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Advanced Injection and Mixing Techniques
for Scramjet Combustors

David W. Bogdanoff*®
Eloret Instz"tute, Palo Alto, California 94303

Scramjet combustor fuel injection and mixing enhancement techniques are reviewed. The injection techniques
include hole injection from the combustor wall, slot injection parallel to the flow, and injection from struts and
the rear of ramps. Three new advanced mixing techniques are presented. The first is a combustor, curved so
that buoyancy forces will aid in the penetration of the fuel across the combustor. The second is pulsation of the
fuel injectors to increase penetration and mixing. A fluidic technique, a modified Hartmann-Sprenger tube, is
identified as a strong candidate to generate the pulsations. The third is the injection behind pylons to allow
deep penetration into the air stream. This technique is likely to produce high base pressures on the injector
structure, particularly if base burning is encouraged. Curved or slanted pylons can be used to increase the
recovery of fuel jet momentum. The potential of the new mixing techniques to increase scramjet engine per-

formance is assessed.

1. Introduction

CRAMIJET operation at flight Mach numbers of 10-20

is generally believed' to require mixing and combustion
at combustor inlet Mach numbers of roughly one-third the
flight Mach number. The fuel, generally taken to be hydrogen,
is injected and must mix and burn in the very short combustor
stream residence time. Thrust is generated as relatively small
differences between the large engine inlet and outlet mo-
menta. There are inevitably frictional, shock, and other losses
in the main momentum stream. Additional losses due to in-
jection, mixing, and combustion of the fuel must be kept to
a minimum and, at the same time, the most complete fuel-
air mixing and fuel chemical energy release must be achieved
to maximize thrust. The most important additional losses due
to injection and mixing comprise shock wave losses on the
fuel jets, shock wave losses and pressure and friction drag on
injector mechanical structures (if any), shear layer mixing
losses between fuel and air, and loss of the momentum of the
fuel jets (in some configurations).

Many benchmark studies®~!' have been done with circular
hole injectors at angles of 90 deg (normal to the stream flow).
Other studies'>~'* have been done with circuiar hole injectors
at angles ranging from 0 deg (parallel to the stream flow) to
150 deg (angled upstream against the stream flow). Slot
injectors'” ~2!' are usually oriented so that the fuel and stream
velocity vectors are aligned. A number of techniques have
been used to enhance the mixing of the injected flow with

the stream flow. Perhaps the most basic is to use some kind -

of strut™> or extended tube!s so that the actual injector
orifice is lifted away from the main stream wall into the
body of the stream flow. Other mixing enhancement tech-
niques include injection downstream of a rearward facing
step or ramp>~2® and the use of shock waves or expansion
waves!#.20-26.27.29-32 tg increase the mixing of the injected jet
and the main stream.
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Injector types and mixing enhancement techniques are re-
viewed in Sec. II. Three new advanced mixing techniques are
described in Sec. III and their potential to increase scram]et
engine performance is assessed.

IL.
A.

Injectors and Mixing Enhancement Techniques

Injectors

We first discuss injectors which are on the wall and do not
have mechanical structure protruding into the flow. We define
0 as the angle between the injector jet and the freestream.
For example, 8 = 0 deg and 6 = 90 deg denote injection
parallel and normal to the stream, respectively. We also in-
troduce the following definitions: R, is the ratio of the mo-
mentum of the injected jet to that of the adjacent freestream,
and R,, is the ratio of the mass flux of the injected jet to that
of the adjacent freestream. References 3~7 present data on
normal circular hole injectors. References 3-5 all study a
single sonic injector injecting into a Mach 4 stream. For these
cases R, ranged.from 0.5-3.0 and concentration measure-
ments were taken between X/D = 7 and X/D = 200, where
D is the injector port diameter and X is distance downstream
from the injector The penetration was found to vary as R)~,
R>4, or R)7 in Refs. 3-5, respectlvely References 4 and 5
found the penetratlon (at maximum injectant concentration)
to decrease between X/D = 7 and X/D = 15-40, and then
to increase as X/D increases towards 200. These latter two
references also found the maximum injectant concentration
to vary as (X/D)~"5. Reference 6 studied a single sonic in-
jector injecting into a Mach 2 stream. R, ranged from 4.4-
5.3. The height of the Mach disc was found to vary as R{*,
and was about 30% lower (for a single injector) than for the
multiple injector data given in Ref. 12. Stop-action photog-
raphy showed the turbulent structure of the injected plume
for X/D = 0-25. Reference 7 correlates initial penetrations
(heights of Mach discs) from a number of references and
calculates injector plume trajectories. The correlations are
made- for stream Mach numbers of 1.9-4.5 and jet Mach
numbers of 1.0-2.2. The correlations are made using an ef-
fective jet back pressure p,,. taken to be two-thirds of the
stream pitot pressure, and the pressure at the injector throat
p’- The equation given is
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where Y, is the height of the Mach disc, D7 is the diameter
of the throat of the injector, and M; is the injector jet Mach
number. The calculated integrated plume trajectories were
found to approach horizontal as X/D % reaches 10, and to be
very similar for equal mass flows at varying injector pressures.
At X/D* = 10, the penetrations of the calculated trajectories
were found to vary as (p,/p,)"**""%, where p, is the pitot
pressure of the injector jet, and p,, is the stream pitot pressure.

