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United States Patent Office Secrecy Order

NOTICE

The Aerojet-Generai Corporation has fifed patent applications in the U. S. Patent Office to
cover inventions disclosed in this publication, and the Commissioner of Patents has issued a
secrecy order thereon.

Compliance with the provisions of this secreqy order requires that those who receive a
disclosure of the secret subject matter be informed of the existence of the secrecy order and of
the penalties for the violation thereof.

The recipient of this report is accordingly advised that this publication includes information
which is now under a secrecy order. It is requested that he notify ali persons who will bave access
to this material of the secrecy order.

Each secrecy order provides that any person who has received a disclosure of the subject
matter covered by the secrecy order is

“in nowise to publish or disclose the invention or any material information
with respect theieto, including hitherto unpublished details of the subject
matter of said application, in any way to any person not cognizant of the
invention prior to the date of be order, including any employee of the prin-
cipals, but to keep the same secret except by written permission first obtained
of the Comntissioner oi Patents.”

Although the criginal secrecy order forbids diselosure of the material to persons not cognizant
of the invention prior to the date of the order, a supplemental permit attached to each order does
permit such disclosure to:

“(a) Any cofficer or employee of any depariment, independent agency, or bureau
of the Government of the United States.

"(b) Any person designated specifically by the head of any departnient, inde-
pendent agency or burean of the Government of the United States, or by
his duly authorived subordinate, as a proper individual to receive the
disclosure of the above indicated application for use in the prosecution
of the war.

“The principals under the secrecy are furtber authorized to disclose the
subject matter of this application to the minimum necessary number of persons
of known loyalty and discretion, employed by or working with the principals
or their licensees and whose duties involve cooperation in the development,
manufacture or use of the subject matter by or for the Government of the
United States, provided such persons are advised of the issuance of the
secrecy order.”

No other disclosures are authorized, without written permission from the Commissioner of
Patents. Public Law No, 239, 77th Congress, provides that whoever shall “willfully publish or
disclose or authorize or cause to be published or disclosed such invention, or any material
information with respect thereto,”” which is under a secrecy order, “shall, upon conviction, be
fined not more than $10,000 or imprisoned for noi more than two years or both.” In addition,
Publiec Law No. 700, 76th Congress, provides that the invention in a patent may be held aban-
doned, if it be established that there has been a disclosure in violation of the secrecy order.

It must be understood that the requirements of the secrecy order of the Commissioner of
Patents are in addition to the usual security regulations which are in force with respect to
activities of the Aerojet-General Corporation. The usual security regulations must still be
observed notwithstanding anything set forth in the secrecy order of the Commissioner of Patents.
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I.  OBJECTIVE

A, Contract Nbéori-10 was necgotiated between the Office of
Research and Inventions, Navy Depart.sent, and the Aerojet Engineering
Corporation, and the work cormenced in January 1946, After the establishment
of the Office of Naval Research, this contract came under the technical super=-
vision of the Power Branch, .faterial Sciences Division., The original work
statement under Contract Néori-10, Task Order I, specified that the contractor
shall perform research, development, and test work in the field of hydropulse
propulsion devices. The primary devices to be considered were the Direct
Hydrooulse, the Inverted Hydropulse, and the Gaseous Hydropulse. An analysis
of the Hydroturbojet was also to be made, so that performance cculd be compared
with that of the hydropulse devices, and with other methods of underwater pro-

pulsion, To accomplish this task, the Contractor agreed to the following
tasks:

Ao Construct experimental models of the necessary components
and assemblies, in order to accumulate design data.

2. Perform the necessary tests to obtain additional fundamental
data on gas generation, reaction speeds, heat transfer, etc.

3. Determine performance characteristics such as dynamic thrust,
external and internal drag, thermodynamic efficiency, diffuser efficiencies,
and propulsive efficiency for the hydropulse motors,

L. Develop and overate the direct hydropulse with water-reactive
chemicals superior to the scdijum-ootassium alloy. Primary emphasis was to be

placed on the use of readily available hydrocarbon fuels for the gaseous hydro-
pulse.

B. Subsequent to the early development work on the hydropulse motors,
the contract was amended several times to authorize the investigation of other
types of underwater propulsion devices and provide for the necessary associated

equipment, This included the follcwing endeavors:

1. Development of the molten-lithium-fueled hydroduct.

2. Development of Alclo as a propellant and its application to
the hydroduct, hydroductor, steam generators, and submarine power plants.

3. Development of a solid-propellant, gas-turbine torpedo

power plant,
L. Design and construction of a large high-speed rotating boom

and circular water-channel test facility.
C. The detailed objectives of the various programs are more thoroughly :
described in Sections IV through AV, %
?;_?;
Page 1 %
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11, SULEALY
A, DIRECT HYDROPULSE

1, Direct hydrooulse motors were designed, fabricated and tested
using liquid Mak alloy, molten lithium, or ethyl aluminum sesquihydride as
water-reactive fuels, Performance values were very similar for the NakK alloy
and ethyl aluminum sesquihydride, while the molten lithium, with its higher
heat of hydrolysis, iave the Lest onerformance.

e Renresentative values of specific power were LO,000 ig %Eéie:ec

for MeX alloy, 50,000 for ethyl aluminum sesquihydride, and 388,000 for molten
lithium, This performance value for the lithium hydropulse was obtained at a
velocity of 57.5 knots; the specific impulse was LOOO %g.%ﬂﬁ%%f___, This

ueli/sec
i o . 1b fuel
corresponds to a specific fuel consumption of 5.1 thrust hp/br’

3. The highest speed of operation on the 80-ft rotating boom
for the molten-lithium hydrovulse was 6l knots, Satisfactory designs were
developed for the grid-reed entrance valves, fuel injectors, mounting struts,
water ducts, and external streamlining of the motor for operation at these
speeds. In addition, a satisfactory method for heating and handling the molten
lithium at 4S0OF was developed.

B. INVERTED HYDROPULSE

The development of a solid sodium cartridge, inverted hydropulse
was attempted and abandoned because contirolled reaction of the solid sodium
fuel could not be obtained.

