 10-ft-long inlet water ducts, ram-scoop capture areas of
4.5 and 9.1 ft2, and total onboard water weights of 5000 and
10,000 Ibm (at a 50 knot design speed), respectively. Although
the amounts of water within a system with fixed-geometry
inlet water and mixing ducts may vary somewhat with speed,
these slight variations of total onboard water weight are of
minor importance. The water-handling capability of each
system was based on a ram-scoop capture area ratio of 1.0,
and at all speeds no variations were considered in engine aero-
dynamic design or operation. In addition, the water flow
rate was assumed to vary with boat speed, and no regulating
devices were assumed to reduce onboard water weight during
reduced-speed operation.

40 60 80 100
BOAT SPEED - KNOTS

Fig. 3 System propulsive efficiencies of a high-bypass-
ratio turbofan engine. Calculations based on use of a
Pratt & Whitney JT3-type gas generator; fan bypass ratio
4.0:1.0; fan pressure ratio = 1.5:1.0; system propulsive
efficiency = propulsive coefficient X power turbine

efficiency.

ONBOARD WATER WEIGHT
FOR A 50-KNOT DESIGN
SPEED=
10,000 L
5,000 L

20 40 60 80 100
VEHICLE SPEED -KNOTS

Fig. 4 Off-design performance of water-augmented tur-
bofan engines. Fan bypass ratio = 4.0:1.0; fan pressure
ratio = 1.5:1.0; JT3-type gas generator engines include
variable exhaust nozzles; inlet water duct length =

10 ft.

At a fixed vehicle speed, the weight of onboard water in-
creases with water inj ection rate much more rapidly than does
the specific thrust. For example, at 25 knots the theoretical
specific thrust of a system that is sized (at 50 knots) to ac-
commodate only 5000 Ibm of onboard water is 335 Ibf/lbm/sec,
while the specific thrust of an engine with ducts sized to
accommodate 10,000 Ibm of onboard water is 375 Ibf/lbm/sec.
This corresponds to a performance improvement of approxi-
mately 12% for a 100% increase in water weight. Notwith-
standing the compromises that must be made with maximum
theoretical performance, the results indicate that sizable
thrust augmentation levels can be realized over the entire
vehicle speed range.

Performance Variation with Bypass Ratio

Associated studies have shown that the performance of the
water-augmented turbofan increases considerably with bypass
ratio. This is shown in Fig. 5 for maximum theoretical
specific thrust vs turbofan bypass ratio at a boat speed of 50
knots. The increase in specific thrust is due not only to water
injection, but also to the increase in dry thrust with bypass
ratio, as shown by the lower curve. The results given in Fig. 5
were calculated for engines with a JT3-type gas generator as
described previously.

Vehicle Applications

A smooth-water hydrodynamic drag curve and a turbofan
' installed thrust curve are shown in Fig. 6 for a 76-ton hydro-

WATER AUGMENTED THRUST -
(MAXIMUM VALUES)

DRY ENGINE THRUST

2 3

BYPASS RATIO

Fig. 5 Maximum specific thrust at various bypass ratios
with a JT3-type gas generator. Boat speed = 50 knots.
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Fig. 6 Hypothetical hydrofoil boat drag and water-
augmented turbofan installed thrust. Onboard water
weight = 10,000 Ib; hydrofoil boat displacement = 76 tons;

turbofan uses JT3-type gas generator.

foil ship. The available thrust curve corresponds to the
estimated total thrust output of water-augmented turbofan
engine with 10,000 Ibm of onboard water, based on data from
Fig. 4, and the results of the two-phase flow analysis pre-
sented below. The hydrodynamic drag curve for the hypo-
thetical hydrofoil ship is from Gill.17 The intersection of the
thrust and drag curves indicates that this ship should be
capable of attaining a maximum smooth-water speed of ap-
proximately 69 knots. A 40% margin of available thrust-to-
vehicle drag was assumed at take-off to allow for sea-state
conditions.

The performance of a waterjet propulsion system installed
in the hydrofoil ship with the drag curve of Fig. 6 was also
estimated in order to compare it with the water-augmented
turbofan engine. The design thrust of the waterjet system
at 69 knots was specified to be the same as that of the water-
augmented turbofan. The waterjet pump is estimated to
weigh 8400 Ibm, the shaft-turbine engine 11,800 Ibm, the water
within the pump and its ducts 20,000 Ibm (essentially double
that dry system component weights), and the total system
42,220 Ibm.18'19 By comparison, the dry weight of the water-
augmented turbofan engine is estimated to be approximately
9800 Ib and the total system weight approximately 19,800 Ibm.
Weight breakdowns are shown in Table 3. The payload
fraction and range characteristics of the 76-ton hydrofoil ship
propelled at a cruise speed of 69 knots by a water-augmented

0.5

0.2

O.I

200 300
RANGE -NAUTICAL

400
MILES

Fig. 7 Payload capability of hydrofoil ships. Displace-
ment = 76 tons; cruise speed = 69 knots; onboard water
weight for turbofan is 10,000 Ib, for waterjet is 20,000 Ib;
36% propulsive efficiency for turbofan, 50% for waterjet;

hydrofoil drag shown in Fig. 6.

