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_ BUMMARY

This report presents the results of an investigstion of

'a method of underwater propulsion.

The propelling system utilizes

the 6nergy of a small mass of expending gas to accelerats the flow -

“of a 1argo mass of water through en open ended duct -of” proper shape

\

and dimonsions to obtain e resultant thrust. The investigation was,

limited to making 8 large number of runs on a hydroduct of arbitrary

design, varying between wide limits the water flow and gas flow

through the device, and measuring the net thrust ceused by the ine

_troduction and expansion of the gas.

In comparison with the effective exhsust velocity of ebout

6,000 feot per second observed in rookot motora, this hydroduct mo-

del attained a maximum effoctive exhaust velocity of. more than 27, 000

. feet per 9900nd;”using*nitrogen gas.

Using hydrogen gas, effective

'exhaust velooities of 146,000 feet per seoond were obtainsde Further

invéstigation should prove this method of propulsion not only to be

practical but very efficient.

' This 1nvestigatioh was conducted at Projoct'No.'l; Guggen=-

heim Asronesuticsl Laboratory, California Institute of Technology,

Pasadena, California,




INTRODUCTION

In the past, torpedoes snd aimilar”undorweter devices

have been dfivan.by-aorow propellers, However, the mechanisms for
driving these propellers have become increasingly complicated and
. difficult to pr&duoo in largo.quéntities. As proposod velocities
increase;. propeller efficiency becomes & limiting factor, while
the weight and size of the conventionel driving mechanism reduce
the offoctivénoss,of'é torpedo of given size. 1In addition, the pro-
pellers are exceedingly vulnorable to dnmage by iﬁpact with the wa-
ter when dropped from ‘sircraft at high spsed and high altitude.

o Tﬁo above limitations to the cpnventional.moans of pro-
‘pulsion suggested that an entirely new method of approach be made
to the problem. One of the first thoughts was to use a rocket motor,
_such as those uéod for assisted tekeoff of eircraft. Howsver, since
the specific fusl consumptidﬂ of the rocket motor is very high, its
range prébably would not exceed 15§o yards.'.Thereforé, a project
was sot up to investigate the-pdssibilitﬁos of a gas injeotion pro-
pulsion system.

The basio‘faot utilized was that a gaslunder pressure

contains a certain.amount of avﬁilable potential energy, that may
be converted 1htp work as the gas expsnds ageinst a resisting mass.
If the energy cdntained in a small mass of gas were utilized dir-
ectly to aocelofuto a relatively large mass of water, the rsaction

to the inorease in momentum of the water would supply a net thrust




. that &iéht.be of sufficient magnitﬁdo to drivs a,tofpado, bomb, or
othor‘devioo through the water.

In order to utilize directly the energy of the gas to
accolorato’the‘ﬁétor,‘é hydroduot'qf tube of varying orosssection
was dedigﬁed such that the small inlet allowsd the weter to enter
vat high velocity and low static pressure. Sincé the gas should be

' injeoted at higg pressure and eot upon water moving initiaily at
low spoed, a diffusing section expending from thé inlet ﬁldﬁod'thé
water flow and recovered most of the velocity head in = qtatic preg=-
sure riss in the so-called mixing chamber. Gas injected into the
weater stream in the mixing sootioﬁ at chamber pressure or higher,
axpahded to a lower pfossuro and greater volume as the mixture passed
.through the contrection section of the exit nozzle. .Sinoce iﬁ was’
 assgmcd that the velocity of the mixture reached tho local velooity
of sound at or near the throat of the nozzles, a Lavel type noczle
with &n expanding section alloﬁod furtiher work to be extréo?pd from
thé gas,* | : |

' Fﬁ11 invesfigétion of this mﬂtﬁod of propulsion would in-
clude research in meny directions. ‘Somo_of the‘prcbléms to be‘eolv;d
wou}d-bo design of iniet, size of mixing chember relative to inlet,’
slope in diffuser walls, size of exit nozrle relative to inlet and
mixing'chambor, shepe of exit nozzle, methods of injecting gas in-
cluding pressures to be used, mefhoda of storing gas and supplying
it to ihjdotor, kinds of materials to be used in goenerating gas if

stored in a combined chemical form, methods of inoreasing preassure

"% See Reference 1l. -



"in mixing section for more efficient utilization of energy in gas,
and many othor‘relatod problems.

