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THEORETICAL ANALYSIS OF TEE PERFORMANCE
OF A SUPERSONIC DUCTED ROCKET

By Reece V. Hensley

SUMMARY

Calculated performance characterisiice of & ducted rocket that
uses gasoline and liquid oxygen as the fuel mixture and has a mass
flow of 1 slug per second are presented. Xxcess fuel 1s used to
maintain the rocket combustion temperature within a limiting wvalue
and all this excess fuel is consldered to burn in the duct enclosing
the rocket. Evaluations of net thrust, frontal area, thrust per unit
frontel area, and specific fuel consumption are given for flight
conditions under which such a propulsion system might operate. An
evaluation is made of the relative thrust increase due to the Jet-
ejector effect of the rocket enclosed In a duct and that due to the
burning of the excess fuel from the rocket exhaunst in the duct. The
performances of units with nozzles designed to giye exhaust-jet
expansion to ambient pressure and of units designed to give the
maximum thrust per unit frontal area are glven.

At £light Mach numbers of 1, 2, and 3 and an altitude of
30,000 feet, thrusts per unlt frontal area for the ducted rocket
were of the order of twice those available from a ram Jet. The corres-
ponding specific fuel consumptions were about two to three times those
of & ram Jet, but about one~half to one-third that of the rocket alcne.
The thrust increase was due primarily to the burning of the excess fuel
from the rocket inasmuch as only about one-~fourth of the total inorease
in thrust resulting from the ducting was attributeble to the Jet-
ejector effect experienced when the rocket is enclosed in a duct under
these flight conditions. For the same flight conditions, the specific
fuel consumption of the ducted rocket was lower than that of a combina-
tion of equal frontal area comsisting of & similar rocket and a ram
Jet operating independently at stolchlometric fuel-air ratio. The net
thrust of the ducted rocket was higher at Mach numbers of 2 and 3, but
lower at a Mach number of 1 than the thrust of the combination at
comparable flight velocities.

At static conditions, the thrust of the ducted rocket was approxi-
mately 9 percent greater than the thrust of the rocket aloms.
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The use of reascnable values of the component efficiencies did
not alter the characteristics presented enough to affect seriously
the performasnce of the ducted rocket under the flight conditions
conaidered.

INTRODUCTION

A possible method of inoreasing the output of an aircraft power
plant of the Jet-propulslion type 1s to enclose the Jet within & duct
through which a relatively large alr flow exists. The resultant
mixing of the exhaust jJet and the ailr flowing through the duct
produces a Jet-thrust augmentation, which may be of such magnitude
that a conslidereble Iincrease In thrust resulta. This thrust-
augmentation phenomenon has been investigated by Jacobs and Shoemaker
(reference 1) and analyses have been made of aircraft-propulsion
systems that use this method to increase the thrust avallable from a
rocket (references 2 and 3).

Because an Iincrease in thrust can be obtalned without an increased
expenditure of fuel, the efficlency of the cycle as compared with the
officiency of the same power plant without augmentation is thereby
increased. In order to further increase the thrust, additional fuel
may be supplied and burned within the duct, in which case the effi-
clency may or may not be greater than that of the unit without
augmentation, depending on the relative efficiencles of the primary
cycle and the ram-jet cycle within the duct.

A preliminary analysis of such a system utllizing & rocket
mounted inside a duct was made at the NACA Cleveland laboratory. The
rocket on which the analyslis was based 1s a hypothetical unit that
burng a mixture of gasoline and liquid oxygen. The characteristlcs
of the rocket were so chosen that they lle within the ranges of values
obtainable 1n the operation of actual rockets.

