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Abstract

Numerical simulations of the scramjet combustorusing the commercial CFD
code Fluent with the coupled implicit method witttend-order accurate discretization
have been obtained for the reacting flows withgarallel fuel injection (ramp injection)
and normal fuel injection (wall injection) schemdscorporated in the scramjet
combustors are delta tabs and suction collars af types as means of mixing
enhancement. The main mechanism of the tabs antiorsucollars for mixing
enhancement is the generation of streamwise viyracid providing outstanding flame-
holding capability along with the induced globastability of the shear layer. The idea
has been previously recommended for mixing enhaanewf the scramjet combustor,
but no experimental or computational data on theabustor performance has been
reported, yet. The finite rate reaction model iscdufor the species transport model that
only considers four speciesy,HD,, H,O and N. Vitiated air (mass fraction of OH,0,
and N being 0.198, 0.139, and 0.663, respectively) entee combustor at Mach
number of 2.5 at a stagnation temperature and ymeesd 1500 K and 101,325 Pa,
respectively. The equivalence ratio is fixed ablrthe present study. An optimization
study of the combinations of the tabs and suctioflacs has been performed.
Uninstalled thrust force for the optimal combinatiovhich was composed of the
relieved ramp, 4 delta tabs, suction collar typad 4 delta tabs in the fuel inlet scheme
produced an additional 73% increase in thrust witly an additional 3.37% loss of the
total pressure compared to the ramp injection aloree, the baseline case. The
numerical results clearly indicate that the fugkation schemes investigated in the
present study are more efficient than a strut oltirataged strut and wall injection

scheme.
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1 Introduction

In the recent years, many countries including thetddl States of America and
Japan have been developing and testing the supersmmbustion scramjet engines.
Scramjet engines are believed to be one of the affisient and economical propulsion
system in the hypersonic flight regime. Since sg¢etsrare air-breathing engines, they
have several advantages over rocket propulsiorersgstThey take oxygen from the
atmosphere and rely on aerodynamic forces instéguirely on rocket thrust. In the
past several years, the X-51A scramjet engine ithahe world’s first hypersonic
hydrocarbon-fueled and hydrocarbon—cooled engimgeting at Mach 4.5-6.0+, a
collaborative effort of the joint Air Force Resdartaboratory (AFRL), Defense
Advanced Research Projects Agency (DARPA), NASAttP& Whitney Rocketdyne
(PWR), and Boeing X-51A Scramjet Engine DemonstrélifaveRider (SED) vehicle,
has been developed and started to test in a sdriédlight test beginning in August
20009.

Developing scramjet engines presents many chaker@ee of these difficulties is
supersonic combustion. High-speed ramjets aredinib about Mach 6 because of
inefficiency. When the free-stream airflow is derated to subsonic speeds by the
ramjets, both the relative velocity and kinetic rggyedecrease. The reduction of kinetic
energy will reappear as internal energy (via coreg@n of energy). Consequently, the
pressure, density and temperature of the flow swethe combustion chamber are
considerably higher than in the free-stream. Howewuhis effect becomes so
pronounced over Mach 6 that there are no more aalgas to decelerating the flow to
subsonic speeds. The pressure and temperaturdedsme too high to combust any
fuel in the combustion chamber due to the normatkhvave system. To obtain higher
speeds the air flow has to remain supersonic, awpithe normal shock wave system,
to prevent dramatic temperature rise ahead ofah&astion chamber. As a result, fuel
is injected in the supersonic airflow, where it basnix and burn typically within few

milliseconds, i.e., the residence time in the cosbtiwu Ensuring flame-holding



capability and preventing the engine unstart withuich a short fuel residence time is
very hard to achieve. Thus, enhancing combustibaieicy is one of the major areas
of research in the past several decades, but asd&dion has not yet been found.

In the past decades, extensive research on exfetustixing enhancement and
noise suppression have been made and many metahee$ben recommended such as
solid/fluid tabs, serrated nozzles, acoustic ekoma lobed mixers and counterflow
concept, ect. Two of these already proven concepig)/fluid tabs and counterflow,
along with or without relieved ramp will be adaptedhe present Computational Fluid
Dynamic (CFD) study to enhance mixing efficiencytioé scramjet combustion. Delta
tabs are well known method in subsonic conditits,in the present study they will be
adapted to the supersonic flow field. Delta tabk m&@ mounted on the top of the ramp
and inside engine walls to generate counter-ragjatitteamwise vortices along the
mixing layer and hydrogen fuel will be injectedtire vortex stream. The size, angle,
locations and numbers of the delta tabs will bestigated with the present CFD study
to maximize combustion efficiency and to minimizeraynamic loss, i.e., total
pressure drop. After finishing the CFD study of tiedta tabs concept, the counterflow
concept will be investigated. The counterflow c@ices already demonstrated to
contribute to mixing efficiency by Strykowski et-afor the exhausting jets and Seiner
et af also recommends that it would provide outstandiame-holding capability if
applied to scramjet combustion. The idea of thenta@iow has been previously
described, but no experimental or computationah aet the combustor performances
has been reported. Only a few percent of the pginilaw needs to be sucked to
achieve the dramatic effect on mixing, but the amioof the suction backflow and
location of the suction collar will be decided witie present CFD analysis. Also, the
CFD study of the combined two concepts, delta i counterflow, will be carried
out. The efficiency of the combustion and aerodyicdwss will be compared to each

other.



2 Literature Review

2.1 Fuel-Air Mixing

The mixing rate for nonreacting turbulent freeeahlayers of two different gas
species has been theoreticifiynumerically'” and experimentalf§** studied in the
past. The past studies have clearly shown a ragicedse in mixing efficiency as Mach

number is increased into the supersonic regime.

2.1.1 Fud-Air Mixing in Parallel Streams

When the two velocities differ in parallel flowa,shear layer is generated at the
interface between the two streams that vorticitpmmantum, thermal and mechanical
energy and mass (molecules) may be transporte@llgteAs shown in Figure 1, when
the two streams have different molecular identifeeg., air and fuel), the shear layer is
also a mixing layer and the mixing layer thicknégsis defined as the region within
that the mole fractions of the two streams diffgrdme or more percent from their
respective values in the unmixed streams. Evengtihdloe two velocities (air and fuel)
are equal and there is no lateral transport okewbrticity or momentum because of no
shear stress between the two streams (zero-sheangmayer), there is still lateral
transport due to molecular diffusion at the fuelaterface. The local rate of molecular
diffusion (Fick’s law?), the time rate of molecular transport of fueloinair, is
proportional to the product of the interfacial aegal the local concentration gradient.

Fick’s law may be written:

. 8C

Ja = —Drga '5_; (2.1)
Where } is the net molar diffusive flux of air (IbmolAfjtin the y direction, B is

molecular diffusivity, G is the concentration of air (IbmolAfjt and 8Ca/dy is the

lateral concentration gradient. The mixing layeckhess is approximated as:

5, ~ 8 |2EaX (2.2)

Uc

Where y is a convective velocity.