- Although most of the above pfoblams wore considered in the
_dasign of the hydroduct as used in the tests, it will be necessary
to conduct a long series of tosts to prove the validity of all of the
aasumptions.made, and to improve the design. The purpose of this
study was to invostigaie the values of épeoifioAthrust or effective
vélocity(f?ﬂg) obtainable in & simple hydroduct using varicues water
.rates and varibgs ges rates, and to compare the expesrimental results
VAtH sxisting thesry.

Several other investigators are working in this field of
research. Perhaps the most extenéiva work is being done by & group
et Westinghouse Electric Co., under the d#reotion of Doctors Stewart
ﬁay end E. A. Gulbreansen. Dr. F. Zwicky of Aerdjat Co. has written
a report on-the subjoct, .

A preliminary'thcoretical calculation of the proposed
method of propulsion was written by Mr. Jésoph Charyk, Progroés Re -~
port No. 2, Alr Corps Jet Propulsion Research, GALCIT Project No. 1,

of Nov. 6, 1943.
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SYMBOLS

" Subsoript 1 refers to conditions at the beginning of mixigg.
~ Subsoript 2 refers to conditions st end of mixing.
Subseript i rafers té conditions at inlet of hydroduct.
" Subscript/c refers to conditions in mixing chsmber.
Subscrint o refers to exit conditions.

Subscrivt o refers to embient conditions.

No subscript denotes conditions at any erbitrary section.

F = Thrust

o —,F/ﬂgr--effective exhaust velocity orAspooifio thrust (ft/%oq)‘.
" p - pressure (1b/&ﬁ2)

T - temperature (°R) -

vV - velocity'(ft/gec) : @

R - Ingineering gas oohatﬁnt (BTU/s1ug °ﬁ)

f - cross sectional erea (ftz)
/0 density of fluid (slugs/rt%).
/0

Mf.b M, - mass of fluid pof unit mass of mixture.

by
g

~ density of gas (slugs/ft%)

Mg - mass of gas por unit mass of mixture.
v . ! Mg
/bb- mass ratio of ges to water. ( '/hf)

1?’- retio of spaecific heat et :constent pressure to spnecific heset
at constant volume. (°P/ov) ° ‘

ﬂ - ratio of speoific,hpat of the fluid to specific heat of the
gas at constent volume. (°f/ov)




DESCRIZ?TION OF AP2ARATUS

The appnraﬂua fér performing this research may be divi-
| Aad into four genernl subd?visiona: the hydroduoct body, the gas
_injoctor-sygtem, the systems for mqasuring mass retes of flow of
w;tor end gas, and the thrugt measuring system,

| the hydroduct body, illustrated in ¥ig. 1, consists of
five major parts; the water inlet, a diffusing section, a cylindri-
csl mixing chamber; a éonﬁraction section, and the outlet nozzle.
All parts are of essentially éiroular cross-soction. The watsr in-
l;t is an opoﬁing of 0,96" in diemeter, and it is looaﬁeq at the
forward.part of' the hydroduct. The water ig introduced into the
‘device with a hipgh velocity "V;" end a pressure "ps". The diffﬁs~
ing section diamstor expends from 0.96" to the 3" diemeter of the
vmixiﬁg chomber in an sxial.distenod of 6.7". -THe wster velocity is
thus slowed down from "Vy" ‘to "V,". This loss of velocity head is ¢
regained to somolexﬁént as élétatic pfossure rise.

The mixing seotion, so called because in the beginning ‘
it wes beiioved that the gas and the water would be mixed £0gether
therein, is ® cylindrical tube 3" inside diameter and 8" long.
Lucite was used for constructing this section in order thst the
mixing operstion could be observed.

