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Ejector Primary Flow Molecular Weight
Effects in an Ejector-Ram Rocket Engine

Sam Han,* John Peddieson, Jr.," and David Gregoryi
Tennessee Technological University, Cookeville, Tennessee 38505

The effects of primary flow molecular weight on the ejector performance in a generic rocket-based combined-
cycle engine are examined by using steady-state, one-dimensionalcompressible flow equations. Ejector performance
in terms of specific impulse, bypass ratio, thrust, and thrust augmentation factor are presented for three primary
fluids with molecular weights of 2, 18, and 29, covering a range of primary rocket stagnation conditions, ejector

geometries, and freestream conditions.

Nomenclature
A = area, m’
C,,C, = specific heat at constant volume, pressure, J/kg- K
I, = specific impulse, s
M = Mach number
M, = molecular weight
m = mass flow rate, kg/s
n = mole flow rate, mole/s
P = static pressure, Pa
q = combustion energy generationrate, W
R = gasconstant,J/kg-K
T = temperature or thrust, K or N
u = velocity, m/s
o = Dbypassratio
y = specific heat ratio
0 = density, kg/m®
¢ = thrust augmentation factor
Subscripts
e = exitof the mixing region
ejector = ejectormode
i = inlet of the mixing region
p = primary flow
rocket = rocket-only mode
s = secondary flow
t = stagnation condition
0 = freestream condition
10 nozzle exit
Superscripts
* = primary rocket throat

- = molar property

Introduction

O increasethe payload and improve the reliability of the Earth-
to-orbit (ETO) reusable launch vehicles (RLV), rocket-based
combined-cycle(RBCC) engines are currently under development.!
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In one of the RBCC engine concepts, a rocket is used as an ejec-
tor during the initial acceleration (M, < 3.0) and as a conventional
rocketwhen M, > 6.0. This conceptis called the ejector-ram rocket
engine and is the simplest RBCC engine configuration .2

Ejectors have been used in many industrial applications, such
as in pumping, chemical lasers’>® and airbreathing jet engine
development/® Optimization of ejector performance depends on
the particular application. It is used to maximize the entrainment
ratio in pumping, to increase the pressure recovery in the chemi-
cal laser, and to augment thrust in aerospace applications. Ejectors
used in RBCC engines are similar to those used in ramjet engines
in aerospace applications.

Ejector efficiency is often measured by the ability of the primary
flow to entrain the secondary flow. In aircraft and RBCC appli-
cations, atmospheric air is the secondary fluid. The primary fluid
can be air or any other fluid with different thermodynamic prop-
erties. Numerous studies have shown that the ejector performance
depends strongly on the properties of the primary fluid, in particular
its molecular weight.>1°

The presentstudy seeks to evaluatethe effects of molecularweight
of several primary fluids on the ejector efficiency of a generic RBCC
engine. Such results for the ejector-ram rocket operation covering
the flight regime of My =0~ 3.0 are not currently available in the
literature.

Method of Analysis

Assumptions

Figure 1 shows the schematic view of a genericejector-ramrocket
engine. The engine has four components: an inlet, a mixing region
of constant cross-sectional area A, a combustor, and an exit noz-
zle. Actual physical processesin these engine components are very
complex and need detailed experimental and numerical analysis as
discussed in various hypersonic airbreathing engine studies.!! One
of the simplest methods currently used is to employ the steady-state
control volume concept. This method provides an idealized and yet
simple closed-formsolution for a quick parametric study of various
operating conditions.

The ejectorprimary fluid is assumed to be an ideal gas with known
stagnation pressure and stagnation temperature. The primary flow
is choked at the rocket throat A} and then expands supersonically
entraining the secondary fluid (atmospheric air) by suction and vis-
cous interaction. The inlet region exit plane is located where the
static pressures of both fluids are in equilibrium (py; = p = p;).

When the static pressure p; and an isentropic compression of
the ingested secondary flow are assumed, conditions of the sec-
ondary flow at the inlet of the mixing region (or at the end of inlet
region) are found. Likewise, an isentropic expansion of the pri-
mary flow from the rocket stagnation pressure p, to the static pres-
sure p; gives the primary flow conditions at the inlet of the mixing
region.
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Fig. 1 Schematic view of an ideal ejector-ram rocket engine.

