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SUMMARY

The contents of this note fall into two sections. Part I considers
the possibilities and problems involved in using ramjets as a power source
for one of the stages of a satellite launching vehicie or similar project.
In comparing such a system with rocket powered vehicles, consideration is
given to both performance and mass of the various systems, Various trajectories
ere considered, This work includes a reassessment of projects that have been
suggested elsewhere,

The second part examines the pogsibility of using forms of ramjet in
the atmosphere of cther planets, Because there is insufficient knowledge
of these atmospheres, a study has been carried out to determine the approximate
performance of a chemical ramjet in atmospheres of Methane, Ammonia, Hydrogen
and Carbon Dioxide at Mach 3. The work in Part IT is original, there being
no previously reported papers on the subject known,

These studies, which are necessarily based on several simplifying
assumptions, indicate that applications for these engines may be expected
to arise in astronautics, and that this is a fruitful field for further
studies.

Paper delivered to the Midlands Branch of the British Interplanetary
Scciety on Saturday, 9th November, 1957.
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1e1. Introduction

The rocket engine has long been the favourite means of propulsion
among those earrying out paper studies of possible space projects, and
indeed it is one of the few systems capable of operating in the nesr-
vacuum of space, As is well known, its most severe limitation is its
high specific propellant consumption, and it is of interest to explore
the possibility of using atmosphere-breathing engines, which are more
efficient fram this pcint of view, during periods of flight in planctary

-atmospheres. In this part of the paper we are concerned with flight in
the Earth's atmosphere, and therefore, primarily, with entry into Barth
satellite orbits,

Several writers have looked into this problem, and their views will
be examined, That the scheme is worth our consideration is indicated by
the practice adopted as early as 1947 in the United States of launching
experimental rocket~-engine powered resesrch aircraft from conventional
alrcraft powered by air-breathing piston engines, If the piston engine
has been found useful, surely this will prove to be the case alco with
air-breathing engines now being developed for flight at high supersonic
speeds,

1.2. Engine Comparisons

When making paper comparisons of wvehicles fitted with different
types of engine it is customary to take "typical" performance data for each
class of engine, This is a convenient but rather dengercus technique, for
the results finally obtained are no more reliable than the original assumptions.
Comparisons of total vehicle weight, for example, should be regerded as
having an elastic property. Sometimes apparently relatively small changes in
engine performance will have the effect of reversing a previously drawm
conclusion, Having sounded a note of caution, it is nevertheless of interest
to attempt such comparisons in the light of engineering data currently
available,

While there arec many interesting hybrids and enginc combinations
possible, it will be assumed for simplicity that only three main engine
types will be used; and only one engine type per vehicle stage. The engines
ccnsidered are the rocket, ramjet and turbojet.

The rocket operates by discharging material initially carried by the
vehicle, It is thus independent of any surrounding atmosphere, The
ramjet and turbojet are atmosphere-breathing engines, the thrust being
obtained by discharging atmospheric gas (together with injected fuel in
some cases) at a higher velocity then it was entrained. The principles of
these engines are fairly well understood and will not be dealt with at
length here. A ramjet for supersonic operation is shown in Pig. 1. The
supersonic turbojet would look rather similar to this with a compressor-



turbine set interposed between the intake and exhaust nozzle,

A comparison of different engine types for flight in the Earth's
atmosphere has been dealt with in a number of mpers, (1, 2, 3). Air-
breathing engines can only be operated within a limited range of altitudes
and speeds, Fig. 2 shows in generalised form the "limitations" of ramjet
operation. The top point of the range might be put at Mach 5 at 120,000 %,
The turbo-jet experiences similar restrictions, the main difference being
that it produces thrust from rest. The rocket as an engine experiences no
altitude~speed restriction, although at low altitudes a rocket vehicle
would be subject to speed limitations due to aerodynemic heating at high
speeds just as any other vehicle would,

Por sustained flight in the atmosphere at a constant speed, Fig. 3
gives an approximate idea of the flight time at which a ramjet powered
vehicle would be lighter than a rocket powered vehicle, (Assumptions and
calculations are given in Appendix I.) At low altitudes this occurs after
only a few seconds t At high altitudes it may teke a minute or more, The
reason for this is that at high altitudes a ramjet engine produces less
thrust for a given weight, and therefore a longer period of time has to
elapse before the relatively low specific propellant consumption of the engine
results in an advantage., Longer flight times are required for the turbojet
than for the ramjet, as the turbojet is a heavier engine.

