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Introduction

N recent years the ramp injector as first suggested by Waitz

et al.! has become one of the preferred strategies to deliver fuel
in scramjetcombustors. While maintaininga beneficiallow injection
angle, which ensures that most of the fuel momentumis recoveredin
the thrust balance, ramp injectors increase the mixing performance
by creating axial vortices, which increase the fuel penetration and
the fuel/air contact surface. Axial vortices of similar strength are
also created by the cantilevered ramp injector,>* a variant of the
ramp injector specifically designed for fuel injection in shcramjet*
inlets.

The increase in mixing associated with axial vortices has been
assessed through experimental work by Naughton et al.,> where the
addition of swirl to a turbulent freejet at a freestream Mach number
of 3.5 is found to increase the mixing efficiency by as much as 34%.
Similarly, the effect of the axial vortices on the mixing performance
is assessed numerically by Riggins and Vitt® for a ramp injector
flowfield by removing artificially the cross-stream velocities at the
point of injection. This is found not to affect the mixing efficiency
in the near field, but to decrease the mixing efficiency by more than
20% in the far field. The investigations by Naughton et al.’> and
Riggins and VittS are performed at a low convective Mach number’
not exceeding 0.3.

The effect of axial vortices has not yet been quantified at a high
convective Mach number. The use of a high convective Mach num-
ber is particularly important as it increases the mixing efficiency?
and the fuel exit momentum significantly. The primary objective
of this Note is hence to assess the increase in mixing induced by
the axial vortices of the cantilevered ramp injector at a high con-
vective Mach number of 1.5. The problems investigated herein are
representative of inert mixing occurring in a shcramjet inlet. The
results are obtained with the WARP (Window Allocatable Resolver
for Propulsion) code outlined in Refs. 3 and 8.
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Problem Setup

The effect of the ramp-generated axial vortices on the mixing
efficiency is assessed by comparing the mixing obtained by a freejet
(shownin Fig. 1) to the one obtainedby a cantileveredramp injector
(asillustratedin Fig. 2), which assumes an infinite array of injectors
alongthe z coordinate. To isolate the effect of the axial vortices, both
configurations share the same fuel/air contact surface at the point
of injection and the same fuel and air inflow conditions. A third,
planar configuration is considered, consisting of fuel injected from
a backward-facing step (as schematized in Fig. 3). A comparison
between the mixing obtained by the planar configuration to the one
obtainedby the freejetconfigurationis performedto assess the effect
of a change in fuel/air interface length. For all cases the cross-
sectional area of the fuel per unit depth (along the z coordinate) is
not altered.

Inflow Properties

The inflow conditions for the fuel and air are as shown in Table 1.
Fuelinjectionis assumedto take place after the first shock in the inlet
of an external compression shcramjet at a flight Mach number of
11, whichis designed assuminga flight dynamic pressure of 67 kPa,
two equal strengthinlet shocks,and a 900 K temperature prior to the
detonation wave. The fuel is injected at a global equivalenceratio of
1, ata convectiveMach number of 1.5, and at matched pressure with
the air. The correspondingvelocity differencebetween the hydrogen
jet and the freestream is of 2960 m/s for all cases. The hydrogen
stagnationtemperatureis of 1780 K, which is a desirablehigh value
as the fuel is expected to cool the exposed surfaces of the engine
and of the injector.

Mixing Efficiency
The air-based mixing efficiency is defined as the ratio between
the reacting mass flux of oxygen and the predicted mass flow rate
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Fig. 1 Design of the freejet injector; all dimensions are in millimeters.
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Table1 Test cases

Air inflow Hydrogen inflow
Pressure, Temperature, Mach Pressure, Temperature, Mach
Case Configuration Turbulent? Pa K number Pa K number
C5 Cantilevered Yes 4,758 462 7.73 4,758 410 4.1
J5 Freejet Yes 4,758 462 7.73 4,758 410 4.1
J5P Freejet Yes 14,274 462 7.73 4,758 410 4.1
J5T Freejet Yes 14,274 1,386 7.73 4,758 410 4.1
P5 Planar Yes 4,758 462 7.73 4,758 410 4.1
P51 Planar No 4,758 462 7.73 4,758 410 4.1

Fig. 2 Design of the cantilevered ramp injector; all dimensions are in
millimeters unless otherwise noted.

