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Abgtract : For achieving high- speed requirement of underwater vehicle, a conceptua engine, which
utilizes the hydroreactive characteristic of several metals under supercavitation environment,, has
been put forward. Especialy, in order to obtain specific impulse as great as possble, a dual water
injection system is taken into account. Then thermodynamic-cycle model , which lead the improve-
ment of power plant and energy system, isintroducedin detail,and thermal efficiency is a0 ana
lyzed. Furthermore, for investigating the performance of this kind of engine system, detaled ther-
modynamic calculation and analyss are achieved. Especially, regarding\ hydroreactive metal fuel
Mg/ AP/ HTPB asour target fuel-rich propellant , eons deringits obvious deficient-0xygen property
and the energy property of “magnes um/-water reaction, theoretical-calculation method is establi shed
by integrating.chemical non-equilibrium-with chemical equilibrium.-Accordingly , low limit of prima
ry water/ fuel ratio is\determined.~In_addition, the qualitative and quantitative relationship of per-
formance parameters, such as theoretica pecifieimpulse, nozzle exit temperature, characteristic
velocity , ete. , versus water/ fuel ratio isinvestigated respectively.
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Introduction

At present , efforts are continualy directed
toward improving the technology to make under-
water vehicles more effective, that is, large voy-
age and high speed. Especialy, when an under-
water vehicle travels at 200kn (about 100m/ s) ,
the flow around the body separates and a cavity
is formed, this cavity generation due to high
geed is called supercavitation. Actually, super-
cavitation is a hydrodynamic processin-which an
undersea body is amost entirely enveloped ina
layer of gas initiated at a cavitator meunted at
the forward end’, and it’ sinterestingto_note that
this process may be realized due to the natural-e-
vaporation at speeds more than 70 m/ s. Inthis
case thefree water surface does'not-touch a body
surface any more, the vehicle ssemstravel in air
instead of in water , and hence, it' s especially at-
tractive to reduce thefriction drag, asair densty
islessin 800 times than water densty. Howev-
er, for achieving maximum performance availa
ble of candidate high-speed vehicle, supercavita
tion technology isjust a precondition, a sustain-
ing high thrust force to counteract the effect of
drag force is essential. Hence, development of
high-energy power system with effective jet pro-
pulson becomes vital and urgent.

It's generally known that high-energy pow-
er system needs high-energy propellant accord-
ingly , considering the special working environ-
ment and limit fuel spacefor an underwater vehi-
cle, selection for propellant with high-energy
dendty is dggnificant. The number of candidate
propellants for use in propulson of underwater

vehicles by means of a heat engineis posshly as
great as is the number consdered employed in
rocketry. Also, in general, smilar consdera
tions apply in choos ng the optimum systemfor a
given application in underwater applications.
These include the important factor of perform-
ance capability , based on the intrinsgc thermody-
namics of the propellant , and practical consder-
ations of suitability under use conditions.

It's worthwhile to mention that , Russian al-
ways kept ahead in field of high-speed underwar
ter vehicles during last century and it's reported
that those kinds of vehicles all employ new pow-
er system by usng water as main oxidant , and
high energy-density fuel -called hydroreactive
metal is carried, and the speed could reach 200
kn whichis3 5 timesthan that of ordinary ve
hicles, certainly ,\propulsve performance of new
power system would be enhanced distinctly. In
addition; related\studies ih Germany and USA
have al o-made progress '