It is again necessary to advise caution in interpreting information
such as that shown on Fig, 3. However, it does bring ocut one of the main
features of rocket-air-breathing engine camparison.

Vhile it is obviously desirable to aim at a low final vehicle weight,
a great number of other factors have to be considered in practice. These
include cost, reliability, easc of development, safety and simplicity,
In this study we shall consider mainly comparisons of vehicle weight.

1.3. Influence of flight programme

For an adequate analysis, proper consideration must be given to
suitable flight paths and progremming, This is too long a job for a
single worker, however enthusiastic, and a brief attempt has been made to
deal with this by considering two elternative flight paths together with
rather arbitrary accelerations. It is hoped however that this will serve
as an introduction to the problem,

The simplest and most obvious path to consider first is that of
vertical asgent. The only paper known to the author dealing with this
is by Tsien( ), His analysis has a number of rather severe limitations =
in particular he allows a ramjet powered vehicle to produce thrust from rest, -
a condition not realisable in practice !



The methed selected by the author was to examine the thrust prcduced
by a ramjet engine of given sige during verticol flight sssuming in turn
the conditions listed on Fig, 4. The assumption of constant acceleration
wes made to establish the speed-altitude vardiation, It is clear that the
resulting thrust variations therefore imply that an additional and variable
thrust producing system would be necessary to give the constant acceleration
assumed, However, an approximation may be made by teking the engine thrust
as substantially constant over the middle part of the speed range.
(Reduction in fuel weight will, in any event, tend to compensate for falling
thrust in the upper part of the range. )

Conditions to which the engine would be subjected during a typical
flight are showm in Fig. 5. The convention of plotting altitude vertically,
though it is the independent variable, has been adopted., Conditions at a
given altitude are obtained by reading across to the appropriate curve and
then down to the relevent line, It will be appreciated that mechanical
troubles arising from high ram temperatures will increase with eltitude,
although this is to some extent alleviated by the fall in ram pressure,

The flight velccity progressively increases, although the flight Mach No,
falls off for a while at the upper end of the range owing to the increase
in atmospheric temperature above the stratosphere.

The constant thrust trajectory referred to on Fig, 4 camot be
obtained in vertical flight without a sharp increase in acceleration at
medium altitudes., This may be seen from Fig, 6 where the required speed-
altitude variation is given. Avoidance of a fall off in engine thrust
with altitude is clearly desirable, and in practice this will call for
a departure from vertical ascent and seme levelling-off at medium altitudes,

The relative weights of ramjet and rocket powered vehicles over
realistic ramjet speed ranges for constant payloads and for the trajectories
and acceleration programmes given ebove are shown in Fig. 7. These quantities
have the elastic propertics mentioned earlier, and tend to penclise the rocket
which is made to operate over a limited speed range. It does indicate, however,
that ramjet powered vehicles, to be competitive with rocket powered vehicles,
(2) need to be boosted to speed at low altitudes, (b) need to follow a
trajectory which sustains the thrust over the speed range.

1ole  Satellite wvehicles

An attempt was made to campare vehicles for establishing a fixed
payload in a circular orbit near the Barth., ( Note - these studies were carried
out pricr to the first satellite launching.) A conventional three-stage
rocket was compared with a two-stage rocket launched from a ramjet powered
stage that had been accelerated to operational speed by a solid propellent
booster. The resulting total vehicle weights are shown in Pig., 8. The
conventional rocket vehicle is lighter and simpler, having one fewer stage,
One of the reasons for this is that the ramjet stage final velocity is only
about 1 mile/sec., thus forcing upon each of the two stages of its "payload"

a higher incremental velocity requirement than each of the three stages of the



comparison rocket vehicle,

A much e?,;c{,}ier investigation of the satellite launching problem was
made by Proell\”/, His analysis has certain wealnesses in detail, but he
advocates the use of a slow take-off type of space ship as the only practical
type. He examined the possibility of varying speed and altitude using a
winged ramjet ship - to carry the payload almost to orbital velocity 1
This locks frightening at present owing to the high rem temperatures that
would be experienced., Nevertheless the principle is sound, and the more
the speed range of the ramjet can be stretched in future, the more interesting
this proposal beccmes,