The unknown inlet pressure p; is determined by considering the
mass, linear momentum, and energy balances for the control volume
surrounding the mixing region with known exit conditions.In a real
ejector-ramjet operation, the supersonic primary flow interacting
with the subsonic secondary flow generates a series of oblique!?
and/or a normal shock!® so that the resulting mixture leaves the
mixing region as a supersonic or a subsonic flow. To simplify the
analysis,however,itis assumed that there are no shocks,and the flow
is allowed to accelerate until it is choked at the end of mixing re-
gion (downstream choking). This is the assumption used in Ref. 11
and is adopted in the presentanalysis. Note that no assumptions are
made for the inlet Mach numbers of both the primary and the sec-
ondary flows. The presentapproachis differentfrom other studiesin
which the secondary flow is choked at the inlet (upstream choking),
whereas the downstream Mach number is subsonic.!*

The purpose of the ejector is to increase the flow rate through
the engine and use the oxygen in the air as the oxidizer for the fuel
injected in the combustor. When the conservation principles are
applied to the control volume surrounding the combustion chamber
and the exit nozzle, the thrust of the engine is calculated. The heated
gas mixture is assumedto expandideally to the atmosphericpressure
at the exit of the nozzle without frictional loss.

Equations

With the assumptions made for the inlet, the unknown inlet static
pressure and the secondary flow inlet Mach number are related by

5 P po\ 05
My =)—— (i—U) -1 (1
ys — 1 Po Di

where pi/po is the known atmospheric flight condition. Likewise,
inlet static pressure and inlet primary flow Mach number are related

by
(vp=1)/ 0.5
YR (v_v_) " -
" Vo -1 Po Di

where the primary rocket stagnation pressureratio py, / po is known.
For the isentropic expansion of the primary flow, the ratio of A,
to A7 is

p+D/rp -1 )%
A 1 2 , — 1
e _2[ (1 . M;)i| 3)
: M2y, +1 2

Thus, the area ratio for the primary flow at the inlet of the mixing
region is

Ap/A = (4] 4})(4;/4) “@

and the area ratio for the secondary flow at the inletis
Ag/A=1-A,/A 5)

Mass flow rate of the secondary flow per unit area of the ejector is

m )2 A Vs — 1 —[(ys + 1)/2(ys — D]
A Rs Tts ‘ A ( + 2 51) ( )
and for the primary flow,
m )4 A, vy — 1 ~l(yp + D/2(yp = DI
-2 — P P.M ii 1 + I’_Mz 7
A Rp Ttp ® P A 2 p1 ( )

One measure of ejector efficiency is the bypass ratio, defined by
o =my/nm, ®)
All flow quantities discussed so far can be determined if the in-
let pressure p; of the mixing region is known. To determine this,
conservation equations for the mixing region are used. The mass
conservationis expressed as

nmy +m, =, ©

and the energy equation shows that

T, c, c, T,
el A Vi N R | (10)
T, @+DC,|°C,T,

pp ttp

Because the flow at the exit is choked, the temperature at the exit is
related to the corresponding stagnation temperature by

T/Te=2/(ve + 1) an

Combining Eqgs. (10) and (11) yields

T, 2 C, C, T, T,
< = e [ o ey | (12)
Ttp Ve + 1 (05 + I)Cpg Cpg T(J Ttp

The exit static pressure of the mixture is

Pe = pR.T, (13)
where the density of the mixture with M, =1 is

(1t a)

, = 14
P AR, (14
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By the use of Eq. (7), the mass flow rate of the primary flow at the

throat is (A;‘,, M;=1),
mp B Vv A’; Yy +1 =lyp+1D/2(yp = DI
Ze - P ( L (15)
A R,T, A\ 2

When Egs. (13-15) are combined and divided by the atmospheric
pressure, py leads to

* —l( D/2(yp = D]
&Z W”R‘)ﬁ(ljta)& /i(yp—}—l) vp+ Yp 16
Po yeRp A Po Ttp 2

Next, the momentum balance for the mixing region, neglecting the
frictional losses, is

(p[ - pe)A = _uxmx - upmp + ueme (17)
By the use of the ideal gas equation and the definition of Mach
number, it can be shown that imu = M?pAy. Thus, Eq. (17) can be
rewritten in the following form:

Di _ Pe Asi M2 Api M2 -
E—E(IWLVF) 1+7Vx Sj+7yp bi (18)

where p,/p, is given by Eq. (16).

