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Numerical Research of Gaseous Fuel Preinjection
in Hypersonic Three-Dimensional Inlet
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Numerical results of gaseous ethylene and propane fuel preinjection in a hypersonic three-dimensional inlet and
the attendant fuel–air mixing enhancement process are analyzed. Fuel is injected in the wake of thin swept pylons
located on the inlet’s compression surface (installed normal to the wall), 1–2 injector diameters downstream of the
pylons. Mixing in the near vicinity of the pylons is calculated using the Favre-averaged Navier–Stokes equations
for three-dimensional, turbulent, multispecie, nonreacting � ows, taking into account all of the jets. Calculations of
the � ow� eld in the far mixing region of the inlet channel are based on solutions of the parabolized Navier–Stokes
equations. It is shown that fuel–air mixing ef� ciencies between 0.95 and 0.98 are possible for fuel–air equivalence
ratios between 0.3 and 0.7 before exiting an inlet channel whose length is 0.65 m.

Nomenclature
d = fuel injector diameter
NF = inlet area contraction ratio

G = mass � ow
Hmax = maximum penetration height
L = distance from engine entrance
M = Mach number
P = pressure
S = pylon base width
T = temperature
X; Y; Z = Cartesian coordinates
¯ = fuel–air equivalence ratio
´ = mixing ef� ciency
¹ = molecular mass
’ = mass � ow capture ratio coef� cient
¾ = inlet total pressure recovery

Subscripts

d = injector location
f = fuel parameters
t = total parameters
th = inlet throat parameters
6 = averaged over cross section
1 = freestream parameters

Introduction

O NE of the problems affecting ef� cient combustion in high-
velocity airbreathing engines is mixing of the fuel and air

streams before combustionstabilization.This problem is applicable
to hydrogen-fueledenginesandevenmore so to gaseous-and liquid-
hydrocarbon-fueledenginesbecauseof the increasedcomplexityof
the chemical kinetics and vaporization time for liquids.
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The ideal situation is when a perfectly premixed fuel–air mixture
with minimal total pressure loss is produced. To date, many differ-
ent ways of fuel injection have been investigated,1 each of which
presents a different method for fuel–air mixing enhancement at or
near the entrance of the combustor.The general principleof mixing
enhancement over short axial distances is to create vortical or sep-
arated � ows. However, these can lead to substantial impulse losses
in the fuel–air stream via total pressure losses. The increased com-
bustor length needed for effective mixing will also result in wall
friction impulse losses, plus additional weight and structural fuel
cooling requirements.

Typical fuel injection and mixing schemes for supersonic com-
bustors include normal and angled injection from the � ow channel
wall or from an in-stream pylon wall, co� owing (axial) injection
from the base of a reverse step or the base of an in-stream pylon,
and combinations thereof. However, wall injection requires a rather
large supply pressure, and pylon injection is accompanied by addi-
tional total pressure losses caused by the pylon aerodynamic drag
and internal constructioncomplexity for gas injection passagesand
active cooling requirements.

In addition to supersoniccombustion ramjets, another engine cy-
cle, the pulse detonation, engine, mandates that uniform fuel–air
mixtures enter its combustor to produce thrust ef� ciently.However,
to date, speci� c ways of providing this uniform mixture have not
been clearly identi� ed.

One way to overcome, in part, these de� ciencies is to inject some
or all of the fuel (in the limit case) before the � ow enters the combus-
tor, that is, in the inlet channel or on the nose of the inlet forebody.
Whereas this requiresmore inlet– combustor integration,and strate-
gic placement of the fuel to minimize the potential for preignition
via the inlet forebody boundary layer, it should also provide a high
degree of fuel–air premixedness before the � ow entering the com-
bustor.

Note that the idea of inlet fuel injectionand combustor integration
was consideredin thescramjetengineconceptfor theX-30 (National
Aerospace Plane) vehicle.2 Here, a large portion of the fuel was to
be injected from in-stream struts downstream the inlet throat well
before the combustor entrance. These struts were simultaneously
used as compressionelements for decelerationof the incoming inlet
air� ow.

It is natural that one should be sure there will be no � ame propa-
gation upstream (danger of � ashback) for all � ight regimes during
engine operation and, consequently,that the inlet will operate in all
� ight regimes without unstarting it. Moreover, fuel injection in the
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inlet could be used to produce some of the required compressionof
the incoming air� ow traditionally generated by inlet compression
surfacesand for preheatingthe fuel using the heatedairstreamas the
energy source. At the same time, it follows that this precombustor
fuel injection will enhance the secondary breakup of fuel droplets
and enhance fuel–air mixing in the case of liquid fuel injection due
to interactions with the inlet’s multishock compression system.