References 12—15 present data on angled circular hole in-
jectors. Some key parameters for the data of these references
are given in Table 1. In Table 1, S denotes the lateral spacing
between the holes and N,;, the number of injectors. A wide
range of R, and @ values are covered by this data. We note
that the injector of Ref. 15 is above the wall, outside the
boundary layer, while the injectors of Refs. 12— 14 are on the
wall. Also, significant differences were found to exist between
the flow patterns of single and multiple injectors.®* We will
return to this point later. References 12 and 15 mainly present
data on initial jet penetration, either the height of the Mach
disc or the centroid of the injector gas plume. The penetration
was found to vary as R) for both references, and as 1/(1' +
cos 6) or (cos 6)"#in Refs. 12 and 15, respectively. Reference
15 therefore finds the maximum penetration at 8 = 90 deg,
while Ref. 12 finds the maximum penetration at the highest
value of 6 tested (120 deg). Increasing penetration for the
data of Ref. 12 for @ increasing above 90 deg may be the
result of boundary-layer separation. Reference 12 also showed
increased penetration with wall blowing upstream of the in-
jectors. References 13 and 14 measure injected gas concen-
trations 20—120 injector hole diameters downstream of the
injectors and found the penetration at these locations to be-
have quite differently than the initial penetrations studied in
Refs. 12 and 15. Reference 13, using five injectors, found
penetration to increase with decreasing 6, being 1.5—1.6 times
greater at 6 = 30 deg than at # = 90 deg. Reference 14, with
a single injector, found penetration better at # = 30 deg than
at # = 15 deg. Reference 14 also found the penetration to
vary as R{)7-%% at X/D = 20 and as R)*~%#% at X/D = 90.
From Refs. 13 and 14, it thus appears that the best penetration
well downstream of the ifnijector occurs at 6 ==30 deg. Ref-
erence 13 compared data from single and multiple injectors.
The single jet apparently initially (at X/D = 30) penetrates
less and mixes more poorly, but further downstream (at X/D
=120), the single jet is superior on both accounts.

References 8—11 present data on tandem normal circular
hole injectors. In the work of Refs. 810 there are two equally
sized injector holes downstream of a rearward facing step.
Time average and rms velocity data and injectant concentra-
tion data were obtained using laser-based techniques. The
path of the injectant plume and the decay of the injectant
concentration were determined. In the work of Ref. 11 there
are five injector holes with diameters increasing in the down-
stream direction. No concentration-based penetration data
are available from Ref. 11. With tandem jets, one may argue
that an upstream jet can be viewed as creating streamwise
vorticity which then carries the injected gas of downstream
jets further into the main stream. It remains to be demon-
strated whether the penetration of tandem jets is any better
than that achievable by combining all of the jet array into a
single, larger jet.

Reference 16 studied angled circular hole injectors (8§ = 15
and 30 deg) which could be yawed at angles up to 28 deg with

respect to the mainstream. The yaw will produce added
streamwise vorticity in the flow. Well downstream of the in-
jectors, yaw was found to increase the lateral spreading of
the injected gas by 10-30%.

References 17-21 studied slot injection parallel to the main
stream. For all cases the parallel injection was at the wall.
The freestream Mach numbers varied from 2 to 3 and the
freestream total temperature was near 300 K for Refs. 17, 18,
and 21, and the freestream static temperature was ~1300 K
for Refs. 19 and 20. The parallel injection was subsonic air
for Ref. 17, Mach 1.7 air for Refs. 18 and 21, and Mach 1
hydrogen for Refs. 19 and 20. The apparatus of Ref. 21 had,
in addition to a parallel injection slot, 11 tubes normal to the
flow, downstream of the slot and spanning the slot height.
Injection normal to the freestreain flow could be made through
these tubes. Tests were run with no normal injection and with
injection of air at Mach numbers of 1.0 and 2.2. With parallel
injection, theoretically the full momentum of the injected gas
is available to add to the main stream. For the geometries of
Refs. 17-21, the thin, high-gradient boundary layer at the
wall downstream of the slot may result in significant jet mo-
mentum losses. In general; these experiments showed rather
poor mixing. Mixing was improved by the impingement of
oblique shocks'®?® on the jets and the addition of normal
injection.?!

The second main class of injectors has mechanical structures
of various sorts which lift the injector ports out into the main-
stream. Much improved penetration and mixing can be achieved
in this way at the cost of additional momentum losses due to
the mechanical structure. These losses comprise pressure and
friction drag forces on the structure and additional shock and
shear layer losses due to the structure. References 22 and 23
study injection from jets on struts entirely spanning the stream.
The angled circular hole injector of Ref. 15 (a simple bent
tube) is an example of an injector “‘strut” which does not
extend completely across the stream. Estimates made of the
momentum loss due to pressure drag forces on these struts
show that these losses can be very substantial compared to
representative estimated engine thrusts. Injection can also be
at the downstream end of a ramp.**~* We will consider this
type of injector in the following section on mixing enhance-
ment.