The contrsction section consists of a hollow gredually
tapering coﬁo. The diameter of the cone debreases from the!3" diam-

eteor '0f the mixing section to the nozzle entrance diemester of 1.22"

in & length of 5.5". ‘In this section is begun the process of'oonverting
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the pressure of the mixing choember and the work doné by'tho expand-
ing gas into the inocreased velocity of the mixtﬁro at 8 lowsr prese
sufe. The gas is injected just at the geginning of the contraction
section.

The nozzles, I"igs.z.a.‘and Zb,wer'e turned from'ooaquo plas-
,éio for ease of manufecture. The size of the entrence opening is-
'i;22" diemeter. The throat diemeters are 0.5", and 1.0". The en-
trence angle is 12.5 degfeos and‘fha exit angle is 15 degreses. The
“exit-diemeters are .75" &nd 1.,75", and the overall lengths are 3%,

These dimensions woro'ch;sen arbitrarily, as were all
other dimensions of the hydroduct, and they roéresent a "first
estimate" only. A great deal of further work will be necessary to
determine the optimum dimensions for eny given condition of flow.

Another portidn'of the test equipment is the gas injector.
At first, a fixed injector, ¥igs.#a and 44, was placed in the mixing
chamber about 2.6" from the forwsrd end. This injector.consisted
of a stainless steel tube intersecting the mixing chamber axis at
right angles. There were five #60 drill holes in the after side of
the injector. The holss were evenly spﬁced. The results obtainsd
with this injector were ndt satisfactory because of poor mixing,

‘The first injector was replaced by an injector attached

to the end of a long stainless steel gas auppl& tubse, 1/%" in diam-
eter. The suppiy tube ﬁas parallel to and donoentric Witﬁ the axis
of the hydroduct and so designed that the tube end injector would
be moved longitudinally inside the hydroduot, without disturbing

the rest of the equipment.

&



The injector itself, shown in Fig. 1, is a hollow copper
tube of oval cross section. Six §75 size drill holes were drill-
ed on each sidé of the injactor. The holes werc drilled so that
the gas would be injected into the stream of water at fight angles
- to‘tho f;aw in order to obtain good mixing. Thé ihjoctor is attach~
ed to the supply tube in-order that interchangeability could be
realized. »

Two additional injectors were made up for test. Both
consist of four hollow streamlined blades in the form of & crosse.
One of the injectors was drilled to inject the gas at right angles
to thse wat;r flow, and the other to inject the gas aft and parallel
‘to the water‘flow. By using four blades it was expected that a
more intimate mixture of gas and water could be abtainéd, resulting
in a gmoother, more ﬁnifoxm, and higher specific thrust. Runs
were mede using the first of these two injectors.

Water for the tests was obtained from the firemain’ of
Galcit Project #l, through an extendion pipe of one and one half
‘inches diémetero Pressure at the pump, some 300 yards away, was
kept fairly constant at about 100 psi. However, thie head was not
absolutély constant because of other users of the same supply.

;n order to control the mass rate of. flow of water a
gate valve in the line was used os & throttle. The mass rate of
flow was indicated by a>mercury manometer meesuring the pressure
drop across a Calibiﬁted sharp-edged orifice.‘ Average flow rates
during & run éould be cqnt:olled within plus or minus 0.1 of a

pound per second. See Fig. 5.



The p}opellant gas, nitrogen, waz supplied from bottles
.of the oompreaseﬁ gas, initially at 2000 psi, roduced by a constante
‘ pressurs reducing valve to the pressure desired for the run. The
bottlerf'gas was mounted on a rugged but sensitive balance, se;
Fige 6, whereby it could be weighsd at any time during the run with=-
-out stopping or interfering with the run in any way. BExtremely srall
.changes in weight of the order of 1/10th of an oz. or smaller could
be recorded by means of a micrometer dial indicator.

Thrust reactions were transmitted from the hydroduct
through a ball-bearing linkage to a spring loaded Eeam, illustrated
in Fige B. breater thrust csused greater deflections of the beam
and these deflections were meeasured by means ofba socond micrometor
dial indiocator. These readings were accurate to within about ons=
half ounce, even though during an actual run variations of the thﬁhst
coused some small fluctuations in'the roadings. Fhen the pressurev
6f the incoming gas was only‘siightly above the water chamber pres-
sure the thrust roadings were so small and the mass rate of gas flow
8o small that the above errors became a rather large percentage of

the whole reading.