Liquid injection in supersonic air� ow has been investigatedin an
earlier study,3 where liquid kerosene was injected into a supersonic
Mach 2– 4 air� ow behinda thin swept pylon.One of the main results
of this research3 was that the required depth of fuel penetration
was achieved using kerosene dynamic pressures equal to or less
than the dynamic pressure of the air� ow, whereas fuel injection in
combustors requires fuel dynamic pressures several time those of
the airstream.

An example of liquid injection in a supersonic inlet in an
M1 D 3:5 freestream air� ow is presented in Ref. 4. In this study,
a liquid injectant, mixture of 50% by volume commercial ethylene
glycol in water, whose viscosity and surface tension were represen-
tative of JP-10 fuel, was injected in a two-dimensionalinlet through
ori� ces oriented normal to the compression surface in the wake be-
hind each of two swept pylons of triangular cross section. It was
found that the � ow� eld in the inlet remained started with only mi-
nor separated regimes using liquid injection rates corresponding to
fuel–air equivalenceratios for kerosene of ¯ · 0:45, and practically
all of the liquid injectant was situated in the core of the � ow, which
is favorablefor preventionof upstream� ame propagation.This con-
clusion is based on previous experimental measurements.3;4

Another experimental study supporting the argument that � ash-
back through the boundary layer can be preventedeven with a small
amount of liquid fuel present in the boundary layer is presented in
Ref. 5. In this study, tests were conducted on a 250-mm-diam ax-
isymmetric dual-mode scramjet model at M1 D 6:2 with air total
temperatures and pressures between Tt1 D 1400 and 1600 K and
Pt1 D 4:8 and 5.5 MPa, respectively.Liquid kerosene at rate equal
to ¯ker D 0.4– 0.45 was injected normally to the � ow direction on
the inlet’s conical surface located 20 mm downstream of its apex
through six ori� ces of 0.5 mm diam. For combustion initiation and
stabilization, gaseous hydrogen was injected in the front section of
the cavity � ameholders located downstreamof the inlet on both the
inner and outer (cowl) walls at the entranceof an annular supersonic
combustion chamber. After ignition of the hydrogen by the spark
plugs and � ame stabilization,kerosene was injected 2–3 s later and
was ignited and sustained by the products of the hydrogen combus-
tion. The quantityof hydrogen injectedwas small (¯H2 D 0.15– 0.2),
the amount of which was experimentally determined for stable op-
eration of the � ameholder. When hydrogen injection was stopped,
however, combustion of the kerosene stopped as well. This last ob-
servation can be explained in that there was insuf� cient kerosene
from the upstreaminlet fuel injectioncapturedby the cavities (from
fuel injected through and captured in the wall boundary layer) to
initiate or sustain combustion either through � ame propagationor a
residual � ame.6

Successfulapplicationof this methodologyhas also beendemon-
strated in researchon external burning (or combustion) with the aim
of obtainingaerodynamicforces acting on a vehicle for vehiclecon-
trol, increasing lift, and/or decreasing forebody or aftbody vehicle
drag.7

Consequently, normal injection of a gaseous-hydrocarbon fuel
injected in the wake behind thin swept pylons placed on an in-
let channel wall was chosen for this research and as an alternate
for comparison with normal wall fuel injection without the pylons
present. Also, to improve the macromixing processes and fuel–air
homogenization, some of the fuel could also be initially injected at
supersonic speeds on the internal surfaces of the inlet just down-
stream of its leading edge. Finally, for the given method of sonic
or supersonic gaseous fuel injection, the pylon thickness must be
of the same order as the gas injector diameter, and the penetration
height (injector pressure) is determined by the need for fuel in a
given region of the channel cross section.3

The pylon’s length is de� ned by the material’s heat absorption
capabilities and conductivity and the amount of convectivecooling

its base provides coupled with the gas spray fuel plume. Further-
more, the pylons have a small thickness, and, therefore, their drag
is equivalent to or no more than the pylon drag of thickness equal
to the thickness of an unprotected fuel jet injected in a supersonic
� ow. The concomitant cooling requirements will be minimal based
on unpublished data. In fact, proper arrangement of the pylons on
the inlet compression surfaces may remove any active cooling re-
quirements. In this case, the simplicity of fuel injection through the
ori� ces is also retained.

