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ABSTRACT 

An analysis of a caseless and nozzleless solid-propellant rocket motor employing the 
external burning concept was made. Performance was calculated for a wide range of 
supersonic flight conditions. The results of the analysis show that acceptable values of 
specific impulse and thrust are possible for propellants having sufficiently high burn rates 
in a base burning configuration. The effect of boattailing with combustion along the boattail 
was investigated and found to degrade the performance. An analysis of a thin planar airfoil 
with external burning occurring on part of its surface was also made. The specific lift, 
that is the ratio of the lifting force to propellant flow rate, was found to be an order 
of magnitude lower than the corresponding specific lift for a conventional airfoil propelled 
by a turbine engine. 

in 
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NOMENCLATURE 

Ab Base Area 

As Secondary flow area at choke point 

C Crocco number 

CD Drag coefficient 

*"Tlf Normal force coefficient 

Cp Specific heat 

h Airfoil thickness 

In Integral formula (Eq. (14)) 

Isp Specific impulse 

h Gross lift 

^P Specific lift 

S. Airfoil length 

M Mach number 

m0 Initial mass of vehicle 

m Mass flow rate 

P Static pressure 

R Body radius 

R Universal gas constant 

RP Plume radius of curvature 

r Burn rate 

S Distance 

T Static temperature 

Tg Gross thrust 
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T„ Net thrust 

To Total temperature 

Tsp Specific thrust 

t Time 

U Velocity component in X direction 

V Velocity component in Y direction 

w Molecular weight 

X Axial coordinate 

Y Normal coordinate 

a Flow deflection angle 

ß External flow angle 

7 Ratio of specific heats 

V Similarity variable = aY/X 

e Boattail angle 

V Initial plume angle 

p Density 

a Mixing zone spreading parameter 

<t> Velocity ratio in mixing zone 

* Angle of equivalent inviscid flow 

SUBSCRIPTS 

A External flow after deflection 

b Base 

c Boattail on lower edge of mixing zone 

cr Cruise 
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D Dividing streamline 

m Extremeties of the mixing zone 

w Surface of planar airfoil 

1 External flow 

Free stream 
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SECTION I 
INTRODUCTION 

Currently, all aircraft and rocket propulsion systems using chemical propellants employ 
internal combustion. That is. combustion occurs in a chamber at high pressure relative 
to ambient pressure, and the resulting high temperature gas is expelled through a nozzle 
or turbine to generate thrust for propulsion. At supersonic flight speeds, relatively small 
deflections of the external flow over a body can result in a significant alteration of the 
pressure distribution or a body. Hence, burning a propellant externally, either in the flow 
field adjacent to a body or near the surface of the body, permits some degree of control 
over the pressure distribution. External burning for attitude control, drag reduction, and 
propulsion has been studied for a number of years. Billig (Ref. 1) reviews the unclassified 
studies on external burning prior to 1967. 

Several studies have been concerned with the thrust increment available if a propellant 
is injected from the side of an aerodynamic body into the adjacent external flow. The 
propellant may be balanced or fuel-rich or may simply be a fuel which depends on mixing 
with air for combustion. The magnitude of the thrust increment is highly dependent on 
the location of the combustion zone in the flow field relative to the body; thus the nature 
of propellant injection and the rates of mixing and chemical reaction are important 
considerations in determining performance. This scheme has been investigated both 
experimentally and analytically. Of the recent unclassified literature, the work of Strahle 
(Ref. 2) on this scheme is probably most notable. 

Considerable effort has been devoted to drag reduction through injection of a 
propellant or fuel into the base region of a body. If combustion occurs in the near wake 
region, an increase in base pressure is experienced. Among the studies of this problem 
are those of Davis (Ref. 3) and Koh (Ref. 4). 

Another approach involves the use of an ablative material as the propellant. The 
forebody of the vehicle is composed of a combustible material which ablates and is carried 
into the base region by mixing where it burns with an attendant increase in base pressure. 
Injection is eliminated in this scheme. 