The foregoing analysis is similar to the method described in
Ref. 11, except that dissimilar fluid effects are included herein. The
thermodynamic properties of mixture are found by using the calcu-
lated primary and secondary mass flow rates. The molecular weight
of the mixture is

MwezyA'Mw: +prw,, (19)
where the mole fractions of the primary and secondary flows are

Yp =’;lp/(’;lp +’;lx)7 Vs =nx/(np+nx) (20)

Other thermodynamic properties of the mixture are

Re = Runiv/nga C[}g = ()GC_‘,;: + y;)é;;,,)/ng

ve=C, /C., Q1)

The static pressure at the nozzle exitis assumed to be atmospheric
pressure. Other properties at the nozzle exit are found by using
conservationlaws for the control volume surroundingthe combustor
and the exit nozzle. Mass conservationrequires that

mg + ni, + My, = My (22)

where n1y, is the fuel flow rate and the subscript 10 represents the
nozzle exit plane consistent with Ref. 11. When a 100% reaction
with the oxygen contained in the secondary flow (air) is assumed,

rity, = 0.029 7, (23)

The hydrogen mass entering the combustion chamber is relatively
small and is, therefore, neglected in the mass and momentum bal-
ance equations. However, the energy released from combustion is
addedin the energy equation.Itis assumed that a primary flow, other
than hydrogen, does not contain any unburned fuel. For the hydro-
gen primary flow, a small fraction of primary flow reacts with the
oxygen in the secondary flow, and no fuel injection is needed in the
combustion chamber. As an approximation, it is assumed that the
heating value of water vapor at 1500 K is about 9.15 x 107 J/kg of
hydrogen. The energy release from combustion with an equivalence
ratio of 0.33 is

G = 8.75 x 10°m, (24)

Itis assumed that energy added to the mixed flow in the combustor
increasesthe stagnation temperature but not the stagnation pressure.

The expansion through the nozzle is assumed to be isentropic with
Y10 = A and p1o = py. Thus,

Mo = {[2/()’? - 1)][(Pte/l70)(ye_l)/yf — 1] }0’5 (25)

The stagnation temperature at the exit of the nozzle is equal to the
stagnation temperature at the end of combustor,

TII(J = Tle + q/cpgme (26)

Calculation Procedures

The following trial and error method is used to solve the preceding
set of equations:

1) Assume an inlet pressure ratio, (Py/P;)o1a-

2) Calculate My; and the arearatio Ay /A using Eqgs. (2-5). If the
area ratio is less than zero, no solution is possible and calculation
stops. If not, go to step 3.

3) Calculate M;, n,, m,, and a by Egs. (1) and (6-8). Also
evaluate the mixture properties.

4) Calculate T, / T, by Eq. (12) and new inlet pressure (po/ P new-

5) Compare the old and new inlet pressures. If they do not match
within a prescribed tolerance, the inlet pressure is updated by

(Po/Poia = F(Po/Pidnew + (1 — F)(Po/Pioia 27

and the procedureis repeated again from step 2 until a convergence
is obtained. For the present analysis, a relative error tolerance of
10~ and a weighting factor f =0.05 are used. The convergence
rate depends critically on the initial choice of the pressure ratio in
step 1. In the present study, the initial guess of the pressure ratio is
prescribed by p;/po=0.95 min(py,/po, i/ Po)- This is a conser-
vative initial guess, and convergence was obtained for all cases with
the number of iterations ranging from few tens to few hundreds.

With the precedingset of procedures, conditionsat the inlet of the
mixing region are calculated: Mach numbers for both primary and
secondary flows, equilibrium static pressure and mass flow rates,
and the compressionratio. Thus, two parameters that determine the
efficiency of ejector, namely, the bypass ratio and the compression
ratio, are determined.