B. Mixing Enhancement

A number of the theoretical and experimental stud-
ies!®:20.26.27.29-32 have investigated the effect of passing the in-
jected jets through shock waves or expansion wave systems.
A large fraction of these studies show substantial increases in
mixing due to the addition of shock or expansion waves. Dif-
ferential acceleration of different density gases by wave sys-
tems will produce baroclinic torques which will, in turn, pro-
duce vorticity and increase mixing. In two-dimensional flows,
the additional vorticity can only be in the spanwise direction;
in three-dimensional flows (i.e., with circular jets), additional
streamwise vorticity will be created by the waves.?”*! On two-
dimensional interfaces or with two-dimensional jets, increased
velocity differences due to wave systems will increase the
growth rates of the Kelvin-Helmholtz instability. Curvature
of the interface due to wave systems can also allow curvature-
induced Rayleigh-Taylor®-* and Taylor-Goertler** instabili-
ties to occur. Acceleration of an interface normal to itself by
expansion waves or shock waves can produce the Kelvin-

Table 1 Key parameters for Refs. 1215 for injection at an angle to the stream

* Injector Freestream
Reference location Ny S/D Mach no. R, 0, deg
12 On wall Row of injectors 3.2-10.4 0.6,2,3 0.68-11.3 60-120
13 On wall 5 6.23 4 1.0 30-90
14 On wall 1 - 3 0.27-3.1 15-30
15 Above wall 1 — 2.8 4.1-8.2 30-150
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Helmbholtz or Richtmyer-Meshkov instabilities,-*-* respec-
tively. Thus, there are a number of mechanisms by which
shock or expansion waves can increase mixing between the
jets and the mainstream.

Injection at the downstream end of ramps is studied in Refs.
24-28. Figures la—1c show the ramp geometries of Refs. 24,
26, and 28, Ref. 25 and Ref. 27, respectively. In Fig. 1, FS
denotes freestream flow, I, injector jet flow, S, shock wave
and E, expansion fan. In the rear views, the dense hatching
denotes the injector port. The second shock in Fig. 1a is
dssumed to be reflected from a top wall which is not shown.
In Refs. 24-26 and 28, both swept and unswept ramps were
studied. Swept and unswept ramps look identical in the side
views. For unswept ramps, the corners A and B remain par-
allel as one moves upstream from the injector port location.
For swept ramps, these corners spread outwards, as shown
in the rear views. For the swept ramps, the sweep angle is
~10 deg. References 24—-26 each make comparisons of swept
vs unswept ramp injectors and find that greater streamwise
vorticity and better mixing are obtained with swept ramp
injectors. However, larger momentum losses are found** with
the swept ramps. The ramp injectors of Refs. 25 and 27, in
contrast to those of Refs. 24, 26, and 28, have a wall geometry
which produces a strong oblique shock directly at the injector
port. This shock wave will produce baroclinic torques and
generate streamwise vorticity in the region of the main stream-
jet boundary (if a density difference exists), and hence, im-
prove mixing.”’

III. New Advanced Mixing Techniques

In this section, three new advanced mixing techniqiies are
presented and preliminary assessments are made of the po-
tential which they offer for increases in scramjet engine per-
formance.

A. Curved Combustor

Figure 2 shows sketches of two scramjet engines. These
sketches are schematic only and do not represent actual can-
didate geometries. The fuel injector locations are denoted by
I. A conventional straight combustor is shown in Fig. 2a. The
proposed new concept is to curve the combustor, as shown
in Fig. 2b, so that buoyancy forces in the accelerating refer-
ence system of the curved main flow will tend to carry the
fuel plume from the injector across the combustor, ensuring
good penetration and mixing without having large high-drag
injector struts in the flow. This concept is a development from
earlier work showing mixing enhancement due to shock or
expansion waves'#-20-26.27.29-32 (gee Sec. II.B.).

E~ -
é////’// FS S// . A B
gl
N s&%
¢ Side views (Swept) (Unswept) |

Fig. 1 FS denotes freestream flow, I, fuel jet flow, S, shock waves,
and E, expansion wave systems. Dense hatching in rear views denotes
the injector port. See text for discussion of letters A and B: a) ramp
injector geometry from Refs. 24, 26, and 28 —wall adjacent to ramp
is flat; b) ramp injector geometry from Ref. 25—wall adjacent to
ramp deflects towards flow, then away from flow, and finally towards
flow again at injection port; and c¢) ramp injector geometry from Ref.
27—wall adjacent to ramp deflects away from flow and then towards
flow at injector port.

Fig. 2 Sketches of scramjet engines with a) straight and b) curved
combustors. Fuel injector locations are denoted by I and diffuser shocks
are shown dashed. Geometries and shock locations are conceptual and
schematic only.