In general , much attention has been paid to
this new conceptual power system subsequently.
It'swell known to us all , several metals such as
aluminum, magnesum, lithium, etc.are at or a
bove the melting temperature could react with
water and then release vast heat. Based on this
principle, engine with a carried fuel while oxi-
dant water pumped from ambient conditions
could be defined as metal/ water fuel ramjet mo-
tor. Actually, in early 1940s, the boosting con-
cept utilizing combustion of hydroreactive metal
aluminum has been put forward, and some rele-
vant studies were carried on continuoudy in
1960s?'. Then from 1990s to recent years, the
principle and performance of aluminum/water
reaction system are concerned intensively!®® .
Indeed , aluminum has a relative high densty ex-
plosive heat , which has been presented in Table
1, however , the ignition difficulty and reaction
mai ntenance are still two intractable problems.
Whereas, Univerdty of Pennsylvania has been
placing the emphasis on study of auminum/ war
ter propulson system, and a whirling combustor
has been developed conceptually , the principle of
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this device is to smash the aluminum oxidizing
layer which preventsfurther reaction between a
luminum and water. By the way , toward Table 1,
Qs presents explosve heat , in customary units,
kJ- g ', the numerical value may be calculated
from the energy available from the chemical re-
action and the type of working gases produced.
Yet density explosve heat Qu = Qs - Pp May be
concerned for underwater vehicle, where p, is
propellant density. The reason could be ex-
plained from two agpects. In thefirst place, the
proportion of vehicle weight that is carried fuel
is relatively low, probably never exceeding 50
per cent and usually less, thisisin decided con-
trast to rockets where ratios exceeding 90 per
cent may be realized. Thus the total weight of
the vehicle is not critical dependent on the pro-
pellant weight. Another factor contributing to
lower the importance of weight is because the
powerplant is operating against a given force,
drag, in sustaining the system;—and at high
$eeds, dragis much moreafunction of external
configuration than-that of weight..So the propel-
lant parameter of most\ usefulness in characteri-
zing underwater propellant performanceispower
output per unit volume. \This parameter is of
definite value in grading new propellantsfor un-
derwater applications.

Table 1 Energy characteristics of metal/ water reaction

_ ) Qs/ Qu/
Chemical reaction
(k1-gY) (kI-cm?®)
Al +1.5H,0() -
15.15 41.2
0.5A1,03(s) +1.5H:(qg)
Mg+ H.O(l) -
13.34 24.71
MgO(s) + Hz(g)
Li + H.O() -
28.61 15.42
LiHO(s) + H(g)
Li +0.5H.0(l) —
22.54 12.15

0.5Li,0(s) +0.5H2(g)

Hence, for this new potential water ramjet ,
it's necessary to study the property of hydrore-
active metal fuels, which influence the perform-
ance of power system to a great extent. Without

regard to aluminum, lithium has lower energy
densgty from data listed in Table 1. Instead,
magnesum has a relative high energy density,
and it's available for magnesum to react ener-
getically with water. Thus, from general view-
point of energy property and viable study , mag-
nesum will be regarded as target hydroreactive
metal. In addition, a dual water-injection system
was taken into account for obtaining a greater
possble gpecific impulse. Moreover , thermody-
namic calculation is a vital approach to develo-
ping the water ramjet , which could provide basic
data in structural desgn and working process
calculation of engine. Consequently, based on
our notion of new water ramjet-,.it s necessary to
pay much attention-to theoretical\ investigation
including thermodynamic calculation and per-
formance analyss.

1 ( Thermodynamic cycle mode

S nce-thermodynamic-cycle of any heat en-
gine holds importance in development of thermo-
dynamics and power generating machine, a o it
could boost the development of thermal engine
and energy power system. Aiming at special war
ter/ metal fuel ramjet motor , no corresgponding
thermodynamic cycle model s have been reported
at present. Thus, study on theoretical analyss
egpecialy thermodynamic cycle system is sgnifi-
cant.

Toward candidate metal/ water fuel ramjet
motor with a dual water-injection system, sys
tem diagram is smply described as shown in
Fig. 1. The heat engine used in underwater vehi-
cles has a gas generator in which the hydroreac-
tive metal fuel (HMF) could burn by ignition to
liberate their latent energy, and this process
should be regarded as primary combustion. Es
pecially , the solid propellant isoxygen deficient ,
not all magnesum involves in reaction, hence,
primary combustion products including gases
and resdual magnesum would flow into com-
bustor , and meanwhile appropriate primary wa-
ter enters from ambient form pipelines. Obvi-
oudy, alager mount of heat would be released



1132

25

by reaction between magnesum and water var
por , asaresult , combustor temperature reaches
a high value, and smilarly , thisprocessiscalled
secondary combustion. Snce secondary injected
water is introduced as main working substance,
gecific impulse of engine would enhance great-
ly. Meanwhile, mixing room is desgned to mix
the high-temperature products and secondary in-
jected water. Then all working substancesinclu-
ding gases and small condensed particles from
mixing room would expand through L aval nozzle
to bring thrust. Thus, the working process of
the new water ramjet has completed. In succes
son, a new round cycle will beinitiated.