Possibly one of t%zg most interesting studies in recent years was that
carried out by Sandorff ). He considered the problem of establishing a

500 1b. payload in a circular orbit using either a conventional three stage
rocket or a two stage rocket launched by an aircraft poweyed by turbojets,

The speed altitude variation is shown in Fig., 9. The vehicle weights are
given in Fig, 10, Again the conventional rocket vehicle is seen to be lighter
in weight, Some important factors are, however, empliasised by Sandorff,
Firstly the weight of the expensive rocket component is halved, Secondly,

the aercplane first stage is likely to be more reliable than a rocket first
stage, and the overall reliability of the system should be increased. Finally,
the aeroplane stage is recoverable,

It would appear that thig scheme is an attractive alternative to the
conventional rocket scheme. Sandorff envisages developments in which ramjets
are used to incresse the final speed of the aeroplane stage,

Some proposals from M, Vamrarov(7) of Russia are of interest, His
speed~altitude variation for a combined turbojet-ramjet=rocket vehicle is
shown in Fig., 9. Engines would be jettisoned at the end of each phase of
operation. As an alternative he suggests o series of vehicles each with its
own type of power plant. His selection of altitudes at which a given speed
is to be reached appeaws to be on the high side for the development of an
adequate thrust from the air-breathing engines.

1.5. Conclusion
Air breathing engines appesr to offer a reasonably attractive alternabive

to the rocket engine for scme applications of astronautical interest during
flight in the Earth's atmosphere,



PART TT

2eh 0 : Introduction

‘ ~Into the foreseeable future mass will continue to be a most expensive
and difficult property to project any distance away from the Earth, Since,
as far as a vehicle is concerned, the production. of thrust is mass consuming
it will always be inperative to prcduce it in the most efficient menner,
To date, all projected studies of interplanetary voyages appear to have
considered some form of rocket engine as an autrmatic selection for all
stages of the journey outside cur own atmosphere, Greemwood, in the first
part of this paper, and others have shown that air breathing engines may be
able to play a useful part in the initial stage of a launching programme fran
the Earth's surface., Looking further, in distance and time, this part
investigates the possibility of using the atmospheres of other planets as a
means of producing thrust more efficiently than the rocket engine. It is
thought that such a possibility will be of interest to those who may study the
feasibility of journeys involving either circumnavigation of, or landing
and. subsequent teke off from, any of the bodies of the solar system possessing
considerable atmospheres, See Fig, 11. ' ‘

2,2, Atmosvheres of the Solar System

Because of the physical difficulties involved in viewing and analysing
the rest of the solar system from the bottom of our own atmosphere, the
information available upon the chemical composition of the various planetary
atmospheres is vague and contradictory., Unfortunately, as far as this study is
concerned, opinions conflict not only upon the emounts of variocus constituents
present, but upon the absence, or presence of a particular gas in some
considerable proportion, There is in addition practically no information at
all upon the temperature, pressures and densities at points within atmospheric
envelopes,

Obviously the comparative methods discussed in the first part of this
paper have only been possible because adequate information is available upon
the chemistry and distribution of the Earth's atmosphere. Such reliable
comparisons of the relative merits of atmospheric breathing and rocket
engines for specific applications on cther planets will only become possible
when our knowledge of their atmospheres becomes as extensive as our knowledge
of our own, These difficulties have forced the author to define, hypothetical
atmospheres, and then to investigate the possibility of using engines
in them,

Bach hypothetical atmosphere has, therffore, been defined as being made
up entirely of one gas, The choice of these gases has been governed by the
main atmospheric ingredients of the solar system excluding Earth. On this
point there is a remarkable lack of disagreement amongst various authorities;
in consequence, hydrcgen, methane, ammonia and carbon dioxide have been chosen,
The first three, all capable of producing heat when chemically reacted with
oxygen, are classified as "fuel atmospheres" and are treated in similar mannecr,



Carbon dioxide, on the other hand, dis far too stable to be used in such
chemical ’)I‘OCCSSQ»: and so reoelves separate consideration.