The purpose of an ejector is to increase the engine thrust and its
specific impulse. In the context of the present simplified analysis,
the thrust per unit area of the ejector mode can be expressed by

Tejector = ’heum - mx”() (28)
The specific impulse is defined by
Isp = Tejector /g(Jmp (29)

where gy is the gravitational acceleration at sea level.

The thrust augmentationfactoris defined by the ratio of the thrust
obtained by using the primary rocket as an ejector to the thrust ob-
tainable from the primary rocket operating alone without the ejector
system. The thrust obtainable from the stand-alone mode is

Tmcket = mp”p() (30)
where u is the maximum obtainable primary flow speed at the
rocket nozzle exit plane.

Thus, the thrust augmentation factor is defined by

¢ = (1 +0f)(u10/”po) - a(uU/upU) (31)

The freestream velocity appearing in these expressions is

ug = Mo/ vs R Ty (32)

where M, is the flight Mach number and 7 is known atmospheric
temperature. The exit velocity of the stand-alone mode is

up(J = Mp() V VpRpr(J (33)
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Given an isentropic expansion of the primary flow from the stagna-
tion condition to the atmospheric condition, the corresponding exit
conditions are

Mo = {12/(vp = DI[ (/o) " 1]} (34)

-1
Tyo = Tp{1+[(y, — D/2IM2} (35)
Likewise, for the ejector operation, the nozzle exit velocity and
temperature are

uyp = Moy y.R.Tio (36)

-1
Tio = Tuo{ 1 +[(r. — D/2IM}, } (37)
where M, and T, are given by Egs. (25) and (26), respectively.

Results

There are many variables that control the ejector performance: the
molecular weight of the primary flow, the primary rocket stagnation
temperature and pressure, the freestream Mach number, the geome-
try of the ejector, and the specific heat ratios. The molecular weight
of the secondary flow is fixed to that of air, but its temperature and
pressure are functions of M.
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The objective herein is to determine the effects of molecular
weight of the primary flow on the bypassratio, thrustaugmentation,
and specific impulse. Three primary flows with molecular weights
of 2 (hydrogen), 18 (water vapor), and 29 (a generic hydrocar-
bon) are considered. The baseline ejector variables are p,, /po = 15,
T,/ Ty =10, A/A;‘, =12, and y, =y, = 1.4. These are selected to
correspond to a calculation in Ref. 11 that serves as a reference
case in subsequentdiscussions. Three variables, py, /po, Ty, / To, and
A/A} are selected as variable parameters. The effects of variable
¥, are not considered for simplification.

Effects of Primary Flow Stagnation Pressure

Figure 2 reports results obtained by varying the primary rocket
stagnation pressure from 3 to 40 while holding all other baseline
ejector variables fixed. The situation simulated is that of the engine
starting to accelerate at ground level (M, =0.01).

Figure 2a shows dependency of the inlet Mach number for both
primary, M,;, and secondary, M;, flow on the stagnation pressure
and the molecular weight of the primary flow. The inlet primary
flow is supersonic and the inlet secondary flow is subsonic for all
pressure ranges and for all molecular weights. The inlet primary
Mach number increases as both the molecular weight and the pres-
sure increase. For large molecular weight, increasing primary pres-
sure decreases the secondary flow area until the secondary flow
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Fig. 2 Effects of the primary flow stagnation pressure (py, /p¢) and the molecular weight (wa ) on the baseline ejector performance at sea level (M, =
0.01) with T, /To =15 and A /A; =12:M,, =2 O), M,, =18 (A), and M,, =29 (©). (Unless noted otherwise, open symbols go with the right ordinate