The configurations considered in the present study are somewhat different in concept 
from those previously investigated in that a caseless solid propellant is used. Elimination 
of the case simplifies the construction of the device, while at the same time improving 
the range available for a given specific impulse and given propulsion system volume. Two 
projectile configurations are considered. The simpler of the two is a pure end-burning 
configuration as shown in Fig. la; this may be considered the "baseline" configuration. 
In it, the propellant gases are considered to leave the burning region at sonic velocity, 
and the maximum pressure available at the base is governed by the pressure required to 
separate the turbulent boundary layer on the sides of the body. The "boattail" design 
shown in Fig lb was also investigated. In this configuration, burning is assumed to occur 
along the sides as well as on the base of the projectile. The Mach number range of interest 
is from 2 to 6. 
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It might be noted that the concept of the end burning configuration is in many 
ways similar to the "traveling charge" concept used in interior ballistics of guns (Ref. 
5). 

An analysis to determine the lift and thrust of a thin planar airfoil with burning 
at its surface is also presented. Surface burn rates are limited to values permitting complete 
entrainment of the propellant gases into the external flow by the turbulent mixing zone. 

In the following sections, the analytical approaches chosen and the results obtained 
are described in detail. 

SECTION II 
ANALYSIS 

2.1    Pure End Burning Configuration 

The pure end burning caseless rocket motor (CRM) shown schematically in Fig. 1 
will be analyzed first. Only an approximate analysis based on several simplifying 
assumptions is possible in view of the lack of understanding of the combustion process 
itself. The flight Mach number range of interest is from 2 to 6. 

It is well known that a small amount of mass addition to the base region of a bluff-base 
body in supersonic flight raises the base pressure by a large amount (see, for example, 
Ref. 6). Through large rates of mass addition, the base pressure can be made to approach 
the free-stream static pressure. At this point, an increase in the rate of mass addition 
ceases to affect the base pressure significantly. If the mass addition is uniformly distributed 
over the base (effectively a subsonic nozzle that occupies the entire base area), this trend 
of increasing base pressure continues until the velocity of the fluid added to the base 
becomes sonic at the base pressure. It is expected that further increase in the mass addition 
rate will raise the base pressure above the free-stream static pressure while the Mach number 
of the fluid entering the base remains sonic. The latter condition is equivalent to an 
underexpanded sonic nozzle occupying the entire base region. Similar behavior can be 
expected when the mass added to the base originates from the combustion of a propellant. 
The pressure at the end of the heat release zone at the propellant surface would be expected 
to have the variation with burn rate shown schematically in Fig. 2. To avoid restricting 
the analysis to particular propellants, it will be assumed that a propellant can be formulated 
to yield the required burn rate at a given base pressure. 

The thrust developed at the burning surface is made up of two components. One 
component is the static pressure. The second component is the momentum flux of the 
gases leaving the surface. To achieve maximum thrust for propulsion of a vehicle at zero 
angle of attack, it appears that the burning surface should be planar and normal to the 
direction of motion. 

If the gas-phase reaction zone is thin compared with the base diameter, a pressure 
gradient normal to the propellant interface must exist in the heat release portion. The 
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situation is similar to Rayleigh-type flow, heating in a constant area tube. Since the flow 
must be subsonic, the pressure at the beginning of the heat release zone must be larger 
than the pressure at the end of the heat release zone. The pressure over any cross section 
parallel to the propellant surface in the heat release zone is assumed to be uniform. A 
discussion of the propellant combustion process follows in a later section. 

In order to analyze the pure end burning rocket motor, the following assumptions 
are made: 

1. • The gas-phase reacting zone is thin. 

2. The products of combustion are perfect gases with constant specific heats. 

3. The velocity of the condensed phase is small compared with the velocity 
of propellant gases after burning, both velocities being measured relative 
to the interface. 

4. The flow is one dimensional and steady. 

A momentum balance across the gas-phase reaction zone yields the following equation 
for gross thrust: 

Tg = AbPb(l + ybMg) (1) 

The variable Tg is the total force exerted on the base of the propellant grain. Since thrust 
rather than drag reduction is the objective of the propulsion system under study, it will 
be assumed that the propellant gases leave the gas-phase reaction zone and enter the base 
at the sonic velocity. Further discussion of this assumption follows in a later section. 