The next problem was the selection of suitable temperatures and
pressures for these hypothetical atmospheres, To simplify the initial
investigation, and to make the results comparsble, it was decided to use
the same temperature and pressure figures for each atmosphere.  Since the
lerger planets, Saturn and Jupiter, have considerable atmospheres, they
were used to &_LVO reasomable figures for this first Jccntatlve work
Finally, 123 % (~150%0) and k4.7 1b/in? were sciected as being possible
and fairly typical. Only this one spot point was considered; no work has
yet been carried out on "altitude effectst,

2,3, Choice of Bngine for Study

It is a very inbteresting fact that all forms of air breathing internal
combustion engine appear to be capsble of redesign to enable them to operate
within any of the fuel atmospheres. The main modification required would
be to convert the existing fuel system so that it would meter and inject
a selected oxidant, A full study of the thermodynamics and mechanism of
such engines for either ground or "airborne" use will need much careful
consideration at some time, but is outside the limits of this paper. It
would appear that the first use to which atmosphere breathing engines may
be put be as part of a "probe" programme, This may involve atmospheric
entry, circumnavigation and subsequent exit, most probably without landing.
Of the possible types of engine available, the ramjct appears to be an
obvious choice for such a scheme, It was, therefore, decided to investigate
the possibility of using such an engine in the hypothetical fuel atmospheres
with one or two oxidants about which adequate information was available,
Those studied so far include liquid oxygen, liquid ozone, nitric acid, and
dinitrogen tetra oxide,

Engine operation within a carbon dioxide atmosphere requires even more
study than the operation of engines within chemically reactive atmospheres,
It is possible, once agein, to envisage design changes of all air breathing
engines to fnuke them work under those conditions, This would involve the
use of both tanked oxidant and fuel burning in a bi-chemical process with
the carbon dioxide atmosphere used only as a heat carrier or diluent to
lower the resulting "tempor ture, Whilst this appears to meke such engines
en engineering possibility, the guestion of thermodynamic efficiency is
complicated and carmot be considered here,

The ramjet was selected for the only investigation into this form of
power unit for the same reasons as those in the chemically reactive atmos-
pheres gbove, It is a point of incidental interest that such a system is
very similar to an air breathing ducted rocket ovperating without secondery
atmospheric combustion,

To simplify this first investigation into engines operating in other
atmospheres, and to make the results directly comparsble, it was decided to
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stendardise the engine operating conditions in addition to standardising
atmospheric temperatures and pressure. Since ramjet cngines are susceptible
to Mach Number rather than velocity, Mach 3 was taken as a reasonable
operating condition, An interesting point arises out of this. The speed
giving Mach 3 in the various hypothetical atmospheres varies considerably,
being about 8000 ft./sec, in the case of a hydrogen atmesphere, 3200, 3000
and 2000 ft./sec, respectively in methane , ammonia and carbon dioxide,’
Nevertheless, such widely divergent speeds produce the same increases in
pressure and temperature within the various engine intakes, ‘

Internally, due allowance was,mede for losses, This lowered internal
pressure from a possible 550 1b./in” down to less than 375 1b./in’,
Finally, as a control on the amount of combustion permitted, 2200 K was
taken as the combustion temperature in all cases, This is quite a real
ramjet limitation. The decision was influenced to a slight extent by the
fact that it simplified the sums involved ! ‘