and filled symbols with the left ordinate.)
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is completely blocked (see discussion hereafter). The secondary
flow inlet Mach number increases rapidly during this period. There
are allowable pressure limitations for meaningful solutions: a min-
imum pressure limitation for M,,, =2 and a maximum pressure
limitation for M,,, =18 and 29. For M,,, =2, the compression ra-
tio, pi/Po, becomes less than one when the stagnation pressure is
less than four. This is due to an insufficient primary mass flow rate
becausethe density of the choked primary flow is proportionalto the
molecular weight. For larger molecular weights, on the other hand,
expansion of the primary flow is such that the area ratio A /A ap-
proaches unity and the secondary flow is completely blocked. This
occurred at pressure ratios greater than 24 for M,,, =18 and 15 for
M, =29. To operate at higher primary flow stagnation pressures,
A/A’, must be increased for the larger molecular weight cases. No
maximum pressure limitation was detected for wa =2, and, con-
sequently, stagnation pressures much higher than the baseline case
can be used for the hydrogen ejector. Of course, these limiting pres-
sure ranges will be different for different combinations of baseline
variables.

Figure 2b shows total mass flow rate nz, and the compressionra-
tio pi/po as functions of the primary flow stagnation pressure ratio
and molecular weight. Total mass flow rate is a strong function of
molecular weight. Itincreases with increasingmolecular weight due
to higher primary mass flow rate and accompanying secondary mass
flow rate. Total mass flow rate decreases initially as the stagnation
pressure increases to about 2-6 in spite of increasing primary flow
rate. This is due to the secondary mass flow rate rapidly decreas-
ing, as indicated by the decreasing inlet Mach number as shown
in Fig. 2a. The secondary mass flow rate increases beyond these
pressure ranges and the total mass flow increases as the stagnation
pressure increases. The compression ratio increases slightly with
increasing molecular weight and it increases almost linearly with
increasing stagnation pressure. For M,,, =2, the compressionratio
is less than 1.0 when the stagnation pressureis below four, which is
the lower pressure limit.

Figure 2¢ shows the specific impulse and the bypassratio as func-
tions of the primary rocket stagnation pressure and its molecular
weight. As expected, specific impulse decreases with molecular
weight because the primary flow speed also decreases with molecu-
lar weight. As the primary stagnation pressure increases, the bypass
ratio decreases, but the compressionratio increases. The net effects
of these changes show that the primary stagnationpressure has little
effects on I, except at the very low primary stagnation pressure. At
the very low primary stagnation pressure (py,/po <5.0), the com-
pressionratio approachesone and Iy, decreasesrapidly. The smaller
molecular weights produce larger bypass ratios, but this advantage
rapidly diminishes as the stagnation pressure increases. These re-
sults show that ejector performance does not improve significantly
beyond certain primary stagnation pressure.

Figure 2d shows the effects of the primary rocketstagnation pres-
sure and its molecular weight on the thrust augmentation factor and
the thrustper unitarea of the ejector. The thrustaugmentation factor
increases with molecular weight. This is because the thrustaugmen-
tation factor is inversely proportional to /(R,). Thus, the thrust
augmentation factor is smaller for lower molecular weight in spite
of higher bypass ratio and compression ratio. The thrust augmenta-
tion factor decreases as the primary pressure increases because of
decreasing bypass ratio. At very low stagnation pressure, the thrust
augmentation factor decreases rapidly due to lower compression
ratio. The thrust increases with molecular weight because of the
associated larger primary flow rate, and it increases almost linearly
with the stagnation pressure.

Interms of specific impulse,bypassratio, and thrustaugmentation
factor, reducing the primary rocket stagnation pressure seems to
improve performance. However, total thrust must be considered as
well in designingan ejector. Reducing stagnation pressurerequires a
correspondingincrease in ejector area to generate the same amount
of thrust. For the given configuration, a hydrogen ejector can be
operated at much higher stagnation pressure than a water vapor or
hydrocarbonejectorand is capable of producing much higher thrust
and specific impulse.

Effects of Primary Flow Stagnation Temperature

The typical results obtained by varying the primary rocket stag-
nation temperature, Ty, / Tp, from 5 to 15, while holding other base-
line variables constant (p,,/po = 15 and A/A;‘, =12) are discussed
hereafter. Again, the ground-levelstarting condition (M, = 0.01) is
considered.