\
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TEST PROCEDURE

/ The prooedure‘for naking & run consisted of first allow=
ing water to flow throuéh the device at a giveh mass rate, and then
taking a_reéding of the thrust indicator with uno gas flowing. Since
the water made a right angle turn upon entering the inlet, a compon=-
ent sf this change of momentum end the effect of the convergént sec=
tion of the.nO»zle gave an initial deflection of the scale. In order
that these effects could be neglected in the net thrust caused by
the expanding gas, the water mass rate of flow was kept constant for
a series of runse.

After the water rate of flow had been sstablished, gas at
& pressure just above the chamber pressure was introduced through
the injector. The wator rate was maintained at its original value.
Readings were taken of the weight of the cylinder of gas every"
thirty seconds for a pe¥iod of three minutes. From the total loss
of weight of the oylinder for the three minute run, .the mass rate
of flow of the ga&s could be compubted. By increasing the gas pres-
sure, the mass rate of flow.of the gas, and tﬂ‘ﬂ could be increased.
Succeeding runs were made gt gas pressures up to- 100 lbs.; this bee
ing thé limit of the gas reduoihg valve. Upon completing a series
of runs at a given water raté, the latter was increased to another
convenient value and & second series of runs were mede. This pro=-
cedure was carried’out for six different.water rates, using the 1/%"
nozgzle, the final run being made at the highest water rate which
could be maintainsd by the water supply system, 1.90.6-7 lbs/seo.

. TR LINIT
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Readings of gross thrust were made regularly tﬁroughOut
eaoh run and averaged at the ende From the gross thrust was Qub-
tracted the zsro thrust caused by the water alone, the remainder
being the net thrust cetused by the expanding 528

‘ Static gage pressurss at inlet (Pi) and in the chamber
(Pc) were observed during euoh run and recorded.

A large number of preliminary runs were nade using the
original injector placed near the forward end of the mixing section.
These runs were characterized by proor wmixing of gas and water, the
gas tending to collect in large bubbles at the top of the mixing
ssotion. This restricted the voluﬁe available to water flow and
the pressur; dropped somewhat causing larger gas bubbles to forme.
This was progressive in action until nearly the whole of the mix-
ing section was filled with gas, Fig. 6b. Then the gas left the
nozzle.ié large masses almost entireiy dissociatsd froﬁ‘the water,
giving erratic, fluctuafing thrust readings of relatiiely low value.

When the movable injector was placed in the hydroduct a
survey was made of all possible fore and aft locations. For all:

positions, of the injector in the long body of the mixing section
| résults wore about the same, 'AE gsoon a8 the gas pressuré weg ine
troduced at o somewhat higher préssure than the water in the 9ham—
ber, mixing became péor with a low wvalue of ‘erratic net thrust.
However, when fhé injector was moved to the after end of the mix-
ing seotion and placed just within the entrance of the contraction
section the mixing became quite uniform. No bubbles small or large

wore formed in the chamber forward of the injector, and the thrust



became exceptionally smooth and rose to a relatively high value.
Fgrthermore, thc‘gna could be injéctad into tho devica at & much
higher pressure than tﬁe chamber préssure without any detrimental
effects, and the thrust became quite large. This method of obtain-
ing good mixing and e high wvalue of thrust by injecting 2t the én-
‘trance‘to the contraction section, was one of the most important
discoveries, and all subsequent runs were made with the injector
in that §031tiono Figs. 6a, b,uand o, show the improved mixing of
gas and water as evidenced. by the finely:divided.ﬁpray in Fig. 6o,
After making the se%eral series of runs with the two
'Bladed injector, the four bladed injector was‘désigned-and a series
of runs made with it'in use. Improved thrugt resulted, and the
offective exhaust velocity became greater than the two bladed injec-
tor.

Since the 1/2 inch nozzle operated at rather ﬁigh chamber
pressures, QGVBral geries of runs were made using the 1 inch mnozzle.
Tﬁe required ohamber presure becams quite léw, and as a fesult the
thrust and effective exhaust velocity dropped of considerably.