Task Formulation and Computational Technology
The primary purpose of these investigations is to evaluate the

possibility and potential of premixing part of the fuel when it is
injected in the air inlet before the isolator duct and combustion
chamber. The primary question addressed at this stage of the study
is the proper choice and design of the fuel injection system in the
inlet. In subsequent studies, it is proposed to study, in more detail,
the in� uence of the partially premixed fuel–air on the potential for
preignitionof this mixture in the inlet/isolatorducts and ignitionand
combustionin combustorwhere the remainderof the fuel is injected.

The inlet chosen for study is a three-dimensional, � xed geome-
try con� guration consisting of two opposed, swept wedged walls
arranged on a � at base and covered by a cowl in the rear part, as
shown in Fig. 1. This inlet is a half width version (divided at the
symmetry plane) of one considered for use in the Oryol-2 program,
and it has been tested between Mach 2 and 6 (Ref. 8). Figure 2 is
a photograph of the inlet tested and subsequently integrated into a
freejet engine model. Note that the results of this study are planned
for incorporation in planned tests of this engine in the Institute of
Theoretical and Applied Mechanics hot-shot impulse wind tunnel.

For the current study, the side wall inlet compressionwedge angle
is 6 deg, and the central strut wall wedge angles are a 4-deg initial
angle followed by 2 deg more compression (for a total of 6 deg).
These angles were chosen to permit startingof the inlet and ef� cient
deceleration and compression of the incoming � ow at Mach 6–8.
The aft strut compression leading-edge sweep and the side wall

Fig. 1 Schematic of fuel pylons installed in the inlet: 1, pylon/fuel in-
jector; 2, central strut wall; 3, side wall; and 4 cowl.

Fig. 2 Dual mode scramjet freejet model.8



1164 GUOSKOV ET AL.

Table 1 Pylon/fuel jet penetration parametric cases

Air

Case S=d Xd=d Pt1 , bar Tt , K M1 Tt f , T f , K Pt f , bar Fuel Comments

1 1.5 2 100 2000 6 300 3 C2H4 With pylon
2 1.5 1 100 2000 6 300 3 C2H4 With pylon
3 1.5 3 100 2000 6 300 3 C2H4 With pylon
4 2 2 100 2000 6 300 3 C2H4 With pylon
5 1 2 100 2000 6 300 3 C2H4 With pylon
6 —— 2 100 2000 6 300 3 C2H4 Without pylon
7 1.5 2 100 2000 6 300 3 C2H4 Taking into

account wall
boundary layer

8 1.5 2 100 2000 6 300 5.67 C2H4 With pylon
9 1.5 2 100 2000 6 300 6.2 C3H8 With pylon
10 1.5 2 300 2500 8 300 4.1 C3H8 With pylon

a)

b)

Fig. 3 Schematic of gas injection behind the pylon: a) installation of
pylons in inlet channel (front view) and b) 1–6 numbers of pylons, s/d =
1.5, xd /d = 2, and d = 3.4 mm.

compression forward leading-edge sweep plus the rear position of
the cowl provide effective air bypass area for inlet starting without
using a variable geometry structure. In addition, the effective inlet-
throat-to-inlet-geometric area ratio (relative inlet throat area NFth)
was decreased to NFth D 0:2 compared with NFth D 0:4 for the inlet as
previously tested.8 Here inlet geometric area is the projectedfrontal
area of the inlet. The length of the side panels were also redesigned
in such a manner that the distance from the inlet entrance (X D 0)
to the throat section (0.49 m) was minimized, and the cross section
was located on the inlet centerline.

An example of an air inlet pylon, fuel preinjection scheme con-
sidered in this study is shown in Fig. 3. Here, three fuel pylons are
staggered on each of the lateral wedge surfaces of the inlet (Fig. 1),
with all dimensions given in millimeters. All of the pylons have a
triangularcross sectionwith a 24.5 deg swept leadingedge.Gaseous
fuel is injectedthrough3.4-mm sonic ori� ces orientednormal to the
inlet surface and located directly behind each pylon. The position
of each pylon is such that the � ow is undisturbed by the � ow struc-
ture from another pylon at either Mach 6 or 8. Normal injection of
the same number (and location) of fuel jets from the lateral inlet
walls without the presence of pylons is consideredas a comparative
alternative to the pylon injection case.

Two computationaltasks are considerednecessaryto evaluate the
mixing ef� ciencyof the investigatedinlet fuel preinjectionschemes.
The � rst is the calculation of the � ow� eld generated by the sonic,
normal wall fuel injection behind an individual fuel pylon. The nu-
merical solutionof this � rst task is performedusing Favre-averaged

a) Mach number � eld b) Fuel mass fraction � eld

c) Mass fraction � eld

Fig. 4 Flow� eld behind the pylon with fuel injection (case 8, ¯f = 0.73,
Table 2).

full Navier–Stokes (FNS) equationsfor three-dimensionalturbulent
� ows of multispecie mixtures.9 The turbulence model used is the
differential one-parametermodel in Ref.10. Multi-specie, gaseous-
hydrocarbon fuel in thermochemical equilibrium is assumed.