The density differences necessary to drive the fuel across
the combustor stem from the low molecular weights of the
fuel and combustion products and the heating due to com-
bustion. We will examine briefly the buoyancy driven accel-
eration of a fuel plume of a different density than the ambient
gas. Let p be the density of the plume, p, the density of the
surrounding ambient gas, and define { = p/p,. To get R, the
acceleration of the plume (neglecting viscous effects) divided
by the acceleration of the local reference system, we must
consider the acceleration of the plume gas plus the acceler-
ation of the ambient gas surrounding the plume. The accel-
eration of the latter.gas produces an ‘“additional apparent
mass’ effect, which is discussed for an infinite circular cylinder
in Hunsaker and Rightmire.’® For the circular cylinder, the
additional apparent mass is equal to (volume of cylinder) X
p,. From the solution for the flow over a sphere given in
Anderson,*” a few pages of algebra suffices to show that, for
a sphere, the additional apparent mass is equal to 0.375 X
(volume of sphere) X p,. The total mass (buoyant gas +
additional apparent mass from the ambient gas) to be accel-
erated and the buoyant force available can now readily be
calculated as functions of { for cylindrical and spherical buoy-
ant bodies, yielding R, as functions of {. For a cylinder, R,
= (1 = Y1 + ¢, and for a sphere, R, = (1 — ¢)/(0.375
+ ¢). The values of R, differ for cylinders and spheres since
the additional apparent masses are proportional to different
fractions of the buoyant volume for the two geometries. Spheres’
always have the greater R, values; e.g., for { = 0.5, for
spheres R, = 0.571, while for cylinders, R, = 0.333. Thus,
it would seem to be beneficial, on this account, to break up
the fuel plume. We will return to this point in the following
section.

Reference 1 gives conditions in a representative hydrogen
fueled scramjet combustor at the inlet, exit, and fuel injector
throat. We consider the case at Mach 15 with a fuel equiva-
lence ratio (ER) of 1.0. The combustor inlet conditions are,
pressure = 0.568 X 10° dyne/cm?, temperature = 1908 K,
Mach number = 5.189, and velocity = 4.34 X 10° cm/s. Based
on possible material limitations, we take the fuel stagnation
temperature to be 1000 K, rather than 1667 K as given in Ref.
1. For these conditions, the density of pure unburned fuel,
after expansion to the combustor ambient pressure, can read-
ily be estimated to be 0.46p,, where p,, is taken here to be the
density of the combustor inlet air. From thé combustor exit
temperature given in Ref. 1 for ER = 1, the density of a
combustion products plume at ER = 1 can be estimated to
be 0.47 times that of the combustor inlet air at the same
pressure. Hence, for this case, both pure fuel and combustion
products plumes will have ¢ == 0.47, providing substantial
buoyancy driven acceleration.

For methane fuel, with molecular weight 16 g/g-mole vs 2
for hydrogen, the buoyancy forces for pure unburned fuel
plumes are much less favorable. There would still be large
values of { (up to 0.50—0.70) for methane combustion prod-
ucts plumes, because of the large temperature increase upon
combustion. However, the use of the curved combustor con-
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cept with methane (or higher hydrocarbon) fuels appears less
desirable than with hydrogen fuel due to the much weaker
buoyancy forces for unburned fuel plumes.

Returning to hydrogen fuel, with { = 0.47, as estimated
above, R, can be estimated from the equations given above
to range from 0.36-0.63, depending upon the degree of breakup
of the fuel/products plumes. If an average R, of 0.40 can be
achieved and the curved combustor deflects a total of 2.5 times
its height, the fuel/products plumes will cross the combustor,
based on the present simple inviscid analysis. Two factors can
reduce the combustor curvature and/or the average R, value
required below those values given above using the present
model. First, the injectors (even if on the wall) will presum-
ably achieve some penetration on their own, so a full crossing
of the combustor by the fuel/products plumes, driven only by
buoyancy effects, is not required. Second, fuel injection could
begin somewhat upstream of the combustor proper. If only
relatively small amounts of hydrogen combustion take place
“early,” such injection may produce little reduction in engine
performance.

With a curved combustor, there are concerns about non-
uniform wall heating, momentum loss and the generation of
shock waves, and the attendent loss of stagnation pressure.
To assess the severity of these effects, a two-dimensional in-
viscid planar CFD solution was computed for a curved com-
bustor (without fuel injection). The inlet conditions were those
givenin Ref. 1 for Mach 15. The gas was taken to be calorically
and volumetrically perfect with a molecular weight of 28.84
g/g-mole and a specific heat ratio of 1.4. The combustor chan-
nel is comprised of two circular arcs with 20-deg included
angle, inner radius 425 cm, and height 10 cm. The length/
height ratio of the channel is 15, and the channel deflects,
over its length, ~2.75 times its height. The gridding used was
50 x 100, with 100 cells in the streamwise direction.