Fig. 3 Design of the planarinjector; all dimensions are in millimeters.

of oxygen through the shcramjet inlet, that is,

— .R ; ;
Nm = /602 dm/m()z. engine
b

where the mass flow rate of air per unit depth entering a 0.7-m in-

let corresponds to /g, | engine = 1.363 kg/ms and where the reacting

mass fraction of oxygen cf correspondsto
b

o))

2

ng = min(coz, c(S)2 CH, / cflz)
with the stoichiometric mass fraction of hydrogen cj,, equal to
0.02876 and the stoichiometric mass fraction of oxygen ¢5_ equal
to 0.22824. More details about this definition of the mixing effi-
ciency can be found in Section 5.2 of Ref. 9.

Boundary Conditions

For each configuration inflow and outflow boundary conditions
are specified at the entrance and exit planes, respectively. For the
freejet and cantilevered ramp injector configurations symmetry
planes are located at z=20 mm and 0. The top boundary (along
the y coordinate) for the freejet and the planar configurations is
set to outflow. For the freejet configurationa symmetrical boundary
conditionis specified at the bottom of the domain, going throughthe
center plane of the injectors to minimize the number of nodes used.
For the cantilevered ramp injector and the planar configurations the
bottomboundaryis a wall at a fixed temperature. More details about

the boundary conditions for the cantilevered ramp injector config-
uration can be found in Ref. 3. In all cases the wall temperature is
fixed to the air freestream temperature.

Numerical Considerations

The governing equations solved are the nonreacting Favre-
averaged Navier-Stokes equations closed by the Wilcox kw turbu-
lence model'® and the Wilcox dilatational dissipationterm.!! These
have been validated®® vs the experimental data of ramp injectors!*!2
with overall good agreement observed. The marching window ac-
celeration technique® is used and is observed to result in a 10-
20 times decrease in computing time with convergence to steady
state reached in typically less than 250 effective iterations. The
same convergence criterion, turbulent Prandtl number, and turbu-
lent Schmidt number are used as in Ref. 3, and no entropy correc-
tion term is used along with the Yee-Roe scheme as it is found
to be overly diffusive and unnecessary for this mixing flowfield.?
The mesh is constructed such that the mesh density is similar for
the three configurations. More specifically, the mesh dimensions
correspond to 319 x 187 x 42, 350 x 45 x 44, and 269 x 187 for
the cantilevered ramp injector, freejet, and planar mixing configu-
rations, respectively. Separate grid-convergence studies indicate a
relative error on the mixing efficiency varying between 3-5% for
the laminar planar mixing case and 7-22% for both the freejet and
the cantilevered ramp injector cases. The node spacing at all sur-
faces is set to 30 w, which translates into a value for y*™ ranging
between 2 and 3 in the mixing region. This has been observed® to
be sufficiently small for an accurate representationof the wall shear
stress and boundary-layer profiles in the injector domain. For all
three configurations a 1-cm-long fuel runway zone is specified in-
side the injector to avoid a singularity in the turbulence and flow
properties at the point of injection. This alleviates the sensitivity of
the kw model to the freestream value of w, whichis fixed to 10 times
the flow speed.'

Discussion

Figure 4 shows a hierarchy in mixing efficiencies equal, at the
domain exit, to 3, 10, 24, and 40% for the planar laminar, planar tur-
bulent, three-dimensional, freejet and cantilevered injector cases,
respectively. There is a ratio of 2.4 between the mixing efficien-
cies of the freejet and the two-dimensional planar case, whereas
a smaller ratio of 1.7 is present between the cantilevered injector
and the freejet. Although significant, the influence of the axial vor-
tices on the mixing is here found to be of lesser importance than
the transition from a two-dimensional planar to a three-dimensional
freejet. This increase in mixing is attributed to the augmentationin
contact surface area for the freejet, which, at the point of injection,
exhibits twice the surfacearea of the planarcase. The freejetexhibits
amixing efficiency growth 2.4 times the one of the planar case even
though the contact surface area is only twice larger. This could be
caused by a numerical error related to the grid, or it could also be
caused by the effective contact surface increasing slightly along the
streamwise coordinate for the freejet, as a result of the spreading of
the mixing layer.