The second computation determines the number and optimum
location (or relative positions) of individual pylons to maximize
fuel–air mixing ef� ciency for a given fuel–air equivalence ratio.
For this second task, the supersonic � ow in the duct is calculated
using the parabolized Navier–Stokes (PNS) equations for turbulent
� ow of gas mixtures, and the wall boundary layer is ignored. The
last assumption was accepted after the preliminary calculations for
the � rst task in Tables 1 and 2 showed that the effect of the boundary
layer on � ow� eld pattern and jet penetration was rather small. The
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numerical method is based on the modi� cation11 of the steady anal-
ogy of the Godunov et al. scheme12 for supersonic � ows. Integral
conservationlaws are written for each computationalcell. The prob-
lem of the interaction of two semi-in� nite supersonic � ows is used
to � nd convective � uxes through the lateral faces of each cell. The
higher-orderaccuracyand monotonicityof the scheme are achieved
using the minimal derivatives principle and a predictor–corrector
scheme, which result in minimization of the number of iterations
needed to achieve a solution.

However, in-stream turbulence and equilibrium but nonreactive
hydrocarbonfuel and air specie concentrationsare accounted for in
thecalculations.Solutionsof the � ow� eld downstreamof eachof the
pylon/wall fuel injectors are then superposed on the PNS � ow� eld
to de� ne a new initial pro� le for additional PNS calculations up to
the exit of the inlet.

For the � rst task, the air� ow at the end of the cross section of
the backward face of a given strut is assumed to be uniform and
undisturbed by the pylon, that is, the uniform airstream parameters
for the � rst computation are chosen as the ones behind the shock
generated by the lateral wedges of the inlet. The distance from the
base face of the pylon to the fuel jet centerline along with the width
of the triangular base for a � xed pylon height is then varied. The
goal of these calculationsis to choose the jet injectionaxial location
that provides both maximum fuel jet penetration into the airstream

Table 2 Fuel jet penetration
for fuel mass fraction of 0.1

for Table 1 cases

Case Hmax , mm Rams ratio

1 22.7 0.377
2 22.8 0.377
3 22.85 0.377
4 22.0 0.377
5 23.5 0.377
6 6.95 0.377
7 22.3 0.377
8 25.2 0.713
9 26.6 1.061
10 25.1 0.761

Fig. 5 Axial fuel distributions, ¯; case 3 (Table 5), ethylene pylon injection, ¯ R = 0.23.

and maximum mixing ef� ciency. The computations are continued
downstream until the normally injected fuel jet turns parallel with
the main airstream direction and becomes supersonic in the axial
direction.

Solutions downstream of each of the pylon/normal wall fuel in-
jector locations (sometimes referred to as fragment of the � ow� eld)
are then stored so that they can latter be integrated with (or super-
posed on) PNS solutionsof the initial inlet � ow� eld. The transverse
and lateral dimensions of the fragments are chosen such that indi-
vidual fragments do not interact with one another and with the wall
boundaries.

Determining the relative positions of the fuel pylon/normal wall
injector locationson the lateral inlet wedges that provide maximum
integrated mixing ef� ciency comprises computational step 2. Here,
mixing ef� ciency is de� ned as the potential ability of the calcu-
lated fuel–air mixture to burn completely using one ideal global
reaction, for example, C2H4 C 3O2 D 2CO2 C 2H2O, in accordance
with the fuel and inlet air capture mass � ows and specie concentra-
tions. In computing the solution to this � ow� eld, it is necessary to
take into account the actual duct geometry, fuel pylon and normal
wall injector locations, and processor storage and computational
speed.