Table 3 Estimated water-augmented turbofan and
waterjet weights

Wate -augmented turbofan
Component Weight, Ib

JT3-type gas generator 4,200
Power turbine (4 stages) 1,866
Fan (4.0-1.0 bypass ratio, 1.5-1.0 pressure ratio) 795
Fan mixing duct (13-ft-long, stainless steel) 1,470°
Water inlet duct (10-ft-long, stainless st el) 360tt

Spray nozzles 200

Subtotal 8,891
Supports, etc. (10% of subtotal weight) 889

Total dry system weight 9,780
System weight with onboard water weight of:

2500 Ib 12,280
5000 Ib 14,780

10,0001b 19,780

Gas-turbine-driven waterjet
Component

FT3-turbine drive
Waterjet (dry)

Subtotal

Wreight, Ib
11,800
8,400

20,200
2,020Supports, etc. (10% of subtotal weight)

Total dry system weight 22,220
Weight of system with onboard water (20,000 Ib) 42,220
a For f-in-thick sheet.

turbofan engine or by a waterjet driven by a shaft turbii
engine are shown in Fig. 7. The system propulsive e
ficiencies of the water-augmented turbofan and waterjet we
estimated at 36 and 50%, respectively. The payload fractic
for the waterjet-propelled hydrofoil ship never equals that
the ship propelled with the water-augmented turbofan engin
In this example, the increased weight of the waterjet syste
more than offsets its higher propulsive efficiency. Althou^
the hydrofoil ship selected is relatively small, a similar a
vantage is shown when multiple units of the water-augment"
turbofan engine are compared with waterjets driven by shal
turbine engines in larger hydrofoil ships. The total machine
weight of a gas-turbine-driven, supercavitating, marine pr
peller system capable of propelling the same 76-ton hydrof<
ship is estimated to be over 40,000 Ib, based on a gear-b
weight of 2 lbm/hp,16 which is optimistic for the rather seve
service and required extended lifetime of a hydrofoil shi

AIR-WATER MIXING SECTION

AIR VELOCITY, V

WATER VELOCITY, V.

8 10 12

DISTANCE FROM DROPLET INJECTION PLANE-FT

Fig. 8 Axial velocity profiles of gas and liquid phases
fan discharge duct; Dpo = lOO/z; Finj = 2; boat speed

50 knots.
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Although model tank tests indicate that a PC of 0.70 to 0.75
can be attained by supercavitating propellers, installed PC
probably will be no greater than 0.65, corresponding to a
system propulsive efficiency of approximately 0.55. The pay-
load fraction for this system is close to that of the water jet,
but still far below that of the water-augmented turbofan in-
stalled in the 76-ton ship.
Results of Two-Phase Flow Analysis

The results of a typical two-phase flow example calculation
are shown in Fig. 8, where axial velocity profiles of the two
phases in the fan discharge duct are shown as a function of
duct length for 100-ju-diam droplets. No droplet shattering
took place, and both thermal and dynamic equilibria between
the two phases are essentially achieved before the exhaust
nozzle. By contrast, for droplets with initial diameters
greater than 400 ju, droplet shattering was normally achieved,
and for droplets with initial diameters greater than approxi-
mately 250 IJL dynamic equilibrium was not normally achieved.
Nozzle discharge velocities of each phase are shown in Fig. 9
as a function of initial droplet diameter Dpo and the air-water
velocity ratio at the droplet injection plane, Finj-. Net
specific thrust is presented in Fig. 10.

The results of the two-phase flow calculations indicate 1)
that the effect on performance of the air-water injection ve-
locity ratio is increased at low droplet diameters (less than
approximately 100 /z), and 2) that the effect of droplet
diameter on performance is negligible, because of droplet
shattering, for initial droplet diameters greater than ap-
proximately 400 jit. For a 50-knot ship the available pressure
head will not allow the value of Vinj to be much less than 2.0,
and droplet diameters much less than 400 IJL can then be
achieved only with orifices of very small diameter. Such
orifices permit low flow rates, and a prohibitively large num-
ber might be required to provide the total liquid flow rate.
On the other hand, spray nozzles with large flow rate, which
produce droplets with mean diameters greater than 1000 /z,
reduce system performance only slightly, relative to the per-
formance provided by 400-^ droplets. This relaxes the actual
design constraints for the liquid spray nozzles. The pre-
dicted net specific thrust of the water-augmented turbofan
engine, therefore, may be as much as 100% greater than that
of a dry turbofan engine at a boat speed of 50 knots.