C. GASZ0US HYDROPULLSE

1. Extensive development of the steam hydropulse and the nitro-
methane hydropulse was not pursued, as the rasoline-air hydropulse proved to
be a more feasible design,

2. A gasoline-air nydropulse was -“eveloped that was capable
of wropelling a 15-ft boat loaded with three neople at a speed of 8,1 knots
with fuel consumption at the rate of 3 gallons per hour, idaximum thrust

: AR~ . 1b thrust
was 180 1b, and the maximum specific impulse was 55,000 T5 Tuel/sec

3. The use of transparent mcdels and high-speed photographic
techniques, coupled with a step-analysis of the hydropulse cycle, proved to
be a very satisfactory method of obtaining experimental data and correlating
this data with theoretical calculations.

Page 2
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b Considerable effort was applied to the development of
methods of pre-comoression of the gasoline-air fuel mixture sc that higher
efficiencies could be obtained, but no completely satisfactory solution of
this problem was obtained.

D. HYDROTURBOJET

Performance calculations that were made of the hydroturbojet cycle
showed that at a nominal chamber pressure o 640 nsia a specific impulse of
1lb thrust ’ oy . :
1500 16 Tusi/sec could be obtained., Feasibility of this type of propulsion
system was later confirmed by develonment of a hydroturbojet torpedo under
Contract 9768.

E. HYDRODUCT AND HYDiODUCTOR

1. Vavor-phase hydroducts were designed and developed to operate
on molten lithium or Alclo. The best performance obtained with the molten
lithium hydroduct on the rotating boom was a thrust of 600 ib, and a specific
" = - 1b thrust
impulse of 1235 o Tuei/sec”

2. The Alclo pronellant with its higher energy per unit volume
was utilized in developing a free-running hydroduct test missile, The feasi-
bility of this type of propulsion system was nroved by free-running range tests
of a L4L.5-in.~dia alclo hydroduct test missile. Specific impulse of this motor,
obtained in the static test pit, was 325 %%'%%E%;EEE' Satisfactory motor
designs were developed so that most of the metal varts were made of aluminum,
desnite the fact that the flame temperature of the burning Alclo was on the
order of TOO00°F,

3. Results of the full-scale steam-jet condenser studies of
the hydroductor motor showea that performance of this motor at extreme depths
(1000 ft) should be comparable to nerformance of the hydroduct at shallow
denths. Satisfactory combustion chambers for the hydroductor configuration
were developed and static-pit tests, under simulated free-running operating
conditions, showed that adequate thrust should be obtained from this motor.
Free-running range tests of the L.5-in.-dia hydroductor test missile were
not satisfactory and results indicate that the drag (associated with the
condensing-water inlet sccops) is excessive for the thrust nroduced by the
motor, Further study of this hydrodynamic problem is warranted.

F. HYDROFUELS

1, Ethyl aluminum sesquihydride and aluminum borohydride were K
synthesized for use as hydrofuels, but development was dropped in favor of k-
the higher energy and more readily available metal-alloy hydrofuels.

Page 3
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2 A wide variety of metal-alloy hydrofuels were investigated
with the aim of reducing the cost and obtaining an alloy with a low melting
point, The best hydrofuel for use in the hydropulse was an alloy of 66.L%
lithium, 16.6% aluminum, 7,07 sodium and 10,0% calcium, It had a melting
voint of 3UO°F and was 205 better than lithium on a weight basis, and 55%
better on a volume basis, In addition to actual formulation of metal alloy
hydrofuels, a great deal of basic information on melting points of various
metal alloys was obtained.

3. A method of ranidly m:lting lithium by chemical means was
developed. By using sealed steel heating tubes, molten lithium was available
for use 10 sec after ignition of the heating charge.

s The development of reaction chambers using a solid-lithium-
and-water propellant system was investigated, but controlled stable operation
of these motors could not be obtained.

G. AICLO DEVEILOPLEHT P..OGRal:

1. Alclo is a highly compressed mixture of potassium perchlorate
and powdered aluminum, To improve the mechanical strength of the compacted
grain and the combustion stability, a small percentage of lead powder was
added., This propellant is very desirable for underwater applications because
of its high eneryy per unit volume, and the fact that it produces no gaseous
products of combustion, It has a specific yravity of 2.80, and when burned
it releases heat at the rate of 2,17 kcal per gram of propellant.

2. Extensive investigzations were made to determine the burning
characteristics of Alclo with various additives, as well as determining the
physical proverties of the vpropellant and the effects of storage and environ-
ment., It was determined that Alclo was not adversely affected by temperatures
within the range of =60 to +175°F., Alclo is not affected by thermal shock
and the burning rate varies only slightly within the ai.ove temperature range,

3. Comvaction techniques were developed for the production of
Alclo grains. A 20-ton-capacity and a LOO-ton-capacity hydraulic press were
designed and fabricated, and these nresses were capable of compacting grains
from 1/L4 to L4.,75 in, in diameter, A satisfactory restriction was developed
for the Alclo grain that consisted of three layers of glass tape impregnated
with Selectron resin.

L. Extensive tests were made to determine the safety require-
ments for handling Alclo propellant and it was found that, in general, Alclo
propellant should be treated like other propellant irains of the same size.
There is essentially no explosive hazard with Alclo (unless it is in the
powdered form) but the material will ignite if subjected to undue heat,
friction, or impact.

Page 4
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ER Vertical steam generators were used extensively in determining

the performance characteristics of the various Alclo grains. A large vertical
steam generator was built to accommodate z 3.75-in,-dia Alclo graimn, 4 ft long,
and was capable of producinz 5.3 lb/sec of saturated steam at 225 psia. The
vertical steam generators operated very stably in all tests, and were a very
satisfactory mechanism for obtaining performance values for the comparison

of different propellant formulations.

6. Alclo was also used as the fuel for an experimental model
of a closed-cycle submarine power plant. llethods were developed for satis-
factorily burning the Alclo in the furnace and several hours of operation
showed no damage to the refractory brick or the boiler tubes from the high
heat concentrations. The products of combustion were removed by slaguing the
KC1 within the furnace and picking up the Alo05 powder in a dust collector,
Burning of the propellant was sufficiently congrolled so that the test unit
was operated as a closed cycle.