The primary and secondary flow inlet Mach numbers decrease
with increasing stagnation temperature as expected because the in-
creased stagnation temperature decreases the primary flow mass
flow rate. The variations of inlet Mach numbers are not shown for
the brevity of presentation.

There are limiting stagnation temperature ranges in which the
ejectorcannotoperateeffectivelybecauseof low compressionratios.
The compressionratio p,./py is less than unity when the stagnation
temperature is less than 9.0 for M,,, =29 and less than 6.0 for
M, =18. No temperature limitation is found for M,,, =2. This
is due to the relatively high primary flow speed even at these low
temperatures.

Figure 3a shows [, and « variations as functions of primary
flow stagnationtemperature and molecular weight. The specific im-
pulseincreasesrapidly as the temperatureincreases for M,,, =2 and
moderately for M,,, =18 and 29. The bypass ratio also increases
moderately as the temperature increases for M,,, =18 and 29, but
itis relatively insensitive to temperature increase for M,,, =2.

Figure 3b shows the effects of primary flow stagnation tempera-
ture on the thrust and the thrust augmentation factor. The primary
mass flow rate and the primary flow speed are two competing factors
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Fig. 3 Effects of the primary flow stagnation temperature (T, /To)
and the molecular weight (M,, ) on the baseline ejector performance at
sea level (M, = 0.01) with Ptp/JPg =15and A/A; 12:M,,, =2 (0, My, =
18 (A), and M,,, = 29 (0). (Open symbols for the left ordinate and filled
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that influence the thrust and thrust augmentation. As the stagna-
tion temperature increases, the primary mass flow rate decreases,
whereas the primary flow speed increases. Both the thrustand thrust
augment factor decrease moderately for M,,, = 18 and 29. This im-
plies that the primary mass flow rate has more effect than the primary
flow speed when the molecular weight is large. For M,,, =2, de-
creased primary mass flow rate is balancedby the increased primary
flow speed and both thrust and thrust augmentation factor decrease
only slightly.

Effects of Ejector Area

The typicalresults obtained by varying A /A, from 6 to 30, while
other variables are fixed at the baseline condition (py,/ po = 15 and
Ty, = Ty = 10), are discussed hereafter.

The inlet Mach numbers decrease rapidly for large molecular
weight when the area ration is smaller than 12. The inlet Mach
numbers change very little at higher area ratio. For the brevity of
presentation, inlet Mach number variations are not shown.

The minimum area ratio required to accommodate primary flow
expansionis 8 for M,,, = 18 and 10 for M,,, =29.No minimum area
ratio is noticed for M,,, =2. This implies that a hydrogen ejector
can operate with relatively smaller ejector size.

Figure 4a shows that the specific impulse increases as the area
ratio increases for M,,, =29 and for M,,, = 18. For M,,, =2, it re-
mains almost constant until A/A} =12 and then increases only
slightly as the area ratio increases. The bypass ratio is a very
strong function of the area ratio. It increases as the area ratio in-
creases for all molecular weights. The rate of increase grows with
decreasing molecular weight.

Figure 4b shows that the thrust augmentation factor generally
increases (more rapidly as the molecular weight increases) as the
area ratio increases. The thrust per unit area decreases as the area
ratio increases for all molecular weights because larger area ratio
implies smaller throatarea (A = constant) and smaller primary mass
flow rate.

The effects of area ratio can be summarized as follows. A large
ejector area ratio improves the bypass ratio and the thrust augmen-
tation and slightly increases specific impulse, but decreases thrust
per unit ejector area. The effects of area ratio are more significant
for larger molecular weights.

Effects of Freestream Conditions

The preceding analysis examined the effects of several ejector
variables when the freestream Mach number (M,) is 0.01, which
represents the initial accelerationof the vehicle. To see the effects of
primary flow molecularweightin flightconditions,itis assumed that
the vehicleflies alonga path with constantdynamic pressureof 48 Pa
(10® 1bf/ft?). The standard atmospheric pressure, and temperature
corresponding to the flight path, are then related to the flight Mach
number.!! For the given dynamic pressure, the engine leaves the
ground level when the vehicle speed reaches a Mach number of
0.821.