For Mb = 1.0, the thrust becomes 

Tg = (1 + yb)PbAb (2) 

and clearly is determined by Pb. Although the maximum value which Pb may assume 
is subject to uncertainty, it is assumed that it is below the value which would cause the 
flow to separate from the body of the vehicle. For this study, it will be assumed that 
this is the mechanism governing the maximum base pressure. That is, the maximum value 
of Pb is the pressure for incipient separation of the flow over the vehicle. Moreover, Pb 

is determined from existing boundary layer separation criteria for two-dimensional fully 
developed turbulent boundary layers. The criterion of Ref. 7 was selected for this 
investigation, and separation pressure ratio versus Mach number is shown in Fig. 3. 

The interaction of the external flow with the propellant gas flow is shown 
schematically in Fig. 4. The external flow is deflected through an angle (a) by the oblique 
shock, and the propellant gas must undergo a Prandtl-Meyer expansion in order to match 
the flow direction and pressure of the deflected external flow. The sharp corner can be 
maintained with the aid of a combustion inhibitor on the sides of the propellant grain. 
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Since the propellant gas is assumed to leave the flame zone at the sonic velocity, 
the maximum pressure ratio (Pb/Pi) can be determined as a function of the external 
flow Mach number (Mi) and the initial flow angle (ß) for a given separation criterion. 
Figure 5 shows (Pb/Pi)max as a function of Mi  and ß for 7b =  1.25. 

Equation (2) can be rearranged to give 

T*-a^)A&P}" (3) 

It is evident from this equation that the maximum thrust level depends on vehicle geometry, 
flight Mach number, and flight altitude. From conservation of mass flow, the corresponding 
propellant mass flow rate necessary to maintain the thrust given by Eq. (3) is 

m 
The specific impulse is 

b 

Isp = x/2(l + yb)AT    /ybWb (5) 

It can be noted that the specific impulse is identical to the specific impulse of a 
conventional rocket motor having a sonic nozzle. That is, the CRM has the same specific 
impulse as a sonic isentropic nozzle which occupies the entire base. 

The net thrust for a vehicle propelled by a CRM is given by 

Tn = AbPoe[(l + yb)Pb/Pac-^M2-lJ (6) 

where CD is the forebody drag coefficient. This is the thrust available for acceleration. 

Of particular interest is the case where Tr = 0, that is cruise conditions where thrust 
equals drag. The cruise Mach number is 

V    y~cD cr 

Figure 6 shows CD as a function of maximum cruise Mach number with (Pb/Pi)max 
given by Fig. 5 and by assuming that the flow conditions at the aft end are essentially 
the same as the undisturbed flow conditions ahead of the vehicle, that is PA/Pi = 1.0. 
This would occur on a vehicle having a sharp nose and a long cylindrical afterbody. It 
should be noted that MM>cr is independent of altitude if CD is independent of Reynolds 
number. 
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In order to illustrate the magnitude of thrust expected from a CRM and the 
accompanying specific impulse and propellant burn rate, a flame temperature (T0b) of 
5000°R, a molecular weight of 25 lbm/lb mole, and a propellant density of 100 lbm/ft3 

(0.058 lbm/in.3) are assumed. As evident from Eq. (5), the specific impulseis independent 
of altitude and flight Mach number, and equals 186 lbf sec/lbm for 7b =  1.25. 

Figure 7 shows the maximum net thrust parameter (Tn/AbP») for the example above 
for a right circular cone and an ogive-cylinder as a function flight Mach number. The 
parameter is independent of altitude. Skin friction of the conical vehicle has been neglected, 
and the drag coefficient of the forebody of 0.1 corresponds to a 3.16 caliber von Karman 
ogive-cylinder without skin friction. The maximum Pb/Pi was determined from Fig. 5, 
and for the ogive-cylinder, the conditions at the aft end were taken to be the flight 
conditions of the vehicle. 

Figure 8 shows the net vehicle thrust (T„/Ab) as a function of propellant burn rate 
at sea level. The burn rate for cruise corresponds to Tn = 0. 

Figure 9 gives the time required for an ogive-cylinder vehicle with CD = 0.174 to 
travel a given distance from a launch Mach number of 1.5 for constant burn rate of 4.0 
in./sec. Also shown in the figure is the vehicle flight Mach number at the time the target 
is intercepted. For example, if a vehicle has an initial mass of 4 lbm and a cross-sectional 
area of 2 in.2, it takes 2.3 sec for the vehicle to travel 5000 ft. The corresponding intercept 
Mach number is 3.1. 