The maximum allowable temperature in the combustlion chamber of a
rocket is ordinarily determined by the temperature limits of the
structural materials uveed. In the present case, an amount of gasoline
in excess of that required for a stolchiometric mixture was assumed
in order that the arbitrarily chosen temperature limits might not be
exceeded. In most of the calculations, the excess fuel from the
rocket was assumed to burn completely in the duct; these calculations
therefore served to evaluate the total thrust increase avallable by
mounting the rocket under consideratlon inside a duct. In order to
estimate the relative thrust increases due to the action of the unit
as a Jet ejJector and to the combustion within the duct of the excess
rocket fuel, supplementary calculations were masde with the assumption
that none of the excess fuel from the rogket burned in the duct.
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The performance date are presented as a functlion of the ratio
of the mass of the air flow through the duct to the mass of the
rocket-gas flow. Data are presented for several typlcal flight
conditions at which such a propulsion system might be utilized.
These conditions include the performance at design flight comditions
of ducted rockets designed to operate at Mach numbers of 1, 2, and 3
at an altitude of 30,000 feet, and the performance &t a Mach number
of 1 at altitudes from sea level to 45,000 feet of a unit designed
to operate at a Mach number of 1 at an altitude of 30,000 feet. Data
are presented showing the effect on performance of ducting a rocket
for static sea-level operation. An evaluation 1s made of the maxi-
mum thrust per unit frontal area obtalnable with the ducted rocket
congidered at an altitude of 30,000 feet at flight Mach numbers of
1, 2, and 3. The decreases In the net thrust and in the thrust per
unit frontal area that result from pressure losses in the diffuser
eand the nozzle are evaluated for a flight Mach number of 2 and an
altitude of 30,000 feet. A comparison on the basis of the net thrust
produced and of the specific fuel consumption for ducted rockets and
for unlts powered by an independently operating stolchiometric ram
Jet and & rocket similar to that used in the ducted rocket is glven.
The two propulsion systems are assumed to have equal frontal areas.

Physical characteristics of the ducted rocket (other than the
required frontal area) are not considered, nor is any attempt made to
evaluate the advantages or disadvantages of such a system as compared
wlth other available means of propulsion in the same speed range
insofar as weight, slmpliclity of design, aerodynamlc characteristics,
and so forth are concermed.

CONFIGURATIONS

The basic scheme of the ducted rocket as considered herein is
shown in figure 1. Diffuslion of the air flow from the flight velocity
to & lower veloolty occurs between stations 1 and 2. At station 2 the
air flow and the rocket gases enter the constant-area mixing section
and mixing is assumed to proceed until, at statlon 3, the two flows
are completely mixed and no tramnsverse veloclty gradlents exist.
Combustlon of the excess fuel from the rocket occurs between stations 3
and 4 In an extension of the constant-area mixing section and then
expansion of the Jjet occurs in the nozzle from stations 4 to 5.

Basic conslderations of flow through nozzles indicate that for
a glven mass flow and available preasure ratio the greatest thrust
occurs with a nozzle designed to glive expanslion of the Jet to amblent
pressure.” If the pressure ratio ls greater than the oritical value,
however, the greatest thrust per unit of nozzle-exit area 1s attained
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with a nozzle that provides for expansion only to sonic velocity, but
the thrust is lower than if complete expension 1s used. Calculations
were therefore made for two types of configuration: The first type
employs a nozzle designed to glve expansion to ambient pressure;
whereas, the sscond type has a nozzle providing expansion only to somle
velocity, or slightly higher. The first calculations indicate the
maximum thrusts obtainable from the arrangement under oonsideration
and the second set of calculations evaluates the maximum thrusts per
it frontal area that might be attained with such a propulsion system.

The total pressure of the alr stream flowing through the ducted
rocket 1s changed by two factors: The total pressure is increased by
the momentum interchange between the alr and the rocket gases, but the
momentum changes accompanying the addition of heat in the combustion
chamber result in a loss in total pressure. Because the net result
for the cases considered was generally an increase in total pressure,
& converging-diverging nozzle was generally required where full
expansion was desired.

The pressure losses due to combustion vary inversely as the cross-
sectlional area of the combustlon chamber. Inasmuch as a large nozzle-
exit area was required for expansion to ambient pressure, an equal
combustion-chamber area was therefore used, which maintained the
momentum-preasure losses due to burning as low as possible without
increasing the frontal area. The second set of calculations evaluates
the maximum thrusts per unit frontel area that can be obtained with an
exhaust nozzle providing incomplete expansion. For flight Mach numbers
of 1 and 2, the combustion-chamber area and the nozzle-exlt area were
chosen equel end of such & size that thermal choking occurred at the
combustion~-chamber exit, which thereby permitted no expansion in the
nozzle., For a f£flight Mach number of 3, the combustion-chamber and
nozzle-ocutlet areas were 'chosen equal to the diffuser-inlet area
because the area corresponding to thermal choking at the combustlion-
chamber exit was smaller than this value. Some expansion through a
convergent-divergent nozzle was therefore possible in this case.