The CFD solution shows a series of continuous expansion
and compression wave systems, but no shock waves, very little
stagnation pressure loss, and a momentum loss of 0.28% of
the inlet stream momentum. As expected, due to the flow
curvature, there are substantial density gradients in the height
direction. The density at the outer wall averages about 1.3—
1.4 times the mean value, with maximum densities of 1.5—
1.6 times the mean value. At the inner wall, the density
averages 0.7-0.8 times the mean value, with minimum den-
sities of ~0.5 times the mean value. Heating would be ex-
pected to be increased at the outer wall and decreased at the
inner wall roughly in proportion to these densities. Clearly,
attention must be paid to the wave systems and density var-
iations which would occur in a curved combustor, but our
preliminary CFD calculations do not show any very bad flow
patterns which would weigh heavily against the curved com-
bustor concept. It is also likely that combustor wall profiles
more sophisticated than simple circular arcs could produce
some reduction in the strengths of the wave systems and the
magnitudes of the momentum loss and density variations. For
example, supersonic flow can be turned in symmetric elbows
and turbine blades*® which, for inviscid flow, would have zero
momentum and stagnation pressure losses.

B. Pulsating Injectors

It is well known that applying pulsation to subsonic jets can
produce large increases in entrainment and penetration.?-°
It is proposed here to rapidly pulse scramjet fuel injectors to
improve mixing and penetration. (Also, breaking up the fuel
jet could cause an increase in the jet penetration due to the
buoyancy effect described in the previous section, if this tech-
nique were used.) The question arises as to what techniques
would be suitable to pulsate the jet. The pulsation device
must be compact, robust (to withstand temperatures of ~1000

K), and produce rapid, intense pulsations. The fuel jet flow
should be reduced to near zero at the pressure minima.

It seems unlikely that mechanical pulsation devices could
produce frequencies fast enough to pulse the jet each time it
travels a small number (e.g., 2—-3) of diameters. (It would
also be difficult to make such devices survive the high-tem-
perature environment.) By analogy with the subsonic jet ex-
periments,** such rapid pulsing would likely be necessary
to attempt to break up the jet and increase the mixing. Slower
pulsing would merely produce a quasisteady jet with a pe-
riodically varying flow rate—this would be expected to pro-
duce little increase in mixing. Hence, it seems likely that
fluidic techniques would be required to pulse the jet. Many
fluidic oscillator techniques, €.g., the cylindrical resonant cav-
ity technique*! and the beam deflection amplifier with feed-
back technique,*? have the disadvantages of producing low
amplitude (and in some cases, low frequency) oscillations and
require large, bulky flow passages. The Hartmann-Sprenger
(H.-S.) tube,**~*¥ in constrast, is compact and produces very
large amplitude, rapid pulsations. Peak-to-peak oscillation
amplitudes observed**~*¢ in H.-S. tubes are roughly equal to
the stagnation pressure in the exciting jet. Hence, we consider
the H.-S. tube to be a strong (though not necessarily the only)
candidate to pulse the fuel jets.

A possible injector geometry using an annular H.-S. tube
is shown schematically in Fig. 3. (We note that the Hartmann-
Sprenger tube was mentioned in Ref. 49, but as applied to
the production of oscillatory shock waves and not to fuel
injectors.) Below, we make an estimate of how finely the
H.-S. geometry of Fig. 3 can break up the jet. We assume
that the length of the H.-S. tube is 1.4 cm. To the same scale
the nozzle throat and exit diameters are 2 and 4 ¢cm, respec-
tively. We take the fuel to be ideal hydrogen at a stagnation
temperature of 1000 K. Using the open-closed organ pipe
formula for the H.-S. tube and assuming it to operate at 1000
K, its frequency is calculated to be 43 kHz. Using standard
isentropic flow tables, the nozzle exit velocity can be calcu-
lated to be 4.3 km/s. Hence, the injected fuel plume moves
about 2.5 nozzle exit diameters per cycle. This is sufficiently
fast to break the plume up if, of course, the pulsation of the
flow rate has sufficient amplitude.

Two important points must be made here. First, Fig. 3 is
conceptual only; obviously a number of geometries and op-
erating conditions would have to be tested and the most suit-
able of both found. Second, it is well known that very high
temperatures can be produced in H.-S. tubes.*~# This could
be very detrimental to the survivability of such a device in
the scramjet combustor environment. However, we note from
the same refcrences that the temperatures reached are very
much dependent on the geometry and operating conditions
of the H.-S. tubes. Also, many of the H.-S. tube geometries
and operating conditions described have been developed spe-
cifically to produce these high temperatures. In the course of
developing a H.-S. tube/nozzle geometry suitable for scramjet
combustor injectors, emphasis would be placed on producing

Annular
Hartmann-

Nozzle throat Sprenger

reglon

Fig. 3 Hydrogen fuel injector nozzle concept employing an annular
Hartmann-Sprenger tube to produce rapidly pulsating flows. Nozzle
is designed for Mach 3 exit flows.
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strong pulsations while limiting the temperatures reached to
values acceptable based on materials considerations. The data
given in Refs. 43-48 suggest that it may well be possibie to
achieve this goal.