From the results presented in Fig. 7, it is evident that relatively high maximum thrust 
levels can be sustained with the caseless rocket motor while attached flow over the vehicle 
is maintained. The maximum net thrust can be noted to increase with increasing cone 
half-angle, increasing flight Mach number, and decreasing altitude. As the cone angle 
increases, the forebody drag increases. However, a correspondingly higher base pressure 
is permitted since the propellant gases can expand through a greater angle at the comer, 
and the result is an increase in maximum net thrust. The results presented in Fig. 7 are 
based on the assumption of a fully developed turbulent boundary layer at the aft end 
of the body. This is a good assumption for the conical forebody at high Reynolds number. 
However, the separation ratio for the boundary "layer on an ogive-cylinder may be lower 
than the fully developed value since the boundary layer develops in an adverse pressure 
gradient on the rear portion of the body. It should also be noted that maximum net 
thrust decreases with increasing altitude since the maximum thrust is proportional to 
atmospheric pressure. The maximum net thrust at sea level is about one hundred times 
greater than the value at 100,000 ft. 

Figure 8 shows that the net vehicle thrust decreases as the cone angle is increased 
for a constant burn rate. This is a result of the increase in forebody drag associated with 
an increase in cone angle. The net thrust for all of the vehicles shown in Fig. 8 can 
be noted to decrease with increasing Mach number at a given burn rate. Figure 8 also 
shows that unusually high burn rates are required to sustain the thrust of a CRM. This 
can be attributed primarily to the small surface area for burning and secondarily to the 
somewhat lower specific impulse compared with a conventional solid-propellant rocket 
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motor. The burn rate is about one to two orders of magnitude higher than the burn 
rate in a typical solid-propellant combustion chamber. Moreover, this high burn rate must 
be accomplished at a pressure of one to two orders of magnitude lower than the combustion 
chamber pressure of a conventional solid-propellant rocket motor. For example, at sea 
level, the combustion pressure is on the order of four atmospheres. The combustion pressure 
decreases rapidly with increasing altitude. 

2.2    PERFORMANCE OF A BOATTAIL CONFIGURATION 

Aerodynamic bodies with boattails are known to generally have lower drag than 
corresponding bodies with cylindrical aft ends (Ref. 8). For example, boattail configurations 
are frequently found on turbojet engines, projectiles, and rocket-powered missiles. It is, 
therefore, of interest to study the caseless rocket motor with a boattail. The configuration 
is shown schematically in Fig. lb. Combustion occurs on the boattail surface as well as 
on the circular base. As before, the propellant gases are assumed to leave the base portion 
at the sonic velocity. 

Considerable work has been devoted to the study of boattail configurations and bluff 
base bodies with base bleed including the effects of combustion (Refs. 3 and 4). The 
behavior of the boattail configuration shown in Fig. 10 is similar to the case of massive 
blowing along the boattail itself. The mass added in the boattail region comes from burning 
at the boattail surface. No satisfactory analysis of this problem was found in the literature. 
Cole and Aroesty (Ref. 9) solved the inverse problem of massive blowing along a surface. 
In principle, the Cole and Aroesty approach should permit performance calculation for 
boattail configurations as well as more complex configurations such as waisted bodies, 
that is, "Coke® bottle" shapes. If the pressure distribution along the boattail is specified, 
its analysis can be used to calculate the corresponding mass injection distribution. In the 
present problem, the mass injection distribution along the boattail is known, and the 
corresponding pressure distribution is to be determined. It was found that numerical 
methods must be used to solve the direct problem and the Cole and Aroesty analysis 
was abandoned in favor of a more simplified approach. For purposes of analysis, the 
following assumptions are made: 

1. The flow is inviscid and adiabatic. 

2. The effect of burning along the boattail is simply to add hot gas between 
the external flow and the primary jet. 

3. The shape of the primary jet plume is governed by the boattail pressure. 

4. The pressure along the boattail is uniform. 

5. The external flow is deflected through an oblique shock so that the pressure 
in the external flow matches the boattail pressure. 

