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Abstract

A numerical investigation of the behaviour of
fuel injection through a porous surface in an
inlet-fuelled, radial-farming scramjet is pre-
sented. The performance of porous fuel injec-
tion is compared to discrete port hole injection
at an equivalence ratio of ¢ ~ 0.4 for both cases.
The comparison is performed at a Mach 6.5
flow condition with a total specific enthalpy of
4.3MJ/kg. The numerical results are compared
to experiments performed in the T4 shock tunnel
where available. The presented results demon-
strate for the first time, that porous fuel injec-
tion has the potential to outperform port hole in-
jectors in scramjet engines in terms of fuel-air
mixing, ignition delays and achievable combus-
tion efficiencies despite reduced fuel penetration
heights.

1 Introduction

Demand for economical, safe and reliable access-
to-space systems will continue to grow as the
global economy becomes ever more reliant on
space-based systems. A hybrid system, employ-
ing rocket and air-breathing technology, is the
most likely candidate to meet this need. Such
a system will require the scramjet engine com-
ponent to operate in the Mach number range 8-
12 at altitudes between 30-40km [18]. The key
challenge in realising this system is to extend cur-
rent scramjet technology so that appreciable sus-
tained combustion and net thrust is achieved at

these conditions. This paper presents results for
one identified method of achieving this goal: im-
proving the efficiency of the fuel injection pro-
cess in an inlet-fuelled, radical-farming scramjet
that has the potential to operate at Mach numbers
> 8.

Radical farming is a process that can augment
combustion by generating combustion radicals
such as OH, O and H in hot pockets of a su-
personic combustor [9, 12]. Hot pockets within
a supersonic stream form between the impinge-
ment points of reflected shock- and expansion
waves at the combustor walls, as illustrated in
Fig. 1. Scramjets designed to operate in radical-
farming mode typically feature milder compres-
sion ratios, reduced combustor lengths and re-
duced overall skin friction drag while using fixed
inlet/combustor geometries that allow operation
in a wide range of Mach numbers.
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Fig. 1 : Schematic of radical farming process

The effectiveness of the radical farming process
is strongly dependent on the fuel injection topol-
ogy and resulting fuel-air mixing. Typically, fuel
is injected via a series of discrete port holes lo-
cated on the first or second intake ramp. Result-
ing interaction between the fuel jet and the hyper-
sonic crossflow of this injection method causes



the formation of strong bow shocks [5, 21, 15, 20]
which are accompanied by high total pressure
losses. Other key drawbacks of port hole injec-
tion include flow separation both up- and down-
stream of the injector and limited fuel-air mix-
ing [14].

These drawbacks can be overcome by employ-
ing porous media for fuel injection, rather than
using discrete fuel injection ports. A recent pre-
liminary study on the behaviour of porous fuel
injection [16] in an inlet-fuelled, radical-farming
scramjet, using the University of Queensland’s
T4 shock tunnel, has indicated significant in-
creases in performance over discrete port hole
injection. Figure 2(a) shows a schlieren visual-
isation of the intake flow of this experiment. It
is clear from this result that the fuel / crossflow
interaction causes a weak oblique shock at the
point of injection rather than a strong bow shock.
Figure 2(b) shows the combustor pressure traces
for both, porous and port hole injection into Air
and N;. Both fuel injection methods resulted in
combustion, as evidenced by the observed pres-
sure rise for the fuel into Air shots compared with
the equivalent fuel into N», and hence suppressed
combustion shots. Porous injection, however,
was found to produce a significantly higher com-
bustion induced pressure rise within the combus-
tor for the same fuelling levels, and thus resulted
in an increase in performance.

The aim of this study is to gain more insight
into the interaction physics between crossflow
and porous fuel injection by numerical simula-
tion using the Reynolds-Averaged Navier-Stokes
(RANS) equations. The comparison between
port hole and porous injection is made by con-
serving the global equivalence ratio as ¢ ~ 0.4
for both cases.

2 Numerical modelling and computational
model

The numerical simulations were performed us-
ing the CFD++ code from Metacomp Technolo-
gies [2]. Turbulence is modelled using the SST
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Fig. 2 : (a) Intake shock structure with porous injec-
tors and (b) centre line pressure levels for porous and
porthole injection (Schloegel [16])

k- turbulence model [10] with a 2% turbulence
intensity and 1mm turbulent length scale. Com-
putations were performed in double precision
with second order accuracy. The Jachimowski-
92 [6] finite-rate chemistry model was employed
in these computations. This model considers 13
species and 33 reactions and is well suited to su-
personic combustion studies [9, 1, 8].