Theoretically the thrust depends upon the volume of gas
used so that if & lighter gas were substituted for nitrogen th;
résulting effective exhaust velocity or specific thrust should in-
creasé. Therefore, a bottle of hydrogen was substituted for the ni-
trogen and several rung were attempted; Only,thrée runs were succoss=
fﬁl because fﬁe'reducing velve would not handle the lighter zas at
any flow rates other than the lowest. Two runs were made with the

4 bladed injector and the l/b inch nozzle, and one run with the same




.injeotor but with the 1 inch nozzs.

Beeause of lack of.time,‘no runs were made with the 4
bladed in;ector' whioh had the holes drilled to inject the gas direct=
ly aft. It 1is probable that this injector will further improve the

performanée.of the hydroducte




RESULTS

As the equipmént first was instelled a number of defects
were discovered snd overcome. One trouble encountered waﬁ thnt the
water supply. system was not adaquate.‘ Installation of a larger pump
and larga;\éupply line overceme ﬁhe di fficulty. A second end more
serious defect was poor mixing. Various water rates end ges rn£es
were used with the_injector instelled near the forwerd portion of the
mixing chambar.'with little or no sﬁccess in sochieving pood mixing
and thrust.

The moveablevinjeotor wes instelled, and a survey of =all
possible positions fore and aft showed thnt best results ware aohievéd
when the injector was plsced just within the entrence to the con=-
traoction, section, Mixing beceme thorough, the reaction wns smooth,
end high veluss of thrust and specifie thrust were achieved.

Meenwhile two new injectors had beén designed and construo=~
ted, both of two blades, one having the holes placed to inject the
gas iaterally into the streem in order to obtein good mixing. The ~
other injector was designed to rotste freely’'in the stream'as a
driven propeller, and exhaust ﬁhe gés in helical streams from holes
drilled in its tralling edge. It was found thet the fixed injec-
tor gave good results when properly pleced, so that it was not neces-
s-ry to go to the more complicated rotating desigﬁ. It msy be well
to carry out further exéerimentation with rotating injecto;;‘to
determine if gréatef efficiency might be achieved.

Later, sfter a large number of runs had been made, two more
injectors were designed and constructed. Both of thém had four

blades instead of two, one injector to inject the gos laterelly from




. its four arms in£o the étraam, and the other to inject the gas aft
from its four arms. Tests were made with ﬁhe former injector with
very satisfoctory results. The thrust and specific thrust increased,
with ; slight drop in chamber pressure, all effects being beneficisl.
The latter injector was not tosted beceause of lack of time, but it
is believed that it may give p further increase in performgnqeg

During most of the runs an interest ing phenomena ;cs en-
~countered. Even thoﬁgh ths water flow was kept constant the thrust
was found to vary somewhat with no gas baing injected. Investigstion
showed that the chember pressure varied at the seme time, and that fhe
. thrust increased with inoresse of chamber pressure, the water flow
rafe'being kept constant meanwhile. At the seme time it wes observéd
that the stresm of water issuing from the nozzle varied quite & little
in its dispersion pattern. First the stresm might issue gg e solid
shaft of wster from the throat of the nozzle, while a moment later
véhé streem might break up into severel streams. In the latter case,
the small stresms seemed to follow the ooptgurs of the expanding éof&
tion oflthe nozzle snd thereby diffﬁse themselves somewhat, perhaps
slowing down at the same time. ' This siowing down might aoéqunt for
the dqcrease’in thrust,. : .

Results 6f the runs meade wiﬁh the l/é inch nozzle are plotted
in ’Figé. 8, 9, 10, 11, 12, 13, end 14. The effective exhaust velo-
city or specific thrust, ¢ or F/Mg, wes excellent in comparison with
en ordinary rooket, being.three to four times as great. The effective
exhaust velocity incresased with water rete incresse, and inoreased