6. The trajectory of the streamline dividing the external flow from the flow 
originating along the boattail (secondary flow) is initially straight at the 
initial flow deflection angle and turns back parallel to the axis at the end 
of the boattail. 
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7. The secondary flow expands one dimensionally to the free-stream pressure 
and chokes at the minimum flow area between the external flow and 
primary jet plume. 

8. The axial component of the momentum of the secondary flow is negligibly 
small because of the small angle of the boattail. 

Clearly the restrictions imposed on the analysis by the assumptions cast doubt on the 
quantitative validity of the analysis; however, the results should have the correct order 
of magnitude and correct trends. The assumptions are justified by the complexity of a 
more exact analysis. 

The shape of the primary jet plume boundary was determined from the approximate 
method of Ref. 10, which assumes the plume boundary to be a circular arc. The primary 
jet behaves as an underexpanded sonic nozzle. The assumptions listed above reduce the 
problem to one of a geometrical nature. The minimum flow area must be determined 
as a function of the external flow dividing streamline trajectory and the primary jet plume 
boundary shape. By referring to Fig. 10, it is easily verified that 

As = Ab t4-<4^<4-i^—u[ 
The rate of secondary mass flow is 

/re(yc+
1)ff 

V 2RT 

C
AsP

M 

(9) 

Thus for given external flow conditions, boattail geometry, propellant characteristics, and 
primary jet mass flow rate, the boattail pressure can be determined as a function of the 
secondary mass flow rate or burn rate along the boattail. 

Figure 11 shows numerical results for Mach numbers of 3 and 4 and two boattail 
angles. The calculations were made for7c = 7b = 1-25 and T0b/Ti = T0c/Ti = 8.0 and 
the value of Pb/P. corresponding to incipient boundary layer separation for the pure end 
burning configuration. It is evident that very large rates of mass addition along the boattail 
are required to maintain the boattail pressure above the free-stream value. The specific 
impulse for the boattail is shown in Fig. 12. It is seen to be much lower than the specific 
impulse of the primary jet or pure end burning configuration. 

It is well to point out that mixing between the streams, that is viscous effects, tends 
to decrease the base pressure in general. Thus, the inclusion of viscous effects in the analysis 
would yield a lower specific impulse than predicted on the basis of the inviscid theory. 
For very small rates of mass injection along the boattail, the boattail pressure is known 
to be governed by viscous phenomena, and the present analysis would be completely invalid. 
This case is of little interest in the present study in view of the accompanying boattail 
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pressures. The inviscid theory becomes applicable when the secondary mass flow becomes 
much greater than the viscous entrainment rates for the external flow and primary jet 
plume. 

2.3    PHENOMENOLOGY OF PROPELLANT COMBUSTION 

Obviously the CRM will require an "exotic" propellant. The combustion phenomena 
of the simplest solid propellants are very complex, and a complete understanding of the 
various mechanisms involved in the combustion process does not exist. Propellant engineers 
can predict the specific impulse of a conventional solid-propellant rocket motor having 
a given propellant formulation with reasonable certainty from thermochemical calculations. 
The prediction of thrust from theory is much less reliable. Thrust depends on propellant 
burn rate which is a function of chamber pressure and initial temperature. Theories for 
predicting propellant burn rate are unsatisfactory for design purposes, and empirical burn 
rate data are necessary for estimating the thrust of a solid-propellant rocket motor. The 
formulation of propellants with desired characteristics is more of an art than a science. 

While a realistic mathematical model cannot be posed for the CRM propellant, it 
is instructive to consider in a general and elementary way some of the individual 
mechanisms and processes associated with the overall combustion process. 

Burning at the propellant interface may be viewed as the steady deflagration of a 
solid material. A simplified model of the process is shown in Fig. 13. In the condensed-phase 
reaction zone, complex phase transitions and chemical processes result in the evolution 
of gases which flow into the gas-phase reaction zone. The gases react exothermally in 
the gas phase and leave the zone as combustion products. This zone is similar to a premixed 
laminar flame. Combustion in the gas-phase reaction zone is similar to a stationary 
deflagration wave in a gas. Strong stationary deflagrations in gases are not observed to 
occur in practice. A strong deflagration is one in which the gases enter at subsonic speeds 
and leave at supersonic speeds relative to the wave. For the assumption of simple stagnation 
temperature change in planar flow, strong deflagration can easily be shown to violate the 
second law of thermodynamics (Ref. 11). If the flow is unsteady or locally non-one 
dimensional, this thermodynamic argument is not necessarily applicable. However, it 
appears that the assumption that the combustion products leave the reaction zone at the 
sonic velocity is not inconsistent with the laws of thermodynamics and may represent 
a limiting case for high burn rates. 