Water - Pipeline
G t 2
as generator Nozzle

2 2
34 5 6 7

—e e~ ———® — 8.

IMF\

\Com mbustor\ Mixing room

1 ambient water; 2 injected water;
3 state during primary combustion (p;=p,);
4 gas generator state after primary combustion;
5 state'during primary combustion\(p,=p,);
6 mixing room state of steam; 7 state of nozzle inlet;

8 state of nozzle exit

Fig.1 Schematic diagram of metal/ water fuel
ramjet motor system

Firstly, it sworthwhile to present the defi-
nition of water/fuel ratio® :

@ = mu,o/ M (D
Where mn,o, mw represent the mass flow rate
of injected water and mass flow rate of fuel re-
gectively, the latter is related with the burning
rate of hydroreactive metal fuel.

In addition , it's worthwhile to mention that
primary injected water is introduced sufficiently
to consume all resdual magnesum, meanwhile
guaranteeing combustor temperature not lower
than ignition temperature of magnes um/ water
reaction, which is about 800 K. Towards 1 kg
Mg/ AP/ HTPB propellant with 50 % magnesium
mass fraction , combustor temperature Te versus

primary water/fuel ratio @, is displayed in

Fig.2. According to complete reaction Mg +
H.0=MgO + Hz, water/fuel ratio could be de-
fined as@w , here@ is about 0.43 for 1 kg fuel.
In other words, when @, =@ , combustor tenr
perature Te will reach a maximal value, while
¢, =2.0, Te =836.88 K, 0@, should be given a
proper value between 0.5 and 2. 0.

2600

2400 "
200§ had \'\
2000 F N\,

1800
1600
1400 -

1200+ "
1000 - N

800 1 1 1 L]
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Consdering two-phase flow characteristic
and phase transtion of ‘water during work
processof ramjet , thermodynamic cycle could be
regarded as coupling of ideal gasturbine cycle
and ideal -quas-Rankine cycle, the former just
indicates that magnesum reacts completely with
primary (@, =®w) , correspondingly, working
medium is products of secondary combustion.
While during latter cycle, all excessve injected
water is assumed working medium, it involves
liquid water and water vapor.

Gven initial temperature of hydroreactive
metal fuel and ambient water is25 and 10
resgpectively , and navigational back pressure pa
can be achieved based on p. = po +P gh, here po
is searlevel pressure 101325Pa (1atm) ,p is sear
water density 1023 kg - m’, h is navigational
depth 10m, 0 p. =0.2MPa. Moreover , making
combustion product s expand optimally in nozzle,
that is ps = p.. Then assuming water injected in-
to combustor with a high velocity 100 m/ s, and
meanw hile pressure losses along pipeline i s near-
ly 2 to 3 MPa, while pressure loss in muzzle
holds between 0.15 and 0. 2MPa. Thus at last,
chamber pressure ps has been initiated 2. 5 M Pa
in termsof Bernoulli equation, which isregarded
invariable in present study.
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1) Ideal gasturhine cycle o} =cp1[ Ts - TEJ =hg - hs (3
Asindicatedin Fig.3, state 3 isan assumed @ = CpZ[ Te - TsJ = s - hs (4)

state during primary combustion when pressure
of products is just equal to back pressure 0. 2
MPa. State 5 is another assumed state during
secondary combustion when ps just reaches up to
2.5MPa. Since reaction processincluding partial
primary combustion and partial secondary com-
bustion is achieved instantly , and reaction heat
is completely used to heat products without any
heat loss, 0 process 3—5 can be regarded as
isentropic process. Thenfrom state 5 to state 6,
secondary combustion will continue under cir-
cumstance of constant pressure 2. 5MPa, com-
bustor temperature will increase sharply on ac-
count of liberated combustion heat , in general ,
Ts is defined as adiabatic combustion tempera
ture. Then al products will expand through
nozzle, process 6 8 could be regarded as isen-
tropic, during this process, temperature and
pressure will descend while velocity increases.
However Ts is higher than—Ts, s process of
heat release 8 3 exists under environmental _pres
sure 0. 2 MPa. Neglecting small part-of con-
densed particle, 'main working medium_is the
gaseous products N2, CO,\CO2, Hz,"H20
(g) , etc.