C. Pylon Injection (Injection Behind Pylons)

The basic concept is shown, for a 90-deg injector, in Fig.
4. The pylon allows the fuel jet to penetrate deeply into the
combustor. This concept is related to the ramp injectors,?*~2*
but, in part, has some advantages since the fuel does not pass
through the protruding injector structure. For simplicity, we
have shown a circular injector port in Fig. 8, but by elongating
the port in the direction of the stream flow, the same size
pylon could be made to serve for an injector with greater mass
flow. Particularly with an elongated injection port, the pylon
can be likely be made smaller than the corresponding ramp?*~*
injectors since the fuel passage is inside the ramp in the latter
cases. Also, the rear (base) pressure on the pylon is likely to
be larger than that for ramp injectors due to the presence of
an adjacent parallel jet and possibly base combustion. (Ref-
erences 50 and 51 show that large reductions in the base drag
of projectiles can be achieved using base burning.) Hence,
the drag of the pylon is likely to be considerably less than
that for the ramp of ramp injectors. The 90-deg injector shown
in Fig. 4 has the disadvantage that the fuel jet momentum
will be totally lost. More viable pylon injector concepts are
shown in Figs. 5a and 5b. Here, the pylons are tilted or curved
to allow partial recovery of the fuel jet momentum. The pres-
sure on the base of the curved pylon will be increased due to
the turning of the jet.

Two additional possible refinements of the pylon injector
will now be presented (as applied to a 90-deg injector). Fig-
ures 5c and 5d show the concept of the partial trapping of the
fuel jet in the recessed rear of the pylon. This concept would
help to resist the tendency of the jet to be deflected away
from the rear of the pylon by the mainstream flow and con-
sequent reduction of jet penetration. Figure 6 shows the ta-
pered pylon concept. The tapering, which need not be linear,
would be adjusted to optimize the vertical distribution of fuel
in the combustor. For simplicity the above concepts were
shown applied singly to a 90-deg injector, but they could very
well be applied to tilted or curved injectors and/or combined
with each other.

The three new advanced mixing techniques presented in
this section could be used together in the same combustor to
maximize combustor performance.
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Fig. 4 Basic pylon injector concept: a) top view, b) side view, and
¢) rear view. P is the injector port.

c)

Fig. 5 Pylon injector with curved rear to trap the injector jet: a)
tilted pylon injector, b) curved pylon injector, ¢) side view (section),
and d) top view.

c) \ ?
Fig. 6 Three views of tapered pylon injector concept: a) top view, b)
side view (section), and c) rear view (section).

D. Performance Assessment of Proposed Advanced
Mixing Concepts

At this point, an assessment is made of the potential for
scramjet engine performance increases offered by the ad-
vanced mixing concepts presented in the three preceding sec-
tions. We consider as representative the combustor inlet con-
ditions for flight at Mach 15 given in Ref. 1. These are 1)
pressure = 0.568 x 10° dyne/cm?, 2) temperature = 1908 K,
3) Mach number = 5.19, and 4) velocity = 4.34 x 10° cm/
s. For these conditions, using a simple five species air equi-
librium solver, we calculate that the molecular weight = 28.8
g/g-mole and the specific heat ratio = 1.300. For a fuel equiv-
alence ratio of 1.0 and a full kinetic nozzle expansion, Ref.
1 gives calculated thrust coefficients (C;) of ~0.117. Cy is
calculated®? as the thrust divided by the freestream dynamic
pressure and the engine inlet area. Now, since we are going
to assess the loss in stream momentum in passing through the
combustor, we would rather deal with a thrust coefficient
based on the freestream dynamic pressure and the captured
stream area at the freestream condition. For flight at Mach
15, Ref. 1 gives the ratio of captured area to engine inlet area
as 0.7. Hence, defining a new thrust coefficient C; as thrust
divided by freestream dynamic pressure divided by capture
area at the freestream condition, we have C; = 0.117/0.7 =
0.167. This result is for a hydrogen fuel total temperature of
1667 K. Based on material considerations, we will consider,
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instead, a fuel total temperature of 1000 K. Using a scramjet
engine cycle solver described in Ref. 53, we have estimated
that at C; will drop by ~0.02 for a fuel total temperature
drop from 1667 to 1000 K. Hence, for the following discussion,
we will take C; to be 0.147 for a fuel injection total temper-
ature of 1000 K.

The first comparison will be between a curved combustor
with injectors on the outer wall, not projecting into the stream,
and a benchmark straight combustor with representative, well-
documented injectors with structures protruding into the stream.
We will make the assumption that equivalent combustion ef-
ficiencies can be achieved using these two combustors, and
will estimate the momentum loss penalty due to the intrusive
injector structures in the straight combustor. (Detailed CFD
analyses of these flows for these cases would undoubtedly be
of great interest, but could easily comprise several separate
papers and are far beyond the scope of the present article.)