By conservation of mass flow, the propellant burn rate is equal to the rate of 
gasification in the condensed-phase reaction zone. For most solid propellants, the 
gasification process is endothermic and the rate of gasification depends on the rate of 
heat added to the zone as well as the kinetics of the chemical reactions in the zone. 
Normally heat is added to the gasification zone by conduction and radiation from the 
hot gaseous reaction zone. If the rate of gasification is limited by heat transfer, an increase 
in the rate can be accomplished by adding ingredients to the propellant which react 
exothermally in the liquid or solid phase. The kinetics of the chemical reaction in the 
condensed-phase reaction zone are governed primarily by temperature, which itself depends 
on the rate of heat addition to the zone. Thus, a large rate of gasification can be obtained 
through large rates of heat release in the condensed-phase reaction zone. 
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For very large gasification rates, the limiting mechanism may become the gaseous-phase 
reaction rates. The kinetics of reaction in this zone must be sufficiently high to complete 
reaction in a thin flame zone. If the kinetics are not fast enough, the heat release will 
occur too far away from the base to raise the base pressure significantly and generate 
thrust. The kinetics of the gas-phase reaction zone depend principally on the temperature 
and composition of the gases entering the zone and the environmental pressure. The 
environmental pressure of the CRM cannot be controlled except within narrow limits. 
Thus the required reaction rate must be obtained with proper temperature and composition. 

Unlike the conventional solid-propellant rocket motor, the heat loss by radiation from 
the burning surface of the CRM may represent a large fraction of propellant heat release. 
According to Williams (Ref. 12), the radiant heat loss generally depends on the fourth 
power of the surface temperature. The high surface temperature necessary for high 
gasification rates is accompanied by high radiation heat loss. 

2.4    EXTERNAL BURNING ON A THIN PLANAR AIRFOIL 

The end burning configuration of the CRM is primarily suited for application to 
rocket-powered projectiles. Figure 14 shows schematically the application of external 
burning to lift augmentation and propulsion of a thin planar airfoil. Either lift augmentation 
or thrust can be obtained depending on the airfoil geometry and angle of attack. The 
physics of the flow processes involved in this system are different from the physics of 
the end burning configuration. 

In order to analyze the performance of this system, the following assumptions are 
made: 

1. The pressure in Region II is uniform. 

2. The rate of mass addition from burning along the aft surface is uniform. 

3. All of the mass injected along the surface is entrained in the fully developed 
turbulent mixing layer between the surface and the external flow. 

4. The fluids are perfect gases with constant specific heats. 

5. The turbulent Prandtl, Schmidt, and Lewis numbers are unity. 

6. There is no heat release in the mixing layer itself, that is, no afterburning. 

7. The velocity, enthalpy, and concentration profiles are similar and are the 
same as for a planar turbulent free shear layer. 

Assumption 3 limits the rate of mass addition to relatively small values. 
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The technique is essentially one of calculating the displacement thickness of the free 
shear layer. By referring to Fig. 14, it is easily verified that conservation of mass flow 
requires 

<pV)w  =  - (pU)A cos(0+a-^)  J 
H 

PA
U

A 
(10) 

where the mixing layer similarity variable (n = aY/X) has been introduced. After using 
the perfect gas equation of state and some basic fluid dynamic definitions, Eq. (10) becomes 

<PV>W 
l-C   C4  P 

—— —— —— cos (0 ■*■ a — \p) 1 "W77T 7Wx—\d^ (ID 

where <p is the velocity U/UA. Assumptions 1, 4, and 5 yield the result that reduced 
enthalpy and species concentration profiles are identical; thus Eq. (11) can be cast into 
the form 

frv>W 1 - c«   CA PC 
a       C     P cos (Ö + o - l/r) 

oo       oo 

VB 6 <f> + (l-d>)- dh 

L+d-0)^ 2 JL2 0+(!-<£)- CA0 

(12) 