Pts 6 r

0 v 0 s

Fig.3 p-v and T-s schemefor ideal gasturbine cycle

Based on presentation of ideal gasturbine
cycle, thermodynamic analyss could be accom-
plished by through endothermic process 5-6 and
exothermal process 83, evidently, corregpond-
ing heat capacity are qu and ¢ respectively. Thus
based on 1kg fuel , net work wg, withJ - kg *
unit , can be obtained by heat difference, which
can be expressed by area Sssss. Thus, according
to the First law of thermodynamics:

Wg = G- @ (2

Informula (3) and (4) , cx and ce are aver-
age isobaric gecific heat capacity of secondary
combustion productsin combustor and nozzle re-
ectively ,J- kg'' - K*, whileh, h, h, h
are specific enthalpy at corresponding state re-
spectively ,J - kg™ *.

Then substitute formulas (3) and (4) into
formula (2) , net work can be expressed as:

wg = (hs - hs) - (he - o) (5)
According to definition of therma eficiency:

nt’g:ﬁg:m-m&::&-m ©

Obvioudy , performance of ideal gasturbine
cycle can be predicted.by obtaining Tz, Ts, Ts,
Ts Or by 16\, he', hes.

2)-tdeal quasi< Rankine cycle

Obvioudy-, ideal quas-Rankine cycle in
volves a phase transition, as revealed in Fig. 4.
Firstly , water isinjected into combustor through

pipeline; 50 kinetic energy of water will trans
form-into pressure energy from state 1 to state
2, accordingly, pressure and temperature both
increase while specific volume has a relative
small change asindicatedin Fig.4. Coupled with
thermodynamic process of ideal gasturbine cy-
cle, it sevident that heat liberated from seconda
ry combustion is employed to evaporate all ex-
cessve water , 0 water will turn into water var
por gradually under 2. 5M Pa, evidently , temper-
ature and volume increase evidently during
process 3—6. While during process 6—8, water
vapor will accomplish an isentropic expanson
through Laval nozzle, consequently, tempera
ture and pressure both decrease while specific

volume presentsincreasng trend, certainly, liquid

T

p 7

0 vy O s

FHg.4 pvand Ts schemefor ided quas- Rankine cycle
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water should be avoided in nozzle. End of expan-
son, vapor temperature Ts is still higher than
that of ambient T:, hence process 8~1 is regar-
ded as exothermic process under constant pres
sure 0.2M Pa, and then water vapor will turnin-
to liquid water asinitial state of cycle.
Smilarly, on the bass of the First law of
thermodynamics, net work wret.r can be obtained
by difference of exothermal and endothermic
heat capacity:
WR = C1.H,0 - Gp.H,0 (7)
Which o .10 is specific endothermic heat of lig-
uid water while o120 is specific exothermal heat
of water vapor, they can be calculated as fol-
lows:
o = hr - he (8)
®.1,0 = heno - h (9
As presented in gasturbine cycle, hv, h,
h are specific enthalpy at corresponding state,
J- kgt
is specific enthalpy of water vapor-in nozzle-exit
different from he, which-indicates_specific_en-
thalpy of secondary\ combustion_products-in-
stead.
Then substitute formulas (8) \and (9)_into
formula (7) , net work of ideal 'quasi- Rankine cy-

It's worthwhile to mention that he w0

cle can be expressed as:
wr = (b= he)~ (he.no - i) (10)
Hence, thermal efficiency can be achieved
asfollows:

WR _ (h7 - hZ) - (I'B,HZO' hl)
QL. H,0 - h - he

Nier =

(11)
It is known that under constant pressure,
secific enthalpy of water can be correlated in
terms of a smple polynomial of T, that is,
h=f (1),
In general , given total water/fuel ratio @,
Pp =@w is water/fuel ratio of ideal gasturbine
cycle, 0 thermal efficiency of water ramjet mo-
tor is calculated by following formula:

Qg + @ - Q) .10
QOunap + @ - @) Ghny0

Ne = (12)

In conclusion, two cycle-model s describes a-
bove are not independent each other, instead,
they areinterconnected based/on combustion and
evaporation processes mainly. As presented in
part1l, upper limit'of primary water/fuel ratiois
2. 0for hydroreactive metal fuel with 50 % mag-
nes um mass fraction ,\thermal efficiency can be
achieved through' above formulas. Thus, Table
2 reveals the results of thermal efficiency N: of
water ramjet motor when®, =0.5 and@, =1.0
typically , it s noted thatn. val ue between that of
two ideal thermodynamic cycles. In further,
coupled with thermodynamic analys s on propul-
dve performance of water ramjet, some im-
proved ideafor expectant efficiency would be in-
spired.