The global � ow� eld in the duct having multiple pylon/fuel jet
injection locations is obtained as follows. The supersonic � ow� eld,
beginning at the entrance plane of the inlet duct, is calculated us-
ing the PNS equations, but without including the wall boundary
layer. This method, however, allows taking into account the turbu-
lent mixing process.At the axial locationof the computed fragment
of the � ow� eld (step 1) downstream of the pylon/fuel injector lo-
cated nearest the inlet duct entrance, the actual � ow� eld fragment
is inserted into the global cross-sectional � ow� eld. This fragment
insert procedure is based on the assumptions that disturbancesfrom
individual fuel jets, including any shocks generated, do not reach
the boundaries of other fragment regions and that the � ow inside a
given fragment region is not in� uenced by the external � ow (into
which the fragment is inserted). In otherwords, it is assumedthat the
two � ow� elds of interest, the PNS-calculated external, into which
individual fragments are inserted, and in the FNS calculated inter-
nal regions, which are just the fragments, do not interact with one
another up to the cross section where two solutions are matched.
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Flow� elds for additionalpylon/fuel injectorslocateddownstream
of the � rst pylonare thenpatchedto the reinitialized� ow� eld,which
now includesthe inlet (or external) plusanypylon/fuel injector� ow-
� elds preceding the one about to be included. This is accomplished
by marching the PNS solution to the FNS solution for each addi-
tional pylon, reinitializing the cross-sectional � ow� eld data, and
then marching downstream with the PNS solution until reaching
the axial locationof the next FNS-generated pylon fragmented � ow
solution.

Such a solution technique is implemented up to the end of the
pylon/fuel injectionregion.As a result,a solutionof the nonreacting,
global � ow picture can be obtained at the exit of the fuel injection
region. Then the downstream solution is obtained for a given duct
geometry and pylon/injector geometric pattern without taking into
account wall boundary layer up to the exit of the inlet duct section.
Note that this method of solving the � ow� eld takes into account the
turbulent mixing of the injected jets with the airstream and permits
evaluation of the mixing ef� ciency including the effects of a real,
complex � ow structure including the inlet’s shock system.

Of course, the computationalprocess used is an approximateone
because the inserted fragments of the � ow were obtained for indi-
vidual isolated systems, on backward-facingpylon bases/steps with
downstream normal wall jets placed in a uniform airstream. Also
note that the procedureused for obtainingsolutionsto the pylon/fuel
jet and inserting it into a global � ow becomes increasinglymore ap-
proximate as one moves in the downstream direction, especially
when considering the increasing complexity of the real � ow struc-
ture with axial (and lateral) distance as the number and location of
pylon/fuel injectors increases.

However, this computationalprocess(technology) was conceived
to allow, as a � rst approximation, an inexpensive, computationally
nonintensive,comparativeanalysis of the mixing ef� ciency achiev-
able with various numbers and locations of pylons and their asso-
ciated fuel injectors. Undeniably, the interaction of one pylon/fuel
injector � ow element with the � ow fragment of anothercan and will
appear in an actual � ow� eld.

Fig. 6 Axial fuel distributions, ¯; case 5 (Table 5), ethylene wall injection (no pylons), ¯ R = 0.23.

Analysis of the Flow Behind the Pylon
with Fuel Injection

The task of computing the injection of a gaseous, normal, sonic
fuel jet from the wall in the base region of a triangularpylon is con-
sidered. A schematic of the pylon and fuel jet is shown in Fig. 3a.
The computational region can be represented by a rectangular par-
allelepiped, whose left boundary is positioned at the cross section
of pylon’s back face. In the calculations presented later, this ax-
ial location (or cross section) corresponds to the coordinate X D 0.
The right boundary was at an axial cross section of X D 32 mm.
The height of computational region also equaled 32 mm. It is also
assumed that the � ow is symmetrical relative to the vertical sym-
metry plane of the pylon. Therefore, one computational boundary
coincided with the plane of symmetry, and only half of considered
region was computationallycomputed.

Uniform � ow� eld parameters, corresponding to the � ow behind
an obliqueshockgeneratedby air� ow over 6-deg wedge, were set as
the initial conditions for the FNS solution of the pylon/normal wall
fuel injector � ow� eld. The effectsof the � ow over the strut were not
taken into account. The no-slip condition for velocity was imposed
on the strutbackface,and the slipconditionwas imposedat the lower
wall boundary (except in the region of the jet). In the case when the
boundary layer was accounted for, the no-slip conditions were set
at the lower surface. The conditions of the drift (known boundary
conditions on the control volume) of all disturbances were set at
the exit boundary, that is the no-re� ection condition was set at the
upper (freestream) boundary,and the conditionof symmetry was set
at the lateral sides. A large part of the calculations was computed
on a grid containing 50 £ 40 £ 40 cells because this value is close
to maximal for the personal computer used (Pentium II processor).
The calculations, which included the boundary layer on the lower
wall where the sonic fuel injectorori� ce was located,were executed
using a 50 £ 60 £ 40 grid.