Empirically it is known that the velocity profile in a free shear layer can be represented 
approximately by 

<f>  =   Jffl + erffy)] 

For convenience, the following integral relation is defined 

(13) 

W 
/ 

v               <t>«\ 
r      c i 
0+.(l-<£)—^- 

CpA 

dv 

wA 

w ][^ + (1-^cF A  VA " V 

(14) 

10 



AEDC-TR-72-14 

where n takes on values of 1 and 2. In order to compute this relationship, fj.m can be 
taken to equal -3.0. The trajectory of the equivalent inviscid boundary is defined by the 
relationship 

•7A - ?m " (1" CA)(I2)ijm (15) 

which is based on the conservation of momentum. As with Tj.m, the choice of T?m is 
not critical, and the value 3.0 is satisfactory. Conservation of mass flow requires 

(I,)      = (I,)      - ^^ (16) 
^D ''m 1 - C1 

This relationship implicitly determines the location of the dividing streamline. 

Following Bauer (Ref. 13), the similarity parameter a is determined by applying 
conservation of momentum and Prandtl's mixing length theory for the. turbulent shear 
stress. The equation is: 

ffA 

a  = 

T0 Cp 

-   CAcT^^D 
°A PD 

«V1 (17) 
0.04235 

where a = 12 for incompressible flow. The following geometric relations close the system 
of equations: 

*»*-,A/a (18) 

tan (0 + a- ifr)  = -i\Ja (19) 

For a given free-stream condition, propellant characteristics, and afterbody angle (0), Eqs. 
(12) through (19) can be. solved simultaneously to yield the pressure ratio Pc/P„. as a 
function of the mass addition rate (burn rate) ratio (pV)w/(pUX.- 

In order to gain some confidence in the method of analysis, a comparison with the 
experimental data of Fernandez and Zukoski (Ref. 14) was made. Fernandez and Zukoski 
studied supersonic flow over a flat plate with large distributed surface injection. The 
free-stream Mach number was 2.6, and both the primary stream and injected fluid were 
air with the same total temperatures. The deflection of the external flow as a function 
of the rate of surface injection was determined. As shown in Fig. 15, the theory compares 
favorably with the experimental data for mass injection ratios less than the blowoff value, 
that is, the maximum entrainment value. If the momentum flux of the injected fluid 
is neglected, the gross thrust is 

Tg = h Pc (20) 

11 
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and the gross lift is 

L    = PPr s c 

The specific thrust referenced to the free-stream pressure is 

T„ = 
(PC-P„H 

SP        (pV)w((!/cos0) 

(21) 

(22) 

By using the tangent wedge approximation to relate the pressure change across the oblique 
shock (Pc/P„) to the flow deflection angle (a), it can be shown that the maximum thrust 
occurs when 

0 = (a + 9) 

yco+ 1 
1- -^-z— (a + 0H1 

2--^-—  <a + 0)M_ 
(23) 

for ä given rate of mass addition and a given afterbody length (E). This value of 0 is 
denoted by 0max- For mass addition rates small enough to ensure complete mixing zone 
entrainment, the angle (a + 0) is only a weak function of 0 itself, and 0max is obtained 
by iteration. Although 0max depends on M„ as well as other parameters, it is on the 
order of 4 deg. This small angle casts doubt on the practicality of the system for propulsion 
since useful levels of thrust or lift require extremely long airfoils. 

Figure 16 shows Pc/P», as a function of Mach number for hypothetical propellant 
characteristics. Although PC/PH is reasonably high, it can be noted to decrease rapidly 
with increasing 0 and reaches unity when 0 is approximately 8 deg. Large values of thrust 
can be obtained only at the expense of great airfoil length. Figure 17 shows the specific 
thrust for 0 = 0max- The specific thrust is obviously much lower than the value 1800 
lbf-sec/lbm which typifies the fuel specific thrust of a turbojet engine. 