In evaluating the effect of altitude on the operation of a
ducted rocket, the configuration employed was designed for stoichio-
metric operation at a flight Mach number of 1 and an altitude of
30,000 feet. The inlet geometry was considered fixed for all alti-
tudes, but the exhaust nozzle was consldered variable with a maximunm
area of the exit egqual to the combustlon-chamber area.
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SYMBOLS

The followlng symbols are ussed in this analysis:

A area, square feet

a velocity of sound In gas, feet per second

Cp specific heat of gas at constant pressure, Btu per pound °r

F thrust, pounds

g ratio of absolute to gravitational wnits of mass, 32.17

I specific impulse, "pounds thrust per second per pound fuel

M Mach number

m mass flow, slugs per second

P total pressure, pounds per square foot absolute

P static pressure, pounds per square foot absolute

Q heat content of fuel burned in duct, Btu

R gas constant, foot-pounds per pound °r

r ratio of alr mass flow to rocket-gas mass flow

T total temperature, °r

t statlc temperatufe, °r

Y velocity of gas flow, feet per second

V4 ratio of specific heats

P density of gas at static temperature and pressure, slugs per
cubic foot

Subscripts:

a air

J Jet
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n net
r roocket

0 free strea.m'

1 duct inlet

2 entrance to mixing region (rocket exit)

3 after mixing and before combustion in duct
4 after completion of combustion in duct

S nozzle exit

3-4 average between stations 3 and 4

BASIC ASSUMPTIONS

Rocket characteristics. - Caloulations were based on a rocket
baving a mass flow of 1 slug per second using gesoline as the fuel
and liquid oxygen as the oxidant. Becsuse of structural conslidera-
tions, a maximum temperature of 4000° R was arbltrarily assumed as
& 1limit in the rocket. A rocket combustion-chambexr pressure of
20 atmospheres was used. According to date obtained at the
Guggenhelm Aeronautical Laboratory, California Institute of
Technology, these values of the combustion pressure and the
maximum temperature in the rocket required a fuel-oxidant ratio
of 0.606 with a gasoline haeving a hydrogen-carbon ratio of 0.176
and a lower heating value of 18,500 Btu per pound. All the oxidant
in the rocket charge was assumed to be oconsumed completely within
the rocket. Consideration of available experimental data on the
thrust of rockets together with preliminary calculations based on
values of czn and ¥ obtained at California Institute of
Technology, indlcated that 171 pounds thrust per second per pound
fuel would be a reasoneble value for the specific impulse of the
rocket under consideration at sea-level pressure. This value of
gpecific impulse was therefore assumed for sea-level pressures and
used in the calculations for this altitude. At any higher altitude,
expansion to ambient pressure could be effected by a change in the
rocket-nozzle dimensions, thereby giving a higher Jjet velooclty and
the maximum specific impulse for the particular altitude. Calcula-
tions indicated that a specific impulse of about 191 pounds thrust
per second per pound fuel could be obtalned with the rocket under
consideration at an altitude of 30,000 feet if the rocket-nozzle
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dimensions were such that complete expansion to amblient pressure

might be sccomplished in the rocket exhaust nozzle. Thlias value was
therefore used for the comparison of the performance of the ducted
rocket with that of the rocket alone at an altitude of 30,000 feet.

Characteristics of flow within duot. - Unless stated otherwise,
the excess fuel used to maintain the rocket cambustion temperature
at 4000° R was assumed to burn completely within the duct. This
condition limited the consideration to alr flows large enough to
give mixtures in the duct that were leaner than stolchlometric.
Because dissociation and equilibrium effects would probably prevent
attainment of temperatures above 4000° R in the duct, this value
was used in all cases where calculations based on the heating wvalue
of the fuel and the specific heat of the gas mixture indicated
higher combustion temperatures.

The values of cp 2and 7 used in the analysis were welghted
averages of the values for the different constituents of the gas et
the temperature under ccnslderation. The values of cp and 7 for
a process covering a range of temperatures were taken as the arithmetic
average of the values corresponding to the end points of the temper-

. ature range. In the present case, only & slight dlscrepancy exists
between data calculated by the use of these average values and data
based on the integrated specific heat, inesmuch as the variatican of
Sp end 7 with temperature is approximately linear over the ranges

of temperature ccnsidered.

In order to facilitate the calculations, the mixing and combustion
of the rocket gases and the air charge were ccnsidered to occur
separately. These processes were assumed to occur with conservation
of total momentum in a duct of oonstent cross sectiom.