H. SOLID-PROPELLANT GAS-TURBINE TOnPsDO POWER PLANT

1. Two turbine~driven torpedo power plants were developed to
operate from the gases produced by the burning of Aeroplex AN-2091AX propel-
lant in a gas generator., One engine operated at the 26-hp level, while the
other operated at the 80-hp level. Satisfactory operation was obtained for
runs as long as L min.

2. A speed-control valve was developed for use with this power
plant that maintained the turbine speed constant within & 1.5%, while the
back vressure was varied from 50 to L60O psi.

3 A design study was conducted to determine the feasibility
of using this type of power plant in a full-scale torpedo. Using a torpedo
21 in, in dia and 123 in, long (half-length), a power nlant developing 675
shaft hp can be installed which will drive the tormedo at 70 knots for
20,000 yd.

I. 80~FT HOTATING TEST BOOi AMD CIRCULA!. WATER-CHAWNGL TEST FaACILITIES

This large test facility was designed and constructed for dynamic
testing of underwater propulsion devices, and for conducting high-speed hydro-
dynamic studies. Small-scale units can be tested at the 50 ft radius of the
rotating boom at velocities up to 100 knots, Torpedoes 21 in, in dia by
105 in. long have been tested at the LO-ft radius at speeds above 50 knots.
The facility is amply instrumented for conducting tests of this nature.

IITI, CONCLUSIONS aND RzCO:ItEIIDATIONS

A, The direct hydropulse proved to be a feasible type of underwater
oropulsion, but the overating economy and the complications attendant with
the use of molten lithium made it undesirable in relation to conventional

Paze 5
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methods of torpedo prooulsion, The gasoline-air hydropulse proved to be a
very simple and uncomnlicated device for underwater propulsion, but it was
not as economnical to operate as the conventional outboard motor,

B. Alclo propella is a very satisfactory source of heat energy, and
is potentially applicable to a wide variety of underwater propulsion devices
because of its high energy per unit volume and the fact that it does not
nroduce any gaseous wake. The Alclo hydroduct was proved as a feasible free-
running high-sneed underwater missile with a powered range several times that
of underwater rockets vrovelled by conventional solid provellants, The Alclo
hydroductor development program has not been comnleted, but this device
nromises to have equal performance to the Alclo hydroduct, and to be relatively
insensitive to depth., Alclo nronellart in the form of powder, pellets, or
small grains has proved a very satisfactory heat source for use in a wide
variety of igniters for both liquid and solid propellants. The Alclo-fueled
closed-cycle submarine power plant offers a very high performance as a chemical
nower wlant for the long-~range undervater propulsion of submarines. Alclo-
powered vertical steam generators should be very useful for some test installa-
tions requiring high power inouts for short durations. The range of burning
rates obtainable with Alclo oropellant can probably be extended by the in-
corporation of other adlitives, or by the chanze in particle size of the
constituents., This should be studied, as well as the burning of Alclo at
higher »ressures {up to 6000 psi), so that Alclo could be considered for
additional apolications, The development of igniters for apwlication to
various Alclo grains also warrants further extensive development srork.

C. The solid-oropellant, gas-turbine power plant for torpedo propulsion
is one of the most promising engines for use in high-speed long-range torpedoes.
It is considerably less complicated than other torpedo pcwer plants, and in
addition, has a long shelf life, is very safe to handle, and would be very
reliable., Its only disadvantage is the fact that it has a gaseous exhaust.

D. The large ring-channel test facility has proved to be a very
satisfactory and necessary facility for conducting development tests of
underwater prooulsion devices, and for the hydrodynamic testing programs.
This facility is available for use by other agencies under l'avy sponsorship.

IV, DIRESCT HYDKOPULSE

A, INTRODUCTION

1. The direct hydropulse is defined as an underater propulsive
device in which a hydrofuel is injected intermittently into the water in a
submerged duct. Mechanical check valves are provided at the forward end of
the duct., They open to allow the entrance of water during the low=-pressure
part of the cycle, and close during the hizh-vressure part of the cyele,
causing the expuvlsion of water out the tailpipe, The hydrofuels princinally
used were sodium-potassium alloy and molten lithium, 4 schematic diagram
of a direct hydrooulse giving the nomenclature of the varts is shown in
Figure 1,

Page 6
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2o The development of the direct hydropulse using liquid Nak
alloy as the water-reactive prooellant was initially soponscred by the Bureau
of Aeronautics under Contract NOa(s) 5350, Task No. 3., Results of these
initial investigations are reported in References 1 and 2, This program was
augmented in 1 '46 when the Office of Naval Kesearch became the sponsoring
agency under the present contract. The primary objective of this orogram
was to der~zlop the direct hydropulse, in order to obtain the maximum efficiency
and verformance of all its comnonents. The first hydropulse motors were tested
using 'aK alloy because of its desirable water-reactive characteristics,
relatively low cost, and ease of handling in its liquid conditiocn at normal
temperatures, Successful performance with this fuel indicated the desirability
of using higher-energy fuels, such as molten lithium and ethyl aluminum
sesquihidride, so that much better motor performance could be obtained. as
the molten lithium motors dirzsctly evolved from the best liaK alloy motors,
the program of component develowment cannot be separated between the two
types of motors., The different components and phases in the development of
the most satisfactory motors are described in the following section.