The experimental model is inherently two-
dimensional, however, the fuel injection topol-
ogy requires simulation in 3D. A schematic of
the 3D computational domain, including the ap-
plied boundary conditions, is given in Fig 3. The
model measures 755.5 mm in length and consists
of two inlet ramps with a combined horizontal
length of 179.9 mm (139.9 mm first ramp, 45 mm
second ramp) and total turning angle of 12° (9°
and 3° respectively) and frontal capture area mea-
suring 61.4mm in height and 75 mm in width.
The rectangular combustor measures 380.0 mm
in length and 20.0 mm in height. The model has
a thrust nozzle 195.6 mm in length with a diver-



gence of 9° [1]. Fuel injection was performed
on the first intake ramp 95mm downstream of the
leading edge using porous injectors. These in-
jectors measured 44.4mm wide and 28mm long
on the flow path side with a total thickness of
6mm and a 20° taper so that the plenum fac-
ing side was 10.1% larger in area than the flow
path side. All porous injectors used in the ex-
perimental study were designed, manufactured
and supplied by DLR Stuttgart and consisted of
a Ceramic Matrix Composite (CMC) structure of
carbon-carbon (C/C) with a porosity of approxi-
mately 16%.

The symmetrical nature of the engine has been
exploited for this study such that only a quar-
ter of the model was simulated with symme-
try boundary conditions used were applicable.
A fully structured mesh with ~9x10° cells has
been used in the computations. Cells were clus-
tered towards the walls with an initial cell height
of 1um in order to capture the viscous sublayer
without having to utilise wall functions. Clus-
tering of the cells towards the flow entrance and
exit of the porous injector was also necessary in
order to correctly model the velocity profile of
the flow through the injector. For the port hole
fuel injection simulations, the porous injectors
were replaced by four discrete 2-mm-diameter
port holes resulting in an overall mesh of ~1x10’

cells.
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Fig. 3 : Numerical model for porous fuel injection
studies.

The porous injector was computationally mod-
elled as a discrete fluid block in which the porous
source term given in Eq. 1 was applied to the
momentum equations.

Porous Fuel Injection
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In this equation, the matrix coefficients D;j and
Cij are user defined viscous and inertia terms
used to characterise the porous structure. These
are related to the Darcian - Forchheimer coef-
ficients [3] of the examined porous sample by
D= KLD and C = K% respectively. The porous
material used in the current study is anisotropic
with coefficients reported to be: Kp = 1.079 x
1073m?, Kp,, = Kp_ = 7.584 x 10~ 3m?, and
Kp,, = 8.065x 10~ °m™!, K, = Kp, = 1.229 X
10~7m~! [7]. All remaining coefficients were
Zero.

The computational domain includes the plenum
chamber below the porous injector. This ensured
the correct development of the flow profile prior
to entering the porous injector and accounted for
the development of boundary layers. Modelling
of the plenum chamber was not performed for the
porthole simulations where a sonic inflow condi-
tion was used instead.

3 Test Condition

Table 1 outlines the experimental test condition
under which the scramjet was operated. The
semi-empirical approach that is used to deter-
mine the total flow properties of the shock tunnel
is discussed in detail elsewhere [1], but employs
measured pressures and shock speeds in the fa-
cility shock tube to calculate the thermochemical
equilibrium nozzle reservoir conditions.

The freestream properties given in Table 1 were
determined using a 2D-axisymmetric RANS sim-
ulation assuming fully turbulent flow. Thermal
equilibrium is assumed and the finite-rate chem-
istry is modelled using Park’s [13] 5 species, 5
equation air-reaction scheme. Pressure, tempera-
ture and Mach number profiles at the exit of the
contoured nozzle are shown in Figure 4. Core
flow and capture area of the test engine have also



Table 1: Experimental freestream and stagnation con-
ditions

‘ property ‘ value
ps (MPa) 40.2
T, (K) 3,378
hy (MJ/kg) 4.31
P (kPa) 8.99

T.. (T) 446
Poo (kg/m®) | 0.0699
U., (mM/s) 2,722
M.. 6.44
0o, 0.2050
0o 0. 0004

(0] ¥70) 0.0500

been identified for reference. Results in this fig-
ure clearly show the non uniform flow structures
present in the test gas, particularly towards the
centre of the core flow corresponding to the vol-
ume ingested by the engine. It is important for
the correct simulation of experimentally tested
models that this non uniform freestream is in-
cluded in engine analysis. The full profile of the
non-uniform nozzle flow conditions has therefore
been used in all subsequent analysis, however,
freestream properties shown in Table 1 represent
averages that were found over the intake capture
area.
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Fig. 4 : Nozzle exit profiles of flow properties.
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4 Results

Although limited, comparison of the numerical
results with the available test data, detailed in
Section 4.1, indicates that the modelling, in-
cluding the porous source term modelling, has
adequately captured the key flow features ob-
served experimentally. A level of confidence in
the numerical model has therefore been demon-
strated, allowing a more detailed assessment to
be conducted on the numerical model that further
probes the flow physics associated with porous
fuel injection.