The tempera.'l':ure of the gas after cambustion in the duct was
determined from the heating value of the fuel and the heat capacltles
of the reactants and of the products after complete cambustion.

Following the éanpleticn of combustion, any expansion was
agsumed to occur in conformity with the cne-dimensional adiabatlc-

flow relations. .

METHODS OF CALCULATION

General method. - In determining the performance of the ducted
rocket, two of the variables were ccnsidered as independent and
values were assigned for these in order to ccmpute the corresponding
values of the other variables. Values of the ratio of alr mass flow
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through the duct to rocket-gas mass flow r and air Mach number at
the rocket exit Mﬁ 2 were chosen. Inasmuch as the diffusion from
the Filght velocity was asgsumed to occur with complete recovery of
presgure, fixing the values of these two variables made posslible the
determination of the pressures, the temperatures, and the stream
Mach numbers at stations 2 and 3 and of the oross-sectional area at
stations 2, 3, and 4. The amount of unburned fuel dlscharged from
the rocket was considered to be constant for this enalysis and all
the fuel was assumed to burn In the duct. As a result, the heat
released to the air flow was constent and the pressures, the temper-
atures, the oross-sectional area, and the gas velocltles at all
stations following combustion could be calculated.

The following general egquations were used to determine the state
.of the gas flow at any particular station by substituting the
appropriate values for the varlables:

r-1
7
(3) =14+ 2528 (1)

I
t P

(2)

%

- +
- BEE (3)

Condition of alr and rocket gases before mixing. - After values
were chosen for r and Ma 2, ‘the values of p, V, and A for

the sir flow at station 2 were obtained from equations (1), (2), end
(3), respectively. The values of P and T used in the equations
woere those corresponding to the desired flight altlitude and Mach
number. The value 53.4 foot-pounds per pound °R was used for R when
the flow of alr was consldered. Corresponding values for the rocket
exit were obtained from the same equations using the rocket combustion-
chamber total pressure and totel temperature, the average value of 7
over the expansion in equation (1), and the value of ¥ corresponding
to the rocket-exit temperature in equation (2). Because the value

of the specific impulse I of the rocket was assumed, an effective
value of R for the rocket gases in agreement with the assumed

rocket characteristics was obtalned from the relation
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Fp=mp V2 = mpel

or

vr’z = gI .

Mr,2A[7r,2 8 Re2 tr,2 = &1

e @)
02 = (M, 2)Z 7z ez

For the mixture of rocket gases and air in the duct, the value 53.4
foot-pounds per pound °R was used for R.

Mixing and combustion. - The total momentum of the gas stream
after mixing (station 3) was obtained from the sum of the total
momentums of the two individual streams at statiom 2, or

mzVs + PzAz = (maVp 2 + Pa 2 A 2) + (V2 + Pp 2 Ar2) (5)

Inasmuch as the mixing and combustion processes were considered to
occur separately, the total temperature after mixing was obtained
by equating the total enthalpies of the two stresms before mixing
and the enthalpy of the stream after mixing and solving for Tz
from the relation

2y Cp,r,2 Tr,z + Iy Cp g2 Ta,2 (6)

T3 = (my + mg) ®p,3

The total temperature after combustion (station 4) was obtained from

Q
Ty =Tz + e (7)
4 3 m38°p,3-4

except that 4000° R was used for T‘j; in those cases where equa-
tion (7) indicated values higher than this.

The total and static pressures at station 3 were obtalned from
the total momentum by a method employing dimensionless parameters
based on the total temperature. These parameters are glven in
convenient chart form in reference 4, By substlituting these pressures

.-
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in equation (l), the Mach number before combustion Mz was determined.
The Mach number after combustion M; was obtained from a chart based
on the equation

;é _ (l + 7M42)2 (8)
Do (o )
(1 + 7M32)2

The value of M, was substituted iInto the equatiom

< , 7T
- 1 2 7 -
1+ P M4>

P, (1 + %)
7 - 5 (9)
(1 + )

thus giving the total pressure followlng combustion Fy. Equa-
tions (8) and (9) were developed on the assumption of constant total
momentum during the addition of heat to a gas flowing in a duct of
congtant area. :