B. DESIGN 4i'D DnVELOPLENT PlOGEAL

1. General liotor Configuration

A summary cof the general configurations of the various
hydropulse motors that were fabricated and tested is presented in sketch
form in Figures 2 and 3, Photographs of some of these units are shown in
Figures L through 13. The evaluation of the design of these various units
is directly related to the program to obtain high speeds and better performance
within the limitations of the needs of the individual motor components. The
discussion regarding these comnonents will illustrate some of the design
changes that were made,

2. Entrance Valves

a. The entrance valves used in the early hydropulse
models were of the grid and reed tyve similar to those used in the V-1
(Buzz-l:omb). The flow of water into the motor is unrestricted, but back-
flow is prevented by the closure of the reeds azainst the sloping grids.
These valves were assembled in several arrangements to best fit the configu-
ration of the complete motor, or to reduce the frontal drag. Figure 4 shows
a typical square-faced valve assembly in a twin-barrel unit, In order that
the valve section could be faired into the body more readily, thus reducing
frontal area and drag, several motors were fabricated with valves slanted at
a 60° included angle, as shown in Figures 5 and 1k,

b. In order to further streamline the complete hydropulse
motor, and to provide a design that might be compatible with operation as a
power plant for a torpedo, the four-barreled side-entrance hydropulse, lik I,
was designed and fabricated. The grid and reed valve arrangement in this unit
is shown in Figures 6 and 15. The side-entrance hydropulse, Mk II, shown in
Figures 7 and 16, was fabricated to provide better flow of ram water in the
motor without increasing drag,
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Cs Several other configurations for the entrance valves
were considered. A multi-ball valve and a conical-spring valve (see Reference
3) were fabricated and tested, but were abandoned because of high hydraulic
losses and their slow closing action. Generally, the square-faced valve
assembly was found most satisfactory from the standpoint of fabrication and
durability, Modifications, such as the double~sided valve shown in Figure 17,
were also tested, These grids provided an increase in the open area of the
valve of about 7-1/2% for a valve of a yiven size, but little, if any, increase
in efficiency resulted, Under the higher pressures developed in the molten-
lithium motors, there was a distinct tendency for the grids to bend. This
bending was minimized by shortening the fore and aft dimensions from the
original 3-1/2 to 2-3/4 in., thus reducing their unsupported extension; and
by turning the top grid upside down, A comparison between the shorter grid
and the size previously used is shown in Figure 18,

G The reeds are of blued Swedish spring-steel stock, or
of heat-treated beryllium coprer, The latter material provided better fatigue
and corrosion resistance. 1In the early, relatively low=-pressure motors, the
coover reeds used were 0.017 in, thick., The thickness was increased to 0.018,
0.022, and finally to 0,025 in, as the motor vressures were increased. Pressures
in excess of 500 psi are developed in the molten-lithium motors. This also made
it necessary to increase the thickness of the valve-box sides from B/b to
1-1/16 in,

B Injectors

a. The development of suitable injectors was probably
the most important problem in obtaining the desired cyclic onmeration of the
hydropulse., The injector must properly valve the correct amount of fuel inter-
mittently into the motor at the right time in the cycle. A wide variety of
injectors were designed and some of those fabricated and tested are shown in
the charts of Figures 19 and 20. All of the injectors (except the self-cycling
type described in paragrarh 3,¢, had pintle valves that were actuated by
a hydraulic impulse from a Bosch Diesel jerk pump which was driven by a variable-
speed motor, By varying the fuel-orifice size, the fuel-line nressure, the
gas-dome closing pressure on top of the pintle, the duration and actuating
time of the hydraulic impulse, and the speed of the Bosch vump, a wide variety
of operating conditions could be tested. In the early phases of the program,
water in a continuous stream (or in an interrupted stream to coincide with
fuel injection) was supplied to provide better mixing and a more raoid reaction,
Later designs orovided fuel-injection patterns in the shape of fans, solid
cones and hollow cones, with very finely divided fuel particles, and the in-
jection of water was eliminated. This simplified the complete motor considerably,
The Type 11 injector, with a spiral pintle providing a finely divided fuel
spray (Figure 21) and the Type 15 injector with a "Sprayco" nozzle insert
(Figure 22) proved to be two of the most satisfactory injectors for the Nak
hydropulse motors,
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b. Injectors for the molten lithium hydropulse had an
additional design requirement in that they had to be heated to 5000F to
insure free passage of the fuel. This was accomplished in all cases by heating
the body of the injector with cartridge-type heaters in a manner similar to
the Type 26 injector shown in Figure 23, The injector narts were made of
stainless steel, and the fuel was separated from the actuating-oil system by
stainless-steel bellows, O-rings could be used only in the top, cooled part
of the injector to seal the area between the dome closing-gas pressure and
the actuating oil., As with the NaK injectors, the best efficiency was ob-
tained when the fuel is injected in the shortest possible time, and is intro-
duced in the finest possible spray to insure a rapid and complete reaction,
The Type 26 injector (Figure 26) was therefore built with a replaceable pintle
tio and fuel orifice so that a variety of fuel spray characteristics could be
tested. Reference L describes these tests and the pintle tip and orifice
combinations are shown in Figure 2L, The reinforced Sprayco vane shown in
Sketch 10 of Figure 24 proved to be one of the most satisfactory configurations,
Unit ilo, 25, when tested with this spray mechanism, produced performance figures
of 5.3 to 6.0 1b of lithium per thrust hp-hr (see paragraph 4,c) with an in-
jection reaction periocd of only 0.CO8 sec. With the increase in fuel pressure
(up to 220G psi) to obtain the desired fuel flow rate in a very short time,
and the increased hydraulic hammer due to the sudden stoppage of the mecre
rapidly moving lithium, mechanical failure of the bellows seal became frequent,
The injector was therefore modified to eliminate the belilows. Lubrication
of the pintle was needed when the bellows was eliminated, and it was accomplished
by a constant, forced seepage of Silicone oil through the bearing surfaces,
effectively preventing the entrance of any lithium, This system of lubrication
completely eliminated all injector failures., This Type 27 injector is shown
in Fisures 6 and 25, A final modification was made in the shape of the pintle
tin, to prevent sudden hammer-like nressure rises in the barrel. The pintle
tin was rounced in such a manner (see Figure 26) that the injection rate was
small at the start of opening of the nintle, increasing slowly, and then rapidly
until the pintle was full omen. The number of tests with this pintle tip was
not sufficient to allow full evaluation of its merits. It should be noted,
however, that this was the tip used in Run No. 36, the most efficient run ever
made (fuel consumption was 5.1 pounds of lithium per thrust hp~hrj.