Table2 Thermal eficiency analysis (@p =0.5,9s=1.0)

o (G.Hy0)/ % (G.Hy0)/ Wret/
Sate p/ M Pa T K . Nt
(K-kg") (K- kg') (K- kg ")
3 0.2 962. 10
5 2.5 2200.00
Ideal gasturbine cycle 784. 44 343.05 441.39 0.5627
6 2.5 2444.68
8 0.2 1069.11
1 0.2 283.15
Ideal quas-Rankine 2 2.5 283.16
4709.97 3626.79 1083.18 0.2300
cycle 7 2.5 1340.92
8 0.2 852.99
Motor 5494, 41 3969. 84 1524.57 0.2775
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2 Thermodynamic calcuation theory

Theoretically, during the thermodynamic
calculation of water ramjet motor , determining
equilibrium components of products in each
working process is most essential. In general ,
based on known conditions of HMF, including
elements, mass fraction distribution, initial
thermodynamic parameters, while given water/
fuel ratio and working pressure, equilibrium
components of products could be estimated by u-
dng mass conservation equation and chemical e
quilibrium equation together , furthermore , equi-
librium temperature could be achieved by emplo-
ying energy conservation equation correspond-
ingly.

In particular, thermodynamic calculation
should depend on behavior of thermodynamic
process, for there existing transition of chemical
energy , heat energy and kinetic energy. Ese
cially, from viewpoint of above presentation,
two-phase flow is an important-feature;-and pro-
portion of condensed-phase has a substantial in-
fluence on motor performance. However , some
essential assumed conditions'\should be taken in-
to consderation in theoretical study:

1) Neglecting additivelin target deficient ox-
ygen solid propellant, magnesum (Mg) , oxi-
dant (AP) and binder (HTPB) are candidate
components.

2) Regarding both primary combustion and
second combustion as adiabatic process. Mean-
while, in mixing room, heat exchange between
excesdve water and final combustion productsis
sufficient.

3) Neglecting two-dimensiond loss and two-
phase flow loss, and all productsimplement com-
plete expanson through nozzle.

In addition, primary injected water must be
sufficient , that is, resdual magnesum from gas
generator can be oxidized completely in combus
tor. Snce some certain physical conditions cou-
pled with thermodynamic process, thermody-
namic calculation could be divided into four parts
asfollows:

1) Primary combustion. In gas generator ,
latent chemical energy of hydroreactive metal fu-
el trandorms into thermal energy of gas prod-
ucts and melting magnesum. Aiming at target
fuel Mg/ AP/ HTPB , only small massfraction of
magnes um can be oxidized in combustor , which
becomes MgO and MgCl. , while the remainder
would warm up as heat snk, and meanwhile,
carbon particle C will separate out, some gase
ous products such as N2, Hz2, H20, etc. a0
generate. S0 the non-equilibrium method is just
fit for this process™ .

2) Secondary combustion.
magnes um/ water reaction is just main thermo-

In combustor ,

dynamic process, obvioudy-the products may
include gaseous N> H2, H.O, CO, etc. and
condensed substances\MgO and MgCl.. Owing
to_high combustor temperature; some dissocia
tionproducts H, Cl , O, N, OH, etc. should be
i ncluded:
rameters.including adiabatic combustion temper-
ature Ts can be estimated by usng chemical e
quilibrium method coupled with the energy con-

In this process; thermodynamic pa

servation equation.

3) Mixing process. In mixing room, conmr
bustion has been assumed to eb achieved com-
pletely , excessve water is used to balance tem-
perature and add working substances instead of
being engaged in reaction.
sponding thermodynamic calculation should be
done by using chemical equilibrium method, and
mixing temperature T; is estimated by emplo-
ying energy conservation equation.