4.1 Comparison with Schlieren Visualisa-
tions

The numerical solution of the porous fuel in-
jector has been compared to schlieren visualisa-
tions that were obtained during the experimen-
tal campaign. Fig 5 shows a composite im-
age between the experimental schlieren image
and the numerical simulation. The shock angles
found from the schlieren visualisations match the
shock angles found from the numerical simula-
tions and indicate that the numerical implemen-
tation of the porous injection physics using Eq. 1
yields realistic results for the effect on the scram-
jet flow structure of the fuel exiting the porous
wall.

eriment

CFD (lines)

Fig. 5 : Experimental [16] and numerical schlieren for
the porous fuel injector

4.2 Intake Shocks & Radical Farms

Shock wave structures obtained from the numer-
ical simulations of equivalently fuelled porous
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Fig. 6 : Numerical schlieren for porous and porthole
injection

(top) and port hole (bottom) injectors are shown
in Fig. 6. It is clearly evident from this figure that
porous fuel injection alters both the intake and
shock-expansion train structures characteristic of
inlet fuelled port hole injection in radical farming
engines.

The first, and most prominent, difference be-
tween the two simulations is the formation of
an attached oblique shock wave at the point of
injection with porous injection which replaces
the detached bow shock associated with discrete
port hole injection. This result confirms the in-
jection shock characteristics first experimentally
observed by Schloegel [16]. Formation of an
oblique shock over a bow shock has many ad-
vantages for scramjets and supersonic combus-
tion. First, being less severe, an oblique fuel in-
jection shock is accompanied by lower total pres-
sure losses as well as lower static pressure and
temperature rises across the shock wave. Sec-
ond, flow physics associated with the porous in-
jector does not result in local flow separation,
and the flowfield therefore does not show a re-
attachment shock. It is clear from this initial
comparison, that porous fuel injection causes sig-
nificantly lower flow disturbance and lower en-
tropy losses.

Continuing the analysis of intake flow structures,
the next key difference is in the location where
the leading edge and injection shocks coalesce
and interact with the flow from the second com-
pression ramp. In the porous fuelled intake, these
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Fig. 7 : Frozen flow pressure distributions (centre
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interactions are found to occur 3—4mm further
upstream (Fig 6) resulting in a stronger shock-
shock interaction propagating into the engine.
The effect of this flow structure is an observed
increase in pressure and temperature within the
combustor hot pockets which are also shifted up-
stream as shown in Fig 7, where centreline wall
pressure profiles for porous (solid red) and port
hole (dashed blue) fuel injection are shown. Five
distinct hot pockets (HP) can clearly been seen
in this plot. The shift in peak pressure associated
with porous injection, reflecting the shift of the
radical farms due to the earlier shock-shock in-
teraction, was found to range from 1mm for HP1
to 18 mm in HP3. Results from frozen simula-
tions (suppressed combustion) are shown in this
graph, therefore, all observed movement in the
shock-expansion train is a result of the ingestion
of the intake shocks and not associated with any
heat release.

Peak temperature within the third near wall hot
pocket for porous fuel injection is of the order
900K - 1,000K and is higher than the observed
temperatures of the order of 800K for the port
hole injection cases. This effect is due to the
combination of the stronger shock-shock inter-
action and ‘warmer’ near wall conditions as a
result of the improved mixing (to be discussed
in Section 4.3). Pressure was also found to be
higher in both the wall bounded and centreline
hot pockets with porous injection, with the in-
crease in pressure level seen to occur from the



first hot pocket. These flow features are a direct
result of the oblique injection shock and stronger
shock-shock interactions.

A higher and more uniform spanwise tempera-
ture and pressure distribution through the com-
bustion chamber was also observed for the porous
fuel injection case. Five distinct hot pockets form
in the supersonic combustor, and it becomes clear
from these results that the porous intake injec-
tion augments radical farming in the combustor
through features such as the earlier formation of
hot pockets that have both a higher temperature
and pressure.