Expension and thrust calculations. - Expansion following the
completion of cambustion was assumed to be in accordance with the
one-dimensional adiabatic-flow relations; therefore, the pressure,
the temperature, and the velocity of the gas at the nozzle exit and
the nozzle-exit area were cbtained by applying equatioms (1), (2),
and (3). The Jet thrust of the unit was then determined from

Fy = (m, + m,) Vj (10)

and the net thrust was obtained by substracting from the Jet thrust
the initial momentum of the air entering the duct m, Vj.
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In most cases the duct was so designed that the cross-sectlonal
areas of the mixing and combusgtion chember and of the nozzle exit
were equal. In order to accomplish this result, it was necessary
to follow & trial-and-error procedure inasmuch as the relative areas
of the mixing and the combustion chamber and of the nozzle exlt could
be obtained only by following through the calculations. Different
values of Mgy 2 were chosen (and combustion-chamber areas thereby
determined) until the desired relative values of the areas were
obtained.

DISCUSSION

Rocket thrust. - In comparing the net thrusts available from
the rocket alone and from the ducted rocket, the rocket was assumed
to have & nozzle of such design that full expansion to the ambient
pressure would ocour. With this provision, the thrust of the rocket
assumed for the analysis would have the values 5500 pounds and
6150 pounds at gltitudes of sea level and 30,000 feet, respectively.

Thrust of ducted rocket. - The net thrust avallable from the
ducted rocket under consideration is shown in figure 2 for an alti-
tude of 30,000 feet. These data cover a range of the mass-flow
ratio r fram 3 (approximately stoichiometric) to 10 and flight
Mach numbers of 1, 2, and 3. In the caloculation of these data, 1t
was assumed that the exhaust nozzle was designed to give expansion
to ambient pressure; therefore, the values given may be considered
as the maximum values obtainable from the ducted rocket on which
this analysis was based.

The net thrust of the ducted rocket at a flight Mach number of 1
is Just under 10,000 pounds for a mass-flow ratio r of 3 and
increases to almost 14,000 pounds as r Increases to 10. The corres-
ponding range for a flight Mach number of 2 is from 13,500 to
22,000 pounds, and for & flight Mach number of 3 is from 14,500 to
23,500 pounds.. The rapid rate of decrease of the thrust as r
decreases below & value of sbout 5 is due partly to the use of a
maximum-temperature limltation In the duct.

The ratio of these net-thrust values to the thrust of the rocket
alone 1s shown in figure 3. At a flight Mach number of 1, ducting
the rocket results In net thrusts from 1.6 to 2.25 times the thrust
of the rocket alone over the range of mess-flow ratios considered.
Comparable net thrusts of the ducted rocket for flight Mach numbers
of 2 and 3 are from 2.2 to 3.55 and from 2.4 to 3.8 times the rocket
thrust, respeotively.

These thrust values were obtalned assuming complete combustion
in the duct of all excess fuel from the rocket. exhaust.



12 m NACA RM Fo. E7IO5

Fuel consumption. - The specific fuel consumption of the ducted
rocket 1s glven in figure 4. The consumption varies from 12 to
8.5 pounds per hour per pound of thrust for values of r varying from
3 to 10 at a flight Mach number of 1. At a flight Mach number of 2,
the fuel consumption varies from 8.5 to 5.5 over the range of r
conaldered; whereas over the same range of the mass-flow ratio the
value for a Mach number of 3 is approximately O.5 pound per hour per
pound of thrust below the corresponding value at a Mach number of 2.
The specific fuel consumption for a ram Jet operating at a stoichio-
metric fuel-air ratio at an altitude of 30,000 feet ia 4.7 pounds
per hour per pound thrust at a Mach number of 1, 2.8 at a Mach
number of 2, and 3.6 at a Mach number of 3. The flrst two of these
values are glven In reference 5 and the third was obtalned by the
method used In reference 5. If & ram Jet were operated at a fuel-
air ratioc leaner than stoichiometric, a lower specific fuel consump-
tion would result and comsequently, there would be a greater
difference in the fuel consumptions of these units than is given
here. The thruast of the ram Jet at lean operation, however, would
also decrease,

Frontal areas. - In order to realize the thrust Increases
resulting from ducting a rocket, a unit with a much greater frontal
ares than the rocket alone 1s required. Because this increase in
area gives an increase in the external drag of the body, the
external resistances would have to be taken into account in order to
determine whether ducting & rocket would glve a resultant net gain.
Figure 5 shows the frontal areas associated with the configurations
required to realize the thrust characteristics previously shown.