The calculations were performed with the code FNAS3D devel-
opedat the Central Instituteof AviationMotors for thecalculationof
three-dimensionalviscous � ows with multigas specie.The program
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is based on the integration of the full averaged system of Navier–
Stokes equations using the time relaxation procedure and implicit
� nite difference scheme. The one-parametric model for turbulent
viscosity is used for problem closing.10 This code is the further
development of FNAS2D9 for two-dimensional and axisymmetric
viscous turbulent � ows containingmultichemical specie taking into
account chemical kinetics.The � nite differencescheme used in this
code is a modi� cation of the Godunov et al. scheme.12

A series of parametric pylon/ethylene fuel injector calculations
were conductedusing this computationalmethod. The main param-
eters and geometric variations considered are listed in Table 1. In
the � rst � ve cases, the ratio of the maximum pylon base (backface)
width-to-injectorjet diameter S=d , and the distanceof the jet center
from the pylon back face X c=d were varied, with the parameters
of the inlet air and fuel jet remaining constant. The results of the
calculationsshow that the changes listed for these geometric param-
eters have no pronounced effect on the � ow pattern. Therefore, the
geometry correspondingto case 1 was chosen as the base geometry.

Fig. 7 Mixing ef� ciency for C2H4 injection at M 1 = 6.

Fig. 8 Axial fuel distributions, ¯; case 6 (Table 5), propane pylon injection, ¯ R = 0.66, and M1 = 6.

To show in� uence of the presenceof the pylon on the jet penetra-
tion height, case 6, where the wall fuel jet was injected directly into
the freestream, was considered. In case 7, the in� uence of the lower
wall boundary layer development on the � ow� eld was calculated.
This boundary layer approximatedthe boundary layer on a � at plate
at a distance of 100 mm from the plate’s leading edge. These calcu-
lations show that accounting for the wall boundary layer results in
a minimal change in the � ow pattern near the wall and practically
no effect on the jet penetration depth into the � ow.

In case 8, the fuel supply pressure and, accordingly, fuel mass
� ow were increased. In cases 9 and 10, the ethylene was replaced
by propane.At the same time, in case 9 the total pressure of the fuel
jet was also increased (from 3 to 6.2 bar). Finally, to determine the
effect of � ow Mach numberon the results, the air� ow Mach number
in case 10 was increased from 6 to 8.

An example of the pylon/fuel injector calculationsis presented in
Fig. 4. The � ow patterns in the near regionbehindthe strutare shown
by plotting Mach number and fuel mass fraction cross-sectional
� ow� elds at several axial locations and fuel mass fraction cross
sectionsat X D 19:2 and 32 mm. The step between lines of constant
value for all � ow� elds is 0.l. The values of maximum height Hmax

of the constant fuel concentration 0.1 line above the injection wall
at cross section X D 19:2 mm are presented in Table 2 for each of
the 10 cases listed in Table 1. This value allows one to estimate
the depth of fuel penetration into the air� ow. The dynamic pressure
(rams) ratio of the fuel and air� ow ahead thepylonare alsopresented
in Table 2 for these same 10 cases.

Based on the results in Tables 1 and 2 plus Fig. 4, it is possible
to conclude the following. 1) The depth of jet penetration does not
signi� cantly increase for the changes in geometry considered (size
of the pylon base to injector diameter and distance from the strut
backface to the fuel jet, cases 1–5). The maximum difference in fuel
jet penetration based on a fuel concentration level of 0.1 does not
exceed 7%. 2) The presence of the pylon results in a substantial
increase in jet penetration depth at the same air� ow and fuel jet
parameters. This conclusion follows from a comparison of cases
1–5 on the one hand and case 6 on the other. 3) An increase in fuel
delivery pressure and, concomitantly, fuel mass � ow by a factor of
1.89 (cases 1 and 8 are compared) is accompanied by the increase
in jet penetration depth of approximately 11%.
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Note that the distribution of parameters at cross section X D
19:2 mm (where the � ow on the boundaries is not perturbed yet,
but the � ow is already completely supersonic) were stored as the
fragments needed for the complete � ow� eld solution (task 2 solu-
tions).

Choosing Fuel Pylon Positions in the Inlet
and Estimating the Mixing Ef� ciency

The choice of the fuel injector/pylons relative positions and the
resulting mixing ef� ciency estimation are based on the second task
solution. Because the � rst task computes the FNS � ow� eld in the
vicinity of each pylon/fuel injector, the � ow� eld in the near � eld
downstreamof the strut, for example, at L D 19:2 mm from the strut
base, is known. The � ow in this cross section is supersonic (except
in the wall boundary layer), and the known � ow parameters can be
used for calculating mixing in the downstream direction using the
PNS marching procedure.The marching procedurestarts at the inlet
entrance section and is stopped every time it intersects a pylon/fuel
injector FNS generated cross section at length L downstream of
the next pylon base. In this cross section, the � ow fragment known
from the FNS solution replaces part of the airstream. This � ow
fragmentinsert includesthe replacementof a sectionof the airstream
with a fuel–air mixture. Within this procedure, the air concentration
is changed so that sum of mass fractions is equal to 1. Then the
marching step is continued.