Smilarly, corre

4) Expansion process. In Lava nozzle, all
products including gases and condensed particles
will apply work through expandon, and heat en-
ergy will trander into kinetic energy which is
employed to impulse underwater vehicles. The
calculation involves determination of the enthal-
py drop during isentropic expanson. Esecialy,
two extreme model s named equilibrium flow and
frozen flow are concerned here, the former
means that products are in chemical equilibrium
state at each cross section of nozzle, in other
words, compound reaction will fulfill along with
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variable temperature. While the latter has an op-
poste implication, components of products keep
invariable during whole expanson process, that
is, chemical reaction rate is much lower than
that of thermodynamic parameters. However ,
the specific impul se deviation based on these two
flow models is less than 3%. Snce calculation
method has a small impact on integral perform-
ance of engine, therefore, equilibrium flow mod-

el concerning in our study isfeasble.

3 Resultsand discussion

Based on thermodynamic cycle and thermo-
dynamic calculation presented above, detailed
calculation analyss has been performed. The
qualitative and quantitative relationship of per-
formance parameters, such as thermal efficiency
Nt , theoretical specific impulse |y, nozzle exit
temperature Tsn,0, Characteristic velocity ¢,
etc. versus water/fuel ratio@ has been obtained
respectively. Necessarily , definition.or calculat-
ed formula for above parameterswould be-ex-
pressed asfollows:

Firstly’, specific impulse Iy is an most.im-
portant parameter\for water ramjet_motor;-the
oretically , specificimpulseis determined direct-
ly by enthalpy value of products at inlet and
outlet of nozzle respectively. In this study, ps
has been assumedto be equal to pa, thus, spe
cific impul se can be estimated by following for-
mula:

lg = (1 +Q)Vs - QV: (13)

In Eg. (13) , @ indicates total water/fuel ra
tio, Ve is products velocity at nozzle exit, Vi
presents velocity of underwater vehicle.

Another essential parameter is characteristic
velocity ¢” , the value of ¢’ isin proportion to
energy response of propellant. Especially , when
¢’ holds a relative higher value, less propellant
mass flow is required for achieving an equal
thrust force and working pressure. According to
a solid rocket engine, characteristic velocity ¢’
can be estimated by smilar formula:

¢’ = —ETT/M (14)

Where k;, M7 and T, are ratio of specific heat ,
molecular weight of products and mixing tem-
perature regectively, Ro is universal gas con-
stant.

A further performance parameter is thrust
coefficient c=, which can be obtained directly via
known specific impulse |y and characteristic ve-
locity ¢” , it presents the expanson level of gas
productsin nozzle. Then:

o == (15)
C

In conclusion, specific impulse Iy isinflu
enced by both combustor (mixing'room) feature
¢’ and nozzle feature o= with expresson Iy =
¢’ _~Cr. Thatis,theintegral performance of en
gineis determined by performance of combustion

and-expanson together.
3.1 _Influence of @, on_Ts

As we al“know , for all kinds of motors,
combuster temperature has superior limit due to
material of shell.
ramjet system with carried fuel , the magnitude

Especially, aiming at water

of primary water has vital influence on combus
tor temperature. As plottedin Fig. 2, it reveas
that when primary water/fuel ratio @, is 0. 44,
combustor temperature Te reaches up to maxi-
mum 2410. 41 K.

In addition, consdering the requirement of
higher specific impulse coupled with safety as
surance of combustor , primary water/fuel ratio
@, should be morethan 0.44. Inthis study ,@, =
0.5 is regarded as the lower limit. Then incor-
porating with analyss represented in part 1, @,
is given between 0.5 and 2.0.

As is known, dater complete secondary
combustion, excessve water won't engaged in
chemical reaction any more, instead, it will play
an important role in cooling and increment of
working medium. Hence, from Fig.2, it may be
noted that combustor temperature presents a de-
creasng trend with@,.
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3.2 Influenceof ® on Iy,N:, C°

Now that some essential assumptions have
been given in part 2, guaranteeing a complete
secondary combustion, corresgponding variable
trend of performance parameters versus total
water/ fuel ratio® can be obtained. In addition,
work processin nozzle has been assumed as com-
plete expangon, the exit pressure of Lavd nozzleis
st asambient pressure 0. 2MPa, thus correspond-
ing saturation temperature is 393. 39 K"

In this study , for guaranteeing normal work
of engine, the condensation of water vapor
should be avoided at nozzle exit, it means that
exit temperature could not be less than satura
tion temperature T« . If liquid water appears, it
could not apply work during expanson in noz-
Zle, instead, it would erode the nozzle severely,
and then the performance of engine will beinflu-
enced negatively. Hence, total water/fuel ratio
@ guaranteeing Ts 1,0 >393.39 K is to be predic-
ted.