‘with increase of chnmber pressure until an optimum pressuré was reached

e wivis s w o
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wheréupon ¢ decrenged. <The chsamber éressures required were rather
high, varying from.ZO to 60 1bs./3q.in. For a given water rate,
thrust varied directly as a étraight line function of the chamber
pressure.
| After makiné 8 large number of runs with the 1/% inch nozzle
éeveral runs were medo using the 1 inch nozile. Results were Eimilar
" to those above with several important differences. The effecti§e
exhaust velocity decreased to about one third or one fourth of the
velues obteined with the 1/2 inch nozzle, using similer ges and water
rates but the reguired chsmber pressures also dropped in an even great-
or retlo. The chamber pressures required to obtain the seme thrusts
were about 1/10 the or less, of ﬁhose required for the smaller nozzle.
At a given velecity of the hydroduct through water, there is a fixed
chambef prbssurs available from the dynamic heed of the incoming wa-
" ter. Then, for a given value of ‘thrust, the lower chamber pressure
is a desirable asset of the larger nozzle. Lven though‘it is less:-
efficient than the smaller noz;le, the larger‘nozzle makes asveilesble
a larger n;t thrust at the same chamber pressures Once sufficient
thrust is a&ailabla to drive the device at s steady rate, ihen the
most efficient utilizaetion of the availeble energy in the gas will
become.ihe paramount issue. This will require test runs to'détermp
ine the optimum nozzie throat diemeter to give grentest efficiency
and yet have suffiocient thrust drive the devioce.

After compiating a large number of runs with nitrogerny runs
with hydrogen were made. However difficulties with the gas reducing

velve limited the runs to-a narrow range. Only small mess flow rates
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éould be used, as the reducing velve chattered vioiently ‘and refused
to operate properly at higher flow rates. Using the 1/@ inch nozzle,
effective exhaustvvelooities were obtained with values about five
"times those in which nitrogen was used. This retio increased to fif-
teen times as great when the 1 inch nozzle was used. N
Another effect obser;ed when using hydrogen waéhkbnt the
emitted spray wes more finely divided and dispersed over a wider an-
gle than when ﬁitrogen'was used. At the same time, the noise of oper-
ation was much greater, a very loud and piercing orackling sound
acﬁompanying the uaa.of hydrogen, especislly when used witﬁ the l/bf

inph nozzle.




ANALYSIS AND DISCUSSION

A pfelimannry theoretical anslysis of the propulgion system
was made by Joseph Uhar&x,ﬁeff.a. In this enalysis certein bnasio
assumptions were made : ' : s

i) fhe area ratio between the large central secéion and
the entraence section is such ihat the velocity in the high bresaure
séction can be nseglected.

ii) Diffusor losses and losses due to the contraction
are neglected.

‘iii)v Frictional resistance is.neglacted.

iv) The ges is assumed to obéy‘the perfect ges lews.

v) The fluid is assumed to £e incompressible.

vi) Pefect mixing if.s,l Assumed,

vii) The state of the gas upoﬁ entering into the unit is
assumed to‘be thet corresponding to the praésure and tempqrature of
the fluid at the point of introduction.
| In the following development, nll of the foregoing eésump-

" tions are made with the oxception of the first. It is assumed thnt
fge velocity in the mixing chember is not zero but has = finite vel#é.
" As the above-énalysis con;ideré only the cold ges cese it will be |
‘essumed th#t the pressure and temperature during the mixing process

remain constent, i.e. Py pz end Ty Too

i) Mixing equation

As perfect mixing is assumed the density of the
PO T

sre specific volumes of the ges and water repectively.

- ——

_ mixture of ges and fluid is //672 where ¥ and"vf
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ii) Continuitv Equstion
oA e

iii) Momentum Lguation

~Fdp = (Myrtie) v (3)

Divide equation (3) by (2) end the result is

- dp . Vdv
o i

‘Substitute the value oﬁ//9 ffom equation 1 and the modified Bernoulld

equation is obtained:

-/{_%_[ﬁ-+/0/]= vdv -,

7{‘

As the density of the gas;/f} , is a variable, the type

of thermodynsmic process undergone by the gas must be assumed.