The total distance }.required for the mixing layer boundary to reach walls may be
estimated from Eq. (2), by settirdg, = 2b (where b is inlet fuel jet dimension) and
solving for X = Ly

_ Ucb?
16DFxg

(2.3)

m

The maximum permitted mixing aspect ratio/)max is limited to about 20 due to
internal skin friction and shock wave drag leadiegan unacceptable decrease in
overall cycle efficiency. However, the estimatedueaof L,/b to achieve complete
micromixing in a zero-shear mixing layer is mucigher than 20 (For example, let, L
= 6 ft, flight Mach = 10 and at the burner entrgtst T = 1556 K, then /b is about
1440 to achieve complete micromixing). Thus, mol@cdiffusion alone clearly cannot
meet the requirement of rapid lateral mixing inupessonic flow. The obvious way is
to develop a shear layer between the two streanemib@nce the growth rate of the
mixing layer. Also, effects of upstream entropy asittear layer thickness in the
supersonic boundary layer combustion has been ttgtndied by Kirchhartz, R. M.,

et al®®

Fig. 1 Mixing of parallel streams of air and gaseous fuel in a constant-area duct
(from Ref. 13)



2.1.2 Turbulent Mixing (Shear) Layer

As the velocity difference between the two stregfuel-air) is further increased,
the flow eventually undergoes transition from laamio turbulent flow. When the
mixing layer becomes turbulent, the time-steadyastayer becomes unstable and large
vortices are periodically formed between the tweeans. This phenomenon is
schematically shown in Figure 2. Brown and Roshkttempted to explain the effect of
density on decreased mixing efficiency with Machmier in terms of a vorticity
thickness (with low subsonic parallel streams).iif hesults showed little influence of
density ratio on decreased mixing efficiency, thdit studies obviously demonstrated
the existence of large-scale turbulence structaréhe mixing layer that could be
connected to linear stability theory. Papamouschod Roshk® extended their
research to supersonic pressure balanced parabeins (with stream Mach number
from 0.2 to 3.4). Their study utilized Gropengied$application of linear stability
theory to relate the decreased mixing efficiencycomvective Mach number. Their

study showed that the convective Mach numbeycbuld be expressed by

U [1+(U2/U1)\/Pz/p1]} (U1-Uy)
M, =— =2 2.4
¢ c1 { (1+/p2/p2) (ci+cy) (2.4)

where gand ¢ are the speeds of sound, &hd U are the streamwise velocity, apd

and p, are the density in each stream.

Then, their study explicitly related reduced sHager growth at compressible speed to
incompressible shear layer growth according to:

Cs _ CsciMc
(Cs)o const(U,-Us)

(2.5)

where G = d/dx and (G), are the measured shear layer growth rate and
incompressible growth rate at the same velocity aéesity ratios, respectively. The

constant, in equation 2.5, is 0.17 based on thesanement by flow visualization and



0.14 based on the measurement by Pitot tube. Fi§usea composite graph, which
includes Papamouschou and RosAk&IASA Langley Research Center experimental

curve from Birch and Eggétand others clearly shows the effect compressjtitits on

mixing efficiency.

Fig. 2 Formation of vortex structures in a transitional shear layer, for u; > u..
Dashed curves at mixant boundaries indicate molecular diffusion. Crosshatched

area represents fully micromixed region (from Ref. 13).
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Fig. 3 Normalized shear layer growth with convective Mach number (from Sarkar
and Balarkrishnan®)



2.2 Concepts from the Reduction of Supersonic Jet Noise

Previously proven technical concepts of the reductof supersonic jet noise,
enhancing the exhaust jet mixing technology, casuseessfully applied to improving
the efficiency of the scramjet’s supersonic comionst

2.2.1 Solid and Fluid Tabs

For several decades extensive research on exfeustixing enhancement and
noise suppression have been studied and many devatd passive and active have
been suggested such as solid/fluid tabs, counterBerrated (Chevron) nozzles, lobed
mixers, and acoustic excitation, etc. Seiner, J.a@¥lal®* have provided a summary of
these devices. Throughout the years, solid tabréesived most attention out of all
devices due to its simplicity and effectivenesse fost effective tab shape found is the
delta-tab, which is of triangular shape, and thesteffective angle is at 45with
respect to exhaust jet stream. The orientatioh®tab angle is more important than the
precise tab shape. Solid tabs are usually placettheajet nozzle exit and produce
counter-rotating streamwise vortices, which enteairbient fluid into the jet core. The
tabs emerge to be a practical device to enhancextaust jet mixing in the first 10 jet
diameters from nozzle exit. Two distinctly diffetesoncepts with the use of tabs have
been studied to reduce supersonic jet noise threnbahnced mixing: The first concept
explicitly attempts to generate a streamwise vibytio increase a contact area between
low and high speed streams. The second concepiclyphttempts to generate a
streamwise vorticity to stimulate large scale shager instabilities through injection of
additional shear layer velocity inflection profileShe first concept has been
experimentally and numerically investigated in an@ axisymmetric nozzle by Seiner
and Grosclf. The tabs with the total projected blockage afe@% of the nozzle exit
area are mounted away from the nozzle lip at a rangbe of 45 deg. The study shows
that the supersonic flow over these tabs clearbddeto flow separation and the
generation of counter-rotating vorticity. Some loé results are shown in Figure 4. The

second concept also has been investigated witlb aleaign based on the Rayleigh



equation, ¥+ F(x)+x=0,x = %,where uf(u) <0 for small |u| or uF (u) >

0 for large |u|, and mounted on the ducted supersonic slot jet didted flow and
subsonic co-flow by Grosch et dl.The Schematic drawing of the channel and
coordinate system and some of their results argepted in Figure 5 and 6. Since the
scramjet combustion has a limited area to mix aumuh bhe fuel-air mixture in a short
residence time, the tabs would provide significahtantages when applied to scramjet
combustion. Besides, the required tab geometrylkshinvith increasing Mach number.
More precise experimental and computational studasbe found in reference 16 to
20.
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Fig. 6 Mixing effectivenessfor varioustab arraysfrom a slot nozzle (from Ref. 17)
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Recently a fluid tab concept is computationallyg @xperimentally investigated by
Parviz Behrouzi and James J. McG@irkThe streamwise vorticity fields generated by
fluid and solid tabs are almost identical in sinel gtrength, although slightly different
in shape and location. Also, the vortex formatidnhe fluid tabs depends on the fluid
tab jet penetration. Required flow rate of thedltabs is about 1% of the core nozzle
flow and fluid tabs can be switched on and off. fElfiere, associated drag/thrust loss
penalties with installing solid tabs can be miniedizzhrough the application of fluid

tabs. The experimental setups and results arershioRigure 7 and 8.

a) solid tabs (2) b)idluabs (2)
(a tab height/width = 20%/6% of the nozzle diamedet.3% area blockage per tab)

c) plain circular jet d) tabhet
Fig. 7 Experimental setups of solid and fluid tabs and laser induced fluorescence

(instantaneous) images of jet cross-section at x/D,, =5 (from Ref. 21)
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a) plain jet

b) fluid tabs

Fig. 8 Schlieren images of jet plumein a plain jet and thejet with fluid tabs (from
Ref 21.)
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2.2.2 Counterflow