2.4s Performance in other Atmospheres

Calculations were first performed to determine the amount of var%cus
tanked oxidant that would be required to produce a temperature cof 2200°K
at constant pressure, As a comparison, one pound of air requires about
<06 Ib, of fuel, Results indicate that one pound of hydrogen will require
something like two and a quarter pounds of liguid oxygen !! This awe~
inspiring figure is beaten by a considerable margin if either nitric acid
(L% 1b/sec,) or dinitrogen tetra oxide (3% 1b/sce,) are used, Ozone requires
less than 2 1b, per pound of hydrogen, but in actual fact is a most improbable
propellent because of other reasons, Requirement of ligquid-oxygen per pound
of the other two fuel atmospheres shows improvement over the hydrogen case,,
but is still ten times greater than the Earth comparison figure ! In the
carbon dioxide case, using liquid oxygen and kerosine as a heat source, a
figure of'a little less than 0.4 1b. of the two propellants per pound of
atmosphere is obtained,

Nevertheless, these figures give no indication of thrust producing
efficiency which must be campared on a specific fhrust basis, Present day
rockets operating in an atmosphere at 14,7 1b/in” produce between 220 and
250 pounds of thrust for a total propellant flow of one pound a second,

The specific thrusts of remjets operating in fuel atmospheres are all better
then this. Using liquid oxygen, a specific thrust of 360 Ib per Ib/sec. is
obtained in a hydrogen atmosphere whilst mcthane and emmonia atmospheres
produce figures of 430 and 480 Lb,sec/1b, respectively., These results
indicate that a strong case can be made for the use of a remjet in the fuel
atmospheres considered, but it is worth underliining the point that these
comparisons have been carried ocut on a specific thrust basis for just one
condition in each atmosphere and much more work remains to be done before
realistic answers can be obtained.

In the carbon dioxide case the results are much less promising, Using
the bipropellants liquid oxygen end kerosine, a specific thrust figure of



260 Tb,sec/1b is obtained which is very close to possible rocket engine
performance with the same propellants, Nevertheless, further work must be
caerried ocut before the ducted rocket form of ramjet for this application is
dismissed as of no interest.

One or two points that arise from the figures so far obtained are
worthy of some cament. In the first place, in all the atmospheres considercd,
the mass of propellant added to the atmosphere is of quite considerable
proportion., This added mass contributes largely to the final thrust
obtained, Precise engine geometrics have not been worked out, but it would
appear that inteke areas will be very small compared with those at exit,
this being particularly exaggerated in the hydrogen case, Finally it must
be pointed out that a complete comparison between ramjet and rocket can
only be carried out by taking engine specific masses into account, No
work in this direction has yct been undertaken. Method of calculation and
details of assumptions made are contained in Appendix IT,

2,5, Conclusions

Whilst it has been shown that there is good reason to continue with
this investigation, much care should be taken in using existing results
2s the apperent immrovements in performance of atmosphere breathing engines
over the rocket are at present based on a very limited investigation.
Nevertheless, at the conditions laid down, in hypothetical fuel atmospheres,
very considerable improvements on a tanked liquid congumption basis have
been demonstrated, The investigation of the carbon dioxide atmosphere is
at present inconclusive,
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APPEDIX I

Sumnary of assumptions made, and outline of methods of calculation used,

Note: Assumptions are based on "typical" data. Simplified methods of
analysis are employed, e.g, vehicle air drag is neglected.

1, Bresk-even times (Fig. 3)

P llgh't Mach No, = 3

Ramiet Rocket
Thrust ( S,L, 28 40
Weight ( 60,Nn00 f£t, 1,5 40
Specific propellant ( 8.L. 2.6 16
consumption 1b/hr.Ib, ( 60,000 ft, 2.2 13,5

e.g, for same thrust, and for break-even time at S.L., engine weight 4
propellant weight is the sane in each case.

ng"’gs% + gfag % Thrust x time (secs)
Thrust 16

—

= o * 35 * Thrust x time (secs)

Time = 2,9 secs.

2, Conditions during trajectory (Pigs, L4, 5, and 6)

N.A.C. A, Standard Atmosphere Conditions,

As an exsmple, some details are given below for cases (c) and (d).