An adisbatic expansion of the gas is the most oconservetive sstimate, .

while an isothermal process would be the most optimistic. The
actual process pfobably will be som where betwsen the two.
If the adisbatic process is assumed then the density of
the grs at eny section is e =
(#)T (6)
= ' 6
/= NPl o

Substitution of this value of/O in equation (4) yields

J
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Integrating:
z 2
Ye -Vz
&

‘ jo/y/n

]('0/‘ Ve :

Ve (2. s
4
J—"[f/"") /u_f—/

" The thrust of the unit is ;

Z’L

ZZL

Jz

F=Mf (Ve"é) f/\7jVe_

“’”‘/—/{j/j—: Veff:C:
oy ;A:[
Isothermal :
d [.———f——-
/73% F
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7;#“5?: ‘
=
Fe M(Ve-vo) /V//v<=/1jt/g(ﬂ7& Tz v,
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Iffective exhsust veloelty or specific thrust, c, hes the

dimensions of vslocity, since thrust in pounds divided by mass of

gos flow in slugs per second gives a guotisnt with the dimensiocns

feet per second. Specific thrust is also & me=surs of efficiency of

a constant flow device such as_#8 rocket or hydroduct, since it is
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£he thrust achieved for a given fusl mass flow rate.

Obsserving the curves in Fig. 8, it may be eeen thet o
increaées reapidly with incresse of gas flow until s peak vrlue is
'reached, whereupon the value of ¢ very gra&ually decrerses. IThe
:maximum velues reached on each curve is an indication of the peak:
efficiency that mey be obtnrined with the‘given water rate. These
peak efficliencies.- are not critical as tho wide platesu of the upper
surface indicates.

Fig. 9, is a plot of maximum‘effective velocity versus
water rate. It is evident that the péak efficiency is obtsined as
;the water rate is incressed. As the water rate is increased the
cheamber pressure also increamses so that the avéilable energy in the
pas at ohember pressure ia larger, hence the inorense in efficiency.

The verietion of ¢ with chamber pressure, pc,_is shown in
Fig. 10. The peaks of thése curves are pronouncsd, showing that for
a given water rete the chember pressure is critical for peak efficien-
cy. An increase in gas rate will incresase the chnmﬁer pressure.’
These curves also show that for increasing water rates, the pesk
effioiency incresnses as the chember pressure increases,

The curves in Fig.‘li, of thrust versus chamber preésure
lare very interesting. After all, perheps the most important singie
requirsment for operation of the;hydroduct is sufficient thrust, with
efficiendy being secondary. It may,be seen thet thrust increases as
a straight line function of chamber pressure, for a given set up and
a given water rste. The slope of these ocurves is important, as it

- —CoNFEDENT fﬂh
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' indicates the raté of increase of thrust obtained with incfeaso of
'.ohamber pressure. Now since the thrust required is the drag whioh
is proportional to the square of the velocity of the device, and
the availsble chamber préssuré above ambient pressure is q which is
elso proportionsal to tﬁe square of the velocity, there should be n
atréight line relationship between thrust and chamber pressure. If
the thrust increases at a greater rate than the chember pressure,'
that is the slope of the curve greater then unity, the device should
continue to scceleraste until losses bring it into equilibrium speed.

Assuming that all of the dynamic pressure q is regsined eos
chamber pressure, at a speed of 50 ft./sec. in fresh water P, w0;1d
be 16.83 1lbs. ©Since the drag of a 21 inch dia. torpedo is 816 1lbs
at 50.6 ft./%eo., the drag of a 3.1 inoh dia. hydroduct would be
approximately 17.78 lbs. Entering the 1/2 inch nozzle curves of
Fig. 11, for a weter rate of 6;§V1bs;/%ec., P, of 16.8 gives an aveil-
eble thrust of .93 lbs. The ratio of drag to‘ evaileble thrust is
19,1 to' 1. Using a water gate of 2.7 1bs/sec. gives an available
thrust of 2.1 lbs and a ratio of drog to thrust of about 8.5 to 1;
This is better but still fsr from practical.