We consider the swept ramp geometry investigated in Refs.
24, 26, and 28. In Ref. 24, tests were made with actual hy-
drogen fuel combustion in a hot, vitiated air facility with
oxygen replenishment. For equivalence ratios of 1.0, com-
bustion efficiencies were estimated to be 50-60%. In Ref.
24, the ramp deflection angle is 10.3 deg, and from the ramp
dimensions given therein, the fraction of the channel blocked
by the ramp exits is 11.5%. However, the 10.3-deg faces of
the ramps occupy 22.3% of the channel flow area. Reference
54 gives equations permitting one to solve the oblique shock
problem for given values of upstream Mach number, deflec-
tion angle, and gas specific heat ratio. For the combustor inlet
flow of Ref. 1 for a flight Mach number of 15, and a ramp
deflection angle of 10.3 deg, the pressure and Mach number
behind the oblique shock may readily be calculated to be 0.174
X (stream dynamic pressure) and 4.29, respectively. Assum-
ing the pressure to be uniform on the 10.3-deg surface of the
ramps, and zero on the rear and side surfaces of the ramps,
the force on the ramps can easily be shown to correspond to
a decrease in Cj of 0.0353, a very significant fraction of the
total available C;. Based on the Mach angle after the ramp
oblique shock, 91% of the 10.3-deg surfaces of the ramps will
be at the full pressure downstream of the shock. However,
there will be some pressure recovery on the side and rear
surfaces of the ramps. Hence, we make the rough estimate
that the effective loss of C7 due to pressure forces on the
ramp will be two-thirds of the value estimated above or 0.0236.
This is 16% of the total available C7, still a very significant
loss.

The geometry of the combustor channel analyzed above,
looking upstream from a position downstream of the injectors,
is shown in Fig. 7a. The penetration data for swept ramp and
similar injectors given in Refs. 25-28 and the relatively low
combustor efficiencies estimated in Ref. 24 suggest that the
injector configuration of Fig. 7a may not provide sufficient
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Fig. 7 Rear view of swept ramp injectors in combustor channel: a)
as in experimental work of Ref. 24 and b) with twice as many injectors
which may be required for good mixing and high combustion effi-
ciency. See text, Sec. ITL.D.

penetration and mixing of the fuel jets. If additional ramp
injectors were provided, as shown in Fig. 7b, penetration,
mixing, and combustor efficiency are likely to be significantly
enhanced. However, as a first estimate, the effective loss of
C;due to pressure forces on the ramps would now be doubled,
to 32% of the total available C;, a very large loss. If, as
postulated, the curved combustor could achieve equivalent
mixing and combustion efficiencies (due to buoyancy effects)
without drag forces on injector structures protruding into the
stream, substantial increases in C; could be achieved. (We
note that the loss in momentum calculated in Sec. HI.A. for
the curved combustor corresponds to only 3.5% of the total
available C;, and this could perhaps be further reduced by
optimization of the curved combustor shape.)

For an assessment of the performance of injection behind
pylons, we use the same ramp injector combustor geometries
discussed above as the benchmark. The combustor inlet con-
ditions are again those from Ref. 1, given at the beginning of
this section. The fuel total temperature is again taken to be
1000 K, and the fuel total pressure is taken from Ref. 1 as
4.41 x 107 dyne/cm? (for a fuel equivalence ratio of 1.0). The
pylon geometry considered is shown in Fig. 8. The height of
the pylon is taken to be equal to that of the ramp injector,
and it is considered to stand in the same combustor channel
used with the ramp injector. The pylon and the injection
channel are raked back at 30 deg to the flow direction, and
the fuel is fully expanded to the combustor static pressure
upstream of the pylons before injection. This corresponds to
injection at Mach 3.51. For the fuel equivalence ratio of 1.0,
the area of the fully expanded fuel jet can easily be calculated
to be 0.0605 times the combustor channel area. In Fig. 8, we
have rather arbitrarily taken the height of the fuel channel
(perpendicular to the fuel flow) to be equal to the height of
the pylon, and have taken the half-angle sweep of the pylon
(viewed normal to the end of the pylon) as equal to the ramp
deflection angle of the ramp injectors. We assume that the
same mixing and combustion efficiencies can be obtained us-
ing the pylon injection technique or ramp injectors.

The main advantage of the pylon technique is that the pylon
forward drag surfaces only obstruct 0.0605 of the channel area
vs 0.2229 of the channel area for the 10.3-deg deflection sur-
face of the ramp injectors. The estimated pressure on the
forward drag surfaces of the pylons is essentially equal to that
on the 10.3-deg surface of the ramps. There will be some
reduction in the average pressure on the forward surfaces of
the pylons due to expansion waves emanating from the top
of the pylons. To estimate the reduction in C7 due to pressure
drag forces on the pylons, we make the same assumption used
to estimate this reduction for the ramp injectors. This is, the
effective pressure difference between the forward and rear
surfaces of the pylon is taken to be equal to two-thirds of the
pressure calculated for the forward surfaces with no allowance
made for the relieving effects of expansion waves. The result
of this calculation is that, for injectors on one side only of the
combustor channel, the reduction in C;. due to pressure drag
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Fig. 8 Injection behind pylon: a) top view and b) side view (section).
This sketch used in the assessment of the performance of the pylon
injection technique, Sec. IIL.D.
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on the injectors is 4.4% of the available C; for the pylon
injection technique vs 16% for the ramp injectors, a very
significant improvement. If, as discussed previously for the
curved combustor channel, it is required to double the number
of injectors to assure good mixing and combustion efficiency,
these numbers would increase to 8.8 and 32%, and the dif-
ference between the ramp and pylon injection technique be-
comes even more significant.

