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\\3 SUMMARY

The performance of a ramrocket having conventional solid propellant is calculated
Jor a range of chosen operating conditions. The geometry of the ramrocket is allowed to
vary to suit the flow conditions assumed, Both constant area and constant pressure mix..g

and combustinn are considered. Performance curves in terins of thrust augmentation ratio
are presented.
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Subscripts
A
14

Superscripts

NOTATION
Definition
Flow area measured normal to flow direction. m?
Mach nﬁmbcr.
Mass flow rate. kg/s
Totai pressure. Pa
Static pressure. Pa
Gas constant. J/kg.K
Total temperature, K
Static temperature. K
Gas velocity., m/s
Specific heat ratio.
Mass flow ratio = mj/ni;
Density of gas. kg/m®

Total net thrust
Thrust of primary rocket in isolation”

Thrust augmentation ratio =

Maximur value of t obtained when M3 is varied and , and u held constant.

Maximum value of t* obtained when y is varied and M, held constant.

Refers to atmospheric conditions.

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

Refers to primary flow at station 2,

Refers to secondary flow at station 2.




1. INTRODUCTION

The appeal of air augmented rockets for weapon propulsion lies in their potential to go some
way towards achieving the fuel efficiency of full air-breathing systems without forsaking the
advantages of relative simplicity and cheapness offered by the use of solid propellants.

Initia. work or the augmentor rescarch programme at A.R.L. by Stewart et al. (1976)
assessed the perfor.nance of a ramrocket system applied to a particular subsonic missile. More
recent work has been concerned with simple non-afterburning augmentors for very low speed
application (Fisher (1980), Fisher & Irvine (1981)).

The present report describes a parametric studv of a ramrocket for a wider range of posstble
flight speeds and augmentor configurations thar. that of Stewart ef al., but with a somewhat
simplified analysis. The purpose of the study was to gain an appreciation of the effects that
varying different parameters had upon ramrocket internal performance, rather than to predict

‘accurately absolute levels of performance.

2. FEATURES OF THEORETICAL MODEL

2.1 Principle of Operation

A diagrammatic representation of the idealised ramrocket used in the current investigation,
showing 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.

2.2 Propeliant Properties and Secondary Combustion

The propellant considered was a composite type containing 75 per cent ammonium per-
‘ chlorate, 20 per cent binder and 5 per cent aluminium. The temperature and pressure at the
primary nozzle exit plane were T'; = 2555 K and P; = 5066 kPa (50 atmospheres) respectively
and other properties of the primary efflux were as given in Section Al.2.1 of Appendix 1. 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 taken from the study of Stewart ef al.
(1976), who based these data on the computer programme of Gordon & McBride (1971). In
that study only one fiight Mach number (0-6) was considered, and the secondary combustion
efficiency was assumed constant at 90 per cent for a range of secondary/primary mass flow
ratios. The use of the same secondary combustion data in the present study neglected the effects
on the combustion reaction of varying both ram pressure and air total temperature, but this was
not thought to alter significantly the results of the study. This approach permitted the use of
curves defining propertics of the combustion products which were independent of all variables
except mass flow ratio, u. These are shown in Fig. 2.

2.5 Assumed Flow Conditions

The analysis was simplified to the extent that the flo'y variables were assumeg to be constant

v across the entire cross section at all stations excepst of course at station 2 where both the primary

: ard secondary flow variables were asswined to be constant across their respective cross sections.

This implied that mixing was complete at station 3. Ambient atmospheric conditions were

: assumed to correspond 10 sea fevel, and at station 4 the static pressure was assumed to be
. atmospheric. It was also ussumed that no pre-entry diffusion occurred upstream of station 1.
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Two different types of flow were considered. In one case the flow area between stations
2 and 3 was assumed to be constant, i.c. Ay = A3+ 43, while in the other case the flow was
assumed to be at constant pressure, i.c. py = p;. These are the only two cases that are
mathematically simple. - : :

3. EVALUATION OF FLOW VARIABLES

For selected values of M,, u and M3, tflow variables throughout the ramrocket w--e
evaluated in a step-by-step manner. A standaid intake loss law was used to determine Pj. Details
of the primary jet at station-2 were known and values of (T3 —T3), y; and R, corresponding to
the selected value of 2 were obtained from Fig. 2 Equations for conservation of mass, momentam
and erergy were used in the analysis which is detailed in Appendix [.