The specific heat ratic for the air in the intake system has been
taken as ¥ = 1,4 for these preliminary investigations,

The intake total pressure recovery is assumed to vary linearly from
1.0 at Mach 1 to 0.6 at Mach 5,



Case (c)

15 g boost to 2000 ft./see, followed by 3g constant acceleration
vertical trajectory. , :

2000 x 2000 = 4,140 ft,

| Separation altitude = 5% 15 % 3.0
VEIOCITY  ALTITUDE  MACH WO, RAY TP, RAM PRESSURE
ft./sec. %, ., S.L, Atmospheres
2000 L, 140 1,82 190 - L, 5k
3000 30,040 3,05 380 9,20
1,000 66,340 1,12 675 6,57
5000 113,140 4. 95 1400 1.7k
6000 170,140 14,87 1725 0., 204

Case (d) :

Approx, 15g vertical boost to Mach 2 at 4,140 ft, followed by
constant thrust trajectary. .

The following variation of thrust coefficient with Mach No, is

assumed ;=

MACH NO, : 2 3 ) 5
THRUST CORFFIGTENT : 4 4.5 1.2 1

The altitude necessary for constant thrust is then given by

MACH NO, : 2 3 L 5
AITITUDE ft, : A4,140 33,300 40,700 46,000

3, Comparison of vehicle weights (Fig. 7)

As an exsmple, consider case (c) with Mach No. range 2 - 3.5,
(Fig, L indicates thrust roughly constant over this region - permitting
constant acceleration assumption, )



s
N
H

Ramjet Rocket

Thrust
Engine weight 16 40
Structure weight 0 » 0
Propellant weight _ > o
Specific propellant consumption 1b,/hr,ILb, 2.5 K
Mass ratio 1, 0Ly 1o 274
For payload of 10,000 Lb,

Ramjet Rocket
Thrust Lb, 56,200 53,000
Engine weight Lb, 3,510 1,320
Propellent weight Lb, 605 3,190
Structure weight Ib, &1 19
Totel weight Ib, _ 4,176 Iy, 829

(excluding payload)
Note: Structure weight has been taken as fraction of propellant weight,

Structure weight influenced by engine weight is assumed to be incorporated
in engine Thrust/weight assumption, '

Iy, Comparison of satellite vehicle weights (Fig, 8)

3 stage rocket :

Vertical trajectory assumed to simplify mass ratio calculatios,
Specific propellant consumption 14 1b./hr,Lb. and thrust/engine weight =
LO throughout, 3g mean acceleration, Each stage operates over a velocity

interval of 4% miles/sec,



Stage 3 2 4
Payload Lb, 500 L, 428 39,243
Engine weight Ib, 237 2,090 18,500
Propellant weight Lb, 3,355 29,750 263,500
Structure weight Lb, 336 2,975 26,350
Total weight Lb, L, 428 39,243 347,593

(excluding payload)
2 stage rocket with ramjet and booster rocket stages

Vertical boost by solid propellant booster rocket at 15g acceleration to
separation at 2000 ft,/sec,

Constant thrust ramjet stage with 3z acceleration to separation at
1 mile/sec, (Trajectory no longer vertical, but assumed vertical for
mass ratio caleulation),

2 stage rocket with a velocity increment of 2 miles/sec. for each stage.
(%rajectory assumed vertical for mass ratio caleulations),

2 stage rocket - assumptions as for 3 stage rocket.

Ramjet stage. Specific propellant consumption = 2.5 1b,/hr.Ib. and
thrust/engine weight = 16,

Booster rocket, Specific propellant conmsumption 17.2 1b,/hr.Ib.