4.3 Fuel penetration, distribution & mix-
ing

Fuel penetration and distribution within the en-
gine from a point immediately aft of the injec-
tors to the end of the combustion chamber for
the two examined injection systems are shown in
Fig 8. Finite-rate chemistry was deactivated in
these simulations, thus the results presented high-
light the mixing characteristics of the injection
methods in the absence of combustion. Bound-
ary layer edge location, defined as U, = 0.9U.,
is also shown in this figure for a no fuelled
(dashed black lines) and fuelled case (solid con-
tours).

Porous fuel injection was found to result in more
uniform fuel distribution, both in the spanwise
(Fig 8(a)) and axial directions (Fig 8(b)). Fuel
was also found to propagate further towards the
side wall and into the corner regions, as early
as 5Smm downstream of the combustion cham-
ber entrance, with porous injection. This is in
contrast to the fuel distribution associated with
port hole injection, which remains in discrete,
fuel-rich tubes well into the combustion cham-
ber that never spread into the side wall region.
Two mechanisms cause the observed improved
fuel distribution pattern. Firstly, porous injectors
physically cover more surface area of the intake,
thereby directly impacting the observed spread
in fuel. Secondly, the injection interaction shock
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Fig. 8 : Fuel penetration for porous and port hole fuel
injection (a) at axial locations within the engine and
(b) along the wall
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spans more uniformly across the intake.

Although fuel distribution, particularly in the
wall region, was found to be improved com-
pared with port hole injection, fuel penetration,
based on classical definitions [17] was found to



be significantly reduced. Following the com-
monly employed criteria of fuel molar concen-
tration of 99% [17] to define jet penetration re-
sulted in negligible penetration height from the
porous injector. Redefining the molar concentra-
tion limit to 90%, however, gives a penetration
height of ~2mm at a distance of 113 mm from
the leading edge, which is roughly 45% smaller
as compared to port hole injection. Redefining
the molar concentration limit to only 1% gives
similar penetration heights for both, porous and
port hole fuel injection (Fig 8).

Despite this perceived lack of fuel penetration,
porous fuel injection was found to result in en-
hanced fuel/air mixing characterised by both a
faster propagation and growth rate of the com-
bustible mixture with porous fuel injection. This
enhanced mixing subsequently reduced the fuel
penetration height at the point of injection when
based on techniques developed for port hole in-
jection [17]. This is confirmed in Fig 9, which
shows local equivalence ratio within the com-
bustible range of 0.2< ¢ < 2 [4] at consecutive
axial locations. Both fuel injection methods re-
sult in significant fuel rich zones (red regions)
immediately after the point of injection, with a
thin layer of combustible mixture at the fuel/air
interface. Further downstream of injection, how-
ever, porous injection results in a faster increase
in the combustible region. This result is consis-
tent with analytical predictions of mixing layer
growth in a compressible turbulent shear/mixing
layer given by Heiser and Pratt [4]. Following
their method, mixing layer growth rates, 67’”, for
porous fuelled cases are approximately three or-
ders of magnitudes higher as compared to port
hole injection.

The enhanced spread and resultant mixing in the
spanwise direction of the porous injection case is
a result of the formation of a separated and re-
circulating flow region caused by the reflected
shock interacting with the cool, thick, fuel jet
just before the entrance of the combustion cham-
ber. Mass transport via this separated recircu-
lation region is a key mechanism to the overall
ignition and ultimate combustion of fuel for the
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eration for porous injection that enables mass trans-
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porous fuel injection case. The seperation cre-
ates a spanwise vortex that draws in fuel from
the centre region and ejects it towards the side
walls. The physically larger surface area associ-
ated with the porous injectors acts to increase the
amount of fuel entrained within this vortex, com-
pared with port hole injection which was found
to exhibit a similar, but less pronounced, effect.
Consequently, porous fuel injection was found to
result in an increased level of fuel deposited to-
wards the side walls. Furthermore, the fuel/air
within this region was found to be better mixed
with a greater volume of mixture in the com-
bustable range.

4.4 Ignition & Combustion

For the observed enhanced mixing associated
with porous injection to be effectively utilised
in a radical farming scramjet, the local tempera-
ture and pressure within the mixing zone and hot
pockets must be within suitable limits. Fig. 11
shows frozen contours of these variables for each
injection method. Both fuel injection techniques
are seen to result in an under-expanded and sig-
nificantly cooled fuelled flow region which was
found to equalise and reach a temperature ap-
proaching that for autoignition of Hp - Air sys-
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tems [19] more rapidly with porous fuel injec-
tion. This is coupled with both the better mix-
ing and more uniform higher pressures observed
with porous injection. For the first two presented
locations in the combustion chamber in Fig. 11
(x = 185.7Imm and 258.57mm), the local side
wall conditions are within the range 60-100 kPa
and 1200 K for porous injection compared to 30—
85 kPa and 1100 K for port hole injection.