The independent variables M, 4 and M3 were varied as shown in Table 1 and flow solutions

- were determined for different combinations of these variables. The intake duct, mixing tube/com-

bustion chamber and exhaust nozzle were allowed to vary in shape to suit the flow conditions
assumed, ‘

, TABLE 1
Chosen Values of Independent Variables

Ct;nstant Area . ’ Constant Pressure
Mixinig and Combustion _ Mixing and Combustion
Independent | Initial Final Step lndependcnt Initial Final Step
Variable Value Value Size Variable Value Value Size
M, 0-4 2:0 0-2 M, 0-4 20 0-2
u 10 - 7-0 1-0 H 1-0 7-0 1-0
M3 0-040° Not 0-002¢ M3 0-040 1-000 0-602t
specified®

* Final value of M} corresponds approximately to onset of sonic flow at station 3.

1 Smallest step size used..

Performance was calculated in terms of thrust augmentation ratio, t. This was regarded as
being a more useful performance parameter than; say, specific impulse, in a situation where the
air-breathing system was being studied as an augmentor for a conventional rocket at flight
speeds not conducive to very high levels of performauce. It will be seen, for exaniple, that in
some instances t was less than unity.

4. ANALYSIS OF RESULTS

4.1 Counstant Area Mixing and Combustion

In order to assess how t varied as M3 and u were changed while M, was held constant,
plots were made of ¢ versus M3 for different valcs of u for the selected value of M,. Altogether
nine different plots of this type were made corresponding (o M, = 04 to M, = 2-0 in steps
of 0-2. Only the plots corresponding to M, = 04, 1-2 and 2-0 are presented. These are shown
in Figs. 3, 4 and 5 respectively.

The right hand extremitics of the t versus M3 curves on the nine plots indicate the points

beyond which it was impossible to obtain solutions, due to choking of the flow at station 3. Loci’

corresponding to the onset of choked conditions are shown in Figs. 3, 4 and 5.

2




4.2 Coastant Pressure Mixing and Combustion

Data for the constant pressure case are shown in Figs. 6, 7 and 8. These figures correspond
to Figs. 3, 4 and $ respectively for the constant area case. For the constant pressure case, flow
solutions were obtained for all values of A3 choscn.

4.3 Cptimum Geometries

Although i general the foregoing results show that the level of augmentation ratio for a

- given flight speed and mass flow ratio is not very sensitive to the degree of diffusion in the intake

system, particularly for constant pressure mixing and combustion, there is nevertheless an opti-
mum value of t for each case. The optimum values are in fact the same for toth constant area
and constant prassure mixing and combustion, and occur at the same value of M3 and for the
same geometry. In other words, for a given flight speed and mass flow ratio, the best constant
arca geometry is also a constant pressure one and vice-versa. The values of M3 corresponding
to the best geometries lie within the range 0-11 to 0-19.

To climinate A3 as a variable for the constant area case, maximunt values of 1, i.e. values
of t*, sssociated with each value of u were determined from each t versus M3 plot and plotted
against u for different values of M, as shown in Fig. 9. It follows from earlier discussion that
Fig. 9 applics equally to the constant pressure casc. It can be seen that maximum values of
t* occur when g is within the range 6-0 to 7-0 for all values of M,.

Maximuin valucs of t*, i.e. values of t**, associated with each value of M,, were determined
from Fig. 9 and plotted against M, as shown in Fig. 10. This curve indicates the maximum
valu= of t that can be obtained for a given flight spced and clearly shows how augmentor
performance improves as flight speed increases.

Optimum geometries for M, = 0-4, 1-2 and 2-0 are depicted diagrammatically in Fig. 11
in order to gain some insight into the =ffects on geometry of Mach number variation. Dimensions
in the streamwise direction have been normalised so as to facilitate a comparison between the
opidmum geometries. The proportioning of the tengths of the intake duct, mixing tube and nozzle
has been chosen somewhat arbitrarily, but it is thought to be realistic. 1¢ is to be noted, however,
that streamwise dimensions have no bearing on the analysis.

5. CONCLUSIONS

A simplificd anaiysis was used to calculate the thrust augmentation ratio. t, of a ramrockst
for a range of operating conditions and for the mixing and combustion processes taking place

‘at both constant area and constant pressure. For all chosen flight speeds and for both the constant

arca and constant prossure cases, the performance of the ramrocket, for a given value of M3,
improved as the mass flow ratio increased to a value within the range g = 6:0 to u = 7-0.

" For all combinations of M, and u chosen, it was shown that the optimum configuration for both

the constant arca and constant pressurc cases was the same. The highest calculated value of
tincreased from 1-11 for A7, = 0-4,t02-43 for M, = 2-0, for optimum configurations featuring
both constant arca and constant pressure mixing and rombustion.
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APPENDIX 1

A.1 ANALYSIS OF FLOW THROUGH RAMROCKET

For selected values of Af,, u and M3, flow conditions throughout the ramrocket were
evaluated. The equations used are presented below.

Al.1 Flow at Station 1

The known flow variables at station | were the independent variable M, and also variables
corresponding to sca-level amblem conditions, viz. 7, = 288 K, p, = 10l kPa. 7: = 1°4 and
R, = 287 )/kg K.