Ce Compact self-cycling injectors that eliminate the
external actuating mechanisia entirely were very desirable for torpedo
applications of the hydropulse., Several desiyns were fabricated and tested
(see Figures 19 and 20 for sketches, and Reference 5 for a complete description).
NaK-alloy motors were operated successfully with self-cycling injectors, but
development time was not available to incorporate them into the lithium motors.,
The self-cycling injector was not as amenable to testing under variable con-
ditions as one that was externally actuated; theretore, they were not used in
the lithium-motor development program., It was felt that knowledge of the
desired injector characteristics obtained with the non-self-cycling injectors
could be used in designing self-cycling injectors for actual hydropulse anpli=-
cations when the need was established.
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b, Duct Development

a. Some changes were made in the design of the duct as
soon as higher speeds and higher nressures were obtained with the motors.
Generally, these changes were made to strengthen the motor and to increase
the overall streamlining., The friction losses were reduced by using smoother
naterials, eliminating interior screw threads, and making the changes in the
shape less abrupt,

b. Several units were built with an enlarged section in
the duct between the valve housing and the transition., It was hoped that the
fuel combustion would be better because of the iarger guantity of water avail-
able for the reaction, Duct efficiencies for these motors were calculated
to be between 60 and 65%, as compared with 75 to 80% for the standard duct
shape. (Duct efficiency is defined as the actual thrust, divided by the thrust
indicated by planimetering the pressure-time curves. )

Ce The effect of barrel length is to change the optimum
frequency of operation, with the longer barrel giving lower frequencies,
Tests were made with barrels varying in length from 30 to 48 in., but a 4y8-in,
barrel was used on the majority of the test units,

d. If the entrance diffusor was too long, excessive
water-hammer pressures were developed when the re>d valves closed, This was
varticularly evident in the side-entrance hydropulse, ifark II (Figure 7).

#hen the diffuscr was shortened from 9-1/2 to 3-1/2 in., the overall performance
was increased 33%. Too short a diffusor also gave inferior performance (see
Reference 6).

B High-Speed ilotor Construction

a. Operation of the hydropulse on the 80-ft boom at
speeds greater than 25 knots introduced a number of problems, The first to
be encountered was that of aeration. Previous motors were operated in a
free-flooded condition; that is, with no watertight security in the space
between the duct and the duct fairing, At speeds greater than 17 knots,
sufficient vacuum was produced on portions of the fairing to cause air to be
drawn dovn through the hollow strut and to be discharged under water, By
welding or soldering all seams, the fairing of Unit 22-C was made sufficiently
watertight to prevent this aeration; elimination of the aeration decreased
the drag by approximately LO%.

b. Eliminating aeration altered the forces acting on
the motor fairing, thereby reducing the "torsional divergence' speed (Reference
7) of the strut to 30 knots, As a result, when the test speed was increased
to this amount, the strut became unstable and was bent severely. Subsequent
motors were therefore built with shorter, thicker struts having calculated
"speeds of divergence! well above the anticipated operating velocities,
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C, The increase of operating speeds above 60 knots, and
barrel pressures above 750 psi, required that almost the entire motor be
rebuilt and strengthened, Illotor fairings that were originally made of 20-gage
stainless-steel sheet were replaced with 12 gage stock, well reinforced by
back-up strips. The diffuser head was fabricated from 1-1/8-in.-thick steel
plate, which was machined to shape and welded together in the proper form, It
was closely fitted to the housing, and secured with an adequate number of
large~diameter screws.

d. The increase in speed also required a continual im-
provement in streamlining to prevent external cavitation, Thinner, sharper
mounting-strut fairings, more elongated diffuser heads, and housing of the
injectors and the pressure pickups within the outside shell were necessary
to accomplish this. Several tests were made with Unit 26 (see Figure 13),
the motor having a fineness ratic of 5:1, and with the shape of the Mk LO
torpedo on a two-thirds scale., This motor was found to have 35% less drag
than Unit 25 (see Figure 12) and to be capable of being towed at 65 knots
without cavitation. 1In operation, however, cavitation was detected at the
nose with each pulse, when the speed exceeded 62 knots. Figure 27 shows
this motor in operation at 56.5 knots on the 80-ft rotating boom.

6. Special Design Considerations for iiolten Lithium

a. Before molten lithium could be used as the fuel in
a direct hydropulse, considerable experience had to be gained in its handling
and control, llost of the problems were concerned with the proper materials
to be used, and the method of heating the fuel system (the melting temperature
of 1lithium is 370°F, but the fuel system was heated to 500°F to insure a free
flow of fuel), Many techniques were developed in the molten-lithium gas-
generator test program, and additional information was supplied from studies
conducted by the Research Chemistry Group.

be Stainless or chrome-molybdenum steels (SAE 4130)
proved to be very compatible with the molten lithium, and were used in the
majority of test motors, fuel lines, and fuel tanks.

Ce Dowtherm=-jacketed fuel tanks and lines were tried,
but were found impractical because any leakage would allow the lithium and
Dowtherm to react. Several methods of using electrical heaters were tried.
The use of Calrod heaters inside of, or strapped to the outside of iuel
lines proved to be impractical, but small cartridge heaters worked effectively
to heat pressure-line valves, injectors, etc. The most effective method for
heating the fuel tank and the sections of the fuel lines above water was with
strip heaters. The strip heaters were bolted to the outside surface of the
tank, and to steel plates which enclosed the fuel lines, The undervater
portion of the fuel line, and that section abcve water which was in danger
of being sprayed with water during a test run, were heated by Nichrome wire
coils., The waterproofing of this electrical system presented a serious problem
because of the high temperatures, vibration, and space limitations involved.
The stainless-steel fuel lines were treated in the following manner (see
Figure 28), and proved successful in many test runs.
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(1) The fuel line was coated with silicone varnish.

(2) Three layers of 0.007-in,-thick silicone-im-
pregnated glass tape were apnlied, together with three more coats of varnish.
This provided electrical insulation.

(3) Michrome heating wire was wrapped in a tight
spiral along the fuel line,

(4) Three more layers of 0.007-in. silicone-im-
dreznated glass tane were apnlied, along with three more coats of silicone
varnish, This provided external electrical insulation, torether with some
external heat insulation.