.Using the 1 inch nozzle curve on the same figure, assuming
.,1a velocity,éf 16 ft. per second, P, would be 1.52 1bs./sq.in., and
available thrust about .40 1lbs., while the drag would be 1.56 1lbs.
Tﬁe drag over thrust.ratio decreases radically to 3.9 to 1. At a
speed of 25 ft per sac., pc_is 4,21 p.s.i.,'availgblg thrust is

2.5 1lbs., and drag is 4.34 1bs., the retio decressing still further
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to 1.74 to 1. Further improvements in nozzle size and design and
injector design should deorease the drag to thrust ratio to unity or
less, making the device fensible.

It is interesting to note that for a COnstant.éO the net -
fhruat decraases with inorenase of water rate. This fact is shown
by Fig. 12, which is a cross plot of ihe values of Fig. 11. This
"is true althougﬂ Fig. 9 shows that meximum specifio thrustiincreesea
with increase of water ‘rate. ; | #

Fige. 13 shows the improvement of performance with the four -
bladed injector. This improved performance is believed to be due to
- better mixing of gas with wator( and that the injector wes slightly
better streamlined than the two‘bladad one. The four bladed- injector
which injeots directly =aft should further increase performnnoe be-
cause it would utilize the dynmmioc pressure of the gas as it moves
rapidly eft. '

. Theory indicates that the specific thrust shoul& vary inverse-
ly with the moleoular weight of the gas being used, Therefore, using
hydrogen the specific thrust should be fourtsen times that when ni-
trogen is used. That is epproximetely what occurred with the 1l inch
nozzle, as shown in Fig. 14, although with the 1/2 inchlnozzle the
incrsasa.Qas only about &5 timas. If the apparsestus could have produced
the'flow; highe; gas rates might.haveliﬁcreased the ratio from 6 to
nearer 1l4.

Fig. 14 also illustrates the loss in effective exhaust vel=
ocity whe; the nozzle is changed from l/éiinch to 1 inch. However
this loss in efficiency is more thaq:offsét.by tﬁe lower chember

- pressure which must be built up for operetion.

*1 ) gy 1 4



Tﬁe high intensity sound ooccuring when hydrogen was used,
indioéted that the local velocity of sound may ﬁave been reached or
exceeded in the nozzle and that shock waves are ocourring. ‘he sound
was more noticeable when using hydrogen probably becesuse the velocity
of sound is lower in the water-hydrogen mixtﬁre than in the water-ni-

' trogen mixture. See Ref. 1.




"CONCLUSIONS

From an anelysis of the test results the following conclus-
iqna were reéached:

l. The injector gives best performance when placed in the
pressure gradient just within the entrance to the contrection sections,
| 2. .Vany high velues of effective exhaust veiocity may be

reached using a small exit nozzle. However, the required chember
pressures could be obtained only when the drag would be much higher™
than the thrust.

3. The larger nozzle gives lower effective exhaust velocity,
but it achieves its thrust at a low chambér pressure, which could be
obtained with low drsg. )

4, Hydrogen and other light gasee could be expected to give
high vealues of effective exhaust veloeity, in inverse ratio to their
molecular weightse. .

5. Improvements in injector and nozzle.designs should con-

" tinue to improve the performence of the device, until the hydroducﬁ
\not only proves itself to be practical, but useful, simple; aﬁd

-efficient as well.
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" TABLE I

T , ~REDUCTION OF HYDRODUCT DATA
. 2'Blade Injeotor, Nitrogen Gas, 1/2" Nozzle
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12.30
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TABLE II

REDUCTION OF HYDRODUCT DATA

(a) 4 Blade Injector, Nitrogen Gas 1/2" Wozzle
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"Fige 3 = b

Two Blade Injectors
Rotating sorew type at left,

Figt 5" ()

. Four Blade Injectors
. Aft injecting type at left,
Lateral injecting st righte
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'Fig, 4 - 8

Hydroduct, Disassembled

Fige 4 = b o
Hydroduct, Assembled

Showing fixed injector installed near
forwerd end of mixing cheamber,

.y
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Fige 6 = a

Hydroduct in Operation,
Water Alone, No Gase.

Fige 6 - b
As above but with ges injected near

- middle of mixing chamber,
-

Fige 6 = ©

“Seme as Fige. 6 - b, but with gas injected
~at beginning of contraction section. Note
finely divided unif¢rm spray from nozzle.
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