Representative predictions pertinent to the performance of an
ejector with the baseline conditions (py, po = 15, T,/ T = 10, and
A/A;, =12) are shown in Fig. 5 as M, varies from 0.01 to 3.0.
Note that the stagnation pressure and temperature ratios are rela-
tive to the atmospheric conditions at the altitude corresponding to
M,. Thus, the absolute stagnation pressure and temperature of the
primary rocket decrease as the flight speed increases.

Figure 5a shows M, and M; as a functionof M, for three primary
flows. Note that any inlet shocks for M, > 1 are neglected, and,
thus, p,o = pis. The inlet secondary Mach number changes very
little and remains subsonic. However, inlet primary Mach number
decreasesrapidly as My increases. This is because, as M increases
the static pressure at the inlet of the mixing region, p; / py increases
(as shown in Fig. 5b, see following paragraph). The primary Mach
number remains supersonicuntil M, reaches about 2.0 for M,,, =2
and about 2.2 for the larger molecular weights. Therefore, ejector
mode operations at M, greater than 2.0 do not offer performance
improvement,and the engine shouldbe switched to the ramjet mode.
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Fig. 4 Effects of the ratio of ejector area to the rocket throat area
(4/A}) and the molecular weight (M,,,) on the baseline ejector perfor-
mance at sea level (M = 0.01) with Py, /Py = 15 and Ty, /T10: My, =
2 (0, M,, =18 (A), and My, =29 (0). (Open symbols for the right
ordinate and filled symbols for the left ordinate.)

Figure 5b shows the static pressureat the inletof the mixing region
and the area fraction occupied by the secondary flow Ay;/A. As the
flight speed increases, the stagnation pressure of the atmosphere
increases, resulting in the increased static pressure p;/p, at the
inlet of the mixing region. The static pressure p;/po is greater than
one except for values of M, less than about 0.2. As M, increases,
the area needed for the secondary flow increases until it reaches a
maximum at about My = 2. At this point, the primary flow becomes
subsonic, as shown in Fig. 5a, and ejector performance becomes
poor. Because the primary mass flow rate is smaller for smaller
molecular weight, the area occupied by the secondary flow is larger
for smaller molecular weight. This is more evident when the vehicle
is at sea level (M, < 0.812).

Figure 5c shows the specific impulse and the bypass ratio as
functions of M, for the baseline case with three primary fluids. The
specific impulse increases with decreasing molecular weight and
increasing flight speed for the entire flight speed range. Similar to
the specific impulse, the bypass ratio also increases with decreasing
molecular weight and increasing flight speed. The sensitivity to the
flight speed increases with decreasing molecular weight. The rapid
increasein I, in the supersonic flight regime is due to the increased
bypass and compression ratios.
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Fig. 5 Effects of the freestream Mach number (M) and the molecular weight (M,,,) on the baseline ejector performance with py, /po =15, Ty, /Ty = 10,
and A /A; =12: M,, = 2(0), M,,, =18 (A), and M,,, = 29 (©). (Open symbols for the right ordinate and filled symbols for the left ordinate.)

Figure 5d shows the thrust and the thrust augmentation factor.
The thrust increases with increasing molecular weight for all flow
speeds due to larger mass flow rate and consequently larger combus-
tion energy release. With the selected dynamic pressure of 47 Pa, the
vehicle remains on the ground until the flight speed reaches about
M, =0.83. Thus, the thrust is large in subsonic flight regime. As
the vehicle accelerates beyond My = (.83, the thrust first decreases
rapidly with increasing vehicle altitude because of exponentiallyde-
creasing primary stagnationpressure. It increasesagain with altitude
as the secondary mass flow rate increases with increasing M,. The
thrust augmentation factor is about 1.2-1.5 at the ground level, but
it increases rapidly as the flight speed increases. At M, =2.0, the
thrust augmentation factor is about 5.0 for M,,, =29 and about 3.8
with M,,, = 2. As noted before, the large thrust and thrust augmen-
tation factors for M, greater than 2.0 are due to the high compres-
sion ratio inherent in the ram mode operation of the airbreathing
engine.