Other flow variables were determined as follows:

my = pm; . (ALD)
T, = c[ +5— Dy ] | (AL2)
P, =p,[l+”'2—:—9Mf],',,l-l (AL
Vi = MVInRi) . (AL4)
py = % (ALS)
4= B (AL6)

AL1.2 Flow at Station 2

AL.2.1 Primary Flow
The temperature, pressure, Mach number and gas properties of the primary flow were taken
to be as follows: T; = 2555 K, P; = 5066 kPa (50 atmospheres), M; =30, y; = 1-244
and R; = 365 J/Lg.K.
Equations used to determine other flow variables are given below:

= T’l) (AL
[1+05 0]
P;

el P T T e (AL18)
P2 [1+(7‘;”M;‘]"”" N

;= 21 ALY
Pi= o (AL9)
Vi= M;vI[y:R3t;] (AL10)
a5 = ALID




Al1.2.2 Secondary Flow

For the secondary flow, M3 was a known independent variable and P; was calculated from
an empirical intake loss law as follows:

P;=P, (0:0<M,<!-0) (AL12)
P; = P,(1-0—0-076(M, —1-0)!3%) (1-0<M,<5:0) (AL.13)

Other equations used are as follows:

=" f o (AL14)
R} =R, (AL15)
my = pm} . (AL.16)
T;=T, (AL.17)
. . 75” ' (AL18)
? w2
[.+ Oy ]
. P :
Pl = o 2 s (A1.19)
[|+ M3 ]
2' N
P: _
5= Al.2
P3 Rirs » (A1.20)
= M3vIviRt3) ' (Al.21)
m3
A= M2 (AL.22)
2 pivi

A1.3 Flow at Station 3

Al1.3.1 Constant Area Mixing and Combustion

The values of T;, y; and R, were determined using Fig. 2.
For constant area mixing and combustion, 4, was determined from

Ay = Aj+ A} . - (A1.23)

In order to evaluate M,, the equations for conservation of mass and momentum between
stations 2 and 3 were used. These equations are

my = rz+m; (AL.29)
and _
M3V i+piAsH sV +piAs =ty Vy+pd, (A1.25)
After manipulation, the following equation containing M, can be derived.
mVa+uVi)+pid;+piAs - Miys+1 (A1.26)

rz(1+p) B \][ {l+(73 I)M]]

It is possible to rearrange this equation and obtain an explicit expressnon for M;. However,
because of the complexity of the expression, it is not given here.
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Equations used to determine other flow variables are as follows
: _ 1, _

199 =
[l +(73‘_1)M§]

2
py = = J[ﬂ]
T AM, 3

—1 73/(rs=1)
PJ ..—..-p,[]-}-(_riz___).ug] 7y

A1.3.2 Constant Pressure Mixing and Combustion

The values of Ty, y, and R, were once again determined v ag Fig. 2.
For constant pressure mixing and combustion, p, was determined from

Py =pi

(AL27)

(Al.ZS)‘

(AL29)

(AL.30)

(AL3D)

(AL32)

In order to evaluate V;, the equations for conservation of mass and momentum between

stations 2 and 3 were used. These equations are
rhy = mhj+mm}
and
PIVi+piAL+SVI+pIAs —A)) = Vs +pydy
After manipulation, the following expression for V3 can be derived

y, = MiVitpiditmiVi—pidi

g+ 3
Other equatio:: used are given below
(y;—V3§
8y = Ty— Tt
»=T YRy

2 [T,
M, = 3
- | 3 J[(’J-l ” ]] PSR

— r5/(73=1)
P, =P3[l+(7’2 I)Mg]: )

I’

Al.4 Flow at Station 4

The value of p, corresponds to ambient conditions, i.e. p, = 101 kPa.
Equations used to determine other flow variables are given below

YTa= 1713
R‘=R’
"'!‘=n't,

(AL33)

(AL.34)

(AL35)

(A1.36)
(AL3T}
(A1.38)
(A1.39)

(A1.40)

(AL41)
(Al.42)
(AL43)




T‘ == T)
P‘ = P’
2 p‘}(r‘-nh. ]]
M,= [| ——]{=2 -1
¢ | (74‘”[{[%

ty = k. S

Ve = Miv[1aRats]

Pa

Ps = Ruts
m,
Ay = -~ -
‘ PV

VAI.5 Thrust Augmentatioa Ratio

The thrust augmentation ratio was determined as follows:
mV—mV,
Y N L
(P:1—pA) Az +m3V 3

(AlL44)
(AL.45)

(A1.46)

(A1.47)

. (A1.48)

(A1.49)

(A1.50)

(A1.51)
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