In the above comparison of the ramp and pylon injection
techniques, we have ignored the question of differences be-
tween the degree of recovery of fuel jet momentum for the
two techniques. The angle of injection for the ramp injectors
(10.3 deg) is more favorable than that for pylon injection (30
deg). On the other hand, the fuel jet expansion is more com-
plete (to Mach 3.51) for pylon injection than for ramp injec-
tion (to Mach 1.7). The latter favors pylon injection. The
overall effect is to slightly favor pylon injection. It may be
argued that the ramp injector fuel channels could be altered
to provide expansion of the fuel to Mach 3.51 and still to have
the favorable ramp injector injection angle. On the other
hand, it may also be argued that the pylon injectors and fuel
channels could perhaps be raked downstream at a angle smaller
than 30 deg to the flow direction, or that curved pylons (e.g.,
see Fig. 5b) could be used to allow improved recovery of the
fuel jet momentum. From the current discussion, it appears
that the degree of fuel jet momentum recovery is roughly
equal for the ramp and pylon injection techniques. Hence, in
the preceding paragraph, this rough equality was implicitly
assumed.

We now make an assessment of the performance gains which
might be achieved using the pulsating injector technique. The
performance gains are assumed to be made because better
mixing and higher combustion efficiencies would be obtained
with pulsating injectors. As mentioned earlier, in the exper-
imental investigation of Ref. 24, using ramp injectors at equiv-
alence ratios of 1.0, combustion efficiencies were estimated
to be 50-60%. Higher combustion efficiencies would be de-
sirable. Using the scramjet engine cycle solver described in
Ref. 53, we have calculated that for flight at Mach 15 and a
fuel equivalence ratio of 1.0, C increases by ~0.03 for each
20% increase in combustion efficiency. Thus, if the use of a
pulsating injector can increase the combustion efficiency from
60% to, say, 80%, C; would be increased by 0.03. Starting
from our baseline C; value of 0.147, this would represent a
20% increase in Cy, a very significant improvement.

The following important point must be made regarding the
preceding discussion. It is not intended above to in any way
imply that the new injector/mixing concepts necessarily will
exhibit better performance than a straight combustor with
ramp injectors—the latter injectors are proven and are known
to be quite effective. Furthermore, the flows being compared
are very complex—they are three-dimensional, unsteady, tur-
bulent, and contain separated flow regions—hence, the actual
performance of the new injector/mixing concepts (e.g., re-
garding mixing and combustion efficiency) are very difficult
to predict. The new injector/mixing concepts look sufficiently
good when compared to a benchmark ramp injector com-
bustor, using simple but reasonably constructed analyses, it
is argued that further investigation is warranted.

IV. Conclusions

A number of fuel injection and mixing enhancement tech-
niques, as applied to scramjet combustors, have been briefly
reviewed. The injection techniques include normal hole in-
jection, angled hole injection, tandem normal hole injection,
and yawed hole injection from the combustor wall, slot in-
jection parallel to the flow, injection from struts spanning or
not spanning the stream, and injection from the rear of ramps.
The mixing enhancement techniques include the use of shock
waves and expansion waves, rearward facing steps, and var-
iations of the geometry of ramp injectors.

Three new advanced mixing techniques were presented.
The first was a combustor, curved so that buoyancy forces
will aid in the penetration of the fuel across the combustor.
The effect of two fuel plume geometries was analyzed. The
curvature and combustor length required for the fuel to cross
the combustor were assessed. The second was pulsation of
the fuel injectors to increase penetration and mixing. A fluidic
technique, a modified Hartmann-Sprenger tube, was identi-
fied as a strong candidate to generate the pulsations. The
Hartmann-Sprenger tube must be optimized to produce strong
pulsations without producing excessive heat transfer. The third
was the injection behind pylons to allow deep penetration
into the airstream. This technique is likely to produce high
base pressures on the injector structure. Curved or slanted
pylons can be used to increase the recovery of fuel jet mo-
mentum. Tapered pylons can be used to optimize fuel distri-
bution. Control of the fuel jet can be improved by partially
trapping it in the curved rear of the pylon. It may also be
possible to increase the base pressure on the pylon by delib-
erately diverting a fraction of the fuel for base burning on the
pylon.

A preliminary assessment of the potential of the three new
mixing techniques to increase scramjet engine performance
has been made. Combustors using the new techniques were
compared with a benchmark combustor with swept ramp in-
jectors. In these assessments, the new mixing techniques looked
sufficiently good compared to the benchmark case to warrant
further investigation.
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