The counterflow concept utilizes the instabilibeory of Huerre and Monkewftz
for self-excited resonance caused by acoustic BeEdlwhich is based on the absolute
or temporal instabilities associated with the dolutof the Rayleigh equation. This
concept, i.e., the absolute instabilities of mixlagers, is demonstrated by Strykowski
et al* and Strykowski and NiccumWith suction backflow with only a few percent of
the primary exhaust jet flow, a massive increaséhefmixing enhancement could be
achieved. For an ideally expanded Mach 2 axisymmagéat, it was shown by
Strykowski et al that the exhaust jet mixing is enhanced by as nasl60% when
counterflow is applied to the jet periphery. Schgmaf the concept and experimental
results are shown in figure 9. The results show ¢banterflow significantly enhances
shear-layer mixing and reduces the jet potentied éength due to the global instability
of the flowfield. Also, both the shock-cell strehgand their spacing are drastically
reduced. The counterflow technique is particulaty effective approach to mixing
control in a high speed heated jet because thigegdmes more controllable at higher
temperature ratio; as less counterflow is requicedttain equivalent levels of mixing.
The results are shown in figure 10. The similarezkpental results of the shear layer
growth and reduction of the potential core lengthapplying the counterflow to a
supersonic jet were found by Shih ef%The experimental results are shown in figure
11. Their studies also indicate that the counterflesults in minor thrust penalties
caused by the vacuum pressure establish in theosumtllar region. The thrust loss is
mostly dependent on the geometry and shape olitttes collar.

The counterflow concept along with the tabs woutd dn extremely effective
combination if applied to scramjet combustion, esgdly the fluid tabs. The fluid tabs
can be generated by the suction backflow broughipstream of the incoming flow
before the fuel is injected as the flow tab jet gieastion can be controlled by the
amount of the suction backflow, to produce countésting streamwise vortices.

Outstanding flame-holding capability, increased fesidence time that is provided by
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the counterflow along with the counter-rotatingtices created by the tabs could be the

most effective fuel mixing enhancement mechanisapglied to a scramjet combustor.

|
l....
\\\\\\\\\\\\\\\\\\‘ :

f—m————

x

\\\\\\»\’\\‘\\\\\\\\\\\\\\\\ \\\\\‘“"' Iw

pe—— 1 ——
a) schematic of counterflow

b) Counterflow off ¢ ) Counterflow on

Fig. 9 Exhaust jet mixing enhancement with counterflow at M = 1.45 (from Ref. 1)
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014

0121

0.1

T, /Th

Fig. 10 Relationship between velocity and temperatureratio at M1=0.8 (from Ref.1)
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Fig. 11 Experimental data of effects of the counterflow on the potential
core length and shear layer (from Ref. 23)
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2.3 Fud Injection M echanism for the Scramjet

An initial scramjet combustor was designed with tloemal fuel injection into the
supersonic free stream as shown in figure 12. Ewveagh combustion can be achieved
in very short distances from the injection becatrse separation zone caused by a
detached normal shock upstream of the jet actsflasn@ holder, significant losses in
total pressure and scramjet cycle efficiency are tiajor problems with the wall
mounted normal fuel injection. Therefore, a patdilel injection mechanism is an
obvious choice for the scramjet to minimize perfante losses, but the parallel mixing
has extremely low combustion efficiency due to pomaxing rate at a supersonic speed.
This problem could however be solved if assisteth weneration of axial vorticity,
which was concluded by Dimotakisstudy. The most popular parallel fuel injection
mechanisms that have numerically and experimentdlgen investigated are
ramp$®?”3%nd strut®?° These methods are proven to be more effective thall
injection. Also, a strut with fuel injectors is eome efficient method than ramps, but it
causes higher aerodynamic loss, i.e., drag antigmgasure drop. Since the strut with
fuel injectors is usually located along the cemterlof the scramjet combustor, it
produces stronger shocks and complicated strugwohllems. The effect of ramp was
investigated numerically by Drummond ef&hnd experimentally by Donohue efal.
Their results, which are presented in Figure 18 @early shown that the ramp
generates the axial vorticity that is needed toaeoh the mixing. As shown in a
numerical study of Abdel-Salam ef%lthe purpose of the wall mounted ramps is to
generate a pair of counter-rotating vortices tadhble injected fuel and increase the
mixing rate by converting a part of the flow enengp tangential kinetic energy, i.e., a
vortex. The study shows that the unswept reliesadpr gives better mixing rate than
the unswept raised ramp. Also, the swept ramp dingiser mixing rate than unswept
ramps. Some of the results are presented in figdreand 15. However, all of the
previously studied fuel injecting mechanisms aresufficient to overcome the overall
decrease in combustion efficiency and thrust wittreasing combustor Mach number

since the degree of fuel-air mixing, which can lbhiaved by the natural convective
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and diffusive processes, is reduced. The presebt £#dy is aimed to explore mixing
enhancement opportunities in a scramjet combust@raduce maximum combustion

efficiency and minimum aerodynamic penalties amdghloss.

Flow Direction
_—
Separation Shock Bow Shock
Mixing Zone
Recirculation
—_—

Area

Recompression Shock

Barrel Shock

Fig. 12 Normal fuel injection mechanism for the scramjet (from Ref. 24)
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Fig. 13 Measured and predicted crossflow velocitieswith ramp (from Ref. 27)
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b) static pressuratoars in the plane of symmetry

Fig. 14 Numerical study of mixing efficiency for the scramjet (from Ref. 30)
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Fig. 15 Cross-stream velocity vectorsfor 5 degrees swept ramps at different
axial locations (from Ref. 30)
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3  Numerical Method

In the present study, three-dimensional numericalkations are carried out using

the commercial CFD code FLUENT The coupled implicit method with explicit time

stepping is used with second—order accurate disaten. RNG ke modef® that

includes additional term in its equation, which significantly improves the accurasy
used and the effect of swirl turbulence is alsduded in the model. The finite rate
reaction model is used for the species transpodeinihat only considers four species,
H,, O, H,O and N. A comparison of numerical predictions of supais@ombustion

of hydrogen using different chemistry models canfinend in Ref. 37. Vitiated air
(mass fraction of @ H,O, and N being 0.198, 0.139, and 0.663, respectively) enter
the combustor at a Mach number of 2.5 and a stagnsmperature and pressure of
1500 K and 1 MPa, respectively. The inlet condsiaf the hydrogen fuel injection
ports are adjusted to achieve sonic injection wWithdesired fuel mass flow rate.

For boundary conditions, a fully developed turbtligow for the incoming air and
fuel jet is assumed. Also, the conventional no-sbpdition along the combustor solid
walls is used. All of the wall surfaces are assurtede adiabatic along with the
standard wall functions. At the air inlet, pressuméet conditions are used and a
stagnation pressure, stagnation temperature, gieggsure and species mass fraction
are specified. At the hydrogen fuel inlet, massvfialet conditions are used and mass-
flow rate of hydrogen, static pressure, total terafpge and species mass fraction are
specified. For turbulent calculations, wall y+ w@duless than 100 are generally
acceptabl¥, but the use of standard wall functions in thewsations requires that the
wall y+ values less than 30 to achieve an accuesigit. However, in flows with shocks,
especially at the points of impingement and reibectof shocks, it is not always
feasible to get the wall y+ value below 30. Therefdahe area-average wall y+ is used
as a companion metric for the flows. Further dstefl the numerical modeling of the

scramjet combustor can be found in reference Btand the Fluent user’s gufde
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The geometry of the scramjet combustor for thegae€FD study is intentionally
selected to be identical to Tomioka ef*o be able to compare with their experimental
results. The schematic diagram of the combustorpamntiof the facility are shown in
figure 16.