The exit-nozzle area for the fully expanding rocket at an altitude .
of 30,000 feet is 0.7 square foot. At a flight Mach number of 1,

the ducted rocket has a frontal area of 11.5 sguare feet at a masg-

flow ratio of 3 and an area of 29 square feet when r equale 10.

The frontal areas required at higher flight velocities are smsller

because of the higher total density assoclated with these veloclties.

These areas vary from 5.5 to 12 square feet for a flight Mach number

of 2 and from 3.5 to 7 square feet for a Mach number of 3 for the

range of r considered.

Specific thrust. - The data of figures 2 and 5 can be presented
in a more significant memmer as the ratio of the net thrust to the
frontal area required to produce this thrust. Values of this specifio
thrust are given in figure 6 for the data already presented. The
specific thrust at a Mach number of 1 decreases from a value of 850
to 500 pounds per squere foot of frontal area as r increases from
3 to 10. For Mach numbers of 2 and 3, corresponding specific thrusts
are from 2450 to 1800 and from 4350 to 3300 pounds per square foot of
frontal area, respectively. Specific thrusts for a ram jat operating -
at a stoichiometric fuel-air ratio under similar flight conditions

- ‘




NACA RM No. E7IO5 — 13

are 407, 1860, and 4390 pounds per square foot of frontal area at
flight Mach numbers of 1, 2, and 3, respectively. The values for
the ram jet at Mach numbers of 1 and 2 are given in reference 5
(based on nacelle rather than combustion-chamber diameter) and the
value for a Mach number of 3 was computed by the method of refer-
ence 5. The specific thrusts of the ducted rocket at flight Mach
numbers of 1 and 2 are generally greater then those of a stoichio-
metric ram jet operating at the same Mach numbers. At a flight Mach
number of 3, the specific thrust of the ram Jet is larger. This
fact results from the occurrence of the low combustion-chamber veloc-
ities in the ducted rocket at high flight velocitles when the
combustion-chamber area is equal to the nozzle-exit area required
for complete expansion.

Configurations for best specific thrusts. - For flight conditions
under which a ducted-rocket propulsion system might be used, the
specific thrust would probably be a more important criterion than the
net thrust. As previously explained, maximum thrusts for a given
frontal area and alr flow can be obtained by decreasing the combustlon-
chamber cross-sectional area until thermal choking occurs, or until
this area is equal to the duct-inlet area requlred for the desired air
flow, and then using a nozzle having an exit area of the same gize.
Calculated data for the conditions giving these maximum specifilc
thrusts are presented in figures 7 to 9. The net thrusts are some-'
what lower then in the previous case, especially at flight Mach
numbers of 2 and 3, as can be seen from a comparison of figures 2 and 7.
The lower net thrusts are caused by the greater momentum-pressure
lossea associated with the smaller cross-sectional areas and by the
loss in thrust due to incomplete expansion. Because of the lower thrusts,
the specific fuel comsumptions would be a little higher than for the
cagses discussed earlier. The frontal areas requlred are also smaller
for the present configuration (figs. 5 and 8) with the result that
the specific thrusts are greater than for the comditlons previously
considered (figs. 6 and 9). Large increases in specific thrust over
the velues previously presented are avallable at Mach numbers of 2
and 3; maximum specific thrusts ranging from 4300 to 2500 pounds per
squaere foot of frontal area as compared with a range from 2450 to
1800 pounds in the case of full expansion of the Jet for a Mach
number of 2 and from 11,000 to 5800 pounds per square foot of frontal
ares as compared with a range of 4350 to 3300 pounds for the previous
cage for & Mach number of 3 are indicated for the range of r
congldered. These specific thrusts are of the order of twice those
previcusly presented for a stolichiometric ram jet operating at
comparable flight Mach numbers. Inasmuch as the specific thrusts for
these configurations are much greater than when expanslon to ambilent
pressure occurs in the nozzle, these configurations would be preferred

for most applications.
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From figures 6 and 9 it appears that the most loglcal operating
conditions for the ducted rocket considered would be such that the
mess-flow ratio would be in the range of 3 to 5. Because this range
would give operation at mixtures leaner than stolchiometrilc, the
entire heat content of the rocket-fuel charge could be utilized in
the cycle. If leaner operation were desired, greater thrusts could
be obtalned (figs. 2 and 7) but the specific thrust would be lower.