In Fig. 18, the theoretical normal force parameter, 

C_   = 
(Pc-Pc'

)£ 

nf   .<pvywe/cos0 (24) 

and the normal force coefficient data are given from several external burning experiments 
and analyses as compiled and presented in Ref. 1. Here Pc is the value of Pc for no 
mass addition or combustion. It is interesting to note that the value of Cnf predicted 
by the present study agrees in magnitude with the experimental data of several studies. 
It should be pointed out that with a single exception, the experimental values or normal 
force coefficient are based on fuel flow alone. Thus, the experimental values based on 
fuel plus oxidizer would be lower. 

12 
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Figure 19 illustrates the specific lift of an airfoil in the shape of a semi-diamond. 
The burn rate is the maximum for complete entrainment, and the pressure on the bottom 
of the airfoil is uniform since the wedge angle is made equal to 0„iax/2. The region of 
influence from the trailing edge interaction is assumed to be small. The wave drag is clearly 
zero. It is interesting to compare the specific lift 

(P   - P   )2£ 
I       „        c      °° (25) 
'■P       (pV)J/cos(0ni/2) 

with the specific lift of a typical turbojet-powered supersonic aircraft. For an aircraft 
with a lift-to-drag ratio of 8 and an engine specific thrust of 1800 lbf-sec/Ibm, the specific 
lift is 14,400 lbf-sec/lbm, which is well above the value of 1000 for the airfoil of Fig. 
18. Clearly such an airfoil could not compete with conventional turbojet-powered aircraft 
for normal transport operation. It should be pointed out that the aft end of the airfoil 
is consumed in flight since it is made of propellant. The accompanying problems of 
changing geometry and shifting centers of lift and mass must be considered in an application 
to a specific mission. 

SECTION III 
CONCLUSIONS 

The analysis of the pure end burning caseless rocket motor (CRM) shows that 
acceptable specific impulse and high thrust levels are possible with solid propellants having 
sufficiently high burn rates. For typical propellant characteristics, the theoretical specific 
impulse was found to be 180 lbf-sec/lbm, which is somewhat lower than the specific impulse 
of a conventional solid-propellant rocket motor. However, for the same vehicle size and 
weight, more propellant can be utilized since the CRM operates without nozzle or 
combustion chamber hardware. Hence, for some missions, the range of a vehicle propelled 
by a CRM may be equal to the range of the same vehicle propelled by a conventional 
rocket motor. The maximum thrust calculations were made on the basis of maintaining 
attached flow over the vehicle forebody. The maximum thrust is reasonably high at low 
altitude and does not appear to present a serious limitation for many applications. 

The performance of the CRM having a. boattail was analyzed including the effect 
of burning along the boattail. The analysis showed that, in general, the boattail 
configuration has lower thrust and shorter range than the pure end burning CRM. It was 
found that large rates of mass addition from the combustion along the boattail are required 
to maintain the boattail pressure above the free-stream pressure even for small boattail 
angles. Moreover, the axial component of the momentum flux of the fluid leaving the 
boattail surface is very small except for large boattail angles. It should be pointed out, 
however, that the dynamic stability of the boattail configuration with burning may be 
better than the pure end burning configuration. Burning along the boattail creates an 
effective flare afterbody configuration. This aspect was not considered in the present study. 

An analysis of a thin airfoil with external burning was also made. The analysis was 
restricted to burn rates sufficiently small so that complete entrainment of the combustion 
products in the mixing zone between the airfoil surface and the external flow occurred. 

13 
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For these conditions, it was found that both thrust and lift could be obtained for the 
airfoil depending on the angle of attack. The theoretical normal force coefficient (lift) 
was found to agree in magnitude with data from several external burning experiments. 
However, from both a specific thrust and specific lift point of view, the performance 
of the airfoil was considerably below typical values for a turbojet-powered transport 
aircraft. 

The CRM will require an "exotic" propellant. The required burn rate is one to two 
orders of magnitude higher than the burn rate in a conventional solid-propellant rocket 
motor. Moreover, combustion must occur at a pressure one to two orders of magnitude 
lower than experienced in a conventional rocket motor. 

Verification of the assumptions made in the analysis must be done experimentally. 
This could be accomplished by testing the pure end burning configuration in a centerbody 
type of wind tunnel. The results of the experiments could point the way for further 
analysis and experimentation. 
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