Wall pressure taps

]
L L
________ = | Strut ==—176--—-120 - -120- - - ——- 13-~ §}
- ] T 3.1deg.y ™
=] il —=F
Isolator | 2nd stage injectors
239 |56 Divergent section 600

Const, area sec.

Fuel
W0 =2

l// “—El : ']l - .' \N E' o |

Mach 2.5 Z} @ i o '_"_i HHE L
I &0 1 - [ET=-3. 5

a g } E I "".I

Fuel jet

. i Water pass |

: 43.8 2

_ , , Fuel = 4 28 L

(Dimensions in mm) (Details around strut)

Fig. 16 Schematic drawing of the supersonic combustor (from Ref. 29)
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4 Initial Numerical Studies

Initial numerical studies have been carried ouheaut H, injection. For the parallel
fuel injection schemes, relieved ramp is used. tAernormal fuel injection schemes,
wall injection is used. The coupled solver avakalh the commercial software
FLUENT has been used with explicit time steppingd asecond-order accurate

discretization.

4.1 Grid Generation

Structured (hexahedral) grids have been genefatedde numerical models without
tabs. With the delta tabs (2 or 4 tabs), structaed un-structured (tetrahedral/hybrid)
grids have been generated. The flow field is assutoehave a plane of symmetry
along the central plane (center of the x and y g)laihus, one half of the scramjet
combustor is generated to save on computationa. thn initial hexahedral grid with
the relieved ramp with 877,912 grid nodes was okthi Based on the convergence rate
(history of residual), the grid nodes are increatsed, 129,344 due to refinement near
all of the no-slip surfaces, to achieve wallwalues as low as possible. The initial grid
point studies and results are shown in figure 1af. the initial grid point studies,
standard ke model with the standard wall functions are used Btach number of 2.5

and a stagnation temperature and pressure of G8K. MPa, respectably.
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1e+00
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b) 1,042,032 grid nodes, 1000 iterations/7 hours GRe (PC)

Fig. 17a Convergencerate (residual) study of the different grid nodeswith ramp
atM=25and T =660 K
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2000 4000 sO00 So00 10000 12000 14000
lterations
) 1,129,344 grid nodes, 1000 iterations/8 h@Rkrs) time (PC)

Fig. 17b Convergencerate (residual) study of the different grid nodes with
rampat M=25and T =660 K
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4.2 Turbulence Model Study

The turbulence model used for the present stutheilRNG ke model (2 equations)
with swirl dominated flow. Default values for theodel constants (&0.0845,

C1=1.42, G.=1.68, Swirl factor =0.07) are used with standaumll iunctions for the
near-wall treatment. However, the Spalart-Allmamasdel with default values for the
model constants @=0.1355, G=0.622, G:=7.1, G»=0.3, G=2, Prandtl
number=0.667) has also been investigated for tarim@ modeling. The Spalart-
Allmaras is a relatively simple one equation viscauodel that solves a transport
equation for the kinematic eddy, turbulent, visposin general, especially for three
dimensional flows, the use of a one equation modet a two equations model usually
results in considerable savings of the computatiefiart. Even though the-k model
takes more computational time and requires moratits than the Spalart-Allmaras
model, the convergence rate (residual) is much retatgle and the shocks are captured
more accurately. The flow conditions used for thenerical studies are: Mach number
of 2.5 and a stagnation temperature and pressi6®@®K and 1 MPa, respectively. The

results are presented in figure 18 through 21.
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a) Spalart-Allmaras (1 equation)
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b) K-epsilon (2 equations)

Fig. 18 Study of the convergencerates (residuals) for cold air (660 K) at M =2.5
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a) Spalart-Allmaras (1 equation)

b) K-epsilon (2 equations)

Fig. 19 Mach number contoursfor cold air (660 K) using different
turbulence models
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a) Spalart-Allmaras (1 equation)

1 0Me+04

b) K-epsilon (2 equations)

Fig. 20 Static pressure (Pascal) contoursfor cold air (660K) at M =2.5
using different turbulence models
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a) Spalart-Allmaras (1 equation)

b) K-epsilon (2 equations)

Fig. 21 Static temperature (K) contoursat M = 2.5 using different
turbulence model
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4.3 Basic Scramjet Model Studieswith Rampsand Tabs

Structured (hexahedral) grids with about 1.12 iomll grid points have been
generated for the scramjet with and without theeveld ramp. Flow conditions for the
initial numerical studies are a Mach number of 1aP8 a stagnation temperature and
pressure of 1500 K (hot/heated air) and 1 MPae@sgely without fuel (H) injection,
clean air cases. The basic scramjet without thersnused as the baseline numerical
study for the normal fuel injection. In the lateff @ studies, hydrogen fuel is injected in
the normal to the incoming air (increased up to Mix4rom the lower wall of the
scramjet at the sonic speed. The numerical modél the relieved ramp is used as the
baseline study for the parallel fuel injection cdsgis injected parallel to the incoming
air at the end of the ramp. The location and amofitite injected fuel for the two cases
is deliberately kept the same to make a meanirggiiparison of the two cases. Size of
the relieved ramp is 1/10of the height of the scramijet inlet (51 mm). Tremerated
hexahedral grids are shown in Figure 22. As expedilique shocks that cause
asymmetric flow are generated at the end of thgrand the flow is turning downward.
Also, the region of the flow separation is growtogvard the outlet of the scramjet that
causes significant losses in total pressure arahget cycle efficiency. The effect can
be minimized with tabs and counterflow that cresitear layer instabilities through
injection of additional shear layer velocity inftex profiles to control the shear flow.
The computational results are presented in fig@réhBough 26.

Mixture of the structured and un-structured (teddral/hybrid) grids with about
1.12 million grid points have been generated fersbramjet with 2 or 4 delta tabs. The
dimension of the tabs is 5.66 mm (baseline) an@rar8 (height) and the tabs are
initially located at the end of the uniform inlegécsion and 45 degree toward the
incoming flow. The generated grids are shown iurkg27. The tabs are generating
counter-rotating vortices that increase shear l&ayexing layer) about 10 % and make
more rapid mixing. As Mach number is increased, ibguired tabs size is getting

smaller to generate the similar effects and the it became more controllable. Thus,

31



the tabs size shrinks with a Mach number of 2.8Herfurther studies to minimize total

pressure losses and scramijet efficiency. The seatdt present in figure 28 to 31.

a) Grid in the Scramjet

b) Grid in the Scramjet with Ramp

Fig. 22a Geometry of the Scramjet (Ramp Sizeis 1/10™ of the Height
of the Scramjet Inlet)
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C) Detal View of themp

Fig. 22b Geometry of the Scramjet (Ramp Size is /10" of the Height
of the Scramjet Inlet)
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a) at the Plane of symmetry withoumpa

Fig. 23a Dynamic Pressure (Pascal) Contoursin the Scramjet with and without Ramp
atM =125and T = 1500 K
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b) at the Plane of symmetry with Ramp

Fig. 23b Dynamic Pressure (Pascal) Contoursin the Scramjet with and without Ramp
atM =125and T = 1500 K
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a) at the Plane of symmetry without ramp

b) at the Plane of symmetry with Ramp

Fig. 24a Veocity (m/s) Contoursin the Scramjet with and without Ramp at
M =125and T = 1500 K
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c) at the Symmetric Plane, Inlet and Outlet with@ump

d) at the Symmetric Pldnést and Outlet with Ramp

Fig. 24b Velocity (m/s) Contoursin the Scramjet with and without Ramp at
M =125and T = 1500
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a) at the Plane of symmetry without ramp

b) at the Plane of symmetry with Ramp

Fig. 25 Density (kg/m® Contoursin the Scramjet with and without Ramp at
M =125and T =1500 K
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a) at the Symmetric Plane

b) at the Symmetric Plane with Ramp

Fig. 26 Static Temperature (k) Contoursin the Scramjet with and without Ramp at
M =125and T = 1500 K
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a) grid in the Scramjet (no tabs)

b) detailed View of 2 Tabs

Fig. 27a Geometries of the Scramjet without Tabsand with 2 and 4 Tabs
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View Tabs

a) basic Scramjet (no tabs)

Fig. 28a Ve ocity (m/sec) Contoursin the Scramjet at M = 1.25and T = 1500 K
including the effect of tabs
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b) with 2 Tabs

c) with 4 Tabs

Fig. 28b Velocity (m/sec) Contoursin the Scramjet at M = 1.25and T = 1500 K
including the effect of tabs
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a) basic Scramjet (no tabs)

b) with 2 Tabs

c) with 4 Tabs

Fig. 29a Detailed Ve ocity (m/sec) Contoursin the Scramjet at M = 1.25 and
T = 1500 K including the effect of tabs
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d) basic Scramjet (no tabs)

e) with 2 Tabs

f) with 4 Tabs

Fig. 29b Detailed Velocity (m/sec) Contoursin the Scramjet at M = 1.25 and
T = 1500 K including the effect of tabs
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a) basic Scramjet (no tabs)

b) with 2 Tabs

c) with 4 Tabs

Fig. 30a Static Pressure (Pascal) Contoursin the Scramjet at M = 1.25 and
T = 1500 K including the effect of tabs
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d) basic Scramjet (no tabs)

e) with 2 Tabs

f) with 4 Tabs

Fig. 30b Static Pressure (Pascal) Contoursin the Scramjet at M = 1.25 and
T = 1500 K including the effect of tabs
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a) basic Scramjet (no tabs)

b) with 2 Tabs

c) with 4 Tabs

Fig. 3la Total Temperature (K) Contoursin the Scramjet at M = 1.25 and
T = 1500 K including the effect of tabs
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d) basic Scramjet (no tabs)

e) with 2 Tabs

f) with 4 Tabs

Fig. 31b Total Temperature (K) Contoursin the Scramjet at M = 1.25 and
T = 1500 K including the effect of tabs
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5 Scramjet Simulation with Fuel Injection & Flow Control

Numerical solutions have been obtained for thetmegdlows with five different
flow control schemes-ramp, ramp + tabs, ramp +isuaollar, ramp + tabs + suction
collar and 4 delta tabs at the hydrogen fuel impectnlet. Also, numerical solutions
without the ramp, normal fuel injection, have bedstained. The finite rate reaction
model with four species, 10,, H,O and N (mass fraction of @ H,O, and N being
0.198, 0.139, and 0.663, respectively) is usedhavitiated air enters the combustor at
a Mach number of 2.5 and a stagnation temperatnce paessure of 1500 K and
101,325 Pa, respectively. The inlet conditionshef hydrogen fuel injection port are
adjusted to achieve sonic injection with the desfteel mass flow rate. In order to save
computational effort, all of the results presentedrespond to the right half of the
geometry shown in Fig. 15. The maximum value ofl wabn the generated grids is 57,
while the area-averaged value is kept below 20e Jdénerated grids cells are between
2.2 and 4.5 millions depending on the flowfield!l Af the numerical results used for
the present study have the difference in mass fades between inlets (air inlet and fuel
injection inlet) and outlet is about fkg/sec. CPU time to achieve the convergence
rate below 18 is between 70-120 hours in the advanced personaputer.

5.1 Resultsand Discussion of the Parallel Fuel Injection
(Relieved Ramp)

The relieved ramp, 1/10high of the inlet (51 mm) is generated at thedrotobf the
constant area section of the scramjet combustomn(shn Fig. 22). At the center of the
relieved ramp, gaseous hydrogen fuel is injectedallgh to the incoming air.
Comparison of hydrogen and hydrocarbon fueled getaemgines and hydrogen and
ethylene combustion can be found in Ref. 38 and&fectively. Entry air mass flow
rate,m,, is 0.0804713 kg/sec and fuel mass flow ratg,is 0.0010478 kg/sec . The
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fuel/air ratio, f, is thus 0.013. The general esgren for the stoichiometric fuel/air ratio

for a hydrocarbon fuel of , formula is

f __ 36x+3y
St 103(4x+y)

(5.1)
for hydrogen fuel, i.e., fIx =0 and y = 2, and Eq. (5-1) shows that10.0291.

Then, equivalence ratio, is

¢ = (52)

for which f = 0.013 andsf= 0.0291, and Eq. (5.2) shows that 0.45.

For the present CFD studies, the equivalence wti® = 0.45 is used for all of the
numerical computations. Mass-averaged values ddspre, static temperature (non-
dimensionalized with the inlet stagnation condisioif; = 1500 K, B = 101,325 Pa),
Mach number, and ratio of specific heais, at the exit plane for all numerical
configurations are calculated and compared to TalflEomioka et af® measured pitot
pressure and gas composition at the exit plane jadRkaran et &° produced CFD
data at the exit plane). Thrust force un-instaiedbtained as the difference in the

integrated value of the impulse function at thetiand outlet, that is
F= (JpdA+ [ pudA)iiet (5.3)

The thrust developed for the ramp injection is priedl to be 70.28 N and mass-
averaged exit Mach number is 1.97. Total pressase andy are 40.92 % and 1.374,
respectively. According to Pellett, G, L. et*alstudy, the presence of the additional
water vapor at the exit caused by combustion lovtkes molecular weight of the
mixture andy. The value o decreases from 1.399 to 1.374 with combustion.
Nondimensionalized static pressure, total presandestatic temperature at the exit

plane are 0.0571, 0.591 and 0.576, respectivelg fhinust developed for the strut
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injection cas® is 96.7 N with the exit Mach number 1.77. Compuaith the strut
injection in experimental and numericdf data, it clearly shows that the strut injection
gives higher mixing rate and produces more thriagh tthe ramp injection, but total
pressure loss for the strut injection is about 38igher than the ramp injection. Based
on the Tomioka's experimental d&fathe presence of the strut in the flow causes the
total pressure loss as high as 56 % even in thenabsof combustion. The flow

properties of the ramp injection on the symmetlanp are shown in Fig. 32 to 34.

Table 1 Mass-averaged valuesfor propertiesat the exit plane (from Ref. 33)

Mach Pressure* Static

Source number Static Total Temp* Y
Baseline (no fuel)

CFD 2.275 0.03 0.4473 0.556 1.331
Strut injection, ¢=0.34

CFD 1.77 0.0533 0.322 1 1.28

Expt 1.83 0.05 0.29 0.99 1.28
Strut, ¢=0.44, + wall, $=0.61, injection

CFD 1.386 0.085 0.273 1.333 1.25

Expt 1.31 0.092 0.24 1.39 1.25
Wall injection, ¢=0.94

CFD 1.36 0.087 0.271 1.186 1.265

Expt 1.21 0.094 0.22 1.43 1.25

(*non-dimensionalized with T = 1500 K and R = 101,325 Pa)
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a) velocity contours at the plane of symmetry

b) detailed velocity contours around the ramp

Fig. 32 Velocity (m/sec) Contoursin the Scramjet with Ramp injection with
Convective Mach number, M. =25, T, =1500K and ¢ =0.45
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b) detailed static pressure contours around th@ram

Fig. 33 Static Pressure (Pa) Contoursin the Scramjet with Ramp injection with
Convective Mach number, M. =25, T, = 1500 K and ¢ = 0.45
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Fig. 34 Static Temperature (K) Contoursin the Scramjet with Ramp injection
with Convective Mach number, M. =25, T, = 1500 K and ¢ = 0.45
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5.2 Resultsand Discussions of the Scramjet with Relieved
Ramp and Delta Tabs

Three different sets of the delta tab configuradi@me numerically tested in the
present study. The tabs are located along the i@ete of the x-y and y-z plane at the
constant area section of the combustor a 45 degrgle toward the incoming air flow.
Total projected blockage area is 0.33 % of themsrinlet area for the 2 tabs and
0.67 % for the 4 and 8 tabs configurations of the plane on the inlet. The outline
drawings of scramjet combustor with tabs are shmwifig. 35. The un-installed thrust
developed for the cases of 2, 4 and 8 tabs comet® die 90.73, 105.42 and 99.09 N,
respectively. The total pressure loss of the 2ndl &tabs is 43.72, 41.25 and 42.60 %,
respectively. The 4 delta tabs configuration presuthe best aerodynamic properties.
Compare to the ramp injection data without the tdbere is an additional 50.6 %
increase of the thrust, but there is only an aolditi 0.33 % loss of total pressure caused
by the presence of the 4 tabs in the flowfield vaitB % additional increase of the static
temperature at the exit plane. Numerical resultd #me computed aerodynamic
properties are presented in Table 2 and Fig. 380toCompare to the experimertal
and numericdf data of the strut injection (Table 1), the thrdsiveloped for the
ramp+4 delta tabs and strut injection is almoshewéh the exit Mach numbers equal
to 1.815 and 1.77. The ramp+4 delta tabs schemergtes an additional 9 % of thrust,
but more fuel is injected to. Equivalence rati®i45 for the ramp+4 tabs and 0.34 for
the strut injection. However, the total pressurgslof the ramp+4 tabs is about 30 %
less than the strut injection. This is a clear ¢ation that the ramp+4 tabs injection

system is more efficient method than the strutcitnps for the scramjet combustor.
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Table2 Mass-averaged valuesfor theflow propertiesat the exit plane

(tabs, ¢ = 0.45)

Number Mach Pressure* Static Thrust

of tabs number Static Total Temp* Y increment (%)
2 1.815 0.069 0.563 0.606 1.374 29.1
4 1.815 0.073 0.588 0.602 1.374 50.6
8 1.819 0.071 0.574 0.603 1.374 40.9

(*non-dimensionalized with of = 1500 K and R = 101,325 Pa)

2.83 mm

1/ N B

_I— 5.66 mm ———]

_—

1.0 mm l_x =
a) dimensions of delta tab b) scramjet combustor with 2 deltasta
i X
e o S
l—x L’(

c) scramjet combustor with 4 delta tabs d) scramjet combustor with 8 delta tabs

Fig. 35 Outline Drawing of the Scramjet Combustor with Tabs
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a) scramjet combustor with 2 delta tabs

b) detailed Mach number contours around the rantip 2vdelta tabs

Fig. 36 Mach Number Contoursin the Scramjet with 2 Tabsin the Plane of
Symmetry with Convective Mach Number, M. =25, T, = 1500 K and ¢ = 0.45
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a) scramjet combustor with 4 delta tabs

b) detailed Mach number contours around the rantip 4vdelta tabs

Fig. 37 Mach Number Contoursin the Scramjet with 4 Tabsin the Plane of
Symmetry with Convective Mach Number, M. = 2.5, T, = 1500 K and ¢ = 0.45

58



a) scramjet combustor with 8 delta tabs

b) detailed Mach number contours around the rantip 8vdelta tabs

Fig. 38 Mach Number Contoursin the Scramjet with 8 Tabsin the Plane of
Symmetry with Convective Mach Number, M. =25, T, = 1500 K and ¢ = 0.45
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a) scramjet combustor with 2 delta tabs

b) scramjet combustor with 4 delta tabs

Fig. 39a Static Pressure (Pa) Contoursin the Scramjet in the Plane of Symmetry

with Convective Mach Number, M= 2.5, T, = 1500 K and ¢ = 0.45
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c) scramjet combustor with 8 delta tabs

Fig. 39b Static Pressure (Pa) Contoursin the Scramjet in the Plane of Symmetry
with Convective Mach Number, M= 2.5, T, = 1500 K and ¢ = 0.45
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a) scramjet combustor with 2 delta tabs

Fig. 40a Static Temperature (K) Contoursin the Scramjet in the Plane of
symmetry with Convective Mach Number, M. = 2.5, T, = 1500 K and ¢ = 0.45
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b) scramjet combustor with 4 delta tabs
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c) scramjet combustor with 8 delta tabs

Fig. 40b Static Temperature (K) Contoursin the Scramjet in the Plane of
symmetry with Convective Mach Number, M. = 2.5, T, = 1500 K and ¢ = 0.45
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5.3 Resultsand Discussions of the Scramjet with
Relieved Ramp, Delta Tabs and Suction Collar

The most effective combination of the relieved raamgl delta tabs is numerically
established in the previous section. For the réshe present study this combination,
i.e., the ramp+4 tabs, is extended to include thenterflow concept and suction collar.
Three different sets of the configurations, ramgtisn collar I, ramp+4 tabs+suction
collar I and ramp+4 tabs+suction collar I, are muically investigated in the present
study. The locations of the suction collars aréodews:

1) Suction collar I: 0.91 of the divergent sectinrthe streamwise direction toward

the exit and 3.3 % of the divergent swefacea in x-y plane.

2) Suction collar 1I: 0.86 of the divergent sectiarthe streamwise direction

toward the exit and 5 % of the divergentacefarea in x-y plane.
Detailed geometries of the rectangular suctioracslare presented in Fig. 41.

The un-installed thrust developed for the casthefrelieved ramp+suction collar |
is determined to be 102.49 N with the total presdass of 46.1 %. Compared to the
ramp+4 tabs, the ramp+4 tabs scheme generatesditioaal 4.8 % of un-installed
thrust, and the total pressure loss is 4.85 %thessthe ramp+suction collar 1.

The un-installed thrust developed for the caseth@framp+4 tabs+suction collar |
and ramp+4 tabs+suction collar 1l is 111.08 and289N, respectively. The total
pressure loss is 43.50 and 45.10 %, respectivéig.static temperature of the cases is
938.9 and 924.6 K at the exit plane. The ramp+4+tabction collar | is thus a more
effective fuel injection method for the scramjetmtmustor than the ramp+tabs or
ramp+4 tabs+suction collar Il. The present CFD wgueimonstrates that the location of
the suction collar and the extent of the suctia the major parameters that improve
the efficiency of the scramjet combustor. Numérioasults and the computed

aerodynamic properties are presented in Table F-andi2 to 47.
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Table3 Mass-averaged valuesfor the flow propertiesat the exit plane (¢ = 0.45)

Mach Pressure* Static Thrust
Test Set number Static Total Temp * Y increment (%)

Suction collar |

1 1.701 0.079 0.539 0.643 1.373 45.8
Suction collar | + 4 Tabs

2 1.72 0.08 0.565 0.623 1.374 58.1
Suction collar Il + 4 Tabs

3 1.78 0.07 0.549 0.616 1.373 27.1

(*non-dimensionalized with of = 1500 K and R = 101,325 Pa)

a) Ramp+4 Tabs +Suction Collar

R

A
.

b) Suction Collar | c¢) Suction Collar Il

Fig. 41 Geometries of the Scramjet with Different Suction Collars
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a) Ramp+Suction Collar |

b) detailed Mach number contours around the Ramp

Fig. 42 Mach Number Contoursin the Scramjet in the Plane of Symmetry
with Convective Mach Number, M= 2.5, T, = 1500 K and ¢ = 0.45
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a) Ramp+4 Tabs+Suction Collar |

b) detailed Mach number contours around the Ramp

Fig. 43 Mach Number Contoursin the Scramjet in the Plane of Symmetry
with Convective Mach Number, M= 2.5, T, = 1500 K and ¢ = 0.45
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a) Ramp+4 Tabs+Suction Collar Il

b) detailed Mach number contours around the Ramp

Fig. 44 Mach Number Contoursin the Scramjet in the Plane of Symmetry
with Convective Mach Number, M= 2.5, T, = 1500 K and ¢ = 0.45
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a) Ramp+Suction Collar |

b) Ramp+4 Tabs+Suction Collar |

Fig. 45a Static Pressure (Pa) Contoursin the Scramjet in the Plane of
Symmetry with Convective Mach Number, M. =25, T, = 1500 K and ¢ = 0.45
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c) Ramp+4 Tabs+Suction Collar I

Fig. 45b Static Pressure (Pa) Contoursin the Scramjet in the Plane of
Symmetry with Convective Mach Number, M. =25, T, = 1500 K and ¢ = 0.45

o)

0.00e+010

a) Ramp+Suction Collar |

Fig. 46a Static Temperature (K) Contoursin the Scramjet in the Plane of
Symmetry with Convective Mach Number, M. =25, T, = 1500 K and ¢ = 0.45
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b) Ramp+4 Tabs+Suction Collar |

c) Ramp+4 Tabs+Suction Collar I

Fig. 46b Static Temperature (K) Contoursin the Scramjet in the Plane of
Symmetry with Convective Mach Number, M. =25, T, = 1500 K and ¢ = 0.45
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b) Ramp+4 Tabs+Suction Collar |

Fig. 47a Density (kg/m®) Contoursin the Scramjet in the Plane of Symmetry
with Convective Mach Number, M= 2.5, T, = 1500 K and ¢ = 0.45
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c) Ramp+4 Tabs+Suction Collar I

Fig. 47b Density (kg/m®) Contoursin the Scramjet in the Plane of Symmetry
with Convective Mach Number, M. = 2.5, T,; = 1500 K and ¢ = 0.45
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5.4 Resultsand Discussions of the Scramjet with
Relieved Ramp and 4 Tabs at the Fuel Inlet

Four delta tabs are mounted on the fuel inlet nbtm#éhe incoming hydrogen fuel
jet to enhance shear-layer mixing and reduce tle¢ jiet potential core length by
creating the global instability, weakening the dtoell strength, of the fuel jet
flowfield. Total projected blockage area is 0.67 & the fuel inlet. The outline
drawings of the generated grids are shown in R8g. 4

Two different sets of the configurations, ramp+8sted tabs at the fuel inlet and
ramp+4 tabs+suction collar [+4 tabs at the fuadtinhre numerically investigated in the
present study. The thrust developed for the casesnp+4 tabs+4 tabs at the fuel inlet
and ramp+4 tabs+suction collar 1+4 tabs at the ket is 87.91 N and 121.57 N,
respectively. The total pressure loss is 42.42 4h@9 %, respectively. The static
temperature is 908.3 K and 964.9 K at the exit@laespectively. Numerical results are
presented in the Table 4 and Fig. 49 to 52. Conaptar¢he ramp+4 tabs+suction collar
| data, which is the previously best fuel injectischeme for the present CFD study,
there is an additional 15 % increase of the urallest thrust, but there is only an
additional 0.79 % loss of total pressure causedhlypresence of the 4 tabs in the
hydrogen fuel inlet with 2.76 % additional increadehe static temperature at the exit
plane.

Compared to the experimerftadnd numericaf data of the strut and wall injection,
Tomioka et af® designed a multi-staged supersonic combustor maiflela strut for
the first stage and wall-mounted injectors for seeond stage, the thrust force for the
strut+wall injection scheme is calculated to be .881N where the mass-averaged
Mach number is 1.386 at the exit. The total pressuss is about 75 % witlequals to
1.05,¢$=0.44 from strut ang=0.61 from wall-mounted injectors. There is an &ddal
88.1 % increase of the thrust with an additionéb $oss of the total pressure compared
to the strut injection, but the amount of fuel otgd is increased fro=0.34 top=1.05.
However, in the present numerical study the thfoste for the ramp+4 tabs+suction
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collar 1+4 tabs at the fuel inlet scheme is cal@dao have an additional 73 % increase

in the thrust with an additional 3.37% loss of th&al pressure comparing with the

ramp injection alone as compared to the baselige.CEhe equivalence ratio is kept to

0.45, i.e., no additional fuel is injected. Thisaixlear indication that the mixing and

combustion are much more efficient in this injestieccheme. Therefore, the ramp+4

tabs+suction collar 1+4 tabs at the fuel inlet sohds a much more effective method

for the scramjet combustor than the strut or airstéiged strut+wall injection scheme.

Table4 Mass-averaged valuesfor the flow propertiesat the exit plane (¢ = 0.45)

Mach Pressure* Static Thrust
Test Set number Static Total Temp* Y increment (%)
4 Tabs+4 Tabs at Fuel Inlet
1 1.87 0.065 0.576 0.606 1.373 25.2
4 Tabs+Suction collar 1+4 Tabs at Fuel
Inlet
2 1.69 0.087 0.557 0.643 1.374 73

(*non-dimensionalized with T = 1500 K and R = 101,325 Pa)
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a) Ramp+4 Tabs+Suction Collar 1+4 Tabs at FuelInle

L

b) Detailed View of 4 delta Tabs at Fuel Inlet

Fig. 48 Outline Drawing of the Scramjet Combustor
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Fig. 49 Mach Number Contoursin the Scramjet in the Plane of Symmetry with
Convective Mach Number, M. =25, T, = 1500 K and ¢= 0.45 (Ramp+4
Tabst+Suction Collar 1+4 Tabs at Fuel Inlet Scheme)
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e+l4

Fig. 50 Static Pressure (Pa) Contoursin the Scramjet in the Plane of Symmetry
with Convective Mach Number, M. = 2.5, T = 1500 K and ¢= 0.45 (Ramp+4
TabstSuction Collar |+4 Tabs at Fuel Inlet Scheme)
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Fig. 51 Static Temperature (K) Contoursin the Scramjet in the Plane of Symmetry
with Convective Mach Number, M. = 2.5, Toi = 1500 K and ¢= 0.45 (Ramp+4
Tabst+Suction Collar 1+4 Tabs at Fuel Inlet Scheme)
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Fig. 52 Density (kg/m®) Contoursin the Scramjet in the Plane of Symmetry with
Convective Mach Number, M. =25, T, = 1500 K and ¢= 0.45 (Ramp+4
Tabst+Suction Collar 1+4 Tabs at Fuel Inlet Scheme)
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5.5 Resultsand Discussions of the Scramjet with Normal
Fuel Injection (Wall I njection)

Three different sets of the configurations, basglid delta tabs and 4 delta
tabs+suction collar I, are numerically investigatedhe present study. Dimensions of
the tabs and suction collar are all the same agawmd to the previous parallel fuel
injection schemes and located at the same locatiotise scramjet combustor. The
thrust force for the baseline case is determineoet@9.98 N. The mass-averaged exit
Mach number is 1.83 and the total pressure 105® i%. The thrust developed for the
cases of the 4 delta tabs and 4 delta tabs+suctbar | is 36.03 N and 49.28 N,
respectively. The total pressure loss is 71.9 ahd %, respectively. Numerical results
are presented in the Table 5 and Fig. 53 to 56nEveugh combustion is achieved in
very short distances from the wall mounted injectbe separation zone caused by a
detached normal shock upstream of the jet actsflasn@holder, with significant losses
in total pressure, which are the major problem#$ whese injection schemes. This is a
clear indication that mixing and combustion are rpoo these injection schemes,
resulting in poor scramjet cycle efficiency as camgol to the parallel fuel injection

scheme.

Table5 Mass-averaged valuesfor theflow propertiesat the exit plane (¢$=0.45)

Mach Pressure* Static Thrust
Test Set number Static Total Temp* Y increment (%)
Baseline (fuel)
1 1.83 0.055 0.304 0.577 1.377 0
4 Tabs
2 1.78 0.058 0.281 0.591 1.377 20
4 Tabs+Suction |
3 1.74 0.064 0.253 0.621 1.376 63.3

(*non-dimensionalized with f= 1500 K and R = 101,325 Pa)
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a) normal fuel injection at the wall

b) at the wall injection (detailed view)

Fig. 53 Velocity (m/sec) Contoursin the Scramjet in the Plane of Symmetry with
Convective Mach Number, M. = 2.5, T = 1500 K and ¢= 0.45 ( Normal I njection)
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Fig. 54 Velocity (m/sec) Contoursin the Scramjet in the Plane of Symmetry with

Convective Mach Number, M. =25, T, = 1500 K and ¢= 0.45
(4 Tabst+Suction collar 1)

Fig. 55 Static Temperature (K) Contoursin the Scramjet in the Plane of Symmetry
with Convective Mach Number, M. = 2.5, T, = 1500 K and ¢= 0.45
(4 Tabst+Suction collar 1)
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a) normal fuel injection at the wall

b) at the wall injection (detailed view)

Fig. 56 Static Pressure (Pa) Contoursin the Scramjet in the Plane of Symmetry
with Convective Mach Number, M. = 2.5, T, = 1500 K and ¢= 0.45
(4 Tabst+Suction collar 1)
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6 Conclusions and Recommendations

Detailed numerical simulations of the scramjet castor have been performed for
the reacting flows with the parallel fuel injectigramp injection) and normal fuel
injection (wall injection) schemes. Incorporatedhe scramjet combustors are tabs and
suction collars as means of mixing enhancement. mha mechanism for mixing
enhancement is the generation of streamwise viyrtedong with the induced global
instability of the shear layer. All of the numelicasults for the fuel injection schemes
are summarized in the Table 6. Mixing and combustad the relieved ramp
configuration produce inferior results as compatedthe strut and multi-staged
strut+wall injection schemes. However, the relievatp+tabs+suction collar schemes,
combined with delta tabs and counterflow concemnegate the most favorable
improvement in the mixing and combustion in theasget combustor at the
combustion chamber entry Mach number of 2.5 andsthgnation temperature and
pressure of 1500 K and 101,325 Pa, respectivelgs@mesults clearly indicate that the
injection schemes used in the present study arerisugio the Tomioka et &f. multi-
staged supersonic combustor model with a strutHerfirst stage and wall-mounted
injectors for the second stage. The relieved raafpsHtsuction collar schemes are also
very sensitive to the location and size of theisactollars on the divergent section of
the scramjet combustor. In the present CFD stunly, two different suction collars are
investigated. For the future studies, the optinnirabf the size, shape and location of
the suction collars is recommended. The optimipatb the size of the tabs is also

recommended.
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Table6 Mass-averaged valuesfor theflow propertiesat the exit plane (¢$=0.45)

Mach Pressure* Static Thrust
increment
Test set | number Static Total Temp* Y (%)

Parallel Fuel Injection
Baseline (Ramp, Thrust= 70.28 N)

1.969 0.057 0.591 0.576 1.374 0
Ramp+tabs
2 Tabs 1.815 0.069 0.563 0.606 1.374 29.1
4 Tabs 1.815 0.073 0.588 0.602 1.374 50.6
8 Tabs 1.819 0.071 0.574 0.603 1.374 40.9
Ramp+suction collar
I 1.701 0.079 0.539 0.643 1.373 45.8
Ramp+4 tabs+suction collar
I 1.724 0.08 0.565 0.623 1.374 58.1
Il 1.782 0.07 0.549 0.616 1.373 27.1
4 Tabs+4 tabs at fuel inlet
1 1.866 0.065 0.576 0.606 1.373 25.2
4 tabs+suction collar 1+4 tabs at fuel inlet
2 1.686 0.087 0.557 0.643 1.374 73

Normal Fuel Injection
Baseline (fuel, Thrust=29.98N)

1 1.831 0.055 0.304 0.577 1.377 0
4 Tabs

2 1.782 0.058 0.281 0.591 1.377 20
4 Tabs+suction collar |

3 1.743 0.064 0.253 0.621 1.376 63.3

(*non-dimensionalized with of = 1500 K and R = 101,325 Pa)
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