Performance of ducted rocket with varying altitude. - The
performance characteristics of a ducted rocket with fixed inlet
geometry when operating at a Mach number of 1 at altitudes from sea
level to 45,000 feet are shown in flgure 10. Design conditions were
stolchiometric operation with expansion to amblent pressure at an
altitude of 30,000 feet and a flight Mach number of 1. In the calcu-
lations it was assumed that an adjustable exhaust nozzle would allow
expanaion to ambient pressure at altitudes below 30,000 feet and that
at higher altitudes incomplete expansion would occur with the nozzle-
exit area equal to the combustion-chamber cross-sectional area. At
gsea-level operating conditions, the net thrust is about 13,000 pounds;
the thrust decreases with Inoreasing altlitude and at 45,000 feet a
thrust of about 8000 pounds 1s obtained. The specific thrust and the
ratio of net thruet to rocket thrust would vary simllarly with alti-
tude. The decrease in thrust with altitude 1s a conseguence of the
decreasing air-handling capaclity of a unit of fixed-inlet gecmetry
with increasing altitude. This effect can be seen in figure 10: at
sea level, three times the design air flow 1s induced, whereas at an
altitude of 45,000 feet the air flow drops to one-half the deasign
value. The specific fuel consumption increases from about 9 pounds
per hour per pound thrust at sea level through the deslign value of
ebout 12 to a value of 14.5 pounds per hour per pound thrust at an
altitude of 45,000 feet. At altitudes above 30,000 feet, the apecific
fuel consumption would be expected to increase rapldly because the
it is then operating at a mixture ratio richer than stoichiometric;
therefore, part of the heat content of the excess fuel from the
rocket cannot be utilized in the duct.

Static performance. - The performance of the ducted rocket under
gstatic conditions is shown in figure 1l. The thrust of the rocket
alone operating at sea level with expansion to amblent pressure 1s
about 5500 pounds. At static condlitions, the net-thrust Iincrease
due to ducting the rocket is slight; the net thrust of the rocket was
increased about 9 percent by ducting over a range of r from 3 to 5.5.
This range of air flows would require a frontal area of 8 to 20 pquare
feet. This amall thrust increase under these conditions should be
expected, Inasmuch &s the unit is then effectively a rocket plus &
ram jet operating at low ram. When the increase in weight necessexry
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for ducting is considered, it 1s probable that the take-off perform-
ance of a rocket would be adversely affected by ducting it in the
manner under consideration.

Relative gains from Jet-ejector effect and from burnlng excess
rocket fuel. - In order to determine the relative magnitudes of the
thrust increases attributable to the Jet-thrust augmentation effect
and to the burning of the excess fuel from the rocket In a ram-jet
cycle in the duct, calculations were made assuming no combustion of
the rocket-exhaust products within the duct. The results of these
calculations are given in figure 12. The net thrusts for the flight
conditions at an altitude of 30,000 feet lie within the range of
6800 to 10,000 pounds as ccmpared with the range of about 10,000
to 23,500 pounds (fig. 2) with combustion of the excess fuel from
the rocket. The jet-thrust augmentation thus contributes only about
one-fourth of the thrust increase in the cases presented. From these
results, it is apparent that the chief source of the increase in
thrust resulting from ducting a rocket is the burning of the excess
fuel from the rocket-exhaust gases rather than from the interchange
of momentum between the jet from the rocket and the air flowing
through the duct.

Effect of lowered component efficiencies on performsnce of
ducted rocket. - In order to evaluate the effects of pressure losses

in the diffuser and exhaust nozzle and the effect of a lower combus-
tion efficiency in the duct on the performance of & ducted rocket,
calculatione were made to determine the magnitude of the losses
that would result from lower component efficienclies. These data,
for a flight Mach number of 2 and a configuration designed to glve
meximum net thrust, are presented in figure 13. A diffuser pressure
ratio of 0.95 was selected on the basis of data presented in refer-
ence 6 and a pressure ratio across the nozzle of 0.96 was used to
cover pressure losses in the nozzle. The total decreases in net
thrust corresponding to those pressure losses is about 3 percent and
the decrease in net thrust is about 6 to 7 percent. The diffuser
pressure loss accounts for slightly more than one-half of the
decrease in each of these factors.