Hydrogen Ejector

Low molecular weight primary flow produces higher specific im-
pulse and higher bypass ratio because of higher primary flow speed.
The thrust, however, is lower because of lower mass flow rate of the
primary flow. To increase the primary mass flow rate, the stagnation
pressure must be increased, and the stagnation temperature must be

decreased. For low molecular weight, the stagnation pressure can
be increased without difficulty as shown in Fig. 2. Likewise, a low
stagnation temperature can be used as shown in Fig. 3. A hydrogen
ejector (M,,, =2) with py,/po=30and Ti, /Ty =7 is considered to
compare its performance with the baseline cases with M,,, =2 and
29 as a function of flight speed. This combination of high stagna-
tion pressure and low stagnation temperature is not possible for the
higher molecularweights. It was found in the present work that there
are no solutions with the given stagnationconditions with M,,, = 18
and 29 at low flight speeds.

Figure 6a shows that the increased stagnation pressure and de-
creased stagnation temperature reduce the specific impulse and the
bypass ratio of the hydrogen ejector. The specific impulse is still
much higher than the baseline case with M,,, =29 for all flight
speeds. Figure 6b shows the thrust and thrust augmentation factor
of this modified hydrogen ejector in comparison with other baseline
ejectors. Because of the increased mass flow rate, a dramatic in-
crease in the thrustis seen over the entire range of flight speeds. The
increasedthrustis much higherthan the baselinecase with M,,, =29
with the same ejectorarearatio. It may be concluded that the ejector
size can be made much smaller for a hydrogen ejector with appro-
priate stagnation conditions (higher p,,, lower T,) while producing
the same amount of thrust with much higher specific impulse than
ejectors with higher molecular weight. This is in agreement with a
numerical result presented in Ref. 15.
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Fig. 6 Performance comparison of a modified hydrogen ejector along
a flight path with two baseline ejectors; the modified hydrogen ejector
has a higher primary flow stagnation pressure (py, /p9 =30) and a lower
primary flow stagnation temperature (Ty, /Ty = 7) than the baseline
ejector (pyp /po =15,T1, [Ty =10, andA/A; =12). The ejector area ratio
remains constant (4 /A* = 12): baseline hydrogen ejector ((J), baseline
hydrocarbon ejector (0), and modified hydrogen ejector (A). (Open
symbols for the right ordinate and filled symbols for the left ordinate.)

Conclusions

The effects of the molecular weight of the gas used by the pri-
mary rocket of a generic ejector-ram rocket RBCC engine were
investigated by using steady-state one-dimensional compressible
flow equations. Three primary gases with the molecular weights of
2, 18, and 29 were analyzed, covering a wide range of operating
conditions in terms of primary rocket stagnation conditions, ejector
geometry, and freestream velocity.

The specific impulse and the bypass ratio increase with decreas-
ing molecular weight. The specific impulse increases slightly with
increasing primary stagnationpressurefor M,,, =2, butit decreases
slightly for larger molecular weights. The specific impulse increases
with increasing stagnation temperature and increasing ejector area.
The bypass ratio decreases rapidly as the primary rocket stagna-
tion pressure increases, but it increases with increasing stagnation
temperature and increasing ejector area.

The thrust and the thrust augmentation factor, on the other hand,
increase with increasing molecular weight. The thrust increases al-
most linearly with stagnation pressure but decreases as the stagna-
tion temperature and the ejector area increase. The thrust augmen-
tation factor decreases as the stagnation temperature and pressure
increase and increases as the ejector area increases.

Effects of the freestream conditions on the ejector efficiency are
significant for all molecular weights. The inlet pressure p;/p, in-
creases as the freestream velocity increases. Consequently, the pri-
mary flow inlet Mach number decreases continually and finally be-
comes subsonic at about M= 2. Therefore, ejector performance
becomes poor at flight speeds higher than about M, =2 for all
molecular weights.

There are limitations on the allowable maximum primary rocket
pressure, minimum primary rocket temperature,and minimum ejec-
tor area, which become severe as the molecular weightincreases. A
hydrogen ejector with high stagnation pressure and low stagnation
temperature seems to produce relatively high thrust as well as high
specific impulse for all flight speeds.
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