Six pylons were chosen for this study because this arrangement
resulted in a reasonably uniform fuel–air distribution at the inlet’s
throat. Furthermore, a four-pyloncon� gurationanalyzedwas found
to have less uniformity of the fuel–air mixture at the throat. No
other attempts to optimize the number of pylons were made. The
PNS equationsfor turbulent� ow of gas mixturesare then solvedand
marcheddownstreamto the next fragment.Once all of the fragments
(or pylon/fuel injector � ow� elds) have been incorporated, then the
solution is marched to the exit of the inlet duct, which is 0.65 m
long for the current example.

Computations of the fuel–air mixing in the inlet have been per-
formed for three initial variants.The � rst variant is the choice of the
position of the six pylon/fuel injectors in the inlet duct to maximize
uniformity of the fuel–air mixture at the exit of the inlet duct. All
computationswere done for an area contractionto the inlet throatof
NFth D 0:2. The air and fuel parameters are presented in Table 3, and

the initial pylon positions are given in case 1 columns of Table 4.
The calculated � ow� elds and resulting local fuel–air equivalence
ratio ¯ show that pairs of jets injected from opposite sides of the
inlet interact with one another and limit fuel jet penetration into the
airstream.That is why, in the next two cases (Table 4, cases 2 and 3),

Table 3 Two series of cases used for computations

Air Fuel, C2H4

Series M1 Pt , bar Tt1 , K P1 , bar T1 , K M Tt f , K ¹t f L0 G f , g/s Pt f , bar ¯6

Ft h D 0:2; Lcowl D 440 mm
1a 6 100 2000 0.0485 250 1 300 —— 14.9 —— —— ——

Fth D 0:15; Lcowl D 480 mm

2b 6 100 2000 0.0485 250 1 300 44 15.1 10.7 6.2 ——
2b 8 300 2500 0.02 205 —— —— —— —— 6.65 4.1 0.66

aChoosing of pylon positions. bHigher compression, more fuel.

Table 4 Pylon positions in different cases

Case 1 (original) Case 2 Cases 3–5 Cases 6 and 7 (M D 6, M D 8)

N X , mm Y , mm Z a X , mm Y , mm X , mm Y , mm X , mm Y , mm

1 111 25 0 103 15 103 15 103 15
2 151 70 0 139 55 139 55 139 55
3 186 115 0 178 105 174 100 170 95
4 184 35 1 184 35 180 40 180 40
5 147 80 1 147 80 147 80 147 80
6 110 125 1 114 120 114 120 114 120

aSign of left/right wall (see Figs. 1–3).

the pylons on the left side have been moved upstream by 8–15 mm.
These new positions were chosen based on additional calculations
for fuel–air distributionandmixingef� ciencyfor severalaxial pylon
positions.The correspondinglocal equivalenceratio ¯ distributions
for the � nal pylon/fuel injectorpositions(case 3) are shown in Fig. 5.
These results show a rather uniform � lling of the cross section with
fuel by the exit of the inlet duct, and better mixing was calculated
compared to the � rst two cases.

The two additional variants calculated for these pylon posi-
tions include case 4 in which the pylon/injector fuel–air or equiv-
alence ratio was increased from approximately 0.25 to 0.47, and
case 5, in which the � ow� eld for wall fuel injection without py-
lons present was computed. The ¯ distributions for case 5 are
shown in Fig. 6, which shows that the fuel jet penetration and inlet
fuel–air mixing are substantially decreased in the absence of the
pylons.