Based on analysis in-part 3.1, @, is-given
0.5, ratio- Qs
change, performance analyss has been—accom-
ratio@._ In
Fig.5, gecificimpulse I'\and thermal efficiency

making secondary\ water/fuel
plished versus total water/fuel

N: are described respectively. It's noted that N
keep decreasing monotonically with @ while Iy
increases, when @-= 4. 2, Iy reaches maximal
value 5150. 94N - s- kg ', then |y decreases

witho.
0.26
5200
0.25r " aAAAAAL,
\.‘l\ AA’A
0.24] DS 5000
lj\
0.23} ,*K‘- -, 4800
= 0.2} re T, 2
/ (7]
iel] il - 4600 »
- ré \- =
/ {4400 =7
020f A \
va 14200
0.18 : : : ‘ : 4000

20 25 3.0 3.5 4.0 4.5 5.0
4

|:|95 Ig),r]tVS(P ((pp:OS)

For thermal efficiencynN:, when®, =0.5,
secondary combustion finishes completely , ther-
mal efficiencyn: is determined byn:., while T,
and Ts,n,0 both decrease with @ , and temperar
ture difference in ideal quas-Rankine cycle keep
decreasng, o thermal efficiency N: decreases
with®. However , specific impulse |y concerned
with not only@ but al 0 velocity Vs as defined in
Eq. (13) , @ keeps an increasing trend while Vs
decreases based on variation of temperature
difference in ideal quas-Rankine cycle, so when
decrease of Vs becomes dominant instead of @ in-
crement , specific impulse |y becomes decrea
sng.

In addition, characteristic-velocity ¢’ is a
vital parameter which reflects the energy re
sponse of hydroreactive metal)fuel and complete-
nessof combustion rightly. According to Eq.
(14)", ¢” presents a direct proportional relation
ship-with (T-/ M%) ¥2.
a falling-trend with ‘total~water/fuel ratio @.
When @ value is.small , hydrogen H. comesfrom
combustion-chamber is regarded as main prod
uct, M; value is small obviousy. However,
steam H20 becomes dominant product with in-

It's\known that T; keeps

creas ng water/fuel ratio, hence mean molecular
weight increases, o the mutative trend has been
revealed in Fig.6. To sum up, M- and temperar
ture T present a contrary trend against water/
fuel ratio® , so characteristic velocity ¢” decrea
ses with@ as described in Fig. 7.
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4 Conclusions

Along with development of supercavitation
technology , advanced propulson system be
comes urgent. Accordingly, an attractive con-
cept of water/ metal fuel ramjet motor system
yielding magical high energy has arisen. Espe-
cially in this research, magnesum-based water
ramjet system was regarded as target model , and
taking hydroreactive metal fuel Mg/lAP.HTPB
with 50 % magnes um mass fraction as-example;,
the ideal thermodynamic, cycle model~was put
forward , and.-thermodynamic performance analy-
d's has been accomplished meanwhile.

1) Upper limit of primary water/fuel-ratio
P,is2.0.

2) Thermal efficiencyn: presents decreasing
trend with water/fuel-ratio®.

3) Fecificimpulse Iy reaches up to a maxi-
mal value 5150.94N - s- kg"* when® =4.2.

4) Characteristic velocity ¢’ decreases with
water/fuel ratioq.

All'in all , initial study on magnes unr based
water ramjet motor could provide theoretical ba
dsfor structural desgn of high-speed underwar
ter vehicle, and meanwhile can guide the inr
provement and optimization for such new con-
cept engine system.

Furthermore, the work in this paper pro-
vides an open notion committed to i mprovement

of water/ metal fuel ramjet motor. For instance,
for achieving an optimal performance, a proper
amount of aluminum could be substitute for part
of magnesum, determination of proper mass
proportion, which satify energy response as
well as combustibility , would be a vital agpect.
Hence, the authors will probe into correlative
investigation profoundly.
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