Concluding Remarks

The system performance analysis shows that the thrust of a
water-augmented, high-bypass-ratio turbofan with separate

3601

420

360

300

240-

100 400 1000

INITIAL DROPLET DIAMETER-MICRONS

AIR-WATER INJECTION VELOCITY RATIO

Fig. 9 Velocities of air and water phases leaving exhaust
nozzle of fan discharge duct. Air velocity at injection

plane = 119 fps; Dpo, /*; —— 100; — - — 500; —— 1000.

Fig. 10 Performance of water-augmented turbofan en-
gine. Design conditions specified in Tables 1 and 3; boat

speed = 50 knots.

fan and gas generator exhaust nozzles theoretically can be in-
creased by amounts varying from 380% at 25 knots to 90%
at 100 knots, relative to the thrust of this engine without water
injection. Although the rate of water that must be injected
is considerable at the points of maximum thrust, lower water-
injection rates still provide sizable thrust augmentation at all
boat speeds.

Low system weight and good performance made the water-
augmented turbofan competitive with the water jets and
supercavitating marine propellers driven by shaft-turbine
engines, particularly in the hydrofoil and planing boats.

The system performance analysis and two-phase flow calcu
lations utilized in this paper are in close agreement when th(
dispersed water phase consists of droplets with diameters les;
than 40 M- At larger diameters, the two-phase flow calcula
tions indicate lower values of thrust augmentation, because o
frictional and acceleration effects between the two phases
However, because of droplet shattering effects, performanc
values become relatively insensitive to droplet diameter
initially greater than 400 IJL. To realize the full potential o
the concept of the water-augmented turbofan, attention mus
be directed toward the injection scheme; however, a rela
tively small performance penalty occurs with large-capacit}
state-of-the-art spray nozzles.

An advantage of the water-augmented turbofan system nc
previously mentioned is that of a low-draft system with onl
the water ram-scoop inlet protruding below the hull line. I
addition, reduced propulsive thrust is still available if th
primary ram-scoop inlet areas become congested. Th
"unaugmented" thrust may be beneficial to landing craft tht
move beyond the beach area. Further, occasional air inge
tion through the water ram-scoop will not unload the turbir
and thereby cause shock loading on the pump and drive sha
parts, as might occur in a water jet when air flows through tl
ducting.
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Selection and Utilization of Batteries for Deep
Submergence Vehicles

N. KUSKA* AND J. A. CRONANDERf
North American Rockwell Corporation, Long Beach Calif.

A brief review of battery characteristics is presented. The mission parameters of a deep
submergence vehicle that affect battery cell selection are mentioned, as well as a few of the
pitfalls and problem areas which can be encountered. The conception and design of a battery
container system is discussed, including electrolyte reservoirs, pressure compensators and gas
vent valves. The results of a battery system test program are covered including capacity,
charging, gassing, and significant findings.

Introduction

S dive depths of submersible vehicles increased, ways to
reduce weight or increase buoyancy became paramount.

This led to power system storage batteries external to the
pressure hull. In this location, they could be operated at
ambient sea pressure, wherein a savings in volume and weight
could be realized. Problems of temperature control and
ventilation became ones of pressure compensation, insulation,
and material compatibility, with a few added ones of main-
tenance, control, and reliability.

Characteristics of Candidate Cells

Table 1 presents some characteristics of candidate cell
types. Lead-acid cells have been used on most deep sub-
mergence vehicles where the batteries are located external to
the pressure hull. Except when low-energy density rules out
the lead-acid battery, it will probably see extensive use for a
long time to come. It is a proven, inexpensive, rugged, re-
liable, and relatively easy-to-service source of power. It also
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* Chief, Subsystems and Components, Ocean Systems Opera-
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f Member, Technical Staff, Ocean Systems Operations.

has a high cell voltage, relatively long cycle life, and trout
free service life. There are no off-the-shelf units desigr
specifically for use external to the pressure hull. All insta]
tions have been adaptations of automobile, truck, golf cart,
industrial cells. This has resulted in larger, heavier, and,
some cases, shorter lived installations than could be obtair
from cells especially designed for the ocean environment.

Silver-zinc cells are currently being developed for d(
submersible use in the ocean environment. This cell type
characterized by its high energy density, tolerance to h
rates of discharge, and long dry-storage life. Its diss
vantages are high cost, short cycle life for deep discha
cycles, short wet-storage life, and difficulty in determin
state of charge.

The silver-cadmium cell combines the high energy dens
of the silver anode with the long life of the cadmium catho
As was shown in Table 1, the energy density is somewhat 1
than that of silver-zinc, but the increased cycle life may ov
come this for some applications. Cost per cell is close to tl
of silver-zinc, but more cells are required because the nomi
cell voltage is lower. The silver-cadmium battery can
charged fast and has a long dry-storage life.

Mission

Factors in a deep submersible mission which can aff
battery selection are dive depth, energy requirements,
sponse time, standby requirements, and permissible ma