Total structure weight/propellant weight = ;%
2 Stage Rocket Ramjet Booster Rocket
Stage 2 Stage 1

Payload Lb, 500 9,423 177,448 268,538
Engine weight b, 453 6,525 €, G50 -
Propellant Weight Tb, 7,700 145,000 24y, 4,00 143,500
Structure Weight Lb, 770 1&7500 2,540 14,350
Total Weight Lb, 9,423 177,LL8 268,938 126,788

(including payload)



Symbols, units and values
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APPENDTX_IT

Methods and assumptions

a

£

I

i

I

s L

z

: . T T

acoustic velocity (%=-=)" f4, /sec.

thrust pdls. ~
thrust b,

mass flow rate 1b,/sec,
melecular mass

-
Maoh.number‘wg

temperature CK,

velocity f%,/sec,

Thermochemistry and gas dynamics

"

oW
!

e g

i

i

1}

enthalpy chu/lb,mol,
enthalpy chu/1b,
enthalpy £t.pdl,/1b.mol,
enthalpy f£t.pdl./1b,
© similarly
reaction enthalpy chu/Ib.mol, etc,
enthalpy of formation chu/lb.mol, ete,
universal gas constent chu/lb.mol, K. etc,

1.98

heat cepacity (pressure constant) chu/Ib,mol, X,

c
¥/(c, - R)
oy

4 ~<:§§> Y
Ps

ete,



Subscripts
0 = free stream 3 = intake exit 5 = nozzle entry
e = nozzle exit a = atmosphere p = tanked propellant

To convert chu to ft,pdl, multiply by 4,5 = '102"'

T.o convert pdl, to ILbf. divide by 32,147,



1e Intake snd Pressure Losses
P P, P P
M t/PO 53/P & t}/‘fo 5/30
3.0 37 0.7 25,9 25

These velues have been used for all atmospheres and are based on ¥y = 1,45,

2. Engine Specifis Performance
Assuming complete expansion in the nozzle to Pe = PO
f = ylgﬂ 3.?1 v i ﬁl .Cnl, 4
(B, + & )v, Vs Pd (1)
For isentreovic flow in the nozzle
e T. 4 %vg = c T 4+ = ¥° £t,pdl,/1b,
> 75 5 pe e e

Rewriting in terms of exit velocity

v =
e

P _—y
2 Jd
- m . 1 see,
‘ 2(%}5 Ts ®oe ze) + Vg £t./sec

oo

. 2 . .
From this vo can reasonably be ignored as small, Talking a value ¢ as
5 g &

approximately equal to ¢ . and ¢

pe? i.e. assuming frozen chemical equilibrium

H

v, = [ 2 Op T5 L’z ~{\-§Ej -J j ft,/sec,

From equation (1) the specific thrust in pdl. per Ib/sec, of tanked

propellant is then obtained N.B. CP T5 = h5 and
~ ey XL
(227
AR
]
il » 1 1’:71a
£ (__z +#1) (285n)% = 2V pdl.sec./Ib, (2)
h \ I} ﬂlq
D D D
and E. . £ Ib,sec,/1b,
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3, Thermochemistry

% is defined as the nuwrber of mols, of oxidant required to raise the
total products of combustion to 2200°K,

Chemical canposition balance,

1 Ib. mol, atmosphere 4 x 1b, mol. oxident » Products of combustion
and excess atmosthere as functionsof x, ' '

If the water gas reaction, and dissociation are ignored, the functions
of x for each simple coamponent can be determined. This process incurs an
~rror of unknown magnitude but is not considered too unrealistic at the
comparatively low temperature and high pressure occurring in the chamber,

Enthalpy balance

3 ~ % 298 _ = 2200
Ia'mosp’lere + X onidzm't - Z Ip:mﬂuots
where IT 28 = He
£
and 7% 2200 _ H.;e . B 2200
Since all I" values are availsble from the references, x can now be determined
i)
and therefore == .
bl
; 38 x 2200 5 o
Then H’5 = 2 Toroducts b3 H} chu/1b,mel, atmosphere,
H. = HE =
5 ° - chu/1b, exhaust,
m
atmos
h5 = L5 x ’;04 }15 £t,pdl./1b. exhaust,

The only value on the r.h,s, of equation 2 now reguiring consideration
is 7, Since the expansion ratio is known, only a value of Y must be assigned.
This can be obtained from Cn tables since proportions of various components

&
are known, and their temperature,
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BODIES OF THE SOLAR SYSTEM:



