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NOTATION

Symbol Definition

A Flow area measured normal to flow direction. m2.

L Variable factor by which loss terms in intake pressure recovery laws
are multiplied.

M Mach number.

* Mass flow rate.,kg/s.

P Total pressure. Pa.

p Static pressure. Pa.

R Gas constant. J/kg.K.

SI Specific impulse a (M4 V4  M i1 V1 )/M2" N/(kg/s)

T Total temperature. K.

V Gas velocity. m/s.

y~. Specific heat ratio.,

n sc Secondary comoustion efficiency - Actual temperature rise
Ideal temperature rise

Mass flow ratio M2/* 2

Subscripts

1-4 Refers to flow stations 1 to 4 in Fig. 1.

Superscri pts

Refers to primary flow at station 2.

Refers to secondary flow at station 2.



1. INTRODUCTION

The work described in this report is an extension of earlier work

by Erm (1983), which involved initial develomnent nf a theoretical model

for calculation of ramrocket performance for a i:nge of flight conditions

and with different geometric constraints. The current investigation

considers the effects of additional flight conditions and flow

constraints, including variable altitude, radial injection of the primary

jet, variable intake pressure recovery and different levels of seconda,-y

combustion efficiency.

Other investigators, including Rlckeard (1973) and Ramanujachari

et. a). (1981) have also undertaken studies to predict ramrocket

performance, using similar models, but with slightly different

approaches. Their work forms a basis for comparison with the method of

the present study.

2. FEATURES OF THEORETICAL MODEL

2.1 Principle of Operation

A diagrammatic representation of the idealised ramrocket, showin'C,

stations along the flow path, Is given in Fig. 1. A solid-fueled rocket

produces, fuel-rich exhaust products which are expanded through the rocket

nozzle into a mixing tube/combustion chamber. This primary flow mixes

with secondary air flow delivered from the atmosphere by an

intake/diffuser system, and further combustion takes place. The mixture

is then expanded through the exhaust nozzle to atmosphere.

An important feature of a ramrocket (compared with, 'say, a

liquid-fueled ramjet) is the momentum of the primary (rocket) jet.

Depending upon propellant properties and flight speed, this can contribute

significantly to the secondary combustion chamber total pressure and, in

turn, total thrust. The theoretical model accommodates both axial and

radial injection of the primary jet.
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2.2 Propellant Properties and Secondary Combustion

The propel;ant' considered in this investigation was te same as

that used in the earlier work. The propellant was a composite type

containing 75% ammonium perchlorate, 20% bind.r and 5% aluminium. Gas

conditions or constants at the primary nozzle exit, plane were

Tj - 2555 K, P2  5066 kPa (50 atmospheres), yj - 1.244 and Rj - 365

J/kg.K. These parameters remained constant for all operating conditions

considered, but Mi  was allowed to vary and was determined by as:uming

that p was equal to p". The temperature rise resulting from

combustion of the primary efflux and secondary air, as well as the gas

constants of the final combustion products, were again taken from the

study of Stewart et. al. ('1976) who based these data on the computer

'programme of Gordon & McBride (1971). The data are shown plotted against

air mass flow ratio,.p, in Fig. 2. For present purposes these curves

are assumed' to be indepenlent of both temperature and pressure of the

inlet air and therefore, or .;iven , independent of variables such as

flight speed and altitude.

As a basically cinventional rocket propellant, the assumed

formulation does not have the fuel-rich properties of a purpose-desigr.ed

ramrocket propellant. Whilst this is not wholly inappropriate for the

comparatively low flight speed range to be considered, wherein the
momentum of the primary jet can be relatively important to overa.l

performance, it can be expected to yield significantly lower levels of

overall specific impulse at higher flight Mach numbers than would more

fuel-rich propellants. This aspect will be explored in subsequent

development of the model and is not treated here.

Propel-lant composition constitutes, the main difference between

the current study and those of Rickeard (1973) and RamanuJachari

et. al.(1981). The propellant of Ramanujachari et. al., although its

composition was not actually given, was stated to be metallised and highly

fuel-rich. The propellant used by Rickeard was a mixture of

hydrazine .(N2H4 ) and nitrogen tetroxide (N204). The rocket was operated

with an excess of hydrazine to provide a source of fuel. These differences

make it impossible to make a sensible comparison between the quantitative

results of the th-ie studies.
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As in the current investigation, Ramanujacharl et. al. used the
computer code of Cordon & McBride '(1971) to determine details of

combustion products. Rickeard, however, used a simple chemistry model.

2.3 Evaluation of Flow Variables

The calculation procedure used the same equations, involving

conservation of mass, momentum aad energy, as were described in detail by

Erm (1983). The same one-din,..,sonal, frictionless flow assumptions

employed in the earlier study are used here. The static pressure across

both inlet 'and exit planes (1 and 4 respectively) was assumed to be equal

to atmospheric. In other words there was no pre-entry diffusion of the

inlet air and the final nozzle was always correctly expanded.

The model could accommodate either constant area, i.e.

A3  Ai + A" or constant pressure, i.e. P3 a P mixing and

combustion. Both cases, have been explored and compared in detail in the

earlier study, and were found to yield identical levels of performance
provided that optimum geometries were considered. This conclusion is

consistent with that arrived at by Kentfield & Barnes (1972) in

calculating the performance of thrust augmenting ejectors. For the

present purposes, then, consideration is confined to constant area

configurations, i.e. cylindrical combustors, which are more convenient

from the engineering viewpoint.

Rickeard (1973) and Rcmanujachari et. al. (1981) used similar

geometrical models but their handling of component performances

differed. For example, intake losses in the present study 'were included

In the form of an empirical Mach number function (see Section 3.4), whilst

Rickeard used a somewhat simpler law and Ramanujachari et.al. opted for

calculating losses using theoretical shock relationships. Ramanujachari

et. al. also divided the combustion chamber into three parts, viz. mixing

cum diffusion section, pressure loss section and heat addition section,

and so included frictional losses in their analysis.,
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3. RESULTS AND DISCUSSION

3.1 Reference Characteristics

As a basis for subsequent evaluation of the effects of different

flight conditions and flow constraints, a reference set of performance

characteristics is given in Fig. 3. These were calculated for sea-level

conditions, axial injection of the primary jet, "standard" intake pressure

recovery (as defined in Section 3.4) and 90% secondary combustion

efficiency.

The solid curves indicate the variation with flight Mach number

of optimium values of secondary/primary mass flow ratio and diffuser exit

Math number, and corresponding internal performance in terms of specific

impulse. Included for comparison is the theoretically ideal performance

of the "rocket", i.e. the primary gas generator, in isolation.

It is important to note that the curves in Fig. 3 represent

optimum values for each given flight Mach number, which implies varyirg

geometry with varying Mach number. This also applies to subsequent

figures.

The diffuser exit Mach number, M", was allowed complete freedom,

to adopt an optimum value but since this could result in impractically low

values of M, a second set of rurves was calculated with M" fixed at

0.2. These appear as broken lines in Fig. 3; as can be seen, this

constraint had minimal effect on specific impulse for the range of

conditions considered.

3.2 Effect of Altitude

The performance was calculated for atmospheric conditions at 5000

and 10000 m altitude as well as at sea level. The effect of increased

altitude was to decrease both the ambient temperature and pressure but not

the combustion temperature rise, so long as p was fixed. The relevant

imput parameters at both sea level and altitude are given in Table 2.



(5)

TABLE 2

Aubient Atmospheric Conditions

Altitude TI  P1  R1

m K kPa J/kg.K

0 2b8 101 1.4 287

5000 256 54 1.4 287

10000 223 26 1.4 287

The performance of both the ramrocket and the isolated rock et at

three different altitudes is given in Fig. 4.

3.3 Radial Iiijection of Primary Jet

The performance was determined for the 'case when the primary'jet

entered the secondary combustion chamber in a radial direction, thereby

making no contribution to the axial momentum as it did, in the reference

case and thus reducing the performance. In practice this might be

accompanied by a superimposed improvement in performance as a consequence

of ir.proved mixing and combustion associated with radial injection, but

the model was not able to take account of this.

The performance characteristics with radial injection are

compared with the reference characteristics in Fig. 5. It can be seen

that with radial injection, the optimum performance occurred when MH had

an unrealistic value of 0.001 (effectively zero), which was its starting

value in the performance calculations. The reason for this can be found

in the fact that optimum performance, as outlined in Section 2.3 and

discussed in more detail by Erm (1983), always coincided with constant

pressure combustion (i.e. P3  P2 ). For the reference (axial injection)

case, the initial' value of P3 calculated for M2 = 0.001 was greater than

p . As the value of M was incremented, the calculated values of P3
and p" both decreased but since P3 decreased-at a'faster rate than p"

at some stage (generally near M" 0.16) the two pressures became



equal, at which point optimum performance occurred. For the radial

injection case, however, equality of P3 and p Occurred only at

0.0, at which condition "cptimium" performance was therefore registered.

For a more realistic comparison, M" was fixed at 0.2, at which

condition there was a 'significant thermodynamic penalty associated with

raaial injection. This increased with decreasing flight speed, to the

extent that the performance became inferior to that of the isolated rocket

just under M, = 1.0. It must be reiterated thdt any counteracting

* improvement due to fluid dynamic effects on secondary combustion

efficiency could not be addressed with the current one-dimensional flow

model. However, even when the secondary combusticn efficiency was

* increased to 100% for radial injection, 'the resulting performance was

still inferior to the reference case (see Fig.,5).

3.4 Effect of Intake Pressure Recovery

The reference performance results were determined by using

intake pressure recovery laws as shown below-

Ii

P = P1  for 0.0 < M <1.0

2= P (1.0 - 0.076 (M1 - 1.0)1 "35) for 1.0 < M1 <'2.0

In order to dete.-mine the effect on performance of varying the level of

intake pressure recovery, the second of these relationships, which is the

only one containing loss terms, was modified as follows:

P= P1 (1.0- 0.076 L(M1 - 1.0)" 35) for 1.0 <M1 < 2.0

where L is a variable factor by which the loss terms in the equation are

multiplied. The performance characteristics calculated using the modified

pressure recovery law appear in Fig. 6 for two different values of L,

together with the reference characteristics (L = 1)., Clearly the level of
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intake loss is not a major factor wheh assessing ramrocket performance, at

least for the range of conditions conside.red, since even if the loss terms

are increased by 100 per cent (L = 2), the specific impulse at a flight

Mach ru;,,ber of 2.0 is reduced by only about 3a. This conclusion might

well be different for the radial primary jet injection case, and for

higher flight Mach numbers.

3.5 Effect'of Secondary Combustio. Efficiency

The reference performance characteristics correspond to a

secondary combustion effiency, sc, of 90%. This meant that the actual

temperature rise in the secondary combustion chamber was 90% of the ideal

value. The temperature rise curves corresponding to risc = 80% and 70%

are given in Fig. 2 along with the 90% curve. The Y3 versus andR3

versus ]i curves also shown on this figure, which were used when

computing performance for n = 90%, were assumed to apply unchanged to

the 80% and 70% cases. As shown in Fig. 7, the predicted performance

deteriorated as the secondary combustion efficiency was reduced. For

nsc 70%, the optimum performance was reduced by 5% at Mi = 0.4 and by

11% at M, 2.0.

4. CONCLUSIONS

Optimum values of ramrocket performance, in terms of specific

impulse, were predicted 'for a range of flight conditions and with

different imposed flow and geometric constraints. A reference set of

* performance characteristics was compared with characte-istics calculated

for variable altitudes, radial injection of the p-imary. jet, variable

intake pressure recovery and different levels of secondary, combustion

efficiency. The calculated reference specific impulse wes 2512 N/(kg/s)

at Mach 0.4 and 5595 N/(kg/s) at Mach 2.0.

The performance mproved with increasing altitude and for

altitudes of 5000 arl 10000 m, the optimum values of specific impulse,

compared with the sea-level reference case, increased by 4% and 8%

respectively at Mach 0.4 and by 2% and 5% respectively at Mach 2.0.
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The effect of changing f'om uxial to radial injection was

initially assessed by assuming that the secondary combustion efficiency,

n sc, repiained at 90% as for the reference case. The "optimum"

performance for radial in jection with ns = 90% occurred when the MachI Sc
number at the diffuser outlet, M", had the unrealistically low value of

0.001. When M, was fixed at 0.2, the performance with radial injection

was reduced by 7% at Mach 2.0 and 41%'at about MachC.95 compared with the

*'reference case. Below this latter Mach' number the performance was

inferior to that of the isolated rocket. When n was increased to 100%-

and M1 was held fixed at 0.2, the performance with radial injection

still, remained inferior to the reference case at all flight Mach

numbers. In this case the reduction in performance was 3% at Mach 2.0 ane

39% at about Mach 0.9.

The results indicate that the level of intake. - very

did not have a large effect on the predicted performance, at least for the

range of conditions considered. At Mach 2.0, the fal'l off in specific

impulse, compared with the reference case, was only 3% when the intake

losses were increased by 100%.

As expected, the predicted rerformance dropped as the level of

" secondiry combustion efficiency was reduced. For n sc - 80% and 70%, the

optimum values of specific impulse compared with the 90% (reference) case

fell by 2% and 4% respectively at Mach 0.4, and 5% and 11% respectively at

Mach 2.0.
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