Ignition behaviour, as indicated by the distribu-
tion of atomic hydrogen as well as combustion
efficiencies, as indicated by the distribution of the
H>0 molecule, are compared in Fig. 12. The
strong interaction shock that is generated with
port hole injection leads to small levels of rad-
icals being produced on the intake, upstream of
the combustor which are clearly identified in this
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method
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figure. This is not the case, however, for porous
injection where the interaction shock is weaker
and thus insufficient to cause radical production
on the intake.

The higher levels of fuel within the range 0.2 <
0 < 2.2 existing in flow regions conducive to
ignition leads to an observed reduction in igni-
tion length for porous injection. Calculated us-
ing Nicholl’s theory [11], ignition lengths at the
symmetry plane, quarter model and 1.5mm from
the side wall are given in Table 2. The igni-
tion length for porous fuel injection is ~ 20%
lower as compared to port hole injection, except
for the case of the quarter model location. Ig-
nition length at the quarter model location, ap-
pears larger for porous injection. In this loca-
tion, porous injection was found to have an ig-
nition length of 83.7mm which was almost dou-
ble that observed for port hole fuel delivery. A
detailed analysis of the flow within this region

Porous Fuel Injection

Table 2: Ignition length (mm)

Injection | Sym % Model | 1.5mm from wall
Porous | 78.6 83.7 8.76
Port Hole | 91.1 41.4 11.42

for the two injection methods revels that this re-
sult is due to the way in which the air is en-
trained into the fuel jet in port hole injection.
In this injection method, three distinct shear /
mixing layers are developed between the injec-
tors entraining fuel and air at combustible levels
with small localised regions of high temperature
and pressure caused by the bow shock generated
upon fuel injection. Overall, however, the larger
fuel spread and favourable mixing and ignitabil-
ity conditions associated with porous fuel injec-
tion was observed to result in an overall decrease
in ignition length.

Porous injection results in a flatter, thicker and
more uniform combustion flame that is initiated
in the separated region near the side wall before
spreading uniformly towards the centre of the en-
gine. This can be seen clearly by the formation
of water in Fig. 12 and Fig. 9. Port hole injec-
tion, however, produces a series of discrete and
streaked combustion flames, initiating within the
shear layer between the fuel jets and at the side
wall that then spread ‘inwards’ towards the fuel
rich zone of the fuel jets. The effect of the ob-
served changes in flame formation and propaga-
tion is a reduction in the length required to pro-
duce uniform H,O production and therefore sus-
tained combustion and heat release. For porous
injection, uniform H>O mass fraction along the
combustion chamber wall was found to occur at
x= 0.292mm which is 36% earlier than port hole
injection. In addition, as shown in Fig 9, wa-
ter production in the transverse direction is also
more uniform and distributed for porous injec-
tion.

Porous fuel injection has a significant combus-
tion augmentation effect on the scramjet geome-
try investigated in this work. This is more clearly
shown in Fig. 13, where temperature and pres-
sure distributions along streamlines 1 mm above



the start of the combustion chamber entry at the
symmetry plane (a), quarter model location (b)
and 1.5 mm from the side wall (c) have been plot-
ted. Both fuel injection methods yield a high
pressure rise and heat release within the second
hot pocket, however, temperatures and pressures
are higher for the porous injection cases.

5 Conclusions

This numerical investigation clearly shows that
porous fuel injection can out perform the clas-
sical, discrete port hole injection. The numer-
ical approach allowed the determination of the
behaviour of porous injection on fuel-air mixing
without the added complexity of combustion by
probing the results from chemically frozen sim-
ulations. Computational results presented have
shown that fuel injection through porous mate-
rial enhances fuel-air mixing despite reduced fuel
penetration heights.

This is due to both the larger surface area over
which fuel is injected and the flow physics
associated with porous injection. The pre-
sented computations have also shown that porous
fuel injection yields weaker fuel jet / cross
flow interaction shock structures and a stronger
shock-/expansion-wave train travelling through
the combustor. This has a positive effect on
temperatures and pressures in the hot pockets
and results in a higher combustor performance
as measured by shorter ignition delays, increased
heat release and a more uniformly propagating
flame.
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by Australia’s National Computational Infras-
tructure (NCI) National Facility.
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