The decrease in net thrust accompanying a 10-percent decrease
in combustion efficiency is about 4 or 5 percent for mass-flow
ratios of 5 to 10 percent (fig. 3). For lower alr flows, smaller
percentage decreases are indicated in the figure because the
arbitrary assumption of a 4000° R limiting temperature in the
earlier calculations was equivalent to employing a reduced combus-
tion efficiency at the low air flows. With & decrease in combustion
efficiency, a smeller nozzle-exit area can be used for the same mass
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flow; consequently, decreases In specific thrust due to lowered
cambustion efficlenocy are of smaller magnitude (about 1 or 2 per-
cent) than are the changes in net thrust.

The losses in net thrust due to the use of expected values of
component efficiencles rather than the assumed 100-percent effi-
clenclies are not large enough to affect the general results
presented.

Comperison of ducted rocket with combination of rocket and ram
Jet. - A ocomparison of the performence of the ducted rocket with that
of a combination consisting of an independently operating rocket and
a gtolchiometric ram jet is shown in figure 14. These data represent
operation at an altitude of 30,000 feet. The two propulsion systems
should have comparable characteristics: Each would have the &billty
to take off under its own power and, because the thrust and fuel-
consumption characteristics of the two systems should be of the same
order of magnitude, they might be coneldered suitable for the same
applications. Similar rockets were assumed for both applicatlions
and the frontal areas of the ducted rocket and of the combination
were assumed equal. The ram-Jjet data were calculated by the method
of reference 5; the ducted-rocket date are those presented herein
for the unit designed to give maximum specific thrusts. For values
of r fram 3 to 6 the thrust of the ducted rocket 1s about 30 percent
greater than that of the combination at a Mach number of 3 and about
10 percent greater at a Mach number of 2. For a Mach number of 1
and the same range of r, the thrust of the ducted rocket 1s about
10 percent lower than that of. the combination.

In all cases the specific fuel consumption of the ducted rocket
is considerably lower than that of the combination. This result
would be expected because the increase in thrust of the ducted unit
above the rocket thrust is obtalned with no additional expenditure of
fuel; whereas in the combination extra fuel 1s necessary for the ram
Jet in order to develop any thrust above that developed by the rocket
alone. If the ram Jet in the comblnation were operated at a fuel-air
ratio lower than stolchiometric, the comparison would be more favorable
for the ducted rocket because the thrust of the combination would
decrease to that of the rocket alone as the fuel consumption decreased
to that of the ducted rocket.

SUMMARY OF RESULTS
The following results were derived from a theoretlical analysis

of the performance of & rocket using a fuel mixture of gasoline and
liquid oxygen when the rocket 1s enclosed in a duct through which
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alr is flowing with all excess fuel from the rocket being burned in
the duct:

1. At flight Mach numbers of 1, 2, and 3 and an altitude of
30,000 feet, the ducted rocket provided thrusts per unit fraontal area
of the order of twice those avallable from a ram jet; whereas the
specific fuel consumptions were about two to three times those of a
ram jet or about one-half to one-third that of the rocket alome.

2. The greater part of the thrust lncrease was due to the
burning of the excess fuel from the rocket; only about one-fourth
of the totel thrust increase at flight Mach numbers of 1, 2, and 3
at an altitude of 30,000 feet was due to the Jet-ejector effect
experienced when the rocket 1s enclosed in a duct.

3. At an altitude of 30,000 feet and £light Mach numbers of
1, 2, end 3, the specific fuel consumption of a ducted rocket was
lower than that of a combination having the same frontal area and
consisting of & similar rocket and a ram Jet operating at a stolichio-
metric fuel-air ratio. At flight Mach numbers of 2 and 3, the
thrust of the ducted rocket was greater than that of the combinatlon,
but at a Mach number of 1 the thrust of the combination was the
greater of the two,

4. At static conditions, the thrust of the ducted rocket was
approximately 9 percent greater than the thrust of the rocket alome.

5. Consideration of the pressure losses in the diffuser and the
exheust nozzle would reduce the values given for the net thrust of
the ducted rocket by about 3 percent and would decrease the specific-
thrust values by about 6 or 7 percent at a flight Mach number of 2.
At the same Mach number, if a combustlon efficlency of 90 percent
were used rather than the assumed value of 100 percent, the net
thrusts would be decreased as much as 5 percent and the specific
thrusts sbout 1 or 2 percent.

Flight Propulsion Research Laboratory,
National Advisory Committee for Aeromautics,
Cleveland, Ohlo.
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