(5) The final waterproof insulation was made of a
piece of tubing 1/2-in. larger in diameter than the fuel line, and bent to
the same shape as the fuel line, After flattening, so it would just fit
over the fuel line, the tubing was split lengthwise, fitted over the fuel
line, and silver-soldered in place. This construction gave an outside
diameter only 5/16 in. greater than the diameter of the bare fuel line it~
self, thus allowing the best streamlining, A lithium system using this con-
struction is shown in Firure 29.

d. Several other waterproofing materials, such as
Glyptal, Geolite, and a 1/16~in.-thick bronze, metalized spray coating were
tried, but proved too brittle or too sensitive to the high temperatures to
be satisfactory.
C. TESTING PROCSDURIS

1. General Conditions

a, Test units were secured to one end of the 8C~ft
rotating boom in such a manner that their center lines were about 19 in,
below the surface of the water. rizsure 11 shows this method of mounting.
This same type of mounting was also used on the smaller LO-ft boom, as shown
in Figure 3C,

b. In the tests in the small ring channel, the hydro-
pulse motor being tested provided the only power source for pushing the boor,
In 2ll tests in the large ring channel, the boom was brought up to the
desired operating sweed by means of the 250-hp electric drive-motor, (This
systen conserved the hydrofuel and created much more stable running conditions. )
When the boom was un to sneed, the hydropulse motor was started, and the
throttle adjusted so that the desired thrust was delivered to the boom by the
hydropulse. Figure 27 shows Unit 26 onerating at a speed of 56.5 knots.
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Bc The frequency of actuation was controlled by a
variable-speed motor drivins a Bosch diesel pump, The hydraulic-oil impulses
from this pump actuated the fuel-valving pintle.

d. In most runs a mressurc pickup, in conjunction with
an oscillograph, was used to measure and record the instantaneous pressure
in the barrel., A reluctance-type vickup was used until the barrel nressures
exceeded its limit of measurement; then a condenser-type pickup was used,

In all cases, the pickup was inserted into the barrel near the transition
section.

2. Date Hecording

a. Running conditions established before the start of
each test include the approximate operating velocity, the frequency of
actuation, fuel pressure, and the gas-dome pressure (for pintle loading),
The weight of fuel carried was also noted.

b. At regular intervals during the run, measurements were
taken of the throttle setting, the sveed of the unit through the watzr, the
thrust being delivered to the boom, and the elapsed time, Continuous nressure=-
time recordings were made on the oscillograph during most runs., In some cases
high-speed motion pictures were taken of the test motor in operation through
the underwater observation windows.

e Calculations

2. The gross thrust is the alzebraic sum of two quantities,
the averzge thrust indicated on the thrust-meter, and the average drag of the
unit., The former is found by converting the microampere reading on the thrust-
meter to pounds by means of z dead-weight calibration. This thrust may be
either positive or negative, depending upon whether the operating unit is
pushing the boom (positive) or is acting as a drag on it (negative). The
average drag of the unit varies directly as the square of its velocity through
the water; it therefore is determined easily by apnlying the experimentally
found drag coefficient (Cp = pounds drag per inch of water-velocity head) for
the unit in question. For tests with the molten lithium hydronulse on the small
LO-ft boom, the speed had to be limited to 25 knots. To accomplish this, a
controllable water drag was installed on the opnosite boom end., The calibrated
drag from this brake was then included to obtain the gross thrust.

b. The speed of the unit through the water is indicated
on a tachometer calibrated in knots which measures the velocity of boom
rotation, or by measuring the time per revolution of the boom and dividing
this time by the path circumference., An allowance for drag or backflow in
the water channel is then made. In no case has this correction exceeded
one foot per second.
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B¢ Because instantaneous fuel flow rates are unknovwnm,
calculations are based on an avera.e flow rate, This rate is determined by
dividing the quantity of fuel used by the total elapsed running time. Con-
ditions during the run are held as steady as nossible so that the overall
fuel flow rate is representative,

D ANIALYSIS CF PERFORLALCE 4D RSSULTS OF INVESTIGATION

ihe Specific impulse, specific power and snecific fuel con-
sumption are three measures of the general eff{iciency of a device such as
the hydropulse, They are calculated from the experimental data in the fol-
lowing manner:

PP = _ gross_thrust
a. Specific impulse (lsp) FooT TTor ot
_ 1b thrust
b/sec
b. The snecific power is a mezsure of overall efficiency,

to the extent that it talres into account the power out-ut.

1b thrust ft

o - T eed -
Specific Power ISp x Velocity 57560 X Sao
_ £t 1b/sec
1b fuel/sec
Bc The svecific fuel consumntion (Wf) is obtained from
Svnecific Power by using the »rover conversion factors,
o _ 1,980,000 _ 1b fuel
We = Isp X 7 tThrust hp-hr
2. A summary of these quantities is tabulated for most of the

molten~lithium test runs in Table 1, and is plotted for comparative purvoses
in Figure 31. Also shown in Figure 3lare verforimance points for the bhest
MaK-allcy hydropulse test run. As noted in Table 1, the following performance
values were obtained:

a. The hiphest Specific Power obtained was 388,000

ft-1b/sec X s -
5 Tosl/oos at a velocity of 57,5 knots and a Specific Impulse of LOOO 1b

thrust : s . ﬁ
T5/5ec" This corresponds to a snecific fuel consumption (uf) of 5,1 1b fuel/

thrust ho-hr,
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b. The highest thrust cbtained was 1380 1lb, at a speed
of 61.0 knots. This thrust corresnhonds to a cross-sectional snecific thrust
of 110 psi based on barrel cross-section,

C, The highest sneed attained was 64,0 knots., As ex-
rlained previously, the operating speed was limited because of the cavitation
resulting from an insufficiently streamlined motor profile,

5o As nreviously discussed, a great deal of effort was exnended
on injector design and develomment, for the purnose of increasing both the
thrust and the fuel economy. The methods attemnted, and the degree of success
achieved, are indicated in Table 2. Pressure-time curves were obtained, and
are shown for one specific test in Fijure 32, and for various runs in Figure 33.

L. By combining experimental data with a step~by-step mathematical
calculation, it was possible to determine the motions of the water and gas in
the hydropulse, The pressure-time curve (Fizure 32) taken at the motor throat
provided the principal exnerimental data. From calculations, the following
information could be determined, and some of the values obtained are:

a. Duct ifficiency - 90 to 95%
b. Propulsive .ifficiency - 52%
Cc. Jet mfficiency - 65%

d. Pump ifficiency - 80%

e. Thermal Efficiency - 39%

f. The Thermodynamic Cycle

g. Optimum Cyclic Frequency

h., Confinement Parameter

The necessary calculations and a complete discussion of the analysis are given
in References 4, 8, and 9.

e Using ethyl aluminum sesquihydride for fuel, one motor
attained an equilibrium speed of 22.4 knots at a specific impulse of 805 1b
of fuel per lb thrust ver sec. This figure is consistent vwith previous runs
with this fuel, and is commarable to the better NaK alloy results., See
Section IX,C for a further discussion of this fuel,

Page 15

CONFIDENTIAL




CONFIDENTIAL

IV Direct Hydropulse, D (cont, ) Report No. 1106

6. Acoustical measurements to determine thic intensity and
frequency of the underater sound _.enerated by the hydropulse were conducted
by the Underwater Ordnance Division of the MNaval Ordnance Test Station, with
the assistance of the ilaval Electronics Laboratory, San Diezo, and are fully
described in Reference 10. The important conclusions reached were as follows:

a. The sound outout in the 20- to 60-kc range caused by
the firinz of the hydropulse was not sufficient to register above the general
background noise resulting from the passage of the unit and its supporting
strut through the water,

b. The peak intensity levels in the 0.05- to 20-kc band
occurred at the point of closest aonroach of the unit to the hydrophones
(10 ft) and were 135 decibels above the reference level of 0,0002 dyne per cm°,
This would correspond to atout 85 decibels above 0,0002 dyne per cm¢ at 1C00 yd
in open water, if ro allowance is made for augmentation of the measured noise
by reflection from the sides of the pool,

Ve INVERT.ID HYDROPULSE

A. INTRCDUCTICH

3l The inverted hydropulse is similar to the direct hydropulse
(see Section IV) except that the fuel and water are injected into a high-
temperature reaction chamber instead of directly into the duct, From this
chamber, the high-nressure gases are suitably introduced into the duct in an
intermittent or nulsating manner,

2. Two tynes of inverted hydropulse were considered. One
had a solid~sodium cartridge, and the other was to use a sevarate lithium-
water gas generator to supply the high-nressure gases,

B, DESIGH

3Lc The solid-sodium~cartridge hydropulse consisted of a con-
ventional hydropulse duct surrounded by a concentric fuel jacket into which
the solid sodium is placed (see Figures 3L and 35,. An annular piston is
placed behind the sodium, which forces the fuel through a perforated conical
partition into the reection chamber, A ring of holes connects the reaction
chamber to the duct which allows the passage of gases, Pulsing action is
obtained by the intermittent injection of water into the reaction chamber
against the oerforated cone. The sodium cartridge is kept against this cone
by the gus-actuated piston in the rear., Additional data regarding this
design will be found in Reference 3,

2. The lithium~water inverted hydropulse was to be similar in
design to the nitromethane hydropulse described in Section VI,D, It was not
fabricated and tested because tests with the nitromethane nydropulse showed
that intermittent valving of hot gases into the duct from a steady reaction
chamber was not practical,

Page 16

CONFIDENTIAL




CONFIDENTIAL

V Inverted Hydropulse (cont, ) Report No. 1106

C. EESULTS OF INVESTIGATIO:N

Sporadic and uncontrolled reaction of the solid-sodium fuel
proved this device to be an unfeasible design. Prover hydropulse action
could not be obtained, and further investigations were not conducted on
this type of hydropulse.

Vi.  GASEQOUS HYDROPULSZ

A, INTRODUCTION

A gaseous hydropulse is similar to the direct hydropulse in its
type of water duct. However, water is not used as one of the reactants. The
actuatin; gases are generated in a chamber adjacent to the duct, and may
consist of compressed air, or be formed by the explosion products of gasoline
and air, or by the chemical reaction between one of many other fuel combi-
nations, A schematic diagram and the nomenclature of the gasoline-air hydro-~
pulseare shown in Figure 36,

B, COMPRESSED AIR HYDROPULSW

The compressed-air hydropulse shown in Figures 37 and 38 was
fabricated and tested. The unit was mounted by a parallelcgram type of
suspension in a large water tank aind air at 250 psi was admitted through a
valve which was suitably designed for control of frequency and quantity.
This motor was used principally to test various air admission sections,
Development was discontinued so that more effort could be expended on the
gasoline-air hydropulse. The nerformance of the compressed air hydropulse
at various cyclic frequencies is shown in Figure 39.

C. STEAl HYD:-OPULSE

Operation of the hydropulse with steam was initiated by simply
substituting a 1-1/4-in, steam-supply line for the 1-1/h-in., air-supply
line on the compressed-air-actuated unit (see B above), Insulation was
nrovided, and a superheater was used to raise the 250-psi saturated steam
from the plant boilers to 650°F total temperature, Various steam-admission
systems were tried (see Reference 11) but performance was very poor because
a large interface area between the steam and water was present, which condensed
much of the steam before it could expand.

D. NITHROMETHANE HYDROSULS:
1. This motor was a gaseous hydropulse designed to use the
high-temperature gases produced from a nitromethane gas generator, The gas !
generator was designed on the assumption that it could be sufficiently well

insulated to deliver gases at a temperature near 3500°F, and at 250 psi 3
pressure, This insulation problem was quite severe, as evidenced by measuring
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the heat loss from a gas generator submerged in a measured quantity of water.
This test showed that 85% of the heat was being lost to the water through
the chamber and manifold walls. This reduced the gas temperature to about
6500F, HMolybdenum inside liners and asbestos outside insulation raised the
available gas temperature to 15CO0°F,

2. The nitromethane gaseous hydropulse used for stationary
tank testing is shown in Figures 4O and 41, The hot gases produced from
decomposition of nitromethane are led around the motor throat for full-
circle admission, The gas-pulse valving is accompiished by a sleeve (Figure
b41) which fits inside the barrel and seats around its forward edge in a
circular seat ground in the casing., It is given axial motion by hydraulic
pressure pulses on the little pistons which push on lugs attached to the
sleeve,

3. It was difficult to secure satisfactory operation., Over-
pressures were obtained in the gas generator if tlie valving operation in the
hydropulse was not at the oroper rate, and the gas generator would die out
if gas was valved at too high a rate.

E. GASOLINE~-AIR EYDROPULSL

1, Description of Cycle

The principal parts of a tynical gasoline-air hydropulse
are shown in Figure 36, The operation of this motor is as follows:

The propulsive force is supnlied by expanding gases which
result from the combustion of the fuel-air mixture in the combustion chamber.
The expanding gases open the combustion-chamber exhaust valve, causing the
water inlet valve to close, displacing the water to the rear and out through
the tailpipe. The continuing displacement of this water mass under its own
momentum, and the sudden cooling of the gases by the great surface area of
the expanded bubble, bring the pressure of the gas below ambient., A new
charge of fuel and air is drawn through the carburetor and poppet valve into
the combustion chamber. At the same time, water at ambient pressure (or at
ram pressure if the engine has forward velocity ) rushes through the reed
check valve at the front end of the motor and refills the duct. The movement
of this incoming water mass closes the combustion-chamber exhaust valve, or,
if spring-loaded, the valve closes before the water arrives. The mixture
is then ignited by an intermittent spark of a controlled frequency., For
motors of the sizes tested, this frequency lies between 5 and 8 cycles per
sec.

2. Design and Development Program

a, General Motor Configuration

The general motor configuration was determined by
experience gained from the development of the direct hydropulse and the need
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for improving specific components of the gasoline-air hydropulse. As shown
in Figures 42 through 55, a wide variety of design configurations were fabri-
cated and tested, The most promising features of each were incorporated intc
subsequent designs, the best of which are represented by Figures 52 and 5k.

b. Water-Entrance Valves

(1} Generally each unit had a standard reed-tyne
water-entrance valve at the forward end of the duct. This assembly was very
similar to that described in Section IV for the direct hydropulse, with the
exception that the Swedish steel or beryllium copper reeds were 0,012 to
0.016 in, thick.

(2) Several other types of water-entrance valves
were tried, in order to increase the open area of the valve and to decrease
the pressure drop throush the valve, The valve shown in Fizure 51 contained
7l leaf-spring check valves covering slots 3/8 x 2 in. In all cases, the
standard grid-reed-type valve proved superior to the other types because of
its low pressure-drop and endurance,

Ce Duct and Casing Development

(1) As shown in the figures cited above, a multitude
of shapes were tested in an effort to obtain better scavenging, and to in-
crease tnhe overall performance., Little success was had along this line in
the early nart of the program, as each new unit tested presented a new
problem of water-spray dilution and the quenching of the combustion gases,
resulting in limited performance. A comprehensive study of the water be-
havior in the various sections of the motor was made with the aid of the
trausparent plastic model shovm in Figure 45. High-speed notion pictures
were taken of this unit in operation, and this data aided materially in
determining the necessary aporoach on the new designs. Reproductions of
these movies are shown in Reference 3.

(2) As a result of the above studies, the inner
combustion chamber was eliminated from the duct design, and the induction
pipe was enlarged to become the combustion chamber. This decreased the
internal drag within the duct. Increased performance was also obtained by
admitting the combustion zases tangentially to the duct just behind the reed-
valve asse’ibly, The performance was further improved by placing a rubber-
coated-canvas flap valve over the entrance of the combustion chamber into
the water duct, as shown in Figures 46 and 56, High-speed motion pictures
were alsv taken of this motor in operation.

(3} A large number of changes in the geometry of
the water duct were made (keeping the standard L-in.-dia tailpipe) in an

effort to increase the quantity of water pumped per cycle, and thereby in-
creasing the thrust augmentation., Figure 57 shows the approximate best
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dimensions for motors with 6-, 7-, and 8-in. casings in conjunction with a
4-in, barrel, A casing shane similar to the design shown in Fipure L9
oroved to be very satisfactory, and was usually made in a 7 to 8 in. sice.
For some motors, the shane had to be modified to accomodate the combustion-
chamber exhaust-valve arrangement, but the cross-sectional area of the
casing approximately equalled that of an 8-in.-dia casing.

(4) Sprays of water, dravn from the water external
to the duct, were used to chill the gas bubble when the pressure of the
bubble drops below ambient, They were incorporated to further increase the
vacuum to aid in scavenging, and had the effect of increasing thrust by
approximately 10%, The leaf-spring check valves used to seal the water-spray
holes are shown in Figure 58. A study of number and location of holes for
the sprays showed that about 20 1/8-in.-dia holes was the minimum number for
maximum improvement, and that they should be located in the upper half of
the transition between casing and tailpipe.

d. Combustion-Chamber Development

(1) One of the greatest sources of trouble in the
early development of this motor was the rapid chilling of the combustion
process, and the wetting of the spark plug by water splash into the combustion
chamber and up the induction pipe. Numercus baffles, etc., were tried and
the problem was finally eliminated by the combustion-chamber exhaust valve
mentioned in parazraph 2,c, above.

(2) Studies and tests were made to determine the
optimum combustion--chamber shape and volume. After many trials, a chamber
with an elliptical cross section whose major axis is placed at right angles
to the axis of the motor was found to be the best of those tested (see
Figure L49). In this type of exhaust port, the expanding gases are permitted
to act in piston-like fashion across a greater area of the casing water,

(3) OQuite a bit of effort was expended in trying to
achieve some pre-compression of the fuel-air charge before ignition, but no
appreciable success was attained. The study of high-speed motion pictures
of the operating clear-plastic models proved to be an efficient method of
analyzing the combustion process, and was used on the various designs.,

e. Combustion~Chamber cxhaust Valve

(1) The introduction of the flan valve to separate
the combustion chamber from the casing was beneficial in several ways in
addition to the ones previously mentioned. It was found that the cyclic
frequency could be increased on many of the models, and the motor performance
was increased radically in other cases, but the durability of the valve was
very poor,
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