The increasein mixing efficiency observed for case C5, compared
to case J5, is caused partly by the stretch of the fuel/air contact sur-
face through the axial vortices and partly by the high pressure and
temperature of the incoming air at the point of injection. The high
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Fig. 4 Comparison of the mixing efficiency of a planar laminar case
(P51), a planar turbulent case (P5), a freejet (J5), and a cantilevered
ramp injector (C5).
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Fig. 5 Mixing efficiency of a freejet (case J5), a freejet with a threefold
increase in the incoming air pressure (case J5P), and a freejet with the
incoming air pressure and temperature multiplied by 3 (case J5T).

pressure originates from the flow compression around and above
the cantilevered injector, whereas the high temperature is created
by both flow compressionand boundary-layerheating. A high pres-
sure of the incoming air is beneficial to the mixing efficiency be-
cause the growth rate of the turbulentmixing layeris independentof
the pressure. A high pressure generally induces a higher density of
the flow, which increases the amount of oxygen presentin the turbu-
lent mixing layer, consequentlyincreasing the mass flow rate of ¢£ |
resulting in higher mixing efficiency. Figure 5 shows a comparison
between the freejet case J5 and two additional cases: JSP and J5T.
A threefold increase of the air density (case J5P) results in a mixing
efficiency increase close to two times the one of case J5, despite
the reduction in contact surface caused by the higher air pressure
compressing the fuel jet. Case J5T keeps the air density the same by
increasing both the air temperatureand pressure by a factor of three.
Interestingly, this also results in an appreciable rise in the mixing
efficiency. This is caused by an increase in the speed of sound of the
incoming air, which effectively lowers the turbulent Mach number,
decreases the importance of the dilatational dissipation term, and
consequently increases the spreading rate of the mixing layer.

Conclusions

This study reveals that the fourfold increase in the air-based mix-
ing efficiency between the cantilevered ramp injector and the planar
configuration is observed to be caused by, in order of importance,
1) the increased fuel/air contactsurface presentin three dimensions,
2) the stretching of the fuel/air interface by the axial vortices, and
3)the higherpressureand temperature presentatinjection. However,
thisisexpectedtoonly occurat a high convectiveMach number. Ata

low convective Mach number the axial vortices are expected to play
a more significant role primarily because of the cross-stream shear
that they induce being more important compared to the longitudinal
shear induced by the convective Mach number.

For the freejetconfigurationitis observedthata threefoldincrease
in the incoming air pressure while keeping the incoming air tem-
perature constantresults in a 80% increase in the mixing efficiency.
This is postulated to be because of the mixing efficiency growth
being a function of the density of the incoming air, which increases
threefold in this case. On the other hand, a threefold increase in the
incoming air temperature while keeping the incoming air density
constant results in a 32% increase in the mixing efficiency. This is
attributed to a reduction of the importance of compressibility effects
as the flow temperature increases.

Finally, it is cautioned that the numericalresults here obtained are
dependenton the Wilcox kw turbulencemodel including the Wilcox
dilatationaldissipationcorrection. One of the known deficiencies of
the Wilcox kw model s in not predictingaccurately the growth of an
axisymmetric mixing layer,!> similar to the one present in the free-
jet case. Also, the dilatational dissipation correction has not been
validated in the open literature for an axisymmetric mixing layer.
Further, only one geometry and one set of fuel and air inflow con-
ditions have been investigated herein. It is questionable whether the
same trends would be observed with a different turbulence model,
in experiments, for a different geometry, or for different fuel and air
inflow conditions.
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