A quantitative evaluationof the mixing ef� ciency for each of the
cases in Table 5 has also been estimated using the following pro-
cess. In the cross-sectional area at a given X D const, the amount
of fuel ready to be burned in a given computational cell is de� ned
by the local fuel/air equivalenceratio. If ¯ · 1:0, then it is assumed
that the fuel–air mixture is ready to react. Summarizing the amount
fuel ready for combustion over all cells at a given area cross sec-
tion will yield the total amount of fuel ready to be burned. The
ratio of this mass � ow to the total fuel mass � ow (if ¯total < 1) is
the mixing ef� ciency ´. Curves for cases 1–3 and 5 from Table 5
are shown in Fig. 7. One can see that the mixing rate strongly de-
creases in case 1 after the opposingfuel jets merge. However, when
the pylons are better staggered, as in cases 2 and 3 in Table 5,
the mixing ef� ciency increases, reaching its maximum possible
value at or before the exit of the inlet (at X D 650 mm). In
case 5 (without pylons present), mixing is poor in the initial
section of the inlet duct, then it becomes slightly more inten-
sive, reaching a maximum value of 0.85. Increasing the equiv-
alence ratio ¯ from 0.26 to 0.47 at M1 D 6 decreases inlet to-
tal pressure recovery by ¼15%, but when the ¯ increase is
from 0.47 to 0.66, the total pressure recovery is decreased by ¼
19%.

A � nal variant computationally investigated was to increase the
inlet’s geometric compression from NFth D 0:2 to 0.15 and use dif-
ferent fuel (C3H8 vs C2H4 ) at a somewhat higher equivalence ratio
(0.66 vs 0.25–0.47). In this case, the cowl leading edge was moved
downstream to X D 480 mm. The pylon positionsare almost identi-
cal to those in cases 3 and 4; the difference is that one strut has been
moved downstream by 5 mm (see Table 4). Integral characteristics
for these cases (6 and 7) are shown in Table 5.
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Table 5 Cases and integral � ow characteristics at inlet exit

Entry air mass Throat mass � ow, Entry fuel mass Throat fuel mass � ow,
Case Commenta � ow (X D 0) kg/s (X D 650) ’ � ow, g/s (X D 300) g/s (X D 650 mm) ’¯ =’¯ D 0 ¯6 (throat) ¾ P=P1 M

0 Without pylons 2.1637 1.9591 0.905 0 0 1.000 0 0.733 7.77 4.06
and injection

1 Original pylon 2.1637 1.972 0.911 40.40 40.2 0.995 0.3 0.549 9.07 3.72
positions

2 Pylon position 2 2.1637 1.961 0.906 33.64 33.64 1.000 0.26 0.533 9.07 3.70
3 Pylon position 3 2.1637 1.959 0.905 32.14 32.14 1.000 0.24 0.527 9.09 3.696
4 More fuel 2.1637 1.941 0.897 60.47 60.45 1.000 0.47 0.448 9.74 3.53
5 With fuel, no 2.1637 2.018 0.933 31.1 30.8 0.990 0.23 0.515 9.58 3.65

pylons
6 Fth D 0:15 1.6277 1.367 0.840 60.8 59.95 0.986 0.66 0.36 14.81 3.096
7 Fth D 0:15 0.9895 0.946 0.956 37.66 37 0.982 0.62 0.254 19.7 3.90

aCases 0–6, M1 D 6; case 7, M1 D 8.

Fig. 9 Mixing ef� ciency for C3H8 injection at M1 = 6 and 8.

Computations were then made at M1 D 6 and 8. An example of
the local equivalence ratio distributions at M1 D 6 and ¯6 D 0:66
is presented in Fig. 8. Note that inlet air capture ratio ’ is smaller
than in the � rst series due to the higher compressionand movement
of the inlet cowl. Moreover, some of the fuel passes out of the duct,
especially for M1 D 6 (see Table 5). If necessary, this disadvantage
can be overcome by rearranging the pylon axial positions.The cor-
responding curves of mixing ef� ciency given in Fig. 9 show that a
mixing ef� ciency of only 0.95 is achieved at both Mach numbers.
This ef� ciency is less than some of those shown in Fig. 7 primarily
because the local fuel–air equivalenceratios are higher and the mix-
ing is slower. Note that changing fuels has no discernable effect on
mixing. In addition no inlet unstart was noted from mass addition
for any case studied.

Summary
This study has demonstrated that normal injection of gaseous

fuel in an air inlet from wall injectors located behind thin swept
pylons enables suf� cient penetration and complete mixing of the
fuel before the exit of the inlet. A rationale for the choice of the
pylon/fuel injector positions is suggested that can provide mix-
ing ef� ciency levels up to ´ D 0.95–0.98 at the inlet exit using
fuel rates corresponding to fuel/air equivalence ratios of ¯ D 0.25–

0.66.

To check some of the assumptions accepted in this research the
authors propose to conduct mixing of air and fuel jets for simpli� ed
geometrical con� guration, single pylon in a channel of constant
cross-sectionalarea, and to compare with results by comprehensive
numerical codes obtained. It is also proposed to conduct a study at
low M1 (down to M1 D 3).
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